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Abstract

This thesis describes the spectroscopic study of simple poly-atomic molecules, for
example NO and Cl,O by UV radiation derived from synchrotron and laser sources.
Synchrotron studies were carried out at the Daresbury Laboratory Synchrotron

Radiation Source, and the laser studies performed at University College London.

The thesis is composed of six chapters. The first chapter discusses molecular structure;
UV absorption of photons by simple molecules and describes the modern techniques of
Resonance Enhanced Multi Photon Ionisation (REMPI) and Laser Induced
Fluorescence (LIF) processes.

Chapter two describes the apparatus and the experimental techniques developed during
this project at the Daresbury Laboratory Synchrotron Radiation Source. Details are
given on the different photoabsorption cells that were built and used, as well as details
of synthesis plants used to create short lived molecules of particular importance to
atmospheric chemistry, for example N,Os.

Chapter three gives a full description of the laser system constructed to study REMPI
and LIF processes. The data collection and experimental methodology of the final
experimental configuration to study REMPI phenomena is also detailed.

Chapter four describes the results obtained by photoabsorption studies for the
atmospheric nitrogen and chlorine oxides (Cl,0O, N,Os and CIONO»)

Chapter five gives an overview of the results obtained by photoabsorption studies of
Polycyclic Aromatic Hydrocarbons.

Chapter six presents conclusions of the current work and discusses future experiments

that may be undertaken in the apparatus developed during this PhD program.
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CHAPTER ONE

INTRODUCTION TO MOLECULAR SPECTROSCOPY

1.1 Introduction.

Optical spectroscopy has played an important role in our understanding of molecular
and atomic processes. The fundamental experimental techniques used to acquire
spectroscopic data have remained relatively unchanged since their first development in
the 1800’s, although the light sources employed have evolved significantly. In the early
days of optical spectroscopy many studies relied upon investigations of how substances
absorbed light of varying wavelength. White light was passed through a sample, and a
monochromator used to study relative absorption as a function of wavelength. This
would enable an absorption spectrum to be measured as a function of wavelength. In an
absorption spectrum, the wavelengths that correspond to photons of energies that lead to
absorption will be seen as troughs in the continuum. The reduction in intensity is a result

of processes that have attenuated the photon flux intensity.

A major development was the introduction of synchrotron radiation. The synchrotron
emits a continuum of radiation, usually spanning from the far infra-red through to the
extreme ultraviolet. Synchrotron studies rely upon the use of a monochromator and
scanning mechanics to isolate narrow sequential bands of the continuum. As the
monochromator scans, a spectrum of absorption versus wavelength is recorded. With
improvements in monochromator resolution, the effects of line saturation, discussed in
section 2.10, were reduced and so it became possible to study increasingly narrow

absorption bands.



The introduction of narrow band tuneable dye lasers allowed the study of structure
previously inaccessible to optical spectroscopy, such as ro-vibrational structure within
molecular excited states. This was due to the fact that dye laser radiation can be
wavelength selected with a resolution far greater than any previously possible with
monochromator based synchrotron systems. In this chapter the use of both synchrotron

radiation and laser radiation to probe molecular structure will be discussed.

1.2. Justification for the course of study taken.

Photoabsorption studies of important atmospheric chlorine and nitrogen oxides were
performed to provide data that can be used to derive atmospheric photolysis rates and
thus help improve the computer models used for the investigation of the mechanisms
that lead to the destruction of stratospheric ozone. Photoabsorption studies of polycyclic
aromatic hydrocarbons, PAH's, were performed since these are believed to be key
ingredients in the synthesis of molecules in the interstellar medium, ISM.
Complementary laser studies were carried out to probe the spectroscopy of NO
containing molecules with very high resolution such that the absorption / emission lines

can be adopted for remote sensing (satellite) investigations of global pollution.

1.3 Molecular Structure.

Molecules have a structure that is more complex than that of individual atoms due to the
greater number of degrees of freedom available in a molecule (i.e. rotational and
vibrational degrees of freedom) and the complex distribution of electrons that is
possible when atoms share their outer valence electrons in a bound molecular state. The
problem can be simplified by assuming that electrons and the much more massive
nuclei, experience forces of similar magnitude. This results in nuclear motions that are
very much slower than electronic motions, allowing the assumption to be made that the
nuclei occupy fixed positions within the molecule and electrons move around them.

Electronic and nuclear forces can then be treated independently.



Molecules consist of atoms bound together by the charge distribution of the outer
valence electrons. It is the transition between energy levels of these outer electrons when
absorbing or emitting energy that has allowed the field of optical spectroscopy to
develop. At optical wavelengths, the inner electrons are too tightly bound to be active.
However, they can be probed spectroscopically with X-rays which are of a higher

energy.

Motion within a molecule consists of three modes, namely rotational, vibrational and
electronic. Rotational motion may be ascribed to rotations occurring about the centre of
mass of the molecule, with the nucleus remaining fixed at its equilibrium position (rigid
rotator model). In practice molecular bonds are elastic and therefore are able to change
length during molecular rotation, such that the molecular rotational motion becomes
more complicated. Vibrational motion consists of small oscillations of nuclei about their
equilibrium positions. During this kind of motion, the bond lengths may also change as
well as there being changes in the bond angles. When such motion occurs
simultaneously with rotational motion of the nuclei, it is known as ro-vibrational
motion. Electronic motion, as the name suggests, consists of electron transitions from

one energy level to another and may take place during vibrational or rotational motion.

The energy differences between the energy levels of electronic motion of the valence
electrons is in the order of a few eV. Therefore, spectroscopic studies of valence
electrons occurs in the visible and ultra-violet regions of the electromagnetic spectrum.
The energy spacings for rotational and vibrational energy levels are in the region from
0.001 eV to 0.1 eV. Rotational structure in the ground state is therefore studied using
microwave radiation, and vibrational structure with infra-red techniques. However the
use of very narrow band, finely tuneable radiation, such as that obtainable from a
tuneable dye laser source, allows ro-vibrational structure to be seen within the electronic
structure revealed by the electronic transitions. This is shown in figure 1.1 below for the

NO molecule.
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Figure 1.1. Ro-vibrational structure as seen in the high resolution electronic spectrum of
NO.

1.4 Transition Selection Rules.

To allow the calculation of the probability for any given transition, one needs to know
the quantum mechanical wavefunctions for the two states between which the transition
occurs. The wavefunctions are only known accurately for simple systems, and therefore
it is often the practice to determine whether a transition is optically allowed or forbidden
(the transition probability being non zero, or zero respectively). Transitions are allowed
if they satisfy the condition A1 = 1, 1 being the orbital quantum number, and typically
will have lifetimes of a few ns. Transitions will result either in absorption or emission of

radiation, and therefore transitions will lead to spectral lines being seen.

Molecules that do not possess a permanent electric dipole moment, that is ones that are
homonuclear, eg H,, do not create purely rotational or vibrational optical spectra, unless
there is also a change in the electronic state. However, molecules with a permanent
electric dipole, eg H,O, produce purely rotational or vibrational spectra, with spectral
lines being seen according to the selection rules. The selection rule for rotational

transitions is;

(1.1)



A J being the difference between the rotational quantum numbers of the initial and final

states. The equivalent selection rule for vibrational transitions is;

Av=+1 (1.2)

Av being the difference between the vibrational quantum numbers of the initial and final
states.
Vibrational transitions are accompanied by changes in the rotational state, which is

governed by the rotational selection rule stated.

For molecules containing more than one electron, the electronic transition rules are as

follows:

AA=0,%1 (1.3)

A being the orbital angular momentum,

AS =0 (1.4)

S being the spin momentum,

AQ= 0, +1 (1.5)

Q being the total angular momentum.

1.5 Rotational Excitation.

Rotational states of molecules can be very complex, especially for three dimensional
molecules, when various rotational states can co-exist within a molecule. For a given
molecule, calculations are simplified by resolving rotational motion into three

components about three mutually perpendicular axes passing through the centre of mass.



This allows three mutually perpendicular moments of inertia to be defined for the
molecule, namely I, I and Ic. The system is further simplified by dividing molecules
into four distinct categories, defined by the molecular shape and relative values of 4, Ig
and Ic. These categories are defined as follows;

1. linear molecules for which Iy =0 and Iz =1¢ e.g. O;

2. symmetric tops for which Iy #0 and [ =1Ic #1, e.g. CH3Br

3. spherical tops for which I, =Ig =I¢ e.g. CHy

4. asymmetric tops for which I # Ig # Ic e.g. H;O.

