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Abstract

This thesis presents results obta ined from the investigation of the spectroscopy of 

molecules of atmospheric interest. The techniques of photoabsorption 

spectroscopy and electron energy loss spectroscopy (EELS) used to probe the 

absorption properties of these molecules are described. Using a closed cell 

configuration of the Daresbury laboratory m olecular spectroscopy absorption 

apparatus (DLMSAA) the photoabsorption spectra for C2H5I, C2HsBr and the 

short lived OCI radical, have been recorded and are presented here. A 

Rydberg analysis of the spectra of the alkyl halides has been carried out and 

assignments have been m ade for the Rydberg and va lence states of these 

molecules.

A new windowless absorption apparatus is de ta iled  which allows spectra to  be 

taken a t higher photon energies (up to  40 eV), with previous spectra limited to 

a maximum of 11 eV. The photoabsorption spectrum for N2O obta ined using this 

new techn ique is presented and com pared  with that obta ined using the UCL 

EEL spectrom eter and spectra reported previously by other authors. Rydberg 

analysis of the spectrum has been carried out and assignments of the series 

converging to  the first four ionisation potentials have been m ade. A 

photoelectron experiment carried out a t the University o f Liège and used to 

investigate chlorine monoxide is also described. Vibrational structure 

associated with the first four bands of the photoelectron spectrum has been 

assigned.

A m etastab le/e lectron co inc idence  experiment (MECE) designed to 

investigate the dissociation dynamics of a m olecule is also presented. Energy 

loss electrons are de te c te d  in co inc idence  with m etastable excited state 

neutral fragments formed via dissociative excitation in an electron im pact 

process. This technique is used to learn more about the energy levels in the 

parent molecule.
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1
Introduction

“ If a man will begin with certainties, he shall end in doubts; 
but if he will be con ten t to begin with doubts, 

he shall end in certainties"

Sir Francis Bacon, The Advancement of Learning

1.1.  I n t r o d u c t io n
Spectroscopy is the study of the absorption and emission properties of atoms 

and molecules. Much information may be obta ined through the investigation 

of the spectroscopy of molecules, e.g. their structure, the w ay in which atoms 

are bound together and the energy required to break those bonds. With this 

information a better understanding of how molecules may react can  be 

gained.

The absorption of light by a molecule reveals a spectrum consisting of bonds 

which correspond to the energy levels within a molecule. Each com ponent has 

a characteristic spectrum and the resulting m olecular spectrum can be used as 

a 'fingerprint' in the identification of a com pound.

The work described in this thesis involves the study of molecules using several 

spectroscopic methods, including photoabsorption, photoelectron and 

e lectron energy loss techniques. Some are proven and well used techniques 

and other newly deve loped methods, designed to enable further significant 

information about molecules to be determ ined.
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Another process which will be described involves the study of the excitation 

and dissociation of a m olecule via electron im pact. Dissociative processes play 

an im portant role in plasma physics and atmospheric chemistry as the resulting 

species may be more chem ically reactive than its parent m olecule, thus 

a ffecting  the system under investigation.

1.2.  M o l e c u l a r  St ructure
Before the methods used to investigate these molecules are described it is 

necessary to understand the theory on which they are based. Until the turn of 

the 20th Century, Newtonian M echanics had been used successfully to 

describe the motion of particles, and when considering the interaction of light 

with a particle it was assumed that any am ount of energy could be absorbed 

by a particle. However, as experimental techniques becam e more advanced  it 

was found that these theories could not satisfactorily explain the experimental 

results being obta ined.

A turning point in the search for a more com ple te  theory cam e  when Max 

Planck introduced the concep t of the quantum , treating the energy involved in 

the emission and absorption of light from particles as discrete units. This concep t 

was a d op te d  by Albert Einstein and was used in his paper describing the 

photoe lectric  effect, hypothesizing the w ave /pa rtic le  duality o f light and that 

the energy possessed by a light particle, a photon, is d irectly proportional to  the 

frequency of the radiation.

A French scientist, Louis V ictor de  Broglie, then suggested that if 

e lectrom agnetic  waves could show particle like behaviour then perhaps a 

partic le  cou ld  show wave-like behaviour. This was later verified experimentally 

through the observation of a wave-like diffraction pattern due to the scattering 

of an e lectron beam  by a crystal (Davisson, Germer and Thomson). As a result a 

partic le  m ay be described m athem atica lly as a wave.

These ideas are the basis for the theory of Quantum  Mechanics, which allows a 

picture to  be built up of the electronic structure of an atom , and can be used 

in the description of motion within a molecule. Energies involved in vibrational
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and rotational transitions can be ca lcu la ted  and ttien used in ttie  interpretation 

of m olecu lar structure and spectroscopy.

1.2.1. Atomic Orbitals
To build up a picture of an atom  w e need some w ay of defining w fiere the 

electrons are with respect to the nucleus. The Heisenberg Uncertainty Principle 

(eq. 1.1) states that it is impossible to  know accurate ly both the mom entum  and 

the position o f a partic le  simultaneously, written quantitatively as:

> ŷ h (1.1)

w here àp is the uncertainty in the linear momentum, Ax is the uncertainty in 

position and h is Plancks constant h d iv ided by 2% {h/2%). If the orbital in which 

an e lectron m oved were simple then it would be possible for both factors to be 

determ ined, however this is impossible so the orbital in which the electron 

moves is more com plex.

An e lectron orbiting a nucleus can be described by a w ave function \|/ and 

acco rd ing  to  the Born Interpretation the square of this w avefunction, is 

proportional to  the probability of finding the electron a t a point in space 

around the nucleus. An orbital is therefore defined as a probability density or an 

electron density representation describing the probable position of an electron, 

with an arbitrary boundary defined as encompassing 95% of the electron 

probability density.

A w avefunction  o f an electron can be determ ined by solving the Schrodinger 

Equation, written in its general form:

H\|/ = E\|/ ( 1.2 )

w here H is the Hamiltonian O perator for the system and E is the energy of the 

partic le  being described by the w avefunction \\f. The wavefunctions o f a 

hydrogenic a tom  are ca lled  orbitals and have the form:

Um ~  Rn,l^l,mi ( 1 *3)

w here i? is a hydrogenic radial w avefunction of an orbital and Y represents 

spherical harmonics.



Chapter One

When an electron is described by one of the wavefunotions resulting from 

equation 1.3 then the electron is said to  occupy that orbital. The orbital is 

defined by three quantum  numbers, n. I  and mi which must have certain values, 

these are summarised in Table 1.1.

Quantum
Number

Properties Allowed
Values

Principal, n Determines the energy of on electron 
and the size of the a tom ic orbital

Integer values
1 —> 00

Orbital angular 
mom entum , /

The orbital angular m omentum of the 
electron, affects the shape of the 
orbital

Integer values 
0 ^  n-1

M agnetic, mi Defines the orientation of on orbital 
and describes the behaviour of on 
electron in a m agnetic field

mi = ±1, ±(/-l),..., 
0

Spin, m. Spin angular m omentum of on 
electron

m, = +V2, -14

Table 1.1: Summary of Quantum Number properties

The energy of a hydrogenic orbital is related to the principal quantum  number 

acco rd ing  to the relationship:

R
n

( 1.4)

where R is the Rydberg constant. It can  therefore be seen that an electron 

closer to  the nucleus, hence with low principal quantum  number, increases the 

binding energy of the electron and becom es more tightly bound to the 

nucleus. The orbital quantum  number, also known os the azimuthal quantum  

number, determines the value of the orbital angular mom entum  of the electron 

and hence the shape of the orbital. The labelling of on electron in an a tom ic 

orbital with respect to  this quantum  number is as follows:

/

When com bined  with the principal quantum  number, n, this describes the 

e lectron ic configuration labeling system Is, 2s, 2p, 3s, ... thus defining the 

relative distance from the nucleus and the shape o f the orbital the electron 

occupies. The m agnetic quantum  number, mi, represents the com ponent of 

orbital angular momentum  parallel to the z-oxis.
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A tom ic orbitals are described mathiematically by solving ttie  Sctirodinger 

equation for a tiydrogenic atom , a single electron system. Ttie resulting orbitals 

can  be represented pictorially (Figure 1.1). Ttie ground state orbital for ttie  

tiydrogenic system is ttie  Is orbital w itti quantum  numbers n = 1, I = 0 and mi = 

0 describing a sptierically symmetrical orbital around ttie  nucleus (figure 1.1a). 

As ttie  principal quantum  number increases ttie  orbitals becom e larger. Ttie 2s 

and 3s orbitals conta in  radial nodes (figures 1.1 b and c), points a t w tiic ti ttie  

probability o f finding ttie  electron is zero, tiowever for simplicity an s-orbital is 

considered as a simple sptiere, figure 1.1.

A p orbital is one w tiic ti contains an electron w itti an orbital angular 

m om entum  quantum  number of 1, possible only w tien « > 1. Ttiis greatly affects 

ttie  w avefunction  o f ttie  electron and its motion is sucti ttia t it will m ove stiarply 

aw ay from ftie  nucleus, resulting in ttie  zero probability of finding ttie  electron at 

ttie  nucleus, w tiic ti is known as a node.

Ttiere are ttiree possible p orbitals as it is now possible for ttie  m agnetic 

quantum  num ber of ttie  electron be non zero as / is equal to 1. Ttie values of nti 

are -1, 0 and +1. Ttie orbital containing an electron w itti /w/ = 0 is one w itti no 

orbital angular m om entum  around ttie  z-axis, ttie  p% orbital (figure l . l f ) .  Ttiose 

orbitals w itti mi = ±1 do  tiave a com ponent of orbital angular mom entum  

parallel to ttie  z-axis and are representative of two orbitals ro tated by 90° w itti 

respect to  ttie  z-axis and to  eac ti o ttie r Figure 1.1 (d & e)

Ttiere are five d-orbitals obta ined w tien / = 2 and ttie  possible values of mi are 

-2, -1,0, 1 and 2, corresponding to five differenf angular m om enta parallel to 

ttie  z-axis. Ttiis type  o f orbital can  only be formed w tien ttie  principal quantum  

num ber is greater ttian  2. Ttie form o f ftiese orbifals are stiown in figure 1.1 

w tiic ti stiows ttie  presence o f tw o nodal planes in ttiis type o f orbital.
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Is 2s 3s

n =3 , 1=0, m i= 011=1, 1=0, mi=0 11=2, 1=0, m,=0

11= 2 , 1=1, n ti=0

Figure 1.1: Atomic orbitais

These orbitals have been constructed for a single-electron atom ; the 

ca lcu la tion  of wovefunctions tor a m ony-electron atom  is more difficult, the 

w ave function  being com p lica ted  by the m any coordinates of the electrons 

involved. However, by considering each  of the electrons os occupying  a 

separate orbita l it is possible to approxim ate the w avefunction  for the m any 

e lectron a tom . This is known as the orbital approximation with the w avefunction 

now being written as:

.5
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allow ing on approxim ate picture of the atom  to be built up.

The addition  of electrons to  an atom  must follow certain ‘rules’ . Each electron 

in an a tom  must have a unique set of quantum  numbers, n. /, mi and ms. It 

therefore follows that the maximum number of electrons in an orbital is two, 

with the tw o possible values of spin +V2 and -14 distinguishing the electrons.

Also due  to  the introduction of e lectron interactions, orbitals with the same 

principal quantum  number are not degenerate. An electron in an s-orbital is 

more likely to  be found near the nucleus than a p or d electron. Therefore more 

energy is required for the electron to  be rem oved than from a p or d orbital 

with the same principal quantum  number. The energies of the p- and d- orbitals 

are also a ffe c ted  by shielding of the nuclear charge by the higher energy 

orbitals. As a result the addition of electrons occurs accord ing  to the following 

sequence;

Is, 2s, 2p, 3s, 3p, 4s, 3d, 4p, 5s, 4d, 5p... 

and holds os a general rule, with few exceptions for exam ple where ns and 

(w+1 )d orbitals have very similar energies.

Electrons are a d d e d  to p-orbitals such that each of the three orbitals will hold a 

single electron before a pair of electrons is form ed in one orbital i.e. if there are 

three p-electrons then the electron configuration will be 2px\ 2py\ 2pz\ These 

electrons for an atom  in its ground state will all have parallel spin (TtT), obeying 

Hund’s Rule which states that ‘electrons tend to  occupy degenerate  orbitals 

singly with their spins paralle l’ .

1.2.2. M olecu lar Orbitals
Having de fined a tom ic orbitals these can be used to describe m olecular 

structure, i.e. the chem ica l bonds betw een atoms. The Schrodinger equation is 

more com p lica ted  for molecules due to the introduction of nuclear-nuclear 

interaction.

To simplify the problem  the Born-Oppenheimer Approximation is ad op ted ; this 

assumes that the nuclear motion is so slow with respect to the electrons that the
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nuclei are actually a t rest. Therefore the e lectronic and nuclear motions are 

separated and the Schrodinger equation for an electron in a m olecule is solved 

with a fixed value of the internuclear distance, R. The potentia l energy of an 

electron in the field of tw o stationary protons with a set value of R con be 

determ ined using:

V =
-e

4tüe,
1 1

—  +  —  

r,
1.6)

B J

where Ta and Tb are the electron distances from the nuclei A and B and e is the 

charge of the electron. This expression may then be used in order to  solve the 

one-partic le  Schrodinger equation:

h‘
2m,

V^\|/ + Kvj/ = E\\f 1.7)

The to ta l energy of the molecule for an internuclear separation R, is then 

determ ined through the addition of the eigenvalue, E, ob ta ined from equation

1.7, to  the nuclear-nuclear repulsion:

+ e
4tC8o R

( 1.8)

1,2,2,1, Potential Energy Curves
Using this m ethod it is possible to determ ine how the energy of a m olecule is 

a ffec ted  by the separation of nuclei, i.e. by changing R. The Schrodinger 

equation is solved for different values of R giving a molecular potential energy 

curve. An exam ple of a potential energy curve is shown in figure 1.2.

Figure 1.2: A Potential Energy Curve

The energy of the m olecule decreases as R decreases until a t small distances 

the internuclear separation is too small for an accum ulation of electron density

8
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and the energy of the molecule increases sharply. A minimum in the curve 

represents the m olecular state at its most stable with the value of R the 

equilibrium bond length Re. The depth  of the minimum De is the energy required 

to break the m olecular bond, the dissociation energy.

1.2,2.2. Linear Combination of Atomic Orbitais
A one electron w avefunction \\r and its resulting value of describes the 

distribution of the electron over the molecule. Exact analytical orbitals m ay be 

obta ined for the simplest system H2‘" (two protons and one electron) but are 

com p lica ted  functions and do  not aid the visualisation of the form of the 

orbitals or the contribution to the energy of the molecule.

It is therefore necessary to  make a further approxim ation when determ ining 

m olecular structure. A wavefunction for a m olecular orbital can  be assumed to 

be the sum of the a tom ic orbitals in the molecule,

' ï ' = Z M  n -9 )

where are a tom ic orbitals, hence the m olecular orbitals are formed by 

summing the a tom ic orbitals. From N atom ic orbitals, N m olecular orbitals are 

constructed.

Solving the Schrodinger equation for a simple hom onuclear d ia tom ic m olecule 

aids the understanding of how bonds are form ed in a molecule, for exam ple in 

the H2'̂  system the w avefunction is written

Y=N {% ,(A ) + %,(B)} (1.10)

where Yh^(A) is the probability o f finding the electron around nucleus A in a Is 

orbital and Yis^(B) around nucleus B and N is a normalisation fac to r such that

|4 'V î -  = l (1.11)

This sum is known as a Linear Combination of Atomic Orbitals (LCAO). This 

approxim ation therefore simplifies the determ ination of m olecular strucfure 

allow ing the use o f a tom ic orbitals in describing the position o f electrons in 

molecules.
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1.2.2.3. Bonding Orbifals
A bond betw een two atoms is form ed w tien ttie  add ition of ttie  a tom ic  orbital 

wavefunctions leads to ttie  non-zero probability of finding an e lectron mid w ay 

betw een ttie  tw o nuclei. Ttie w avefunction  for ttie  H2'" system in equation 1.12 

gives a probability  density of

Y ' = N" {T ,/(A ) + Y ,/(B ) + 2T„(A)'F,.(B)} ( 1 . 12)

witti ttie  term  24^i,(A)Y,,(B) representing ttie  overlap density. Ttiis add ition  of 

w avefunctions can  be viewed pictoria lly as stiown in figure l .3o.

Ttie e lectron is free to m ove betw een ttie  tw o nuclei, ttie  com bination  of ttie  

two a to m ic  orbitals gives rise to constructive interference. Ttie com bina tion  of 

tw o Is a to m ic  orbitals in ttiis way, as in H2‘", is known as a a type  orbital, 

cylindrica lly symmetric abou t ttie  in ternuclear axis, witti an e lectron occupying  

ttiis orbita l ca lled  a a electron.

Constructive H

Destructive

Isa
:=>

Figure 1.3: Constructive and Destructive Interference of Is Orbitals 

1.2.2.4. Anti-bonding Orbifals
It is also possible to tiave  destructive in terference betw een ttie  tw o nuclei 

w tie re  ttie  m olecu lar orbital is ttie  d iffe rence of tw o a tom ic  orbitals:

(1.13)

w itti ttie  resulting probability density:

Y'" = N" {Y , A A ) + Y ,/(B ) - 2Y,.(A)Y,.(B)} ( 1 . 14)

giving rise to zero probability of e lectron density betw een ttie  tw o nuclei, known 

os a node  stiown in figurel .3b.

Ttiis type  of orbital, w tien occup ied  by an electron, increases ttie  energy of ttie  

m olecu le as ttie  electron acts to pull ttie  nuclei apart and is known as an anti

10
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bonding orbital. The symmetry of this sigma orbital is also cylindrical abou t the 

in ternucleor axis with the orbital distinguished from the binding orbita l with the 

label * e.g. Isa*.

7.2.2.5. 5-type (a) bonding orbitals
As the size of atoms and the num ber of electrons in a m olecu le increases there 

are more ways in which a bond m ay be form ed. In order to determ ine which 

electrons are eligible to form chem ica l bonds the electrons of an a tom  are 

assigned to orbitals as in the build ing up princip le. The add ition  o f electrons to 

orbitals in larger atoms generally follow three basic rules: the Pauli principle, 

where no tw o electrons in an a tom  m ay have the same set of quantum  

numbers, //, /, m\, and m -̂ Secondly, electrons tend to occup y  the orbital with 

the lowest energy ava ilab le  and finally they occu p y  degenera te  orbitals singly 

with their spins parallel as described previously os Hund’s rule. Those electrons 

which occup y  inner closed shell orbitals are known os core electrons  and are 

not ava ilab le  for bonding, it is only electrons occupying  the outermost orbitals, 

the va lence orbitals, which are involved in the form ation of bonds.

Consider the N2 m olecule. A nitrogen atom  has the electron configuration:

Is2 2s2 2p3

the ls2 ore core electrons, leaving the 2s  ̂and the 2p3 va lence electrons free for 

bond form ation.

The 2s orbitals will com b ine  in the some w ay as the Is orbitals described 

previously, giving two a type orbitals 2sa and 2sa*. Two m ore a orbitals are also 

form ed through the interaction of the 2p% orbitals along the in ternucleor axis as 

shown in figure 1.4 below.

OOOO'̂ 'OOO*0000°-CxX50r
2pzQ " 2 p o *

2p7T ------- ^  ^  V  2p%*
Px or Py Px o r py

Figure 1.4: a- and Tr-orbitois formed through interaction of 2p atomic orbitals
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1.2.2,6, p-type (^-) bonding orbitals
With the in troduction of p-orbitois in the m olecule a new type of bond m ay be 

form ed. The 2p% and 2py orbitals are orienta ted such that they m ay in teract 

sideways as shown in Figure 1.4. Thus giving tw o degenera te  n bonding orbitals 

2px7i and  2py7r and two degenera te  7u-anti-bonding orbitals 2px7r* and 2py%*. 

There is little electron density a long the in ternucleor axis, the m ajority being 

found abo ve  and below the axis. The Ti-type bond is often less strong than the 

Pzu orb ita l form ed as the overlapping of the orbitals is less efficient.

p- and  s- orbitals m ay overlap to form a bond, figure 1.5a, where the p-orbital 

interacts ‘end -o n ’ with the s-orbital.

Figure 1.5: s -p  overlap

but when the interaction is ‘side o n ’ figure 1.5b, the nett e lectron density is zero, 

the constructive interference corresponding exactly to the m agn itude of the 

destructive interference, hence producing a non-bonding orbital.

d- orbitals m ay also contribute to a and n orbitals in a m olecule, figure 1.7, and 

can also form a 5 bond, tw o n type bonds parallel to each  other along the 

in ternucleor axis, figure 1.6

Figure 1.6 : ô-orbitoi bond formation

In molecules where the energies of the a tom ic  orbitals are not the same it 

becom es possible for other orbital interactions to occu r which contribu te  to 

bond form ation. Some of those symmetrically a llow ed and forb idden are 

shown in figure l .7.

12
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orbitals
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Symmetrically forbidden mixing 
o f  orbitals

Figure 1.7 : Symmetrically allowed and forbidden orbital Interactions

1.2.2,7. Term Symbols
Term symbols are used in the labeling of a tom ic  and m olecu lar states. The 

general form is written:

2S-1,'L j

where A = |EÀy| (L=|Iw /|), the modulus of the sum of the m agne tic  quantum  

numbers of the va lence electrons and represented by:

A
For atoms 
For molecules

1
P
n

2
D
A

□ E = |SS| the modulus of the tota l spin of the va lence  electrons.

□ 2E+1 is the spin multiplicity of the state, for a closed shell a tom  of m olecule 

this is equal t o i ,  a singlet state.

□ Q = A + I and represents the tota l angular m om entum  of the system.

For hom onuclear d ia tom ic  molecules (O2, N2) the label g (gerade/even) or u 

(ungerode /odd) m ay be a d d e d  to the term symbol ind ica ting whether the 

tota l w avefunction is symmetric or antisym m etric when the m olecu le is 

subm itted to on inversion operation abou t its origin. Each va lence  orbita l is 

trea ted separately and the symbol determ ined using the rules: 

u x u  =  g u x g  =  u g x g  = g 

Also a + or - sign m ay be add e d  to I  orbitals describing the symmetry of the 

w avefunction with respect to a reflection p lane through the nuclei. The orbital 

shape (electron density) is unchanged as a result o f this operation, but the sign 

of the w avefunction describing the orbital can  be changed  (antisymmetric) 

and is represented with * or unaltered (symmetric) and is represented with a + 

sign in the state, e.g. 'Eg+.

13
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1.3. M o le c u la r  Symmetry
A m olecu le can be assigned to a ‘Point g roup ’: a label w tiic ti describes ttie  

symmetry properties of the m olecule. In order to assign a m olecu le  to a point 

group the extent of its symmetry has to be determ ined. This is ach ieved  by 

establishing w hat symmetry operations m ay be carried out on the m olecule. A 

symmetry operation  is one which leaves the m olecule indistinguishable from its 

original state. An operation is carried out with respect to a sym metry elem ent, a 

point, line or plane in the m olecule. Table 1.2 summarises the symmetry 

operations and the corresponding symmetry elements.

Symmetry Operation Symmetry Element Symbol

Identity Whole body E o r l
n-fold rotation n-fold axis of symmetry .. Cn .....................
Reflection Plane of symmetry Ov, C7d, C7h
Inversion Centre of Symmetry /
Improper rotation Axis of im proper rotation Sn........................

Table 1.2: Summary of symmetry elements and ttieir operations

E
All molecules have iden tity  E which 

requires no action to be carried out on 

the m olecule, but is required for the 

m athem atics of Group Theory.
Figure 1.8: Identity E of a molecule

I8(r
An n-fold rota tion  of the m olecu le is carried out 

around an axis of symmetry C„ in a m olecule 

where the rotation is 360°/n around the axis. If 

there is more than one Cn axis then the one 

with the highest value of n is known as the 

principal axis.

Figure 1.9: C2 Rotation of a molecule

1

£2

Cl Rotation 2 1

14
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1 : 2

av

; -2

cr

Vertical M irro r Plane

ad

Dihedral M irror Plane

0 2  O
Horizontal M irro r Plane

Figure 1.10 : av, ad and an mirror planes

An inversion operation is carried out through a  ̂

centre of synnmetry. Inversion centres ore often  ̂

found in a position of a centra l a tom  but need not 

be (e.g. CôHô). The co-ordinates of an a tom  are 

changed  from x, y, z to -x , -y, -z.

A re flection  in a p lane of symmetry in 

a m olecu le can be carried out 

parallel or perpendicu lar to the 

principal axis. If the p lane is parallel to 

the axis then it is ca lled  vertical. There 

are tw o planes of this type as shown 

I in figure 1 .1 0 , one where the plane 

contains the atom s and bonds of the 

molecule, this is labe led av and the 

other bisecting the ang le  m ade  by 

the bonds, a d ihedral plane, ad. A 

reflection plane perpend icu la r to the 

principal axis is ca lled a horizontal 

mirror plane, ah.

Inversion
A

O

C4 Rotatioi

Figure 1.11 : Inversion centre, /.

