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The long unmeasured pulse of time moves everything. There is nothing hidden that it
cannot bring to light, nothing once known that may become unknown. Nothing is
impossible.

- Sophocles, Electra

The most beautiful and deepest experience a man can have is the sense of the mysterious.
It is the underlying principle of religion as well as of all serious endeavour in art and in

science
- Albert Einstein, 1932

The mind is not a vessel to be filled, but a fire to be kindled
- Plutarch

Do not go where the path may lead, go instead where there is no path and leave a trail
- Ralph Waldo Emerson

I had the ambition to go not only farther than man had gone before, but to go as far as it
was possible to go

- Captain Cook

ii



To Mum and Dad
- for everything

iii



Paul Graham Ph.D Thesis Acknowledgements

ACKNOWLEDGEMENTS

Further to the thesis dedication, I would like to take this opportunity to express my thanks

to the following for their support and assistance:

» My family who have gunded and supported me throughout my life and continue to

encourage and show me S the path

» My supervisors Dr. Ken Ledingham and Dr. Ravi Singhal, who were always there for

discussions, advice and help whenever I needed it

» The post-docs within the LIS group, Drs. Hankin and Fang for useful discussions and

advice and Mr. McCanny for technical assistance

» Colleagues at RAL, especially Dr. A.J Langley, Dr. P.F Taday and Mr. E. Divall for
their excellent support in experiments and imparting their knowledge about the laser
system

» The EP.SR.C. for a Ph.D studentship

» Miss Maclntyre for her assistance

» My brother Ryan who is always with me, and sister Selena who is much treasured

» Some of my former school teachers who have made an indelible impression on me

and who were more than mere teachers

» All my friends, especially Stuart and Steve, who have helped to keep me sane

iv



Paul Graham Ph.D Thesis

CONTENTS

Frontispiece
Quotes

Thesis Dedication
Acknowledgements
Abstract

Summary
Publications and Presentations

List of Figures and Tables

Chapter 1 Introduction and background theory
Chapter 2 Experimental

Chapter 3 Uniform molecular analysis using femtosecond laser

mass spectrometry (FLMS)

Chapter 4 An investigation of the angular distributions of fragment

ions arising from the linear CS; and CO; molecules

Contents

i

iil

iv

vii

viii

33

63

88



Paul Graham Ph.D Thesis

Chapter 5 The angular distributions of fragment ions from labelled

and unlabelled N,O in intense laser fields
Appendix: Calculating the bond lengths and angles of N>O

Chapter 6 On the fragment ion angular distributions arising from

a tetrahedral molecule

Chapter 7 Conclusions and Future Developments

Contents

121

149

150

165

vi



Paul Graham Ph.D Thesis Abstract

ABSTRACT

This thesis is presented for the award of a Ph.D in laser and chemical physics. The
principal doctrine of the work seeks to investigate the dynamical response of a variety of
small molecules (CS;, CO;, N;O, CHsl, etc.) in an intense (typically 10'®* W cm?)
femtosecond (10 s) linearly polarised laser pulse. The resulting ions are detected in a
linear time-of-flight (TOF) mass spectrometer. The polarisation vector of the laser light
is rotated with respect to the TOF spectrometer axis and the ion yield measured. In this
way the preferred direction of ejection of fragment ions can be determined and the

mechanisms responsible can be deduced.

The other experimental investigation concerns using short-pulse (femtosecond duration)
intense laser pulses to sensitively and unambiguously detect molecules of interest
(dangerous and environmentally sensitive species). By increasing both the intensity and
reducing the duration of the laser light the method, termed femtosecond laser mass
spectrometry (FLMS), is shown to be a universal and powerful analytical tool. The
sensitivity is achieved via complete ionisation of all species within the ionisation region
of the laser pulse and unambiguous identification is achieved via rapid by-passing of

dissociative states of the parent species.
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THESIS SUMMARY

The work presented herein was undertaken at the prestigious Rutherford Appleton
research laboratory (RAL) in Didcot, Oxfordshire. During the course of the work the
performance of the femtosecond laser facility at RAL was updated, with a view to
increase laser intensity and improve experimental capabilities for users. The laser was
‘coupled” to a linear time-of-flight (TOF) mass spectrometer, in order to detect ions that
result from the interaction of molecules studied with the laser beam. As mentioned in the
abstract, the experiments concerned both the molecular dynamics of this interaction, as
well as a demonstration of the universality, sensitivity and unambiguity of identification

of the FLMS technique at sufficiently high laser intensities and short pulse durations.