The energy levels for rotational states of a rigid (fixed internuclear distance) molecule
are given by;

E; = (h¥/87°I) J(J+1) (1.6)

or g =Eyhc=BJ(J+1) 1.7)

h being Planck’s constant, I the moment of inertia, J the rotational quantum number
J=0,1,2,..), g the wavenumber, c the speed of light and B the molecular rotational

constant, given by;

B = h/8n’Ic = W/8n’pr’c (1.8)

p being the reduced mass and r the bond length. The allowed transitions are set by the
selection rule: AJ = =1, such that the wavenumbers of the allowed transitions are

given by;



£1—» 3+1 = B+1)(J+2) - BIJ+1) = 2B(J+1) (1.9)

This selection leads to absorption spectra, for rigid diatomics, having lines at 2B, 4B,

6B, .... being brought about by transitions from J=0 to J=1, J=1 to J=2, etc.

This is a simplified treatment, as in reality the molecules are not fully rigid, and
internuclear distances increase as the molecular rotation speed increases, due to the
centrifugal force. The change in internuclear separation with varying rotation speed is
taken into account by a correction factor, D, the centrifugal distortion constant, which is

added into the wavenumber equation, such that;

gy=BJ(J+1) - DI*(J+1)? (1.10)
D being given by;
D = h*/32n*TPr’ke (1.11)

k being the force constant, given by;

k = 4n’0’c*n (1.12)

o being the frequency of rotation.

The rotational transition energies for the non-rigid rotator model are only slightly less

than those for the rigid rotator, and these differences only become significant for J>5.

This is shown diagrammatically in figure 1.2 below.



1 Rigid Rotor Non-rigid rotor

10

Figure 1.2 The rotational energy levels of the rigid and non-rigid models for a diatomic
molecule (Banwell, 1983).



1.6 Vibrational Excitation.
Vibrational excitation arises when the energy incident upon the molecule causes the

nuclei to oscillate about a mean position, rather than remaining in a fixed position. The
equilibrium position is determined by the balance of forces acting on the nucleus
namely: (1) the repulsion between positively charged nuclei, (2) the repulsion between
negatively charged inner electrons around the nucleus and (3) the attraction of the
nucleus to the electrons around another nucleus. The molecular energy is at a minimum
when there is a balance between these forces. The bond length is defined as the distance

between atoms whilst at their equilibrium separation.

The relationship between bond length and energy is shown in figure 1.3 below.

Energy
E(r) ;
'Y "‘ ]
\ {
E( @ ) \1 " P e
\ / _
- A
(R ! /
! -
\ Y\ ; v=
\“ =4 Dy, Deq
W e !
KR+ r7uw 3
\ 4
‘;; /m 2
! - — W an ]
&74 0=

Figure 1.3. The potential energy curves for rigid (dashed line) and non-rigid (solid line)

rotors (Bransden and Joachain, 1983).
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The lowest vibrational states of a diatomic molecule exhibit nuclear motion which is
approximated by simple harmonic motion, SHM, represented by the dashed line in
figure 1.2 above.

For SHM, the vibrational energies for the various quantum numbers, v, are given by:
Ev= (0+1/2)hosc (1.13)

v=20,1, 2, ..., his Planck’s constant and s is vibrational oscillation frequency. The
lowest vibrational energy occurs when v = 0 giving Y2hwe (the zero point energy), the
vibrational energy levels being spaced equally with intervals of hwes., such that the

selection rule for this simple harmonic model becomes Av =+ 1.

In practice, however, real molecules do not behave as simple harmonic systems. If a
bond between molecules is stretched far enough to break, the molecule dissociates. This
is represented by the solid line, in figure 1.3, which shows the relation between energy,
E(r), and internuclear distance, r, for a non-rigid diatomic molecule. The plot is in

agreement with the empirical expression, the Morse Function:

E(r) = Deq [1 - exp{a(req - 1)} ] (1.14)

Deq being the dissociation energy, a the molecular constant and req the bond length .

The vibrational energy levels are then given by;
E = (vt 1/2)hese - (0F 1/2)* hooseye (1.15)

X being the molecular anharmonicity constant, which is small and positive giving rise

to vibrational energy levels closer to one another with increasing v, as shown in figure

1.3.
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The selection rules for the anharmonic oscillator are Av =1, +2, ...., .The larger the
energy difference of a transition, the smaller the probability that the transition will
occur. The transition frequency between v=0 and v’=1 is the fundamental frequency,

and transitions to higher levels, thatisv =0to v’ =2, 3, 4, ... are known as overtones.

When a diatomic molecule changes its vibrational energy state, the change must also be
accompanied by a change in the rotational state. During the time it takes to complete a
single rotation, a molecule may vibrate hundreds or even thousands of times. This
allows the vibrational and rotational motions to be treated separately, such that the total

energy of the system is the sum of the vibrational and rotational energies, given by;

El,o:EJ+EU (116)

Ej, = BheJ(J+1) + (0+1/2)hves - (0+1/2)* htdvose X -Dhe?(J+1)? (1.17)

The centrifugal distortion term, -DhcJ*(J+1)?, may often be omitted as its effect is

negligible in comparison to the other terms in equation 1.17 (for small A J).

The combined rotational and vibrational selection rules for a diatomic molecule are

equivalent as those for the separate rotational and vibrational motions;
Av=t1,£2,.. and AJ==1 (1.8)
For the fundamental transition, v=0 to v=1, which has the greatest probability of

occurrence, the transition energies for combined rotational and vibrational motion are

given by;

Ejp = hogse(1-27%¢) + 2Bhem (1.9)
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withm==1, £2, ... . These restrictions give rise to a spectrum which consists of equally
spaced lines, of spacing 2B, on each side of the band origin (=hwes(1-2%,)). Lines on
the low frequency side, for which m is negative and A J= -1, are referred to as the P
branch, whereas those on the high frequency side, for which m is positive and A J=+1,
are referred to as the R branch, the band frequency itself, where m=0 and A J=0, is
called the Q branch. The Q branch is absent from the spectra of a diatomic molecule, as

A J=0 transitions are forbidden.

This is depicted diagrammatically below in figure 1.4

P branch

o R

Q branch

L

Complete spectrum

Figure 1.4 The P, R and Q spectral branches shown for a hypothetical spectrum.
(Banwell, 1983). The dashed line indicates the band origin.
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A process useful for the study of vibrational modes is photonic absorption. This
involves the absorption of a photon (energy hv), which causes the molecule to be
excited from state a to state n, after which the molecule de-excites from state n to
another state b, during which it emits a photon of energy hw’. If the energy of the two
states is the same, that is ®=w’, the scattering process is known as Rayleigh Scattering.
However, if the energy of the states differs, the process is known as Raman Scattering,
and is useful in the study of vibrational and rotational motion of molecules. For o>w’,
the scattered radiation is known as Stokes Radiation, and for scattering where w<w’, the

scattered radiation is known as anti-Stokes radiation

1.7 Electronic Excitation.

The electrons in atoms and molecules are distributed within the orbits according to the
internal energy of the atom or molecule. The electrons can move between orbits, and
when they do, the process is accompanied by the emission or absorption of a photon.
The molecular state excitation energy lies between about 1 eV and 10 eV, the
corresponding photon energies are in the visible and ultraviolet parts of the
electromagnetic spectrum. For this reason, electronic spectra for molecular systems are
studied using visible light through to the far UV. The ground state configuration of
molecules is usually singlet, and since the selection rule A S=0 only allows transitions
to take place between states of the same spin multiplicity (ie singlet— singlet, doublet
— doublet, etc) transitions are usually only allowed to states which are also singlets,
however in some cases, the ground state is a doublet, (such as OClO), triplet, or even a
quartet. Electronic transitions can be accompanied by changes in vibrational and/or

rotational state, such that during such a transition, the change in the internal energy is:

AEeyy=(Ee +Ey + Ep) - (Ec +Ey + Ey) (1.20)

Ee E,,Ey being the energies of the excited electronic, vibrational and rotational states,

and E, + E, + E; being the equivalent energies of the initial states.
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The Franck Condon principle states that the duration of an electronic transition is short
in comparison to the period of vibrational oscillation, such that the bond length of
molecules do not change appreciably during such transitions. This allows the electronic
transitions between states to be illustrated as straight lines, that is ones of fixed r, the
internuclear distance or bond length, on an energy/bond length diagram. This is

illustrated in figure 1.6 below, with lines illustrating electronic transitions between
states A and B shown.

E \_ - r/’g
E(T) \g 7
\{\ 4
X /{L—.—u =
COT 7
i KN v =5
{ V=4
~Z Tt

—————— Y 35

v}

Figure 1.6 An illustration of the Franck-Condon principle (Brandsen and Joachain, 1983).

The probability distributions for the vibrational states as a function of internuclear

distance, r, are shown in figure 1.7 below. For the v=0 state, the most probable
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internuclear distance is the equilibrium distance, i.e. the bond length. For the higher
vibrational states the most probable internuclear distance lies at either at the maxima or

minima.

E(r)

Figure 1.7 The probability distribution for the vibrational states of a diatomic molecule
as a function of the internuclear distance, r. The maxima in the probability curves
represent the most likely internuclear distances for the molecule (Banwell. 1983).