An im proper rotation consists of 

on n-fold rofation com b ined  

with a reflection. A te trahedra l 

m olecule such as CH4

Dihedral m irror possesses this symmetry, 
plane

Figure 1.12 : Improper Rotation, S„.

The symmetry classification of molecules allows those molecules with the same 

elements of symmetry to be grouped together. Symbols have been deve loped  

to deno te  po in t groups, which are used to summarise key symmetry elements 

which define the symmetry of the system. A m olecu le belong ing to the point 

group Cl has the least symmetry possible having only identity E with the cub ic  

point groups Oh, Td, and groups such as C«,v and D«,h, conta in ing the most 

symmetry elements. The point group to which a m olecu le belongs can  be 

determ ined systematically using a flow chart, figure 1.13.
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Molecule

Is the molecule Linear?

Are there two or 
more Cn axes 

with n>2?
Inversion
Centre? 00 V

Inversion
Centre?

Is there a Cs 
rotation axis?

\  /
O h

Are there nCz axes 
perpendicular to 

the principal axis?
Is there a Cn 

rotation axis?
Is there a 

horizontal mirror 
plane an?

D n h  ^ Is there a mirror 
plane, a ?

Are there nad 
mirror planes?D n d  ^ Inversion

Centre?

Is there a horizontal 
mirror plane an?C n h

Are there nav mirror 
planes?nv

Y es
N o Is there a Szn 

improper rotation 
axis?

Figure 1.13: Flow chart for determining the point group of a molecule

The point group describing the symmetry of a m olecule con  now be 

determ ined based on the nuclear configuration. Each point g roup has an 

associated cha rac te r tab le : an exam ple is shown in tab le  1.3. for the Czv point 

group to which the H2O and H2S molecules belong. C haracter tables relevant 

to the molecules investigated in these studies can be found in the appendix.

C2v E C 2 av(xy) av(yz)

A i 1 1 1 1 Z

A 2 1 1  - 1 - 1 Rz x y

Bi 1 - 1 1  -1 X , Ry xz

B2 1 - 1 - 1  1 y,  Rx y z

A R E A  II A R E A  1 A R E A  III

Table 1.3: Character table for the Civ point group
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A cha rac te r tab le  is m ade  up of rows of irreducible representations (IRs), given 

labels Ai, A2,.... When a m olecule undergoes on e lecfron ic or vibrational 

transition the symmetry of the m olecu le m ay be a ffe c ted . The characters in the 

IRs deno te  whether the m olecu le undergoing a transition is indistinguishable

afte r a symmetry operation is perform ed on if, wifh ' + ! '  used fo represent on

indistinguishable operation. The symmetry of on orbital in a m olecu le  may be 

determ ined, for exam ple the s-orbital in the oxygen atom  in the w a te r 

m olecule. If fhe symmefry operations for fhe C2V point group ore carried out on 

the s-orbital it is found that it remains indistinguishable a fte r each  operation thus 

giving:

Czv E _______ C 2______ av (xy )  av(yz)

n i i 1
so the s-orbital has the full symmefry of fhe m olecule deno fed  by the symmetry 

label A i. The px orbital on the oxygen atom  in w a te r can  be trea ted  in the same 

w ay (figure 1.14) resulting in Bi symmetry as the sign of the w avefunction  is 

chan ged  as a result of fhe C 2 and the a v (y z ) A

operations. All orbitals in a m olecu le m ay be 

assigned a symmetry label in this w ay and the results 

are included in a cha rac te r tab le  in Area III

y
▼

H H

Figure 1.14 : The px orbital of 
the oxygen atom in a water 

molecule

An ‘A ’ symmetry label denotes a singly degenera te  orbital, symmetrical with 

respect to the m ajor rotational axis in the m olecule, while a ‘B’ label is also 

singly degenerate , but anti-symmetric with respect to the m ajor rota tional axis. 

It is also possible to hove degenera te  species. These are den o te d  by E (doubly 

degenerate) and T (triply degenerate). For exam ple the am m onia m olecule 

belongs to the C]v point group. When the C3 rotation is carried out on the px 

orbital the resulting orbital is not purely a function of x but also contains some y 

character. Therefore the x and y symmetry properties ore not independen t 

within the Csv point group and belong to a doub ly  degenera te  set E.

17
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C3 Rotation

C : ^  

<8)

Figure 1.15 : Effect of C3 rotation on the p% orbital in a Cjv molecule such as NHs

However the symmetry of the m olecu le m ay be a ffe c ted  when e lectron ic and 

vibrational transitions occur. In order to specify the locations of all N atoms in a 

molecule, 3N coordinates are required. As each  atom  m ay change  its location 

by varying one of it coordinates there are 3N displacements (degrees of 

freedom  - DOF) possible within the m olecule. Three of these coord inates are 

required to identify the centre of mass of the m olecule, with three 

displacements (DOF) corresponding to the translational m otion of the 

m olecule.

Linear Molecules- 
require only tM'o degrees 
o f  freedom to describe 
rotation

(a) (h)

Non-linear A lolecules- 
require three degrees o f  
freedom to describe 
rotation

Figure 1.16 : Angies required to specify the orientation of a) a linear molecule,
and b) a non-linear molecule.

In order to specify the orientation of a linear m olecule in space two angles are 

required (the longitude and latitude), as shown in figure 1.16. Hence tw o of the 

remaining 3N-3 degrees of freedom , which are 'internal' modes of the 

m olecule, are due to rotation abou t these angles. In a non-linear molecule, 

figure 1.16b, it is necessary to define a third angle, which is used to specify the 

orientation of the m olecu le abou t the two other angles. As a result for a non

linear m olecule there are 3N-6 degrees of freedom  while for a linear m olecule 

there are 3N-5.

If the possible nuclear displacements of a w a te r m olecu le are considered in 

three dimensions then the reducib le  representation for these displacem ents is

18
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written %(9, -1, 1,3). Using ttie  reducing formula (equation 1.10) the irreducible 

representations can be determ ined:

h

where h is the order of the group, (for Ciy h = 4) and %'(R), c(R) and  p are values 

found in the cha rac te r tab le  and reducib le representation and  are defined 

below :

P
C2v Tlx)E ■  c (xy! TT ^^  -   -

I v  '
' n J  ' '  Reducible representation

%' (R)

The irreducible representations for the displacements in w a te r are therefore:

3 A] + A? + 2B] + 3B]

As stated previously three of these IRs represent translations in the m olecule. A, 

+ B] f  Bi, these assignments can simply be looked up in the cha rac te r tab le  in 

Area III where the x, y and z labels occur. The three rota tional transition 

symmetries ore also listed in the tab le  with the labels R̂ , Ry and  Rz in Area III 

resulting in the transition symmetries of A%, B, and B? for the H2O m olecule. The 

rem ainder of the IRs therefore represent the symmetry of the m olecu le os a 

result of vibrational transition, 2A, and B?, figure 1.17.

X  X  ^  X
3i symmetric stretch a, bend deformation b] asymmetric stretch

Figure 1.17 : Vibrations in H2O

7.3.7.7. Molecular Orbital Diagrams
Using this inform ation it is possible to construct a m olecu lar orbita l energy level 

d iagram  showing the relative energies of fhe orbitals in a m olecule. Figure 1.18. 

shows energy level diagram s for N2 and O2 . Being hom onuclear d ia tom ic 

molecules the 2s and 2p a tom ic  orbitals are a t the same energies and the 

majority of the contribution to the m olecu lar orbitals is from s-s and  p-p overlap.
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However the ordering of levels for the two molecules is different due  to a small 

contribution to the a bonds by s-p orbital overlap in N2 .

, — *

,7Ü*

 è— -k-j," ! \  è--- ^  ^ --- ^  4®“

2p V \ /  ' 7 ^ : '  ' . / / /  2p 2p n .V  2p

\ 7,  A  4 : / y' ÿ 4 -

/ 7 : i  \
-az ' \ ' ,

2s \  /  ' ^ 2 s  2s - V 2 s

"Vc, V a ,
W  Nz (f̂ ) Oz

Figure 1.18 : Molecular Orbital Diagrams for N2 and O 2.

For other period 2 hom onuclear d ia tom ic  molecules this contribution is at its 

largest for the 'smallest' d ia tom ic  molecules (e.g. Ü2) where the a tom ic 

separation is small. The contribution of s-p orbita l overlap to the m olecu lar 

sigma orbitals decreases as the a tom ic  separation increases. A point is reached 

where this contribution does not a ffe c t the relative ordering of the m olecu lar 

energy levels, as seen in figure 1.18b, in the m olecu lar orbital d iagram  for O 2. 

The 2pa and 2p7u levels have 'swapped' over, so os expected  the 2pa orbital is 

more strongly bonding than the 2p7c orbital, as overlap of the 2p% orbitals occurs 

on axis, the optim um  bonding region. The bond order of the m olecules con be 

determ ined using:

Bond order = ^ (b o n d in g  electrons-anti-bonding electrons)

thus giving a triple bond for N2 and a doub le  bond for O2.

1.4. M o le c u la r  Spec troscop y
M olecu lar spectroscopy is the quantita tive  experim ental study of the 

absorption or emission of e lec trom agnetic  radiation by molecules. The 

wavelengths and intensity of photons em itted or absorbed by a m olecu le  ore 

recorded  in order to determ ine the energy levels of a m olecule. This inform ation 

can then be directly re la ted to m olecu lar structure.
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The in terna l energy o f a m o lecu le  ca n  be  considered to  be  the  sum o f the 

energies to  due  e lec tron ic  changes, v ibration a n d  ro ta tion:

ExoUl ^Elec E  Rot Evib ( "I • t 6)

The re la tive  m agn itudes o f the  energy level spocings AE are app rox im a te ly

A E eioc ® AEvib X 10^ «  A E roi X 10^

as a result pure ro ta tiona l spectra  ca n  be  observed, but v ib ra tiona l spectra  are 

c o m p lic a te d  d u e  to  changes in ro ta tiona l state a n d  similarly e le c tro n ic  spectra 

are  c o m p lic a te d  by changes in v ib ra tiona l and  ro ta tiona l energy.

1.4.1. Rotational Spectroscopy
The study o f transitions be tw een  ro ta tiona l levels o f m olecu les involves the 

observation o f absorption and  emission o f energy in m icrow ave , m illim etre and  

far-in frared regions. Photons in these regions hove  a w ave leng th  in the  range  1 

= 1 cm  -> 100 fxm. The study o f the  ro ta tiona l structure o f m olecu les has not 

been  a port o f these investigations a n d  so will only be  discussed briefly.

O nly those m olecu les w ith a d ipo le  m om ent c o n  c h a n g e  just the ir ro ta tiona l 

ene rgy by absorb ing or em itting a pho ton , hen ce  hom onuc lea r d ia to m ic  

m olecu les (e.g. O 2 a nd  N2) d o  not exhibit ro ta tiona l spectra . The energy 

separa tion o f the  levels and  hen ce  the  energies o f the  transitions b e tw e en  the  

levels is d e p e n d e n t on the  m om ent o f inertia o f the  m olecu le :

/  = ( 1.17)

for a  d ia to m ic  m olecu le , w here  r  is the  in te rnuc leor separa tion a n d  |x is the 

re d u c e d  mass o f the d ia to m ic  m olecu le :

= ( 1.1 8 )

There are  th ree  possible d irections o f ro ta tion  a ffe c tin g  the  m om e n t o f inertia, 

w ith the  excep tion  o f linear m olecules w here  there ore only tw o  rotations 

resulting in non-zero m om ents o f inertia. For a rigid d ia to m ic  m o lecu le  it c a n  be 

shown using the  Schrod inger equa tion  tha t the  a llow ed  ro ta tiona l energy levels 

a re  g iven by the  expression:
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E,  = +1) Joules (1.19)
8tiV

w here  J is the  ro ta tiona l quan tum  num ber and  m ay take  any  in teg e r va lue  from  

zero upwards a llow ing only ce rta in  d iscre te  ro ta tiona l energy levels in a 

m olecu le .

Equation 1.19 is m ore com m o n ly  w ritten in terms o f w avenum bers:

Sj = —— = — -— J (J  + l) cm~^
he U  Ic  ( 1 .2 0 )

^ B J (J  + \) cm-^ B = —X —

w here  B  is the  ro ta tiona l constan t a n d  has values in the  region 10 to  0.1 cm-^ 

and  c is expressed in cm  s-’ as the units are  rec ip roca l centim etres.

In o rde r to  in terpret the  ro ta tiona l fine structure in a spectrum  transitions 

be tw e en  tw o  levels must be  considered. If a transition occurs b e tw e en  J=0 and

J=1 ro ta tiona l levels then the  energy d iffe rence  will be

8j=i - Sj=o ~ 2B — 0 cm ( 1.211

this c a n  be  written genera lly  as Gj- - sr = 2B (J” + l)  so transitions will o c c u r a t 

w avenum bers o f 2B, 4B, 6B, .... H ence all lines in a ro ta tiona l spectrum  should 

be  sepa ra ted  by 2B, a llow ing the de te rm ina tion  o f B, the  m om en t o f inertia 

and  hen ce  the  bond  length in a m o lecu le . Transition be tw e en  levels o c c u r only 

b e tw e en  ne ighbouring levels obey ing  the  selection rule:

AJ = ±1

with a ll o the r transitions e.g . J = 3 ^  J = 1 be ing  spectroscop ica lly  fo rb idden .

Equations 1.20 and  1.21 assume th a t there  is no c h a n g e  in the  in te rnuc lear 

separa tion o f a m o lecu le  as a result o f a ro ta tion . The rigid m o to r m ode l is only 

an approx im ation , and  in reality the  separa tion o f lines in a ro ta tiona l spectrum  

are genera lly  not equa lly  spaced . H ence the  non-rig id m o to r m ode l is used.

The ro ta tiona l energy levels for a non-rig id m o lecu le  ca n  be  d e te rm ined  using 

equa tion  1.22:

2 2



Chapter One

or

8r = ̂ B J { J  + \)-D J^{J  + \ f  cm-̂  ( 1.23)
he

where c is here expressed in cm  s-̂  and D  is the centrifugal distortion constant, 

which is given by:

Equation 1.23 is app licab le  only for vibrational motion accord ing  to simple 

harmonic motion of a m olecule. From equations 1.20 and 1.24 it can  be shown 

that:

= ( , . 25)
k

where oris the vibrational frequency of the bond, obta ined from the expression 

for the force constant, k, of fhe bond:

k-^K^xu^c^p ( 1.26)

For small values of J, fhe term containing the D  param eter in equation 1.18. is 

negligible, while fo r /v a lu e s  of 10 or more it becom es more appreciab le , thus 

significantly lowering the energy levels for higher rotational levels.

Equation 1.21 can now be re-written to take into accoun t the vibrational 

motion of a m olecule fo give an expression for rofational transitions:

^ j = \  — B[{J + ! ) ( /  + 2 ) -J (J 4-1)]

-D [(J  + l f { J  + 2 f - j \ J  + l f ]  ( 1.27)

= 2B(J + l) -4 D iJ  + l f  cm~̂

Using this expression it is possible to  determ ine an approxim ate value for the 

vibrational frequency, m, o f a molecule. Through the assignment of lines in a 

rotational spectrum, the parameters D, and B can  be determ ined and using 

equation 1.25 a value of cr ca lcu la ted . However only an approxim ate figure 

can be ca lcu la ted  due to  the assumption of simple harmonic motion of the 

m olecule and also an inaccurate  value of D.
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1.4.2. Vibrational Spectroscopy
When vibrations o ccu r in a m olecule the bonds m ay be extended or 

compressed, thus a ffecting  the potential energy of the m olecule. If a chem ical 

bond is likened fo a spring fhen fhe potential energy, E, is said to obey Hooke’s 

Law:

E  = V 2 k { r - r ^ 1.28)

where r  is the internuclear separation, k is the force constant of the bond and 

req is the equilibrium bond length. If the bond vibrates in this w ay then it is said to 

behave as a harm onic oscillator and the resulting potential energy curve will 

be a regular parabo la  as in figure 1.19.

E v = 7
V = 6

V = 4

V =  2

V =  0

Figure 1.19: Potential Energy Curve for the simple Harmonic Oscillator

The force constant, k, of a bond is related to  the oscillation frequency by:

1.29)

Vibrational energies are 

ca lcu la ted  using:

quantised and for the simple harmonic oscillator are

he
cm ( 1.30)

where v is the vibrational quantum  number and can take the values v ^ 0, 1, 2, 

.... When the m olecule is in its lowest vibrational level, i.e. v = 0 the potential 

energy o f the m olecule is Sq =Y2 tifosc> therefore it can  never have zero 

vibrational energy and the nuclei are always moving relative to  each other.

Transitions betw een vibrational levels in the harmonic oscillator m odel occur 

accord ing  to  the selection rule:

Av = ± 7
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In this approximation any change  in vibrational quantum  num ber must involve 

a change  in the d ipo le  m om ent of the molecule, hence vibrational transitions 

would not be observed in hom onuclear d ia tom ic molecules such as N2. The 

energy difference befween fwo vibrational levels can be ca lcu la ted  using:

f  v+l^v =  (V +1 +  -  (V +

with all vibrational levels equally spaced.

cm 1.31)

However, molecules such as nitrogen and oxygen do  not exactly obey the law 

of simple harmonic motion in reality. It is therefore necessary fo treat the 

vibrational motion os an anharm onic oscillator, with a potential energy curve 

no longer a regular parabola, figure 1.20.

E

V = 2

v =  0

rreq

Figure 1.20 : Anharmonic osciiiator

The Morse function is an empirical expression which approxim ately fits this 

curve:

^  -  r )}]eq (1.32)

where <2 is a constant for a particular m olecule and Deq is the dissociation 

energy for the molecule. As the internuclear distance increases a dissociation 

limit is reached, the frequency of the vibrations fall and the levels converge. If 

this anharm onicity is taken into consideration the equation required to 

ca lcu la te  vibrational energy levels(for a d ia tom ic molecule) is:

Gy = + v = 0,l,2,... (1.33)

where % is an oscillation frequency and %e is the anharm onicity constant. The 

result o f this extra term is the vibrational levels are no longer equally spaced, 

but instead becom e closer together with increasing v as seen in figure 1.20. The 

selection rules for the anharm onic oscillator are:

2 5



Chapter One

A v = ± l , ± 2 , ± 3 ,  ...

thus allowing the some transitions observed for a harmonic oscillator with further 

transitions a llow ed betw een non-neighbouring levels. The most intense, and 

therefore more likely to be observed spectroscopically, are those with Av = ± 1, ± 

2, ±3; transitions with increasing Av becom e less probable.

The population of vibrational levels can be determ ined using the Boltzmann 

distribution:

&
No

= exp f -  : 1.341

where Nv is the population of the upper level and No of the ground state. If, for 

example, at room tem perature the population of the v = 1 state is 0.01% of the 

ground state, it m ay be approxim ated that transitions occu r from the v = 0 only, 

with the most intense transition being v = 0 ^  v = 1 which is known as the 

fundam ental absorption. The transitions v = 0 -> v = 2 and v = 0 -> v = 3 will be 

much reduced in intensity and are known as the first and second overtones 

respectively.

As the tem perature of a system increases the population of the higher 

vibrational levels (e.g. v = 1) increases such that it becom es more likely for 

transitions to occu r from this level. Such transitions are typically some 10% of the 

intensity of a fundam ental absorption and are known as hot bands, for 

example, the v = 1 -> v = 2 transition will appea r the low w avenum ber side of the 

fundam enta l v = 0 -> v = 1 transition.

1.4.3. Electronic Excitation
The configuration of electrons in a m olecule is dependent upon the internal 

energy of the m olecule. The m olecule is most stable in its ground state where 

the internal energy is smallest and the electrons occupy those orbitals closet to 

the nucleus. The interaction of a photon or electron may result in the internal 

energy of a m olecule being altered through the excitation of an electron to an 

e lectron ic state higher in energy. The processes of photoabsorption and 

e lectron im pact will be discussed in more detail in sections 1.4.4 and 1.4.5. The 

state to  which an electron is excited may be either a bound or repulsive state.
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the general form of fhe pofenfioi energy curves for which are shown in figure 

1.2 1 :

E ‘Repulsive ’ Surface ‘Bound ’ Surface

X + Y X + YX + Y

XY XY XY

(b)r r r

Figure 1.21 : Electronic excitation to bound and repulsive states of a molecule

If a transition occurs fo a state wifh a ‘repulsive’ potential energy curve, figure 

1.21a, fhe m olecule will im m ediately dissociate wifh a release of kinetic energy 

(KER) resulting in fhe formation of fw o neutral species, wifh either or both in 

excited states.

For excitation to a bound state, if the equilibrium bond lengths req are 

approxim ately the same (figure 1.21b) then there m ay be good overlap 

betw een the minima of the curves and the resulting excited state may be 

stable for a short time (metastable) before radiatively relaxing back to  the 

ground state. However if req for the tw o electronic states are significantly 

different then the potential energy wells for the states no longer overlap and 

the transition m ay occur to  a point on the curve above the dissociation energy. 

De, for the molecule, figure 1.21 c.

Transitions m ay occu r between vibrational levels of the tw o states which, when 

associated with an e lectronic transition, are known as ‘vibronic transitions’. If 

rotational changes are ignored then the energy involved may be written:

T̂OTAL ~ ÊLEC + ̂ VIB

zviB has already been defined in equation 1.33. and so 1.35. is rewritten:

1.35)

T̂OTAL =^ELEC+(y + yi)^e -Xei^ + YlŸ^e ^=0, I, 2. ( 1.36)

with the energy of a transition defined as:

2 7



Chapter One

Vspec -  (ggkc -  K l e e )  +  { (^  +  Y ù ^ ' e  ~  X ' e +  X )^  ̂ ' e )

-  {(v" + X X  -  + X )^  < }
1.37)

If several transitions are observed spectroscopically then it is possible to 

determ ine the values for m l and x l as well as the separation of the

electron ic states and eIu'elec

A transition between two energy levels may be represented by a vertical line 

on a potential energy d iagram  accord ing  to the Franck-Condon principle, 

“ Because the nuclei are so much more massive than the electrons, on 

e lectron ic transition takes p lace  faster that the nuclei can respond" (Atkins 

1990). Examples of such transitions are shown in figure 1.22. The intensity of a v ”  

^  v ’ transition is given by the square of the overlap integral o f v ”  and v ’ and is 

known os the Franck-Condon Factor (FCF):

(1.38)

where v ’ is the vibrational energy level for the excited state and v" for the 

ground state of the molecule. If there is little or no change  in the inter-nuclear 

separation, figure 1.22a, then only the v ’^ 0 ^  v ’' ^ 0 transition will have 

significant intensity.

E

v ’=0

v ” =0

r

E

■=o

v ” =0

rfeq

E

■=o

v ” = 0

r

( i) ( ii)
Continuum,

(Hi)

0,0 1,0 2,0 3,0
cm̂  —

0,0 1,0 2,0 3,0 ...
cm̂  — cm

Figure 1.22: Vibronic transitions according to the Franck-Condon principle;
(a) Equal Internuclear separation of both states, (b) slight difference In 

Internuclear separation, (c) significant difference In Internuclear separation.

However, it is possible for the excited state to posses different parameters such 

as vibrational frequency and differing internuclear separation, figure 1.22b and
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c. If the difference in internuclear separation is slight as in figure 1.22b then 

vertical transitions will occu r to higher (v’ >0) vibrational levels in the excited 

state. In this exam ple the transition the highest intensity will be v ”  = ^  v ’ = 3,

with the probability o f transitions occurring to  levels above  and below  v ’ = 3 

being lower, resulting in structure as in figure 1.22(ii). If the separation is 

significantly different as in figure 1.22c then transitions occu r to  high values of v ’ 

and also to a point above  the dissociation level o f the state. If this occurs then 

the resulting spectrum figure 1.22{iii) will conta in structure representing vibronic 

transitions and also a continuum as the species formed via dissociation may 

take any am ount of kinetic energy and is no longer quantised.

Another m ethod of dissociation may occur which does not require the 

excitation of an electron above  the dissociation level for a bound state. If the 

potential energy surfaces for tw o electronic states intersect, as in figure 1.23, 

then a process known as predissociation may occur.

E

’=0

From a lower 
electronic state

r
Figure 1.23 : Cross-over of two electronic states such that predissociation may

occur.

A bound surface with a minimum is crossed, below  its dissociation level, with a 

repulsive surface. Excitation to vibrational levels in the bound surface can 

occur. However if excitation occurs to a vibrational level close to the energy at 

which the two surfaces intersect (e.g. v = i  in figure 1.23), then a radiation less 

transfer m ay occur to the repulsive surface, causing the m olecule to  dissociate. 

This transfer to  the repulsive surface is generally slower than vibrations within the 

molecule, therefore vibrational transitions to  those levels aw ay from the cross

over point are unaffected and will appea r as normal in a spectrum. If, however, 

the transfer occurs faster than a vibrational transition then a continuum  will be 

observed.
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Unlike vibrational spectroscopy where the transitions between vibrational levels 

are governed by the selection rule Av=±7 , no such limitation is imposed on 

vibronic transitions i.e. Av=0, ±1, ±2, ±3..., Vibrational coarse structure may be 

observed with high resolution to investigate the spectroscopy of molecules, 

however with low resolution the vibronic transitions appea r as a broad band in 

a spectrum as the individual peaks merge together. Vibronic transitions may 

either appea r as a progression or a sequence of transitions; figure 1.24. shows a 

comparison of the tw o types.

