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- for your unfailing support
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"We must not cease from exploration. And the end of all our exploring will be to
arrive at the place where we began and to know it for the first time."

1.8, Elliot
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ABSTRACT

This thesis applies and develops the new experimental technique known as
femtosecond laser mass spectrometry (FLMS) to the molecules benzene, deuterated
benzene, toluene, naphthalene, benzaldehyde, 1,3-butadiene and carbon disulphide.
The procedure couples ultrashort intense pulsed lasers to time-of-flight mass
spectrometry (TOF). Similar characteristics are found in the molecular dynamics of
all species studied, effectively rendering FLMS as a general technique. FLMS, which
combines trace-sensitivity with on-line analysis, has the capability to investigate
molecular detection and dynamics, specifically in the exploration of ionisation and/or
dissociation pathways with their associated transitional lifetimes, and the mechanisms

of such activity.

Due to the high ionisation efficiency of FLMS, dominant parent ions and minimal
associated fragmentation are observed in the mass spectra, particularly using infrared
(IR) compared to ultraviolet (UV) wavelengths. Such molecular fingerprints are
advantageous in terms of identification. Moreover, the results have indicated that
there is a potential for sensitive uniform analysis. Additionally IR FLMS reveals
multiply charged molecular ions with doubly charged parents becoming the second
most intense ion present in the mass spectra. Such atomic-like behaviour of medium

mass polyatomic molecules is remarkable.

The above results are largely in contrast to conventional nanosecond laser studies,
with characteristic dissociation and corresponding loss of parent signatures, analytical
non-uniformity and non-production of multiply charged species. In such respects

FLMS is replacing its nanosecond forerunner.

Interpretation of the results is addressed in terms of multiphoton (MPI) and tunnelling
(TD) ionisation. At high laser intensities upwards of ~ 10" W cm™, the electric fields
are no longer small compared to the binding molecular potential felt by valence
electrons and new physical effects are expected. TI is thought to significantly
contribute to the ionisation rate, particularly using IR wavelengths, with ionisation

following the evolution of the laser pulse profile.
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SUMMARY

The primary objective of the work carried out in this thesis is to explore and develop
the potential of a new laser based analytical technique known as femtosecond laser
mass spectrometry (FLMS). FLMS, which couples an ultrafast pulsed laser beam
with time-of-flight mass spectrometry (TOF), has been utilised in an investigation into
a series of polyatomic molecules. Particular emphasis has been placed on the ultra-
sensitive detection and identification of molecules. However, the potential is also

demonstrated for more fundamental molecular studies.

Chapter 1 provides a concise introduction. The motivation behind the work is
addressed with specific aims being identified. The second chapter deals with the
required theoretical knowledge and includes fundamental principles of laser-matter
interaction as well as a look at multiphoton and tunnelling ionisation models.
Following on, the experimental apparatus is discussed in chapter 3 which incorporates

a detailed description and the procedures for use.

The next four chapters are the results section of the thesis. Specifically, chapter 4
investigates the molecule benzaldehyde which is used as a starting point for the
exploration and development of FLMS. Building on this, chapters 5 and 6 look at the
related aromatic molecules benzene with its deuterated counterpart, toluene and
naphthalene. Ahead of general conclusions and future planning in the eighth chapter,
chapter 7 expands the study to other polyatomic molecules including 1,3-butadiene
and carbon disulphide. The results reveal several similar characteristics in molecular
detection and dynamics, which demonstrates the generality of the method. These are

outlined below.

FLMS is seen to be an excellent tool for trace-sensitive detection due to its high
ionisation efficiency and ability to produce dominant parent ion signatures with little
or no fragmentation - particularly in the infrared wavelength region compared to
ultraviolet wavelengths. This parent dominance is in considerable contrast to similar
nanosecond pulse width studies, and as a result is leading to FLMS largely replacing

its nanosecond forerunner in such respects. Implications of the above findings are

xi
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thought to be considerable. Moreover, molecular detection without the use of
standards is investigated for benzene, toluene and naphthalene. Similar detection
efficiencies are found for the three molecules. The major conclusion follows that

universal molecular detection is a possibility.

FLMS can also be used to establish transitional-state lifetimes in molecules. This can
include ionisation and/or dissociation intermediate states. A specific example of this
is seen for benzaldehyde in chapter 4, in which upper and lower lifetime limits are

postulated on a particular fast dissociation channel.

An interesting new result is found. At infrared wavelengths, the appearance of double
ionised parent ions have been observed for all of the molecules studied. Furthermore,
triple ionised species have been identified in most of the molecules. This occurs with
little or no fragmentation. This atomic-like behaviour of molecules using IR FLMS is

unprecedented and is considered in detail.