The potential energy curves for differing electronic states often have different
equilibrium distances, hence a vertical line joining the two states, representing a
transition, will often join differing vibrational levels for the two electronic states. If a
transition takes place between a low electronic state such as A and a higher electronic
state B, the molecule may dissociate if the vertical line joining the two states on the

potential energy curve crosses state B at an energy greater than the dissociation energy
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of state B. This is known as dissociation from a bound state. At energies at and above
the dissociation energy of state B, there will be seen a continuum, a wide feature with no
structure, in the spectrum. This is shown schematically in figure 1.8 below. Also, a
continuum will be seen when excitation occurs from state A or B to a higher repulsive
state C, as this will also result in molecular dissociation, this being known as

dissociation from a repulsive state. This is also shown in figure 1.8.

E(r)‘

Figure 1.8. Dissociation by excitation into a stable upper state B, and a continuous

upper state C (Banwell, 1983).

In cases where the potential energy curves for states B and C cross, spectral lines
arising from transitions between states A and B can become broadened by a process
known as predissociation, whereby a B state transfers to the C state by radiationless
transfer, as the process does not involve an energy change at the point of intersection, i,

of the two potential energy curves. This is shown in Figure 1.9 below.
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Figure 1.9. Pre-dissociation caused by a radiationless transition from state B to state C.
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1.8 Rydberg and Valence States.

The two main types of excited electronic states that a ground state molecule can be
excited to are valence states and Rydberg states. Generally, the atomic orbitals that
combine to form the molecular orbitals define the valence shell for that molecule.
For example the filled orbitals of ground state of ozone consist of 2s and 2p
orbitals, such that the valence shell of ozone is at n=2, n being the principal
quantum number. Excitations into the unfilled orbitals that are generated by the
valence shell atomic orbitals are known as valence transitions. Transitions that
occur into orbitals that have a higher principal quantum number are known as
Rydberg transitions, for example transitions into the n>=3 orbitals for ozone.
Typically Rydberg state orbitals are an order of magnitude larger than the ground

state orbitals for any given molecule.
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Most molecular valence shell orbitals fall into one of three categories. These are
o orbitals, 7 orbitals and n (non-bonding) orbitals. A bond that holds atoms together
by accumulation of charge between the nuclei is termed a o bond and has
o orbitals. A bond that holds atoms together by the electrons accumulating
alongside the nuclei is called a wbond and consists of = orbitals. Generally,
electrons comprising o orbitals are bound more strongly to the nucleus than
electrons in 7 orbitals and n orbitals. Therefore more energy is required to cause
electrons in ¢ orbitals to undergo transitions. Usually, but not always, electrons in n
orbitals are less strongly bound than those in & orbitals. The spectral regions where

valence transitions are expected are shown in figure 1.10 below.

Visible Near-ultra-violat Vacuum ultrawvipiet
] ¥
| e
n—n* (1=t . ag—o*
, n—sg*
£

1 i 1 1 ¥ 1 { I | L 1 1
1 2 3 4 & 8 7 8 g 10 11 12 —eV

8.08 161 242 323 403 484 565 €45 726 B0.6 837 988 — 103 em™!
1240 820 413 310 248 207 177 155 188 124 113 103 — nm

Figure 1.10. The spectral regions where Valence transitions are expected (Gingell
PhD, 1998).

Transitions that occur into Rydberg states are usually observed above about 7eV. A
Rydberg state can be thought of as an electron in a large radius orbital, travelling
around a central core consisting of the nuclei and remaining occupied molecular
orbitals. Rydberg states containing the same molecular ion core are related as their
potential energy surfaces are defined by that of the molecular ion, this being

exemplified by the Rydberg formula, shown in equation 1.21 below.

Eexcitation = Eionisation - R/(n's)2 (1 21)
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R being the Rydberg constant (13.6 €V), n the principal quantum number of the
upper Rydberg orbital, and 6 the quantum defect. The quantity Eexcitation = Eionisation 1S
referred to as the term value, and is often used when discussing Rydberg states.
Rydberg states closely resemble those of atomic orbitals, that is they consist of an
outer electron in an orbital similar to an atomic orbital, the difference being that it is
orbiting a molecular ion instead of an atomic core. Therefore, it follows logically
that Rydberg states are labelled up as ns, np, nd etc, in correspondence to their
distribution around the molecular ion. Quantum defects are a measure of the
penetration of the outer Rydberg orbital into the central core, and is dependant upon
the shape of the orbital. Rydberg s orbitals (3 usually ~1) penetrate more than p
orbitals (& usually ~0.6) which penetrate more than d orbitals (8 usually ~0).

1.9 Experimental Methods for Probing Molecular Spectra.

1.9.1. Vacuum Ultra-Violet (VUV) Absorption Spectroscopy.

Photoabsorption spectroscopy was one of the earliest forms of spectroscopy
developed, and is concerned with the degree of attenuation of light by a sample of
interest. The light source can either be a lamp, or more recently a synchrotron. The
light is wavelength selected and attenuation by the sample as a function of
wavelength is measured. Troughs in the spectrum correspond to wavelengths where
attenuation occurs as a result of excitations. Since its conception it has evolved
considerably, with the development of synchrotron sources and better
monochromators allowing the probe radiation to have a narrower bandwidth.

Photoabsorption spectroscopy is discussed in further detail in Chapter 2.
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1.9.2 Resonance Enhanced Multi-Photon lonisation (REMPI) and
Laser Induced Fluorescence (LIF) Spectroscopy.

REMPI process.

The development of laser REMPI and LIF spectroscopy has allowed the probing of
molecular systems at resolution much higher than those possible with synchrotron
based spectrometers. REMPI is the process that accesses ionised states of molecules
or atoms by the simultaneous excitation of molecular states by more than one
photon. The cross section for simultaneous absorption of two or more photons by a
molecule is very low, however the low cross section can be compensated for by
using light of high intensity, as that of a laser. Small molecules composed of light
atoms typically have ionisation energies of around 10-15 eV, which corresponds to
the absorption of two short wavelength UV photons. The cross section of the
absorption process is greatly enhanced if there is a real excited state at the energy of
one or two absorbed photons. REMPI can either be achieved by using a single
wavelength laser, labelled (1+1), (2+1), (1+2), (2+2), where the number indicates
the number of exciting photons, or using two lasers, of different wavelengths,
where a prime is used to denote the different wavelengths, as (1+1°), (2+1°), (1+27),
(2+2’) (McKeachie J.R, awaiting publication). Excitation by the first photon causes
the molecule to go from the ground state to an excited vibrational or ro-vibrational
state, from where the second photon supplies an excess of energy that causes
ionisation of the molecule’s valence electron. The REMPI scheme used in the work
outlined in this thesis was (1+1).

The process is shown diagrammatically in figure 1.11 below:
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A
+ Ionisation energies and
M +e A beyond
A
th hV2 hV3
A Rydberg state
A
hv, hv, hv,
M Ground state

Figure 1.11. Representation of transitions that occur in REMPI processes.

The cross section for absorption of photons of energy hv; and hv; is very low, and
so will not contribute to the REMPI spectrum observed. The cross section for the
absorption of photons of energy hv, is high, as the transitions are to a Rydberg
state, and these will give rise to a strong signal in the REMPI spectrum observed.

LIF process.

LIF is the acronym for a process whereby a stimulating photon creates an excited
molecular atomic or ionic state, which then reverts to its original state either
directly or indirectly, and releases a photon with a quanta of energy less than or
equal to that of the exciting photon.

A schematic diagram of the LIF process is shown in figure 1.12 below.
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n2 Excited state
hV2
Intermediate state n3
th Final
transition
nl \ 4 Ground state

Figure 1.12 Representation of transitions that occur in LIF processes. An exciting
laser photon, of energy hvl creates an excited state, from where energy is lost by
the emission of a photon of energy hv,, observed as the LIF photon, and then
energy is lost either by radiationless transfer or by the emission of a further photon,

the system dropping to the ground state.

1.9.3 Electron Energy Loss Spectroscopy.
Electron energy loss (EEL) spectroscopy involves the excitation of a molecule in a
collision with an electron of well defined energy, E, and can be described with the

following equation:

XY +¢€ E) 2> XY* + e'(E.AE) (l 22)

XY being a ground state species, (E) the energy of the incident electron, XY* the
excited species, and AE the energy lost by the electron in the collision. To obtain an
EEL spectrum, electrons of known energy are fired at a target gas, and the electron
current, as a function of energy loss, (AE), is measured, resulting in a spectrum
which displays the excitation cross section of the compound as a function of

electron energy lost (EEL).
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1.9.4 Photoelectron Spectroscopy.
Photoelectron spectroscopy involves the observation of the electrons emitted by
atoms and molecules when they are photoionised. When a molecule is ionised by

photons of energy hw, the emitted electrons will have an energy given by:

E.=ho-IE (1.23)

E. being the electron energy, and IE the ionisation energy of the molecule. The
electron is a carrier for the excess energy of the photon, that which remains after
energy transfer to the molecule during ionisation. For a given polyatomic molecule
the number of ionisation energies will be equal to the number of molecular orbitals,
and each will lead to a band structure observed for the molecular ion. This allows
the energy analysis of the emitted electrons to reveal the band structure of the
molecular ion, and therefore give the ionisation energies of the neutral molecule.
The band profiles determined can be used as an aid to assign Rydberg states as the
origin of the structure is from the same central molecular ion core, and so

photoelectron and photoabsorption spectra are related.