Progressions Sequences

v ” =0

V =

v ” = l v '=3 Av=0 A v= l

(a) (b)

Figure 1.24 : Vibrational Progressions and Sequences

A vibrational progression occurs when all transitions begin or end a t the same 

vibrational level, figure 1.24a, with the figure showing three vibrational 

progressions from the v'=0 and the v'=7 levels and from the v ’ - 5  level o f the 

higher e lectronic state; these transitions have an increasing value of v. By 

comparison a sequence occurs when Av is the some for all transitions in the 

band as shown in figure 1.24b.

1.4,3.1. Electronic selection ruies
There are several selection rules which govern the allowed transitions between 

electron ic states. The first, (1.39), implies that an e lectron ic transition m ay occur 

betw een electronic states having the same axial com ponent o f orbital angular 

m om entum  or differing by one only:

AA=0,±1  (1.39)

therefore transitions such os 2 ^  E and n->IT are allowed, but a transition 2 ^  A 

is not. A further selection rule states that the total spin m om entum  for the 

m olecule S is unchanged:
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AS-^0 (1.40)

and hence transitions m ay only occu r betw een states with the same spin 

multiplicity {2S+1) e.g. singlet singlet. The change in to ta l spin angular 

mom entum  along the internuclear axis, S, is also governed by the selection rule 

A I = 0. A consequence of these rules is to limit the change  in to ta l momentum 

along the internuclear axis for fhe m olecule to:

AQ = 0,±I  (1.41)

where Q is the sum of the axial com ponents of electron spin and orbital angular

m om enta:

Q = 11 + A I (1.42)

For e lectronic transitions between states in hom onuclear d ia tom ic molecule 

there are two further selection rules:

+ <-> + : + — : — <-> — ( 1.43)

g < - > u ;  g 4 > g ; u - i u  (1.44)

Selection rule (1.43) is relevant only for S ^  S transitions and requires that the 

symmetry of the w avefunction with respect to  the plane through the nuclei is 

unchanged. Rule (1.44) allows transitions to  occu r such that the symmetry of the 

w avefunction is changed  from symmetric to antisymmetric with respect to an 

inversion operation.

1.4.4. Photon/molecule interaction
One m ethod of energy transfer to a m olecule occurs when a photon interacts 

with a molecule. Unlike e lectron/m olecule  collisions where the electron may 

excite the m olecule to  any energy level, a single photon can excite a m olecule 

only if its energy is resonant with the excited energy level. If the photon is 

absorbed by the molecule as in (1.45) the m olecule is simply raised to  a higher 

energy level in photoabsorption:

XY + hv ^  XY* (1.45)

where hvis the energy of the incident photon, v is the frequency and h Plancks 

constant. If fhe phofon has energy greater than the ionisation energy of the 

molecule then photoionisation  occurs:

XY + hv ^  XY+ + e -E  (1.46)
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with the possibility that the resulting ion is in an excited state. The electron 

leaves the molecule with the excess energy of the photon in the form of kinetic 

energy. Photons incident upon a m olecule may also result in phofodissociafion  

where the photon has sufficient energy to  break a chem ical bond. Either or 

both of the resulting species m ay be form ed in on excited state.

XY + hv ^  xn  + yn  (1.47)

The investigation of the photoabsorption properties of molecules is discussed 

further in chapte r 2 and the principle of photoionisation is also discussed further 

in chapte r 2 where a photoelectron experiment is described.

1.4.5. Electron/Molecule Collision Processes
When on electron and m olecule collide there ore several processes which may 

occur. If the e lectron/partic le  scatter with no change in their internal energy, 

the electron has been elastically scattered:

XY + e-E -> XY + e-E (1.48)

It is also possible for a transfer o f energy betw een the tw o particles to occur. If 

the m olecule is in excited state before the collision, the interaction with the 

electron can result in the de-excitation of the a tom /m o lecu le  and the super

elastic scattering of the electron:

XY* + e-E ^  XY + e-E + AE (1.49)

An electron can lose energy in the collision exciting any level in an atom  or 

molecule, resulting in the electron being inelastically scattered. Electron im pac t 

ionisation may occur if the energy of the electron is higher than the ionisation 

energy of the m olecule (1.50). The result is the formation of a positive ion and 

two electrons scattered aw ay from the ion, the e jected  electron and the 

scattered electron sharing the excess kinetic energy:

XY + e-E -> XY+ + e-E -ae + e- gected ( 1.50)

-4̂  X+ + Y (1.51)

The resulting positive ion may then dissociate to form a daugh te r ion and a 

neutral species (1.51).

If the energy transferred from the electron to the m olecule is not sufficient for 

ionisation then it is also possible for the process known as Electron Im pact 

Excitation to occur (1.52);
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XY + e-E -> XY* + e-E-AE (1.52)

^  XY + hv (1.53)

-> XM + YM (1.54)

If the state to which the m olecule is excited is a bound state then the resulting 

species can be long lived (metastable) before relaxing to its ground state 

through the emission of a photon as in (1.53). It however the m olecule is excited 

to a repulsive state (or a repulsive port o f a bound state) then the result is the 

dissociation of the m olecule into smaller species which may themselves be in 

an excited state (1.54).

In another process the electron may a ttach  itself to the m olecule to form a 

negative ion. The resulting ion m ay either then return to its ground state with the 

loss of the electron (1.55) or it can dissociate to form a neutral species and a 

daugh te r negative ion in a process known os dissociative electron a ttachm ent 

(DEA) (1.56)

XY + e-E [XY-] ^  XY + e-E (1.55)

-> [XY-] X- + Y (1.56)

The process of electron im pact excitation will be described further in chapte r 3

in the discussion of the spectroscopic technique of electron energy loss

spectroscopy. The formation of m etastable neutral species form ed through the 

process of electron im pact dissociation will be described in chap te r 6.

1.4.6. Oscillator Strengths
The energy absorption of a m olecule can be measured in terms of cross 

sections a with values typically quoted  in M b (=10-’® cm^). However an 

a lternative is to  describe the absorption in terms of differential oscillator strength 

dfjdE which has units eV-’ . The absolute cross section da ta  tor a

photoabsorption spectrum is re lated to the DOS by:

eF-> (1 .5 7 )
dE 109.75

The oscillator strength of an absorption band can then be determ ined:
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( 1 ^ 1

where Ei and E2 are the upper and lower energy limits o f the absorption band 

(in eV), and the resulting value is dimensionless.

However the conversion of an electron energy loss spectrum to differential 

oscillator strengths is more com plica ted . In order to  allow the measurement of 

differential oscillator strengths using an electron-m olecule scattering 

experiment, the incident electron energy, T, must be high (>100 eV), and  also 

high com pared  to the energy loss, E, (T»E) and the scattered electrons must 

be d e tec te d  at a small scattering angle 0«O°. If these conditions are satisfied 

then those transitions which are optica lly a llowed will predom inate, thus 

simulating the photoabsorption process.

The differential cross section DCS for a collision event between an electron 

which scatters from a m olecule can be described using the first Born 

approximation as (Huebner 1973):

where ao is the Bohr radius, ko. k„ and K  are the initial, final and transferred 

m om enta respectively and is the modulus of the transition matrix

element between the final and initial state of the molecule.

The generalised oscillator strength (GOS) was introduced in 1930 by Bethe 

(Bethe 1930), and allows optica l oscillator strengths to be related with those 

obta ined using electron im pact techniques and is expressed:

where R is the Rydberg constant. This equation can be com bined  with 

equation 1.59 to give:

dcT 4 R k „  1 

£ i  E  k„ dE
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Also, accord ing  to Bethe (1930), the generalised oscillator strength may be 

represented as a power series in even powers of K  provided that A " «  1, i.e.:

= + +bK‘' +... (1.62)
dE dE

where a and b are constants. In the limit o f zero m omentum transfer, i.e. K^O, 

the higher orders of the series are negligible, therefore only the first term dfldE

is significant, known as the differential oscillator strength (DOS). Equation 1.61 

can now be rewritten in terms of the DOS:

(1.63)
dE 4R k„ dCl

However this equation must now be refined to accoun t for the finite solid angle 

of de tection . The measured intensity of scattered electrons can be related to 

the differential cross section accord ing  to (Huebner 1973):

7(£)oc — = f — (1. 64)  
M l Jdn /J

where 1(E) is the intensity of the electron scattering signal and dCl=2n sinQ cB. The 

equations \or 1(E) (Eq. 1.64) and differential oscillator strength (Eq. 1.63) may be 

com bined  to  yield the expression (Huebner 1973):

^ O C - e  ! - — ; - / ( £ )  (1.65)
dE R \n[l + ( e l r f ]

where y = -----------------------------------------------  (1.66)
4TÇT-E)

Equation 1.65 allows the approximation of optica l oscillator strengths for small 

values o f m om entum  transfer Æ. The relation holds over only a limited range of 

energy loss such that the condition E/T « 1  is satisfied. Therefore the ideal 

conditions for the investigation of and comparison with op tica l oscillator 

strengths are a large incident electron energy T com pared to the energy loss E. 

coup led  with a small finite solid angle of de tection. Electron energy loss spectra 

in these studies have therefore been obta ined with an incident energy, T, of 

150 eV to  study the energy loss range 5 < E < 20 eV, with an a cce p ta n ce  angle 

6 of -1°.
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1.5. S u m m ary
This chapte r details the theory upon which the spectroscopic techniques to  be 

discussed are based. M olecular structure is described and includes the 

definition of a tom ic and m olecular orbitals and the assignment of term symbols 

to classify m olecular states. The symmetry of molecules and their assignment to 

a point group is also described, using the corresponding character tab le  in 

order to determ ine the symmetry of a m olecule after an e lectron ic or 

vibrational transition. Rotational, vibrational and electron transitions and the 

selection rules for them ore described os well as the processes of electron 

im pact and photon interaction which give rise to these transitions. The m ethod 

for obtaining absorption cross section in terms of differential oscillator strengths 

is described.
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2
VUV Photoabsorption 

Spectroscopy

“ If we knew w hat it was we were doing it would no t be  
co lled  research, would it?"

2 .1 .  P h o to a b s o rp t io n  S p e c t ro s c o p y
A great deal o f information may be obta ined througti the study of molecules 

using spectroscopic techniques. Indeed, m uch of the current know ledge of 

m olecular structure has been obta ined through spectroscopy. Some of the 

techniques available for the investigation of molecules include infra-red, 

m icrowave and Raman spectroscopies. For the present studies the absorption 

properties of molecules in the ultra-violet region of the e lectrom agnetic  

spectrum are investigated, where e lectronic transitions within the m olecule 

occur.

A simple picture of m olecular spectra would ind icate  large bands where light is 

absorbed by the molecule, however by increasing the resolution of a 

technique, it is possible to see that many of these bands are m ade up of closely 

packed  fine structures. The spacing of these lines is dependent upon w hether 

they are due to vibrational or rotational excitation in the m olecule. Rotational 

excitation requires very little energy for transitions between the levels (~meV), 

hence the separation of lines will be very small and therefore requires very high 

resolution if it is to be observed. Comparatively, vibrational excitations will 

ap pea r much further apart with vibrational energy levels separated by lO's of 

meV. Electronic excitation, the transitions of electrons to e lectronic states of

3 7
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higher energy, will be observed as w idely separated e lectron ic bands in a 

m olecular spectrum. However some bonds m ay not be easily resolved into lines 

and are apparently continuous regions of absorption of energy. The assignment 

and interpretation of all these types of bonds allows information to  be gained 

on m olecular structure.

2.2 .  P h o to a b s o rp t io n  Exper im ents
The photoabsorption spectrum of a m olecule may be analysed through the use 

of the Beer-Lombert law:

= (2 . 1)

and the absorption cross section for a particular wavelength, À, can then be 

defined as:

( j = In -, (2.2) 
nl

It is therefore possible to  carry out an experiment which records the light 

intensity passing through a cell of known length I with no gas, giving a value for 

l o ,  and with gas in the cell to give a value for It. the number density, n. being 

ca lcu la ted  using pV  =nRT. By recording h  and  It over a range o f wavelengths 

a spectrum may be built up of the absorption characteristics typical of that 

molecule.

The experimental apparatus used for these studies to obtain d a ta  for selected 

molecules is shown in figure 2.1 and m ay be d ivided into four main parts, each 

of which will be described in the following sections:

• A source of VUV radiation

• The m onochrom ator required for selection of wavelength

• The absorption cell

• The de tecto r

3 8



Lithium fluoride w indow mounted 
on a pneumatically controlled gate 

\alve (VALVE 09)
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Figure 2.1 : Schematic diagram of experimental arrangement for photoabsorption investigation. Î
§
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2 .2 .1 . A source  of VUV ra d ia tio n
The region of the electrom agnetic spectrum used in these studies to probe 

molecules ranges from the higher wavelengths ot the ultra-violet through to the 

near infrared wavelengths, see figure 2.2.

lOOnm 1mm icm

Figure 2.2: Electromagnetic Spectrum in the region of interest.

There are several sources ot VUV radiation available tor use in photoabsorption 

experiments including:

- A deuterium discharge lamp which emits down to 160 nm

- A helium discharge lamp which produces radiation in the region lOOnm 

to 60 nm

- A Lyman source which provides a larger continuum range from the 

visible down to -30 nm where a large condenser is repetitively 

discharged through a low pressure gas contained in a glass capillary.

However the most ideal source ot VUV radiation tor such experiments is a 

synchrotron radiation source. When high energy electrons ore in a vacuum 

and forced to travel in a circular path through the use ot m agnetic fields they 

emit synchrotron radiation, also known os bremsstrohlung radiation, with 

electrom agnetic radiation from infrared through to x-rays em itted. It is known 

that natural sources ot such synchrotron radiation arises when high-energy 

charged particles spiral around m agnetic field lines in interstellar space.
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In order to produce synchrotron radiation a large facility is required; Daresbury 

Laboratory at Warrington, Cheshire, is one such facility of many around the 

world. A schematic diagram of the Daresbury setup is shown in figure 2.3.

Booster Synchrotron 
600 MeV, 20 niA

Workstations
(Beainlines)

Radius 5.06 m

Linear Accelerator
10-15 MeV 

20 niA

Radius 15.28 m

Storage Ring 
2GeV, lA  

Hiindi lenglli 0.17 ns 
Buncli Spacing 2.0 ns

Figure 2.3: Schematic diagram of the Daresbury SRS

An electron beam is generated in a linear accelerator where electrons are 

accelerated to on energy of 10-15 MeV. These electrons are pulsed and 

injected into a booster synchrotron where they ore accelerated by 500 MHz 

radiation causing them to form bunches with a time interval of 2.0 ns between 

each bunch. The electrons are steered into a circular orbit using dipole 

bending magnets with a field magnitude of 0.786 T. Acceleration of the 

electrons continues until they reach an energy of 600 MeV at which point they 

are steered off tangentially and injected into the storage ring. Here the 

electrons are accelerated further and their circular path controlled by 16 

dipole magnets, in fact a closer look at the storage ring reveals that it is not a 

circle, but a 16 sided shape created by the magnets. Figure 2.4.

Figure 2.4: The arrangement of bending magnets which make up the storage
ring.
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It is in this ring that the electrons reach an energy of 2 GeV and have velocities 

nearing the speed of light. Only a small am ount o f pow er is subsequently 

required to keep the electrons circulating. The electrons lose energy 

continuously as they travel round the ring giving out e lectrom agnetic  radiation. 

The properties of these relotivistic electrons are such that the synchrotron 

radiation is em itted tangentia lly to  their orbit as they pass through each of the 

sixteen bending magnets and this radiation is essentially continuous. There is a 

maximum frequency, Omax, of light em itted; this limit is due  to the fa c t that the 

photon energy cannot exceed the initial kinetic energy of the electrons. 

Therefore the range of frequencies em itted by these electrons is from xs. the 

frequency of revolution, up to  the harmonics of the order where y = (7- 

the Lorentz velocity, and appears as a short burst o f radiation each 

revolution.

In a ring such os Daresbury with 200 mA of electrons a t 2 GeV approxim ately 50 

kW of power is rad iated. This m ay be im proved through the addition of a 

"wiggler" or an "undulator" to  a beam  line, a line of alternating polarity magnets 

arranged perpendicular to  the electron beam  which increases the flux of short 

wavelength radiation.

The advantages of synchrotron radiation over other possible VUV sources 

include its natural collimation so that the em itted light beam  is nearly parallel 

and therefore requires little or no focusing. The resulting beam  is small, typically 

about 1 mm2. Also, the light intensity is high over a large range of wavelengths 

with a broad spectral band width and a featureless continuum, com pared  to 

other sources which are characterised by peaks or emission lines.

2.2.2. The SEYA Monochromator
This continuous source of light must be m onochrom ated to  be of any use in 

determ ining the photoabsorption spectra of molecules. This is ach ieved using 

the SEYA m onochrom ator on station 3.1 a t Daresbury, shown schem atically in 

figure 2.5.
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Vertical Positioning mirror Horizontal Positioning mirror

Entrance Slit
Srii

Valve 09

To
absorption 

—  cell

Diffraction Grating 
-attached to a stepping 

motor

Figure 2.5: The SEYA monochromator

The highly collimated beam of light em itted from the electrons is d irected to the 

required position using a series of horizontal and vertical mirrors in the beam 

line. The light passes through on entrance slit and hits a vertical positioning 

mirror directing the light onto a diffraction grating.

A diffraction grating consists of a polished metal surface with many parallel 

equidistant grooves. A coarse grating typically has 800 lines/mm and a fine 

grating may have as many as 2000 lines/mm. The grooves reflect the incident 

light directed on to the grating from the vertical positioning mirror resulting in 

light of differing wavelength being diffracted at different angles according to 

the equation of diffraction:

sin =
mX

2.3)

where X is the wavelength of light being diffracted, d the groove spacing and 

m the order of light diffracted, resulting in longer wavelengths being diffracted 

by larger angles. When m=0, known os zero order, the path difference between 

waves from adjacent grooves is zero, and the diffracted beam appears as an 

intense white light source. First order, m=l, light occurs when the path 

difference befween waves is X. The value of m is limited since sin 9 must be < 1, 

thus the maximum number of orders is dependenf upon the particular values of 

6/and X.
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For example, when considering the visible port of the spectrum in first order 

diffraction, red, green and blue light will be diffracted off the surface as shown 

in figure 2.6.

Red 700 nm 6»= 2 4 .^  

Green 500 mn 0 =  17.4' 
Blue 400 nm 6»= 13.9"

Figure 2.6 : First order diffraction of red, blue and green light

However, a single wavelength, (e.g. red, figure 2.7a or blue, figure 2.7b), will be 

diffracted at several angles corresponding to the increasing orders. This 

introduces a problem as it is possible to have two different wavelengths of light 

being diffracted with the same diffraction angle but with different values of m. 

For example, first order light of wavelength 100 nm is diffracted away from the 

grating at the same angle as second order 50 nm wavelength light. This 

problem is discussed further in section 2.2.S.2.

m=4. 0  = 72M
1=2. m=3. 6> = 45.95'

m=2. 0=2H.em=l. 0 ^ 24 .78

Figure 2.7 : Increasing orders of diffracted red and blue light

A diffraction grating can therefore be used in producing a source of 

monochromatic electromagnetic radiation of known wavelengfh.

The SEYA monochromator achieves this by moving the diffraction grating with 

respect to a fixed incident beam of light from the storage ring, figure 2.8. The 

grating is fixed to a stepping motor which allows it to be aligned such that the 

required wavelength is diffracted towards the third mirror in the system, directly 

before fhe absorption apparatus.
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Diffraction
GratingIncident light beam

Stepping Motor

Figure 2.8 : Movement of diffraction grating with respect to the incident beam

The diffraction grating may be moved by various amounts allowing 

measurements to be taken in a range of steps from 10 nm fo 0.01 nm thus 

allowing high or low resolution experiments to be carried out. The movement ot 

the grating is controlled using a com puter which allows the wavelength range 

over which a scon is to be carried out to be defined.

The Daresbury SEYA monochromator has three gratings, each covering a 

different wavelength range, which are interchangeable to allow high resolution 

experiments to be carried out in a specific wavelength region. Table 2.1 

summarises the details of the three gratings.

Grating Wavelength range Peak output

Low energy 120 -  500 nm 170 nm/7.3 eV

Medium energy 60 -  250 nm 80 nm/15.5 eV

High energy 40 -120  nm 55 nm/22.5 eV

Table 2.1 : SEYA Monochromator Diffraction Grating Parameters

The high and medium energy gratings are coated with platinum and the low 

energy grating is coated with Al/Mgp2. The vertical and horizontal positioning 

mirrors in the monochromator (mv and mh) are coated with either platinum or 

gold to maximise the reflection of light off the surface.

2 .2 .3 . The P h o to ab so rp tio n  C ell
The monochromated beam of light produced by the SEYA monochromator is 

then used in the photoabsorption experiments. The beam of light is directed 

into the absorption apparatus as shown in figure 2.5. using a horizontal 

directional mirror (mh) passing through a lithium fluoride window mounted on to 

a pneumatically controlled gate valve (Valve 09 - figure 2.1 & 2.5). Two main
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systems have been developed in order to study the photoabsorption spectra of 

molecules: a closed cell system, figures 2.10 to 2.12 and a differentially pumped 

capillary system, figure 2.13.

2,2,3.1. The c lo s e d  c e ll p h o to a b s o rp tio n  a p p a ra tu s .

The design of a closed cell absorption cell, figure 2.9, is such that the conditions 

required for solving the Beer-Lambert Law (equation 2.1) are satisfied in order to 

obtain absolute cross section measurements in a photoabsorption experiment.

Figure 2.9 : Conditions required to satisfy the Beer-Lambert Law

A cell is of fixed length so that the path length, /, of the light though the gas is 

known, and should be enclosed so the number density of the gas in the cell, //, 

can be determined. The ends of the cell incorporate windows to allow the 

transmission of light through the cell. In order to study the absorption properties 

of molecules in the UV-visible region of the spectrum lithium fluoride windows 

are used which transmit light down to 110 nm (~1 1.27 eV).

In the course of these studies several variations of a closed cell hove been 

used. Figure 2.10. shows the simplest arrangement, a six-way cross.

Baratron

Path Length = 16 cm

w

Gas Inlet

LiF Window

On/off valve

Pumping Station
Figure 2.10 : Simple six-way cross photoabsorption cell

The gas sample is adm itted into the cell via a gas line, controlled by a needle 

valve. When sufficient sample has been flowed in (dependent upon the
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molecule under investigation) the cell can then be closed off allowing 

measurements to be token of the pressure using a baratron, from which fhe 

number density ti may be calculated. The path length, /, of fhis cell is 16 cm. 

Once the absorption characteristics of the sample have been recorded the 

gas is pumped away using a turbo-molecular pumping station.

Another closed cell type used is shown schematically in figure 2.11.

Baratron

Pump Gas inlet
Path Length = 16 cm

Heat/Coolant

Double-wall 
metal cell

Pumping Station

Figure 2.11 : Double walled metal cell for temperature variation

Here the gas cell is composed of a double walled cylinder and is p laced within 

a larger evacuated vacuum tank. This cell was designed to allow the 

temperature of the sample to be altered, although not used for this purpose in 

these studies. The heat or coolant is passed through a pipe into the cavity of 

the double walled cell in order to change the sample temperature. Mounted 

on the central pipe to the cell is a cross piece where the gas is adm itted and 

removed from fhe cell and also where the baratron for pressure moniforing is 

locofed.

A third cell was designed for the purpose of studying molecules which ore likely 

to react on the surface of a metal cell, such as the OCI radical. This cell is 

shown in figure 2.12.
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Pump

Gas inletBaratron

:|3—4 Path length = 14 cm

LiF WindowGlass Cell

Pumping Station

Figure 2.12 : Glass cell for reactive molecules

The gas cell and gas inlet system are all m ade of glass or RIFE tubing (where 

tiexibility is required for the inlet system). This cell has two pipes leading to it: one 

for admitting the gas, the other for evacuating the cell. This feature allows the 

gas to be flowed through the cell where the molecules under investigation ore 

likely to break down before a scon con be com pleted in a static cell.

These three closed cell systems hove been used to study many molecules, e.g. 

C2H5I, C2H5Br and CIO. However, spectra obtained in this way are limited to a 

wavelength range with a minimum of 110 nm (~11.3 eV) due to the wavelength 

cut off in the lithium fluoride windows used to enclose the cell.

2.2.3.2. The W m d o w le ss ’ P h o to abso rp tion  A p p a ra tu s

In order to study the photoabsorption spectra of molecules at higher energies 

(lower wavelengths) a windowless absorption system is required. However, it is 

important to maintain the vacuum in the rest of the beam line and to protect 

the mirrors and grating in the monochromator from the gases under 

investigation. In order to achieve this a capillary has been incorporated into the 

apparatus; figure 2.13 shows the new experimental arrangement designed by 

the group, which allows photoabsorption spectra to be taken down to 30 nm 

(41 eV).
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Figure 2.13 : Schematic diagram of the windowless system
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A capillary with an internal d iam eter of 2 mm is fixed on to an X-Y translator in 

order to align the capillary so the UV beam  can pass through. This system is 

differentially pum ped in order to prevent contam ination of the grating and to 

maintain the pressure of -10^  torr in the m onochrom ator cham ber. The 

capillary is aligned in the centre  of the vacuum  line and ends in a large tank 

which is evacua ted  using a turbo pump.

