UNIVERSITY OF SOUTHAMPTON

High Energy and High Intensity Probes
of Chemical Dynamics

by
Adam David Smith

Thesis for the degree of Doctor of Philosophy
2017

in the
Faculty of Natural and Environmental Sciences
Chemistry

October 2017

Supervisor: Dr. Russell S. Minns

UNIVERSITY OF SOUTHAMPTON
ABSTRACT
FACULTY OF NATURAL AND ENVIRONMENTAL SCIENCES
CHEMISTRY
Doctor of Philosophy
by Adam David Smith

Gas phase dynamics measurements have been performed using a series of techniques
aimed at extending the observation window available to conventional probes. The probes
used through the thesis are based on high harmonic spectroscopy, multiphoton ionisation
probe photoelectron spectroscopy, and extreme ultraviolet photoelectron spectroscopy.
For the high harmonic spectroscopy experiments we have developed a new experimental
set-up in Southampton so that high harmonic spectroscopy experiments can be performed. The development of the system has included the design, building and commissioning of a flat field spectrometer to provide improved signal detection and a more
suitable energy range for detection of high harmonics generated from molecules. The
development of the experiment is presented in chapter 3. A pump probe study of the
Raman excitation of CCl4 has been performed demonstrating that high harmonic spectroscopy is sensitive to molecular vibrations, this work is presented in chapter 4.
Photoelectron spectroscopy experiments have been performed on both ammonia and
carbon disulphide, the results are presented in chapters 5 and 6. The ammonia study
employs a multi photon ionisation probe. By probing the dynamics via the intermediate E 0 Rydberg state we access a different set of vibrational levels in the ion and
maintain overlap with the ion state for an extended period of time. Higher lying ion
vibrational states have an average excited state lifetime of approximately 200 fs which
closely matches the lifetime associated with the non-adiabatic dissociation process while
the lower vibrational states have a much longer lifetime of over 300 fs which more closely
matches the adiabatic dissociation process. The different trajectories taken by the two
competing dissociation pathways at the region of the conical intersection show up different excitation and ionisation propensity allowing us to isolate features related to each
process.
By probing carbon disulphide with an extreme ultra violet probe all reaction intermediates have been observed through to the multiple dissociation products. This demonstrates the experimental capabilities whilst using a probe beam generated from high

iv
harmonics, whilst this adds a level of complexity to the experiment it has provided a
complete observation of the dissociation dynamics. Whilst carbon disulphide is a simple
molecular system we have demonstrated that there are complex motions in the electronic
and nuclear dynamics of this system that have not been previously observed.
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Chapter 1

Introduction
Photochemical processes are notoriously complex. They involve the coupled motion
of electrons and nuclei on incredibly fast time scales. Typically, the ultra-fast motion
of the molecular framework leads to a dynamic flow of energy between the electronic
and geometric structures. Competing processes occur before the eventual formation of
multiple reaction products, via many intermediate states.
Photochemical reactions can be described as the absorption of a photon which leads to
a change in the molecular motion resulting in a molecular structure. These reactions are
the foundations for the work presented in this thesis. The aim of this chapter is to describe photochemistry and chemical dynamics in detail and review different methods for
measuring chemical dynamics. In particular it will discuss the limitations in measuring
chemical dynamics and how these limitations can be over come by using high harmonic
generation. High harmonic generation enables the production of high energy ultra-short
pulses enabling the measurement of the ultra-fast dynamics that occur during a chemical reaction. The high energy, short wavelength pulse allow us to measure the entire
reaction co-ordinate.
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Chemical Dynamics

Photochemical reactivity lies at the centre of a large number of biological and technological important phenomena. These phenomena range from the photosensitivity of
DNA to the capture of solar energy. 4,5 Photochemical reactions have a clear importance,
yet our understanding of the underlying mechanism is incomplete. Chemical reactions
and the structure of molecules is controlled by their valence electrons. When a photochemical event takes place, the absorption of a photon leads to change in the valence
electronic structure. This change in the valence electronic structure drives reactivity,
fragmentation and rearrangements. To understand these, photochemical reactions need
to be studied.
Throughout this thesis the focus will be on the dynamics of individual molecules. The
study of molecular dynamics is important, as understanding the motion of constituent
atoms and changes to electronic structure of reacting molecules leads to a comprehension of the chemical reaction that is undergone by the molecule that is being studied.
Molecules and atoms in the gas phase are easier to study as they can be considered isolated from each other and their environment due to the large spacing between molecules
and therefore they have exceptionally weak inter-molecular interactions.
An approach that is used in order try and gain an understanding of large and complex
molecular systems is the bottom up approach. 6 This approach considers the smallest
molecular fragment of a much larger system in order to reduce the complexity of the
measurement. Insight can be provided as to how the larger system would behave without
the complexity of unravelling information from the significantly more complex system.
An example of where the bottom up approach has been applied in work presented in
Horke et. al. Phys. Rev. Lett. 2016, 117, 163002. To understand the effects of
hydrogen bonding in much larger biomolecules (such as DNA) the N-H-N unit can be
taken on a mimic for this has been found within this molecular system. Two ammonia
molecules contain this N-H-N unit therefore, the study of an ammonia dimer system
could draw some conclusions as to how larger molecules interact at this point. In this
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instance the work was carried out in the gas phase and small molecular clusters were
formed leading to the desired molecular interaction.
The aforementioned photochemical process can be described in it’s simplest form as R
+ hν → ∗ R → P, the molecule (R) that absorbs a photon (hν), whose frequency (ν)
can be adsorbed by R. 7 ∗ R is the electronically excited molecule, and P is the products
formed from this process. This photochemical process describes a photochemical change.
For example, when a molecule undergoes photodissociation leading to the formation
of the product or products. 8 Another example of this process is the ring opening of
cyclohexadiene. 9 Other photophysical processes can occur, where a photon is absorbed
but no overall photochemical change occurs, the products are the reformation of the
ground state i.e R + hν → ∗ R → . A good example of this process is when a molecule
undergoes phosphorescence or fluorescence and upon the emission of light returns to
its ground state unchanged. The overview provided here is greatly simplified when
compared to what is occurring within a molecular system, where numerous different
states are involved each contributing to each step effecting how the reaction progresses.
Taking the final step in this chain, R∗ → P there are several different states that could
be involved with a number of different processes occurring, in the 1930’s Jablonkski
depicted the electronic transitions in a diagrammatic form making the process much
clearer and simpler to explain. 10
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Figure 1.1: A Jablonkski diagram, showing electronic transitions from the ground
state into the second electronic state following the absorption of a photon (A), the
molecule undergoes internal conversion (IC) into the first excited state, leading to the
emission of light via florescence (F). There is a second process happening during which
absorbed energy undergoes inter-system crossing (ISC) into the second triplet state
(T2 ), internal conversion occurs once again here to the first triplet state (T1 ) resulting
in the emission of light via phosphorescence (P)

In the figure 1.1 a Jablonkski diagram can be seen. There are several vibrational levels
with the ground electronic state labelled S0 and for the excited states, S1 , S2 though to
Sn . For the process shown in figure 1.1 upon the absorption of a photon the molecule
transitions to the second excited state, non-radiative transitions subsequently occur
until the molecule is in the ground vibrational level of the singlet excited state (S1 ).
The excess electronic energy is dissipated through collisions and exchange of energy
with other molecules leading to vibrational relaxation. It will then decay back to the
ground state leading to the emission of light via fluorescence. An alternative process can
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occur from the singlet excited state through inter-system crossing into the triplet state,
T2 . This leads to the emission of a photon via phosphorescence after internal conversion
to T1 . As can be seen the digram defines the electronic changes within the molecule but
provides no information as to geometric changes. In almost all cases, every process that
occurs in the Jablonkski digram involves the molecule changing structure. However,
Jablonkski diagrams allow changes in electronic structure to be shown, and a fraction
of the possible outcomes when a photon of light is applied to a molecule. In order to
portray these process properly a potential energy surface is required. An example of
potential energy surface can be seen in figure 1.2 for the photodissociation of CS2 .

Figure 1.2: A schematic potential energy surface of the dissociation dynamics of
CS2 , A is the absorption of a photon into the singlet excited state. Following initial
excitation this leads to the dissociation, resulting in the formation of S(1 D) singlet and
S(3 S) triplet following intersystem crossing, the cartoon representation is adapted from
Hu, et al. 1

The potential energy surfaces can be used to describe the energy of the system as a function of molecular and electronic structure. These provide information about the location
of energy minima, transition states and describe the forces acting upon a molecule that
drive it from starting reactants to final products. 11 A particular important feature on a
potential energy surface for many polyatomic molecules is the conical intersection. Conical intersections are the point where different states of electronic structure cross and
allow highly efficient relaxation dynamics. Conical intersections are important as at this
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point a molecule crosses from one state to another resulting in an electronic structure
change and generally a geometric change. As can be seen figure 1.2 once the molecule
is excited into a new electronic state it will then begin to relax to a lower energy configuration, this could involve dissociation, isomerisation or the molecule returning to its
ground state. In the excited state, the molecule will have a different electronic structure,
which will have a new equilibrium structure associated to it. The molecule will then
relax into this new equilibrium structure which leads to a geometric change. Which can
drive electronic changes such as internal conversion or inter-system crossing.
In figure 1.2 we can see the molecule is first excited into an electronic state. This
molecule then begins to relax going via a equilibrium geometry for the excited state
which is at extended C-S bond distances. Once the molecule begins to decay there
are several different path that it may follow. It is difficult to make observations of the
full potential energy surface, as the dynamics that are occurring are ultra-fast. Ultrafast dynamics range from picoseconds to attoseconds, these are the time-scales over
which molecules rotate, vibrate and dissociate into various fragments. 12 The study of
such process has been made possible since the introduction of the laser. Short light
pulses enable molecular motion to be studied and an understanding of the motions to
be obtained, these short light pulses can be used in several different ways in order to
probe the molecules dynamics. The different ways in which these short light pulses can
be used will be discussed in the following section, section 1.2. Throughout this work we
will look at the development of new probes in order to study chemical dynamics, with
the aim of allowing us to map a full and complete reaction co-ordinate. Building up
a picture of a molecules pathway as it undergoes a photochemical reaction. The aim
is to monitor the full reaction coordinate of a molecule from the initially excited state
through to the formation of its multiple dissociated products.

1.2

Measurement of Chemical Dynamics

Since the 1950s many spectroscopic techniques have been available to chemists, enabling
them to make static measurements of a molecules structure. 13,14 Infra-red absorption
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can be used to monitor molecular vibrations, in order to be monitored the vibration
mode that is being observed must cause a change in dipole moment. This technique is
widely used for identifying different molecular functional groups. 15 Molecular vibrations
can also be probed using Raman spectroscopy. Raman spectroscopy relies upon the
scattering of light by molecules. Both Stokes and anti-Stokes scattering can be observed
using Raman spectroscopy, Stokes scattering results in the molecule being excited from
the ground state and returns to the first vibrational level, the energy of photon is equal to
the difference between the instant light and the energy that is absorbed by the molecule.
Anti-Stokes scattering occurs when the molecule is excited from the first vibrational state
and gains energy from the indecent photon, when it decays back to the ground state it
leads to the emission of a higher energy photon than that of the incident radiation. For
a molecule to be Raman active there must be a change in polarizability of the molecule
as a result of the motion. Raman spectroscopy results in a very clear spectrum and this
technique can be used in several different ways, from the conventional measurement of a
molecule through to biological imaging. 16–18 Another way of looking at the fine structure
of a molecule is rotational spectroscopy. By analysing the molecular rotations a highly
precise structure for a molecule can be obtained. 19,20
Fluorescence or phosphorescence spectroscopy is a type of electronic spectroscopy based
upon promoting an electron from the ground state into an excited electronic state. 21 The
light that is emitted when the electron relaxes back to the ground state is then recorded.
Fluorescence is the emission of photon when the electron relaxes straight back down to
the ground state. Phosphorescence is when the electron undergoes intersystem crossing
to a triplet state before relaxing back down to the ground state. The energy of the
emitted electrons directly correlates to the energy gap between the two states. Typically,
fluorescence has a shorter emission lifetime when compared to phosphorescence. This
method has been represented diagrammatically in figure 1.1. All of techniques mentioned
in this paragraph have been used to probe a molecular geometry for many years. These
static probes can all be employed in order to make measurements of molecular dynamics.
Early time resolved measurements of chemical dynamics were made by George Porter
and Manfred Eigen who both shared the Nobel prize for there work in 1967. 22,23 Porters
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measurements used the stop flow method to monitor diffusion and the interaction of
molecules on a microsecond timescale. Porter used flash photolysis in combination with
the stopped flow method to observe transient intermediates within a chemical reaction.
Eigen was performing measurements using electronics in order to measure, immeasurably
fast reactions. During his work measured the the coming together of H+ and OH− ions
during a neutralisation reaction in order to form water. The available light source and
electronics limited them both respectively in terms of the time scale of the measurements
that they could perform. In order to capture a molecules dynamics in more detail,
measurements need to be performed on an ultra-fast time scale only then can a clear
understanding of a molecules motion be obtained. Ultra-fast time-scales are extremely
short and cover a range from picoseconds(1 × 10−12 s) to attoseconds(1 × 10−18 s).
This time scale is time scale upon which a molecule rotates, vibrates and undergoes
electronic structure changes which lead to dissociation. The measurements of Porter
and Eigen were based on a microsecond time scale, this time scale provides information
of reactants, some intermediate steps and the products that are formed, but in a chemical
reaction there are many more steps and states all of which need to be understood because
all of the states influence how a reaction progresses. Photo-dissociation reactions are
often complex, with several different intermediate states involved, from the ground state
molecule to the photo dissociated product. Photo-dissociation reactions can occur in
different ways, direct dissociation, dissociation via a triplet state requiring inter-system
crossing such that the intermediate steps and the geometric changes for each particular
molecule will be different.
Measurements of chemical dynamics were revolutionised by our ability to produce short
laser pulses whose duration was on the time scale of the fundamental motions of molecules.
This enables us to pump molecules into an excited state and then probe them on the time
scale over which the molecular motion is occurring. Both pulses will have a percentage
of the overall energy that is available from the laser system. In order to perform these
ultra-fast measurements a laser capable of producing pulses is required. Laser systems
have been capable of producing femtosecond pulses since the early 1990s, which saw the
dawn of femtosecond time resolved experiments. 24

Chapter 1 Introduction

9

Following on from the work of Porter one example of an early pump probe experiment is
the femtosecond transition state spectroscopy carried out by Zewail. 25 In one example
they study iodine cyanide (ICN) and the dissociation of this molecule. Their experiment
has a pump and a probe, which are delayed relative to one another using an interferometer. The two beams are then recombined to overlap in an ICN flow gas system. The
experiment was done using laser induced fluorescence as a probe, by tuning the probe
frequency to monitor the different reaction intermediates, as the wavelengths required
were accessible the whole dissociation was captured. In this experiment they observe
the dissociation of this molecule and the reaction intermediates drawing the conclusion
that this technique can be used to observe the states in unimolecular and some special
biomolecular reactions. 26 Due to the simple nature of ICN this can be considered to
be a windowless measurement of chemical dynamics as the whole reaction co-ordinate
was captured. However, this was only possible due to direct dissociation that is undergone by ICN. This type of windowless measurement is something we want to try and
develop in order to gain an understanding of more molecular systems, so that the depth
of understanding we have for complex molecular systems can be developed due to them
being observed in a windowless manner. In order to achieve this, the techniques that we
will be using are both ionisation based. Photoelectron spectroscopy and high harmonic
spectroscopy will now be introduced in turn.

1.2.1

Photoelectron Spectroscopy

Photoelectron spectroscopy is the energy measurement of electrons that are emitted from
solids and liquids or gases after the absorption of a photon. 27–29 The focus of this work
is on photoelectron spectroscopy of gases. The emission of the photoelectron occurs by
the photoelectric effect, in order to determine the binding energy of the electron to the
substance. The molecule interacts with the beam of light sufficient enough to induce
photoelectric ionisation, the photoelectrons that are emitted are characteristic of their
original electronic state, they also depend upon the vibrational and rotational state.
When we record a photoelectron spectrum we measure the electrons kinetic energy, this
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can easily be converted to the binding energy of the electron which removes the additional
energy that is provided from the light used cause the emission of the photoelectron.

Figure 1.3: Schematic to show that a molecule can be examined using an ionisation
probe in order to produce a photoelectron with the photoelectron spectrum produced
with the overlap from the ground state to all accessible ion states. This leads to
transitions into different ion states and vibrational states within a particular ion state
and leads to a distinctive spectrum, for the species that is being probed in this manner.

In figure 1.3 we take a photon of very high energy in order to induce transitions into the
various electronic states. From the neutral ground state (X) the molecule is ionised into
the ground state of the ion (X+ ), and the excited state of the ion (A+ ) and the various
vibrational states that are associated with those ions. These electrons will be emitted
with a characteristic spectrum whose shape derives from the overlap between the neutral
ground state and all accessible ion states. The energy that is given off by that electron
is the electrons kinetic energy (eKE), the electrons kinetic energy can be linked to its
binding energy (EB ) using the following relationship, eKE = hν − EB , where hν is the
energy of the ionising photon. Photoelectron spectroscopy can be used to make both
static measurements of the different states that are found within molecules as well as
being used as a method of probing molecular dynamics when the molecule has had some
dynamics initiated via a pump pulse. A photoelectron spectrum of carbon tetrabromide
(CBr4 ) can be seen in the figure 1.4.
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Figure 1.4: A photoelectron spectrum of CBr4 shown as an example of a photoelectron spectrum. The spectrum has been scanned in from Molecular Photoelectron
Spectroscopy by Turner p 239. 2

The figure 1.4 shows the different states within CBr4 , the first ionisation band is centred
around 11 eV, within this region there are several bands; 10.36 eV, 10.72 eV, 11.02 eV
and 11.65 eV which all correspond to the different vibrational levels within the first ion
state of the molecule and are all well defined within this image. As energy increased it
can be seen there is a progression in the ion states, with the second ion state being at 15
eV, and the third ionisation band being around 19.5 eV. In order to obtain this spectrum
a high energy probe was used, the probe was produced using a helium lamp, providing a
maximum energy of 24.47 eV. This shows that up to the third ionisation level of CBr4 is
accessible using a helium lamp, and it also provides resolution of the vibrational bands,
certainly within the first ionisation state in this instance. All states can be ionised
and photoelectron spectroscopy is sensitive to electronic and geometric structure. So in
principle photoelectron spectroscopy can provide a universal probe which is sensitive to
both electronic and geometric changes within a molecular system.
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In order to make time resolved measurements, short pulses are required such that the dynamics that are occurring can be observed. Photoelectron spectroscopic measurements
can be made on a synchrotron which provides very high energy making the observation
window large however, the time resolution is limited to the bunch length that is produced
and therefore temporal resolution is limited to hundred of picoseconds at best. In order
to get around this issue lower energy ionisation sources are used, predominantly from
laser systems which are conventionally limited to 6 eV. The shorter pulse lengths enable
the study of ultra-fast dynamics to be performed. By increasing the temporal resolution
of the experiment the energy of the probe is limited, and this means that making a measurement of a complete reaction co-ordinate is difficult as often not all of the reaction
intermediates can be ionised by the probe, and therefore photoelectrons spectroscopy is
blind to these. An example of this is a measurement that was performed by Gessner,
et. al. of the photo-dissociation (NO)2 . 8 In this study they successfully recorded the
dissociation dynamics of (NO)2 , a schematic representation of the dynamics is shown in
figure 1.5.
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Figure 1.5: A potential energy surface taken from work by Gessner et. al. Upon initial
excitation the reaction co-ordinate can be monitored for (NO)2 . The black box in this
figure represents the region of a chemical reaction that cannot typically be observed
experimentally.

The black box in figure 1.5 represents a region of the dissociation process that cannot be
experimentally measured. In most photochemical measurements, initial conditions and
starting points are known but as the reactions progresses there is a region that cannot
be measured until the final products are formed.
The probe energy has limited the observation window of the various different products
that are produced when a molecule is undergoing photo-dissociation, whilst maintaining
good temporal resolution. In order to extend the energy range whilst maintain the
ultrafast regime, high harmonic generation can be used to produce high energy photons.
The production of these high energy short pulse length photons has lead to the mapping
of the full dissociation dynamics for a simple molecule, Br2 . By pumping the molecule
with a 400 nm probe Nugent-Glandorf et al. obtained a series of spectra showing the

14

Chapter 1 Introduction

dissociation. 30 The spectrum after pumping showed signals from atomic Br. After time
delays of + 500 fs from time zero, although again this is a direct dissociation process the
same as the ICN example previously mentioned. Makida et. al have made preliminary
observations of the relaxation dynamics of 1,3-Butadiene using a 42 nm (29.5 eV) high
harmonic pulse, due to the large nature of the molecule the understanding of the results
is highly reliant upon theoretical calculations that are presented within the paper. 31
The time resolved spectrum shows surprisingly large depletion at time zero, significant
changes at negative times and noise levels that limit the interpretation. However, this
work shows that time resolved measurements of more complex molecules can potentially
be performed using a high harmonic generation probe. In order to perform this type of
measurement high harmonic generation needs to be used, the details of high harmonic
generation will be discussed in section 1.2.2.

1.2.2

High Harmonic Generation

High harmonic generation is a non-linear process during which an intense infra red laser
field is converted to Extreme Ultra Violet (XUV) radiation. Typically this process occurs
in the gas phase but has also been performed on liquids and solids. In order to perform
high harmonic generation a high intensity laser pulse is required. Corkum proposed
that semi-classically, high harmonic generation is based on three key steps; ionisation,
propagation and recombination, this leads to the production of XUV. 32 Specifically, intensities of 1014 Wcm−2 are required, so the electric field produced perturbs the Coulomb
potential, these intensities are generated using a femtosecond laser systems. The electric
field that is produced distorts the Coulomb potential enough that a bound electron can
undergo tunnel ionisation. The electron can then be recombined with its parent ion,
leading to a coherent emission of short wave radiation extending into the XUV. Before
going into details of the three step model, strong laser fields and tunnel ionisation needs
to be discussed.
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Strong Laser fields and molecular interactions

The initial step in high harmonic generation is ionisation in the presence of a strong
laser field. Both multiphoton and tunnel ionisation processes can occur under these
conditions. An indication as to which of these processes is occurring can be obtained
through the Keldysh parameter (K). 33 This provides an insight into how different species
interact with laser fields. This parameter is a quantitative measure of the number of
electrons that can undergo tunnelling events relative to the number of electrons that
undergo multiphoton ionisation and can be calculated from,

s

K=

Ip
2Up

(1.1)

K here is the Keldysh parameter, Ip is the ionisation potential, the term Up is the
pondermotive potential, this describes the average wiggle energy of an electron in an
electric field.