Throughout chapters 4 - 7, the mechanisms of ionisation are considered. The
conclusion is stated that multiphoton ionisation can largely explain the results using
FLMS at laser intensities less than ~ 10'* W cm?, after which tunnelling becomes
increasingly prevalent. A sequential ionisation process is considered to describe the
findings in which the ionisation matches the evolution of the intensity profile of the
laser pulse. The production of multiply ionised species is incorporated in this
discussion, particularly in the sixth chapter. Below ~ 10'° W cm?, coulomb
explosions are not thought to explain the results for the medium mass molecules

studied here.

The results in this thesis demonstrate that the control of chemical dynamics is
becoming increasingly possible with FLMS. Experimental and particularly laser
parameters, such as intensity, pulse-width and wavelength, are chosen which reflect
the goals of the experiment whether they be of an analytical nature, an investigation

into molecular structure or multiply ionised phenomenon.
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§1.0 Introduction

The first chapter of this thesis provides an introduction to the author's field of study.
This report consists of experimentation into, and interpretation of, light interacting
with matter. Therefore it is appropriate to discuss as a starting point some background
theory and related concepts for a simple semi-classical two-level energy system and
its interaction with incident radiation. The usefulness of lasers in analytical studies is

then addressed and the motivations behind the work undertaken set out.

§1.0.1  Quantum Optics - Absorption and Emission

Laser (light amplification by stimulated emission of radiation) processes involve the
fundamental atomic nature of matter, which is made up of atoms, molecules or ions.
Such particles have discrete or quantized energy levels which is intimately related to
the wave-particle duality that exists in nature. Light behaves with this duality. In a
particle sense, a photon carries the discrete energy associated with the wave with a
quantum energy associated with a frequency v being given by Av, where A is Planck's

constant (6.6 x 10°*

Js). Emission of such quanta are involved in the amplification of
light in a laser. Therefore the term quantum optics is often used to describe the

branch of science involving lasers.

Optical photons come from the emission from atoms in excited states. Such atoms
can be excited by a number of different mechanisms e.g. a gas discharge lamp in
which electrons in the electrical discharge collide with atoms, or photons from an
external source. These microscopic processes, in which atoms can be excited and de-
excited were first studied by Einstein in 1917. This interaction of light with matter is
best explained by considering a two-level energy system with the assumption that it is

in thermal equilibrium - see figure 1a.

Following from the Boltzmann distribution law, a comparison of the numbers of
atoms can be made at two different energy levels with N, particles at energy E; and N-

particles at energy £, with £, > E;.
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Ny _ exp[_ (E,-E) )} eqn 1.0.1a
: KT

=

for temperature 7" and Boltzmann constant k. This relationship tells us that no matter
how high the temperature or how small the energy difference, the number of atoms in

the higher energy state cannot exceed the number in the lower state.

E2 E1 hV i

E, — N;
Figure 1a A Model Two-Level Enefgy System

Photons can interact with an energy level system in different ways as shown in figure
1b.

before colhslon " . after
B, “—?—
kv /VV\”’ gm’zfcea m?w pZzQz,.
' ‘.\ = E2 3 /\/\/\r> h
?KNE!{H?{:’G%J? ezmsn 1_:1,51_‘__ v
hy AN _ksfz;;m/um {?;iZ[SS!()i’?‘ /W\f’.'zv

Figure lb Interaction of Photons wifh a de Level Energy System

(i) upon absorption of a photon of suitable frequency, the excited atom can be raised
from a lower to higher energy level, (ii) the atom can then return to the lower level
spontaneously by emitting a photon of equal frequency to the incident photon,; (iii) the
atom in the excited upper state is stimulated by another photon to return to its lower
energy state with the emission of a photon. In the second case, the emitted photon is

out of coherence with the incident photon, while in the third case the stimulating and
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stimulated photons are coherent, that is they have the same phase relative to one

another.

Einstein defined coefficients for the three processes illustrated in figure 1b. He
postulated that the induced absorption transition rate dN,,/dt, was proportional to the
number of atoms with electrons in the lower energy state N;, and the density of
radiation energy incident on these atoms p, with energy equal to the energy difference

between the two states. This is illustrated in equation /.0.75.

12

dt

eqn 1.0.1b

aN,p

Therefore:

W :
_6712_ = B, pN, eqn 1.0.1c

where B, is the Einstein coefficient for induced absorption.

In a similar manner the spontaneous emission transition rates were postulated as being
proportional to the number of atoms with electrons in the upper state, quite

independent of incident radiation density p

dNZl

. ‘—"Az]Nz eqn I.O.Id

where A, is the Einstein coefficient for spontaneous emission. The transition lifetime

for the upper state is simply given by taking the reciprocal of 4.

Following on, the transition rate for stimulated emission was postulated as:

dN
dt

=B, pN, eqn 1.0.1 e
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where B3, is the Einstein coefficient for stimulated emission.