The photoabsorption cell is the same six-way cross described previously for the 

closed cell system (Figure 2.10), but with only one lithium fluoride w indow 

m ounted on a ga te  valve between the cell and the capillary tank. The other 

end of the cell is closed off using the sodium salicylate w indow  used for UV lighf 

detection, described later in this chapter. The lithium fluoride w indow  has been 

included in this arrangem ent to a llow  spectra to  be taken in a closed cell 

arrangement.

The gas is adm itted  to the cell via a gas line which incorporates a rotary pum p 

with a chem ica l filter, with the flow of gas controlled by a needle valve. In the 

closed cell arrangem ent the measurements are taken with a static sample of 

gas, however with the lithium fluoride w indow  raised it is necessary to  flow the 

gas through the cell as the sample will be pum ped aw ay through the capillary 

tank. It is possible to  ba lance  the flow of the gas with the needle valve so that 

there are only small variations in recorded pressure during a scan.

The use of this windowless system introduces several problems when 

determ ining the absolute cross sections. The first involves the path length, /, of 

the light beam  through the gas, previously defined by the separation of the 

lithium fluoride windows on the ends of the cell. As the cell is no longer enclosed 

the gas enters the capillary tank thus increasing the path length. However it is 

possible to  determ ine an effective  path length through the measurement of 

Inlo/It as a function of pressure (and therefore num ber density n] a t a 

w avelength where the absolute cross section is known (Gingell e t ol, 1999). If 

Inlo/It is p lo tted against pressure the result is a linear relationship with on
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intercept of zero and ttie  e ffective  path length is obta ined from the gradient of 

the line.

Another problem  affecting absolute cross section is the occurrence o f non-first 

order light. If higher orders of light are allov\^ed to reach the photoabsorption 

cell, for exam ple 50 nm second order light is d iffracted a t the same angle as 

first order 100 nm light, then the ca lcu lation of the absolute cross section for this 

point is com p lica ted  due to the presence and unknown size of contribution of 

the 50 nm light.

This presents a problem in the measurement o f absolute photoabsorption cross 

sections in the wavelength region 110 60 nm (11.27 ^  20.7 eV). Cross sections

can be accurate ly determ ined down to 110 nm (above the LiF cu t off) as 

measurements are taken with the lithium fluoride w indow  in valve 09 (Figure 

2.13) in the beam  line. The presence of this w indow  results in higher order o f light 

(m >1) being filtered out. The cross sections for the region 60 ^  30 nm (20.7 

41.3 eV) are also unaffected by higher orders of light as the w avelength limit of 

the high energy grating used is 30 nm (41.3 eV), therefore only first order light 

will be d iffracted up to a w avelength of 60 nm (20.7 eV).

2.2.4. The detector and data acquisition
In all experiments, with both closed cell and windowless systems, the detection 

m ethod is the same. A ttached  to the end of the beam  line is a fused quartz 

crystal w indow  coa ted  with sodium salicylate (Figure 2.13). The properties of 

sodium salicylate are such that it absorbs the ultra violet radiation which has 

passed through the cell and converts it into visible light via a fluorescence 

process. This visible light is then d e tec ted  using a photomultiplier tube (PMT).

Several parameters are recorded in order to obtain all the information 

necessary to solve the Beer-Lambert Law and hence produce a 

photoabsorption spectrum with absolute cross sections over a range of 

wavelengths. Using the SEYA com puter control program the desired 

wavelength range, step size and dwell tim e are defined, for the control of the 

grating m ovement. A typical setup would be to  record a spectrum of a 20 nm 

range in steps of 0.05 nm with a dwell time of Is on each point.

51



Chapter Two

For each step in wavelength in the scan three parameters are recorded:

The intensity o f light passing through the cell, I.

The pressure of gas in the cell.

The current in the storage ring.

i) The intensity o f light: Light intensity, /, is measured using the photomultip lier 

tube which produces a current corresponding to the intensity o f light being 

de te c ted . This current is passed through a Keithley 610c e lectrom eter and 

converted into a voltage.

ii) The pressure o f gas in the cell: The pressure in the photoabsorption cell is 

m onitored using a baratron with the output o f the baratron contro ller in the 

form o f a voltage.

Hi) The current in the storage ring: The ring current is m onitored in order to 

normalise the resulting spectrum to take into accoun t the slow decrease in the 

electron flux in the storage ring and hence the decrease in intensity o f radiation 

entering the beam  line.

The output of each of the parameters is in the form of a voltage. These voltages 

are passed into vo ltage to  frequency convertors (V-F), and then into a quad 

counter. The arrangem ent of electronics required to record this information are 

shown in figure 2.14.

Intensity of 
light

Pressure

Ring Current

PMT Keithley 610c 
Electrometer

Voltage to 
frequency converter

Baratron Controller Voltage to Quad PC
frequency converter Counter

Feed from lab 
comouter

Voltage to 
frequency converter IKHz

Clock

Figure 2.14 : Electronics required for data acquisition
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For each wavelength step in the scan all of this information is fed from the quad 

counter into the com puter controlling the experiment. Two scons are taken in 

order to produce a photoabsorption spectrum with absolute cross sections, one 

with the sample in the cell to obtain values for /, and the other with the cell 

evacuated to find lo. Figure 2.15. shows the raw data obtained in the course of 

a typical scan for the intensity of light reaching the PMT against the 

wavelength.

250
Blank

Signal
200  -

^  100  -

80 95 110 125 140 155 170 185 200

Wavelength / nm

Figure 2.15 : Intensity of light reaching the PMT with and without sample in the
absorption cell

The areas in which radiation is being absorbed by the molecule are obvious 

(pink line in figure 2.15), while the ‘blank’ data (blue line) shows the flux curve 

for the system, the intensity of light available in the different regions of the 

spectrum. All the data for both scans is saved in a file and entered into a 

com puter program where the final photoabsorption spectrum is deduced.

The resolution of a scon may be a ffected in several ways. The size of 

wavelength step taken in the scan can be altered, measurements may be 

taken with a step size in the range 10 nm down to 0.01 nm. However, a point is 

reached where the step size does not affect the resolution, and for it to improve 

the entrance and exit slits in the SEYA monochromator section are reduced thus 

decreasing the beam width and the energy spread of the light reaching the 

absorption cell. However closing the slits reduces the light intensity available. 

Another factor which may a ffect a photoabsorption spectrum is the line 

saturation effect.
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2.2.5. Line saturation effect
The bandw idth of the light used is not zero, i.e. infinite energy resolution, hence 

the use of the Beer-Lambert law m ay lead to errors in photoabsorption spectra. 

The measurement o f the height of peaks, and hence the area underneath, 

may be incorrectly determ ined. This is com p lica ted  by the varying degree of 

e ffect on peaks depending on their natural linewidth.

The e ffec t o f line saturation m ay be observed through the variation in pressure 

of a sample, which results in a change  in the intensity o f the peaks. The e ffect is 

greatest with high pressures and leads to the underestimation of intensity. 

Therefore absorption investigations are carried out reducing the sample 

pressure, observing the change  in peak intensity until a maximum is reached 

and the line saturation e ffec t con  be minimised.

Absorption spectra measured using electron energy loss spectroscopy 

(described in chapte r three), are not a ffec ted  by the line saturation e ffect as 

illustrated by Chan (1993). The Chan investigation of the nitrogen molecule 

using both photoabsorption and electron im pact techniques has shown that 

there is a significant d ifference in peak height in the two spectra and therefore 

the area under peaks. Thus cross sections and oscillator strengths measured 

using photoabsorption experiments may underestimated due to  line saturation.

2.2.6. Calibration Molecules
In order to ca lib ra te  the system and optimise all the settings to obtain maximum 

resolution, spectra of well known molecules such os NO, OCIO or ace tone  are 

recorded. The wavelengths of peaks for these molecules are well defined and 

the observation of fine structure in their spectra depends upon the resolution of 

the system. Figures 2.16 -  2.18 show photoabsorption spectra for OCIO, NO and 

acetone. The photoabsorption characteristics o f OCIO have been thoroughly 

investigated by our group (Marston 1998) and the fine structure a t both low and 

high energies is ideal to ca lib ra te  the w avelength of the system.
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Figure 2.16 : Photoabsorption spectrum of OCIO.

NO spectra are also used for this purpose with the majority of the fine structure 

found mid range (5.5 to 9 eV).
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Figure 2.17 : Photoabsorption spectrum of NO
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Peak
Position /eV

Assignment Peak
Position/eV

Assignment Peak
Position /eV

Assignment

5.481 3 sa v’=0 6.608 D 3 pa v=0 7.438 D'Z^ 3pa v^3
5.771 3sa v=l 6 782 C^n 3pn v=l 769 F“A 3d6 1^0
6.057 A ^ r  3sa );=2 6.891 D Z 3 pa 1 7 98 F“A 3dôw=l
6.340 A^Z+ 3 sa v=3 7.063 C^n 3p;r v=2 8.12 H ’"n 3d7iv=l
6.494 C^n 3pm v=0 7.168 D"Z+ 3 pa v=2 8 53 4pm v=2

Table 2.2 : Peak positions and assignment of the features in the photoabsorption
spectrum of NO.

u
(D
00
(/)00o

80

70

60

50

40

30

20

10

0
6 6.5 7 7,5 8 8.5 9 9.5

Photon Energy / eV

Figure 2.18 : Photoabsorption Spectra of acetone.

When a NO sample is unavailab le the features of the ace to n e  absorption 

spectrum are used for the calibration of the energy scale. Table 2.3 gives the 

peak positions (eV) and assignments of the features in the ace to n e  spectrum 

(Huebner 1973).

Position / eV Assignment
635 B<-X ' A] (n a *) / 3s Rydberg state
6.49 Vibration associated with : B f-X  'A,
6.63 Vibration associated with : B<-X ’ Ai
6.77 Vibration associated with : B<-X 'A,
739 3p
7.84 3d
809 4s
8.42

_ _

868
883

_____________________________
5s

898
9X)4

5p
5d

9.15 6s

Tabie 2.3 : Peak positions and assignments of features in the acetone 
photoabsorption spectrum.
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The values of cross sections obta ined using the Daresbury photoabsorption 

experiment ore subject to  errors in the measurement ot the pressure and the 

transmitted light through the cell. The ca lcu la ted  cross section values are a 

result o t the product and quotient o t measured quantities (Beer-Lambert law  - 

equation 2.2) and as such the fractional error in the cross section con be 

determ ined using:

/TTv TlTv
(2.4)

where A and B are measured quantities and a and b their absolute errors. In this 

case one ot the measured quantities is in the form ot a logarithm i.e. ln(I(/Ii), the 

absolute error tor which is equal to the relative error in the measured quantity 

e.g.:

It ln(A) then c^a/A ( 2.5)

Combining equations 2.4 and 2.5, the fractional error in the cross section da ta  

Aa can be determ ined using:

Aa
a

+
j

2 .6]

where lo and /ta re  the measurements o t the light transmitted by an em pty cell 

and the sample gas respectively, and p  is the sample pressure. Using equation 

2.6 errors in the cross sections tor the photoabsorption da ta  reported in these 

studies are ~ < ±10%.

2.3 .  P h o to e le c t ro n  S p e c t ro s c o p y
The study ot photoelectron spectroscopy (PES) m ay be considered as the most 

d irect m ethod tor gaining information regarding a tom ic and m olecular energy 

levels. The bands in a PE spectrum correspond to the ionisation energies ot 

orbitals in the m olecule and also vibrational structure associated with it. The 

photoelectron (PE) spectrum ot a m olecule can  be used as an a id  in assigning 

Rydberg states in an absorption spectrum. Through the a lignm ent ot PE bands 

with peaks observed in an absorption band the quantum  d e te c t tor a Rydberg 

state can be determ ined and other levels ot higher or lower quantum  number 

ca lcu la ted  using the Rydberg equation:
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v = Ejp  Y  cm~̂  0,1,2,3,4... (2.7)
(n -ô )

where v is the energy of the peak (cnn-’ ), Eip is the ionisation potential o f the 

Rydberg state, R is the Rydberg constant (109737 cnrr^), n is the principal 

quantum  number and ô is the quantum  defect.

Photoelectron spectroscopy allows the determ ination of energy levels via the 

process of photoionisation. If a m olecule interacts with a beam  of 

m onochrom atic photons which have an energy higher than the m olecule 

ionisation point then an e lectron con be e jected :

XY + hv ^  XY+ + er (2.8)

As energy is conserved when a photon ionises a m olecule the energy of the 

incident photon (hv) is equal to the sum of the ionisation energy (Ii) o f the 

sample and the kinetic energy of the e jected  electron (ej. This m ay be 

represented by the modified Einstein relation;

-  /, (2.9)

Ionisation m ay occur from several different orbitals, figure 2.19, each  requiring a 

different ionisation energy, the resulting e jected  electrons being produced with 

different kinetic energies. Through the measurement of the kinetic energy of 

these e jected  electrons the ionisation energies can be determ ined.

^  ' 4=2p7Cg 2p7tg. 4 - ® =^ 2 p 7 lg ^

2p7t« I I - 4 f  —  2p7Iu ^  2p7C„ . ^  ^

2p(̂ g--------- ^ -------  2pag--^ -------  2pCg ^ -------

2pa„--------- -̂------  2pa„--^ -------  2pa„ -̂------

O2 Ground State O2 Ground State O2 Excited State
%  'Hg %

Figure 2.19 : ionisation of electrons resulting in an excited state O2* ion

As described in chapte r one (section 1.4) an ionisation transition m ay be 

represented by a line on a potential energy diagram , figure 2.20. If the 

equilibrium internuclear separation for the m olecular ion is approxim ately the 

same as for the neutral m olecule then the v ” = 0 ^  v ’ ^ 0 transition will have
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significant intensity and gives rise to  a single sharp peak in a photoelectron 

spectrum.

Vertical Ionisation 
Energy

X+Y+

v’̂ 0
Adiabatic Ionisation Energy

X+Y

■ v ” =0

Figure 2.20 : Vertical and Adiabatic Ionisation Energies Measurement

However if there is a change  in the equilibrium internuclear separation then the 

m olecular ion may be form ed in a variety o f excited vibrational levels. This gives 

rise to a series of sharp peaks in a photoelectron spectrum, a vibrational 

progression as described in chapte r one (section 1.4.3). The most likely cause of 

significant changes betw een the neutral and the ion potential energy curves is 

if the m olecular orbital from which ionisation has occurred is strongly bonding or 

anti-bonding, therefore vibrational progressions may be associated with these 

types of orbitals.

Due to a change  in internuclear separation tw o types of ionisation (IE) may be 

defined, figure 2.20.

The a d ia ba tic  ionisation energy  is the d ifference betw een the neutral 

m olecule and the m olecular ion in their v ”  = 0 and v ’ = 0 levels 

respectively, as shown in figure 2.20.

The vertical ionisation energy  is the energy d ifference betw een the 

neutral and the ion measured a t the same equilibrium internuclear 

separation.

An approxim ate value for the energy of m olecular orbitals can be determ ined 

using Koopman’s Theorem, which states “For a closed shell m olecule the 

ionisation energy o f an electron in a particu lar orbital is approxim ately equa l to 

the negative o f the orbital energy ca lcu la ted  by a self-consistent field 

m e thod ” (Hollas 1996) and m ay be written:
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(2 .10)

The approxim ation arises when trying to  equa te  a real measurable quantity, the 

ionisation energy of the electron (//) with the energy of an orbital (e,), which can 

only be determ ined precisely using theoretica l calculations. The approxim ation 

is due to  several limitations of the SCF calculations. One source of error is the 

overestimation of the ionisation energy by neglecting orbital re-organisation in 

the m olecular ion. Therefore an orbital in the ion is not a t the same energy as 

the parent molecule:

( 2 . 11)

Another source of error is the underestimation of the ionisation energy by 

ignoring electron correlation in the SCF calculations. Despite these errors 

Koopmans' theorem is a reasonable approximation for a closed shell molecule, 

but is not app licab le  for open shell molecules such as O2 and NO.

The study of the m olecule CI2O using the technique of photoelectron 

spectroscopy has been carried out a t the University of Liège (results for which 

may be found in chapte r 4). The basic com ponents required for a 

photoelectron spectrom eter are a source o f phofons and an analyser for 

de tection  of the e jected  electrons. Figure 2.21 shows a schem atic d iagram  of 

the spectrom eter used in these studies.

He in

Ionisation
chamber

Collimating
capillary

He out

180° hemispherical analyser

To Pump

Water cooled 
conical hollow 

cathode

Power
Supply

Water cooled 
conical hollow 

anode

Photon Source

Figure 2.21 : Schematic diagram of the Photoeiectron Spectrometer.
(Photon source is shown rotated 90° with respect to actual position)

The source of photons is a differentially pum ped helium discharge lamp. A high 

vo ltage (5 kV) electric discharge is passed through low pressure helium gas. This
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electronically excites ttie  gas atoms. On relaxing to ttieir ground state, radiation 

is em itted w tiic ti is subsequently used to  ionise ttie  ta rget gas. The main 

radiation em itted from a helium source is ca lled  He{l)a and is a result o f excited 

atoms in the Is  ̂ 2p^ state relaxing to the ground state Is^ Ŝo. Photons 

em itted in this process have a wavelength of 58 nm (21.22 eV), in the ultraviolet 

region, and have sufficient energy to ionise the va lence electrons within a 

molecule.

These photons interact with the target gas with the resulting photoelectrons 

being drown aw ay from the target gas cell and focused into a 180° 

hemispherical analyser, which operates in a constant pass energy m ode. The 

operation of this type of analyser is discussed in detail in chap te r 3. A spectrum 

is obta ined by sweeping a retarding vo ltage  between the collision cham ber 

and the entrance slit o f the analyser allowing only electrons of specific energy 

to reach the detector. The overall resolution of this spectrom eter is 20 meV.

2.4 .  Sum m ary
This chap te r describes a photoabsorption experiment used to  investigate the 

absorption properties of several molecules of atmospheric interest. The 

experimental apparatus for a new windowless absorption system is described 

which allows absorption spectra to be investigated beyond the cu t off of 

lithium fluoride windows (>11.27 eV). A photoelectron experiment is also briefly 

described.
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Electron Impact Spectroscopy

“Space is almost infinite.
As a m atte r o f fa c t we think it is infinite. ”

Dan Quayle, US Statesman, The Sunday Times, 31 Dec 1989

3.1 .  In t ro d u c t io n
The techniques of photcabsorption and photoelectron spectroscopies for the 

investigation of m olecular structure have been described in chap te r 2. Another 

m ethod for probing the spectroscopy of atoms and molecules is electron 

im pact spectroscopy where e lectron/m olecule  collisions give rise to  several 

processes similar to the photon interactions described in chap te r one (section 

1.4).

An advan tage  of electron im pact over photon interaction is tha t an electron 

may lose any am ount of energy in a collision and can excite the m olecule to 

any level, while single photon excitation of a m olecule can  only occu r if the 

photon energy is resonant with the excited energy level. The investigation of 

electron interactions with atoms and molecules is im portant in m any areas of 

science: chem ica l reactions, atmospheric sciences, laser physics and, in 

particular, plasma physics. A recent report (NRC 1996) has revealed that a 

large volum e of information is required for modelling plasma etch ing processes 

particularly for electron collisions which result in the formation of excited state 

neutral species.
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The experimental electron im pact technique described in this chapter involves 

the detection of scattered electrons which have lost energy os a result of 

collisions with molecules, a technique known os Electron Energy Loss 

Spectroscopy (EELS).

3.2. Electron Energy Loss S p e c tro m e te r
Electron energy loss spectroscopy is based on the process of excitation of a 

molecule upon collision with on electron of known energy, E:

XY + e-E XY* + e-E-AE (3.1)

With this type of electron/m olecule collision kinetic energy (AE) is transferred 

from the electron, resulting in the formation of a molecule in an excited state. If 

the energy of the incident electrons is known and the energy of the inelostically 

scattered electrons con be determined, then the excited states of molecules 

con be measured.

In order to performs EELS it is necessary to produce a beam of nearly 

monochromatic electrons of known energy, which may subsequently be 

crossed with a sample gas beam and inelastically scattered electrons 

detected. The EEL spectrometer used at UCL is shown schematically in Figure

3.2.

3.2.1. Electron Optics
The energy spread of electrons em itted from a hairpin filament (section 3.3.1) 

typically -500 meV. In order to use these electrons in spectroscopy experiments 

this energy spread must be greatly reduced and a collimated beam of 

pseudo-monochromatic electrons produced. This is achieved through the use 

of electrostatic lens systems and electrostatic energy selectors. An electrostatic 

lens system consists of a series of apertures or cylinders of metal elements as 

shown in figure 3.1.

01 fOI 10

Aperture Lens ElementsC ylindrical Lens Elements

Figure 3.1 ; Cylindrical and aperture lens elements
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Figure 3.2 : Schematic diagram of the UCL Eiectron Energy Loss Spectrometer
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With an electric potential applied to each element their operation is analogous 

to a thick optical lens. In optical lenses refraction of light occurs at a boundary 

between two medio with different refractive indices, figure 3.3a, while in 

electrostatic lenses the path of a beam of electrons is deflected at a boundary 

between potentials of lens elements, figure 3.3b.

(a) Light Optics (b) Electrostatic Lens

Figure 3.3: Refraction of a) ligtit, b) a beam of electrons, at a boundary between
two a) media, b)potentials

If the velocity of a particle in each region is v; and V2 respectively then the 

velocities are related to the corresponding potentials Vi and V2 according to:

+cF, = +CF2 =0 ( 3.2)

where e  is the charge of the particle. The angles of refraction ai and are also 

related to the potentials by:

sm a

sm <7,
3.3)

The combination of two or three lens elements forms on electrostatic lens, figure 

3.4, which shows the analogy with on optical lens.

ImageObject

Object Image

o) Optical Lens Action h) Electrostatic Zoom Lens Properties

Figure 3.4 : Optical lens compared to electrostatic zoom lens

By altering the voltage V2 on the central electrostatic element the image 

distance Q is altered as shown in 3.4a, thus changing the point at which the
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beam converges. The electrons chang ing  tra jectory  at the plane between the 

lens elements provides the fens ac tion . If the gap, G, between the elements is 

large then the lens action is weak, therefore G is normally set to one-tenth of 

the internal diameter, D, of the elements. The focusing positions of an im age in 

these lens systems are determ ined by the voltage ratios:

3.4)

and also by the geomietric ratios:

G A 
~D ’ D

3.5)

where G is the gap between elements, D  is the internal d iam eter of the 

elements and A the distance between the centre points of two gaps in the lens, 

figure 3.4b. When two or more of these lens systems ore com bined a "lens stock" 

is formed, for example an "electron gun".

The electron beam produced in a lens stack is defined by several parameters, 

figure 3.5a&b. The object of a beam  may be defined as a window, wi, with the 

point on the window at which all 'rays' are emitted known as a pencil. The 

angle 0i, figure 3.5b, is the angular divergence of the beam from this point also 

known os the pencil angle. The angle a i is the beam angle and is the 

measurement of the divergence of the beam with respect to the central axis of 

the lens.

W2
ImageObject

Figure 3.5 : a) The focusing of a point source between windows and pupils, 
b) the definition of beam 6i and pencil angles a i

The width of a beam is limifed by an entrance or object, known os a pupil, pi, 

with apertures sited within the cylinders for this purpose. The lens acts to 

produce on image, wz, from the object, wi, and also produces on image of the
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window. If this w indow  is focused to infinity such that a i = 0 then a parallel 

beam  of electrons is produced.

However there are some physical effects which alter the size and focus of a 

beam  of electrons which affects the im age produced; these are known as 

aberrations. The two most im portant types of aberration in e lectrostatic lenses 

are chrom atic  and spherical aberrations. Chrom atic aberration is a result o f the 

distribution in velocities o f electrons in a beam , with the slower electrons 

experiencing larger changes in their trajectories then the faster electrons. 

Therefore electrons with different velocities are focused at several different 

positions along the axis.

Spherical aberration arises due  to  the different spatial regions of an electron 

beam  having separate foca l points. For exam ple those electrons in the inner 

section (paraxial) of a beam  have a longer focal distance than those in the 

outer section (marginal) o f the beam . The result is that the electron beam  is not 

a t its smallest a t the im age plane, but a t some point betw een the centre  of the 

lens and the im age plane, this point is known as the disc o f least confusion.

3.2.2. Energy Selectors
As described in chapter one a tom ic  and m olecular states are separated by 

100s of meV and m olecular vibrations typically by 10s of meV. Therefore if 

m olecular vibrational transitions are to be investigated spectroscopically the 

resolution of the electron beam  produced and the detection of scattered 

electrons should also be of the order of 10s of meV. However the energy spread 

of electrons leaving the filam ent is -500 meV. A filter lens type of e lectron gun 

(Mason 1986) m ay reduce this to 100 or 200 meV, but to  lower the resolution 

further the electron beam  has to  be ‘m onoch rom a ted '.