Up =

e2 E02
4me ω02

(1.2)

e is the charge of an electron, E0 is the linearly polarised electric field amplitude, me is
the mass of an electron and ω0 is the laser carrier frequency.
If K >> 1 then a multi-photon regime is present, during this the number of tunnelling
events per optical cycle is much less than 1. High harmonic generation is dependent upon
tunnelling, so the probability of high harmonic generation in a multi-photon regime is
very low. High harmonic generation occurs when K << 1 this is generally described as
the tunnelling regime.
The tunnel ionisation rate can be calculated using a formula derived by M. Ammosov, N.
Delone and V. Krainov for a general atom, the resulting formula is known as the ADK
tunnelling formula. 34,35 The ADK tunnelling formula is used to allow us to predict
the conditions needed to generate harmonics, this is helpful as it means experimental
conditions can be known before and expected results can be predicted. ADK has been
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used throughout this thesis in order to predict high harmonic generation. This is a very
powerful tool as it has enabled successful predictions of the experimental conditions
required to perform high haromnic generation. Once the tunnelling rate (W) has been
calculated this can be used with the magnitude of the electric field to calculate the
probability of ionisation occurring during a time interval and can be shown by equation
1.3.

P (t) = W [(ε(t))]dt

(1.3)

Where:



2

W = ωp | Cn∗l∗ | Glm

4ωp
ωT

2n∗−m−l

exp[−4ωp /(3ωT )]

(1.4)

and:

ωp =

Ip
,
h̄

ωT = eε0 /(2mIp )1/2 ,

n∗ = (IpH /IP )1/2 ,

n∗

| Cn∗l∗ |2 = 22 [n ∗ Γ(n∗ + l∗ + 1)Γ(n∗ − l∗ )]−1 ,

(1.5)

Glm = (2l + 1)(l+ | m |)! (2−|m| )/[(| m |)! (l− | m |)! )],
In these equations 1.4 and 1.5, Ip is the ionisation potential of the atom, or molecule of
interest. IpH is the ionisation potential of atomic hydrogen, l and m the orbital angular
momentum and magnetic quantum numbers of the atom respectively. ε0 is the electric
field amplitude and Γ is Euler’s gamma function. The effective quantum number l∗ and
is given by l∗ = 0 for l < n and l∗ = n∗ − 1 if not (n is the principal quantum number).
Equation 1.3 is used to determine when tunnel ionisation is occurring within the time
interval set in the equation (dt). This can be likened to a first order kinetics equation.
It provides a description of the outgoing electron wave packets for a particular electric
field. The model begins to break down when laser intensity is increased to a critical
point at which the electrons can just flow over the energy barrier, this point is the
critical intensity, Ic , is obtained by equating the maximum that can be induced by the
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electric field in the effective potential to the ionisation potential of the bound electron
and can be defined in equation 1.6,

2
Ic = 4 × 109 (Ip [eV ])4 ZR
W cm−2

(1.6)

Ionisation potential here is expressed in eV and Zr is the residual charge of the relevant
atom of ion. Once the ionisation potential is overcome the atom or molecule will be
ionised. After this point additional energy is required to allow ionisation to occur from
the ion state as opposed to the neutral molecular state. This method has been used to
examine and determine various laser intensities that have been required during experiments to ensure that high harmonic generation is not occurring form the ion state, and
that there is sufficient laser intensity to generate harmonics.

1.2.3.1

Semiclassical Model of High Harmonic Generation

To be able to fully model the high harmonic generation process a quantum model is
required. However, a good understanding of the generated radiation can be achieved
by treating the process as semi-classical. In treating the process as semi-classical this
enables us to characterise the process and provide mechanistic steps for the process. In
1994, Corkum proposed a semi-classical model to describe the steps that occur during
the high harmonic generation, the model can be broken down into three main steps:
ionisation, propagation and recombination. 32 As shown in figure 1.6
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Figure 1.6: A diagram showing the three step model showing the different steps; (1)
the electron tunnels out in the presence of a strong field, (2) the electron accelerates back
towards the parent atom as the direction of the laser field changes, (3) recombination
leading to the emission of XUV.

When a strong laser field interacts with an atom or molecule it can distort its Coulomb
potential such that an electron can tunnel through the barrier. This electron is then
set on a trajectory away from the atom or molecule. The propagation of the electron is
often modelled classically using Newton’s equations. The trajectories of an electron in
a continuum are given by x the velocity is given by v and acceleration by a. The laser
field is modelled as sinusoidal, E = E0 sin(ωt), where E0 is the magnitude of the electric
field, ω is the angular frequency and t is a point in time. Several assumptions are made
in this model; the electron has zero velocity at t0 , a position of x = 0 at t = t0 , the
electrons release time t = t0 and t = t1 is the return time of the electron. The terms e
and m are the mass and charge of an electron respectively.

eE0
x=
mω



1
(sin(ωt0 ) − sin(ωt) + (t − t0 )cos(ωt0 )
ω
v=



(1.7)

eE0
(cos(ωt0 ) − cos(ωt))
mω

(1.8)

eE0
(sin(ωt))
mω

(1.9)

a=
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The trajectory of the electron varies with the waveform, as the wave changes sign the
electron changes direction. Given ideal conditions upon its return the electron will
collide with the ion and this recombination step causes the emission of short wavelength
radiation (XUV). Upon its return the electron gains kinetic energy due to its attraction to
the ion, this additional energy helps in the production of radiation upon recombination.
By substituting τ = t1 − t0 into equation 1.8 it can be seen that the maximum energy
is given by equation 1.10 and can be seen in figure 1.7:

Figure 1.7: Energy gained by an electron in the laser field in units of Up as a function
of angular frequency. Long and short trajectory electrons are marked on the figure. It
can also be seen the maximum energy gain is 3.17Up

Emax = Ip + 3.17Up

(1.10)

Equation 1.10 is for the maximum energy harmonic (Emax ) that can be generated. 36,37
Ip is the ionisation potential of the target species. From the pondermotive potential
(Up ) equation 1.2 it can be seen that the maximum energy produced during harmonic
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generation scales with wavelength. 38 However, the relationship between harmonic generation efficiency from a single atom and wavelength is given as λ−6 in terms of number of
photons in compared to photons out. Such that a balance between energy and efficiency
is often required.
In order to include non-linearity and recombination the quantum model would have to be
used, in this, a time dependent Schrodinger equation in a strong field is solved. To solve
this, assumptions are required: (1) The contribution of the wavepacket can be ignored
for all states other than the ground state, (2) There is no depletion of the ground state,
(3) The electron is treated as a free particle moving in an electric field with no atomic
potential effects, however, some models move beyond this.

1.2.3.2

Quantum Model

The semi-classical model gives simplified yet qualitative description of high harmonic
generation. Classical driving fields are used within the quantum model, as in the previous
section. However, the electron is now treated as a wavefuncion inside a soft coulomb
potential. 39 Previously it was treated as a point charge. A soft coulomb potential is a
numerical requirement, a standard coulomb potential is described by,

V =−

1 e2
4π0 x

(1.11)

0 is the permittivity of free space and e is the charge of an electron. A singularity is
created as x approaches 0, the solution to 1.11 tends to −∞. The use of a soft coulomb
potential avoids this problem, the Bohr radius (α0 ) is introduced, as shown in equation
1.12.

V =−

1
e2
4π0 (α2 + x2 ) 21
0

(1.12)
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To model the wavefunction as it interacts with the electric field of the driving laser and
the soft coulomb potential, a time dependent Schrödinger equation is used as seen in
equation 1.13. 40

ih̄

∂
ψ = Ĥψ
∂t

(1.13)

h̄ represents Planck’s constant, ψ is the wavefunction of the electron. The driving field
of the laser adds to the soft coulomb potential, leading to a potential barrier formed
at specific cycles in the pulse. Equation 1.13 can be solved to model high harmonic
generation. The wave-function is propagated and then the wiggle of the electron density
is examined which produces the dipole.

1.2.3.3

A Typical High Harmonic Spectrum

From the three step model, it is apparent that one half-cycle after ionisation the electron
turns back towards the parent ion to recombine when the laser electric field changes sign.
Harmonics are produced twice each cycle, with each half cycle producing XUV. From
this it can be seen that consecutive bursts lead to collisions from opposite directions, the
spectral components will have the same amplitude but be in opposite phase, leading to
destructive interference for even order harmonics, and constructive interference for odd
harmonics. Normally only odd harmonics are observed in a high harmonic spectrum.
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Figure 1.8: A schematic of a typical high harmonic spectrum showing the three
different regimes, the perturbative, plateau and cut off.

A schematic of a typical spectrum as seen in figure 1.8 can be divided into three parts:
the perturbative regime at low orders, the plateau region at intermediate orders and the
cut off region at the highest orders. The perturbative regime is one in which perturbation
theory can be applied, the harmonics in this region decrease as a power law, which can
be defined as a relative change in one quantity causes a proportional relative change
in the other quantity. The plateau region contains harmonics with minimal changes
in intensity with increasing harmonic order. Within the plateau region two different
electron trajectories are observed as shown in figure 1.7 these electrons return with
the same kinetic energy leading to harmonics of the same frequency being produced. 41
Following the plateau region is the cut off region. The cut off photon energy is determined
by equation 1.10.

1.2.3.4

Phase Matching

It is important that the harmonics being produced do not destructively interfere within
the sample, so the generation process is as efficient as possible. For this to be achieved
the phase of the driving laser field at the moment of generation must be the same phase
as the harmonics that have been produced already within the generating medium. If
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all the phases are the same at the moment of generation then the harmonics will add
constructively, leading to the largest possible signal and the phase mismatch (∆k) will
be zero. This can be shown:

∆k = kq − qkf = 0

(1.14)

where kf is the fundamental wave vector, kq is the harmonic wave vector and q is the
harmonic order. There are four factors that contribute to phase mismatch in a high
harmonic experiment. These are a geometric term (∆kgeo ), a neutral atom term(∆kna ),
a free electron term (∆kf e )and an atomic phase term (∆kat ).

∆k = ∆kgeo + ∆kna + ∆kf e + ∆kat

(1.15)

This indicates that phase mismatch is dependent upon a number of things. Experimentally, ∆kgeo has a longitudinal dependence making the position of the gas jet relative to
the focus critical. 42 ∆kna comes from different frequency components travelling through
the medium with different refractive indices. This shows that the length of the interaction region can also effect phase matching, this can be controlled by changing the
pressure of the gas at the jet, giving more or less plasma. ∆kf e , is due to the fact that
high harmonic generation requires ionisation to occur so there will be a free electron
component. The free electron term is only considered for the fundamental wavelength
because the effect of the XUV is small. The magnitude of this term is affected by all
the electrons that do not recombine, therefore power (intensity) affects the magnitude
of this. The final term is the atomic phase ∆kat it is the intrinsic phase of the harmonic
as a result of the kinetic energy gained from the electron in the driving field. This is
the length of time between ionisation and recombination; for short trajectories this is
a small effect but for longer trajectories this is larger. 43 This can also be controlled by
focal position, as this can be used to optimise the trajectories that are observed.
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High Harmonic Spectroscopy

The first high harmonic generation experiment in gases was performed by McPherson
et. al. in 1987 where the highest harmonic they observed was the 17th harmonic
from neon. 44 Since then many studies have been done to characterise the harmonics
produced, and gain and understanding into the mechanism of there production. 45,46 High
harmonic generation has numerous different applications, ranging from spectroscopic
measurements to imaging. 47–51 High harmonic generation is most commonly performed
in the gas phase however, it has also been carried out on both liquids and solids. 52–54
The nature of high harmonic generation is that high harmonics can be generated providing there is sufficient laser intensity to allow tunnel ionisation to occur. High harmonic
generation is sensitive to electronic structure changes and therefore can be used as a
probe of time dependent changes. High harmonic spectroscopy as a probe of chemical
dynamics is windowless as high harmonics can be generated from any species that is
present within the reaction. High harmonic spectroscopy is a complimentary technique
to photoelectron spectroscopy. Photoelectron spectroscopy probes the ionisation matrix
of a molecule, whilst high harmonic spectroscopy provides information about the recombination matrix of the electron that has been used during the high harmonic generation
process. In principle both techniques are windowless techniques that can be used in
order to study chemical dynamics.
Shiner et al. demonstrated that high harmonic spectroscopy can provide a unique insight into the electronic structure of atoms and molecules. 55 The photoionisation crosssections measured with a synchrotron light source can be related to the high harmonic
spectra obtained in xenon. Xenon has giant inner shell electron resonances and these
have been observed within spectra obtained. They also observed the Cooper minimum
in krypton during HHG which allowed them to perform measurements on the recolliding electron wavepacket spectrum. This was then used in order to unravel the multiple pathways that they observed in xenon. The results here show that high harmonic
spectroscopy opens the possibility to study electronic structure as high harmonic spectroscopy has shown sensitivity to the changes in the electronic structure and correlations
in inner shells of molecular systems.
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Shiner et al. demonstrated that a single beam experiment can lead to a new understanding of electronic structure within atoms. Work carried out by Wörner et al. demonstrates
that a chemical reaction can be followed using high harmonic spectroscopy. 56 The experiment they carried out was on bromine, which when pumped with 400 nm leads to
a dissociation reaction leading to the production of Br and Br+ . As the reaction progresses in time they make observations of the bond length change, which leads to the
final dissociation of the molecule. The sensitivity in the bond length change is observed
because when the bond length corresponds to a half integer of the de-broglie wavelength
of the returning atom they see a two centre interference effect leading to a destruction
in a particular harmonic peak at that time.
Since the initial demonstration that high harmonic spectroscopy can be used to monitor
the photodissociation of molecules, several different molecules have been studied, all
relatively small in size compared to the much larger systems that have been studied
using photoelectron spectroscopy. 57 A year after the study on bromine Wörner et al.
carried out a study on NO2 this study showed that high harmonic spectroscopy revealed
oscillations in the electronic character of NO2 when the photo excited wavepacket crosses
a conical intersection. 58 This showing that high harmonic spectroscopy is a powerful tool
when examining non-adiabatic chemical reaction pathways.
High harmonic generation has also been performed upon a number of different hydrocarbons, showing that high harmonic spectroscopy has the potential to be extended
into much larger biomolecules. 59 Despite this potential a limited number of systems
have been studied using high harmonic spectroscopy. This is due to the complexity in
analysing and gaining an understanding of the results, as can be seen from the small
number of molecular systems the technique has been used to study. However, High
harmonic spectroscopy is potentially a very powerful tool to study chemical dynamics. It is capable of giving time resolved information about structural and electronic
changes through chemical reactions. 60 Compared to other ultrafast spectroscopy methods, high harmonic spectroscopy is not limited by Frank-Condon overlaps or selection
rules. Ionisation potentials only effect the cut off energy of the observable region, therefore, reaction intermediates, transition states and conical intersections can potentially
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be interrogated.

1.3

Summary

To summarise, chemical dynamics are complex and in order to make observations of
these process several different probes can be used. The choice of probe can be any of the
previously mentioned techniques, providing they are sensitive to the type of motion that
the molecule is undergoing. The understanding of the time scales of molecular dynamics
has progressed significantly from microsecond measurements through to femtosecond
and attosecond measurements of different dynamic processes.
To enable chemists to gain a complete understanding of a reaction co-ordinate in the
case of photoelectron spectroscopy a probe that has sufficient energy in order to ionise all
the species found within the reaction is required. Alongside short laser pulses giving the
temporal resolution that is required in order to make observations of the processes that
are occurring. In order to obtain high energy probe photons with the required temporal
resolution high harmonic generation can be used to produce these. This has enabled
measurements to be performed on a small molecular system which directly dissociates
Br2 , more complex systems have also been examined in this way but have shown that
the experimental measurements needs some finesse before larger systems can be studied
with confidence.
An alternative windowless technique is high harmonic spectroscopy which looks at the
recombination matrix of an electron as opposed to the ionisation matrix which is examined using photoelectron spectroscopy. This method has shown promise in small
molecular systems but as systems gain size the complexity of the results increase and
gather a full understanding of the results is challenging.
Photoelectron spectoscopy measurements have been performed to monitor the dissociation reaction of both NH3 and CS2 , including the development of this technique in order
to use a high harmonic generation probe, so that a complete reaction co-ordinate can
be studied. A high harmonic spectroscopy experiment has been developed and built so
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that measurements can be made on small molecular systems, details of the development
of the system and measurements on CCl4 will be presented within this thesis.

Chapter 2

Experimental
In this chapter the experimental details will be discussed at length. Throughout the
work presented in this thesis two laser systems have been used. In this section the
details of the beam lines will be provided, alongside the end stations that have been
used in order to perform the experiments. Photoelectron spectroscopy experiments
have been performed at Artemis in the Central Laser Facility using both velocity map
imaging and time of flight spectrometers. High harmonic spectroscopy experiments have
been developed in Southampton, an overview of the laser system and beam paths will
be given in this chapter with more details of the development of the beam line will be
provided in chapter 3.

2.1

Introduction

Throughout the experiments presented in this thesis we have used a variety of laser
systems, vacuum systems, detectors and spectrometers which will now be discussed.
Two laser systems were used for the work presented. The laser system at Southampton
was used for the development of a high harmonic spectroscopy experimental system this
work is presented in chapters 3 and 4. For the photoelectron spectroscopy experiments
that were carried out at the Central Laser Facility on Artemis the results are presented
in chapters 5 and 6. The laser system at Southampton is used and maintained by the
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different students that are based within the laboratory, whilst at Artemis the laser system is maintained by the staff at the facility, and as such only a general overview of
the Artemis system and the beam path that we used will be presented here. The various strong field spectroscopic measurements performed throughout this work require an
ultrashort laser pulse. In order to achieve this several different interconnected experimental components are required. This primarily includes; a base laser system capable
of producing high intensity pulses, optical components that allow us to produce the
different pump and probe pulses which have different intensities, and or wavelength, a
vacuum system and various detection methods. The different experimental tools used
in order to conduct both high harmonic spectroscopy and photoelectron spectroscopy
experiments on a variety of different molecules are also described in detail.

2.2

Southampton Laser System

The laboratory in Southampton has an ultrafast femtosecond laser system. The laboratory is shared amongst several different users and groups who all have role in maintaining
the system. The main focus of the work that I have carried out in Southampton has been
to develop and perform high harmonic spectroscopy experiments on different molecular
systems. In order to perform high harmonic generation a peak intensity in excess of 1014
Wcm−2 is required. The relationship between peak power and different laser parameters
is given in equation 2.1.

Ppeak =

Pavg
frep τ a

(2.1)

The peak power (Ppeak ) of a laser system is related to the average power (Pavg ), pulse
length (τ ) and repetition rate (rrep ) and a is the area. The laser system used throughout
the experiments has a fixed repetition rate of 1 kHz. For the desired peak power to be
achieved a short pulse and high average power is therefore required. The average power
is normally limited by the components within the laser system, whilst the pulse length
is controlled by the bandwidth that is produced by the oscillator and gain narrowing in
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the amplifier. In order to achieve these intense laser pulses several stages are used, each
stage can be seen in figure 2.1.

Figure 2.1: A diagram to show the layout of the Southampton laser system, showing
each unit involved with producing the overall laser pulse. Initially the Millennia pumps
the Tsunami producing the seed for the Spitfire, the Spitfire is pumped by the Evolution
resulting in the final output pulse from the Spitfire

Figure 2.1 shows the overall system which is comprised of a Spectra Physics Millennia
which is used to pump the Spectra Physics Tsunami (Ti:Sapphire) oscillator. The oscillator produces 350 mW, 40 fs pulses at 86 MHz repetition rate. The oscillator pulse goes
into the amplifier, Spectra Physics Spitfire Pro Chirped Pulse Amplifier (CPA), this is
pumped via the Positive Light Evolution 20. The Spitfire is able to increase the power
of the pulse from 350 mW to 3 W with a pulse length of 40 fs at a 1 KHz repetition
rate, more than sufficient to allow us to perform high harmonic generation, and therefore
carry out experiments.
At the start of the system is the Spectra Physics Millennia; a Nd:YVO4 diode based laser
system which provides approximately 3.5 W of continuous wave radiation (CW) at 532
nm, to the Spectra Physics Tsunami (oscillator) to generate the seed for the amplifier.
In order to produce a pulse train from the oscillator mode locking is used. This allows
the light to pass through the cavity in such an alignment that is more energetically
favourable for the light to propagate through the system as a short train of pulses as
opposed to a CW. Repetition rate of the oscillator is determined by the round-trip time,
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which is dependent upon the cavity length which is on the order of a few metres leading
to a repetition rate of approximately 86 MHz.
It can be seen by mode locking that the peak power is increased from the initial CW
input. If an average output power of 350 mW, pulse length of 50 fs and a 86 MHz
repetition rate leads to a pulse energy of approximately 10 nJ. This demonstrates that
modelocking leads to an improvement in the peak intensity. This improved is still not
significant enough to perform high harmonic generation so an amplifier must be used in
conjunction with this to achieve such a large gain in peak power.
Mode locking occurs when several wavelengths of light are taken and combined together
leading to both constructive and destructive interference between the different wavelengths that are being combined. 61 The broader the wavelength range that goes in the
shorter the pulse that comes out. If you consider a number of sine waves being coherently combined, the greater the number of different frequencies, the shorter the region
where only constructive interference can occur and therefore the shorter the pulse that
will be produced. Mode locking can be performed in two main ways; actively and passively, both of which are used within Southampton. To initially start the process of
mode locking an Acousto-Optic Modulator (AOM) is used. The reason for using this
is that it offers more stability and increased repeatability over the conventional method
of applying force to an optic. If light is considered in the frequency domain and has an
optical frequency (ν) and is modulated in amplitude at a frequency (f ), the resulting
side-bands have optical frequencies of the ν − f and ν + f . The production of side-bands
leads to the broadening of the CW pulse and starts the production laser pulses. Once
this process has started passive mode locking takes over, this is where the overall path
length of the cavity allows the gain medium to be saturated at a particular time leading
to the production of a laser pulse.
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Figure 2.2: A schematic to show a chirped pulse amplifier configuration, firstly the
oscillator pulse goes to the stretcher, it is then amplified in the Ti:Sapphire crystal
which leads to a long high energy pulse. The pulse is then compressed in the compressor
resulting in the high energy short pulse output.