Einstein then showed that for thermal equilibrium, the coefficients of absorption and

stimulated emission are equal:
B12 =B21 eqn I.O.If

and that the relationship between the coefficient of spontaneous emission and

stimulated emission is given by:

:MB

A
21 21
hct

eqn 1.0.1g

where E;- E; is the energy difference between two states, / is Planck’s constant and ¢
the speed of light. Equations 1.0.1f and 1.0.1g are known as the Einstein relations.

Svelto [1989] provides a particularly thorough explanation of such derivations.

It is useful to think of the above energy system as a damped driven quantum oscillator
with the damping being supplied by spontaneous emission and the driving force
provided by the incident laser field. If this incident laser field has a low intensity,
then spontaneous emission is more important than stimulated processes - the system
behaves like an over-damped oscillator. This is comparable to a classical oscillator
which will vibrate at its own natural frequency if possible. On the other hand for
sufficiently intense incident radiation, stimulated processes will become more
important than spontaneous ones because the incident photon flux is so high that other
photons stimulate emission before spontaneous decay can occur. Stimulated emission
outruns spontaneous emission and the system behaves like an under-damped
oscillator. Again a comparison to classical oscillator can be made in which the
oscillator will settle down to an imposed harmonic motion at the external driving

perturbation frequency.

The rate at which transitions are induced between two energy levels is known as the
Rabi frequency. As well as in the population of excited levels, Rabi oscillations also

show up as a modulation of the quantum dipole moment. For an atom, when the



Chapter | Introdiction D.J.S. 1998

atomic dipole moment oscillates at an external driving frequency it radiates a field at
that frequency. The atomic dipole may have an additional time dependence which
shows up as extra frequencies above and below the driving frequency - known as

dynamic Stark splitting.
$1.0.2  Lasers and Analysis

With the development of lasers, the principles of which are described above and in
chapter 2, section 2.1, a great many avenues of experimentation and application have
arisen. The high optical flux associated with lasers lends itself particularly well to the
investigation of atomic and molecular species. Indeed, one of the most exciting laser
applications in the past two decades has been to mass spectrometry. This has seen the
development of trace-sensitive analytical techniques such as resonance ionisation
mass spectrometry (RIMS) and resonance enhanced multiphoton ionisation (REMPI),
which are described in the next chapter. As well as in analytical studies, such
techniques have been used to great effect in fundamental investigations of atomic and
molecular structure. Generally, this experimentation has seen the utilisation of pulsed
lasers in the nanosecond region coupled to time-of-flight mass spectrometers (TOF).
Species excited by the laser beam are then ionised and/or fragmented followed by
detection. Analysis of the resulting mass spectra can yield considerable information

about the target species.

With the ongoing development and introduction of commercially available intense
short-pulse width lasers, the nanosecond methods are being superseded to some
degree. Femtosecond laser mass spectrometry (FLMS) developed by the Glasgow
group in recent years [Smith ez al, 1998a, 1998b;, Ledingham et al, 1998a, 1998b,
1997, 1996/7, 1995/6, 1995a, 1995b; Kilic et al, 1997, Kosmidis ef al, 1997, Singhal
et al, 1998, 1996] and along with similar techniques using ultrafast lasers [e.g. He et
al, 1997a, Willey et al, 1997, Weickhardt et al, 1997, DeWitt et al, 1997, Levis et al,
1996; Schutze et al, 1996, Purnell ef al, 1994], has been shown to have considerable
potential in many fields of application. These centre around chemical detection and
include analytical work on gas phase species as well as solid state surface analysis.
The present thesis aims to expl_oit and develop the analytical capabilities of such

experimentation.
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$1.0.3  Aims and Motivation

Ultra-sensitive detection and fundamental studies of atoms and molecules is of great
importance in analytical and theoretical science. This is particularly true in the
investigation of strategic and environmentally sensitive molecules such as explosives
and atmospheric pollutants, but also in the trace detection of semi-conductor
components, biological molecules and drugs of abuse. If a system can be developed
to reliably detect and identify such a wide range substances, then the implications will

be enormous.

With the above in mind, the initial aim of the study was to develop a practical method
for chemical detection and identification using FLMS. The generality, or otherwise,

of the technique was also to be investigated.

To this end, the well known aromatic group of molecules were chosen for research.
The importance of the analytical detection of benzene and its derivatives is apparent
when one considers that they are utilised and/or are by-products in many
manufacturing processes. Studying such medium mass molecules was seen as an
evolutionary choice as the vast majority of the ultrafast studies to date have focused
on atoms and small-mass molecules. From this foothold, it was then hoped that the
methods developed and utilised could be further extended to other molecules, and

perhaps even multi-component samples.

The above goals, although specific, were encompassed in a wider vision. This was
because the subjection of the molecules included in the present study to femtosecond
lasers was a new course of experimentation, and as such would likely yield results of

an original nature. In fact, this is found to be the case.