1.10 Summary.

In this chapter I discuss basic molecular spectroscopy. Optical excitation of
rotational, vibrational and electronic states is discussed. The Franck-Condon
principle and dissociation pathways are described, and finally experimental
methods used to study molecular spectroscopy are outlined. In this thesis I used
synchrotron radiation and laser radiation to study molecular species in the UV-Vis
region of the electromagnetic spectrum.

In the next two chapters I will discuss the experimental methods used in the
synchrotron and laser studies. In Chapters 4 and 5 the photoabsorption results for
atmospheric nitrogen oxides and Polycyclic Aromatic Hydrocarbons will be
presented. Chapter 6 presents the results from the laser work and suggested future

work.
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CHAPTER TWO

MEASUREMENT OF PHOTOABSORPTION CROSS SECTIONS
BY MEANS OF SYNCHROTRON RADIATION

2.1 Introduction.

This chapter gives an overview of the experimental work carried out at the Daresbury
Laboratory Synchrotron Radiation Source. The evolution of the photoabsorption
apparatus used is described, with reasons for improvements and modifications made as a

result of experimental experience gained during the course of this project.

2.2 Synchrotron Radiation and Applications.

Synchrotrons‘ provide a means of studying a wide range of phenomena, ranging from X-
ray diffraction to molecular photabsorption. The research described in this thesis is
concerned with the electronic configurations of molecules in their various states. In the
work presented in this thesis, the ultraviolet band of the emitted light from a synchrotron
has been used to study valence and Rydberg states of simple molecules, providing data

complementary to that obtained using laser techniques.

2.3 Synchrotron Radiation.

Synchrotron radiation is the radiation emitted tangentially when charged particles
travelling at relativistic speeds are made to accelerate. In a synchrotron, the acceleration
of particles is achieved by causing the particles to change their trajectory whilst
maintaining constant speed. Their trajectory is constantly changed by containing them in
a circular orbit, thereby providing a means of acceleration, resulting in the emission of
synchrotron radiation. The resulting radiation is very intense, highly collimated and

polarized in the plane of the orbit. It is for these reasons that synchrotrons are often the
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light sources of choice used by spectroscopists requiring high intensity radiation ranging

from the far infrared through to hard x-rays.

The synchrotron energy radiated (E) per orbital revolution of a particle of rest mass m,

with a kinetic energy of T is given by:

E o (T/moc?) (2.1)

Hence for a given kinetic energy, the synchrotron radiation emitted by lighter particles is
of a higher intensity than that which is emitted by heavier particles, as for a given
kinetic energy, lighter particles will be travelling at a higher velocity than particles with
a higher mass. This property of synchrotrons is exploited where the main purpose of the
synchrotron is to provide a source of photons, with electrons or positrons being used as

the light particles.

2.4 The Daresbury Laboratory Synchrotron Radiation Source.

The Synchrotron Radiation Source (SRS) at the Central Laboratory of the Research
Councils (CLRC) at the Daresbury site was built in the 1970s on the site of a former
electron storage ring. It has the capability of providing a continuous spectral emission
from the far infrared through to short wavelength hard x-rays (Daresbury Online, 2001).
The SRS is composed of three separate particle accelerators. The first is a linear
accelerator (LINAC) which accelerates low energy electrons to 12 MeV and injects
them into a booster synchrotron. The booster accelerates them to 600 MeV and injects
precisely timed bunches into the main storage ring (the SRS itself). Once a sufficient
number of bunches has been injected into the SRS to constitute a suitable operating
current (usually around 200 mA), injection is ceased and the bunches are further
accelerated until individual electrons making up the ring current have an energy of 2
GeV. Acceleration is achieved by means of a high frequency electric field whose
frequency is increased to ensure that electrons of increasing velocity arrive at the correct
instant to be further accelerated. Once the maximum energy of 2 GeV has been reached,

the frequency of the field is locked and maintained constant. At 2 GeV the electrons are
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travelling at 99.999997 percent of the speed of light and have a relativistic mass

equivalent to around 4000 times that of their rest mass.

The electrons are in fact not maintained in a truly circular orbit. This would be difficult
to achieve and more importantly would result in an isotropic emission of synchrotron
radiation in the plane of the orbit, which would lead to unused radiation as collection of
photons along the entire length of the circular orbit would be uneconomical. The
electrons actually travel in straight paths where they do not experience any acceleration.
A “circular” orbit is achieved by causing small but tight changes in the trajectories of
the electrons, resulting in an overall closed orbit. It is at the points where the trajectory
changes that the electrons experience acceleration and therefore emit synchrotron
radiation. The electrons path is altered this way 16 times around the orbit by means of
16T bending magnets. Quadrupole and sextupole magnets are also used to maintain
beam stability around the storage ring. The ring also contains two wigglers and an
undulator; these are super-conducting magnets with high fields of around 5 T causing

sharp changes in trajectory, giving higher intensity X-ray emission at these magnets.

A schematic of the accelerators at the Daresbury SRS site is shown in figure 2.1. A
summary of the energies at the various stages of the synchrotron, and available range of

photon energies is given in table 2.1

The synchrotron radiation emitted at each magnet is passed onto experimental stations,
known as beam lines, by a series of mirrors. Photoabsorption work detailed in this thesis

was carried out at Beam Line 3.1, and this will be described in the next section.



LINAC

Figure 2.1 Daresbury SRS Site Layout. Electrons are accelerated in the Linear
Accelerator, LINAC, to an energy of 12 MeV. They are then injected into a booster
synchrotron, where they are accelerated further to an energy of 600MeV, from where
they are injected into the main synchrotron ring where they are accelerated to 2GeV and

maintained at this energy whilst the current drops off with time due to collisions with

600MeV

Booster

magnets and beam lines

particles in the not-absolute vacuum conditions.
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Beamline 3.1

Component | Radius /m | Current /mA | Electron energy | Photon energy
/MeV /eV

Linac | ----- 20 12 | e

Booster 5.06 20 600 |-

Storage ring | 15.28 200 2000 | --—--

Beam lines | --—-- = [ ee= | ceeem 6 - 200,000

Table 2.1 Available energies at the Daresbury Synchrotron.
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Beamline 3.1

Entrantce slit and vertical Horizontal alignment

alignment mirror mirror and exit slit
‘- V @7PMT

Rotatable reflection grating

Figure 2.2 The layout of Beamline 3.1

Although strictly speaking, the beamline is only that part of the apparatus which remains
unchanged from study to study, 3.1 has been predominantly used for the acquisition of

Photoabsorption Cross Sections, and so the entire apparatus appears as 3.1 above.

2.6 The SEYA monochromator.

The SEYA monochromator is the fundamental component of beam line 3.1 at the SRS.
The beam line experimental configuration delivers wavelength-selected synchrotron
radiation to the experimental area by means of a series of mirrors, slits, and the
monochromator reflection grating. A narrow band of the continuous spectrum emitted
by the synchrotron is selected by the monochromator by the use of narrow slits and the
grating. The grating disperses the mixed wavelength incident light into an angular

distribution of wavelengths according to the relation:

sin@=pA/d  at maxima positions 2.2)

0 being diffraction angle of light of wavelength A, p the order of diffraction, and d the
grating line separation. The zero order light from the grating is in fact specular reflection
and contains a mixture of all wavelengths. It is the first order light that is of use to

experimentalists as it contains narrow band radiation of the highest intensity. In general,
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The Daresbury Laboratory Molecular Science Absorption Apparatus is used by our
research group for the acquisition of Absorption Cross Sections of molecules of
spectroscopic interest. The process of absorption is defined by the Beer Lambert Law,
which states that the amount of light absorbed by a sample depends on the path length, 1,
number density, n, and sample cross section, 6. The relationship between these is shown

by the Beer-Lambert Law below:

I/I=exp™° (2.3)

I; being cell transmission intensity with sample present, and I, transmission with no gas

present.

Of interest to spectroscopic calculations is the cross section, which can be expressed as

follows:

o =In(,/ I;)(1/nl) Q. 4)

This equation is particularly useful as it allows the cross section to be calculated from a
knowledge of path length, number density (from a pressure and temperature reading

using pV=nRT), and transmission, which can all be easily measured.