The seed is then passed into the amplifier (Spitfire Pro CPA), the amplifier is then
pumped by the Positive Light Evolution 30, which is a Nd:YLF diode based pump
laser outputting green light at 527 nm. To achieve a sufficient peak power, the pulse
produced from the Tsunami (oscillator) is passed into a CPA, in this instance the Spitfire.
A general configuration of a CPA laser can be seen in figure 2.2 with all of the key
optical components of the amplifier. The amplification occurs within a gain medium
in the laser system at Southampton this is Ti:Sapphire crystal. The gain occurs in a
similar mechanism to that observed during fluorescence. The pulses that are produced
from the oscillator first need to be stretched as they have high pulse energy (10 nJ
based upon 350 mW average power, pulse length 50 fs and 86 MHz repetition rate). If
the pulse was not stretched first, this would lead to pulse distortion via self focusing
and self modulation in the gain medium (due to a changing refractive index leading
to a blue shift in wavelength). Once the pulse has been stretched it passes through
the Ti:Sapphire crystal and is then amplified with the combination of the pump pulse
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from the Evolution. The amplifier has a regenerative cavity, where the light pulse that is
passed into the amplifier does several round trips in order to produce a pulse of maximum
power. Overall the final pulse has done 13 round trips of the cavity, the number of round
trips is controlled by two pockel cells within the amplifier which are used to switch the
pulses in and out of the cavity. The timings of these is controlled via electronics, and
can be tuned for optimal amplification of the pulse. Once the pulse is amplified it is
then compressed, this is done using a pair of gratings in order to disperse and recombine
the different frequencies. Leading to the production of an 800 nm 3 mJ 40 fs laser pulse
at a 1 kHz repetition rate.

2.2.1

Laser Diagnostics

In order to check that the laser is working to the desired specification there are several
diagnostic tools at our disposal in Southampton. There are three main parameters that
are routinely measured across the system; power, the spectrum of the oscillator output
and the overall output pulse length and spectrum. The power is measured between the
Tsunami (oscillator) and the Spitfire (amplifier). Ideally the measured power here will
be 350 mW, this measurement is taken using a thermal power meter. The spectrum is
also measured at this point for two main reasons. Firstly, to ensure that the central
wavelength that is being passed into the Spitfire is consistent. Secondly, it is checked to
aid in maximising the bandwidth that is produced by the Tsunami during mode-locking.
The power is also measured after the amplifier. Generally speaking 3 W is the optimal
output as this is the maximum achievable power. This is also measured with a thermal
power meter. If something looks awry the spectrum can also be measured at the output
of the amplifier, this tends to only be done if the pulse length is much longer than
expected. The spectra are measured on an Ocean Optics HR2000 CG-UV-NIR. Various
input fibres can be used with this spectrometer in order to measure different wavelength
regions. The broader the aperture of the fibre the shorter the wavelength that can be
measured.
The pulse length is less straight forward to measure as the ultrashort pulses have to
be measured against themselves, as there is no shorter event to be able to measure
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them against. In order to do this in Southampton we use a Swamp Optics Grenouille
FROG (Frequency Resolved Optical Grating) this is permanently in place with a 2%
beamsplitter from the main beam used for diagnostics. 62,63 In figure 2.3 a diagram of
the layout of general FROG system can be seen, A FROG splits the beam into two, one
beam is then delayed with respect to the other, through the extension of its path length.
The two beams are then crossed in a non-linear crystal, BBO (Beta Barium Borate) the
second harmonic signal is the recoded onto a spectrometer. The FROG measurement
gives a spectrogram of delay vs frequency which allows the overall pulse length to be
calculated. An iterative Fourier phase retrieval algorithm is then used to reproduce the
spectral phase of the pulse, meaning that coherence can be checked simultaneously. A
Grenouille FROG differs from the standard FROG as it has no moving parts and uses
a prism in order to separate the beam into two, in order to measure the pulse length.

Figure 2.3: A diagram to show the optical path inside the FROG, t represents the
initial pulse t1 is the delay induced by the delay stage and Es is the measured signal.

2.2.2

Harmonic Generation and non-linear Optics

BBO’s are non-centrosymmetric crystals that are used within optics to generate harmonics through non-linear properties. 64 Harmonic generation can be put as one simple
expression but to understand the process this needs expanding:

P (t) = 0 χE

(2.2)
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P is the induced polarisation of the charge density within the BBO crystal, 0 is the
permeative free space, χ is the susceptibility of a material to the electric field leading to
a degree of polarisation, and E is the electric field. By expanding this as a Taylor series
function you arrive at the following:

P = 0 (χ1 E0 sin(ωt) + 1 χ2 E02 sin2 (ωt) + 2 χ3 E03 sin3 (ωt). . . )

(2.3)

In equation 2.3 we define the electric field as E = E0 sin(ωt) where ω is the angular
frequency of the light, with  being a constant which changes with respect to the order
of the term. For a non-centrosymmetric system all the even terms are non-zero, due to
symmetry. If there is an even oscillating field and an odd distribution this leads to zero
net effect and therefore all odd terms are zero. This is how the second harmonic can
be generated through the use of non-linear optics. Therefore for a fundamental beam of
800 nm the second harmonic would be 400 nm. The 400 nm generation process is second
harmonic generation, and this looks at second term in equation 2.3. Using trigonometric
identifiers:

sin2 (ωt) =

1 − cos(2ω)
2

(2.4)

Equation 2.4 shows that the light is converted from 800 nm to 400 nm in the crystal. In
order to generate the third and fourth harmonics used in chapters 5 and 6 sum frequency
generation is used this combines the 400 nm and 800 nm or the 266 nm and 800 nm
respectively. Once again using trigonometric identifiers and equations 2.3 and 2.6 in this
case the electric field can be written as E = (E1 sin(ω1 t) + E2 (sinω2 t))2 .

1
sin(ω1 )sin(ω2 ) = [cos(ω1 − ω2 ) + cos(ω1 + ω2 )]
2

(2.5)

Where ω1 and ω2 are 800 and 400 nm respectively (or 800 and 266 nm for fourth harmonic
generation), there is a change of unit here between frequency and wavelength but these
are easily interchangeable using c = λν. There is clearly an energy change here. This is
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conserved throughout as one photon is produced during this process for every two that
go in, as seen in equation 2.6, where ω represents the frequency of light:

ω3 = ω2 ± ω1

2.2.3

(2.6)

Optical Paths

Initially, a single arm experiment was performed in order to generate harmonics and
gain an understanding of the process. Following this, a pump-probe experiment was
set-up in order to carry out some simple measurements of molecular dynamics.

Figure 2.4: A diagram to show the optical path used in Southampton for pump, probe
experiments, beamsplitters are shown as BS, and flip mirrors are shown as FM.

In figure 2.4 the beam path for the experiment can be seen. There are two arms to the
experiment, this is split by a 70:30 beam splitter, in order to create one arm which is
much more intense than the other. The pump arm, the weaker arm (30), is delayed
relative to the probe arm by using a delay stage. The stronger arm (70), the probe
arm, has a half wave plate within it in order to control the amount that passes through
the final beam splitter 50:50 is used to recombine the two beams co-linearly. The delay
between the two arms is controlled using a Newport delay stage, this is a motorised stage
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with a range of 15 cm. Once the two beams have been recombined they are then focused
with a 70 cm focal length lens into the interaction region. After recombination, temporal
overlap between the pump and probe beams needs to be found. This is done by placing
a BBO crystal after the beam splitter where the two beams are recombined. Using a
half waveplate in the probe arm of the experiment the power in this arm is reduced so
it as a close in energy to the pump as possible. The delay stage is then scanned from
one end to other and the interference between the two arms at time zero results in a
flash in the blue light that is being generated in the BBO due to the increased intensity.
Once the time zero position has been found the spatial overlap can be optimised by
the interference fridges between the two beams, maximum overlap results in the overall
beam shape being circular with no stripes going across it either horizontally or vertically.

2.3

Artemis

The second of the two laser systems used for the work that will be presented within this
thesis uses Artemis at the Central Laser Facility, Didcot. Artemis is a facility that offers
ultrashort laser and XUV pulses, it has many end stations available and can be used
to perform several different types of experiments including time resolved spectroscopy
in gases, liquids and condensed matter, as well as XUV imaging. The Artemis facility
provides ultrafast laser pulses from a Ti:Sapphire CPA laser system at 780 nm. The
laser system is a KM Labs RedDragon. This employs a two-stage amplification leading
to a maximum output of 11 mJ. Both amplifier stages require the Ti:sapphire crystal
to be cryogenic cooled because of the additional heat load that is added by the multipass system. The cryogenic cooling system uses helium gas, in order to reduce the
temperature of the Ti:sapphire crystal to approximately 50 K.

2.3.1

Overview

The laser system has the standard multi-pass bow tie configuration in the amplifier as
seen in figure 2.5. This leads to number of passes of the amplifier crystal with a high
level of overlap, the additional passes lead to highly efficient gain in the amplifier crystal.
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Figure 2.5: A diagram to show the beam path of a multi pass amplifier in the bow-tie
configuration.

The output wavelength of the amplifier is 800 nm which can then be tuned to a range of
235 nm to 15 microns, using an Optical Parametric Amplifier (OPA) enabling the users
of the facilities to have a many wavelengths at there disposable. The OPA was not used
during any of the experiments we have carried out, because unfortunately it cannot be
tuned to the 200 nm UV pulse that is required to pump the molecules that we wish
to study. The laser has two compressors, enabling the optimisation of both pump and
probe beams to be carried out individually. The two compressors have been invaluable
throughout the experiments we have carried out at Artemis. The ability to compress
each arm individually has enabled us to optimise both the cross correlation times in
the experiment and the pulse energy produced during the high harmonic and fourth
harmonic generation processes. A fourth harmonic generation pump has been used with
two different probes, 400 nm, and high harmonic generation for the measurements that
have been performed at Artemis. Once the pulse has been compressed and travelled
down the bench it arrives at the vacuum system which it travels down to finally reach
the end station that is being used for the experiment.
The beam line consists of several vacuum chambers that allow for high harmonic generation, wavelength selection and focusing of the harmonic beam these are described in
section 2.3.2.2.

2.3.2
2.3.2.1

The Optical Path and the Beam Line
Optical paths

In order to get the light into the various chambers so it can interact with a sample and
to allow both the pump and probe arms to be recombined, several optics are required.
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Figure 2.6 shows a schematic of the optical path that has been used to perform the
different experiments that have been carried out at Artemis.
The probe arm of the experiment comes out of the laser and then has a fold in it to
ensure that the path length of the pump and the probe match up as closely as possible.
Following the fold in this beam it is then passed into compressor one. When the beam
exits the laser it is uncompressed, because travelling a large distance across the table
whilst compressed can lead to the pulse being distorted via its interactions with the air.
This is particularly important for high harmonic generation as optimisation of the pulse
length leads to an increase in overall photon flux. Pulse distortions due to interactions
with the air have a significant effect within the fourth harmonic generation set-up the
distance from the second compressor to the experiment is long approximately 8 m.
After the first compressor, we perform second harmonic generation in order to turn the
fundamental 800 nm beam into 400 nm.
The photon energy that is required to make a full observation of all photo dissociation
intermediates and fragments needs to be greater than the ionisation potential of the
various fragments. The energy range which can be used has two key criteria, energy
over the ionisation energy for the fragments of a molecular reaction is required but the
total energy that can be used is limited to being below the ionisation potential of helium
24.6 eV. Helium is commonly used as a carrier gas and due to its high ionisation potential
it remains unobservable in the overall spectrum. This limits the harmonic energy either
to 16 eV or 21 eV. The next lower energy harmonic of 11 eV limits the energy available
for one photon ionisation and therefore all molecular fragments would not be observable.
The next higher energy harmonic of 26 eV would lead to the ionisation of helium therefore
it would be observed within the experiment and overwhelm the overall signal within the
experiment as generally most gas mixtures are 5% target and 95% helium. The selection
of the harmonic used during the experiment is based on which has the most photon flux.
The harmonics are generated with 400 nm beam as opposed to 800 nm as we have
found that by using 0.5 W of 400 nm we achieve much greater photon flux at 21 eV
approximately 101 0 photons per second. Photon flux at the required energy is key to

Figure 2.6: The beam line at Artemis, including the optical path used, C1 is compressor one, C2 is compressor two and FHG is fourth harmonic
generation. The beam is split before it leaves the laser system, one arm is used for the probe, this goes to C1, this is frequency doubled in the BBO,
a harmonic separator is used to remove the 800 nm, high harmonic generation is performed using the 400 nm beam. The harmonics are generated
in the XUV chamber, the desired wavelength is selected in the monochromator, then the beam passes the CEM chamber into the toroidal mirror
chamber where it is focused into the interaction region of the end station. The pump beam leaves the lasers, to the delay stage to control the relative
delay between the two pulses, fourth harmonic generation is performed and the beam is then focused and folded into the interaction region of the
end station using a D shaped mirror in the toroidal mirror chamber.
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these experiments as it will reduce the collection times and therefore make observations
possible.
The pump beam is compressed as it leaves the laser and travels down the table, through
a delay stage in order to control the relative delay between the pump and the probe
beams. In the area just outside the toroidal mirror chamber, fourth harmonic generation
is performed. In order to do this several steps are required, initially the beam is split into
two using a 70 % transmissive beam splitter, the transmitted beam is then converted into
the third harmonic. Third harmonic generation takes the fundamental beam, frequency
doubles this into the second harmonic using a BBO crystal, then a calcite plate is used
in order to compensate for the relative delays between the two frequencies (800 nm
and 400 nm), with a wave plate in order to give both beams the same polarisation as
during second harmonic generation the 400 nm light is generated with perpendicular
polarisation, both the 400 nm and 800 nm are mixed in a BBO crystal resulting in the
generation of the third harmonic 266 nm. The reflected arm 30 % is time delayed so
that it arrives at the same time as the 266 nm beam and is crossed in a BBO crystal
in order to produce the fourth harmonic, 200 nm. The figure 2.7 shows a schematic
for the fourth harmonic generation set-up that was used throughout the experiments at
Artemis.
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Figure 2.7: A diagram to show the optical set-up used to perform fourth harmonic
generation to produce the 200 nm pump beam used throughout the experiments performed at Artemis. CP is the calcite plate, and

λ
2

is a half waveplate.

Due to the set-up being so far (approximately 8 m) from the compressor, the pulse arrives
already distorted from the interactions with the air, therefore the conversion efficiency
for this process at Artemis is low. The set-up was initially built in Southampton before
being transported up to Artemis for the beam time, in Southampton the distance from
the laser to the set-up is much shorter and doesn’t have the same issues so the conversion
efficiency was considerably better. In Southampton there is approximately a 15% overall
conversion efficiency from the input wavelength to the desired wavelength. At Artemis
the overall conversion efficiency is dramatically reduced, especially during the fourth
harmonic generation stage due to beam being distorted getting good spatial overlap in
the final crystal is non-trivial and limits the efficiency such that overall from start to
finish there is a 0.5 % conversion efficiency, starting with 5 W we end with 2 mW of
200 nm. Whilst the pulse distortions occur at Artemis fortunately there is ample input
power from the laser system such that the generate fourth harmonic is sufficient enough
to excite molecules and therefore photo-dissociation reactions can occur. Even though
the distortions lead to a longer pulse length.
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2.3.2.2

XUV Beam Line

Figure 2.8: A diagram showing the details of the XUV-beamline at Artemis, with
the chambers corrolating to those in Figure 2.6, with additional details shown. In the
XUV generation chamber there is a focusing mirror into the gas cell, following this
the monochromator with two toroidal mirrors and a grating, then the CEM, onto the
toroidal mirror chamber with the toroidal mirror to focus the XUV beam and the Dshaped mirror to fold the pump beam into the interaction region, and finally the end
station.

In figure 2.8, a diagram of the XUV beamline can be seen. The XUV generation chamber
has a gas cell which is used for the high harmonic generation process, the gas cell is
differentially pumped. The gas cell is encased within a cube which has apertures that
allow the light to both enter and exit, this cube has a high throughput IGX vacuum
pump attached to it in order to remove as much gas as possible. The chamber itself is
also held under vacuum hence the gas cell is differentially pumped. Before the gas cell
there are two steering optics and the focusing mirror, which are contained within the
chamber. This prevents any damage to the window as the beam enters the chamber. If a
focused laser beam is placed onto a window it can be burnt causing a hole to be formed
in the throughput beam which would lead to odd phase matching conditions and a lack
of power during the high harmonic generation process. The gas cell which is held within
the small box as above, has a 100 µm aperture for the beam to enter the cell in order to
interact with the gas, this leads to high harmonic generation. After the gas cell there is
a gate valve, this gate valve has a window in it such that the fundamental laser beam
can enter into the monochromator and proceed down the system so alignment can be
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carried out however the window must be removed to allow the generated XUV to pass
down the system.
The gas used in the gas cell in order to perform high harmonic generation is argon. The
focal length lens used throughout these experiments is 20 cm leading to a very tight
focus to produce the high intensities that required in order to perform high harmonic
generation. The gas pressure is controlled by a mass flow metre, supplied by Bronkhorst.
The mass flow metre can be set between a range of 0 and 200 SCCM, SCCM is a flow unit
which measures standard cubic centimetres per minute. The high harmonic generation
chamber has a roughing pump which is used to back a large turbo pump. The large
turbo pump is used because of the high flow rates that can be used within the gas cell
in order to maintain a working pressure in the chamber of 10−4 mbar when harmonics
are being generated.
The monochromator is designed such that it maintains the temporal coherence of the
generated harmonics. 65 When light enters into the monochromator it first interacts
with the toroidal mirror in order to focus the beam onto the grating. The focused light
is passed onto a diffraction grating, in order to select a specific wavelength of light.
Following this, the selected wavelength of light is then passed on to a second toroidal
mirror which re-collimates the beam. This beam is then passed through a diffraction
slit as it exits the monochromator. The slit is used to control the amount of the selected
wavelength that can exit the monochromator. The slit width can be controlled, this
controls the frequency resolution of the light that is exiting the monochromator, as well
as the amount. Uniquely, the grating within the monochromator is aligned such that
the lines upon the grating are parallel to the beam. It has been found that this is
the best way of maintaining temporal coherence whilst having high efficiency for the
selected wavelength. The monochromator at Artemis covers a large range of 12-120 eV,
this large range is achieved by having five different diffraction gratings that can be each
individually selected depending upon the experiment that is being performed. The light
then exits the monochromator chamber and heads towards the toroidal mirror chamber.
In between the monochromator and the toroidal mirror chamber sits a channel electron
multiplier (CEM). The CEM is used to measure the harmonic spectrum and flux that is
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being produced as seen in figure 2.9, this allows for the optimisation of harmonic flux and
it also ensures that the desired wavelength is being isolated by the monochromator. The
CEM is manufactured by Dr. Sjuts, the detector has also been commercial calibrated,
so the energy of the harmonics that is being measured is known.

Figure 2.9: Spectrum obtained using the CEM to show harmonics produced at 400
nm, here it can be seen that there is slightly more photon flux at 16 eV.

The toroidal mirror chamber is a box chamber, within this there is a 1 m focusing toroidal
mirror. The toroidal mirror is mounted on a series of highly precise stages, meaning that
it has motion in the XYZ axis and its tilt and twist can also be controlled. This allows
the position of the XUV focus to be optimised into the centre of the interaction region.
The reason that the toroidal mirror must be movable is that whilst the experiment can
be aligned using the fundamental beam there is always a small discrepancy between the
position of the fundamental beam and the XUV. Sitting just after the toroidal mirror
is a D-shaped mirror to fold the pump beam in as close as possible to the probe beam.
Allowing us to have a smaller crossing angle as possible as the two beams enter the
end station, leading to optimal overlap. The D-shaped mirror is also mounted on a
movable mount such that this beam can be steered exactly on top of the XUV beam.
This gives us some control of both beam position as they enter the end station. The
focused beams are then in the end station chamber, and can be optimised to the centre
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of the interaction region. The recombination of the two beams at the interaction region
is what leads to a pump probe experiment being able to be performed.

2.3.3

End Stations

The Atomic Molecular Optical (AMO) end station can be configured so that either an
electron Time of Flight detector or Velocity Map Imaging (VMI) detector can be used.
We have conducted two different experiments at Artemis which have used the same main
body of the end station with different detectors. The use of our chosen detectors meant
modifications also had to be made to the top section of the end station.
When referring to the main body of the chamber we are specifically talking about the
bottom section. This section contains a 1 kHz pulse nozzle (Amsterdam cantilever)
with a 100 µm aperture. 66 Once the gas has passed through this aperture the resulting
expansion passes through a 1 mm skimmer and enters the interaction region of the
spectrometer. There are also two large turbo pumps attached to this section of the
chamber enabling us to use reasonably high gas pressure in order to create molecular
beams throughout the experiments have been performed. The base pressure of the end
station is 1x10−7 mbar with a working pressure of 1x10−3 mbar when a molecular beam
is being formed.

2.3.3.1

Velocity Map Imaging

The VMI spectrometer has been built by the Artemis staff and is of the standard Eppink
and Parker three plate design. 67 It is comprised of a repeller, extractor and ground plate.
The repeller plate sits below the interaction region, the other two plates sit above the
interaction region. The skimmed molecular beam enters the interaction region through
a 2 mm hole in the repeller plate. The extractor and ground plates also have a hole in
the centre of them to allow either the electrons or ions to pass through to the detector,
in our case we will be detecting electrons. The figure 2.10 shows the configuration of the
plates within the VMI detector set-up that has been used throughout the experiments
performed. The pulse gas jet and skimmer are used to provide the molecular beam for

48

Chapter 2 Experimental

the experiments. The repeller plate has a small aperture of 2 mm in order to maintain
a flat field across the bottom of the detector, whilst the extractor and ground plates
have larger apertures of 10 mm. The distance between the ground plate and detector
is 30 cm, providing the flight time for the electrons before they arrive at the detector.
Voltages are applied to the plates, the repeller plate has 1470 V and the extractor plate
has 0.7 x R so in this case that is 1000 V. The back of the MCP detector has 2000
V applied to it throughout the experiments. The VMI spectrometer is surrounded by
mu-metal shielding to prevent stray magnetic fields interacting with the spectrometer.

Figure 2.10: A schematic of the VMI, showing the three plate design up to the
detector, the flight tube of 30 cm is shown. The apertures in the plates allow the
electrons to pass through and up onto the detector, the reduced size in the repeller is
maintain a flat field across the bottom of the detector. With the whole thing being
surround by mu-metal shielding.

The detector consists of a 70 mm diameter MCP and phosphor screen which is then
imaged using a sCMOS camera (PCO Gold Edge 5.5). Both the pump and probe
beams are focused in the centre of the interaction region, directly below the centre of
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the detector as seen in the figure 2.10 above, to ensure the images collected are well
resolved. The crossing angle between the two beams is minimised to 3◦ . This was vital
to increase the signal-to-noise ratio and therefore reduce collection times. The spatial
overlap of the two beams was monitored using a LuAG:Ce phosphorescent crystal that
can be placed into the centre of the interaction region. In order to place the crystal in
the centre of the interaction region the voltages used on the VMI plates and detector
must be reduced to avoid any possibility of electric shock. The crystal was mounted on
an translation arm which could be manually pushed in and out of the chamber, a stop
was put in place at atmosphere when the arm reached the centre of what would be the
interaction region. The phosphorescence from the crystal was imaged using an electron
multiplying charge-coupled device (EM-CCD). Both the pump and probe beams are
linearly polarised in the plane of the detector, this is perpendicular to its flight axis, this
is done to obtain angular information.