The first chapter in the thesis focuses on presenting to the reader not only the concepts
that will be needed to interpret and understand the later results chapters, but also to
review the concepts and theories that have developed from previous work in the field of
intense laser/matter interactions. The main source of information and inspiration for this

chapter has come from the author’s extensive survey of the literature.

The second chapter details the experimental apparatus, layout and techniques. The
chapter starts off with a thorough description of short-pulse lasers in general and their
origins and evolution. The separate constituent components of femtosecond lasers are
then explained, before describing the RAL femtosecond laser system in detail. The
optical layout in the target chamber and the TOF spectrometer are then described along

with an explanation of experimental techniques adopted to acquire data.

The results chapters 3 to 6, present data obtained during various experimental runs at
RAL over the course of the author’s Ph.D training (3 years) and conclusions based on
these results. Chapter 3 is unique in these experimental chapters in that it is mainly
concerned with chemical analysis and identification using intense ultra-short laser pulses;

whereas chapters 4, 5 and 6 are more to do with the mechanisms involved when various

viii
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small molecules interact with such pulses. In particular, the origin of the preferred
direction of ejection of fragment ions produced as a consequence of Coulomb explosion

of the parent transient ion.

The final chapter looks to the future for inspiration and tries to conjecture the further
development and evolution of this exciting line of research. This includes suggestions for

future experiments and possible applications that may arise from this.

The experimental work in the thesis was mainly carried out in the context of a team effort
between the LIS group and the workers at RAL. The LIS group were solely responsible
for setting up the target area and performing the experiments, with the author heavily
involved in this; whilst the RAL workers were mainly responsible for maintaining the
laser performance and providing us with what was needed for the experiments to be
successful. The author also received first-hand knowledge of the operation of the laser,
whenever possible. The author also had the opportunity to organise, design and perform

experiments, especially those in chapter 3 and 5.
The research work required for chapters 1, 2 and 7, as well as the analysis and

interpretation of the results presented in chapters 3 to 6 were completely the work of the

author.
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Chapter 1

Introduction and background Theory

1.1 CHAPTER OVERVIEW

This chapter focuses on discussing the relevant research that has been carried out in the
field of intense laser/matter interactions utilising femtosecond lasers. A discussion of
the important concepts and principles involved and the motivation behind performing
the experiments detailed in later chapters, will be given. This will facilitate the
interpretation of the experimental results and will set an overall context in which some

conclusions can be drawn from the results presented.
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1.2 Molecular responses to intense laser fields

All results presented in this thesis are obtained from experiments performed utilising the
intense (~ 10°-10'° W cm™?) femtosecond (1fs = 10 s) Ti:S laser situated at the
Rutherford Appleton Laboratory (RAL) in Didcot, Oxfordshire (see chapter 2). Thus,
as the bandwidth from a femtosecond laser is much greater than the rovibrational levels
in a molecular system, resonance effects can be neglected. Furthermore, at the high
laser intensities used here, perturbation theory no longer applies and the laser
field/molecule system must be described semi-quantum mechanically. Described below
are various effects that the electromagnetic field of an ultraintense laser may induce

upon a molecular system.
1.2.1 Multiphoton and Tunneling ionisation

When atomic or molecular (gas-phase) samples are subjected to a femtosecond laser
field, the valence electrons may be stripped off to form ions. This process may be
repeated several times to produce highly-charged ions that are usually unstable. The
cross-sections for photons from the laser to eject electrons are very small and decrease
progressively the more electrons that are being stripped off. However, the photon flux
at laser intensities of the order of 10">-10'® W cm? is sufficiently high that all molecules
in the laser/matter interaction region attain highly-charged states. Depending on the
ionisation mechanism, electrons may be stripped off one-by-one (sequential ionisation)
or simultaneously (non-sequential ionisation). This largely depends on the laser pulse

duration and intensity as well as on the ionised system itself.