$1.0.4  Thesis Layout

Subsequent to chapter 1, the second and third chapters respectively describe necessary
theoretical and experimental concepts for the results, analysis and conclusions
presented in chapters 4 to 7. Chapter 8 provides global conclusions and speculates on
future studies.
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Throughout the thesis certain discussions relating to experimental, theoretical and
analytical concepts are considered on more than one occasion. As such it is hoped
that the various chapters of the thesis will inter-relate in an optimum progressive

manner.
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§2.0 Introduction

This chapter provides necessary theoretical information. It is presented as a concise
summary. Firstly, general principles of laser action are discussed, after which the

response of atoms and molecules subjected to laser fields is addressed.
§2.1 General Laser Principles

A brief outline of the principles of lasers is provided in this section which builds on the
discussion on quantum optics located in the previous chapter, section 7.0.1. There are
many excellent laser textbooks [e.g. Davis, 1996, Svelto, 1989] which can be referred to
for further reading. Detailed discussions of the particular lasers used in this study can be

found in chapter 3, section 3.1.

As noted in chapter 1, it is not possible to create a population inversion by optical
pumping in a two-level system due to the Boltzmann factor. In intense radiation of
appropriate energy, the numbers of atoms in the upper excited state will increase,
although the tendency towards thermal equilibrium prevents the number in the higher
state quite equalling the number in the lower. In other words, mere intense radiation
cannot cause more stimulated emission than absorption. Therefore some other
mechanism must be employed to cause a population inversion with more atoms in the

higher state and resulting in stimulated emission exceeding absorption.

The solution is found by employing more than two atomic states. As an example, figure
2a shows three and four-level laser systems. In the first case, the atoms are excited by
some means (optical, collisional) from the ground state O to a highly excited state 2.
From Boltzmann, N; <N,. However, if a fast decay channel exists from state 2-to-1, then
a population inversion can be set up between states 1 and 0. Stimulated emission begins
from spontaneously decaying photons with a subsequent avalaﬁche of emissions of very
similar direction, monochromaticity and coherence, and high intensity. The situation is

similar for the four-level laser. The population inversion is between levels 2 and 1 upon

10
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response is dependent on associated laser beam parameters such as wavelength, pulse
width and intensity, as well as its own properties. The effect of laser characteristics on
atoms and molecules is considered in a discussion on multiphoton and tunnelling
processes and associated concepts relevant to this thesis. The emphasis is placed on

molecules reflecting the thesis content.
§2.2.1 The Ionisation Process

When a neutral substance X, is ionised by a light source, an electron is freed from the
neutral parent species leaving a positive parent ion X*. This photo-ionisation process is

shown in equation 2.2. /a. with nhv representing 7 photons of a suitable frequency.

X+nhv>X +e eqn2.2.1a

The resulting positive ion is known as a radical and often has an unstable configuration.
The energy required to remove an electron from a ground state neutral substance and
therefore create an ion is known as the ionisation potential. Many photons may be

required to achieve this.

§2.3 Multiphoton Ionisation (MPI)

When weak radiation interacts with atoms or molecules, only one or two photons are
absorbed or emitted. However, it has long been known that an atom or molecule can
undergo a coherent (i.e. simultaneous) multiphoton transition provided a sufficiently
intense radiation field is available, as was predicted by Goppert-Mayer in her 1931 thesis.
In these circumstances many photons may be absorbed simultaneously. With the
invention and development of lasers over the last forty years or so, and particularly in the
last twenty years with the availability of intense, tuneable and pulsed lasers, multiphoton
excitation experiments have become widespread and diverse with the possibility of a
great number of photons being involved in the transitions. The first intense optical

experiments of this nature were performed in the early 1960s using the then new ruby

13
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$2.3.2  Development of Resonance Enhanced Multiphoton Ionisation (REMPI)

The same techniques were soon applied to molecules with pioneering work done by
Johnson ef al [1980, 1976a, 1976b, 1975], Dalby and his co-workers [Petty et al, 1975]
and Zandee et al [1979] on small to medium mass species such as iodine, nitric oxide and
benzene. It quickly became obvious that the potential for ultra-sensitive analytical
molecular studies was considerable [Lubman, 1988a, 1988b] with ionisation efficiencies
approaching unity. The multiphoton-molecular interactions were given the name
resonance enhanced multiphoton ionisation (REMPI) and non-resonant multiphoton
ionisation (NRMPI), depending on the nature of the absorption event. Boesl et al[1994]
provides a good review of such processes. These techniques generally employed
tuneable lasers in the ultraviolet (UV) wavelength regime, with nanosecond pulse widths

at beam intensities around 10’-10° W cm™.