2.8 The Photoabsorption Cells.

Apparatus that is common to all the types of cell used is the Seya Monochromator,
vacuum lines enclosing the absorption cell, and the photomultiplier tube and data
acquisition system. The differences between the various systems used were those of cell
design. For this reason, the generic apparatus is discussed in the following paragraph,

with each different type of cell being given a separate sub-section.

All the cells used in the absorption studies rely upon passing synchrotron radiation
through a cell, whose path length is known and measuring the intensity of light exiting
the cell by means of a photomultiplier tube. The light used in these studies is in the

ultraviolet part of the electromagnetic spectrum, where the quantum efficiency of the
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photomultiplier tube used is low. To increase the experimental efficiency of the
photomultiplier tube, the inner surface of the apparatus exit port window is coated with
sodium salicilate, a substance which fluoresces blue/green in the presence of ultraviolet
light. The exit port is made of glass, which absorbs strongly in the UV, but which is
almost fully transparent to the visible blue green light. For this reason, the fluorescent

coating is on the inner, vacuum, side of the window.

Synchrotron light is passed onto the cell via a series of mirrors, slits and a
monochromator. To align the light beam to pass through the major axis of the cell,
mirrors before and after the monochromator need to be adjusted. The mirror between the
monochromator and the cell usually does not need to be adjusted, only minor
adjustments being necessary to the mirror before the monochromator. Two micrometer
screws make adjustments to the beam within a solid angle. Translational adjustment is
not possible by beam line users, and if this is necessary, the height of the absorption
apparatus needs to be changed. The apparatus is said to be aligned when the light exiting
the sodium salicilate window does so within a few millimeters of the central part of the
window. To view this light, a partially transparent piece of white material is placed up
against the exit port window, allowing exiting beam to be clearly seen, and the
micrometer screws are adjusted until a satisfactory beam position is achieved.

The above alignment is required for all types of cell. Additional alignment that is
required for the windowless capillary flow cell will be described in the section relevant

to that type of cell.

2.8.1 The Static Absorption Cell.

This is a basic cell which can be evacuated and then filled with a sample gas, with no
provision for flowing the sample gas. The pressure in the cell and surroundings is
reduced by means of a turbo molecular drag pump, commonly known as a turbo-pump.
The exhaust of this type of pump is removed by a backing pump. Backing pumps are
standard impeller type rotary pumps which reduce system pressure to a level at which
turbo-pumps can operate, usually 10E -2 mBar, and maintain exhaust removal once the
turbo-pump is running. The turbo-pump is essentially a small gas turbine, which rotates
at very high frequency, applying a drag force on low pressure gases. Turbo-pumps can

attain optimal vacuums in the region of 10 E'! mBar.
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2.8.2 Basic Flow Cell.

This cell is based very much on the basic cell, the only difference being that the sample
gas is continuously admitted, and pumped away via the knife edge valve. The path
length for this cell is also 16 cm. Due to being essentially the same as the basic cell in

all but mode of operation, a diagram is not given for this cell.

2.8.3 The Temperature Controlled cell.

This cell was not actually used for controlling the temperature of the sample gas. It was
however used in place of the static cell due to window contamination problems with the
basic cell. This cell will be used in future studies, especially with high melting point
compounds, such as the Polycyclic Aromatic Hydrocarbons, PAHs, that caused
considerable condensation problems in these studies.

The cell is essentially a double jacketed pipe that is suspended from a rotatable flange
mounted in a large vacuum chamber. A refrigerant or heating liquid is passed through a
feedthrough to allow control of the cell temperature. The cell has a centrally mounted
pipe that is used to fill it with sample gas, by means of evacuation and subsequent
introduction of gas until the required pressure is reached. The windows are of LiF for
similar transmission characteristics to the simple cell, and are mounted such that their

replacement is fairly straightforward.

The cell has a limitation being a static cell, as this allows any products of reaction to
accumulate, rather than be replaced by new sample as is the case for a flow cell. This is
of no consequence for inert compounds, but can be a source of error where the
compound under study slowly reacts in the cell, allowing reaction products to
accumulate. Another problem associated with this cell is that the lack of window heating
allows material to condense on the windows, which leads to unquantifiable results, as no
parameters, such as thickness of condensate, are known for the condensed material. The
problems of condensation are eliminated with the use of a windowless cell, as described
in section 2.7.5

A schematic diagram of the cell is shown in figure 2.5, and in plate 2.3 below.
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The cell consists of two main components. The gas flow region; which consists of the
aforementioned six way cross with associated injection system and exhaust, and a means
of focussing light onto the gas flow region.

The monochromator operates at pressures many orders of magnitude lower than that of
the gas flow region. As there is no physical barrier between the gas flow region and the
low pressure components of the monochromator, a means of preventing back streaming
of gas into the monochromator areca was needed. This was achieved by using a
differentially pumped glass capillary. The capillary had a narrow bore and therefore
allowed only small volumes of gas to pass through it, whilst total internal reflection
allowed the transmission of light without the light having to pass through any material
which may cause attenuation. The actual system relies upon the capillary being
mounted in such a way that one end is in the high vacuum region of the monochromator,
the other end being in the centre of a large vacuum chamber, any gas entering the
chamber from the flow cell expanding rapidly and being pumped away. The
combination of the length and small bore of the capillary means that only small
quantities of gas flow down the capillary, even though the pressure at the other end is
considerably lower. During operation of the windowless cell, there is a free, reflective
path between the source of the synchrotron light and the sodium salicilate coated
window. Any absorption that may take place is due solely to the sample gas and
background pressure gas, the absorption by the latter being so small as to be negligible.

A schematic diagram of the system is shown in figure2.7 and plate 2.4 below.
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2.9 The Molecular Science Absorption Apparatus Electronics and

Data Acquisition System.

The beam line electronics fall into two categories. Those that supply power to
transducers, and those that process transducer outputs, to create useful signals. In some
cases, both types of electronics are integrated into a single unit, for example within a
Baratron pressure gauge.

With regards to data collection, there are four important parameters that are recorded
during scans. These are cell pressure, intensity of light transmitted through the cell,
wavelength and beam current. The intensity of light entering the cell is proportional to
the beam current, and as the beam current slowly drops with time, a record of it is
required to properly normalise photoabsorption data. Cell gas pressures should remain
constant, although it rarely does so. For this reason, as for ring current, cell pressure is
continuously recorded during scans. As the wavelength of light incident on the cell
changes, so does the absorption of the light. Each apparatus has a unique (smooth)
spectral profile (intensity versus wavelength) within its scanning wavelength range. This
arises from synchrotron output characteristics and from varying reflective and
transmissive properties of beam line components, such as windows and mirrors. This
profile will change slightly with time, as synchrotron light intensity decreases. For this
reason, during scans, pairs of scans are taken, with and without gas present in the cell.
Scans with no gas present are termed “blanks”, and those with gas present are termed
“signal” runs. Photoabsorption spectra can then be obtained by comparison of blank and

signal pairs.

Sensors for ring current, intensity and pressure have continuous analogue outputs. The
monochromator wavelength is controlled by a stepper motor, setting a new
monochromator position every second. Each time a new monochromator position is
reached, the three analogue outputs of the transducers are read by the electronics and are
converted by an analogue-to-digital converter into digital signals. Monochromator
stepping and reading of the analogue voltages is synchronised using a crystal timebase.

A digital signal, containing information on monochromator position, and hence
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monochromator output wavelength is supplied, along with the three other signals, to the

beam line computer, for processing and storage.

Pressure

This is monitored using an MKS Baratron gauge in which the pressure is measured by
monitoring the electrical capacitance for various positions of a diaphragm. The
diaphragm has the gas pressure to be measured on one side, and a reference sealed
vacuum on the other. Variations of pressure cause the diaphragm to move and therefore
change the capacitance, which is read by an electronic circuit that changes capacitance
to an output voltage. The gauge therefore outputs voltage as a function of pressure. This
is a continuous analogue output, that is read by the data acquisition electronics every

time a new monochromator setting is reached.

Ring current.

The main synchrotron control room contains beamline current monitors. These output a
voltage proportional to beam current, to the various beam lines. At Station 3.1 this

voltage is monitored and recorded for each new monochromator position.

Photomultiplier tube output.

The photomultiplier tube operates from a continuous high voltage (-820V) supply and
operates continuously during the run. The output current from the tube is passed into a
current to voltage converter (Keithley 610c), from where a voltage signal proportional to

the current is sent to the electronics.

Wavelength.
This is determined by the stepper motor position. The relation between wavelength and

motor position allows the computer to store information on wavelength, when supplied

with motor position information.

A block diagram for the data acquisition electronics is shown in figure2.8 below.
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stepper oen
position
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Ring Feed from V to freq Beamline PC
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Figure 2.8 The data acquisition electronics.