2.3.3.2

Time of Flight

The electron time of flight that we have used is a commercial spectrometer, made by
Kaesdorf. The spectrometer is a ETF11 it is the the simplest design offered, collecting
electrons only. It has a 3 mm aperture at the entrance and it is essential to get the
interaction region central to this in order to get maximum collection efficiency. The
drift tube can be used to both accelerate electrons into the detector and decelerate them
depending on positive and negative voltages respectively. We found the optimal settings
for the detector to be drift tube 10 V, its lowsest possible setting without it being off.
The lens on 70 V which is used to pull in as many electrons as possible, this changes
with energy range, and the MCP on at 2.25k kV.

2.3.3.3

VMI and Time of Flight comparison

Time of flight provides no angular information from a single measurement, whereas a
VMI can provide angular information but often has lower resolution, increased noise
and requires a large signal. This is due to everything here being angularly resolved so
to get a good signal more photoelectrons are needed. The VMI required a lot cleaner
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signal to noise ratio as well as a larger signal. Therefore making the small signal changes
that are expected from a UV pump XUV probe experiment very difficult to see using
a VMI spectrometer. In order to perform experiments that have an XUV probe small
signal changes need to be observed and well resolved in terms of energy, this is why we
chose to change away from the VMI. The small changes in signal and relatively closely
spaced energy gaps can be better resolved using this method. The noise within a time
of flight is also greatly reduced relative to that in a VMI, and there was generally less
background signal present.

Chapter 3

Development of a New End
Station for High Harmonic
Spectroscopy
In this chapter I outline the development of a high harmonic spectroscopy experiment
in Southampton, including the development and commissioning of a new flat field spectrometer. Results obtained using the experimental set-up that is developed throughout
this chapter are presented in chapter 4.

3.1

Introduction

In order to perform high harmonic spectroscopy experiments several components are
needed, all of which must work together to gather experimental data. These include;
a laser with sufficient intensity to perform high harmonic generation, a gas supply to
deliver sufficient density required to generate harmonics with enough intensity for detection, a vacuum system to ensure the generated wavelengths reach the detector and
finally a detector in order to observe the generated harmonics. As seen in chapter 2, at
Southampton we have a laser with a peak power that enables high harmonic generation
to be performed. The laser is a femtosecond system supplied by Spectra physics with an
51
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output power of 3 mJ at a 1 kHz repetition rate and a pulse length of 40 fs. As previously
discussed in 1.2.2, high harmonic generation requires an intensity of 1014 Wcm−2 which
is more than achievable with the system because of the overall peak intensity that can
be produced from the laser. The components within my experiment consist of vacuum
chambers, backing and turbo pumps, gas jet, and a spectrometer. These components
must all be assembled in such a way that leads a successful experiment being performed
and data being gathered. The experiment must be performed under vacuum conditions
in order to prevent the absorption of the generated XUV by air, in order to record a
high harmonic spectrum. High voltages are required in order to operate both the micro
channel plate (MCP) and the phosphor screen which will be covered in more detail later.
Therefore the spectrometer must be held under a low vacuum pressures ( 1×10−5 mbar)
to prevent the ionisation of air and therefore inhibit arcing of the high voltages. This
is important as arcing will cause deterioration of the detector and reduce its lifetime.
In order to achieve low pressure in the spectrometer several pumps are used throughout
the experiment.
Throughout my time in Southampton the experiment has gone through several iterations
to get it into its current state. Within this chapter I will be describing the initial setup
process of the experiment, its limitations and the extensive development work that has
followed. The experiment in its final state has been used to obtain time resolved data,
this will discussed in chapter 4.

3.2

Vacuum Chambers

Upon starting my PhD the experiment was a series of vacuum chambers on the laser
table that were no longer functional and a lot of work was necessary to get the experiment
back up and running. I will now describe the set-up as it was initially, following this
I will discuss the limitations and changes that have been made over the course of my
PhD.
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The initial experiment was composed of two vacuum chambers and a spectrometer which
has the ability to detect the generated XUV, and a gas jet in order to deliver gas to the
experiment. A diagram of the set-up can be seen in figure 3.1 below.

Figure 3.1: A figure showing the initial experimental set-up, composed of two vacuum
chambers, a gas jet and the spectrometer, which has a grating, MCP and phosphor
screen (PS) which is imaged using a camera

The turbo pumps are backed by roughing pumps, with there being an additional turbo
that is not shown in figure 3.1, as it is on the spectrometer and is small in size compared
to the other two which are used within the experiment. The small turbo is used to
ensure that the pressure within the spectrometer is always in the 10−5 mbar region to
prevent arcing across the MCP and phosphor screen.
The laser initially enters the set-up via a window which is placed on a 40 cm tube so
that the intensity of the laser does not burn the entrance window as this could lead
to several problems. If the entrance window has the beam tightly focused upon it, it
will cause a burn mark and therefore leave a hole in the transmitted laser beam. If the
burn is severe it could lead to the window weakening and then breaking. As a result a
rush of air would enter the set-up and this would lead to arcing across the MCP and
phosphor screen. Once the light has entered via the window it propagates down the
system towards the gas jet which is positioned at the laser focus. The interaction region
is located within a five way crosspiece with the fifth section of this being used as an
observation window at the interaction region. This allows the plasma produced during
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high harmonic generation to be observed and therefore phase matching is much simpler
because the position of the plasma relative to the jet can be optimised by eye. On either
side of the five way cross piece there are two vacuum chambers each with a turbo pump
attached (these are mainly there for pumping purposes) and the light then propagates
towards the spectrometer. Once the light has propagated down the experiment to the
spectrometer it enters through the slit and then reaches the grating where it is diffracted
onto the MCP and phosphor screen.
In the initial design of the set-up, the gas jet consists of a tapered glass capillary providing a continuous gas flow to the experiment. The gas jet is mounted on some stainless
steel tubing and held in place via a compression fitting, it is fixed in position in the X
plane relative to the laser beam (left/right). The height can be manually adjusted by
releasing the compression fitting and sliding the stainless steel tubing by hand, resulting
in limited movement and no repeatability in this action. This limits the accuracy with
which the high harmonic generation process can be optimised and therefore leads to the
reduction in overall flux compared to when all these parameters can be finely tuned. In
order to finely tune the generation process with the set-up in this configuration, the final
mirror before the focusing lens has to be adjusted to optimise the laser position relative
to the gas jet. However, this leads to poor alignment into the spectrometer. Whilst
the high harmonic generation process is being optimised the gain in flux and therefore
expected gain in overall signal from doing so is not as sufficient as expected due to the
misalignment into the slit of the spectrometer. This issue can be simply resolved by
mounting the gas jet so that it can be precisely moved, this change is described later
within this section. The experiment has a large volume so pumping down from atmospheric conditions takes a considerable amount of time. The base pressure of the system
was 1 × 10−5 mbar, with a working pressure of 1 × 10−3 mbar, with 100 mbar of backing pressure behind the gas jet. Furthermore, when there is gas being used within the
experiment to generate harmonics the pumps have to work hard, causing them to heat
up to beyond there optimal working conditions. Overall, whilst the initial configuration
can be used to generate harmonics and gather spectra it is very difficult to optimise
the high harmonic generation process and the excess volume leads to pumping issues.
This set-up was used to perform initial experiments in order to gain an understanding
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and appreciation for the high harmonic generation process and the experimental factors
that are important. After performing initial experiments it was realised that XY manipulation of the gas jet is required and the reduction of the experiments volume will
greatly reduce the loads on the pumps and therefore allow more gas to be used within
the experiment.
The changes that were made to the system following these realisations can be seen in
figure 3.2.

Figure 3.2: A figure showing the new experimental configuration, with the removal
of one of the vacuum chambers and the addition of x, y manipulation on the gas jet, z
is controlled using the focusing lens this is mounted on a stage. The insert in the figure
shows the pumping apertures that have been added to the experiment around the gas
jet.

The volume of this configuration is considerably smaller when compared to the initial
configuration as seen in figure3.1. This is achieved by the removal of one of the vacuum
chambers, whilst maintaining the same level of pumping because both turbo pumps
are now attached to the same cylindrical chamber. This keeps the overall pressure in
the system as low as before, with the gas going into the experiment under the same
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conditions. This leads to comparable spectra with much less load on the pumps and a
higher pumping efficiency.
The 5 way cross piece within which the gas jet mounted had some plastic inserts made
to act as pumping apertures. These are 8 mm in diameter to allow the beam to easily
make its way through and help considerably when using higher gas pressures. The
addition of a roughing pump opposite the gas jet has been made, which has greatly
increased pumping efficiency under load. This will prove critical when helium is used
within the experiment due to its low pumping efficiency. The two plastic discs do not
effect the movement of the gas jet nor the viewing of the interaction region through the
window, whereas other options such as a metal sleeve would effect the observation of the
interaction region. The increased pumping efficiency has resulted in a base pressure of
1 × 10−6 mbar and a working pressure of 1 × 10−4 at 100 mbar backing pressure behind
the gas jet, enabling high pressure behind the gas jet to be used. The increased pumping
efficiency has also enabled experiments to be carried out to test pumping efficiency and
different sized gas jet apertures and asses how this effects the overall harmonic flux.
Water cooling was added to both large turbo pumps in order to reduce the running
temperature of the pump. Therefore the pumps can be left on with no over heating
concerns. The addition of the XY manipulation means that all three degrees of freedom
can be controlled, with the Z axis being controlled by having the focusing lens for the
experiment on a manipulation stage. Care must be taken to make sure the lens remains
perpendicular to the beam when moving the stage to adjust the focusing position. If
the lens is not mounted perpendicular to the beam it will lead to a shift in the pointing
of the beam when the focal position is adjusted. With the addition of the XY gas jet
manipulation the pumping apertures can be added to the experiment with ease because
the beam no longer has to be moved to the tip of the gas jet in order to obtain optimise
harmonic flux, eliminating the concern of clipping the beam on the apertures.
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Gas Delivery

In order to further develop the experiment we wanted to perform spectroscopic measurements on molecules that did not occur in the gas phase at atmospheric temperatures
and pressures. In order to do this a new gas delivery system has been designed and
built. With molecules or atoms that are in the gas phase at atmospheric conditions
this is simple. For inert gases plastic tubing can be used as the carrier without any
concern. For molecules that are not inert using plastic tubing would be hazardous, as it
would lead to the breakdown of the plastic and potential release of the molecule into the
atmosphere of the laboratory. Stainless steel tubing will be used throughout the design
of the new system for anything other than inert gases. The system design can be seen
in figure 3.3.

Figure 3.3: A diagram of the gas delivery system used for the experiment, showing
that both liquid and gas samples can be used. When using a liquid sample it is possible
to have He as a carried gas flow over the liquid sample.

In figure 3.3 everything other than the line for inert gases (argon/nitrogen) is made from
stainless steel. There is a liquid sample holder as well as the option to have an inert
gas connected at the same time. The liquid sample holder can be exchanged for more
stainless steel tubing to allow the attachment of a non-inert gas cylinder such as carbon
disulphide. The liquid sample holder will be used to get low vapour pressure liquids
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into the gas phase with ease due to the reduction of pressure in the holder. This can be
achieved via the tube that is connected to the roughing pump and therefore allows the
sample holder to be pumped on. In order to get a liquid into the gas phase there are
several options. One option is to rely upon the molecule having a sufficiently high vapour
pressure under the vacuum conditions at room temperature so that a sufficient amount
is in the gas phase to produce the minimum backing pressure (behind the jet) required.
From many tests using inert gases (argon/nitrogen) this pressure is approximately 50
mbar for our set-up. If this is not possible, or slightly more gas pressure is needed to
achieve a good high harmonic flux, we have the option to flow a carrier gas over the
liquid sample holder, increasing the pressure due to the addition of the carrier gas but
also providing an increased density of the desired molecule. Helium was the chosen
carrier gas for this experiment due to its high ionisation potential. Because of helium
high ionisation potential we are unable to generate harmonics solely from helium with
the laser intensities used within our experiments, and therefore the carrier gas will not
contribute to any spectra obtained. The low ionisation potentials of the molecules that
we wish to study means that it is necessary to use low laser intensities, relative to those
required to generate harmonics from helium, to avoid generating harmonics from the ion
of the molecule we wish to study. The third option is to heat the container but this would
also require all of the tubing to the end of the gas jet to also be heated and practically
this is challenging. This was not required in any of the experiments performed to date.
The gas jet is a critical component of the experiment, which can dramatically effect the
quality of the results obtained. The gas flows through the jet and into the interaction
region where the atoms or molecules interact with the electric field of the laser and
undergo the high harmonic generation process. The gas jet is of a simple design. The
glass-blowers take a small piece of quarter inch glass tubing and pull this to produce as
fine a tip as possible. The aperture of these are then measured using a Dynolite camera,
this is done by measuring the pixels across the aperture and then comparing this to the
pixels that are required for 1 mm in length, leading to a calibration. This is done by
holding the gas jet next to a ruler. An image of this can be seen in figure 3.4 below:
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Figure 3.4: An image of measuring the aperture of the gas jet, the aperture of this
jet is 400 µm.

The gas jet is connected to the stainless steel gas delivery system using a piece of small
flexible plastic tubing to go around the outside of the metal tubing. This allows the
gas jet to be placed inside the plastic tubing which is sealed using Torr seal in order to
create a fully sealed connection between glass and metal. Gas jets are replaced once the
tip of the jet gets burnt from being too close to the focal position of the laser. When
the tip of the jet gets burnt by the laser it leads to two possible scenarios. Firstly the
end of the jet can be sealed over by the melting of the glass and therefore no gas can
flow from the jet. Alternatively, the end of the jet is burned and the hole is enlarged
which leads to a reduction of gas density at the tip and a loss of signal. The life span of
the gas jet is dependent on the experiment being carried out and varies between a few
days to several months. When using low vapour pressure molecules, burning of the jet
is much more likely due to the focal position of the laser having to be closer to the tip
to be in the region of the highest gas density and therefore obtaining the best harmonic
flux.
The size of the aperture at the end of the gas jet controls the size of the interaction
region. As the gas comes out the end of the jet there are different regions of gas density,
the very tip of the jet is a small intense region of gas. After this there is a region of
silence continuing further from the jet until reaching the Mach disk. 68,69
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Unless the beam is on the tip of the jet the most intense region is the first Mach
disk. The location of the Mach disk is dependent upon; the diameter of the nozzle (d),
backing pressure of the jet (Pjet ) and the background pressure of the chamber (Ppg ).
The relationship for the location of the Mach Disk is given by equation 3.1:

s

XM = 0.67 × d ×

Pjet
Pbg

(3.1)

XM is the distance of the Mach disk from the tip of the jet. The Mach disk is the ideal
position to carry out experiments in. It has the highest density of gas without being
right at the tip of the jet which could lead to burning the jet as previously discussed.
Whilst the Mach disk is ideal for carrying out experiments with high gas density for
those with a low gas density it is experimentally simpler to perform the experiments at
the tip of the jet. For example with argon, finding the Mach disk is simple as there is an
intense region of harmonics and as you go further from the tip of the jet this decreases
until the point at which you are in the Mach disk. However, with CCl4 finding the Mach
disk is extremely difficult due to the low backing pressure that is available and therefore
the best harmonic flux can be found at the tip of the jet. Exceptional care must be
taken when performing experiments at the tip of the gas jet to avoid burning the gas
jet. To prevent this the height is carefully adjusted (in the Y dimension) to lower the
jet to the beam on low laser power. Therefore if the beam does hit the tip of the jet
there is not enough intensity to burn it. Secondly the optical path is boxed to avoid
any instabilities that could be induced from air currents in the room. Finally the gas
delivery system has been reinforced to avoid any vibrations of the metal sheet that it is
mounted upon from being accidentally knocked, moving to much whilst adjusting the
gas pressure or from the vibrations caused by the roughing pumps.
A 200 µm gas jet is optimal because it gives good photon flux and remains simple to
obtain a good signal. A smaller jet 100 µm was tested but achieving high photon flux
from this jet took much longer due to the higher level of alignment required because of
the reduced size of the interaction region.
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Furthermore, creating a 100µm jet is extremely difficult due to how the glass is pulled
and therefore I have only been able to test this once. A gas jet that is larger than 200µm
leads to too much gas entering the experiment and therefore results in pumping issues.
Due to the increased volume of gas at the interaction region, this greatly increases the
load on the turbo pumps and the roughing pump opposite the jet leading to concerns of
causing damage to the pumps. Additionally it leads to a reduction in photon flux due to
the disruption caused at the tip of the gas jet by the additional atoms present because
the produced harmonics are absorbed by the addition molecules or atoms. In a general
case the harmonic intensity increases as gas pressure increases. The harmonic yield for
the majority of harmonics within a spectrum scales quadratically with pressure.

3.4

Spectrometer

The spectrometer that has been used to perform the majority of the measurements
presented in this thesis is a Rowland spectrometer. This employs a concave diffraction
grating in order to spread the harmonics which are then diffracted onto a curved Micro
Channel Plate (MCP) and phosphor screen set-up which is then imaged using a camera.
The spectrometer was designed and built by in Troitsk University Russia in 2006, the
company has since dissolved and there is a considerable lack of information about them
in the instruction manual. A figure showing the optical layout of the spectrometer can
be seen in figure 3.5.

Figure 3.5: A schematic of the Rowland type spectrometer, showing the Rowland
circle with the green line, alongside all key components with the spectrometer.
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The produced XUV and fundamental wavelength enter into the spectrometer though the
entrance slit. The slit width is important as it not only provides a differential pumping
aperture but it is also used to control the spatial resolution of the individual harmonics.
The larger the slit the broader the harmonics appear when imaged. When measuring
a spectrum of a substance such as argon, where lots of different energy harmonics are
produced, this effects the appearance of the spacing of the harmonics. If the slit is
too wide it effects the spectral resolution and can lead to the spectrum appearing as
a broad smudge which is almost continuum like. The harmonics should appear as a
typical spectrum as seen in chapter 1.2.3.3. The smaller the slit the greater the spectral
resolution of the spectrometer, however there is a compromise here between photon flux
and resolution. Through the experiments that have been carried out we have found the
optimal slit width to be approximately 100 µm because this leads to sufficient harmonic
flux such that exposure times are not excessively long and each harmonic is clearly
separated.
The light then arrives at the diffraction grating, where the different wavelengths of light
are separated out onto the MCP. Figure 3.6 shows a schematic representation of the
MCP and phosphor screen set-up, with a zoomed in section of the MCP. The single
MCP is used to amplify the signal onto the phosphor screen which is then imaged using
a camera. MCPs are made up of several small channels that a high voltage can be
applied to, leading to the amplification of the signal that hits the plate. The level of
amplification is dependent upon the voltage that is applied to the MCP. When light
hits the MCP, it generates a cascade of electrons through the channels. The cascaded
electrons hit the phosphor screen causing this to glow. The phosphor screen is then
imaged with a camera to obtain the high harmonic spectrum. 70 Over the course of this
work two cameras have been used due to technical problems with the first. Initially, the
camera being used was a Princeton Instruments Pixis 400 in conjunction with a Nikon
camera lens. The Pixis has a charged-coupled device (CCD) chip this offers much higher
resolution than a standard complementary metal-oxide-semiconductor (CMOS) chip. A
CCD chip however, has longer read out times and is much more costly. This camera
was replaced with an AVT-Manta-G-235, which is a fraction of the cost of a new Pixis
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camera as it has a CMOS chip architecture, and doesn’t have any cooling, however is
still of suitable quality for the experiments.

Figure 3.6: A schematic showing the MCP and phosphor screen (PS) configuration
that is imaged by the camera in order to record a high harmonic spectrum

There are several limitations with the spectrometer, not being able to contact the original
manufacture to get details about specifics that are not listed within the manual. The
MCP in the spectrometer is curved, the radius of curvature is unknown these are also
no longer standard. Easily obtainable commercial MCPs are generally flat meaning that
it is hard to replace the curved MCP. The wiring to the detector is another issue with
this spectrometer, the connection to the phosphor screen is poor. It relies upon a flat
connector being pressed onto it to make a good connection and this is not something that
can be soldered for fear or damaging the phosphor. This spectrometer also has a limited
wavelength range over which it can operate. At 800 nm the lowest energy harmonic
detectable is the 13th which is 61 nm or 20.32 eV. Molecules with a low ionisation
potential also have low cut off energies which can be calculated using equation 1.10,
and therefore the observable harmonics from these molecules will be limited. To be able
to carry out a high harmonic spectroscopy experiment a minimum of five harmonics
are needed as seen in previous studies. This is to give enough information from the
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molecule, as a bond length change in time will be seen as a change in individual harmonic
intensity with time. Using the current spectrometer with its range of 72 nm to 32 nm
these observations are not possible so I have designed a new spectrometer. In theory
higher energies are easily recorded with the Rowland spectrometer as the grating is
interchangeable allowing observations of these higher energies to be made. However,
due to the low ionisation potential and the 800 nm driving wavelength we have available
to us we cannot reach these high energies with molecules. No grating for lower energies
is available therefore making these observations is not possible. In order to achieve this
a new spectrometer has been designed and will be discussed in 3.4.2.

3.4.1

Calibration of a High Harmonic Spectrum

Each time the experiment is re-aligned the harmonic spectra that have been obtained
need to be calibrated to ensure the energy range that is being observed. This is done so
that the raw image in pixels can be converted to intensity (arb. units) and wavelength
(nm). Wavelength and energy can be easily converted between using E = hc/λ so that
a figure of intensity vs energy in eV can be produced. The wavelength used throughout
all the experiments performed is 800 nm, only odd harmonics are generated during these
experiments. To calculate the wavelength of the harmonics generated from 800 nm the
following equation 3.2 can be used:

λq =

λ0
q

(3.2)

In equation 3.2 λ0 is the fundamental wavelength, q is the harmonic number and λq is
the wavelength of the generated harmonic. Only the odd number harmonics wavelengths
are then taken forward into the next step of the calibration.
The raw image collected is then processed to provide an un-calibrated spectrum via
summing across the central region of the harmonics that have been recorded. The uncalibrated spectrum is then compared to the predicted position of the harmonics, the
two relate by a simple y = mx + c line. The method takes the difference between two
harmonics that have been recorded in pixels, and then compares this to the difference
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in nm, reuslting in m, with an offset c being using as the start point is unknown.
The calibration will provide the solution to the number of pixels per nm, resulting in
a calibrated spectrum which can be seen in figure 3.7. The calibration is checked by
marking on the expected position of the harmonics, conforming that that the calibration
is accurate.

Figure 3.7: A calibrated high harmonic generation spectrum of N2 . Showing the
predicted position for each harmonic agrees with the calibrated spectrum as the lines
for the predicted peaks match the peaks in the spectrum that has been obtained.