A 180° hemispherical analyser is used to reduce the energy spread o f a beam  

of electrons, figure 3.6.
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Outer
Hemisphere

Inner
Hemisphere

HO

Figure 3.6 : Schematic Diagram of a 180° Hemispherical Analyser

A beam of electrons entering the hemisphere is steered through 180° by setting 

voltages on the inner and outer sections ot the hemisphere. These are 

calculated using the ratio ot the sphere diameters tor the inner hemisphere (HI) 

and the outer hemisphere (HO):

H I diam eter

HO

HO
diameter

diameter

H I

X E lectron  P a ss  E nergy = 

X E lectron  P ass Energy' -

3.6)

diameter

At the entrance and exit ot the hemispheres it is necessary to include field 

correction rings in order to reduce the effects ot field distortion as the electron 

beam passes from an electron gun into the hemisphere. The electrostatic field 

produced by the lens stack is perpendicular to that ot the analyser causing 

fringing fields at the entrance and exit ot the hemisphere, disrupting the beam 

ot the electrons. To correct tor this aberration two rings are set to voltages either 

side ot the mean path energy ot the electrons around the analyser, but less 

than the voltages applied to the inner and outer hemisphere.

The resulting electron beam emerging from the hemisphere has a reduced 

energy spread. The resolution ot the beam AEj/2  (Full Width Halt Maximum) can 

be determined using equation 3.7. (Read 1974).

AE y W—  = (7—  + ba^ 
2R

(3.7)

where W\s the width ot the beam entering the hemisphere and R is the mean 

radius ot the path ot the electrons around the hemisphere, a  is the angle at
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which the beam enters the hemisphere whilst a and b are parameters 

dependent upon the dimensions of the hemispheres and the size of the 

entrance and exit holes. For the energy selectors in the UCL electron energy loss 

spectrometer the values of these parameters are 0.82 and 0.24 respectively 

(Mason 1987a)

From equation 3.7 it can be seen that in order to obtain a high resolution beam 

the pass energy, should be low and the mean path of the electrons, R, 

should be as large as possible. The reduction in size of the entrance and exit 

apertures (fV) and ensuring that the beam enters with angle a  close to zero also 

help to improve the resolution of the exit electron beam. The overall resolution 

of the spectrometer is dependent upon both the electron m onochrom ator and 

the electron analyser hemispheres and is ca lcu la ted using equation 3.8

(3.8)

where AEm and AÊ  are the resolution of the electron monochromator and the 

electron analyser respectively.

The cylindrical lens elements used to form a lens stock for both the 

monochromator and the electron analyser are m ade from titanium, with the 

apertures made from molybdenum. Titanium is used due to its non-magnetic 

properties and its suitability for high temperature bake-out of the system. The 

internal surfaces of the hemisphere elements ore coa ted  with soot from on 

oxyacetylene torch; the apertures and internal surfaces of the lens elements 

ore coated with 'Aquadag', a graphite solution, in order to reduce the 

reflectivity of the elements.

a) M ethod for Lens element b) Arrangement o f  02
mounting o f  lens deflectors within [j^eram ic
elements an element

Ceramic Rod — Aluminium Bench ^

Ceramic bush- ___ _
-Wire to feed-through for 
electrical connection

Figure 3.7 : Cross section to stiow the a) mounting of the lens elements, b) 
arrangement of deflectors In an element.
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The lens elements are mounted on to an aluminium bench as shown in figure 

3.7a. All lens elements have an external diameter of 15 mm which mokes 

alignment simple. The lens elements sit on ceram ic rods in order to electrically 

insulate them from each other. Studding (diameter 2.5 mm) passes through the 

centre of the bench from each lens element to the underside of the bench 

where they are fixed in p lace with M2.5 nuts. The studding and nuts are isolated 

from the aluminium bench using ceram ic bushes. The electrical connection is 

mode at this point using high temperature PTFE insulated wire. Accurate 

separation of the elements is achieved using a feeler gauge. Figure 3.7b shows 

the arrangement of deflectors included within some elements to allow small 

corrections to be mode to the direction of the electron beam.

3 . 3 .  The  E l e c t r o n  M o n o c h r o m a t o r
A schematic diagram of the electron monochromator used in these studies is 

shown in Figure 3.8. The basic components ore on emission system, on electron 

gun, a 180° hemispherical analyser and the pre-interaction region optics. The 

monochromator is mounted to a mechanism which allows it to be rotated off 

the 0° axis about the central axis of the spectrometer in the range -10° to +50°.

Electron Gun Emission System

HO

El AN

D A I ̂ 401^4
D lI-^ 1 4 015^18

E14 E15E l l  E12

Pre-Interaction Region Optics

Figure 3.8 : Schematic Diagram of the Electron Monochromator
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3.3.1. The Emission System
The electron source used is a hairpin filament made from thoriated tungsten: 

pure tungsten metal doped with a few percent of thorium. This type of filament 

has a typical lifetime of the order of hundreds of hours and may be operated at 

a lower temperature than a pure tungsten filament, resulting in an electron 

beam with a lower energy spread than that generated by pure tungsten. The 

filament is fixed in to an electrode of Pierce design (Pierce 1940). In order to 

effect a homogeneous field at the filament the surface of the electrode is cut 

to on angle of 67.5° to the central axis, as shown in figure 3.9.

16 mm The beam angle 0 is 
tan’ (0.165/6)= 1.6°

0.165
mm

6 mm

A I - 0.33 mm aperture: w, pi :2 nun aperture

Figure 3.9 : The emission system

The tip of the hairpin filament is aligned to the centre of the Pierce electrode, 

the cathode housing KH. A constant current of 2.2 A is passed through the wire 

which heats the wire to approximately 2000 K and produces a beam current of 

the order of 10'  ̂ A. The aperture in the cathode housing is 2 mm and is 

designated as pupil pi in the lens stack. The electrons leave the filament with 

thermal energies and are accelerated to an energy of 80-100 eV (the potential 

on the anode, AN) and pass through aperture AI which is 0.33 mm in diameter. 

This aperture is window wi and is 6 mm from the tip of the filament, producing a 

beam angle of 1.6°, figure 3.9. From the emission system the electrons are 

focused into on electron gun.

3.3.2. The Electron Gun
The electron gun consists of a three element lens (Lens One) and a two 

element lens (Lens Two) and is designed to focus the electrons from the 

emission system into a monochromating hemisphere, figure 3.10. Both lenses 

hove on internal diameter, D, of 6 mm with a gap, G, between each element 

of 0.6 mm.
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Entrance plane of 
hemisphere
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Figure 3.10 : The Electron Gun 

Lens One: The first zoom lens consists ot elements AN, El and E2, with a 

geometric ratio ot A/D = 0.5. This lens acts as a retarding lens reducing the 

energy ot the electrons according to a fixed ratio ot 3:1 tor the potentials on 

AN:E2. The potential on El is set according to on adjustable ratio tor El :E2 ot 

approximately 7:1.

This lens acts to focus the image ot the tip ot the hairpin filament at pi to p2 the 

aperture A2 in element E2. The beam is also focused from window wi, the 

aperture on the anode (AI) to the aperture on element E3, window w%.

Lens Two: The second lens consists ot two elements, E3 and E4. This lens retards 

the electrons to an energy ot 3eV, the pass energy tor the monochromating 

hemisphere, and has a fixed voltage ratio ot 9:1 (E3:E4). E3 is set to the some 

potential as E2 in lens one, which tor a pass energy ot 3eV (the potential on E4) 

are set to 27 Vh

This lens acts to focus the image ot p2 (A2) at the entrance plane ot the 

hemisphere and from W2 (A3) the beam is focused such that it enters the 

hemisphere with a low angular divergence (a~0°). A 2 mm aperture on the 

end ot the electron gun, on element E4 acts as splutter aperture which limits the 

axial displacement ot the beam entering the hemisphere.

' The potentials for several pairs of lens elements in both the electron monochromator and the electron 
analyser are linked, for example E2 and E3. However they are electrically insulated so that current 
measurements can be made on an individual lens element
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3.3.3. The Monochromating Hemisphere
As described in section 3.2.2. a 180° hemisphere acts to  reduce the energy 

spread of the electrons from -500 meV. The pass energy, m ean electron 

energy, o f the beam  through the m onochrom ating hemisphere is 3 eV and is 

set by the potential on elements E4 and E l l .

In order to attain a high resolution the mean radius of the path of electrons 

should be as large as possible (Eg. 3.7). However, due to  the small vacuum  

cham ber used, the size of the hemisphere is restricted. The radius of the outer- 

hemisphere (HO) is 46.5 mm and the inner (HI) 28.5 mm, giving a m ean radius, 

R, of 37.5 mm for the m onochrom ating hemisphere. The resolution of this 

hemisphere con be ca lcu la ted  using these parameters in equation 3.7 giving a 

possible resolution of 35 meV.

The field correction rings RO and Rl are set to voltages of 3.5 and 2.5 V 

respectively in order to reduce the effects of field distortion a t the entrance 

and the exit to the hemisphere. The application  of these ring voltages causes 

variation in the resolution of the hemisphere, resulting in a likely range of 35 to  

50 meV energy resolution.

3.3.4. Pre-Interaction Region Optics
On leaving the m onochrom ating hemisphere only the central section of the 

electron beam  having an energy of 3 ± 0.020 eV will pass through a 1 mm 

aperture on elem ent E l l .  The electron optics a fter the energy selector a c t to 

acce le ra te  and focus the m onochrom ated beam  into the centre  of the 

interaction region, where the electrons collide with a gas beam . The lens stack 

consists o f a 2 elem ent lens (Lens Three) and a 3 elem ent lens (Lens Four), figure 

3.11.

Lens Three: This lens is the some os Lens Two in the electron gun and also has an 

internal d iam eter o f 6 mm, but now acts to  acce le ra te  rather than dece le ra te  

the electrons with a vo ltage  ratio o f 1:9 on the El 1 :E12 elements. El 1 is set to 3 

eV and is linked to  both E4 and the hemisphere sections. Those electrons 

leaving the hemisphere a t the exit plane (p4) are focused to  a 0.5 mm d iam eter 

aperture A5 in element El 3 (ps).
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Lens Three 
A. A5

(—  
E l l

A
E12

r
E13

Lens Four

E14
A
E15

P4 W3 P5
Exit plane of the

hemisphere Figure 3.11 : Pre-interaction Region Optics.

Lens Two in the electron gun focuses the im age of W2 (A3) to infinity in order to 

c rea te  a beam  with a  -0 ° angular d ivergence entering the hemisphere. Lens 

Three then acts to bring this bock from infinity to the focal plane on the 0.5 mm 

d iam eter aperture A4 (wg).

Lens Four: Lens four is a 3 elem ent lens, E l3, El 4 and El 5, which has an internal 

d iam ete r of 8  mm and a geom etric ratio A/D = 1. This lens is designed to be 

used os either acce lera ting or decelerating in order to form a beam  of incident 

electrons in the range 5 to 150 eV. For high energy electrons (i.e. elem ent El 5 

set to 150 V) a vo ltage  ratio of 1:5.6 on elements E13:E15 is required with a ratio 

of approxim ately 1:7.7 for E l3:14. Low energy conditions require ratios for 

elements E13:E15 in the range 9:1 to 4:1 with the ratio of E14:E15 -7:1.

This lens focuses the im age from the w indow  W3 (A4) in to the centre of the 

interaction region with p$ (A5) positioned such that for all vo ltage  ratios the 

angular d ivergence of the beam  across the interaction region is minimised.

3 .4 .  The In te r a c t io n  Region
The m onochrom ated electron beam  leaves the pre-interaction region lens 

stock through a 1 mm aperture on e lem ent El 5 and is then crossed 

perpendicularly with a flowing gas beam , figure 3.12. The gas needle is m ade 

from a length of coppe r tube with an internal d iam eter of 0 .6  mm and is 

d irected  towards the diffusion pum p in order to  keep the background pressure 

in the tank to a minimum. The needle is linked to  the gas line feed-through 

(section 3.6) using PTFE tubing. The interaction region is surrounded by an 

aluminium cylinder. This is to pro tect the collision processes from disruptive 

e lectric fields from nearby lens elements, especially those a t high potentials
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such as E14 and E21. The cylinder is set to the same potential as the lens 

elements El 5 and E20 next to the interaction region (the incident electron 

energy).
Gas In

Gas Needle: Copper Tube 
Internal Diameter 0.6 mm

Aluminium Cylinder

Figure 3.12 : Schematic Diagram of the Interaction Region

The incident electron beam enters the cylinder via a 4 mm hole immediately 

next to the end of the pre-interaction region lens stock, with electrons scattered 

in the direction of the analyser leaving via a 10 mm slit designed to allow the 

detection of electrons scattered at angles in the range -10° to +50°.

3 . 5 .  The  E l e c t r o n  A n a l y s e r
An electron analyser is used to de tect electrons which hove lost energy as a 

result of collisions with molecules, and is shown schematically in figure 3.13. The 

analyser consists of a three lens stock, the post interaction region optics, which 

focus scattered electrons into a 180° hemisphere and round to a final lens 

which focuses the energy selected electrons into a channeltron.
Lens

Channeltron

031^34D21->24 H 20

E20 E21 E22 E23 E24 E25
180  ̂Hemisphere

Post-Interaction Region Optics 

Figure 3.13 : Schematic Diagram of the Eiectron Analyser
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3.5.1. The Post-Interaction Region Optics
This lens stack consists of three lenses, tw o 3 elem ent lenses, (Lens Five and Lens 

Six) and a 2 elem ent lens (Lens Seven) all with an internal d iam eter D of 6 mm, 

figure 3.14. This stock is designed to  focus scattered electrons from the 

interaction region into the energy selector. The first elem ent in the stack E20 is 

cone-shaped (due to  limited space in the interaction region) with an aperture 

size of 2.0 mm (A6), giving an a c c e p ta n ce  half-angle of 1°.

A 6
r

E20 E21

Lens Five

E22

Lens Six A7

E23 E24

J E E i L

I S J

Lens Seven

E25 r

P7 W7W5 P6 We

Figure 3.14 : The Post-Interaction Region Optics 

Lens Five: This lens is a 3 elem ent lens, E20, E21 and E22, with the elements set to 

variable potentia l ratios for either high or low energy electron conditions. E22 is 

always a fixed vo ltage of 20 V. For high energy conditions the vo ltage  ratio of 

E20 to  E21 is in the range 6.5:1 to 7.4:1 and the vo ltage ratio o f E21:E22 is in the 

range 4.5:1 and 4.2:1.

This lens acts to  focus the im age of the cross-over point of the electron and gas 

beams in the interaction region to p6 as marked on figure 3.14 and also focuses 

the im age a t the aperture A6 (the en trance to the lens stack) to the w indow 

W6, in the centre  o f e lem ent E23.

Lens Six: Elements E22, E23 and E24 form an ‘einzel lens', the outer elements E22 

and E24 are linked and set to a fixed vo ltage  o f 20 V. The energy o f electrons 

passing through this lens is therefore unchanged and the principal p lane is 

loca ted  at the m iddle of the lens, W6, centred in elem ent E23. Through the 

variation of the potential on E23 the lens focuses the point (pupil) p6 on to the 

aperture A7 (p?) in e lem ent E24, but does not a ffec t the size or the position of 

the W6 im age.
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Lens Seven: The final lens In this stock is a 2 elennent lens which decelerates the 

electrons to the potential required to set the pass energy of the hemisphere, 

which in this cose is 2 eV. There is a fixed voltage ratio of 10:1 for E24:E25. The 

image wg is focused to the entrance of the hemisphere; the lens also acts to 

minimise the angular divergence of the beam entering the energy selector by 

focusing the beam from p? to infinity. Axial displacement of the beam is 

reduced using a 2 mm splutter aperture on the E25 element.

3.5.2. The Analysing Hemisphere
The radii of the inner- and outer- hemispheres of the analysing hemisphere are 

16 and 34 mm respectively (mean radius 25 mm), hence the analyser has a 

smaller mean radius than the monochromating hemisphere. Therefore if the 

resolution of de tected  scattered electrons is to be com parable with the 

electrons produced by the monochromator, the pass energy, mean electron 

energy through this hemisphere must be less than the monochromator 

(Equation 3.7). The pass energy is therefore set to 2 eV to achieve 

approximately the same energy resolution of -35 meV.

8

7

6

5

4

3

2
FWHM = 0.0518 eV

1

0
-0.1 -0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08

Energy / eV
0.1

Figure 3.15 : Elastic scattering from ttie nitrogen molecule at a scattering angle
of 5°.

The overall resolution of the spectrometer con therefore be estimated using 

equation 3.8. to be at best -50 meV which is sufficient for vibrational excitation 

to be studied. Measurements carried out on the EELS peak due to elastically 

scattered electrons from N2, figure 3.15, have revealed the resolution of the 

spectrometer to be 52 meV.
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3.5.3. The Detection of Scattered Electrons
The scattered electrons are d e tec te d  using a single electron multiplier 

(channeltron) which works via a cascade effect. When electrons with energies 

greater than the work function o f the channeltron hit the surface o f the 

channeltron mouth further electrons are em itted. These electrons are 

acce le ra ted  down the spiral o f the channeltron through the app lica tion  of a 

high vo lfage (2.5 kV) a t the end of the tube, figure 3.16. With sufficient electrons 

(of the order o f 10® electrons) reaching this point the de tection  event can  be 

recorded through the observation of a pulse in current.

Lens EightA 8

E31
EHT -2.5 kV

Figure 3.16 : Optics After tlie analysing tiemlsphere.

Lens Eight: Electrons leaving the hemisphere with an energy of 2 ± 0.026 eV are 

focused into the channeltron using a two elem ent lens, E30 and E31. The 

electrons enter the lens via a 1 mm diam eter aperture on E30, from which point 

they ore focused into the mouth of the channeltron (CM) through a 0.7 mm 

aperture (A8). The channeltron is fixed inside coppe r housing, which is 

connected  to  earth, in order to  prevent the high vo ltage on the end o f the 

tube affecting the electron beam .

The signal from the channeltron is fed into a fast timing am plifier (EG&G Ortec 

m odel no. 474) where the signal is amplified by a fac to r of -100. This is fed into a 

constant fraction discrim inator (CFD - EG&G O rtec m odel no. 473A) and the 

signal monitored using on ana logue  ratem eter (EG&G O rtec m odel no. 661). 

The signal levels are recorded digitally using a multi channel analyser (MCA - 

EG&G Ortec model no. 7150). Further details regarding the electronics are 

discussed in the next section.

Table 3.1 shows the pred icted voltages and the typical voltages app lied  to  the 

lens elements in the spectrom eter to produce an incident e lectron beam  o f 150
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eV. Also included in the tab le  are approxim ate values of current expected  on 

certain elements within the m onochrom ator and the analyser.

Electron Monochromator Electron Analyser
Element Predicted

Voltage
/V

Typical
Voltage
/V

Current
/nA

Element Predicted
Voltage
/V

Typical
Voltage
/V

Current
/nA

Emissio
KH

1 System ar 
-1

id  Electro 
0.5

n Gun Post-1
E20

nteraction
150

Region Of 
150

otics

AN 81 100 E21 110 120
El 189 210 E22 20 20
E2 27 27 2500 E23 250 110
E3 27 27 E24 20 20 5.0
E4 3.0 3.0 E25 2.0 2.0

A/lonc
HI

ochromatin
5.0

g tiemispl 
5.0

here /
H2I

\nalysing He 
5.0

^misphere
5.0

HO 1.8 1.8 250 H20 0.8 0.8 5.0
Rl 3.5 3.5 R2I 0.9 0.9
RO 2.5 2.5 R20 0.3 0.3

Pre-lr
Ell

ife rac tion
3.0

Region Op 
3.0

itics Pr
E30

e-Channel1
2.0

Ton O ptic  
2.0

s

E12 27 40 50 E31 40 30 1.5
E13 27 40 25
E14 205 240
E15 150 150 5

Table 3.1 : Predicted and typical voltages applied to ttie lens elements for an
Incident electron energy of 150 eV.

The actua l voltages used for producing an electron beam  of 150 eV 

correspond well with those predicted by theory, however E23 in the electron 

analyser operates a t a vo ltage  less that half that p red icted by theory. Any 

other discrepancies betw een the predicted and typical voltages m ay be 

ascribed to charge build up, misalignment of the lens elements and effects of 

lens aberrations as described in section 3.2.

External Diameter of all elements 15 mm
Internal diameter of Lens 4 elements 8 mm
Internal diameter of all other lens elements 6 mm

Monochromator Analyser
Radius of Inner Hemisphere 28.5 mm 16 mm
Radius of Outer Hemisphere 46.5 mm 34 mm
Mean Radius 37.5 mm 25 mm
Pass Energy 3.0 eV 2.0 eV

Aperture diameters AI 0.33 mm
A2, A3, A4, A5 0.5 mm
A6 2.0 mm
A7, A8 0.7 mm

Table 3.2 : Dimensions of the spectrometer elements

Table 3.2 summarises the dimensions of the elements within the spectrometer.
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3.6 .  S p e c t r o m e te r  E lec tron ics
The filam ent current is supplied using a stabilised Coûtant LB 1000.2 power 

supply providing a steady current and is set in the range 2.0 to 2.2 A dependent 

upon the filament age  and the gas entered into the system, with a vo ltage  of 

2.0 V applied. The connections to the filament within the cham ber are m ade 

using tw o shielded coppe r wires a ttached  to an eight-way feedthrough.

All elements within the spectrom eter are powered by separate supply circuits 

designed and built a t UCL by Mr. T Oldfield. Each power supply is designed 

accord ing  to the potential range required fo ra  particular element.

2 5 0 V 15

a

F 2

IN406
-t> —
0.1

-k -

78L15

00|i.:
25 V

lOOOuF 
25 V,___

5 V

.47H-F 
35 V  OV-o

79L15

_ IL47fiF 
35 V
 Q15V

IN406

27k Output

27k Output
/27255S>---- 1------------- O

27k Output

/,7255

wbiput

10k o
Outpu

330

317L
Input BF259

IN400(

Output
BF25IA 3

3V3

Input
A OW 4Inpi

Figure 3.17 : Power Supply Circuits used to produce the required potentials

These circuits are shown in figure 3.17, with schem atic diagrams showing which 

circuit is used by the elements and the links to elements in the m onochrom ator 

shown in figure 3.18. and the analyser figure 3.19.
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+400VO
+250VO

+100 VO

G ND+
RAMP

0-400V q

0^0-0—<iy

Figure 3.18 : Schematic diagram of the power supply links to the spectrometer 
elements In the electron monochromator.

The com m on reference for all elemenfs in fhe spectrom eter is the mean 

potential on the filament, defined as the 0 V line. Referred to this line are bias 

potentials tor the m onochrom ator and the electron analyser. The bias is set 

using tw o 150 V (maximum) power supplies (Kingshill 1500), defining the energy 

ot the incident and the d e tec ted  electron beams respectively. The positive 

terminal o t the bias power supplies are linked to earth thus allowing those 

elements in /  next to  the interaction region to  be earthed. Two other power 

supplies (250 V and 400 V) are required to supply higher potentials tor some lens 

elements which are also referred to the 0 V line.
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+250VO

O-O-O—̂ CH5I ..

+125VO

aRAMP
O O -C I— <E22

 E24
G N D o

=&:§:g=*™:D33

=â:SS=?DSQ.x’̂ ^-D ^.....
— O -Ô -D — <D24

1— Q-'O—□  < “  E25
^ 8 i 8 = ^ «

O-O-O—<R21 R 20

Figure 3.19 : Schematic diagram of the power supply units for the electron
analyser.

Included in the pow er supply unit for the electron analyser betw een earth and 

the positive terminal of the bios, is a staircase vo ltage ramp, used in order to 

obtain an energy loss spectrum (discussed in the next section).

The potential supplied to on elem ent is set using a 10-turn potentiom eter 

included in the circuit, with each circuit p ro tected  from short circuits by a 50 

mA quick blow fuse. The potential on an e lem ent is monitored, via a jack 

socket in the circuit, using a digital multi-meter. The current on tuning elements 

is monitored using a Keithley 610 electrom eter. The voltages are supplied to the 

elements using 25-way cab le  to a feedthrough and inside the vacuum  

cham ber from the feedthrough to the e lem ent with PTFE insulated silver coa te d  

co ppe r wire.
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3.7 .  D a ta  C o l le c t io n
An energy loss spectrum is obta ined by setting ttie  bias o f ttie  m onoctirom ator 

to ttie  required electron energy, wtiilst ramping the bias potential applied to 

the electron analyser, in order to d e te c t scattered electrons over a range of 

energy loss.

The range and step size a t which a scan is to  be carried out is set using a 

vo ltage ram p generator, and can be set to scan across a range of between 1 

and 10 V. At each step in vo ltage in the scan the ram p generator activates the 

multi-channel analyser (MCA) to record the signal level. In one sweep of the 

vo ltage range there are 1024 steps, the number of channels on the MCA. In 

order to obtain a spectrum with a good  signal to  noise ratio, several sweeps are 

carried out with the addition of the signal level a t each point. O nce the scan is 

com p le ted  the da ta  is transferred on to a PC using Procomm, where it is 

analysed using Excel and Sigmaplot spreadsheet packages.