2.10 Acquisition of Cross Section Data.

Photoabsorption cross sections are measured as follows. A plot of intensity versus
wavelength is acquired for an empty cell, known as a blank run. Gas is then admitted
into the cell and another plot acquired for the same wavelength range, a signal run. The
ring current, and hence intensity of light, drops slowly. This means that for any given
gas under test, it is best to take blank and signal runs as pairs, with little delay between
the two. A blank run will yield a continuum, as seen by the solid line in the hypothetical
spectrum in figure 2.9. A signal run, will, however have an overall shape similar to the
blank run, but will have superimposed troughs corresponding to areas of absorption, as
seen by the dashed line in figure 2.9. Cases where the troughs reach the x axis indicate
saturation, a condition which can be avoided by reducing path length, or more
practically, the gas pressure.

Although a rough idea of the areas of absorption could be gained from only a signal run,
the blank data is essential to normalize the data. This is done using a program that

calculates an absorption cross section from the blank and signal spectra data.
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wavelength. Wavelength calibrations were therefore achieved by recording spectra

for well known compounds.

Nitric Oxide Calibrant.

Nitric oxide is the preferred wavelength calibrant as it is stable and easy to handle,
being a pressurised gas, and has well known spectral features between 5eV and its
first ionisation energy at 9.27 eV. In order to calibrate the Daresbury Laboratory
Molecular Sciences Absorption Apparatus, DLMSAA, the positions of peaks in the
acquired absorption spectrum were compared to ones in the available literature, so
that the energy scale could be accurately calibrated.

The nitrous oxide photoabsorption spectrum was recorded in 1 A steps between 5.3
eV and 10.1 eV. The transitions arise from excitation of electrons in the ground state
to both valence and Rydberg states. The photoabsorption spectrum for NO recorded
on the DLMSAA is shown in figure 2.11 below.
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Figure 2.11. Photoabsorption spectrum of NO.

The positions of the observed peaks were then compared to the known energies,
obtained from the literature, shown in table 2.3 below, and the DLMSAA calibrated

accordingly.
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Peak Upper State Energy (eV)
1 (A*TH3sc, v=0 5.481
2 (A’"3sc, v=1 5.771
3 (A’zH3s0, v=2 6.057
4 (A°H3sc, v=3 6.340
5 (C* ID)3pm, v=0 6.494
6 (D*£H3pa, v=0 6.608
7 (C°ID)3pm, v=1 6.782
8 (D°Z"3po, v=1 6.891
9 (C* ID)3pn, v=2 7.063
10 (D°z%)3po, v=2 7.168
11 (D’z%3po, v=3 7.438
12 (F°A)3d5, v=0 7.690
13 (F*A)3ds, v=1 7.980
14 (H“ID)3dn, v=1 8.120
15 4pm, v=2 8.530
16 4po, V=2 8.580

Table 2.3. Energies of assigned prominent spectral features of the NO

photoabsorption spectrum.

Pressure Calibration.

As line saturation is an effect that is pressure dependent, and has the greatest effect
on sharp peaks, pressure calibration is best carried out using a spectral feature that is
broad and featureless. The oxygen molecule exhibits such a feature, known as the
Schuman Runge band, in the energy region between about 7 and 9 eV, with a broad
peak between 8.5 and 9.0 eV. Apparatus pressure calibration is carried out by
recording a photoabsorption cross section for oxygen at an energy around the top of
the peak, and then comparing it to previously recorded and trusted oxygen data.
Discrepancies can then be used to create a normalization constant, that is

subsequently applied as a divisor to cross section data recorded using the apparatus
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for other molecules. For example, if the cross section was 0.95 of that expected,
cross section data would then be multiplied by the reciprocal of 0.95 to normalize
the data.

A photoabsorption spectrum of oxygen, recorded on the DLMSAA, is shown in
figure 2.12 below.

264
24 1
24

20 4+ 4

Cross section / Mb

1 L b\AAJV\\I |

7.0 7.5 8.0 8.5 9.0 2.5 10.0 10.5 1.0

Photon energy / eV

Figure 2.12. A VUV photoabsorption spectrum of oxygen, recorded using the
DLMSAA. The broad featureless band between 7 and 9 eV is the Schumann Runge

band, used for pressure calibration.

The error on the cross section (o) measured using the DLMSAA is given by:

(Ac/o)® = [(Ap/p) + (/In(l/1)) % - (VL) - (A[L/L])*)* (2.5)

p being the sample pressure, I, the intensity of light transmitted through the empty
cell and I the intensity transmitted by a gas filled cell. Errors were found to be in the
region of = 10%, with an increase in the error for low absorption bands, and low

sample pressures.
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2.13 Spectra of Known Common Contaminants.

It is often useful to have to hand spectra of molecules that are known, or suspected to
be contaminants in any synthesised sample. Common contaminants in the work
outlined in this thesis were acetone and the major air constituents. Acetone was
present as it is used as a means of finding leaks and air constituents were inevitably
occasionally present. If a spectrum showed signs of contamination, steps were taken
to remove the contaminant, and repeat the measurement until contamination was no

longer seen.

The spectra that are shown below are for contaminants that were present in the

samples that were measured using the DLMSAA

Acetone.

Acetone is a widely used laboratory solvent, both as a cleaning agent, and as a means
of vacuum leak detection as it is highly volatile.

The photoabsorption spectrum for acetone was recorded using 1 angstrom steps,

over a range of 6-10.3 eV, after the apparatus had been calibrated using NO.

The photoabsorption spectrum for acetone vapour is shown in figure 2.13 below.

11 1 1)

B 8BS 7 15 g 8.5 9 85
Photon Energy / eV

Figure 2.13. Photoabsorption spectrum of acetone in the range 6-10.3 eV.
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The peak at 8.08 eV, corresponding to the 4s state was used as a means of detecting

the presence of acetone vapour in samples used.

The energies of several assigned states of acetone (Huebner R.H, 1973) are given in

table 2.4 below.

Peak Assignment Energy / eV
1 B<'A; (n © 6%) /30 Rydberg state 6.35
2 Vibration associated with B&'A; 6.49
3 Vibration associated with B&' A 6.63
4 Vibration associated with B&'A, 6.77
5 3p 7.39
6 3d 7.84
7 4s 8.09
8 4p 8.42
9 4d 8.68
10 5s 8.83

Table 2.4. Energies of assigned prominent spectral features of the acetone

photoabsorption spectrum.

Water.

Water is sometimes present as a contaminant as it is a constituent of air an is often
present on the inner surfaces of vacuum components that have not been under
vacuum sufficiently long to remove traces of it.

A photoabsorption spectrum of water is shown in figure 2.14 below.
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Figure 2.14. The photoabsorption spectrum of water.

Nitrogen.

As nitrogen is the main constituent of air, it is important to know the absorption
spectrum. Nitrogen has a very low cross section below 12 eV an therefore is not of
importance to most photoabsorption experiments carried out for this thesis, as the

energy cut-off is below 12 eV. A differential oscillator strength spectrum of nitrogen

is shown in figure 2.15 below.
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Figure 2.16. Electron energy loss spectrum of acetone.

This is a raw EEL spectrum, it can be converted to a differential oscillator strength
spectrum, using equation 2.6 (Huebner R.H, 1973) thus creating a spectrum that can be

easily compared to a photoabsorption spectrum.

df/dE o. EAG/R [1/In(1+(A6/y)*] I(E) (2.6)
where y* = E¥4T(T-E)

df/dE is the differential oscillator strength, T the energy of the incident electron, E the
energy loss, AO the acceptance angle, R the Rydberg constant and I(E) the intensity of

the scattered electron beam.

The structured band between 6 and 7 eV corresponds well with that seen in the
photoabsorption spectrum, and has been ascribed to a 3s Rydberg state, with the peaks
at 8.08eV and 8.84 eV being 4s and 5s states of the same series. In fact, all the structures
below the first ionisation energy of 9.705 eV have been assigned to Rydberg (Huebner
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R.H, 1973) states. The structure of the 3s Rydberg state at 6.35 eV and the peak at 8.08
eV corresponding to the 4s state are used to identify acetone as a contaminant. The EEL

spectrum corresponds well with the photoabsorption spectrum.

2.15 Conclusion.

This chapter outlines the development of an apparatus for the measurement of
the cross section of various important atmospheric and interstellar molecules.
The work carried out using the Nd-YAG pulsed laser will be described in
Chapter 3, and results obtained from the measurements taken at the Daresbury

Laboratory will be discussed in Chapter 4.
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CHAPTER THREE

OBSERVATION OF RESONANCE ENHANCED MULTI-PHOTON
IONISATION USING A TUNEABLE LASER SOURCE

3.1 Introduction.

The secondary aim of this PhD was to devise an apparatus that can be used to study the
spectroscopy of molecular fragments produced by electron impact dissociation.
Although initially devised for the study of NO fragments, the ultimate aim is to upgrade
the apparatus to allow the study of free radicals, such as CHy and CF, using Resonance
Enhanced Multi Photon Ionisation, REMPI.