3.4.1.1

Autocorrelation experiment

A way to simply test the set-up and the optical path being used is to perform an
electric field autocorrelation experiment, using the high harmonics. The experiment was
performed to ensure that there were no pre-and post pulses in the experiment and in
order to check the electric field autocorrelation time. This experiment was carried out in
argon, the two arms of the auto-correlator were set-up as if performing a high harmonic
spectroscopy experiment with a 1 W arm used and a 200 mW arm. This was done
to ensure the clearest electric field autocorrelation was obtained with any extra peaks
present being resolved. The experiment has had some issues with bad optical coatings
especially on the half wave plate which was used to control the relative polarisation
between the two arms of the experiment. The electric field autocorrelation experiment
was performed with both arms parallel to each other in terms of polarisation. We found
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that using a wave plate with a bad optical coating led to a post pulse 200 fs after the main
pulse, with about 10% of the intensity of the main pulse. Whilst this may appear trivial
the next experiment we had planned was one which measured molecular vibrations, this
10% post pulse is enough to set up a new vibrational wave packet leading to some very
confusing results.
Additionally, we had concerns about the mirrors that are being used in the experiment.
All the mirrors used throughout the experiment were dielectrics. To ensure that the
mirrors were mounted the correct way round so that the coated surface was being used for
the reflection, we built a single shot auto-correlator to check each optic individually. The
single shot auto-correlator was of a simple design employing the optics used throughout
the experiment, but instead of recombining both beams co-linearly in the 50-50 beam
splitter the beams were crossed and then passed into a piece of BBO. The optical path
that was used for this can be seen in figure 2.4, with the replacement of a BBO for
the beam splitter. The delay stage was then scanned to look for pre-and post pulses
within the experiment. Each optic was then systematically checked to confirm if there
was any issue with that particular optic. The single-shot auto-correlator was examined
by eye, with the central point showing that the two pulses are overlapped in time and
space. Once this test had been performed an electric field autocorrelation was once
again performed leading to the result as seen in figure 3.8.
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Figure 3.8: An autocorrelation scan performed using harmonic generation, the time
resolved trace is from an isolated harmonic, and shows that there are no pre or post
pulses remaining in the experiment.

The figure 3.8 shows that after checking each optic, there is on longer a pre or post pulse
in the experiment and that the beam path is ready to be used to perform high harmonic
spectroscopy experiments the results of which are presented in chapter 4.

3.4.2

Flat Field Spectrometer

In order to detect lower energy harmonics produced from molecules with low ionisation
potentials whilst using an 800 nm driving field, a new spectrometer had to be designed
and commissioned. The low cut-off of these low ionisation potential molecules means
that they are out of the detection range for more than one or two harmonics of the
Rowland type spectrometer. The new spectrometer was designed such that even low
flux signals can be easily ascertained. The new spectrometer is of the flat field design
as this enables a wider range of wavelengths to be accessible with a single grating. The
grating angle can be changed and the angle at which the detector is placed relative to the
fundamental beam can be altered, leading to a greater range of accessible wavelengths in
the detector. The spectrometer must be capable of collecting even the smallest amount of
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XUV, enabling the detection of the smallest signal change allows for improved studying
of molecular dynamics.
Initially, the flat field spectrometer was designed with a few specific molecules in mind,
NO2 NH3 and HNCO, all with an ionisation potential of approximately 10 eV. The cutoff for these molecules was calculated by simply using the cut-off equation 1.10. This
was then combined with the ADK code in order to ensure the harmonic cut off was reach
via the ground state only. The range for this spectrometer is based around the cut-off
for these molecules which is approximately 30 nm, or 40 eV, and we want to capture the
maximum number of harmonics possible so the desired range is from 80 nm, or 15 eV,
to cut off. Using the 800 nm driving field in Southampton this gives a harmonic range
of 9-20 that will be covered by this spectrometer.
In order to obtain the angle at which the various wavelengths of generated XUV are
diffracted from the grating, the grating specifications are required. A range of these
were easily obtained from manufacturers. In order to calculate the angle at which
generated XUV is diffracted we used a script written by David Neely from the Central
Laser Facility.
The code was used with his permission. In principle it takes the wavelength range desired
and this light is then diffracted off the grating using the predetermined specifications.
The grating specifications are inputted from the details obtained from the manufacturers
prior to running the calculation. The grating we chose to use for the flat field was a
1200 line grating, this is the same grating that is used in the flat field at Artemis, and
suitable for diffracting the wavelength range we wish to cover whilst remaining within
budget. Increasing the number of lines on the grating and the blaze angle of these lines
increases the cost dramatically. The output is then the focal position for the various
wavelengths of the different grating angles that were under investigation as seen in figure
3.9. The code then enables you to place a detector across the wavelength range at a
particular grating angle in order to grasp how best cover the whole range that is desired.
Getting the detector into the correct position initially proved difficult because the focal
plane of harmonics being projected needs to be flat to ensure good spatial resolution.
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If the harmonics are curved the MCP would also need to be curved, if avoidable this is
desirable in terms of simplicity, cost and availability.

Figure 3.9: An output from the flat field design code showing the different focal planes
at different grating angles. The wavelength range is set on the left hand side from 30
nm to 80 nm. With the grating angle ranging from 4 to 6 degrees, showing the different
projections at a particular wavelength for each grating angle.

From the output of the code as shown in figure 3.9 it is possible to place the detector
and work out if the position will result in the harmonics being projected onto it without
any dispersion. Once the detector has been placed this enables its position to be checked
and ensures that the desired range will be covered in the length of the detector. The
position that the detector will be placed in can be seen in 3.10.
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Figure 3.10: A second output from the flat field code, (Left) optimum detector positions calculated for various grating angles between 4-6 degrees in steps of 0.25 degrees
covering the wavelength range defined in figure 3.9. (Right) wavelength dispersion at
the detector for the detector position marked with a cross in (Left)

With regards to detection it was decided a chevron stack MCP phosphor screen stack
was the optimal choice because they have good signal amplification. The wavelength
that we want to cover diffracts and fits well onto a 40 mm MCP. The other option for
detecting XUV is a CCD camera. These have a slightly faster read out time and less
distortion of the signal as they don’t have the same amplification processes as the MCP,
however the chip of the camera can easily be damaged if any of the fundamental 800
nm beam strays onto it. They also have to be held under vacuum and relative to the
MCP phosphor screen stack are very expensive. The reason for choosing dual MCP’s
is to ensure that even the smallest signal change can be easily observed thanks to the
additional amplification of the second MCP.
A vacuum chamber is required for the flat field design, and this needed to be of specific
dimensions and size in order to have the required equipment in the correct positions to

Chapter 3 Development of a New End Station for High Harmonic Spectroscopy

71

obtain a spectrum. The chamber needed to house the grating, a goniometer to move
the grating angle and a beam block to prevent excess scatter from the fundamental onto
the MCP. The chamber itself would also need to have several flanges on it in order to
get light into it, check the vacuum pressure, control goniometer and view the grating.
It would also require a breadboard inside in order to mount the goniometer and grating
assembly and a flange in order to facilitate the attachment of a turbo pump. Once again
due to the high voltages that are required when operating the MCP and phosphor screen
the vacuum chamber must be able to reach the low 5 × 10−5 mbar. In order to reach
this vacuum pressure a 300 L/s magnetic turbo from Leybold will be used, this is much
larger than the turbo that is on the current spectrometer. However, the overall volume
of the new spectrometer will be greater.
The chamber was designed with the aim of simplicity, and therefore maintaining its ease
of use. Whilst allowing for flexibility in the positioning of the large component of the
turbo pump due to limited space within the laboratory. The design for the chamber can
be seen below in figure 3.11:
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Figure 3.11: A diagram of the design of the flat field spectrometer, showing key
flanges marked onto the design alongside the angles and measurements from the centre
of the grating to the edges of the detector which is 40 mm in length. The angles and
measurements are extracted from the output of the design code as seen in figure 3.9

Upon the spectrometer’s arrival it was assembled and commissioned. The new spectrometer worked considerably better than the old spectrometer. Before the grating an
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iris was placed and this was mostly closed in order to act as a pin hole, this is equivalent to the slit in the Rowland spectrometer, to provide good spatial resolution for
the harmonics. Following the grating a beam block was placed to stop as much of the
residual fundamental beam as possible going up onto the MCP, so the signal will be
as clear as possible. It clearly picked up signals and had a much high resolution. For
comparison over the new spectrometers energy range and to show it has considerably
better resolution compared to the old spectrometer there is a comparison spectrum between CCl4 (IP = 11.47 eV) in both old (solid line) and new spectrometer (dashed line)
in figure 3.12. It is clear there is stark contrast between the two. The exposure time
required to ascertain the image from the old spectrometer 1.5 seconds compared to the
new spectrometer where the image only took 0.5 seconds to acquire.

Figure 3.12: A figure comparing the difference between the new flat field spectrometer
and the Rowland type spectrometer. This data has been normalised, the dashed line is
the spectrum recorded on the flat field spectrometer whilst the solid line is the spectrum
recorded on the Rowland spectrometer

The improvement shown in figure 3.12 is dramatic, firstly the flat field includes an additional low energy harmonic. Secondly, the number of harmonics recorded is vastly
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different, the old spectrometer there are three harmonics present on the new spectrometer there are six clear harmonics. Thirdly the exposure time in order to collect these
images is a third of the time using the new flat field spectrometer. The wavelength
range that has been recorded on the flat field is not the range over which we aimed
for originally however this can be tuned by adjusting the grating angle, which requires
the grating to be movable on a goniometer. The grating is currently mounted on a
goniometer but unfortunately the feed through in order to move this component had a
very large lead time, so the full range over which the spectrometer can work has not
been thoroughly assessed. But, in figure 3.12 it can be seen that the flat field offers
large improvements compared to the Rowland spectrometer. The obtained spectrum
also shows the successful design and commissioning of the new flat field spectrometer.

3.5

Summary

In this chapter I discussed the development of a high harmonic spectroscopy experiment
in Southampton. An electric field autocorrelation experiment is presented here, which
was done in order to prepare the experiment for a time resolved study of carbon tetrachloride this work is presented in chapter 4. A new flat field spectrometer has been
designed built and commissioned showing a marked improvement on the Rowland type
spectrometer. The flat field spectrometer has extended the experiments capabilities, it
has greater sensitivity and a more suitable wavelength range for high harmonic spectroscopy experiments on molecules. The experiment now has the capability to perform
high harmonic spectroscopy measurements, and the spectrometer can be used in order
to develop the high harmonic generation source for future time resolved XUV probe
photoelectron spectroscopy measurements.

Chapter 4

High Harmonic Spectroscopy of
Carbon Tetrachloride
In this chapter I describe the experimental results obtained from the pump-probe high
harmonic spectroscopy experiment of carbon tetrachloride. The experiment measures
the vibrational motion and is a proof of principle demonstration of an experimental
configuration that has been developed in Southampton.

4.1

Introduction

High harmonic generation has been used to study a number of different molecular systems investigating dissociation dynamics, vibrational dynamics, electronic structure and
also to image molecular orbitals. Some notable systems that have been studied using high
harmonic spectroscopy are, Br2 , NO2 , SF6 and several small hydrocarbons. 56,58,59,71,72
The most relevant example to the work that is being presented in this chapter is the
work that has investigated molecular vibrations. A system that has been studied several times is SF6 . Using this molecule, high harmonic generation has been shown to
be sensitive to molecular vibrations. In these experiments Ferré et al. used an 800
nm non-resonant pump to Raman excite vibrational modes in the SF6 molecule these
were then probed by a time delayed pulse which generated high harmonics. SF6 is a
75
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competitively large molecular system with relatively slow molecular vibrations. SF6 has
been well studied using high harmonic generation, due to its high ionisation potential
and large cross sectional area, making it optimal for high harmonic generation. 71,72
Alongside SF6 , N2 O4 has also been studied using high harmonic spectroscopy in order
to probe molecular vibrations. In the study Wen at al resolved interactions between
vibrationally excited and unexcited N2 O4 . 73 This dimer system is large, with a slow
molecular vibration between the two nitrogens which provides a clear signal. High harmonic generation is sensitive to molecular vibrations in these molecular systems, however
the study has not been extended into other molecular systems. As such the question of
why high harmonic generation is sensitive to molecular vibrations remains experimentally unanswered. We have performed this experiment on an additional system with the
aim of providing more conclusive evidence for this problem. Photoelectron spectroscopy
has shown sensitivity to molecular vibrations, the vibrational motion modulates the
photoelectron intensity through changes in the Franck-Condon factor. If high harmonic
spectroscopy can successfully resolve vibrations then this is additional information could
also be obtained when studying a photodissoication reaction using high harmonic spectroscopy.
As a first proof of principle experiment using the new experimental configuration and
liquid sample holder we aimed to study the vibrational dynamics of carbon tetrachloride
(CCl4 ) following Raman excitation. The aim of the experiments carried out in this
chapter was to test the sensitivity of high harmonic generation to molecular vibrations
and to observe the effect of the Fermi resonance within CCl4 . CCl4 has four Raman
active bands and a Fermi resonance from the two F2 anti symmetric stretching bands
seen at 790 and 762 cm−1 interacting with the combination band (ν1 + ν4) . The four
Raman modes can be seen in Table 4.1 below:
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Mode

Vibrational period (fs)

77

Wavenumber (cm−1 )

A1 (sym str)

72

459

E (bend)

153

217

F2 (anti sym)

42

790

F2 (anti sym)

43

762

F2 (umbrella)

106

314

Table 4.1: A table showing the Raman active modes and oscillation frequencies for
each mode, 74 a Raman spectrum of these modes can be seen in figure 4.1.

The Raman modes for CCl4 are relatively slow oscillations due to the relatively heavy
nature of the molecule, compared to much smaller and lighter molecules such as methane.
This is ideal for high harmonic spectroscopy measurements using our laser system because our time resolution will be limited by the cross correlation between the pump and
probe pulses. The figure 4.1 shows a Raman spectrum of CCl4 showing the different
vibrational modes and their relative intensities.

Figure 4.1: A Raman spectrum showing the different observable vibrational bands in
CCl4 3
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4.2

Experimental

The time resolved pump probe experiments were carried out using two 800 nm beams,
each of different intensity. An 800 nm, 100 mW pump beam was used in order to excite
the vibrational wavepacket of CCl4 . The 800 nm probe beam, 1 W, was used to perform
high harmonic generation. The ionisation potential of CCl4 is 11.47 eV, from ADK
calculations we can predict that 0.6 W of probe energy is sufficient to perform high
harmonic generation whilst avoiding ionisation from the ion. 34,35 The output from the
ADK calculations can be seen in figure 4.2 showing that no ionisation is only occurring
from the ground state across a whole laser pulse.

Figure 4.2: A figure of the output from the ADK code, showing the intensity required
to perform high harmonic generation from CCl4 , whilst avoiding ionisation and high
harmonic generation from the ion. A shows the ionisation rate from the ground state
blue line and the first ionisation state orange line, B shows the state populations for
the neutral ground state and the singly ionised molecule (first) and the doubly ionised
molecule (second) and C shows the intensity across the laser pulse.
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Figure 4.2 C shows the intensity across the laser pulse, A shows ionisation rate from
the ground state, blue line, and from the first ionisation state orange line. B shows the
state populations throughout the laser pulse. The figure shows that the ground state is
being completely ionised just before the peak of the laser pulse. During the experiment
we found that we needed to drive high harmonic generation slightly harder so that a
spectrum could be observed so 1 W of laser power is used. The reason for needing to
drive harder than predicted is that the ADK calculation is atomic, and the single MCP
has limited signal amplification.
In order to control the time delay within the experiments the two beams are moved
relative to one and other. The time delay is controlled via a delay stage as seen in figure
2.4. When the probe pulse comes first, this is negative time and there should be no
dynamics occurring here as the pulse used to start the molecular dynamics is yet to
arrive. Once the pump and probe pulse are overlapped we have to find time zero. Time
zero can be found using the method described in chapter 2.2.3. Following this the pump
pulse arrives first initiating the dynamics with the probe making observations of the
dynamics started by the pump. The experiment was carried out from -200 fs in order
to get a background signal to measure the noise level within the experimental set-up.
The experiment was then scanned out to approximately 1000 fs in steps of 10 fs with
a spectrum being collected at every time delay. The reason for scanning out to 1000
fs is to ensure that all of the oscillations from the molecule are collected and observed
experimentally. The 10 fs time step was chosen because of the finite cross correlation
between the two pulse, smaller step size would not have shown more information.
The experiments were performed using the equipment and process described in Chapter
3 and are only briefly described here. The laser is focused using a 70 cm focal length lens
it then enters into the vacuum system via a window. The focal spot is at the interaction
region of the gas jet. The intensity from the focused laser beam at the gas jet leads to
the generation of high harmonics. The harmonics then propagate down the set-up into
the Rowland type spectrometer where they are detected and recorded.
In order to get CCl4 into the gas phase the liquid sample holder was used. CCl4 has
a low vapour pressure such that under vacuum there should be approximately 50 mbar
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of gas pressure behind the jet. Whilst this backing pressure is low, from previous tests
we know that it is sufficient for us to generate and obtain a harmonic spectrum. In
order to increase the weak signal obtained from CCl4 the slit into the spectrometer was
widened slightly. High spectral resolution is not required because only three harmonics
are being observed. This is due to the low ionisation potential of CCl4 and therefore
low cut off energy and because of the limited energy range of the spectrometer more
harmonics cannot be detected.
In order to collect each data point the image that is gathered from the camera was
collected for an exposure time of 1.5 seconds before moving to the next image. The
camera used is free running therefore, to ensure that each image collected is a fresh
image of the desired time point a wait time of two seconds was built into the program
that controls the stage and the camera. This guaranteed no overlap between time steps
in each time step recorded. Multiple collections will be made from -200 fs through to
1000 fs (one complete cycle) recording a spectrum at each time point. At the end of each
scan the experiment is stopped and the signals re-optimised due to the low collection
efficiency of spectrometer. Each cycle will be repeated 6 times so that an average of
all the data points can be used offering improvements in signal to noise. We chose not
to collect the data 6 times before moving on to the next point because throughout the
experiment there is a loss of signal over a long time. The signal maintains a constant
level for the time period required to perform one complete acquisition cycle. More
information will be given on the cycles and how this has affected the analysis process
later in this chapter. The spectrometer is calibrated using the method shown in chapter
3.4.1 using harmonic generation in argon.

4.3

Results and Discussion

A high harmonic spectrum of CCl4 is shown in figure 4.3. This is obtained at -200 ps, the
probe arrives before the pump so the spectrum is equivalent to the spectrum obtained
by the probe only.
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Figure 4.3: A harmonic spectrum of CCl4 , obtained at -200 fs, showing the 13th,
15th and 17th harmonic of the fundamental 800 nm beam with a laser power of 1 W.

In figure 4.3, two harmonics can clearly be seen, with a small third harmonic present.
The harmonics are the 13th, 15th and 17th harmonics of the fundamental 800 nm probe
beam. In order to process the data, a harmonic spectrum for each time point must be
initially extracted from the image. Extracting a spectrum is carried out by integrating
across the region in which the harmonics are present in the image. Once a spectrum has
been obtained for every time point, each harmonic can be looked at in turn resulting in a
a plot of the time dependent intensity for a particular harmonic order. Throughout this
work harmonic 13 will be used as this harmonic has the most signal and is least affected
by experimental drift which leads to a loss of signal. Once a time dependent spectrum has
been obtained this can then be Fast Fourier Transformed to give a frequency spectrum.
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Figure 4.4: Time dependent intensity of the 13th harmonic of CCl4 , measured by a
1 W 800 nm probe following Raman excitation of the vibrational wavepacket.

Figure 4.4 shows the time dependent intensity of the 13th harmonic can be seen for a
single experimental run. In figure 4.5 we plot the time dependent intensity of the 13th
harmonic for every individual cycle. In this figure it is clear that there is a discrepancy
in the time zero position within the spectrum because of the off set between the peaks in
the different experimental runs. Whilst the stage was capable of making a precise step
of 10 fs each time it moved, its ability to move back to the same starting position was
not as precise. The data has been adjusted such that the peak of the time zero signal
overlaps in every time dependent spectra that has been acquired. The error here in the
stages accuracy was ± 8 fs. This can be seen in figure 4.5, showing the data before it
was corrected for the stages accuracy limitations, it can be seen that whilst all the peaks
do not overlap their shape is the same.
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Figure 4.5: Time dependent harmonic intensity plots from each data run, showing
the discrepancy in the time zero position between the runs.

The miss alignment in features shown in figure 4.5 can be corrected for by an average
shift of the spectra by ±10 fs, this corrects for the accuracy of the stage. The corrected
data is shown in figure 4.6. The shift made is minimal but it brings the centre of mass
for each time zero peak to the same position. These corrections are within the limit of
the stage and produce peaks which are all overlapped. From this we can sum all the
time dependent spectra to produce a frequency spectrum via a Fast Fourier Transform.
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Figure 4.6: Time dependent harmonic intensity plots from each data run, showing
the small adjustment made to correct for the time zero position.

Once all the data has been corrected for the time zero position, it is all summed together
in order to try and remove as much noise from the spectrum as possible. The summed
spectrum can be seen in figure 4.7.

Figure 4.7: Time dependent harmonic intensity plot of all data runs summed together
and normalised. The oscillations seen here are due to the molecular vibrations of CCl4
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In order to obtain a frequency spectrum a fast Fourier transform is performed upon
the data. For each set, Fast Fourier Transforms are performed, for the raw data, the
difference between the raw data and the smoothed data where the smoothed data takes
a three point rolling average over the raw data, and the data before and after time zero,
plots of these can be seen in figure 4.8.

Figure 4.8: Raw data of harmonic intensity against time and the fast Fourier transforms performed on this data under different conditions, for the raw data set, the
difference between the raw data set and smoothed data, the data before time zero and
for the data after time zero. This is the data from a single run.

In figure 4.8 it can be seen that the Fast Fourier Transform for the raw data has significant contributions from the time zero peak. The Fast Fourier transform of the difference
between the raw and smoothed data is in an attempt to dampen any noise within the
raw data. However, this results in a significantly shifted spectrum as it removes signals from the spectrum that could provide significant information about the molecular
vibrations. The Fast Fourier Transform with the clearest peaks in it is the one that is
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taken from +50 fs. This is due to the removal of the interference effects that are caused
as the two pulse overlap in time. The oscillation is induced by an intensity effect when
the pulses are overlapped in time and therefore does not contribute to the molecular
vibrations. The Fast Fourier Transform of the signal before time zero shows that there
is some noise within the frequency spectrum but this is small.
Inspection of figure 4.8 shows that the region over which the clearest Fast Fourier Transform is obtained for the molecular vibrations within CCl4 is with the removal of the time
zero signal through to the end of the oscillations that are observed within the time trace.
The total harmonic time dependent spectrum that is seen in figure 4.7 is Fast Fourier
Transformed from +50 to 400 fs to try and remove as much noise from the experiment
as possible, resulting in the cleanest frequency spectrum for the molecular vibrations.
Figure 4.9 shows the Fast Fourier Transformed data with assignments of the vibrational
bands.
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Figure 4.9: Fast Fourier transformed data of the summed time dependent harmonic
intensity, including assignments from the know vibrational bands of CCl4 . Green is the
A1 symmetric stretch, Blue is the F2 antisymmetric stretch and Red is the umbrella
mode.