3.8 .  The V a c u u m  System
The spectrom eter elements are m ounted inside a cylindrical vacuum  cham ber 

(diam eter 300 mm, depth 160 mm), which is evacua ted  to  ensure that incident 

electrons ore scattered from the sample under investigation and not 

background gas in the cham ber. There are nine equally spaced ports around 

the cham ber to allow connections to  the gas inlet (section 3.9) and for 

e lectrical feedthroughs. Access to the tank is via a lid on top of the cham ber, 

which is sealed using a viton o-ring sited in a groove on the lid o f the tank.

The inside of the cham ber is lined with mu-metal in order to reduce the e ffect 

of external m agnetic fields near the spectrometer. The electron analyser is fixed 

on to  a stainless steel plate on the base of the cham ber, with the 

m onochrom ator sited on a mechanism which allows rotation off axis for 

de tection  of scattered electrons in the range -10° to  50°. A heating bulb (a slide 

pro jector bulb) is also m ounted inside the cham ber in order to  help reduce the 

pressure in the cham ber; m oderate baking o f the spectrom eter (to -330 K) 

reduces the adsorption of molecules on surfaces and thus provides a lower 

base pressure in the cham ber.
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Figure 3.20 : Schematic diagram of the vacuum system for the UCL EEL spectrometer

Rotary Pump

004̂



Chapter Three

The cham ber is evacua ted  via a 80 mm hole in the base using a diffusion pum p 

stack, backed by a rotary pump; the vacuum  system is shown schem atically in 

figure 3.20.

The diffusion pum p stack is a ttached  to the underside of the cham ber and can 

be isolated from the tank using a butterfly valve. The diffusion pum p is a w ate r 

coo led  Edwards E04. Between the pum p and the butterfly valve are a liquid 

nitrogen trap and a Peltier coo led  baffle, which serve to prevent 

backstreaming of the diffusion pum p oil and also to rem ove condensable 

gases (e.g. water) from the cham ber.

The diffusion pum p is backed  by an Edwards rotary pum p (model 12). Included 

in the backing line are a sorption trap and a m agnetic valve. The sorption trap 

is filled with ac tiva ted  alumina to prevent rotary pum p oil reaching the high 

vacuum  area. A m agnetic  valve is positioned betw een the diffusion pum p and 

the rotary. This isolates the pumps from each  other should there be a pressure 

increase, a failure in w ate r cooling of the diffusion pum p or any interruption in 

the electrical supply to the pumps.

The pressure inside the experimental cham ber is monitored using a Leybold 

Penning gauge  (model PR 35), with the base pressure approxim ately ICĥ  torr. 

The backing line pressure is monitored using an Edwards 6A pirani gauge . A 

series of e lectrical vacuum  trips are included in the system, which are linked to 

the w ater flow monitor and the pressure in the backing line. If there are any 

failures in the electrica l or w ater supply the experiment is au tom atica lly  shut 

down, turning off the filam ent and other supplies to the spectrom eter, to 

prevent any dam age  to  the components.

3.9 .  The Gas H a n d l in g  A p p a ra tu s
The gas inlet consists o f tw o sections and has been designed to  a llow  the entry 

of samples into the cham ber from a variety of sources. Figure 3.21 shows 

schem atic diagrams of the tw o sections. The first section is primarily constructed 

with glass so that molecules which m ay break dow n /reac t on a m etal surface 

may be investigated.
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The glass structure uses 'Young's taps" m ade of PIPE to shut off areas o f the 

glassware, with connections m ade using ball and socket type joints, sealed with 

teflon co a ted  viton o-rings. Point A t allows a connection to  a trap or flask 

containing a liquid/solid to be investigated, or connection to  a source of 

reactive gas. The glassware section is connected  to  section B via a length of 

PTFE tubing.

Section B includes an Edwards rotary pum p used to evacua te  both sections. An 

alumina filled sorption trap is positioned next to  the pum p to prevent oil vapour 

contam inating the gas sample. There are tw o connections on this section 

where gas may be introduced, A2 and A3, with the flow of gas into the 

experimental cham ber controlled using the needle valve, N. The pressure of 

gas in the backing line is monitored using a Pirani gauge  (Vacuum Generators 

m odel PVG3) on section A.

There are two inlets leading into the vacuum  cham ber from the glass structure, 

one is connected  internally to PTFE tubing which leads to the gas needle in the 

interaction region. The other inlet in the feedthrough is used to  vent the tank 

when it is necessary to open up to make modifications.

The backing line is evacua ted  to a pressure of m bar before the pum p is 

shut off to  the gas line using valve V and the sample gas is a llowed into the line. 

The entry of the gas into the cham ber is controlled using the needle valve, N, 

allow ing the gas pressure in the cham ber to reach a pressure of the order of 

10'^ torr, depending on the molecule under investigation, and measured using 

the Penning gauge  on the cham ber.

3 .10 .  C a l ib r a t io n -  N 2 e ie c t r o n  e n e r g y  ioss s p e c t ru m
In order to  ensure the correct operation of the electron energy loss

spectrom eter the electron energy loss spectrum of nitrogen was recorded. The 

absorption properties of the N2 m olecule has been investigated previously on 

the UCL spectrom eter (Davies 1995, Gingell 1998), comparison with these 

previous results ensures calibration of the spectrometer. Figures 3.22 a and b 

show the intensity of electron energy loss spectrum of N2 in the form o f raw da ta  

and differential oscillator strength [df/dE] spectra.
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Figure 3.22 a : Electron energy loss spectrum of nitrogen
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Figure 3.22b: DOS spectrum of nitrogen
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The differential oscillator strength spectrum has been derived using the Bethe- 

Born conversion which is described in detail in chapte r one (section 1.4.6). 

Briefly, if on electron energy loss spectrum is recorded with a high incident 

electron energy and scattered electrons are de tec ted  in the forward direction 

(i.e. 0 « 0°), then the absorption process can be said to simulate an optical 

process. The Bethe-Born conversion allows the scattering intensity to  be related 

to the differential oscillator strength and hence the absorption cross section.

The e lectron energy loss spectrum of N2 for the energy range 8 to 18 eV, shown 

in figure 3.22a, was taken at an incident electron energy of 70 eV and with a 

target pressure of 3x10^ torr. The energy scale was ca lib ra ted to the peak at 

12.935 eV. The DOS spectrum, figure 3.22b, was obta ined using equations 1.65 

and 1.66 and normalised at an energy of 17.47 eV to a value of 0.23 eV  ̂

(Davies 1995). Table 3.3 shows selected peak positions com pared  to those 

previously obta ined by Chan (1993), Mason (1987) Davies (1995) and Gurtler 

(1977).

Present data 
/e V  

± 5 meV

Davies
(1995)
/e V

Other
/e V

Assignment 
(Upper vibrational 

number v)

Oscillator
Strength

/eV^
8.560 8.55" 0.00809
12.497 12.50(F W n ^ (v  = o t 0.0728
12.575 12.57 12.575^ b 'n „ , ( v = i ) ’> 0 .201

12.662 12.66 12.663^ b 'n « (v  = 2 )‘’ 0.493
12.750 12.75 12.750̂ ^ b 'n „ ,(v  = 3)‘' 0.863
12.837 12.83 12.83^ b 'n ^ (v  = 4)‘' 1.338
12.935 12.93 12.93 f b 'n „ ,(v  = 5)*’ 3.582
13.061 13.06~2^ b 'n „ ( v  = 6 )‘' 0.146
13.207 13.20 13.210^ c 'r L ( v = i ) ' “ 1.145
13.431 13.435^ b 'n „ ,(v = io )* ' 0.322
13.586 13.58 13.585^ o 'n „ . ( v = 2 )*’ 0.476
13.722 13.71 13.720^ c’ V , ( v  = 3)>' 0.362
13.907 13.910^ b ’ % \ ( v = 12? 0.598
14.063 14.06 14.070^ b’ 'l..*,(v=14)'> 0.672
14.150 14.14 14.150^ b’ ’ l? , ( v = r 5 ) '“ ' 0.646
14.734 14.74 14^37^ b '% \ ( v  = 23)'' 0.304
15.016 15.02 15 02° 3dCTg <- 1tIu° 0.228
15.240 15.24 15.24° 4S(7g I tTq ° 0.257
15.376 15.38 15.38° 3dag <- ItTu (v = 1) “ 0.295
15.473 15.47 15.47° 3d(jg <- ItIu (v = 2 ) ° 0.307
16.066 16.06 16.06° 5S(Tg <- l 7tu (v = 1) ° 0.396
16.426 16.42 16.43 ° 0.331
17.127 17.13 17.13° 3d6g<-2Su° 0.366

Table 3.3 : Selected peak positions and state assignments for nitrogen for ttie
present data.

{Ref: a) Mason 1987, b) Chan 1993, c) Gurtler 1977)
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The assignment of states for these features has been covered extensively 

previously (Geiger 1969, Gurtler 1977, Chan 1993) and will not be discussed 

here, but are included in tab le  3.3. As seen in tab le  3.3 the agreem ent between 

the present results and those previously reported is excellent. Table 3.4 presents 

the integrated oscillator strengths for the present da ta  and includes the values 

of Davies (1995) and Chan (1993) for comparison.

Energy Range 
/e V  

(±5 meV)

Oscillator 
strength 

Present results 
(±20%)

Oscillator 
Strength 

(Davies 1995)

Oscillator 
Strength 

(Chan 1993)

12.15 to 12.40 0 .0 1 2 0 0.0053 0.0007
12.40 to 13.08 0.408 0.4166 0.446
13.08 to 13.30 0.0917 0.0891 0.0898
13.30 to 13.40 0.0268 0.0256 0.0261
13.40 to 13.53 0.0358 0.0352 0.0345
13.53 to 13.75 0.0630 0.0616 0.0629
13.75 to 13.86 0.0389 0.0358 0.0356
13.86 to 14.10 0.128 0 .121 0.1173
14.10 to 14.41 0.164 0.173 0.1638
14.41 to 14.64 0.0623 0.0594 0.0559
14.64 to 14.92 0.0419 0.0397 0.0359
14.92 to 15.07 0.0145 0.0140 0.0139
15.07 to 15.19 0.0216 0.0213 0.0228
15.19 to 15.30 0.0209 0 .0 21 1 0.0196
15.30 to 15.43 0.0232 0.0251 0.0245
15.43 to 15.54 0.0208 0 .0 2 2 2 0 .0 2 1 2
15.54 to 15.74 0.0476 0.0495 0.051
15.74 to 15.93 0.0564 0.0603 0.0606
15.93 to 16.16 0.0688 0.0713 0.0685
16.16 to 16.33 0.0447 0.0464 0.0444
16.33 to 16.49 0.0394 0.0414 0.0392
16.49 to 16.70 0.0450 0.0485 0.0476
16.70 to 16.91 0.0401 0.0426 0.0425
16.91 to 17.33 0.0961 0.106 0.1061
17.33 to 17.77 0.0888 0.0948 0.0956

Table 3.4 : integrated oscillator strengths of nitrogen covering the energy range
12.15 to 17.77 eV.

The values of in tegrated oscillator strength for the present d a ta  were 

ca lcu la ted  from da ta  obta ined with an incident electron energy of 70 eV. In 

order to  simulate a photoabsorption process a high (>100 eV) incident electron 

energy is ideally used. However even at 70 eV the agreem ent of the ca lcu la ted  

in tegra ted  oscillator strengths for the present da ta  with the d a ta  o f Davies 

(1995) anc Chan (1993) is quite good, with most values differing by only -±6  %. 

Where thee  are more significant differences (i.e. the energy regions o f 14.41 to 

14.92 eV, 15.54 to  15.93 eV and 16.91 to 17.77 eV) the values differ by a
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maximum of ~±15%, and may be caused by trip le t/forb idden excitations in the 

present electron im pact da ta .

The errors in the oscillator strengths (and hence cross section data) for electron 

energy loss da ta  presented in this thesis are typically ~<±20%. There are three 

main sources of error which contribute to this figure:

-5%: The statistical error in the raw d a ta  obta ined for the energy loss 

spectrum.

-5%: The error which arises as a result o f normalisation of the da ta .

-10%: A larger error arises from the conversion of the raw da ta  into 

differential oscillator strengths and includes errors due to  uncertainties 

in the apparatus geom etry.

Therefore those regions of the present nitrogen DOS spectrum m entioned 

whose oscillator strengths differ significantly from the da ta  of Chan are still 

within experimental error. However there is a much larger d ifference observed 

for the value obta ined for the range 12.15 to  12.40 eV ( / -  0.012) which is 

significantly higher than that of Chan ( / -  0.0007), this is due to the presence of 

a peak in the present da ta  which is not observed by Chan (1993). Generally 

there is good agreem ent betw een the da ta , particularly a t higher electron 

energy loss, which demonstrates the effic iency of the electron optics to focus 

scattered electrons with little or no transmission effects.

3 .11 .  Sum m ary
This chap te r describes the UCL Electron Energy Loss spectrom eter which is used 

in the study of electron im pact excitation of molecules. The electron optics and 

energy selectors which make up an electron m onochrom ator and an electron 

analyser are described. The vacuum  system, consisting of a diffusion pum p 

stack, backed  by a rotary pump, are deta iled, and a description of the gas 

handling apparatus is also given. Calibration of the spectrom eter has been 

carried out through the investigation of the nitrogen m olecule, peak positions 

and integrated oscillator strengths are given and com pared  with previously 

reported results.
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VUV Photoabsorption of C2 H5 I, 
C2 HsBr and CIO 

& the RES of CI2 O

‘The airplane stays up because it doesn’t  have  
the time to fa ll” .

Orville Wright (1871-1948) US aviator. 
Explaining the principles of powered flight

4.1 .  VUV p h o to a b s o r p t io n  of a lk y l  h a l id e s
The photoabsorption of ethyl iod ide and ethyl brom ide has been investigated

due to their possible involvement in ozone depletion reactions as a precursor to 

halogen radicals (Roehl 1997). The photoabsorption spectra of ethyl iodide 

(C2H5I) and ethyl brom ide (C2H5Br) have been recorded using the absorption 

apparatus at the Daresbury Synchrotron facility, as described in chapte r tv^o 

(section 2.2).

The absorption spectra were taken using the closed cell photoabsorption 

apparatus (chapter two, section 2.2.3.1), with a simple six-way cross closed off 

at each end with lithium fluoride windows (figure 2.10). The spectra were taken 

in 25 nm sections, in 0.05 nm steps. The samples used in these investigations 

were obta ined from Aldrich Chem ical Ltd., with a purity of 99%. No further 

purification o f the samples was undertaken except for freeze thaw  pum p 

cycles. The ethyl iod ide spectrum was recorded with sample pressures of 0.05 

torr for the region above  6.0 eV and 0.28 torr below  6.0 eV in order to observe 

the low intensity feature at 4.8 eV. For ethyl bromide pressures of 0.04 torr were 

used above  6.7 eV and 0.33 torr be low  6.7 eV.
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Initial investigations into ttie  spectroscopy of ttiese olkyl tio lide molecules were 

carried out in the 1930’s experimentally by Price (1936) and Scheibe (1933).

X \  y H

H

Figure 4.1 : The ethyl halogen molecule.

The C2H5X (X = Br, I) (Figure 4.1) m olecule has 18 vibrational modes (Durig 1975) 

and belongs to the point group C$. However for the purposes of this 

investigation the symmetry of the m olecule is considered to be Csv, like that of 

methyl iodide, thus neglecting the influence of the methyl group on the 

spectroscopy of the m olecule as reported in our publications (Giuliani 1999 & 

2000).

4.1.1. Ethyl Iodide
The ethyl iod ide m olecule has a va lence electronic configuration of: 

(la")"(laT(2a'T(2a')^(3a')"(3a'T(4a'y. X 'A ’ 

with the tw o outermost occup ied  orbitals (3a” ) and (4a') primarily iodine lone- 

pair orbitals (Dromey 1974). The absorption spectrum consists o f a broad low 

energy va lence transition centred a t 4.78 eV with features above  6.0 eV due to 

excitation to Rydberg states. Previous spectroscopic studies of ethyl iodide 

(Baker 1978) have shown that the lowest Rydberg orbital (e^6s^) arises from the 

excitation of:

states E(1 ) and E(2) to  the 2E3/2 limit and 

states E(3) and Ai to the ^Ei/2 limit 

with transitions to  the states E(l) and E(3) optica lly a llow ed while transitions to 

the E(2) state are forb idden due to the change  of tota l m om entum  AÜ and the 

transition to  the Ai state is Q-branch forb idden.

The He(l) photoelectron spectrum of ethyl iodide, recorded by Giuliani (1999) 

revealed tw o intense peaks due to  0-0 transitions to tw o ^E ionic states. The 

ionisation energies for the states 2E3/2 and  ^Ei/2 were found to  be 9.341 and 9.927
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eV respectively, thus giving a splitting o f 0.586 eV. The vibrational structure 

associated with the 0-0 transitions to  these states have been assigned (Giuliani 

1999) and are given in tab le  4.1. These assignments have been used in the 

interpretation of the Rydberg series in the photoabsorption spectrum.

^£3/2 ionic state “ ^Ei/2 ionic state “

Band Energy*
/e V

Assignment Band Energy * 
/e V

Assignment

bfOl -0.063 I v io c[0 ] -0.062 I v io
b [l] 0 c [ l] 0

b [21 0.048 I v io c[2 ] 0.045 Iv io
b[3] 0.119 1V9 c[3] 0.079 2 v io

b[4] 0.153 1V7 c[4] 0.115 IV9

b[5'l 0.188 1V5 c[5'l 0.151 IV7
b[5"l 0.205 IV 7 +  Iv io c[5"l 0.187 IV5

b[6 ] 0.264 1V7 +  1V9 c[61 0.203 IV7 +  Iv io
b[7] 0.303 2 V7 c[7] 0.261 IV7 + IV9
b[8 ] 0.378 1V2/1V12 c[8] 0.3 2 V7

cflOl 0.377 1V2/1V12

Table 4.1 : Vibrational assignments and energy vaiues of the He(l) 
photoeiectron bands for the ionisation of the HOMO of C2H5I.

*Energy with respect to the 0-0 transition (b[l], c[1]) (a) Ref: Giuliani 1999.

4.1,1.1. Results
The photoabsorption spectrum of ethyl iod ide has been recorded in the energy 

range 4.0 to 10.4 eV and is shown in figure 4.2. Despite a normal cu t off o f 11.3 

eV for the transmission of light through the lithium fluoride windows there is only 

da ta  up to  10.4 eV with the area betw een 9.7 and 10.4 eV a ffec ted  by 

degradation of the LiF windows.

The broad feature centred at 4.78 eV is a  result of the excitation to an anti

bonding orbital along the C-l bond (n -> a*). Included in Figure 4.2 is the da ta  

of Roehl (1997) for this region, which agrees well with the present da ta .
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Chapter Four

Present results 
Components (3/2)

Previous assignments 
(Bouguerne 1994)

Energy
/eV
(± 5 meV)

Vib. Assignment/ 
Quantum defect

(a) Energy /  eV Quantum 
defect Ô

6sai 6.189 3.92 3 6.Î95 3.92
6.241 vibb[2] 5 6.242
6.333 vib b[4] 9 6.347
6.384 vibb[5 ’l 11 6.365

7sai
6.478
7.835

vibb[7]
3.99

14
40

6.479
7.980 3.85

8sai 8.526 3.91 54 8.573 3.81
9sai

ibsai
8.82- - - - -  ...... 3.99

4.01
58
61

8.810
8.984

3.97
^3^8

lisa. 9.062 4.02 63
12sai 9.131 3.89 64

5dai 7.077 2.55 29 7.077 3.55
7.191 vib bf31 32 7.181
7.236 vib b[4] 33
7.313 vib b[6] 34 7.319
7.379 vibb[7] 35 7.379

6dai 8.198 2.55 46 8.195 3.56

5de 7.483 2.29 36 7.823 2.01
6de 8.3'57 2.28 49 8.501 1.99
7de 8.743 2.23 56 8.750 2.23
8de 8.917 2.34 60 8.956 2.10
9de 9.062 2.02 63 9.056 2.16

lOde 9.13Ï 1.95 64 9.113 2.38
lld e 9 Ï79 1.84 65 9.160 2.45

7pa 7.883 3.95 41

7pe 8.053 3.75 43 8.198 3.56
8pe 8.497 3.99 53 8.650
9pe 8.759 r 4 17 57

Table 4.2 : Assignment of the Rydberg series of (V2) components to the 2E3/2 
ionic state of ethyi iodide, at 9.347 eV

{a) Label given fo peak in Giuliani 2000

The region above  6 eV consists mainly o f Rydberg series converging to the two 

spin-orbit com ponents of the ionic ground state, Êa/2 and ^Ei/2. Table 4.2 shows 

the assignment of the allow ed transitions converging to the ^Es/2 limit, and tab le 

4.3 to the 2Ei/2 limit. The assignment of Rydberg states has been based on those 

previously reported by our group (Giuliani 1999) and those of Bouguerne (1994).
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Present results 
Components (1/2)

Previous assignments 
(Bouguerne 1994)

Energy
/eV
(± 5 meV)

Vib.
Assignment/ 
Quantum defect

(a) Energy / eV Quantum 
defect 8

6sai 6.747 3.93 17 6.752/6.74^ 3.93
6.795 vibc[2] 19 6 .8 05  k
6.854 vib c[4] 21 6.858^
6.885 vibc[5 '] 22 6.89?
6.931 vibc[5"j 24
7.001 vib c[6] 26
7.046 vib cf81 28
7.143 vibcflO ] 31

7sai 8.437 3.98 52 8.573 3.83
8sai 9.005 4.16 62 9.161 3.79
9sai 9.355 4.12 68

lOsai 9.539 4.08 72
Usai 9.652 3.97 74

5dai 7.605 2.58 37 8.063 2.30
6dai 8.759 2.59 57 8.898 2.37

5de 7.988 2.35 42 8.412 2.01
6de 8.917 2.33 60 9.056 2.05
7de 9.355 2.12 68 9.351 2.15
8de 9.523 2.31 71 9.525 2.20

7pai 8.437 3.98 52

_____Tpe
8pe

8.589
9.062

3.81
4 IT

55
"63

8.750______ 3.60 __

9pe 9.355 4 12 68

Table 4.3 : Assignment of Rydberg states of (V2) components to ttie ^Ei/2 Ionic
state of ettiyl Iodide at 9.929 eV.

{a) Label given fo peak in Giuliani 1999; (b) Ref: Baker 1976

Five Rydberg series converge to each of the ionic limits, nsoi, npoi, npe, ndoi 

and nde. The assignment o f the type of orbital is dependent upon the size of 

quantum  de fec t 5, for iodine they are ns: 3.9< 5 <4.2, np: 3.5< 5 <3.9 and nd: 

1.8<5<2.7 (Boschi 1972, Duncan 1971).

The nsoi Rydberg Series

The tw o most intense peaks in the region 6.0 to  7.4 eV (Figure 4.3) a t 6.189 and 

6.747 eV are assigned to the 6soi 0-0 transitions of the E(l) and E(3) states 

respectively. The energy splitting of 0.56 eV is consistent with the spin-orbit 

splitting of the ion. Also in this region are bands due to the vibrational structure 

based on the 0-0 transitions, which have been assigned using the 

photoeiectron bonds (table 4.1) and are included in tab le  4.2 and 4.3.

9 7



Chapter Four

120

-r 1.2

-  1

0.8

- -  0.6

0.4

0.2

O
O(/)
CD<

6.2 6.4 6.6 6.8 7

Photon Energy / eV

7.2 7.4

c
o

<D
CO
«w
2
Ü

120

CO

00100

CO
CO 0.8

IT ) O)
COin
00

80

J §
O’ I i TP ooii n

CD
D)moo

COO) 0.6in
00(j>60 CO

O) O)
s ^-4- C35O) .

OO,O), 2
o6

ooCO
00

CO

CO00
00

(No
CO
00

in
40 in

p  (o 
[OO oo

loo
CNin
<35

<35
OOCO

0.220 CO
CM
od

0

%
(/)o
Q

7.3 7.8 8.3 8.8
Photon Energy / eV

9.3

Figure 4.3 : VUV photoabsorption spectrum of ethyl Iodide In the regions 
a) 6.0-7.4 eV and b) 7.3 to 9.7 eV
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The feature a t 6.153 eV is too close in energy to the E(l) 6soi transition to be 

vibrational structure, and could be viewed as the splitting of the E state into A ’ 

and A ”  states resulting in the ‘doub le  peaks’ a t 6.153 and 6.189 eV. A further six 

members of the nsoi(3/2) series and five of the nso i(l/2 ) series are observed in 

the spectrum, with no associated vibrational structure resolved for these states. 

The n=l 1,12 members of the E(l) series and the n=9, 10, 11 of the E(3) series 

have not been observed previously (Bouguerne 1994). The quantum  defects for 

the E(l) series vary from 3.89 to 4.02 and the E(3) series from 3.93 to  4.16, 

consistent with ns Rydberg orbitals.

It is possible that the forb idden 0-0 transition of the E(2) 6sai state occurs at -6.1 

eV, which coincides with the position of a possible hot band of the E(l) 6sai 

state at 6.12 eV. The low  intensity o f this feature is consistent with the forbidden 

nature of this transition, and it has been suggested that features a t 6.153, 6.216 

and 6.358 eV are associated vibrational structure for this state (Giuliani 1999).