3.2 Advantages of Laser System.

A laser system is used as a light source as it provides access to high intensity light,
which can be tuned with very high accuracy and precision. This allows ro-vibrational
data to be obtained which would otherwise be inaccessible if other spectroscopic
techniques such as Electron Energy Loss Spectroscopy or Synchrotron studies were to
be employed. The reason the laser can provide such tunability lies in the fact that it uses
a variable cavity dye lasing system (Moya Oscillator) which allows very narrow band
tuning, where the wavelengths increments available are much smaller than those
accessible by a synchrotron based system. The laser allows both REMPI and Laser
Induced Fluorescence, LIF, processes to be studied.

REMPI is a process that involves the ionization of valence electrons by the transferal of
the sum of the energies of two or more photons to the atom or molecule under study. In
LIF processes the atom or molecule under investigation absorbs photon energy by

stimulating an electron into a higher excited state, and then releases this energy. The
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emitted wavelength is of equal or lower wavelength than the exciting photon, in the case

of lower energy, the process may involve radiationless transfer.

3.3 Lasers. A Background and Theory.
Laser is the acronym for Light Amplification by the Stimulated Emission of Radiation.

Laser light is unique in that it monochromatic, coherent, directional and of an intensity
much higher than that achievable from conventional, or even natural light sources such
as the Sun. It is these properties, and the ability to control the path of laser light with a
much higher degree of accuracy than that of other light sources that has led to the
development of many different applications of lasers, ranging from delicate medical and

restoration applications, to industrial welding and cutting.

Monochromaticity.

Laser output is close to being fully monochromatic, that is of very nearly a single
wavelength. This property is imposed by the emission process, which occurs when
atoms in higher excited states fall to lower states, releasing the energy difference as
light. Most of the light emitted in such a process occurs at a single wavelength, A,
however, some is also emitted at wavelengths slightly above and below A, The
wavelength spread around A, is known as the line-width. A laser uses a resonant cavity,
which is designed to only allow oscillations at certain discrete frequencies, known as
axial modes, which substantially reduce the line-width, leading to near optimal
monochromaticity. Axial modes are set up, because lasers induce resonance between a
full and partial mirror, such that there are only a limited number of wavelengths whose

integer multiples may fit exactly between the mirrors.

Coherence.

The laser is the only truly coherent light source available at present. Coherence is the
degree of phase correlation that exists in the light radiation field in differing locations
and times. Coherence is split into two categories. Temporal, the degree of
monochromaticity of the light, and spatial, a measure of the degree of phase uniformity
across the optical wave-front (a laser emits photons that are all essentially in phase). A

coherent light source must comprise of a small radiating space, and the emitted light
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must be of narrow bandwidth, with a wavelength spread equal to zero for an ideal
system. Laser sources are close approximations to the ideal, with narrow band outputs
and high degree of phase correlation. During the process of stimulated emission, the
photons added to the stimulating radiation have a phase, polarization and energy, hence
wavelength, identical to the light already present in the amplifying laser cavity, thereby

effectively resulting in light amplification.

Directionality.

Laser radiation is highly collimated, with a low divergence. These properties allow laser
radiation to be easily controlled, and focused onto small areas. An ideal laser emits a
beam, which effectively consists of a uniform plane wave, such that the phase is
constant along the beam profile, with only diffraction presenting a lower limit on the

angular spread of the beam.

Intensity.

Lasers have the highest intensity of any artificial light sources available, and some are
many orders of magnitude brighter than the Sun. Brightness is defined as power per
steradian of solid angle per hertz of bandwidth. For a laser, the solid angle is the angle
that the beam presents itself within as it leaves the laser aperture. As lasers are capable
of providing high power levels within well-collimated beams, with very narrow
bandwidths, their intensities are very high, with intensities as high as 10"*Wm™? being

available, compared to that of 1380 Wm for sunlight at the Earth’s surface.

3.3.1 Theory of Laser Operation.

A material that has only two allowed energy levels will be explained. The Maxwellian —
Boltzmann distribution function states that the number of particles, N, in a given energy
state, E, in a material maintained at an absolute temperature T is:

N=Noexp(-E/k,T) 3.1

Ny being a constant for the material, and k;, the Boltzmanns constant.

The numbers of atoms, Ny, Ny, in states E;, E;, are therefore related by:
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N, =N exp[-(Ez - E1 )/ksT] (3.2)

This is shown graphically in figure 3.1 below.

E/

E;

E,

N, N, InN(E)

Figure 3.1. The Maxwell-Boltzmann function showing how the number of atoms in an
unperturbed two state system decays exponentially with increasing energy.

The dashed line shows how population varies with energy, and has a negative slope.

Whilst the material is maintained at thermal equilibrium, the two energy levels will be
populated according to a dynamic equilibrium between the atoms. During a radiative
process an atom can emit or absorb energy. A quantum of energy, equivalent to the
energy difference between the two levels, is emitted when an atom decays from an
energy level E; to E; in a process known as spontaneous emission. The converse is also
possible, whereby an atom absorbs energy, in a process known as photon absorption.
During absorption, an atom is excited to a higher level E, from its original level E;, the
energy difference (gain) between the two levels corresponding to the energy of the

exciting photon.

The photon energy for both cases is given by:

h1)21= Ez- E] (33)
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When atoms in states E; and E; are exposed to a radiation field, of frequency vy; , then
either the photons are absorbed by atoms in the E; state, exciting them to their E, states,
or, ones in the E; states are stimulated to decay, with an associated photon emission of
energy hvy; , in a process known as stimulated emission. During the absorption of light,
the population of the upper level increases, although this perturbation away from
equilibrium is usually small. This perturbation can be significantly increased, by means
of the application of an intense “optical pumping” light source, such that the number
density of E, states will increase, with a corresponding rate of decrease of the E, states,

until a limit is reached when both states are equally populated.

This results in a population distribution roughly defined by:

Ni* = No*~(N;+Ny)/2 B4

To understand the most basic mode of laser operation, a slightly more complex, three

level material needs to be explained. This material has a third level, E;, which is situated

between levels E; and E,. A three level system is depicted in figure 3.2 below.
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Excited population
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~

N3 N] =N2 LIIN(E)

Figure 3.2 A three level system. Optical pumping results in population equalization of
levels E; and E;, such that E; has a greater population than E;. Note how the dashed

line, that shows variation of population with energy, now has a positive slope.

Optical pumping has no effect on the population of state Es, such that it remains at its
equilibrium value, N3, and the populations of the three states are N;*, N,o*, and Nj
respectively. If photons of energy huv,; = E; — E; are present, they will induce transitions
from E, to E3 with associated stimulated emission, and will also be absorbed resulting in
transitions from the E; to E; states. There are however more electrons in the upper state,
E,, as a result of the optical pumping, than in the lower E3, and this results in an overall
emission rather than absorption of photons of energy hu,;. A condition where there are
more atoms in a higher level than a lower one, as is for the states E; and Es, is known as
a ‘population inversion’, and results in a system that is capable of amplifying the input
light. The three level system can amplify light of frequency v,3, the signal frequency.

The population inversion principle is that which defines the operation of a laser.
However, even though the output from such a system is coherent and monochromatic, it
is of a rather low intensity. Intensity is increased by the use of a multi pass resonance
cavity, within which the lasing medium is placed, in which the light oscillates,
increasing in intensity with each pass. It is the feedback property of such a cavity that

creates the intense output that is commonly associated with lasers. In order that a useful
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output may be acquired from a laser system, the cavity is contained between two
dielectric mirrors, one of which is partially transmissive, allowing loss (tapping off) of
laser energy from the system. Stimulated emission that occurs along the axis between
the two mirrors is reflected repeatedly, resulting in repeated stimulated emission within
the lasing medium. Stimulated emission that occurs off axis is lost and dissipated in the

surrounding media.

Laser resonances can occur in two different modes, those that are longitudinal, and those
that are transverse. Longitudinal modes occur at different frequencies along the length
of the laser cavity, within the gain bandwidth of the laser system. Transverse modes are
seen as intensity variations in the cross sectional laser intensity profile, and are classified
by the number of minima observed across the beam propagation front in two directions.
The fundamental mode, where intensity is at a peak in the beam center, is known as the

TEMyo.