For long laser pulse durations and smaller intensities, the ionisation will proceed in a
multi-photon process. This is shown in figure 1.1. It is best to think of this in terms of
a large number of photons impinging on the molecules in the interaction region. The
photon flux is such that the molecule absorbs several photons at the operating
wavelength of the laser (here at infrared), which may induce it first to an excited state

and then to the continuum state. The ionisation rate may be calculated using a rate
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equation model [1], as long as the photon absorption and ionisation cross-sections as
well as intermediate-state lifetimes are known. When using femtosecond lasers, the
intermediate states do not necessarily have to exist but may be ‘virtual’ states. This is
due to the femtosecond pulse duration being much shorter than the virtual state lifetimes
and so a rapid up-pumping through virtual states is possible. This property has been
manipulated to facilitate trace chemical detection of various thermally labile molecules,

which are of environmental concern [2, 3].

At longer wavelengths and higher intensities the multi-photon description breaks down
and a tunnel ionisation picture begins to dominate. In this mechanism it is better to
think of the laser electric field strength superimposed onto the molecular potential
energy surface. This is shown in figure 1.2. In the tunneling regime, the laser field
strength is sufficient to lower the barrier to ionisation such that the electron can tunnel
through to the continuum. The rate of ionisation has been modeled with varying
degrees of success. The Ammosov-Delone-Krainov (ADK) model accurately fits
experimental results for strong-field ionisation in atomic systems [4-6] and small
molecules near their equilibrium configuration [7, 8]. Several theories exist for

molecular systems undergoing tunneling [9, 10].

The criterion for distinguishing MPI from tunneling ionisation is the Keldysh [11]
adiabaticity parameter, y. It is the ratio of the angular frequency of the optical laser
field to the tunneling rate through the barrier at the peak field strength. It is given by
[12]:

Eq. 1.1
1.87x107° 142 (Eq. 1.1)

3 E, _|: E, :|1/2
where o is the laser field angular frequency, wr is the tunneling rate at peak field
strength, Eq is the field-free binding energy of the electron (in eV), I is the laser
intensity (in W cm?), A is the laser light wavelength (in pm) and U, is the

ponderomotive potential of the laser (in eV). The ponderomotive potential is equivalent
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Figure 1.2 Pictorial representation of the tunneling ionisation mechanism
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to the average kinetic energy imparted to an electron in the laser field, and is given by
[13, 14]:

22
U, :LZ: ek —~=933x10" ] (Eq. 1.2)
do; 4dm,w;

where I is the laser intensity, E is the peak electric field amplitude, and e and m, are the
electronic charge and mass, respectively. The first term is integrated over time and
space, but is conventionally written as above. For y < 0.5, a tunneling regime is
dominant, and for y > 1, a MPI process is dominant. For even greater laser field
strengths (and longer wavelengths), the barrier to ionisation can be completely

suppressed leading to a barrier suppression ionisation (BSI) model [15], figure 1.2.

At the other extreme, the maximum intensity an atom or molecule can withstand and

not be ionised is given by [13]:

cE[4rET E?
Ithr :7,: 3 :, % (Eq 13)

e
where Ey is the ionisation potential and c is the speed of light in free-space. An
intensity that is slightly higher than this value will be sufficient to strip the first valence
electron from the atom/molecular system at the laser pulse peak. As the intensity rises
still further, more electrons can be stripped off on the rising-edge of the pulse in

addition to the pulse peak.

The development of ultraintense lasers of femtosecond pulse duration can generate
electric field strengths of comparable magnitude to those that bind atoms together.
Therefore, the barrier to ionisation is lowered sufficiently that either electrons can pass
directly over, termed barrier suppression ionisation (BSI) [15], or else can tunnel
through the barrier to the continuum (tunnel ionisation). Therefore, binding electrons

can be ejected. This will lead to a molecular photo-dissociation process in the singly-
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charged parent. Furthermore, the Coulombic repulsion between 2-or-more charged ions
that comprise the multiply-charged parent will also lead to dissociation via a Coulomb
explosion process. This model is termed multi-electron dissociative ionisation (MEDI)
[16, 17].