The forb idden 0-0 transition of the Ai 6soi state is assigned to  the feature at 

6.717 eV, with the associated vibrational structure shown in tab le  4.4.

Present results 
A i state

Energy
/eV
(± 5 meV)

Vib. Assignment/ 
Quantum defect

(a)

6sai 6.717 3.7229 16
6.771 vib c[2] 18
6.819 vib c[4] 20
6.908 vibc[5” ] 23
7.095 vib c[10] 30

Table 4.4 : Energies and assignment of the Ai 6sai Rydberg state with 
associated vibrational structure.

The nda i and  nde Rydberg Series

The 0-0 transitions o f the 5doi E(l) and E(3) states are assigned to the features 

at 7.077 and 7.605 eV with their separation of 0.53 eV consistent with the ion 

splitting. There appears to be no vibrational structure associated with the 5dai 

E(3) state, but the features at 7.197, 7.236, 7.313 and 7.379 eV are consistent 

with vibrational structure based on the 5dai E(l) state. The only other members 

of these series are the 6dai states. The quantum  defects for these states 

(average 2.58) are consistent with nd Rydberg orbitals.
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The 0-0 transitions of the 5de E(l) and E{3) states are assigned to  the features at 

7.483 and 7.988 eV respectively with a splitting of 0.505 eV. No associated 

vibrational structure is observed, however there are a further 6 members of the 

nde E(l) series (n = 6 to  11) and three for the nde E(3) series (n = 6 to 8). The 

quantum  defects for these series are lower than the ndai series with average 

values of 2.13 and 2.28 for the E(l) and E(2) series respectively, but still 

consistent with a nd Rydberg orbital.

The np Rydberg Series

The np Rydberg series are expected to be lower intensity com pared  to the ns 

and nd series due to the selection rule A/=± 1. Therefore the w eak feature at 

7.883 eV may be assigned to the 7pai E(l) state, while the corresponding E(3) 

state cou ld  be a contributor to  the feature a t 8.437 eV. The quantum  defects of 

3.95 and 3.98 are high fo ra  p Rydberg orbital.

Giuliani has suggested that the npe E(l) series can be assigned to the features 

at 8.053, 8.497 and 8.759 eV (n = 7 to 9), however the quantum  defects for 

these assignments are high (average 3.97) which is more like ns states than np 

orbitals. An alternative assignment of this series to the features a t 8.136, 8.640 

and 8.871 eV which results in an average quantum  de fec t o f 3.62, which is 

more consistent with np orbitals.

Oscillator strengths

The ethyl iodide spectra in figures 4.2 and 4.3 are quoted in both cross section 

and differential oscillator strength, d/7dE, which have been determ ined using 

equation 1.57. Table 4.5 shows the oscillator strengths for the present 

photoabsorption da ta  and also includes the results of Giuliani (1999) for an 

electron energy loss spectrum.

Energy Range / eV 
(± 5 meV)

Oscillate 
Present data 

(± 20%)

r  Strength 
EELS 

(G iuliani 1999)
6.02 to 6.59 0.058 0.045
6.59 to 7.26 0.131 0.104
7.26 to 8.1 0.249 0.227
8.1 to 8.68 
^ 6 8 to 9 “2.............

0.223
0.217

0.218
0.226

Table 4.5 : Oscillator strengths for ethyl iodide bands
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Comparison of the oscillator strengths tor the two techniques indicates that the 

photoabsorption spectrum is tree from any line saturation effects.

4.1.2. Ethyl Bromide
The photoabsorption spectrum of ethyl bromide consists o f a broad low energy 

va lence transition centred at 6.1 eV with features above  6.8 eV due  to 

excitation to  Rydberg states. The lowest Rydberg orbital (e^5s^) arises from the 

excitation of:

states E(l) and E(2) to the Êa/2 limit and 

states E(3) and Ai to  the ^Ei/2 limit 

with transitions to the states E(l) and E(3) optically a llowed while transitions to 

the E(2) state are forb idden due to the change total m omentum AQ and the 

transition to the Ai state is Q-branch forbidden.

ionic state " ^Ei/2 ionic state “

Band Energy*
/e V

Assignment Band Energy * 
/eV

Assignment

b[0] -0.068 Iv io c[0] -0.065 IV io
b tn c [l]
b[2] 0.048 Iv jo c[2] 0.055 Iv io
b[3]
b[4i

0.09
“o . i r 6  .........

2 v io ________
iv 9

--- c[3]
C Ï4 Ï

0.153
% 192

lV 7 ___________
i v 7 + ÏVIO

b[5] 0.151 lV7 c[5] 0.273 lV 7 + lV 9

b[61 0.199 lV 7 +  IV io c[6] 0.302 2V7
b[7] 0.379 lV l2 c[7] 0.368 lV2
b[8] 0.426/0.118 lV i2 + lV ]0
b[9] 0.526 lV 7+ lV i 2

Table 4.6 : Vibrational assignments and energy values of the He(l) 
photoeiectron bands for the Ionisation of the HOMO of CzHsBr.

*Energy with respect to the 0-0 transition (b[ /J, c[J])
(a) Ref: Giuliani 2000.

The He(l) photoeiectron spectrum of ethyl bromide, recorded by Giuliani (2000) 

revealed two intense peaks due to  0-0 transitions to  tw o ^E ionic states. The 

ionisation energies tor the states and ^Ei/2 were found to be 10.294 and 

10.602 eV respectively, thus giving a splitting of 0.308 eV. The vibrational 

structure associated with the 0-0 transitions to these states have been assigned 

(Giuliani 2000) and are given in tab le  4.6. These assignments have been used in 

the interpretation of the Rydberg series in the photoabsorption spectrum.
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4.7.2.7. Results
The photoabsorption spectrum of ethyl bromide has been recorded in the 

energy range 5.0 to 10.3 eV and is shown in figure 4.4. Despite a normal cut off 

of 113 eV for the transmission of light through the lithium fluoride windows there 

is only da ta  up to 10.3 eV with the area between 9.7 and 10.3 eV a ffec ted  by 

degradation of the LiF windows.

Present results 
Components (3/2)

Previous
assignments

Energy /eV 
(± 5 meV)

Vib. Assignment* 
/ Quantum defect

(a) Energy / eV

5sai 7.009 2.965 2 7.007*
7.089 vibb[3]? 3 7.081^
7.127 vib b[4] 4 7.ÏÏ3"^
7.153 vibb[51 5 7 . is ¥

6sa,
7.838
8.920

vibb[9]
2.853

10
22 8.902*

8.994 vibb[2] 23
7sai 9.472 2.932 30
SSH] 9.793 2.789 34

4dai 8.739 1.045 20 8 7 1 9b
5dai 9.421 1.054 29
6dai 9.747 1.031 33'
7dai 9.925 1.008 36

4de 8.796 0.987 21

5pai

6pa]
7pai

7.903
8.045
9.105
9.644

2.615
vibb[5]

2.617
2.425

11
13
25
32

7.894*

5pe 7.969 2.581 12
8.099 vibb[51 14

Table 4.7 : Assignment of Rydberg series of (V2) components to the ^£3/2 Ionic
state of ethyl bromide, at 10.294 eV

*See fab le  4.5 for assignments; (a) Label given fo peak in Giuliani 2000 
Refs: (b)Felps 1981a ,(cjFelps 1981b, (d) Baker 1978

The general features of the ethyl brom ide photoabsorption spectrum are similar 

to those of ethyl iodide. The broad feature centred a t 6.1 eV is a result of the 

excitation to an anti-bonding orbital a long the C-Br bond (n -> a*).
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The region above 6.7 eV consists mainly o f Rydberg series converging to  the 

two spin-orbit com ponents of the ionic ground state, and ^Ei/2. Table 4.7 

shows the assignment o f the allow ed transitions converging to the 2E3/2 limit, and 

tab le  4.8 to  the ^Ei/2 limit. The assignment o f Rydberg states has been carried 

out in the same w ay as those for ethyl iod ide described previously and are 

based on those previously reported by our group (Giuliani 2000).

Present results 
Components (1/2)

Previous
assignments

Energy /eV 
(± 5 meV)

Vib, Assignment/ 
Quantum defect

(a) Energy /  eV

5sai 7.320 2.964 7 7.350^
7.466 vib cf3] 8 7.464^
7.638 vib c[6] 9

6sai 9.227 2.856 26 9.212°
9.295 vib c[2] 27
9.375 vib c[3] 28

7sai 9.793 2.899 34

4da, 9.044 1.045 24 9.028'’
........5dai

6dai
9.726
YO.047

1.057
Ï.053 ........

33 
■ 38

--------------------

4de 9.105 0.989 25

5pe 8.302 2.568 17
8.446 vibc[3] 19

5pai 8.239 2.600 16 8.228^
8.357 vibc[3] 18

6pai 9.421 2.606 29
7pa, 9.925 2.517 36

Table 4.8 : Assignment of Rydberg series of (V 2) components to the ^Ei/z Ionic
state of ethyl bromide at 10.602 eV.

*5ee tab le  4.5 for assignments; (a) Label given fo peak in Giuliani 2000;
Refs: (b) Felps 1981a, (c) Felps 1981b, and (d) Baker 1978

Five Rydberg series converge to each of the ionic limits, nsoi, npoi, npe, ndai 

and nde. The assignment of the type o f orbital is dependent upon the size of 

quantum  de fect Ô, for bromine they are ns: 2.8< 5 <3.1, np: 2.5< Ô <2.7 and nd: 

1.0< Ô <1.2 (Giuliani 2000).
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The nsai Rydberg Series

The optica lly a llowed 0-0 transitions to the 5soi E{1) and E(3) states are assigned 

to the features at 7.009 and 7.320 eV respectively, the two nnost intense peaks 

in the region 6.8 to 8.6 eV (figure 4.5a). The energy splitting of 0.311 eV is 

consistent with the spin-orbit splitting of the ion. Also in this region are bands due 

to the vibrational structure based on the 0-0 transitions, which have been 

assigned using the photoeiectron bands (Table 4.6) and are included in tab le  

4.8 and 4.9. A further three members of the nsoi(3/2) series and tw o of the 

nso i(l/2 ) series ore observed in the spectrum, with some associated vibrational 

structure for these states. The quantum  defects for the E(l) series vary from 2.79 

to 2.97 and the E(3) series from 2.86 to 2.96, consistent with ns Rydberg orbitals.

The forb idden 0-0 transition of the E(2) 5soi state occurs a t -6.964 eV. The low 

intensity of this feature is consistent with the forb idden nature of this transition. 

The forb idden 0-0 transition of the Ai 5soi state is assigned to  the feature at 

7.251 eV.

The nda i and nde Rydberg Series

The 0-0 transitions of the 4doi E(l) and E(3) states are assigned to  the features 

at 8.739 and 9.044 eV with their separation of 0.305 eV consistent with the ion 

splitting. There appears to be no vibrational structure associated with either of 

these series. There ore a further three members of the ndai E(l) series (n = 5 to 

7) and tw o for the ndai E(3) series (n = 5 & 6). The quantum  defects for the ndai 

E(l) series vary from 1.01 to 1.05 and the ndai E(3) from 1.05 to 1.06 and are 

consistent with nd Rydberg orbitals.

The 0-0 transitions of the 4de E(1 ) and E(3) states are assigned to  the features at

8.796 and 9.105 eV respectively with a splitting of 0.309 eV. There ore no further 

members of the nde E(l) or E(3) series observed in the spectrum. The quantum  

defects for these states are lower than the ndai series with a value of 0.99 for 

both the E(l) and E(2) states, but still consistent with nd Rydberg orbitals.
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The np Rydberg Series

The 0-0 transitions of the 5pci E{1) and E(3) states are assigned to the features 

at 7.903 and 8.239 eV respectively, with a splitting of 0.336 eV. Features a t 8.045 

and 8.357 eV are assigned to  the 1v7 vibration associated with the 4de E(l) and 

E(3) respectively. There are tw o further members of each series n = 6 and 7. The 

quantum  defects for the E(l) series varies from 2.43 to 2.62 and the E(2) from

2.52 to 2.61 and are consistent with np orbitals.

The 0-0 transitions of the 5pe E(l) and E(3) states are assigned to the features at

8.796 and 9.105 eV respectively with a splitting of 0.309 eV. Features a t 8.099 

and 8.446 eV are assigned to  the Iv? vibration associated with the 5pe E(l) and 

E(3) respectively. There are no further members of the npe E(l) or E(3) series 

observed in the spectrum. The quantum  defects for these states are 2.58 and 

2.57 for the E{1) and E{2) states respectively and are consistent with nd Rydberg 

orbitals.

Oscillator strengths

The ethyl bromide spectra in figures 4.4 and 4.5 are quoted  in both cross section 

and differential oscillator strength dy/dE which has been determ ined using 

equation 1.57. Table 4.9 shows the oscillator strengths for the present 

photoabsorption da ta  and also includes the results of Giuliani (2000) for a 

electron energy loss spectrum.

Energy Range /  eV 
(± 5 meV)

Oscillai 
Present data 

(± 20 % )

or Strength 
EELS 

(Giuliani 2000)
6.02 to 6.59 0.058 0.045
6.59 to 7.26 0.131 0.104
7.26 to 8.1 0.249 0.227
8.1 to 8.68 0.223 0.218
8.68 to 9.2 0.217 0.226

Table 4.9 : Oscillator strengths for ethyl bromide bands

Comparison of the oscillator strengths for the tw o techniques indicates tha t the 

photoabsorption spectrum is free from line saturation effects.
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4.2.  VUV P h o t o a b s o rp t ion  of the  CIO r a d i c a l
Free radicals such as the halogen oxides (XO) play an im portant role in the

chemistry of the atmosphere, in particular the part they play in reactions which 

lead to the depletion of ozone. The d io fom ic CIO radical is involved with many 

reactions which result in the formation of other radicals and molecules (Wayne 

1995), e.g.:

CIO + OH ^  Cl + HO2 (a)

CIO + O -> Cl + O2 (b) ( 4.1)

CIO + H ^  OH + Cl (c )

with products of these reactions reacting with and therefore removing ozone in 

the stratosphere. However it has been observed that the reaction of the CIO 

radical with ozone (Eq. 4.2) is unimportant (Wayne 1995) and is not a significant 

pathw ay for the depletion of O3:

CIO + O3 ^  C100+ O2 (a)

^  0 C10+ O2 (b) ( 4 .2)

The CIO radical is a d ia tom ic m olecule containing an unpaired electron. There 

are two forms due to the tw o isotopes of Cl, ^C IO  and ^^CIO, with the relative 

abundance  of each 75.53 and 24.47 % respectively. The bond length of ’^CIO is 

1.570 Â and it has a fundam ental vibrational frequency of 853.7 cm  \  The 

ground sfafe of the m olecule is a spin-orbit doub le t (X % /2, ^rii/2).

The spectroscopy of the CIO radical has been investigated previously (Wayne 

1995). A long progression of bonds between 260 and 310 nm, converging to 263 

nm were observed and assigned to the <- transition. The aim  of the 

present studies has been to  determ ine w hether it is possible for the absorption 

properties of this radical (and therefore other short lived atmospherically 

relevant radicals) to  be investigated using the photoabsorption experiment at 

the Daresbury laboratory as described in chap te r 2.

4.2.1. Experiment
Preparation o f the CIO Radical

The CIO radical is formed via the reaction of OCIO with Cl atoms accord ing  to 

the reaction:

OCIO + Cl ^  CIO + CIO ( 4 .3)

1 0 8



Chapter Four

The chlorine dioxide sample required in order to form these radicals is prepared 

by flowing chlorine gas over sodium chlorite packed into a u-tube with glass 

beads as shown in figure 4.6 below.

To the 
experiment

h  Gas fron  
hulh/lecture 

bottle
Sintered 

Glass filters

Figure 4.6 : Preparation of OCIO

Chlorine gas is flowed through a microwave discharge (figure 4.7) where 

chlorine atoms are formed. These atoms ore then crossed with OCIO gas as 

shown in figure 4.7 where the reaction to form CIO occurs.

OCIO
I

Cl, Cl
Pho toabsorpti on 

Cell

hJicrowco’e Discharge Cl + OCIO -^2C 10

Figure 4.7 : Schematic diagram to show the preparation method of the CIO
radical.

The gas is then flowed into the photoabsorption cell. The glass photoabsorption 

cell, as described in chapter 2 (figure 2.12), was used for these investigations. All 

of the preparation vessels and tubing was m ade from glass or PTFE in order to 

lower the probability of the CIO radicals reacting on the surfaces before the 

absorption can be recorded. A constant flow of gas through the absorption cell 

was used for the same reason.

4.2.2. Results
The absorption spectrum of the OCI radical in the range 260 to 300 nm was 

recorded and is shown in figure 4.8. A previously reported absorption spectrum 

is shown in figure 4.9.
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Photoabsorption spectrum indicating 
the presence of the OCI radical

B
c
Z>

<

wc
s

0.6

i o .
&
o(/)
<  0.2

OCIO absorption in this region

260 265 270 275 280 265 290 295 300

Photon Energy / eV

Figure 4.8 : Present results for the photoabsorption spectrum of 
the OCi radical in the range 260-300 nm

260 280240 300
Wavelength (nm )

Figure 4.9: Previously reported VUV absorption spectrum of OCi (NASA 1997).
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The peak positions for the vibrational progression are presented in tab le  4.10 

with previously reported values included for comparison.

Present Results Wayne (1995)

Peak Position Separation i! Peak Position Separation 
Av/ cm '/  nm /cm Av / cm^ / nm /c m '

1,0 312.5 31991.2
2,0 307.9 32469.1 477.9
3,0 303.5 32939.8 470.7

299.27 33405.4 4,0 299.3 33402.1 462.2
295.27 33857.9 452.5 5,0 295.4 33843.0 441.0
291.81 34259.4 401.5 6,0 292 34237.1 394.1
288.34 34671.7 412.3 7,0 288.4 34664.5 427.4
285.33 35037.5 365.8 8,0 285.2 35053.4 388.9
282.29 35414.8 377.3 9,0 282.3 35413.5 360 1
279.81 35728.7 313.9 10,0 279.8 35729.9 316.4
277.32 36049.5 320.8 11,0 277.2 36065.1 335.1
275.05 36347.0 297.5 12,0 275.1 36340.4 275.3
273.21 36591.8 244.8
271.15 36869.8 278.0
269.75 37061.1 191.4
268.35 37254.5 193.4
267.15 37421.8 167.3
266.19 37556.8 135.0
265.54 37648.7 91.9

Table 4.10 : Peak positions in ttie photoabsorption spectrum of OCI in the range
260-300 nm.

The agreem ent of peak positions with previously reported da ta  is good  as seen 

in tab le  4.10. However it is c lear from the absorption spectrum that the sample 

of OCI was not com ple te ly free from impurities. Included in figure 4.8 is fhe 

absorption spectrum of the OCIO m olecule for this region and it can be seen 

that either the initial reaction with the OCIO sample is not 100 %, or reaction of 

fhe CIO radicals has occurred in fhe absorpfion cell resulting in the reformation 

of OCIO.

Absolufe values for the absorption cross section have not been obta ined due 

to the unknown contribution of ofher molecules to  the pressure in the cell. 

However despite the great difficulties involved in the investigation o f short lived 

radicals these results have shown that this m ethod has successfully produced 

the radical, and that it is possible for specfroscopic investigafion of radicals fo 

be carried ouf using this technique.
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4.3.  He ( I )  P h o t o e le c t r o n  s p e c t ru m  of c h lo r in e  
m o n o x id e  ( C I 2 O)

The investigation of the spectroscopy of chlorine m onoxide and other chlorine

containing molecules is of interest in order to study those reactions which result 

in the depletion of stratospheric ozone. A lthough chlorine monoxide itself plays 

only a minor role in these reactions, it is a precursor to  highly reactive  free 

radicals such as CIO and Cl (Nickolaisen 1996):

CI2O + hv -> CIO + Cl (4.4)

The photoelectron spectrum of CI2O has previously only been recorded by 

Cornford (1971). The first eight ionisation potentials were reported, however the 

resolution of the experiment (40 meV) was insufficient to a llow  the vibrational 

structure associated with every band to  be resolved. Therefore the only 

assignment of vibrational structure possible was in the first band w here two 

progressions involving the symmetric stretch and the bend vibrational modes 

ore involved.

The chlorine monoxide m olecule (CIOCI) is a bent triatom ic molecule 

belonging to the C2v point group. The equilibrium Cl —  O bond length re = 0.170 

nm and the CI-O-CI angle is 110.89° (Motte-Tollet 1998). The symmetry properties 

of a C2v group m olecule have been described in chap te r one and, as 

dem onstrated for the w ater molecule, there are three normal vibrational 

modes. The vibrations vi and V2, which have Ai symmetry and the V3 m ode 

which is Bi symmetry. Table 4.11 summarises the vibrational frequencies for 

each  m ode.

Vibrational Mode
V ibra tio i

/  cm"'
I Frequency 

/e V
Vl 642 0.0796
V2 296 0.0367
V3 686 0.0851

Table 4.11 : Vibrational frequencies of the neutral CI2O molecule.

The CI2O molecule has 20 va lence electrons with the ground state e lectronic 

configuration (Nelson 1994):

(core)... (2o2)2 (9o i)2 (7b2)^ (3bi)2 , X ^Ai
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with each of the four highest occup ied  m olecular orbitals (HOMOs) predicted 

to contain significant Cl p cha racte r (Nelson 1994). These m olecular orbitals are 

represented pictorially in figure 4.10. The lowest unoccup ied orbital (LUMO) is 

the lOai which possesses strong anti-bonding character along the Cl-O bonds, 

with some CI-CI bonding character.

Unoccupied MOs 

Occupied MOs

10a I
Strongly anti-bonding along ClO° 
Cl-Cl Bonding^

3b,
^Pxa - 2pxo +3pxa 

Cl-O anti-bonding 
Cl-Cl slightly bonding

P̂zci —  p̂zci
Cl-O  non-bonding 
C l-C l anti-bonding

3pzci - 2pzO + 3PzCl
Cl-O slightly bonding 
C l-C l bonding

3pxci —  3pxci 
Cl-O  non-bonding 
C l-C l slightly anti-bonding

Figure 4.10 : Ordering of the four highest energy occupied and the LUMO 
voience molecular orbitals of CI2O with pictorial representation of the orbitals

[a] Ref: Nelson 1994

4.3.1. Experiment
The photoelectron spectrum of chlorine monoxide has been recorded in the 

range 10.5 to 13.5 eV, which takes in the first four ionisation limits of the 

molecule. The spectrum was recorded a t the University of Liège using the 

apparatus described in chapte r tw o (section 2.3). In order to ca librate the 

energy scale the v ’ =  0 bands of the X N2+ and X^rig O 2* states were 

observed, allowing the energy scale to be determ ined with an error of only ± 6 

meV. The resolution of the spectrum is -20  meV.

4.3.1.1, Preparation of CI2 O
CI2O is prepared by the oxidation of dry chlorine gas with m ercuric oxide.

2 CI2O + (n+1) HgO -> CI2O + HgCl2.nH20 

Figure 4.11 shows a d iagram  of the apparatus used in the preparation of CI2O. 

A U-tube is filled alternately with mercuric oxide and glass beads. A small
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am ount of gloss wool is p laced  on top  of ttie  m ercuric oxide in bo tti sides of ftie  

U-tube to  prevent ttie  m ercuric oxide moving up onto  ttie  sintered gloss filters 

w tien ttie  system is pum ped out. Ttie U-tube is then covered with AI foil (or b lock 

insuloting tope) to prevent the pho tochem ico l decom position of the CI2O 

product. O nce o tto ched  to the flow  system, the U-tube ond trop, os shown in 

figure 4.11, ore evocuo ted . The trop is then coo led  to 77 K using o liquid 

nitrogen both.

Needle 
J alve

Cl2 Gas from 
bulb/lecture 

bottle

Pump

Sintered 
Glass filters Glass Wool

Mercuric oxide 
and glass beads

Ethylbromide /  
l-N-< slush bath

Figure 4.11 : Diagram showing the apparatus used in the preparation of CI2O.

CI2 gos is o llow ed into the U-tube by slowly opening the needle volve. The tops 

in the system ore set such thot the CI2 gos is fo rced to flow  over the mercuric 

oxide ond into the coo led  trop where the CI2O product ond ony unreocted CI2 

gos ore co llec ted . Keeping the vocuum  pum p on ensures o steody flow  of CI2 

over the mercuric oxide. The CI2 is o llow ed to flow  for opproxim ote ly 10 minutes, 

depend ing  on the moss of somple required. The volves for CI2 flow ond the 

pum p ore then shut, isoloting the U-tube ond trop from the rest of the system.

The liquid nitrogen both is lowered from the trop. An intense yellow  coloured 

solid indicotes the presence of CI2O if there is ony w h ite /p o le  yellow  solid in the 

trop then there is unreocted chlorine present. One m ethod which con be used 

to purify the CI2O is trop to trop distillotion. However it wos found to be sufficient 

to worm  the trop slowly ond ollow  the CI2 gos to flow bock into the U-tube to 

reoct with the m ercuric oxide. An ethyl brom ide/l-N 2 slush both wos used to trop
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the  CI2O. An obvious reduction  in w h ite  solid (CI2) is observed in the  tra p  w ith 

m ore CI2O ev iden t (a cherry red liquid) if this process is re p e a te d  several times.