A means of increasing laser power, for pulsed systems, is to employ Q switching. Q
switching involves artificially preventing resonations in the laser cavity, resulting in
very little or no feedback, resulting in no lasing. This allows the population inversion
process to occur uninhibited, and to reach a maximum upper population density until
lasing is required. When a high level of inversion is reached, the inhibiting system is
removed, allowing lasing transitions to occur virtually simultaneously, resulting in a
very short duration, extremely intense burst of laser light. The process derives its name
from the fact that the efficiency of a resonant cavity is defined by its “Q” factor, namely
that of its quality factor. A device that is often used for the purpose of Q switching is a
Pockel’s Cell. This consists of a crystal which becomes bi-refringent when an electric
field is applied or removed, depending on the application. The magnitude of the change
of birefringence is proportional to the applied voltage. The Q switch technique only
works with polarized laser light, such that lasers that are not polarized are made to be by
the addition of a quarter wave plate placed along the resonant path. The Pockel’s cell
works as follows: The applied voltage converts the device from a passive optic to a
quarter wave plate, converting linearly polarized incident light to circularily polarized
exiting light. The cavity mirror reflects the light, and in so doing reverses the direction

of rotation so that when it passes back through the Pockel’s cell, it emerges plane
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polarized, but at right angles to its original plane of polarization, and is rejected by the
polariser. This prevents resonance from occurring, thereby preventing further lasing
action. Removal of the Pockel’s voltage renders it a passive device, and allows resonant
oscillations to occur. The ability to synchronise the Pockel’s voltage with the laser pump
source within the order of nanoseconds, allows for the creation of very high power, short

duration laser pulses.

The laser output can be further increased by the addition of a second, non-resonant, laser
amplifier cavity. The amplifier is a second piece of lasing material, which has
undergone a population inversion due to optical pumping. Laser light passing through
the amplifier stimulates the emission from the excited state, thereby increasing the

optical power of the beam further.

3.3.2 Nd-YAG Lasers. Theory of Operation.

The source of energy for the three stage laser system used in this research was provided
by an Nd-YAG laser. Nd-YAG lasers are used for a variety of industrial and medical
applications, as the laser light they emit can be used as created, modified using non-
linear optics, or used to pump further laser systems, giving access to a wide range of
wavelengths. Neodymium is the active material, contained within a matrix, in the case
of Nd-YAG, a Yttrium Aluminium Garnet (Y3Als0;2) crystal, or in some cases, glass.
The host material, acting as the matrix, is doped with Nd* ions. In the case of Nd-YAG
lasing media, the doping process randomly replaces 1 —2 % of the Y°* ions by weight,
with Nd>* jons. It is the doping process that makes the transparent YAG material appear
slightly mauve, as Nd** ions absorb in the red. Higher levels of doping are avoided, as
the radius of Nd** ions is about 14% greater than that of the Y>" ions, and increased
doping levels would lead to stresses within the crystal, making it liable to crack or
shatter when subjected to thermal stresses.

Excitation of the Nd** ions is by means of a broadband flashlamp. Only a relatively
small proportion of the flash energy is used for excitation, as the neodymium ions
absorption peaks between around 700 and 800nm, only absorbing a component of the
white flashlamp output. The process of photon absorption results in transitions of the

neodymium ions from their ground state to a higher energy level, from where they decay
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to a metastable level, creating a population inversion between the 4F3/2 and 411 12 States,
with stimulated decays to the lower state being responsible for the lasing. A simplified

schematic for the transitions required for Nd-YAG lasing are shown in figure 3.3 below.

/ Groups of levels for
E (eV) _ pumping
3 < Nonradiative
decays
1.5
\
D ———
“Fa
1.0
I — ) PP 1064nm
laser
0.5 -
1
0 [ l Ly,

Figure 3.3 Energy level diagram for the operation of Nd-YAG electronic transitions

leading to transitions that lase.

Nd-YAG is a four level system. The strongest emission is at 1064nm, although the
splitting of energy levels by the Stark Effect results in weaker emissions at other
wavelengths. The advantage with using a YAG crystal over that of using a cheaper glass
matrix is that it has a higher thermal conductivity. The good conductivity results in laser
beams which have good spatial and temporal characteristics. Nd-YAG lasers have been
built with outputs in the order of tens of kW (continuous wave) and a few joules per
pulse in pulsed operation, such as the system used in this research which has a

maximum output of 2J at 10Hz and 6-9ns duration.
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The laser used in this work employs the use of frequency doubling and mixing crystals.
The crystals make mixing and doubling of laser radiation possible by a process where
the incident alternating electric field of the laser light induces the transparent crystal
medium to become electrically polarized, adding to the resultant radiation. At low
intensities, the medium follows the incident light and therefore the polarization is at the
same frequency as the incident light. At higher intensities, the polarization response is
described mathematically as a power expansion of the inducing electric field.
Mathematically, the square of a sine wave, sin’(ot), is given by %(1-cos(2wt)), the
second harmonic radiation generated is at a frequency twice that of the incident
radiation, as governed by the polarization being dependent on the square of the incident
field. A quantum mechanical approach describes this as the simple addition of two
lower energy photons to create one higher energy photon, which is re-radiated. In a
doubling process, the two original photons are of equal energy, and in a mixing process,
they are of different energies. The energy of the resultant photon is always the sum of
the energies of the two original photons. In media which are isotropic or have a
symmetry center, so direction cannot be distinguished, this results in polarization which
follows the direction of the incident field. Second harmonic generation in such media is
not possible as the expression for the polarization dependence does not contain even
powers. Crystals suitable for second harmonic generation need to be carefully grown so
as to contain minimal defects, and need to be of types with no inversion centers, such as

quartz, or B—barium borate (BBO).

3.4 The Design and Construction of the Continuum Nd-YAG

Nanosecond Laser.

The laser system used was chosen as it gave access to finely tunable ultraviolet radiation
and was known to be reliable. The main component is a “Continuum Powerlite 8000”
Nd-YAG laser, which is self contained. This laser is used to optically pump a tunable
dye laser. The output of the dye laser is then frequency doubled and mixed with the
pump laser fundamental. The system is modular, being made up of three separate units.
These being the Nd-YAG pump laser housing and power supply, the dye laser and dye
circulator and finally the mixing and doubling unit. Additionally, the dye laser module

has a computer to operate the dye oscillator optics. The various components are
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protected from damage that may occur in the event of incorrect operation of cooling
systems or other essential functions. These will be discussed in the section on safety and
interlocks. Details of the various wavelengths available from the laser system are given

in table 3.1 below:

Wavelength / nm Pulse duration/ns | Source Application

and energy / mJ

1064 6-9 Powerlite 6000 | source for IR
2000 Nd-YAG Laser | doubling and
third stage mixing
532 <6-9 doubled energy source
750 1064nm IR for dye laser
Depends on the dye in use, <6-9 ND 6000 Dye | doubling in third
Subject to the condition: up to 200 Laser stage

Adye = 532 nm

Depends on the dye in use, <6-9 Third stage third stage mixing
Subject to the condition: upto 5 Doubling

Adoubled = Adye/2 Crystal

Depends on the dye in use, <6-9 Third stage REMPI + LIF
Subject to the condition: upto 10 Mixing Crystal | studies.

1/ M double/mix=2/" }\fdyc +1/1064

Table 3.1 Characteristics of Laser System.

3.4.1 The Nd-YAG Pump Laser.

The Nd-YAG laser consists of two YAG rods. The first acts as an oscillator and is
pumped by a single discharge lamp. The second acts as an amplifier, and is pumped by
two discharge lamps. Both rods and lamp assemblies are water cooled to remove the
high amounts of waste heat energy released during the discharge of the powerful lamps.
The laser is of a sufficiently high power to need to be operated in pulses, rather than
continuous wave operation. The normal flash rate is 10 Hz, with a pulse duration of

between 6 and 9ns. The pulse power can be controlled by varying the time delay



(
%
HG6;
D&
%
%
GE (
& =
8
&
, &
%
K
&II

J

( % 8
&
H6;
H6;
& * ,
% , DG %
(
J !
@ K

, : ( %

%

D&

>>>>>>>>1>>>’>>>£>>
)

(

%

%

%

E5M

02

& 0 (
C
(@
>
|
> |
&
&Il
%
8
( %
( %
% 8 !
%
, : (
% ,
, g 1 & "
, E5N



, %
&
I % @ K
&II
( 8 !
E5m
K
« . &
# 8 J !
, ( , 8 J
% P B E
% P
3, D&E

% &

E5m

03

4 K
) , K
( % E5m
% &
1 8 l 1 i
(% & (
, K
: ( , D&E (
( D& (¢
P P 2 1
B B S$A ! $
% ; ' $? $ $ $
% $ $? $ $ $
>7 @
%
%
1
8 J | 4 (



D&E

01

6@ 8 J . 1 DG $ %
=@ 15 $ 0 8 &

'@ 0 8 &

)@ DG $ 8 J ! &

@ 8 ! &

L@ L ( % &

7@ 7 K

0@ O % &

3@ 3 ,

D& 8 ! &

HG6; ( , D&5 (& ,

(&

D&D

5D

H6;



& +
E& )
| &

& )

3,

D&5&

D&D&

&

HG6;

&
& 5&
F& 6
&

8

J

D& &
G& ;
C& &

H6;

&

( %

&

24































































































































































































































































































































