1.2.2 Molecular photodissociation

Molecular interactions with an intense laser are more complicated than such interactions
with an atomic system, as the molecule has more degrees of freedom, i.e rotational and
vibrational. When a molecule is ionised, the ions may become unstable and fragment.
This process is largely molecule specific, with some molecular ions possessing an
unbound potential, particularly for highly charged states. The matter is further
complicated by curve-crossings, which place the ions in a bound state in the dissociative
limit. Depending on the laser field strength, the curve-crossings may be avoided via the
Stark shift. This is shown in figure 1.3. The laser-induced Stark shift is given by the
dot product: Us = +11.E, where E is the electric field and u is the sum of induced and
permanent electric dipole moments, and results in the lower energy curve being shifted

down in energy and the upper level shifting upwards in energy.

Two possible theories have been advanced for the ionisation mechanism. One is the
‘shake-off” model, whereby an electron is ejected sufficiently rapidly that the molecule
loses another in its wake. High charge-states may be achieved in this manner, leading
to highly ionised parent or fragment ions. An alternative model is electron rescattering,
in which an electron is ejected during the first half of the optical cycle of the laser pulse
and is turned round back towards the same molecule where it originated from during the
second half of the cycle. Here it may collide with the molecule and strip a further
electron from it. This can only occur with a linearly polarised light pulse, since for
circular or elliptical polarisation, the electron misses the molecule. Both these
processes may be classed as non-sequential ionisation, occurring within one optical

cycle. Both of these mechanisms are represented pictorially in figure 1.4.



Paul Graham

lev

Ph.D Thesis

Avoided curve crossings
via laser field-induced
Stark-shifts

~

.....

N\

Unbound excited state
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Figure 1.4 Pictorial representation of a) the ‘shake-off” and b) electron re-
scattering mechanism of electron ionisation
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Utilising femtosecond laser pulses allows the ionisation to proceed very rapidly before
significant dissociation can take place. This has been termed a ‘ladder-climbing’
process. This is in contrast to results obtained using nanosecond lasers, where
dissociation usually precedes ionisation of the molecule and ‘ladder-switching’ results
[2, 3]. The various ionisation stages may take place via vertical transitions (Franck-
Condon principle, i.e. the molecular internuclear separation remains at the equilibrium
distance), to Coulomb potential curves as shown in figure 1.5. This is an diabatic
process, which means that the molecule does not have sufficient time to adjust itself to
the energy it is subjected to in the interaction with the laser pulse. This is a kind of
vibrational trapping process [12]; i.e. the vibrational degree of freedom cannot change
significantly from the small oscillations about the equilibrium. This may be the case
particularly for rigid molecules with double and triple bonds such as nitrous oxide

N=N=O0 [18-20], or an inherently rigid structure such as benzene [21].

The alternative to this model is the charge-resonance-enhanced ionisation (CREI) [14]
or MEDI mechanism [22]. In this picture, the parent precursor is able to attain a singly
or doubly ionised state. During the course of this ionisation, the molecule undergoes a
adiabatic elongation to typically twice the equilibrium bond length [23]. At this
lengthened internuclear separation, which is often termed the critical distance R., the
ionisation rate increases significantly such that highly ionised transient states of the
molecule are attained. This enhancement of the ionisation rate is achieved through a
lowering of the barrier and hence the electrons may escape over the top, similar to the
BSI mechanism, figure 1.6. The enhancement of the dissociative ionisation only occurs
for those molecules that have their main geometric axis (or molecular bonds) oriented
collinearly with the polarisation vector of a linearly polarised laser beam [18, 24, 25]. If
the molecular axis and polarisation vector are orthogonal to each other, the ionisation is
‘atom-like” with an effective ionisation potential equal to the energy needed to ionise in
this configuration. This elongation to large internuclear separation has been observed
previously, principally in molecular hydrogen where it is termed ‘bond-softening’. This
bond-softening process was recently resolved on a sub-pulse-duration time-scale by

Posthumus et al. [26], where it was concluded that it occurred on the falling-edge of the

10
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Figure 1.6 Diagram showing that the electron can escape over the barrier to
ionisation when the molecular bond stretches to a ‘critical” internuclear distance
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