From figure 4.9 we note that not every Raman active mode has been observed experimentally. Comparing this to the Raman spectrum can be seen in figure 4.1, the Raman
spectrum has considerably higher resolution than the spectrum we have obtained using
high harmonic generation as the probe. The limited resolution is mainly due to the
number of vibrational cycles that we observe. Other contributing factors are the time
step limited by the stage, and the cross correlation time between the pulses. The shape
and height of the different bands that are shown within both spectrum are not similar.
The high harmonic spectrum is noisier, there are less points to make up each rise and fall
and they appear broader. There are three clear peaks within the spectrum, two of which
can be assigned as being the A1 symmetric stretch and the F2 anti-symmetric stretch
respectively. The third peak is offset compared to where it would be expected due to
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the limited number of vibrational cycles we observe, this is an experimental limitation.
This peak is assigned as the F2 umbrella mode because there is a rise in the spectrum
correlating to the expected period of this mode.
The peak that is expected at 150 fs, the bending mode (E) is absent due to the short
lifetime of the vibrational wave packet. All oscillations within the raw spectra are over
by 600 fs. The high harmonic generation process seems to be sensitive to these small
changes that are induced from the created vibrational wavepacket. We have observed
three out of four of the Raman active bands. The resolution of these bands is not
exceptional however they can be clearly assigned.
The lack of observation of the peak at 150 fs can be attributed to the short time lifetime
over which the oscillations within the spectrum have been observed. To investigate the
effect of short lifetime of the observed oscillations on the Fast Fourier Transform, we
create a series of simulated time traces and see how the duration effects the retrieved
Fast Fourier Transform. This was be done by taking a series of sin waves of the same
period as the expected oscillations, these sine waves are then cut between 500 fs and
1 ps. If we take the simulated spectrum and look at the Fourier transform of 500 fs it
looks almost identical to our experimentally obtained spectrum. However if you look
at the simulated spectrum where the oscillations have a lifetime of up to 1 ps all of
the expected peaks can clearly be seen within the Fourier transform. Therefore it can
be concluded that we do not see the 150 fs oscillation because of the short period over
which the oscillations survive within the experiment. Figure 4.10 shows the simulated
spectrum being Fourier transformed with the oscillations being cut at 1.4 ps and 500
fs. It is important to note that in the simulated spectrum the oscillations all have equal
intensity and are not scaled as would be expected from the known Raman Spectrum.
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Figure 4.10: Fast Fourier transform of simulated data including assignments from the
know vibrational bands of CCl4 .

Alongside the number of oscillations that are measured the time at which the oscillation
is occurring relative to its measurement via the laser pulse will effect the observed peak.
The simulation shown in figure 4.11 shows that for a 21 fs oscillation being measured
with a 10 fs pulse, as the oscillation and laser pulse become offset in time relative to each
other the Fast Fourier Transform changes significantly in shape. This shape change will
the overall resolution of the spectrum. Whilst the oscillation is not on the same time as
the oscillations in CCl4 it clearly demonstrates the effect of the point at which oscillation
is measured relative to the laser pulse on the Fast Fourier Transform. Increasing the
number of samples that are taken will lead to this being averaged out so that a single
peak appears in the Fast Fourier Transform, however this was not possible due to the
short lifetime of the observation window. The number of cycles that were obtained could
be increased in order to try and overcome this, however the short life of the observation
window will have a greater effect on observing all of the vibrational bands within CCl4 ,
as seen in figure 4.10.
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Figure 4.11: Simulation of making an observation of an oscillation on a 21 fs time
scale using a 10 fs laser pulse. Including a Fast Fourier Transform of this signal showing
a significant change in the shape of the Fourier Transformed data which is dependent
upon where the oscillation is measured relative to the laser pulse. Each panel shows an
offset between the oscillation and the laser pulse, from the top left, the offset is, -5 fs,
0 fs, 5 fs, 10 fs respectively. The offset in measurement results in a significant change
in the Fast Fourier Transformed signal.

4.3.1

Theoretical work

In this section I will be discussing some theoretical work which has been carried out, with
the intention of trying to gain an understanding of why high harmonic generation is sensitive to the small changes that occur during molecular vibrations. The high harmonic
generation process can be broken down into three simple steps, ionisation, acceleration
and recombination. From the three step model we can see that ionisation affects the
high harmonic generation process. Therefore if the ionisation potential changes as the
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molecule undergoes vibrational motion, the harmonics produced will change in intensity
as ionisation potential effects the ionisation rate. The ionisation rate can be approximated using atomic ADK. The recombination step is dependent upon the overlap of
the initial ground state vibrational wavepacket that is produced with the ion state vibrational wavepacket. The changes that occur during the 1.3 fs where the laser field is
accelerating the electron are significant where you have light atoms. For example, hydrogen atoms move the fastest and result in a significant change in this time period. For
heavier atoms the effect is shown to be insignificant due to their slower motion. During
the time until recombination we can approximate the motion within the molecule to be
zero. 75 In terms of the vibrational period, the overall change as a percentage of each
vibrational mode can be seen in table 4.3.1:
Mode

Vibrational period (fs)

Percentage change in 1.3 fs

A1 (sym str)

72

1.8

E (bend)

153

0.85

F2 (anti sym)

42

3

F2 (umbrella)

106

1.2

Table 4.2: The percentage change in each vibrational mode over 1.3 fs, which is a half
cycle of 800 nm the time over which high harmonic generation occurs.

As can be seen in table 4.3.1 the percentage change for each molecular vibration is small
over the time required for high harmonic generation and we will be focusing on the
change in ionisation potential across each vibrational mode. One thought is that the
ionisation potential change from one edge of the vibrational wave packet to the other
is sufficient enough that the harmonics produced whilst the molecule is undergoing
this type of motion can be observed. If we examine the symmetry group for CCl4
(Td) the transition to each of the modes from the ground state to the ion state is
allowed. Especially considering ionisation relaxes symmetry constraints. The ionisation
step results in the relaxation of symmetry rules as with photoelectron spectroscopy.
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In order to do these computational calculations the initial structure of CCl4 will be found
and optimised for the various vibrational frequencies calculated. These calculations were
done using Gaussian 09, with a density functional theory calculation (B3LYP) and a
basis set of pDVZ. Initially the calculations were performed with a very small basis set
in order to keep the calculations computationally cheap and quick to run. The initial
calculation was carried out with 6-31g. These calculations were benchmarked against the
NIST computational database, CCBDC, to confirm there accuracy. 76 The vibrational
frequencies obtained from both basis sets identically matched those on NIST, therefore
confirming the calculations accuracy.
The calculations performed show a high level of accuracy when benchmarked. However,
the pDVZ basis set is quite small considering the large size of the Cl atoms that are to
be considered within CCl4 . The large number of electrons means that a larger basis set
is required in order to get calculation as accurate as possible. The method that we have
selected is not necessarily the best method for a high level of accuracy in the absolute
energy obtained across the potential energy curve. However, the shape of the curves
are critical here to allow us to calculate the change in ionisation potential across each
vibrational mode. Whilst the absolute energy for each point on the potential energy
curve may not be absolute, the overall shape for the vibrational mode will be correct.
The accurate shape will provide us with a simple model of the change in ionisation
potential which we can use to assess the effect of the change in ionisation potential
across a vibrational mode on high harmonic generation. The assumption here is that
providing the shape is the same, the overall numerical accuracy is not critical in providing
insight into the effect upon the high harmonic generation process. At the equilibrium
geometry the ionisation potential is identical to the know value for CCl4 but as we
progress across the vibrational motion toward the edge the accuracy may not be exact
in number, however the relative change should remain accurate.
Upon confirming we had the initial starting geometry optimised and the various vibrational frequencies agreed with the expected values from the database further calculations
were performed. For a series of configurations along each vibrational mode we calculate
the difference in energy between the ground state and the ion, which is equivalent to
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the ionisation energy. This allowed us to calculate the ionisation potential across each
vibrational mode relative to a bond angle or length change within the molecule. In the
projection upwards to calculate the ionisation potential, the heavy nature of Cl is such
that the molecular geometry will remain unchanged. The high harmonic generation
process occurs in half a laser cycle which at 800 nm is 1.3 fs. Over this time the heavy
Cl atom has moved a distance which is approximately zero. For each potential on the
surface the change in ionisation potential is then calculated with the relative change
in the particular bond length or angle for the mode being examined. The ionisation
potential is calculated from the difference between in energy between the ground state
and the ion state, the vertical transition.
We then consider the change in ionisation potential over the energy range experienced
by the vibrational motions in our experiment. The assumption here is that we start
in the ground state and have maximum vibrational quantum number of three for each
vibrational mode, so the full range for each potential includes v = 1 to v = 3. The table
4.3 shows the maximum change in ionisation potential experienced by the molecule over
a vibrational period.
Mode

Energy change (eV)

A1 (sym str)

0.14

E (bend)

0.07

F2 (anti sym)

0.25

F2 (umbrella)

0.14

Table 4.3: Each mode in CCl4 and the change in ionisation energy across each mode.
Assuming that there is a maximum vibrational quantum number of three for each mode.

Examination of the potential energy surfaces show that from the equilibrium geometry
every mode (other than the symmetric stretch) has a minimum either side of the equilibrium geometry in the ionisation potential. From this we might expect to observe each
vibration at twice the vibrational frequency, with the exception of the symmetric stretch
as seen in figure 4.12. The minimum either side of the equilibrium geometry would increase the ionisation yield increasing the harmonic intensity, we might then expect to
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observe each of these at twice the expected frequency. While this simple theory predicts
this we do not observe this in the experiment.

Figure 4.12: Change in ionisation potential for each mode, and atomic ADK calculations for how the ionisation rate changes with IP across these.

As a first approximation we calculate the ionisation rate using atomic ADK theory.
The change in ionisation rate for the mode (F2 anti sym) with the maximum change in
ionisation potential is 4%. This change is minimal, suggesting that changes in harmonic
yield would be negligible. The origin of the sensitivity of high harmonic generation is
therefore not from this, and recent theoretical work suggests there is interference between
vibrational pathways. 72

4.4

Conclusions and Further work

Through the observation of vibrational motion in CCl4 we have commissioned and optimised a new experimental capability for high harmonic spectroscopy. The experiments
allow us to monitor simple vibrational motion. However this is limited by rotational
de-phasing effects. Preliminary calculations to look at the sensitivity of high harmonic
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generation to various process have been carried out however these have been inconclusive.
In order to gain a comprehensive understanding of what is happening to the vibrational
wavepacket in CCl4 additional experiments could aid with the understanding.

Chapter 5

Photoelectron Spectroscopy of
Ammonia using multiphoton
ionisation at 400 nm
The work presented in this chapter is based on publication Smith et al. Phys. Chem.
Chem. Phys. 2016, 18, 28150-21856, the work has been carried out at Artemis in the
Central Laser Facility, UK.

5.1

Introduction

The UV photolysis of ammonia has provided a model system for the study of nonadiabatic dynamics. In the Ã-state (first electronically excited singlet state) the dynamics of dissociation involve transitions at a conical intersection. Competing non-adiabatic
and adiabatic dissociation processes leads to hydrogen abstraction in conjunction with
ground or excited state NH2 molecular fragments forming respectively. 77–94 Whilst ammonia’s molecular structure is relatively simple it exhibits complex photochemistry,
therefore these processes can be investigated in a small molecular system. The lack of
universal detection techniques that can provide clear information about the full reaction
mechanism drives the continued interest in this small molecular system. To improve
97
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the observation window attainable with a photoelectron spectroscopy probe, a resonant
multi-photon ionisation probe at 400 nm was used. This probe ionises the molecule
0

0

through the E A1 Rydberg state allowing access to a different set of vibrational states
when compared to direct ionisation of the Ã-state. This probe also increases the time
period over which ionisation can occur.
A large proportion of information about the excited state potentials important to the
photodissociation dynamics of the ammonia Ã-state, arises through potential energy
surface calculations. 78,81,90,95,96 The structural and dynamical features important in the
dissociation process have been emphasised by the theoretical studies. The electronic
ground state of ammonia has an equilibrium pyramidal structure while the excited Ãstate has a planar equilibrium structure. This results in a vibrational progression in
the umbrella mode, ν2 , which dominates the UV absorption spectrum. In the electronic
excitation process a lone pair electron is promoted from the nitrogen atom into a Rydberg
type orbital of 3s character. N-H bond length extension leads to a small barrier large
enough to make the lowest two vibrational states of the dominant ν2 mode bound. As
the H-NH2 bond is extended further the orbital increases in σ ∗ character leading to
dissociation. At extended N-H bond lengths the ground and excited state potentials
cross at a conical intersection where the molecule can dissociate into ground or excited
state molecular fragments. This is dependent on the energy available and how the
molecule traverses this region. In full dimensional calculations of the potential energy
surface, the conical intersection is only seen at planar geometries. 81 The threshold for
excited state product formation is 6.02 eV, which lies significantly above the barrier to
dissociation (5.94 eV) seen at shorter N-H bond lengths.
Based on absorption spectroscopy, initial measurements suggested lifetimes in the Ãstate were on the order of 35 fs. 86,87,92 Subsequent measurement and analysis of the
energy partitioning between the internal molecular motions of the NH2 fragment and
the kinetic energy released 85,93,97,98 demonstrate that tunneling leads to vibrationaly
cold molecular fragments. It also shows that the vibrational energy in the NH2 fragment
increases with the photon energy. 85 Once the energy is adequate to drive formation of
the excited state NH2 fragment, this process is observed. Generally the relative portion
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of excited state fragment increases with increasing energy. 85 As a result the dynamics
can be roughly divided into three regions. Firstly, when dynamics are below the barrier
to dissociation, the dissociation time scale is controlled by tunnelling, resulting in very
low levels of vibrational excitation in the ground state NH2 fragment produced. Then, as
higher vibrational states are excited, over the barrier dissociation becomes possible and a
shorter dissociation time is expected and observed. Finally, at energies above the barrier
but below the adiabatic dissociation threshold ground state dissociation products are
formed. As the excitation energy is increased above 6.02 eV, fragments from the excited
state can also be formed and the two channels effectively compete with the dynamics at
the region of the conical intersection controlling which dominates.
More recently time resolved photoelectron spectroscopy and time resolved kinetic energy release measurements have been applied to this problem. Resonant ionisation of the
hydrogen fragment has been used in kinetic energy release measurements to highlight
the different lifetimes associated with different levels of internal energy in the molecular fragments. 77,79,94,99 Various decay pathways have been correlated with the different
lifetimes, with some invoking complex dynamics around the conical intersection as a possible intermediate where population can be trapped for several hundred femtoseconds
before dissociation occurs. 99
The effectiveness of photoelectron spectroscopy has been limited by the often restricted
observation window afforded by the available UV probes. At its base level, photoelectron
spectroscopy is a universal detection technique as all states can be ionised. The practical
limitations arise from the ionisation potential changing as a function of molecular geometry. With conventional laser sources the overlap of the excited state wavepacket with
the molecular ion states is therefore rather short lived, limiting the observation window.
Combined with this, it is desirable to reduce the background contribution to the retrieved photoelectron spectrum such that the energy of the probe photons is often lower
than the maximum available. In ammonia the use of a lower energy stops the probe from
exciting the Ã-state, which would make measuring the early time dynamics difficult due
to significant probe pump contributions at early times. This restricts the probe wavelength to being >215 nm. Recent experiments have restricted the observation window to
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the first 75 fs following excitatoin by using a 240 nm probe. 77 However, the ion kinetic
energy release measurements suggest the lifetime associated with dissociation can be
up to 400 fs for some dissociation processes. 99 This means there is a large component
of the excited state dynamics not being measured by either technique. Increasing the
energy of the probe to 200 nm is unlikely to increase the observation window extensively.
Furthermore, when combined with the issues surrounding the analysis of the early time
dynamics it is unlikely to provide any extra information from a probe at 240 nm. By using a very high energy probe the restriction on the observation window could potentially
be removed however, these experiments are extremely complex. 100–102 One potential solution is to use multiphoton ionisation of the excited state population while maintaining
an almost background free signal. The information content can often be maximised if
one of the absorption processes is resonant with an intermediate Rydberg state. The
time dependence of the resonance conditions provides ample data to analyse the time dependence of the signal. In the experiments described below, we use a multiphoton probe
at 400 nm to increase the observation window available to photoelectron spectroscopy
measurements and can monitor excited state population out to several hundred fs. The
absorption of the first probe photon populates the E 0 1 A01 Rydberg state that allows
for an extended view of the excited state potential surface. By ionising through the
Rydberg state we also access a different set of final ion states, allowing access to the
lowest vibrational levels of the molecular ion. The use of a resonant multiphoton probe
maximises the observation window through changes in the Franck-Condon (FC) factors
involved in the ionisation process, maintaining overlap with the accessible ion states for
extended period. The measurements show none of the complications associated with
high energy single photon probes and provide vibrational state dependent lifetimes that
allow us to separate the adiabatic and non-adiabatic pathways to dissociation.

5.2

Experimental

A full description of the experimental details are presented in chapter 2.3, and as such
a brief description of the experimental will be provided here. Both the pump and
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probe arms of the experiment are separated before compression, allowing for independent control of the pulse energy and compression. The pump pulse is produced via
fourth harmonic generation (FHG) of the fundamental (800 nm), generating photons at
approximately 200 nm. The 200 nm beam is produced using standard non-linear optics
with sequential second, third and fourth harmonic generation in BBO. Second harmonic
generation takes place by frequency doubling whereas both third and fourth harmonic
generation take place via sum frequency generation. The energy per pulse generated at
the fourth harmonic is controlled through the use of a waveplate in the third harmonic
generation arm which controls the efficiency of the mixing process. The pulse energy is
kept to 2 µJ, which maximises the pump probe signal while maintaining a low to pump
photon ionisation background signal. It is essential to make sure that a low pump photon ionisation background signal is maintained throughout the experiment so that in all
collected ionisation signals there is little background from this multiphoton process. The
pump beam is focused to the centre of the interaction region of the VMI spectrometer,
with a 1 m focal length mirror where it intersects the molecular beam. To generate the
probe, 1 µJ of the 800 nm beam is frequency doubled in BBO to produce approximately
5 µJ at 400 nm. The absolute pulse energy is controlled using half waveplate before the
doubling crystal to control the phase matching in the crystal and desired intensity at
the interaction region. The probe beam is then reflection focused in the toroidal mirror
chamber, using a 1 m toroidal mirror to the centre of the interaction region of the VMI
spectrometer where it crosses with the pump beam. The pump probe delay is controlled
using a motorised translation stage which moves the pump beam relative to the probe
beam in time. A molecular beam is used, this is is produced using a pulsed nozzle gas
jet (Amsterdam cantilever) and a skimmer. The gas used throughout the experiment
is 5% ammonia in helium, with the nozzle being backed by 1 bar of pressure, this is
insufficient pressure to lead to significant formation of ammonia clusters.
The data was collected using a VMI spectrometer which is described in chapter 2.3.3.1.
Time steps were recorded from -300 fs to +500 fs in steps of 20 fs, each cycle was recorded
and saved. Each cycle was recorded with short exposure times to avoid saturation of the
camera. Each step was recorded progressively in time as opposed to sitting on a data
point and collecting for along time accumulatively in order to prevent any experimental
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fluctuations effecting the data. For example if the laser intensity drops; the gas runs
out or there was an electrical fault, the affected run could be removed from the data. A
total of 100 cycles were recorded and used throughout this work, this resulted in good
signal to noise levels so each peak in the spectrum can be assigned.

5.3

Results and Discussion

The photoelectron velocity distribution is obtained from the two-dimensional images by
means of POP. POP peels the image from the outside to the central point, using the
polar onion peeling method. 103,104 The code outputs a cut through the reconstructed
3D photoelectron distribution that resulted from the experimental image. To obtain a
spectrum POP integrates the image radial from the centre to obtain a velocity spectrum,
this can be converted into kinetic energy via 12 mv 2 which is calibrated from know bands
in argon photoelectron spectrum. The photoelectron kinetic energy is proportional to
r2 , where r represents the distance from the centre of the image. Energy distribution
spectra are subsequently produced by converting from a velocity distribution by multiplying the integrated photoelectron count by the 1/r Jacobian factor. The photoelectron
angular distribution can also be acquired from the output of the POP code. The photoangluar distribution following one-photon ionization of an isotropic ensemble of closed
shell species using plane polarized light takes the form I(θ) ∝ 1 + βP 2(cosθ), where θ is
the angle between the laboratory frame z-axis and direction of ejection of the electron,
β is the anisotropy parameter and P 2(cosθ) is the second-order Legendre polynomial.
When processing the images, a background image with no laser on just gas is taken,
in order to remove the background signals from the spectrum. Additionally, the single
colour spectrum is subtracted from the image which is the 200 nm alone signal, this
spectrum was taken at -2 ps. The probe only signal is negligible. A raw VMI image of
this can be seen in figure 5.1.
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Figure 5.1: A raw VMI image that has been collected, this is before processing with
POP in order to obtain a spectrum

This image is then processed using POP to allow us to obtain a photoelectron spectrum
at a particular time step. The time resoled spectrum is obtained by processing every
image, to get a spectrum at each time point resulting in the overall time dependent
spectrum, this can be seen in figure 5.2
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Figure 5.2: Surface plot of the full time resolved photoelectron spectrum obtained
following excitation of the NH3 Ã state at 200.8 nm. The photoelectron spectra are
obtained following multi-photon ionisation with a 400 nm probe.

The time resolved changes in the photoelectron spectrum obtained can be seen in figure
5.2. This represents the complete data that has been collected throughout this study.
The NH3 ground state is initially pumped with 200.8 nm exciting the molecule into its
Ã state, the molecule is then probed via multi-photon ionisation with a 400 nm probe.
The spectrum shows a series of peaks that correspond to the vibrational bands within
the NH3 ion. The intensity is dependent on the overlap of the vibrational wavepackt in
the Ã state, with accesible vibrational states in the ion. The excitation schemes for the
photoelectron spectra can be seen in figure 5.3 A, showing the total energy between the
1+20 . As a comparison we also collected the 1+1 spectrum which has the same total
energy but does not ionise through the intermediate Rydberg state, the energy for this is
also shown on A. The 1+20 goes via the Rydberg intermediate whereas the 1+1 doesn’t
go directly via this intermediate and for comparison the spectra obtained from the two
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different excitation schemes are significantly different these can be seen in B and C. The
assignments of the bands can be seen in Figure 5.3.