The energy levels of atoms are associated with the kinetic energy of electron motion
relative to the nucleus and with the potential energy of interaction of the electrons with
the nucleus and each other. Molecular excitation spectra are much more complicated
than atomic spectra because of the motions of the nuclei of the atoms with respect to one
another, resulting in molecules being able to absorb energy in a vibrational or rotational
sense as well as electronically. These characteristic ro-vibrational energy levels can
smear out the electronic levels making resonant detection more difficult to attain than

with atoms.

It is instructive to consider molecular energy levels in detail [Barnwell, 1983] in order to
gain a fuller understand of the REMPI and NRMPI processes. Figure 2f is a schematic of
some allowed molecular energy states for a diatomic molecule. Each electronic level
(separated by a few eV) contains vibrational levels (separated by ~ 0.1 €V) and rotational

sub-levels (separated by ~ 0.01 eV).

16
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(i)  non-resonant multiphoton ionisation (NRMPI) (e.g. 5 photons)

(i)  resonant two-photon ionisation via ground state ro-vibrational levels

(iv)  resonant two-photon ionisation via excited state ro-vibrational levels

(v)  resonance enhanced multiphoton ionisation (REMPI) (e.g. 2+2 process)

RIMS and REMPI are more sensitive than their non-resonant equivalents due to the
greatly increased probability of photon absorption in the resonant case. If an excited
intermediate state of the target compound is in resonance with the irradiating laser
wavelength, the multiphoton yield is increased by many orders of magnitude.
Additionally, because resonant steps are characteristic of the species under investigation,
analysis can be more successful with species selective ionisation, with the potential for a
sought analyte being preferentially ionised out of a complex mixture by tuning the laser

wavelength to a characteristic transition [Boesl, 1991].

On the other hand, sensitivity and ionic yields may be partially sacrificed using NRMPI
for more general investigations into a series of species. The inherent non-specific nature
of NRMPI may make it a more broad-based, but less selective experimental technique
than REMPI. As well as decreasing ionic yields, which can be partially compensated for
by increasing the laser beam intensity (e.g. strong focussing), another disadvantage with a
general NRMPI process is the fact that differing ionisation potentials of various
molecules can lead to a non-uniformity in detection probabilities. In other words,
quantification difficulties. However, NRMPI remains more successful than REMPI for

widespread studies.

$§2.3.3  Processes Competing with Multiphoton Ionisation

The ionisation efficiency of the above processes can be much reduced if decay or
relaxation mechanisms in an excited state of the neutral species become prevalent over
ionisation. In terms of molecular analysis this is undesirable because it can lead to small
or non-existent parent ion production, and therefore ambiguous detection and

identification. Such decay mechanisms can inherently limit the effectiveness of REMPI

19
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and NRMPI, and are now considered. These include dissociation, luminescence,

intersystem crossing and internal conversion [Sears ef al, 1987].

Molecular Dissociation

Molecular photo-dissociation is the break up of a molecule as a result of photon
absorption. It can be considered as a decay or loss mechanism in the context of a
competition between dissociation to fragments and ionisation to the parent species.

Equations 2.3.3a and 2.3.3b illustrate example pathways for this conflict in a three atom
molecule, ABC.

ABC + nhv — ABC™ — ABC’ eqn 2.3.3a
ABC + mhv - ABC" - AB* +C eqn 2.3.3b

The above two processes are known as ladder-climbing and ladder-switching respectively
[Gedanken et al, 1982] with the products being available for further photon absorption,

ionisation and/or fragmentation. Further attention is given to this in section 2.3.4.

Fragmentation can occur as direct-dissociation or pre-dissociation. These are illustrated
in figure 2h. As in figure 2g, rotational levels are omitted for clarity. Simply note that
each vibrational level has a myriad of associated rotational sub-levels which can be
involved in the ionisation/dissociation processes. Direct dissociation occurs when a
molecule is excited by photons of suitable frequency from a ground vibrational state to
the vibrational continuum of either the ground or excited electronic states, where all
levels are unbound (red arrows). A subsequent break-up of the molecule occurs. This
usually requires multiphoton absorption processes. Alternatively, the molecule can be
excited to an unbound excited state below the vibrational continuum, which results in
fragmentation (orange arrow). This is in contrast to bound ground state to bound excited
state ionisation transitions shown in figure 2g. However, in some cases a transition

between two bound vibrational levels in different electronic states may still result in

20
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this radiation from metastable states to occur can be upwards of several seconds since
triplet-singlet transitions have smaller probabilities of decay than singlet-singlet

transitions.

Intersystem Crossing and Internal Conversion

Intersystem crossing occurs when a radiationless transition takes place between states
which have different multiplicity (S—T or T—>S). Internal conversion is the term used to
describe a radiationless transition between similar states (S—S, T—T). Such transitions

can be caused by inter-molecular collisions.