Figure 5.3: A. Excitation scheme showing the resonant absorption processes and the
ground ion state, blue arrows represent a 200 nm photons and the black arrows represent
400 nm photons. The left hand scheme is for the excitation of the 1+20 photoelectron
spectrum shown in B, the right hand scheme is for the 1+1 photoelectron spectrum seen
in C. B. 1+20 Photoelectron spectrum and assignment of the time zero photoelectron
spectrum. The combs above the plot show the dominant vibrational states in the
photoelectron spectrum originating from the ground ion state. The region below 0.4 eV
is assigned to the 2E0 excited state of the ion. C. 200.8 nm 1+1 Photoelectron spectrum
and assignment as a comparison to the 1+20 photoelectron spectrum in B.

In Figure 5.3A, left hand side, we show the excitation scheme that is followed for the
experimental data, that is shown in figure 5.3 B. In Figure 5.3B we plot the background
subtracted photoelectron spectrum for NH3 obtained when the pump and probe are
time overlapped. The pump beam populates the ν24 vibrational level of the Ã-state,
which is then subsequently ionised by the absorption of two or three 400 nm photons.
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Absorption of two photons leads to a total photon energy of 12.47 eV which is 2.4 eV
above the ionisation potential for the ground, 2A0 , ion state. Absorption of a third
photon increased the available energy to 15.6 eV which is 0.39 eV above the vertical
excitation energy of the 2E0 ion state., providing another possible ionisation channel.
The spectrum therefore contains features that correspond to these two ion states, and
shows clear vibrational structure originating from the electronic ground state of the ion.
The intensity of the probe is kept to a level that minimises two photon non-resonant
excitation of the Ã state. This means we do not observe any dynamics at negative time
delays and means any probe-pump contributions to the spectrum are minimal. This is
confirmed by the fact that we obtain the same, albeit noisier, photoelectron spectrum at
times outside the cross-correlation. There is a third feature within the spectrum whilst
small is seen at around 2.6 eV. This is from the NH3 dimer. During this experiment the
formation of clusters was minimised however was not zero. This band whilst observed
is not analysed during this work. A more in depth study of the NH3 dimer was carried
out alongside this work, more details can be seen in Horke et al. 105 At high electron
kinetic energies (<0.5 eV) a clear vibrational progression is observed corresponding to
ionisation into vibrationally excited states of the 2A0 ground ion state. We assign the
vibrational features based on an anharmonic oscillator model of the form.



E = ωe1 ν1 +

1
2





− ωe1 χe1 ν1 +

1
2

2



+ ωe2 ν2 +

1
2





− ωe2 χe2 ν2 +

1
2

2

(5.1)

Where ωei and ωei χei are the harmonic and anharmonic vibrational frequencies of the ith
vibrational mode of the ground ion state of ammonia and νi is the vibrational quantum
number of the state populated. The literature values used are taken from Xie et al. 106
and result in the expected kinetic energies given in the Table 5.3 and assignments shown
in Figure 5.3 B as the combs above the data. The assignments highlight a progression
in the ν1 , symmetric stretch, in combination with various quanta in the umbrella mode,
ν2 . Based on the calculated positions, the ν2 = 1 peaks show the highest intensity at all
levels of excitation of ν1 with the maximum seen at ν12 ν21 level. The strongly overlapping
nature of the features means that this is a rough assignment and slightly shifts the
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ν2
ν2
ν2
ν2

=
=
=
=

0
1
2
3

ν1 = 0
2.33
1.92
1.51
1.11

ν1 = 1
2.23
1.81
1.41
1.01

ν1 = 2
2.13
1.72
1.31
0.91

Table 5.1: Expected electron kinetic energies in eV for the various vibrational states
in the NH+
3 state calculated using equation 5.1. ν1 labels the symmetric stretch and ν2
labels the umbrella vibration.

measured peak maxima from what might be expected for well resolved peaks. As such
we define each of the features by the level of excitation in the symmetric stretch only.
Each feature in the spectrum associated with the 2A0 state is therefore treated as having
a different quanta of vibrational energy in ν1 and is labelled by this quantum number in
the rest of this discussion. The broad low energy feature at 0.38 eV does not correlate
well with the expected vibrational progression by correlates energetically with what
would be expected following three photon ionisation into the 2E0 state. We therefore
assign this feature to ionisation into the excited 2E0 state. The broad feature contains no
vibrational structure, so this is treated as a single feature in fits described later. There
is also a small feature between 2.5 and 3 eV which is due to ionisation of the ammonia
dimer which makes up a small component of our molecular beam.
By comparing the photoelectron spectrum obtained with single photon ionisation measurements of the Ã-state we see very clear differences. In figure 5.3 C we plot the 1 +
1 photoelectron spectrum at 200.8 nm. This provides almost exactly the same energy
as the 1 + 20 ionisation process and the spectrum shown in Fig. 1B has a drastically
different appearance. In the direct ionisation measurements, a strong δv = 0 propensity
is observed such that ionisation from the ν24 vibrational level predominantly leads to
population of the ν24 level in the ion, with lower energy vibrational levels having a negligible intensity in the observed photoelectron spectrum. 77 The vibrational progression
in the single photon experiments is in the ν2 mode with at most one quanta in the ν1
mode, such that the spectrum is dominated by the ν10 ν2m progression. 77 This is contrary
to our findings where the dominant vibrational progression correlates with a change in
the vibrational quantum number associated with ν1 with high levels of vibrational excitation in this mode. This is in conjunction with a progression in ν2 with a dominant
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transition into the ν2 = 1 level for all levels of ν1 . The reason for the dramatic changes
is the resonant excitation process at the single photon level. Absorption of a single
400 nm photon excites the E0 1 A01 Rydberg state. The resonant excitation and finite
duration of the laser pulses changes the Franck-Condon factors associated with ionisation, enhancing overlap with a different set of vibrational states. The states observed
broadly match those presented in 107 where the E0 Rydberg state is accessed through a
non-resonant two photon process at 266 nm, followed by ionisation with a time delayed
400 nm photon. The spectrum is however not identical to that obtained from directly
accessing the E0 Rydberg state, but contains a fingerprint associated with the Ã state
character. The similarity of the spectra does however confirm that ionisation proceeds
through the intermediate E0 Rydberg state. The relative complex spectrum obtained
from ionisation of the Rydberg state is somewhat contrary to what may be expected.
Ionisation of Rydberg states is often associated with strong δv = 0 propensity due to
the strong similarity of character between the Rydberg and ion state.
This often leads to a strong single feature in the photoelectron spectrum obtained. The
E0 state shows a more complex propensity with previous measurements showing the
dominant transition is of δv = 1 character, suggesting there are significant differences
in the shape of the E0 and ion states. 107 The difference in ionisation propensity for
the Ã and E0 states means the transition between them is likely to involve a change
in vibrational state and is the reason for the rather different appearance of the two
photoelectron spectra.
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Figure 5.4: colourmap of the time and energy dependent photoelectron spectrum
obtained following excitation of the ν2 =4 vibrational level of the electronic A-state and
ionisation with multiple 400 nm photons.

In figure 5.4 we plot the time dependence of the full photoelectron spectrum. Each
peak in the photoelectron spectrum rises together followed by what appears to be a
bi exponential decay. In common with previous single photon ionisation experiments
we do not observe any energy shifts as a function of time. 77,94 To highlight the decay
dynamics we plot lineouts for each of the features associated with the various levels
of ν1 excitation. In each case the early time signal follows the intensity profile of the
instrument response function, which is obtained from the cross-correlation of our pump
and probe beams. The instrument response function corresponds to a Gaussian of full
width half maximum of 108 fs. In the longer term, the dynamics show an exponential
decay such that we fit the overall experimental signal as a combination of a Gaussian,
representing the instrument response function, plus a component which is the Gaussian
instrument response function convoluted with an exponential decay,

I = N1 e

λ
(2µ+λσ 2 −2t)
2

µ + λσ 2 − t
√
erfc
2σ

!

+ N2 exp

−t−µ2
2σ 2

(5.2)
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Where µ is time zero, λ is the decay constant, σ is the full width half maximum of
the instrument response function and t is the time step. N1 and N2 are normalisation
constants of the two signal components. The Gaussian contribution to the overall signal
is due to strong-field ionisation as the two laser pulses overlap in time and provides a
fingerprint for ionisation from the Franck-Condon region. Information about the dynamics is then contained within the lifetimes obtained from the second component in
the fit. Each feature was fitted simultaneously using a least squatted method, with the
fits to equation 5.2 plotted in figure 5.5 along with the Gaussian instrument response
function and a Gaussian convoluted with an exponential decay. The energy ranges used
and lifetimes (1/λ) obtained from the fits are given in table 5.2. The plots and table
show that each of the vibrational features has a different associated lifetime, suggesting
that the Frank-Condon factors associated with the multiphoton ionisation are changing
as a function of time and that these could provide a sensitive probe of the excited state
dynamics.
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Figure 5.5: Experimentally measured (data points) time dependence of the photoelectron intensity for the main features observed in the photoelectron spectrum as well as
the corresponding fits to equation 5.2 (solid line) and the Gaussian IRF (dot dash line)
and exponentially decaying (dashed line) components of the fit. The plots correspond
to the ionisation into the (A) 2E0 , (B) 2A0 ν13 , (C) 2A0 ν12 , (D) 2A0 ν11 , (E) 2A0 ν10 ion
states. The energy regions used and lifetimes obtained are given in table 5.2
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Table 5.2: Decay lifetimes derived from the fits of the experimental data to equation
5.2.
Energy range / eV
Ion state
Vibrational state
Lifetime / fs
0.34-0.4
2E0
184 ± 14
1.0-1.06
2A0
ν13
212 ± 17
1.32-1.5
2A0
ν12
228 ± 25
1.69-1.81
2A0
ν11
307 ± 26
2.26-2.44
2A0
ν10
325 ± 54

The fits provide a different lifetime for each of the features associated with each electronic
and vibrational state of the ion. Longer lifetimes are found for features of higher electron
kinetic energy, correlating with lower levels of excitation in the symmetric stretch in
the ground state of the ion. The shortest lifetime is associated with ionisation into
the 2E0 excited ion state at an electron kinetic energy of 0.3 eV, which has a lifetime
of 184 fs. The vibrational features associated with ionisation into the 2A0 state have
longer lifetimes, with the lifetimes seen to increase as the vibrational energy in the
ion state is reduced. The highest internal energy feature of the 2A0 state, associated
with the ν13 vibrational level, has a lifetime of 212 fs, while the lower energy ν10 has a
lifetime of 325 fs. The lifetimes are significantly longer than the < 75 fs derived from
photoelectron spectroscopy measurements using direct ionisation from the Ã-state. 77 A
key point from all of these measurements is that the timescales derived correspond to
the time it takes for the excited state wavepacket to leave the observation window of the
experiment, as usually set by the probe energy. The < 75 fs timescale derived previously
has defined the time taken for the wavepacket to lose overlap with the accessible ion
states and leave the initially populated Frank-Condon region. 77 The longer timescales
provided by this experiment more closely match those obtained in recent time and
energy resolved ion yield measurements on the same vibrational state of ammonia. 79,99
In the ion kinetic energy release work the appearance times of the hydrogen atom is
resolved into various kinetic energy regions correlating with adiabatic and non-adiabatic
dissociation processes. The kinetic model proposed broadly separated the dissociation
trajectories in two; one centred on more planar geometries at the Frank-Condon region
which lead to non-adiabatic dissociation and the formation of the ground state products;
a second set of trajectories coming from non-planar geometries leading to the formation
of adiabatic dissociation products. Both sets of trajectories left the Frank-Condon region
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and moved towards the conical intersection located at the extended H-NH2 bond lengths
on a timescale of 100 fs. Once in the region of the conical intersection, the trajectories
originating from planar geometries were seen to relax through the conical intersection
within 70 fs, leading to a rapid formation of ground state products through a nonadiabatic process. Conversely, the trajectories originating from non-planar geometries
were seen to have an extended lifetime in the region of the conical intersection, leading
to a delayed appearance of the adiabatic dissociation products. The delayed appearance
allowed for a lifetime of the population in the region of the conical intersection to be
derived which was on the order of 400 fs. 99
The timescales derived from the photoion kinetic energy release measurements are therefore at odds with previous photoelectron spectroscopy measurements and slightly longer
than those measured in our experiment. 99 As mentioned above, the difference lies in
the measurement process and what part of the full dynamics is being measured. Based
on the timescales the resonant multiphoton probe is sensitive to an extended region of
the excited state potential energy surface, but is not sensitive to the final dissociation
product formation. The difference in lifetimes obtained for the various vibrational states
are a consequence of the resonant ionisation process.
Rydberg states are in general very similar in shape to the ion states to which they
converge. Rydberg states therefore have a very strong δV = 0 transition propensity
which gives rise to extremely sharp lines in their photoelectron spectra. This is a key
property in the use of Rydberg fingerprint spectroscopy experiments, where often the
use of superexcited and Rydberg states provides detailed information about static and
dynamics structure. 108,109 The situation in the E0 state is slightly more complex, however
the changes in the observed photoelectron spectrum can still be related back to the
dynamics in the Ã-state. The change in vibrational levels seen in the time dependent
photoelectron spectrum is related to which vibrational levels of the Rydberg state are
accessed after the absorption of a single probe photon and can be rationalised as follows
with reference to figure 5.6. At early times, absorption of a single 400 nm photon
populates a particular set of vibrational levels in the E0 Rydberg state. The dominant
level populated leads to the photoelectron spectrum obtained at early times, peaking
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at the ν12 ν21 level. As the wavepacket propagates on the Ã-state towards the conical
intersection and dissociation, the various trajectories lead to changes in the dominate
transition into the E0 Rydberg state. Changes in the transition probability into the
Rydberg state then manifest in the photoelectron spectrum.
The higher vibrational levels associated with the symmetric stretch show a shorter lifetime. We associate this lifetime with the non-adiabatic dissociation process which, from
our measurements, proves an average lifetime around 200 fs. This closely matches the
average lifetimes were associated with different levels of vibrational excitation in the NH2
fragment, with the majority of the signal seen at higher levels of vibrational excitation
correlating with the longer lifetime. The 200 fs lifetime obtained from out photoelectron
spectroscopy measurements would provide an average of these numbers and therefore
correlates well with the excited state lifetime suggested from ion kinetic energy release
measurements. With the current data we cannot correlate the vibrational levels in the
photoelectron spectrum with the associated levels of vibrational excitation in the resulting NH2 fragment. This may be possible in a more resolved spectrum or if calculations of
the intermediate Rydberg state can provide insight into the resonance condition for the
excitation and ionisation process. The non-adiabatic dissociation process is thought to
predominantly originate from planar geometries whose trajectories we suggest, maintain
overlap with higher vibrational levels in the E0 Rydberg state out to the region of the
conical intersection.
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Figure 5.6: Schematic representation of the potentials of ammonia of relevence to the
experiment. A single UV photon at 200 nm, hνpu , excites the ν2 =4 vibrational level
of the Ã-state. Absorpion of a single 400 nm photon, hνpr populates vibrational levels
of the E 0 Rydberg state. At early times the dominant transition into the E 0 Rydberg
state leads to population of the ν1 =2 vibrational level of the ion state upon absorption
of a second 400 nm photon. After approximately 100 fs the wavepacket is localised in
the region of the conical intersection where different trajectories to the adiabatic and
non-adiabatic dissociation products give rise to different levels of vibrational excitation
in the E 0 Rydberg state. These manifest as changes in the vibrational lifetimes of the
measured ion states accessed following the absorption of a second 400 nm photon.

The lower vibrational states observed in the photoelectron spectrum have a much longer
lifetime of over 300 fs. This is longer than the lifetime associated with non-adiabatic
dissociation and more closely matches the lifetime associated with adiabatic dissociation
into an electronically excited NH2 fragment in conjunction with H. The adiabatic dissociation products are considered to be formed by trajectories originating from non-planar
geometries in the Ã-state. These maybe expected to follow a less direct trajectory towards the conical intersection and dissociation such that lower levels of the stretching
vibration are observed. The 300 fs lifetime is someway short of the lifetime retrieved
from ion kinetic energy release measurements, however, the photoelectron spectroscopy
experiments will only be sensitive to regions where the probe photon remains resonant.
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While this will extend some distance along the excited state potential it is unlikely to
extend beyond the region of the conical intersection. As the trajectory may be less direct
this could explain the relatively short lifetime obtained when compared with the time
at which the fully dissociated products are formed.

5.4

Conclusions

The photodissociation dynamics of ammonia in the ν24 vibrational level of the Ã-state
have been studied using a resonant multiphoton ionisation probe in a photoelectron
spectroscopy experiment. By probing the dynamics via the intermediate E 0 Rydberg
state we access a different set of vibrational levels in the ion and maintain overlap with
the ion state for an extended period of time. By maintaining the overlap with the ion
state without requiring a high energy probe, the observation window is maximised without the problems associated with DUV or XUV probes, maintaining a low background
signal and clear early time dynamics. The dynamics in the Ã-state manifest as changes
in the vibrational transition into the Rydberg state which show up in the measurement
as vibrational state dependent lifetimes. Higher lying ion vibrational states have an
average excited state lifetime of approximately 200 fs which closely matches the lifetime
associated with the non-adiabatic dissociation process while the lower vibrational states
have a much longer lifetime of over 300 fs which more closely matches the adiabatic
dissociation process. The different trajectories taken by the two competing dissociation pathways at the region of the conical intersection show up different excitation and
ionisation propensity allowing us to isolate features related to each process.

Chapter 6

XUV Photoelectron Spectroscopy
of Carbon Disulphide
The work presented in this chapter is based on publication Smith et al. Phys. Rev. Lett.
120, 183003, 2018 that has been submitted, the work has been carried out at Artemis in
the Central Laser Facility, UK. The theoretical work presented in this section is carried
out by the Kirrander group, University of Edinburgh.

6.1

Introduction

Despite the simplicity of the CS2 molecule, a clear picture of the dynamics and a full
explanation for time scales and product branching ratios remains elusive for the photo
chemistry of this molecule. The simplicity of CS2 arises from the small nature of the
molecule but like larger systems, its photochemistry involves many different states making its dynamics complex. It includes a high number of near degenerate electronic states,
rapid internal conversion, and inter-system crossing dynamics, with the latter two processes correlating strongly with vibrational dynamics. 110–117 In CS2 different dissociation
products are formed with either singlet or triplet spin states of the dissociated S atom,
due to competing processes within the molecule. Despite how fast the dissociation process is (< 1 ps) extensive experiments have shown that the spin forbidden triplet state
117
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product dominates the dissociation yield. 118–121 For this reaction explaining the mechanism for this outcome is non-trivial. Experimental techniques that are able to provide
the required sensitivity to the electronic and nuclear dynamics rarely measure the full reaction pathway. Leading to the partial measurements of the mechanism and henceforth
vital steps in the mechanism could have been missed.
The dynamics of CS2 have been widely studied, in both the time and frequency domains.
In previous work Stolow and co-workers used molecular alignment in combination with
UV photoelectron imaging to measure the early time dynamics. The corrolated changes
in electronic structure and molecular geometry highlight the importance of the initial
internal conversion process. 111,112 The combination of both photoelectron images and
alignment show new insight into the valence shell electrons as the photodissciation reaction progress. However they are still unable to measure the whole reaction co-ordinate.
More recent measurements by Horio et al. mapped the the bending vibrational motion
during early time dynamics and the large ionisation potential change associated with this
vibrational motion. 114,115 They observed the appearance of the singlet dissociation products through a resonance with the auto-ionising states of the S atom produced using a 9.3
eV probe. 117 The observation of the singlet product was coincidental due to resonance
with the probe, however the observation is short lived. Even by using a high energy
probe, observing the dynamics in the dominant triplet state dissociation could not be
done and the singlet dissociation mechanism was challenging to define. Extensive experiments also monitored the angular and velocity distributions of the products 120,122,123
and provided branching ratios for the triplet to singlet dissociation channels of around
3:1 (however estimates over the years have varied from 0.25:1 to 6:1 118–121 124–127 but,
importantly, the experiments have provided few explanations for why the spin forbidden
product dominates the dissociation yield.
Using a table-top femtosecond XUV pulse from a high harmonic generation source as
a probe for photoelectron spectroscopy, our experiments aimed to measure a complete
reaction pathway in full detail. This has allowed us to identify the most important
electronic and structural transformation associated with the CS2 . The energy of the
XUV probe allow us to ionise and measure all of the relevant electronic states present
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within the complete reaction co-ordinate. A cartoon representation of these states can
be seen in figure 6.1.

Figure 6.1: A schematic potential energy surface of the dissociation dynamics of
CS2 , A is the absorption of a photon into the singlet excited state. Following initial
excitation this leads to the dissociation, resulting in the formation of S(1 D) singlet and
S(3 S) triplet following intersystem crossing, the cartoon representation is adapted from
Hu, et al. 1

6.2

Experimental

A brief overview of the experimental is provided. Following on from this a guide as to
how the experiment was set-up with the details to the process. For a full description
of the beamline please refer back to the details provided in 2.3. The experiments were
performed at the Artemis laser facility at the Rutherford Appleton Laboratories. The
laser system consists of amplified femtosecond laser system (Red Dragon, KM labs)
generating 30 fs duration pulses at a central wavelength of 800 nm. The output of the
laser is split into two parts before compression allowing for independent optimisation
of the chirp, duration and pulse energy of the pulses used to generate the pump and
probe. The pump is generated from the 5 mJ output of compressor 2 which is frequency
doubled in BBO followed by two stages of sum frequency generation (SFG). The first
SFG stage generates 266 nm light through mixing the fundamental 800 nm with the
second harmonic at 400 nm in a type II process in BBO. The second SFG stage mixes
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the 266 nm light with a previously separated 800 nm beam to generate the pump at
200 nm with a controllable pulse energy of up to 2 µJ. For the experiments described in
this work the pulse energy is kept to 1 µJ. The probe is generated via high harmonic
generation. The 4 mJ output of compressor 1 is frequency doubled in BBO generating
0.5 mJ at 400 nm. The 400 nm light is separated from the residual 800 nm beam and
focussed into a gas jet of Ar. The resulting harmonics are monochromated at a time
preserving monochromator. 65 The 7th harmonic at 21.5 eV is selected and focussed into
the centre of the interaction region of a time of flight photoelectron spectrometer with
an on target flux of approximately 1 × 1010 photons per second. The pump beam is
focussed into the interaction region of a commercial Time of Flight (ToF) spectrometer
(Kaesdorf ETF11) with a 1 m focal length mirror where it is crossed at a small angle
( 3◦ ) by the probe. The pump and probe beams have linear polarisation in the plane of
the time of flight axis and have a temporal cross-correlation of 180 fs (FWHM). The 200
nm (6.2 eV) pump pulse excites CS2 from the ground state mostly into the S2 (B 1 B2
/ 1 Σ+
u ) excited state at time zero. Following this the molecule evolves the excited state
potential surfaces leading to dissociation. The dynamic processes are then probed using
a 21.6 eV probe at various time delays, which leads to a time resolve photoelectron
spectrum. The CS2 molecular beam is generated by the expansion of a 2 % CS2 in
He mixture through a pulsed nozzle operating at 1 kHz (Amsterdam Cantelever). 66
The resulting molecular beam is skimmed before entering the measurements chamber.
The relative delay between the pump and probe pulses is controlled by a mechanical
translation stage with delays between -2 – 10 ps. This range is covered with varying
time steps. To correct for any long term fluctuations in power, the stage is through the
progression of the delays multiple times. For each time step within a cycle we collect
a spectrum for 1 second which corresponds to 1000 laser pulses. We cycle through the
time steps 650 times to give a total data collection time of approximately 13 hours per
delay scan.