Isomerisation

Compounds with the same molecular formula but different chemical arrangements or
structures are called isomers. Isomerisation can occur during the laser-molecular
interaction and is usually caused when the molecule relaxes in the sense of intersystem
crossing. In the sense of ionisation of the original parent species, isomerisation can be

considered as a competing mechanism.

$2.3.4 Ionisation and Dissociation Pathways

Multiphoton absorption in molecules can lead to fragmentation by two distinct
mechanisms, ladder-climbing and ladder-switching [Kilic ef al, 1997; Yang et al, 1985,
Schlag e al, 1983; Gedanken et al, 1982; Antonov et al, 1981].

These are illustrated in figure 2i for a model diatomic molecule AB. Note that the energy
levels indicated by dashed lines may be real or virtual states corresponding to resonant or
non-resonant absorption. Also note that the pathways indicated are only illustrative
examples. In practice a myriad of additional and further channels would likely be
available for ionisation and/or dissociation. The situation is more complex for

polyatomic molecules with an inter-related network of possible pathways available.

22
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It is also important to note that the molecule can be pumped via a series of autoionisation
levels to highly excited states of the molecular ion, as shown in the central portion of

figure 2i. From these states, ionisation and/or dissociation can occur.

ID and DI will continue until the final products are obtained. Processes may be a mixture
of both ladder-switching and ladder-climbing. In fact, DI often competes with ID, the
latter becoming more dominant as the laser pulse duration decreases [Yang ef al, 1985].
Additionally the laser intensity is influential on the molecular dynamics with a large
influx of photons supporting up-pumping through a myriad of dissociative states. Also,

wavelength choice can also determine the molecular dynamics.

Short pulse width, intense lasers are therefore well suited for analytical purposes in which
the suppression of the fragment formation and other relaxation processes previously
discussed is of importance. FLMS employs such lasers, and therefore overcomes some
of the inherent shortcomings of nanosecond REMPI. The large bandwidths of
femtosecond lasers makes for a broad-based non-resonant process, with the high beam
intensities compensating for the lack of tuning in terms of ionic yield, in contrast to
NRMPL

$2.3.5  Rate Equation Modelling in Multiphoton Processes

This section briefly considers cross-sections for multiphoton ionisation and associated
rate-equations [Singhal ez al, 1989] which have been developed to fit experimental data.
An example of such a fit is given for benzaldehyde in chapter 4, section 4.2.4.

A two-photon perturbative absorption process is considered for simplicity. The overall

rate of ionisation R, will depend on the square of the laser intensity / (each absorption is

proportional to the intensity) according to:

R, 20-212 eqn 2.3.5a

24
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0, 1s the stimulated absorption cross section.
o 18 the stimulated emission cross section.
7is the mean lifetime for spontaneous emission from state 1—0.

or is the ionisation cross section from state 1—>1.

Let the levels be populated with Ny, N; and N; particles. Let ® be the incident photon
flux i.e. no. of photons/unit area/unit time. Assume that o, equals o; in an equilibrium

state. Then the rate equations describing the time development of the level populations 0,
1 and I are [Ledingham, 1995c]:

daN, N,
—dto :—NOO'a(I)+'T—1+NIO'a(D eqn 2.3.5d
ﬂ =N,o,® _El_ -N,o,®-N,o,® eqn 2.3.5e
dt T
dA;I =N,o,® eqn 2.3.5f
Ny and N; must first of all be found if the ionic yield N; is to be calculated...
Add 2.3.5d and 2.3.5e, and differentiate 2.3.5¢ with respect to time to give:
dan, dN,
dto == dtl -N,o,® eqn 2.3.5g
N, =0 cpdN° —lle—a @ﬂ_aq)le eqn 2.3.5h
> " dt tdt a1 dt
Upon substitution of 2.3.5g into 2.3.5h we get:
2
dA:‘ +2bﬂ+a)2N1 =0 eqn 2.3.5i
dt dt

26
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where:

2b=(20‘,+(r,)<11'+l and w’=0,0,0°
T
Letting:
N, =e™
eqn 2.3.5i becomes:
Ae™ —2bje™ +we™ =0

with:

A:Zbi(%z—%@% A=b-(-02)" A, =b+(?-0?)?
2

Therefore:
N, =Ae™ +Be™

Now A =-Bsince N; =0 at t=0. Therefore:

N, = Alexp(- 4,7) - exp(= 4,7)]

D.J.S. 1998

eqns 2.3.5j/k

eqn 2.3.51

eqn 2.3.5m

eqns 2.3.5n/o/p

eqn 2.3.5q

eqn 2.3.5r

Substitute 2.3.57 into 2.3.5e and note that the initial number of ground state (level 0)

particles at £ = 0 equals Ny and N; equals zero. This yields:

N, = A4, (_D’ll) or 4= (JZ e a:))
o, 2

eqns 2.3.5 s/t

27



Chapter 2 Theoretical D.J.S. 1998

Substituting eqn 2.3.5¢ into 2.3.5r

N, = N,o,®

=7 [exp(— ],It)— exp(— ﬂ.zt)] eqn 2.3.5u
2 1

Therefore 2.3.5f can be written as:

dN, N,o,0,0

dt x4 [exp(- 4,¢) - exp(- 4,1)] eqn 2.3.5v

Solving the above equation by integrating over the length of the laser pulse 7, with

respect to time, gives:

N, = N,0,0,®* [_1_

A, -4 |4 (exp{-4,T }—1)—%(6Xp{—l,T }- 1)] eqn 2.3.5w

which is an expression for the ionic yield. This expression, for known cross sections,

allows a theoretical plot of ionic yield against laser flux.

This situation also encompasses a saturation condition in which all the particles in the
ground state are ionised. Usually o, (= o; in the present case) is much greater than oy

Then from eqns 2.3.5j/k/p it is evident that 5°>>w” and:

2b~20,® +l ~A, eqn 2.3.5x
T

Also A, >> A; and eqn 2.3.5u simplifies to:

No ©®
N, = "/{L[exp(— A1)] eqn 2.3.5y
2

28



{hapier 2 Tooorction! DS 199s

Assuming that 0,@ >> 1/z then the above equation becomes:

N, = %exp(— At) eqn 2.3.5z

Now again applying the above assumption that 5°>>w? and ¢,@ >> 1/7, A; given by
2.3.50 simplifies to:

1
j-| =50-1q) eqn 2.3.54

From eqn 2.3.5f an integration over the length of the laser pulse T yields N; as done

previously to arrive at eqn 2.3.5w.

T
N, =0,®| ivziexp(— At)dt eqn 2.3.5B
0
Nyl 1 1
N, =0,®—=| ———exp(-AT eqn 2.3.5C
150 5 |:ﬂ.] AlexP( A )}

Therefore recalling A; from eqn 2.3.54, then it is clear that N; = Ny for 4;7>> 1. In
terms of A, this is oy >> 1. The two equations highlighted in bold are the saturation

conditions in which all the particles in the ground state are ionised and Ny = N} i.e.

o, 0> 1 o,®>>1 eqns 2.3.5 D/E
T

The treatment is much more complex when considering a many level system and a 'real’
laser beam that may have an non-flat temporal and intensity profile [Singhal et al, 1989].
An example of fitting rate equations to experimental data is performed by Dr. R.P.

Singhal for benzaldehyde in chapter 4, section 4.2.4.
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for speed of light ¢ and permittivity of free space & [Protopapas et al, 1997]. This can
be expressed more definitely as [Augst ez al, 1991]:

4
I, (Wem™)=4x10° %’Q

eqn 2.4e

The situation is obviously more complex in three-dimensions and for molecules with
more complex potential patterns [DeWitt et al, 1998a, 1998b]. For example, a barrier

may only be suppressed in one direction, and electron shielding may occur.

One of the first publications on ionisation in the field of a strong electromagnetic wave
was by L.V. Keldysh'[1965]. In his pioneering paper, Keldysh noted that the ionisation
potential of an atom can be effectively lowered under the influence of a large external
electric field perturbation. The electrons could effectively escape the pull of the atomic
potential in a tunnelling mechanism. Their tunnelling time is determined essentially by

the mean free time of the electron passing through a barrier of width /:
I=— eqn 2.4f

where E; is the ionisation potential, e the electronic charge and X the electric field
strength. The average kinetic energy of such an electron in the laser field can be used to

gain an expression for the mean electron velocity V-

2E %
V= [7’} eqn 2.4g

for electronic mass m. Note that this time-averaged kinetic energy which the electron
experiences in the laser field is called the quiver energy or pondermotive potential
[Protopapas ef al, 1997, Kyrala, 1993]. Combining equations 2.4/ and 2.4g then gives the

tunnelling time and frequency:
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eqn 2.4i

Therefore the tunnel effect is largely dependent on the instantaneous value of the field
intensity X and the ionisation potential £;. Tunnelling can occur if the mean tunnelling
time given by equation 2.4k is less than half the period of the laser [DeWitt et al, 1998a]
because this allows the coulombic barrier felt by the electron to be distorted for a
sufficient time to allow the electron to pass through. From this the Keldysh parameter y

can be defined:

!
y:glzgv_ozizvo——(ZEim) ’

eqn 2.4j
t, v | ex mey

where 1, is the period of the laser, vy is the laser frequency and /, the mean distance which
an electron travels during one half-period of the laser at mean velocity V. This can be

written as:
1
E, %
Y [ R— 2.4k
4 [1.87x10“‘9112:| e

with E; in units of eV, / in units of W cm™ and A in units of nm, which is the form used in

this thesis.