Chapter 6 XUV Photoelectron Spectroscopy of Carbon Disulphide

6.2.1

121

A guide as to how to carry out a time resolved photoelectron
spectroscopy measurement with an XUV probe

The beamline that was used for this experiment can be seen in figure 2.8. The first
step in this experiment was to assemble the beamline. Each arm of the experiment
will be discussed in turn, including the optimisation process at each step. For the
probe arm of the experiment distance before the first compressor needed to be included
so that the beam paths were of equal length. Once the probe beam path had been
adjusted to approximately the same length as the pump arm of the experiment, the beam
was passed into the compressor. After the compressor we performed second harmonic
generation in order to produce 400 nm from the fundamental 800 nm beam. The second
harmonic generation process was optimised here. This was conducted by adjusting the
crystal angle and the rotation of the crystal in the mount in order to obtain maximum
conversion efficiency in the BBO. In order to measure the amount of second harmonic
that is being generated and to remove the fundamental beam from the experiment
harmonic separators were used which transmit the fundamental beam whilst reflecting
the second harmonic. The second harmonic then enters the XUV generation chamber.
When the beam is in the chamber it is reflection focused into the gas cell using a 20 cm
focal length mirror. The beam was aligned so that it was flat and straight throughout
the whole beamline and that the focal position was in the centre of the gas cell. Once
the XUV chamber had been pumped down, high harmonic generation was performed
with argon being used as the generation medium. Harmonic flux is critical in these
experiments because it leads to shorter collection times and an improved signal to noise
ratio. Harmonic flux must be optimised and in order to do this the CEM was used to
monitor the flux at a particular harmonic peak. There are several steps here; firstly the
phase-matching into the gas cell had to be optimised. This was done by moving the
gas cell position in the X, Y and Z dimensions, as it was mounted on movable stages.
The pressure in the gas cell can be adjusted in order to maximise harmonic flux and
once the generation conditions are optimised the grating angle in the monochromator
can be adjusted so that a maximum of a particular harmonic can be isolated. Following
this, the slit width on the exit of the monochromator can also be adjusted. This was
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generally set as wide as possible whilst maintaining isolation of a single harmonic. The
isolated harmonic beam was then focused into the interaction region of the end station
using the toroidal mirror.
The next step was to assemble the pump are of the experiment. The delay stage must
be set so that the beam is flat and straight as it moves from one end to the other, if
this is not the case overlap will be lost as this is adjusted to control the time step of
the experiment. Fourth harmonic generation is then set-up, as seen in figure 2.7 and
this required optimisation before data could be collected. As previously discussed in
chapter 2.3.2.1 this is done by adjusting the angle of the crystals and the timing of
the final overlap in the fourth harmonic generation crystal. Once the fourth harmonic
has been generated it is isolated once again using a series of reflections on harmonic
separators. The isolated forth harmonic is then refection focused using a 150 cm focal
length mirror, before it enters into the toroidal mirror chamber where it is bounced
off a D-shaped mirror in order to reach the interaction region. The overlap of both
the pump and probe beams at the interaction region is critical because the focused
probe beam is considerably smaller than the focused pump beam. Spatial overlap of the
pump and probe beams was checked using a (LuAG:Ce) phosphorescent crystal which
is mounted on a mechanical arm, that can be moved by hand. The phosphorescence
from the crystal was imaged using a CCD camera. The crystal was mounted such that
it sat in the centre of the interaction region. The harmonic beam is imaged first and its
position adjusted such that it is centred on the crystal by moving the toroidal mirror
which is mounted on motorised stages. The position of the phosphorescence was then
marked on the screen and the centre of mass of the pump beam is placed on top of this
point. This is achieved by adjusting the D-shaped mirror which is also controllable in
X and Y, allowing the beam to be moved into place. The focal position of the pump
beam could also be optimised by adjusting the position of the focusing mirror, this was
placed on a translation stage, in order to get the tightest focus of the pump beam at
the interaction region.
Once Spatial overlap had been established between the two beams of the experiment,
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temporal overlap needed to be located. Temporal overlap is non-trivial to achieve especially with the XUV. In order to get a guide as to where time zero was, a fast photodiode
was used to make measurements of the time at which each pulse arrived at the back end
of the chamber. This process ensured that time zero was at least within the delay stages
length. By making these measurements we usually ended up within a few millimetres
of time zero, this distance is on the order of picoseconds in terms of time. Once time
zero was found within this range a scan using the pump beam and the zero order probe
beam (400 nm, this can pass through the monochromator as long as the slit is opened
wide to prevent damage) was performed in CS2 . In this molecule there is a large signal
at time zero due to multiphoton ionisation. Once time zero has been found using the
zero order beam, a scan was set up with the XUV using an isolated harmonic. The
isolated harmonic that was chosen was the one with maximum flux between 16 and
21 eV. The 21 eV harmonic had approximately a third again more flux on the CEM
(1010 photons/second in the 21 eV harmonic) so this was used for the measurement. A
simple scan was then set-up which went from one side of the time zero position that
was found previously, using the zero order probe, to the other in order to determine if
the photo-dissociation was occurring from molecular CS2 to the molecular CS plus S. If
dissociation is occurring a new peak will be observed at 12 eV due to molecular S. Once
this is observed scans with more steps were used to find the precise position of time zero,
initially steps of 1 ps were used and these became incrementally smaller around the area
over which the dissociation was initially observed. For example, if the molecular S peak
was observed first, at + 6 ps from time zero, we would move time zero to that position
and then make 500 fs steps and incrementally smaller steps, in order to find the exact
time overlap.
To extract the data the TDC values need to be calibrated to actual time of flight, which
is then converted to energy. This was done using the peak from photons directly hitting
the detector and the known values for the ground state ionisation potentials of CS2 which
are 10.06, 12.69 and 14.47 eV. The time space between the ground peaks was correct so
when this was converted to energy only the zero offset had to be accounted for this was
done by subtracting the photon peak time from all the TDC values. The TDC values
given in time were then converted to energy using Ebinding = Ephoton − 0.5 ∗ m ∗ (d/t)2 .
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Where d is the distance of the drift, t is TDC time Ep hoton is the energy of the XUV
probe. The intensities were then multiplied by a Jacobian 1/t3 factor. The values for d
and Ephoton were calibrated using the CS2 ground state peaks.

6.3

Results and Discussion

In figure 6.2 we plot the ground state CS2 spectrum obtained at a time long before
the arrival of the pump pulse. The energy axis is the difference between the probe
photon energy and the measured electron kinetic energy and corresponds to the binding
energy of the electron to the state being ionised. The peaks in the spectrum are due
to ionisation of the ground state into different ion states. The ground state χΠg and
the excited states Ã2 Πu and B̃ 2 Σ+
u of the ion at binding energies of 10.06, 12.7 and
14.5 eV respectively. This spectrum is taken as the background and is subtracted from
all spectra obtained at later times providing a background subtracted spectrum. Two
background subtracted spectra are plotted within the same figure. The spectra are the
average spectra obtained between 100-600 fs and 4.1-10 ps. The dynamics in CS2 are
predominantly over by 4.1 ps so this is considered to be asymptotically long and shows
the spectrum obtained once the dynamics are complete. Here we can see both positive
and negative features, positive features correspond to an enhancement and negative
features to a depletion. In the spectra from 4.1-10 ps we see a strong depletion of the
peaks associated with the ground state spectrum of CS2 as well as several new features
associated with the multiple dissociation products. Based on the amount of depletion
observed we estimate that approximately 2% of the ground state population is excited
in the experiment, the amount of depletion whilst large relative to the formation of the
dissociated products is still relatively small compared to the total amount of CS2 used
throughout the experiment. We observe peaks associated with ionisation of the ground
state CS (χ1 Σ+ ) fragment in conjunction with both ground (3 P) and excited state (1 D)
sulphur atoms which are labelled by combs in the figure based on known ionisation
potentials. At early times we have features at lower binding energies that are much
lower in intensity due to the small ionisation cross section of the excited states of the
bound CS2 molecule. The labels marking the assignments for these features do not have
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well defined energies, the width of the comb therefore corresponds to the energy region
taken in the kinetic fits described later. The singlet state has been previously studied
and is known to cover an energy spread around 3 eV. 115
The features in the spectrum are assigned based on known ionisation limits and previous
frequency resolved photoelectron spectroscopy measurements taken with He I radiation
sources. The ground state CS2 spectrum is assigned based on the work of Turner. 2
The assignment of the excited singlet states of CS2 matches that expected energetically
and agrees with previous assignments. 114–116 To the best of our knowledge, the excited
triplet state has not been previously measured. The assignment is based on the expected
energy for ionisation into the first excited state of the ion. The dynamic of the signal
is in line with the kinetics of the triplet dissociation process and with the expected
time dependence from the surface hopping calculations. To assign the sulphur features
we compare the features observed to those made by L. Zuin et al. previously 128 for
ionisation of the 3 P state and M. Barthel et al. previous measurements for comparison
with 1 D state. 129 Ionisation of ground state 3 P sulphur atoms is into the ground, 4 S,
and excited ion states, 2 D and 2 P, at 10.4 eV, 12.2 eV and 13.4 eV respectively with
the largest cross section into the 2 D state at 12.2 eV in agreement with those measured
previously. 128 A direct comparison of the ionisation cross section for the metastable
1D

is not available with no measurements at a comparable wavelength. The features

associated with ionisation of the excited state S(1 D) atoms leads to population of the
excited ion states, 2 D and 2 P, at 11.0 eV and 12.2 eV. The assignment is based on known
ionisation limits with ionisation of the 1 D product into the ground ion state not observed
due to the spin forbidden nature of this transition. The assignment of features of the CS
fragment was based on previous work by N. Jonathan et al. 130 In this work an electrical
discharge has been used to drive the dissociation of CS2 molecule with the CS products
measured by photolysis with a helium lamp.
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Figure 6.2: Assigned photoelectron spectra for the different bands that have been
measured. The ground state spectrum is the black line, plotted on the right hand
axis. The ground state spectrum highlights the position of the features associated with
the ground sate population and is the background spectrum. Both the red and blue
line spectra are background subtracted, the black line. The red line is the average of
the early time spectrum from 0.1 - 0.6 ps and the blue line is the average late time
spectrum 4.1 - 10.6 ps. The times are times after the pump beam, 200 nm (6.2 eV).
Negative features in the spectrum are from the reduction in signal and correspond to a
reduction in the ground state population with positive features showing new bands in
the photoelectron spectrum. The combs above the peaks show the assignments based
on the known ionisation energies of the produces fragments.

Time dependent changes in the background-subtracted photoelectron spectrum over
the full range of energies measured are plotted as a false colour surface plot in figure
6.3. These plots are separated into two energy ranges that cover different parts of the
dynamics. Below 10 eV we measure signal that is due to the excited state population
in the bound CS2 molecule which has a correspondingly low binding energy. The final
products all have ionisation potentials above 10 eV and this section therefore provides
information on the appearance of the dissociation products. Examining these plots,
we observe that initial excitation leads to a depletion of bands associated with the
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ground state CS2 molecules as well as a proportional increase in signal associated with
population of the excited singlet state. Ionisation of the excited singlet state is expected
to dominantly populate the ground ion state of the molecule giving a photoelectron band
starting at 4 eV. The photoelectron band stretches between 4-7 eV due to large changes
in the ionisation potential associated with the CS2 bending motion. This 3 eV change in
the photoelectron energy has previously been observed with an 8 eV filamentation source.
The damping of the vibrational motion leads to the triangular shape of the band over
the few hundred femtoseconds in which significant population remains within the excited
singlet state. Previous work has shown that there is a clear bending motion in S-C-S at
early times. The bending motion has been observed experimentally. 115 This motion leads
to a distinctive shape in the singlet excited state feature. The motion occurs on a quick
timescale (the bending period is approximately 80 fs) and therefore a clear observation
of the bend requires a very short cross correlation time, ours from the experimental
fits is around 180 fs. As the singlet state population decays we observe a new band
at binding energies 7-10 eV. We assign this signal to population in the triplet state
following inter-system crossing. The band maximum is seen to shift to higher binding
energies as the molecule dissociates eventually reaching the asymptotic values associated
with the ground state CS and S(3 P) products. As well as the features associated with
the ground state we resolve the S(1 D) products that form from the direct dissociation
in the singlet excited states. The strongest and clearest product signal is observed
at 12.4 eV and contains contributions from both the singlet and triplet dissociation
products. Previous He 1 photoelectron spectroscopy experiments have shown this to be
the dominant ionising transition at these wavelengths for the 3 P states of S.
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Figure 6.3: A figure showing a false colour surface map showing the changes in the
photoelectron spectrum as a function of pump-probe time delay, positive times the
pump pulse is first followed by the XUV pulse.

To highlight the changes in the photoelectron spectrum we select regions of the spectrum
that correlate with specific transient states in the dynamic process. In Figure 6.5 we plot
the photoelectron intensity in the regions between 9.8 – 10.1 eV, 4.0 – 6.9 eV, 7.9 – 9.1
eV and 11.9 – 12.3 eV that correlate with population in the ground state, singlet excited
state, triplet excited state and dissociation products. The ground state, singlet excited
state, triplet excited state and dissociation products can be fitted to a kinetic model that
allows us to extract effective lifetimes for each of the regions assuming first order kinetic
processes are occurring. The kinetic model used to obtain the excited state lifetimes
breaks down the dynamics into 5 distinct regions. Absorption of a photon transfers
population from the ground state, CS2 (X), into the excited singlet states, CS2 (S). The
CS2 (S) population decays into the excited triplet states, CS2 (T) leading to the formation
of triplet dissociation products, S(3 P). The population that does not transfer into the
triplet states dissociates forming singlet, S(1 D). The singlet and triplet dissociation
pathways form parallel competing reactions can be seen in figure 6.4.
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Figure 6.4: A scheme showing the kinetic model used for extracting lifetimes from
the experimental data.

KSD and KST gives the decay rates of the initially excited singlet state into the singlet
dissociation channel and into the excited triplet state respectively. The total decay rate
of the excited state is therefore given by Ks = KSD + KST . KT D defines the decay rate
of the triplet state to the dissociated products and hν defines the laser pulse parameters.
By applying the model the dynamics can be viewed as two distinct channels, for the five
different chemical species involved. the equations used for each channel define the timedependent intensity of the regions, which includes a convolution with the instrument
response function which is defined by the laser cross-correlation. The kinetic model sets
a series of equations that define the time dependent populations used for fitting.
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Dissociated CS & S triplet states population
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A, B and C are fitted amplitude that account for the changing ionisation cross sections
and detection efficiencies of the various chemical species, σ is the standard deviation
of the Gaussian which defines the laser cross-correlation, t is the pump-probe delay,
erf is the error function, and all other terms have the same defined in the reaction
scheme above. Within this model, separation of kSD and kST is not possible from
measurements of the decay rates alone. If the kinetic model accurately defines all the
individual processes the ratio of values of kSD and kST would define the branching ratio
however this is not the case for the singlet dissociation process.
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Figure 6.5: Time dependent plots for the corresponding to the ground state population, the excited singlet state population, the excited triplet state population, the
S(1 D) dissociation product and the S(3 D) dissociation product. The dashed lines in the
plot represent the fits to the data that are based on the kinetic model. The solid lines
are from surface hoping calculations performed by the Kirrander group, University of
Edinburgh.

In order to highlight the changes in the photoelectron spectrum, we plotted the integrated electron count over energy regions that correlate with specific states in the
dynamic process in figure 6.5. The regions selected covered the 9.8 – 10.1 eV, 4.0 – 6.9
eV, 7.9 – 9.4 eV, 12.1 – 12.2 eV, and 12.25 – 12.33 eV energy ranges, which correlate with
population in the ground state (CS2 (X)), singlet excited states (CS2 (1 Σ)), triplet excited
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states (CS2 (3 Π)), singlet dissociation product (S(1 D)) and triplet dissociation product
(S(3 P)) respectively. The analysis of the features associated with dissociated population
was complicated by the density of the spectrum and by the features associated with
transient structures.

Figure 6.6: An expanded view of the photoelectron spectrum in the region covered
by the two dissociation products. The regions highlighted cover those used for the
S(1 D) and S(3 P) fits respectively. Showing at early times the single is dominated by
the singlet, but after a few 100 fs triplet dominates.

An expanded view of the photoelectron spectrum over the region 11.9 – 12.35 eV associated with the atomic S signal used in figure 6.5 and at various times after excitation is
shown in figure 6.6. Based on the known ionisation limits of the S atom in this energy
region, we expect signals relating to the S+(2 P) ← S(1 D) and S+(2 D)← S(3 P) ionising
transition at 12.26 eV and between 12.1 – 12.2 eV respectively.We see a rapid increase in
the S(1 D) signal at 12.26 eV at early times (< 200 fs) and this is the major feature in the
spectrum. There is also significant intensity at energies below 12.1 eV which is seen to
shift to higher energies as a function of time. As the time delay increases the maximum
of the lower energy feature shifts to energies associated with the S(3 P) product. These
eventually dominate the spectrum including in the region of the spectrum initially dominated by the S(1 D) signal. A measure of the S(3 P) and S(1 D) yields can be obtained by
integrating over the energy windows highlighted in figure 6.6. The trace obtained for the
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S(1 D) is dominated by signal linked to the S(3 P) product at long times. Therefore it is
only reliable for the first 200-250 fs following excitation because the S(3 P) yield remains
small. The integrated electron count in the highlighted regions are plotted in figure 6.5.
The data points for the S(1 D) channel that are reliable are plotted as solid symbols
and those that have a significant contribution from the S(3 P) are represented by hollow
symbols. The plots therefore quantitatively measure the S(3 P) yield and a qualitatively
measure the time dependence of the production of the S(1 D) fragments. Based on the
changes in the spectrum and in the integrated yields, the singlet fragment appears to
be produced more rapidly than the triplet, but with a much lower yield. After the initial formation, we observe no measurable increase in the singlet dissociation products
despite significant population remaining in the excited singlet states for several hundred
femtosecond after the initial rise. The fits we obtained provided an effective excited state
lifetime of 570 fs for the singlet excited state. This correlates with the rising triplet state
population and a lifetime of 170 fs for the triplet state which correlates with the appearance of the S(3 P) dissociation products. The delayed appearance of features between
7.9 – 9.4 eV and their correlation with the formation of the atomic triplet state product,
confirms the earlier assignment of the states. The significant intensity in the singlet
dissociation products early on ( 100 fs) appears as a step and does not correlate with
the singlet or triplet state populations or effective lifetimes. This suggests the singlet
states are stabilised from further dissociation after the first few hundred femtoseconds.
Full dimensional surface hoping calculations were performed by collaborators from the
Kirrander group, University of Edinburgh. There calculations accounted for internal
conversion and inter-system crossing. The theory work was based on ab initio calculations, the comparison between the theoretical calculations and experimental can be seen
in figure 6.5, with the solid line showing the theoretical work. The theory shows strong
agreement with the experiment in both lifetimes and branching ratios and can aid in
the full understanding of the molecular dynamics.
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Conclusions

Experimentally we have demonstrated that by using an XUV probe in photoelectron
spectroscopy we are able to map the complete reaction co-ordinate for CS2 . Whilst
during the early time dynamics the bending motion has not been captured such that it
is well defined. The shape of the photoelectron band matches closely to the work that
has been performed by Suzuki, who mapped the early time dynamics extremely clearly
using a 9 eV probe. By having additional probe energy available to use we are able to
make full observations of the singlet state. The lifetimes for different states have been
extracted from the experimental data however, the kinetic model breaks down due to
the step that is observed within the singlet sulphur band at early times, meaning that
this does not fit the model.
Our theoretical collaborators have shown that experimental data and theoretical data
can match with a high degree of accuracy. By having high level theoretical calculations
that match experimental data new information for the mechanism of dissociation for a
particular molecule can be obtained. Enabling both experimentalists and theoreticians
to work together to provide a full description of the molecular dynamics. The theoretical
work that has been performed has concluded that the branching ratio between singlet
and triplet products is controlled by spin-orbit coupling, as well as the extremely fast
non-adiabatic dynamics in the numerous singlet states that are accessible.
Providing an experimental probe that can capture all reaction intermediates in this simple system has led to conclusions that there is more complex motion in the electronic
and nuclear dynamics than previously observed. By monitoring all aspects of the reaction a full mechanism can be provided in conjunction with theoretical work. Whilst
performing this type of measurement on larger systems will be challenging, due to the
increased complexity of the photoelectron spectrum and the increased background on
the measurements, it is expected that other features that have been hidden to date will
provide new insight into the true mechanism of dissociation.

Chapter 7

Summary
In chapter 3 the development of a high harmonic spectroscopy experiment in Southampton has been shown. This includes the design and commissioning of a new flat field spectrometer. The flat field spectrometer has been shown to offer much grater sensitivity
to harmonic signals and offers a lower energy range than the Rowland type spectrometer. The wavelength range of the flat field is adjustable by moving the grating position
opening opportunities to study many different molecular systems.
In chapter 4 the new experimental set-up in Southampton has been used to demonstrate
that high harmonic generation is sensitive to molecular vibrations. Whilst there were
practical limitations with this experiment these have been removed since the commissioning of a new spectrometer. This leaves the opportunity to expand on the the first
time resolved measurements that have been made in order to develop the understanding
of high harmonic generations sensitivity to molecular vibrations. This can be done by
performing more measurements of carbon tetrachloride to try and experimentally pin
down the reasoning for the deterioration in the molecular vibrations. More complex
photo-dissociation reactions could be investigated using this set-up, this could be done
in conjunction with photoelectrons spectroscopy measurements providing information
about both the ionisation and recombination matrix elements.
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Chapter 7 Summary

In chapter 5 the photodissociation of the Ã-state of ammonia was studied using a multiphoton ionisation probe. The multiphoton ionisation probe went via a Rydburg intermediate enabling the time window of the measurement to be extended. In order to
devleop this work further the experiment could be repeated using an XUV probe, to
capture all the reaction intermediates.
In chapter 6 the full reaction co-ordinate for the photo-dissociation of CS2 has been
mapped experimentally via the use of a high harmonic generation probe. This demonstrates that these experiments can be performed and that data for all intermediate states
can be obtained. In order to improve on this a shorter pump pulse is required so that
the cross correlation time can be reduced and the dynamics at early times, the bending
motion in CS2 , can be more accurately traced. Many small molecular systems with low
backgrounds in there photoelectron spectrum can now be investigated using this type
of probe.
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