The criterion for tunnelling as indicated above therefore means that values of y <<'1
correspond to tunnelling. For y >>1 tunnelling will not occur and the ionisation will
proceed via a multiphoton pathway. It follows that high wavelengths (low frequencies)
coupled to high beam intensities will be suited to tunnelling - provided that the intensity

is not so high that OTBI results instead of tunnelling. A multiphoton process is more
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suited to lower wavelengths and lesser beam intensities, again if the field is low enough
as to avoid OTBI. In the intermediate Keldysh parameter range i.e. ¥ ~ 1 a contribution
to the ionisation rate can be from both mechanisms. A more pragmatic criterion for

tunnelling has recently been postulated as » < 0.5 [Ilkov et al, 1992].

As stated earlier, the situation is more complex for molecules. In deriving the Keldysh
parameter for atoms, the actual shape of the potential surface was not considered. The
potentials were taken as zero-range in nature. This is a good approximation for atoms,
and a reasonable approximation for molecules - it is employed in this thesis. However, it
is worth noting that potential surfaces of molecules can be very different to the zero-
range simplification. Extended molecular orbitals are not too well described in this
manner, particularly for polyatomic molecules as reported by DeWitt ez al [1998a] in a

very recent publication.

§2.5 Coulomb Explosions

Associated with high intensity short pulse lasers is a phenomenon known as coulomb
explosions in molecules [e.g. Codling et al, 1994, 1993]. Once a molecule has been
ionised beyond the first charged state, the components constituting the transient parent
molecular ion are subject to a considerable coulomb repulsion. This can result in the
molecule flying apart with the fragments having considerable kinetic energy. The
phenomenon is known as a coulomb explosion. The dynamics of the process are
complex with considerable interplay between excitation, dissociation and ionisation. The
appearance of stable multiply charged atomic and daughter ions from the parent ion is
thought to be evidence of coulomb explosion activity. On the other hand, the appearance
of stable multiply charged parent ions is suggestive of a lack of this mechanism because
any multiply charged molecular ions will have a transient existence in a coulomb

explosion event.
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Chapter 3 Experimental D.JS 1998

The general principles of lasers has been outlined in the second chapter, section 2.1.
Here the treatment is more specific. The laser system used for the present study is
located at the Rutherford Appleton Laboratory (R.A.L.) in Oxfordshire. An extensive
refurbishment was done during the experimental period. Therefore this section
consists of two main parts, pre and post refurbishment. Schematics of the

arrangements are shown in figure 3c [Langley et al, 1994, Taday et al, 1998].
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Figure 3c.i Schematic of the Original Laser System
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Figure 3c.ii Schematic of the Refurbished Laser System
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§3.1.1  The Original Laser System

This section describes the laser system [Langley et al, 1994] before the refurbishment
took place and is related to the results in chapters 4, 5 and part of 7 and 8. The system
was a high-brightness femtosecond laser utilising titanium-sapphire (Ti:S) technology
and amplification in dyes. The arrangement is shown in figure 3c.i shown on the

previous page.

The short pulse source comprised a mode-locked titanium-saphire (Ti:Al,O3)
oscillator (Spectra-Physics Tsunami) pumped by 7 W from a continuous wave (cw)
all-lines argon-ion laser (Spectra-Physics 171). The system produced a train of pulses

tuneable from 50 to 300 fs and 730 to beyond 800 nm with a gaussian beam profile.

The principles of an argon-ion laser are briefly described [Svelto, 1989]. The Ar"
ground state at ~ 16 eV is obtained by removing one electron from the outer shell. A
further excited state is then obtained by promoting one of the remaining electrons in
the Ar" ion to a higher excited state around 35 eV. High current densities are required
to create the population inversion such that the system can lase from the above said
excited state at ~ 35 eV to a state at ~ 32 eV. This decay occurs on a time scale of ~
10® s, with further decay to the ground Ar' level in a time ~ 10 times shorter, and
therefore satisfying the condition for cw laser action. The argon-ion laser can
oscillate on many lines in the UV wavelength region due to the presence of many

lasing sub-levels. In practice the laser was operated around 500 nm.

As previously mentioned, the argon-ion laser is used as an optical pump for the solid-
state ti-sapphire oscillator.  Figure 3d shows the absorption and emission
spectroscopic properties of the Ti:Al,O3 material [Davis, 1996]. The Ar-ion laser
wavelength was suitably in the middle and most intense part of the absorption
spectrum of the ti-sapphire crystal. The Ti:S laser is a four level lasing system based
on the schematic illustration shown in figure 3e. Ground state particles are optically
excited into an absorption band (4) followed by a rapid non-radiative transfer into the
upper laser level (3) such that a population inversion will result between levels 3 and

2 and laser action can be obtained. Then a fast drain transition (2-to-1) occurs.
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