The trap  is repea ted ly  w a rm ed  a n d  c o o le d  to  e n a b le  as m uch  CI2 to  re a c t as 

possible. The p roduc t conta ins very little CI2 on ly  if the  HgO U-tube is freshly 

p repa red . The p rodu c t is stored in the  trap  c o o le d  by liquid n itrogen re a d y  for 

use in experiments.

4 .3 .2 . Results
The pho toe lec tron  spectrum  o f ch lorine m onox ide  in the  range  10.5 to  13.5 eV 

is shown in Figure 4.12. The e lec tron ic  bond  in the  range  11.4 to  11.8 eV is a 

result o f ch lorine im purity in the  sam ple used a n d  is assigned to  the  g round  state 

of the ion CI2+ X ^ llg i/2  (Yencha 1995). Higher ene rgy CI2+ states in the  ra n g e  of 

this investigation ore o f very low  intensity re la tive  to  the  g round  sta te  o f the  ion 

and  should hove  little or no e ffe c t on the CI2O spectrum .

The energies o f the  four lowest energy e lec tron ic  states o f CI2O+ are  assigned as 

in ta b le  4.12 below . Present results are co m p a re d  w ith those o f C ornford  (1971) 

and  Thorn (1996).

Present Results Cornford (1971) Thom (1996)

Ionic state A IE V IE A IE V IE A IE
/eV /eV /eV /eV /eV

X^B i 10.887 10.971 10.94 11.02 10.909±0.016 eV
12.016 12.297 12.37

B^A i < 12.453 12.593 12.65
12.742 12.742 12.79

Table 4.12 : Energies of the four lowest energy electronic states of CizO*.

The vertica l ionisation energies for the  present results ore  all low er than those 

reported  by Cornford, w ith the  d iffe rences rang ing  from  50 to  70 m eV. The 

a d ia b a tic  ionisation ene rgy for the  g round sta te  (X^B2) is also low er (by 53 meV) 

co m p a re d  to  tha t o f Cornford, how ever the  present result agrees well w ith  the 

m ore recen t va lue  o f Thorn (1996) and  lies w ith in the  error m arg in o f the  q u o te d  

va lue. The assignm ent o f e a c h  o f the  bands is discussed be low .
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The First Band f lO J  fo J 1.4 eV)

The lowest ionisation bond is a result of the removal of on electron from the 3bi 

molecular orbital (HOMO) and the formation of the ChO^ in its ground state X 

2B2. Figure 4.13 shows the 1̂  ̂ photoelectron band of CI2O. The band consists of 

well resolved vibrational structure.

3

2.5

2

1.5

A7V; +  nV2

0.5

0
10.7 10.9 11. 1 11.3

Ionisation Energy / eV

Figure 4.13 : X̂ Bi - First band of the He(l) photoelectron spectrum of CI2O.

Table 4.13 shows the peak positions and the assignment of the vibrational 

structure for the first bond.

n

nvi Progression nvj + V2 Progression nv2 Progression

Energy
/e V

AE(vi)
/eV

Energy
/eV

AE(vi)
/eV

AE(V2)
/eV

Energy
/eV

AE(V2>
/eV

0 10.887 10.930 0.043 10.887
1 10.971 0.084 11.012 0.082 " I 0 .93O " .0343.....
2 11.054 0.083 11.096 0.084 10.971 ()341
3 11.137 0.083 11.178 " 0 3 ^ 11.012 0.041

.11218.... 0.081 .11258..... 0.080 11 054 0.042
5 11.296 0.078 11.335 0.077 11.096 0.042
6 .11375.... "0379 11 419 0.084 11.137 0.041
7 11.178 0.041

11218 0.040
9 11.258 0.040

10 11.296 0.038
11 11.335 0.039
12 11.375 0.040
13 11.419 0.044

hot bands 10.807 0.080
10.851 0.036

Table 4.13 : Peak positions (eV) and assignment of vibrational structure for the
first PE band of Ci20.
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Two vibrational progressions of different intensities appear to nnake up the first 

band. As assigned in table 4.13 and on figure 4.13, the lower intensity 

progression is assigned as a combination of nvi and tiv2 vibrations, which was 

suggested by Cornford (1971), while the other progression is assigned to the nvi 

vibration. If the intensity of the peaks are ignored then the separation of the 

peaks consistent with a pure 11V2 vibration (table 4.13), however this assignment 

is inconsistent with the predicted Cl-Cl slight bonding of the 3bi molecular 

orbital.

Second and  Third Bands (12.0 to 12.7 eV)

Figure 4.14 and table 4.14 give the assignments and peak positions for the 

second and third bands of the photoelectron spectrum which lie in the energy 

range 12.0 to 12.7 eV. The second and third bands are a result of excifotion fo 

the first and second excited states of the molecular ion. These bonds were 

previously unresolved by Cornford (1971), fhe presenf experiment has resolved 

vibrational progressions for each band
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Figure 4.14 : A^B2 and B̂ Ai -  2"** and 3""' bands of the He(l) photoelectron
spectrum of CI2O.

The energy separation (~ 0.035 eV) of the peaks indicates that the progressions 

associated with both the first and second ionisation bands are the result of fhe 

V? bending mode, with the vibrational frequency similar to that of the neutral
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(0.037 eV). This vibration results in a change  to the CI-O-CI angle  and also 

affects the Cl-Cl interaction.

Second Photoelectron Band Third Photoelectron Band
n nv2 AE/ n nv2 AE

/e V eV /eV /eV
B %

0 12.016 n 12.453
1 12.052 0.036 n + 1 12.488 0.035
2 12.085 0.033 n + 2 12.524 0.036
3 12.123 0.038 n + 3 12.560 0.036
4 12.159 0.036 n + 4 12.593 0.033
5 12.193 0.034 n + 5 12.629 0.036
6 12.227 0.034 n + 6 12.667 0.038
7 12.263 0.036 n + 7 12.703 0.036
8 12.297 0.034
9 12.330 0.033
10 12.367 0.037
11 12.404 0.037
12 12.432 0.028

Table 4.14 : Peak positions (eV) and assignment of vibrational structure for the
2"*̂  and 3"* PE bands of CbO.

The second band is a result of the removal of an electron from the 7b2 

m olecular orbital of the neutral, where the Cl-Cl interaction is anti-bonding, and 

forms the first excited state of the CbO"" ion, A^B2. The rem oval o f an electron 

from the 9oi m olecular orbital, where the Cl-Cl interaction is bonding, leads to 

the formation of the second excited state of the ion, B^Ai.

The Fourth Band (J2.6 to 13.0 eV)

The fourth band of the photoelectron spectrum in the region 12.6 to 13.0 eV 

consists o f a sharp peak a t 12.742 eV with tw o lower intensity features (figure 

4.15 and tab le  4.15).

n nvi AE V2 AE
/eV /eV /eV /eV

0 12.742
1 12.818 0.076 (12.78) (0.038)
2 12.894 0.076

Table 4.15 : Peak positions (eV) and assignment of vibrational structure for the
4**' PE band of CbO.

The separation of these peaks (0.076 eV) is consistent with a v; vibration with the 

frequency similar to that o f the neutral m olecule (0.080 eV). There is also a 

possible shoulder a t 12.78 eV which would be consistent with a V2 vibration. This
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band is assigned to the removal of on electron from the 2 o2 molecular orbital 

resulting in the formation of the ion in the third excited state C^A2.
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Figure 4.15 : C^A2 4*̂  band of the He(l) photoelectron spectrum of CbO.

Interpretation of the photoelectron spectrum has allowed the confirmation of 

the ordering of the four outer valence orbitals of the molecule to be 2oi, 9ai, 

7b2 and 3bi.

4 . 4 .  S u m m a r y
The photoabsorption spectra of C2H5I, C2H5Br and C IO  recorded using the 

DLMSAA hove been presented and com pared with previously reported results. 

Assignments of Rydberg and valence states have been m ade where possible. 

The photoelectron spectrum of C I2 O  is reported. The first four ionisation 

potentials of the molecule are determined from the spectrum.
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5
VUV & Electron Energy 
Loss Spectroscopy of 

Nitrous Oxide
“ Science is always wrong.

If never solves a problem w ithout creating ten m orel"

George Bernard Shaw, (1856-1950) Irish dramatist and critic

5.1.  i n t r od uc t io n
The nitrous oxide molecule, N2O, ploys on im portant role in several areas of 

physics and chemistry, including discharge plasmas, in m edica l lasers and is of 

particular interest in atmospheric physics (Prinn 1983). Although only present in 

concentrations (ppb) its presence in the stratosphere alongside ozone results in 

the formation of nitric oxides through photodissociation processes. These oxides 

may subsequently react with ozone to reduce the UV protection layer.

The spectroscopy of N2O has been w idely studied over the past forty years. 

Tables 5.1 and 5.2 summarise previous experimental investigations carried out 

using electron im pact and photoabsorption techniques, while tab le  5.3 lists 

details o f theory investigations. Most of the quoted  electron im pact spectra are 

taken a t high electron energy, low scattering angle in order to  allow 

comparison with optica l absorption spectra. In general the shape of spectra 

reported agree well, however the assignment of va lence and Rydberg states is 

yet to  be finalised and therefore will be discussed further in this chapter.
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Reference
(Year)

Energy
Range
/e V

Resolution
/m eV

incident
Electron
Energy
/eV

Analysis

Foo ef a / (1971) 6 -20 66 60 Assignment of the Rydberg series converging to the 1 2"^ and 4'h 
ionisotion potentiels, quotes new volues for quontum defects, 6, volues

Weiss ef al (1971) 5-20 36 115 Identificotion of Rydberg stotes converging to the 1̂  ̂2"^ and 4?̂  
ionisotion potentiels ond différentiel oscillotor strengths ore given.

Hall ef 0/(1973) 5 -1 0 Low energy electrons, >0° ongle of detection. Evidence for the 
ossignment of the low energy voience stotes. Triplet stotes observed

Huebner ef al 
(1975)

4-14 42 100 Oscillotor strengths from electron energy loss studies hove been derived. 
Assignments for the low energy region ]<11 eV) ore given.

Hitchcock ef al 
(1980)

8-75 Oscillotor Strengths for photoobsorption, photoionisotion ond photo- 
frogmentotion of N2O hove been determined.

Cubric ef 0/(1986) 1.5-17.5 30-40 Threshold Electron Impoct spectroscopy
Gives 0  good discussion of the lower energy (<10 eV) peek ossignments.

/viorinkovic ef al 
(1986)

5-14 50 80 Cross-section volues for the low energy voience tronsitions ore quoted os 
well os ossignment of these tronsitions.

Englond ef al 
(1988)

10-20 28 80 Assigns singlet Rydberg stotes converging to the first ionisotion potentiel -  
quotes 5 volues for the stotes.

Chon ef 0/(1994) 5.5 - 203 48 3,000 Assignment of electronic tronsitions ond integroted volues for opticol 
oscillotor strengths ore guoted.

to
to

Table 5.1 : Investigations of ttie spectroscopy of N2O carried out using electron impact tectiniques
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Reference
(Year)

Energy Range 
/e V

Resolution
/nm

Analysis

Zelikoff (1953) 6.90-11.48
(108-210nmJ

0.085 The absorption spectrum was obtained using a hydrogen discharge 
source.

Tanaka (1960) 10-20 The 3 ionisation potentials have determined through Rydberg analysis -  
formulas are quoted to represent each series.

Thompson (1963) 6.7-3.09
(185-400nmJ

Low energy region (<8.5 eV) absorption spectrum obtained using a 
Perkin-Elmer 350 absorption spectrophotometer.

Cook (1968) 12.34-20.66 0.05 The absolute photoobsorption and photoionisation coefficients are 
measured using a helium continuum background source. Rydberg series 
converging to the 1*L 2"^ and 4̂  ̂ionisation potentials are assigned.

Rabalais (1971) 5.9-10.33
(120-210nm)

Absorption coefficients have been measured using a vacuum uv lamp 
with a flow of hydrogen. Assignments of the low energy electronic 
transitions are given.

Lee (1973) 17.71-68.86
(18-70nmJ

The absorption cross-section has been measured photo-electrically using 
synchrotron radiation.

Yoshino (1984) 7.29-5.58
(170-222nm)

0.0013 High resolution absorption spectrum of the peak at 6.8 eV using a 
hydrogen discharge source. Observe the banded structure superimposed 
on the continuous absorption.

Samson (1989) 21.21, 16.84, 16.65 
(58.4, 73.6, 74.4 nm)

Absolute cross sections were measured at three points with 0.8% 
accuracy, using He and Ne lamps.

Shaw (1992) 12.78-25.82 
(48-97 nm)

0.02^0.05 High resolution photoobsorption and photoionisation measurements were 
taken using a monochromated synchrotron radiation -Assigned the 
Rydberg series converging to the 2"^ and 4̂  ̂ionisation potentials. I

?

ITable 5.2 : Photoobsorption investigations of N2O



Reference
(Year)

Technique Used Analysis

Peyerimhoff(1968) Ab Initio SCF MO 
calculations

Discusses the NNO vs. NON geometry. Low energy valence transitions have been 
calculated and assignments of the transitions are given.

Chutjian (1972) Semi-empirical INDO 
method

Energies of parts of potential energy surfaces have been calculated for the first eleven
electronic states up to ~ 10 eV
Energies and symmetries of states are assigned.

Fridh (1978) Quantum Chemical 
method HAM/3

Assignment of Rydberg states converging to the first 4 ionisation potentials are given 
and calculations of quantum defects 5 and oscillator strengths, f quoted.

Winter (1975) Electronic transitions have been calculated and assignments of the upper states given.

Nakatsuji (1983) Symmetry adapted 
cluster theory (SAC) 
and SAC Cl

The ionisation potentials and energies of states have been calculated

Hopper (1984) Ab initio MCSCF/CI Wavefunctions for -  30 states and potential energy surfaces for the lowest seven are 
given. From the calculations an adiabatic excitation spectrum has been established 
and the optical and electron impact spectra interpreted.

Allen (1990) Self Consistent Field 
Higher Derivatives

Anharmonic molecular properties; vibration-rotation, interaction constants, vibrational 
anharmonic constants, fundamental vibrational frequencies obtained in these studies.

Wong (1993) Ab Initio CCSD (T) 
method

The ab initio potential energy surfaces for N2O have been calculated and equilibrium 
geometry, force constants, tiarmonic frequencies quoted.

Table 5.3 : Theoretical Investigations of the N2O molecule
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Chapter Five

This chap te r will describe the spectroscopy of the N2O molecule, presenting an 

electron energy loss spectrum obta ined using the UCL EELS apparatus (chapter 

3) and also a photoobsorption spectrum obta ined using synchrotron radiation 

in the new windowless system as described in chapte r tw o (section 2.2). 

Extensive assignments of va lence and Rydberg states are m ade, and values for 

quantum  defects derived. The two spectra, converted into differential oscillator 

strengths (DOS), ore com pared with each other and with those previously 

reported. Integrated values of oscillator strengths are also presented and 

com pared  with earlier experiments.

5.2.  The N 2 O M o l e c u l e
The nitrous oxide m olecule is a linear m olecule belonging to the Cœv point 

group. Calculations by Peyerimhoff (1968) reveal the m olecule to be arranged 

such that the two nitrogen atoms are bound together (NNO) rather than the 

oxygen atom  positioned between the tw o nitrogen atoms (NON). The bond 

lengths of the NN and NO bonds are 1.125 and 1.185 Â respectively (Rabalais 

1971). Figure 5.1 shows the m olecular orbital d iagram  for N2O and includes the 

symmetry representations of the m olecular orbitals with the orbitals represented 

pictorially.

E

Unoccupied MOs 

Occupied MOs

0 0 0 0 0 0

0 0 0 0 0

Sn

2pzM + 2po4 +2pzo 

2pzN - 2p20

2p:d̂  - 2pxM 2pxO 
2PyN ~ 2pyl̂  “I" 2pyQ

7a

In

0  0  0  
0 » 05a

4a c

2p:  ̂ ----- 2pxO
2PyN ----- 2pyO

2pzN - 2pzN + 2pzo
2pxM + 2pxN + 2pxo 
2PyN 2pyJ\{ 2pyO

2s}/ - 2s}̂  + 2so

2sjy —  2s o

2 s}4 + 2sfj + 2s o

Figure 5.1 : Ordering of the valence molecular orbitals of N2O with pictorial
representation of the orbitals
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Chapter Five

The ground electronic configuration of N2O is (Core) 4a^ Za^ 2n^

(Nakatsuji 1983) with the ground electronic state represented as . The details 

of ionisation potentials for the 6a, 1 jr, 7a, 2tz orbitals can be found in tab le  5.4, as 

determ ined from the photoelectron spectrum of N2O (Turner 1970).

Vibrational Frequencies /cm *
Electronic
State

Adiabatic 
I.P. (eV)

Photoelectron
Band

Vj V2 Vj

N2 0 ' 2 ^ — — 1285* 589* 2224*

N2 0 + X^n (2n)-' 12.89 r* 1126* 461* 1737*
A y  (7o)-' 16.38 2 nd 1345* 614* 2451*
B^n  ( lit)  ' 17.65 grd 900?" — —
C "Z+(6a)' 20.11 4 th 1280" — 2300"

Table 5.4 : Ground state N2O vibrational frequencies and ionisation potentials 
and vibrational frequencies for each state of N2O+

{a} Ref iHerzberg (1967) (b) Ref: Turner(1970)

ISh -N-
V;

o
t

-ISh
V2 7 ISh -Ivh

Vi

-O

Figure 5.2 : Vibrational modes of N2O

The nitrous oxide m olecule has three fundam ental vibrational modes, figure 5.2, 

the symmetric stretching mode, v;, the bending m ode, V2 and the 

antisymmetric stretching mode, vj. The known values for these vibrational 

frequencies for both the ground state m olecule and for each state of the ion 

are included in tab le  5.4.

5.2.1. The photoelectron spectrum of N2 O
The photoelectron (PE) spectrum of a m olecule can be used as an aid in 

assigning Rydberg states in an absorption spectrum. The bands in a PE 

spectrum correspond to the ionisation energies of orbitals in the m olecule and 

also vibrational structure associated with them  which occur when excitation 

occurs to a vibrational level above the ground state of the ion. It is possible to 

align the ionisation band and its vibrational structure, with peaks in an 

absorption spectrum. Using this m ethod the quantum  de fec t

1 2 6



e)4th Ionisotion Potential at 20.11 eV

a) Ptiotoelectron Spectrum of N^O b) 1st Ionisation potential at 12.8? eV
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Figure 5.3 : The Photoelectron spectrum of N2O
Ref: Turner (1970)

c)  2nd Ionisation potential at 16.39 eV f



Chapter Five

for a Rydberg state can be determ ined and other levels o t higher or lower 

quantum  number ca lcu la ted  using the Rydberg equation:

v = E jp --------——-  cm  ̂ n=  0,1,2,3,4-■ (5 .1)
{ n - ô y

where v is the energy ot the peak (cm-i), Ejp is the ionisation potentia l ot the 

Rydberg state, R is the Rydberg constant (109737 cm -’ ), n is the principal 

quantum  number and 5 is the quantum  detect. Figure 5.3 shows the 

photoelectron spectrum tor N2O and the tour photoelectron bands magnified. 

Vibrational structure associated with each band can be seen more clearly in 

figure 5.3 b-e where known assignments are included (Turner 1970). Through the 

alignm ent o t these bands with peaks in the energy absorption spectrum ot N2O 

and comparison with previous interpretations, Rydberg states m ay be assigned.

5.3.  E x pe r im e nt

Phofoabsorption

The photoabsorption spectrum ot nitrous oxide in the range 5.5 to  20.5 eV has 

been recorded using the absorption apparatus as described in ch a p te r 2. For 

the energy region below  9 eV, i.e. below  the lithium fluoride 'cut o ff, 

measurements were taken with a closed cell arrangem ent. A static gas sample 

(pressure «0.5 torr) was required in order to a llow  the observation o t the low 

intensity features in this region. The windowless absorption apparatus was used 

to record the spectrum above 9 eV. A constant flow ot gas was adm itted  into 

the absorption cell via a needle valve in order to com pensate tor the sample 

being pum ped aw ay through the light guiding capillary. A lower pressure ot 

0.015 torr was required tor the short w avelength region to  prevent saturation 

occurring. Data was recorded in 0.05 nm steps across the whole range and the 

absolute cross section values are quoted  in Mb.

Electron energy loss

The electron energy loss spectrum ot N2O in the range 5.0 to  20.2 eV has been 

recorded using the UCL EEL spectrom eter (chapter three). The spectrum was 

recorded with a target pressure in the experimental cham ber o t 2 .5x10*^ torr. 

The incident e lectron energy was 150 eV and electrons scattered in the forward
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direction (0 « 0°) were de tec ted . Ttie nitrous oxide sample used in ttiese studies 

was 99% pure from Argo gas products.

In order to enable a more convenient comparison of ttie  tw o spectra botti 

have been converted to show the measurement o f absorption intensity in terms 

of differential oscillator strengths (DOS). Equation 1.57 has been used for the 

conversion of the photoobsorption d a ta  and for the conversion o f electron 

im pact da ta , equations 1.65 and 1.66 derived in chap te r one.

5.4.  Results and  Discussion
Photoobsorption and electron energy loss spectra of nitrous oxide are shown in 

figures 5.4 and 5.5 respectively. The spectrum below 10.3 eV consists mainly of 

broad continua with peaks at 6.8, 8.52 and 9.64 eV. However in the 

photoobsorption spectrum w e observe a vibrational progression superimposed 

on the peak a t 8.52 eV. Above 10.3 eV the spectrum is dom inated  by Rydberg 

structure converging to the first four ionisation potentials of nitrous oxide.

The cross sections obta ined using the windowless photoobsorption apparatus 

are shown in figure 5.4. However the da ta  above  9eV has an unknown 

contribution of second order (and higher) light to  the intensity and therefore the 

absorption cross sections are in error.

In order to determ ine the e ffect of second-order light the da ta  for the electron 

im pact and photoobsorption da ta  has been converted into differential 

oscillator strengths (DOS). The differential oscillator strength spectrum for nitrous 

oxide is shown in Figure 5.6. The DOS obta ined using the electron im pact da ta  

have been derived using equations 1.65 and 1.66 and is normalised to  a value 

of 0.82 eV-i a t 9.63 eV (Chan 1993).
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Figure 5.4 : Photoabsorption spectrum of nitrous oxide
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Figure 5.5 : Electron Energy Loss spectrum of nitrous oxide
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Chapter Five

The photoobsorption differential oscillator strength spectrum in figure 5.6 was 

derived using equation 1.58 and normalised a t 15.31 eV to  a value of 0.205 eV  ̂

(Shaw 1992). The agreem ent with the differential oscillator strengths obta ined 

from the electron im pact da ta  is generally good . However closer inspection of 

the DOS spectra derived using the tw o techniques suggests higher orders of 

light have influenced the intensity o f the photoobsorption da ta . When the 

normalised da ta  (figure 5.4 -  red line) for the photoobsorption spectrum  is 

com pared to  the da ta  ob ta ined originally (figure 5.4 green dashed line) the 

cross-sections are significantly different as shown figure 5.4.

It is c lear when com paring the DOS spectra of the two techniques tha t higher 

orders of light appear to  have further a ffec ted  the intensity of the absorption in 

places. One e ffect of second order light is to  transpose peaks which should 

appear a t X/2 to X. However investigations by Chan (1993) and Shaw (1992) 

reveal that the absorption spectrum o f nitrous oxide above  20 eV does not 

conta in any fine structure, so this e ffec t will not be observed.

Also there does not appea r to  be any features present in the photoabsorption 

da ta  which are not present in the electron im pact da ta . Therefore the only 

apparent e ffec t is the change  in intensity o f the absorption, which m ay 

accoun t for the lower intensity of the photoobsorption da ta  above  16.5 eV and 

possibly for the variation in intensity betw een 12.5 and 13.5 eV.

High accu racy  cross section measurements have been carried out by Samson 

(1989) of tw o points in this region, a t 16.65 and 16.85 eV, and quote  values of 

42.27 and 40.49 Mb respectively. These values support the higher cross sections 

of the electron im pact da ta . In general the electron im pact spectrum  reveals 

higher peak intensity com pared to the photoobsorption d a ta  which is most 

likely due to second order light effects.

The higher resolution of the photoobsorption techn ique can be seen clearly 

when the tw o spectra are com pared, particularly in the region below  18 eV.
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5.2)

The resolution of the features in a spectrum varies as a function of energy with 

lower resolution for higher energies (equation 5.2). Therefore for the higher 

energy region (>15 eV) the resolution of the photoobsorption data  decreases 

to approximately the same level as the electron im pact data.

>3J

V)

03O
a
O

♦ Present Electron Impact Results 
~  Chan (1994) High Resolution
•  Chan (1994) Low Resolution 
□ Shaw (1994)
o  Lee (1973)

S

5

2

0 0
30225 4 D

-  20

Photon energy (eV)

Figure 5.7 : Comparison of present results tor N2O electron impact data witti ttiat 
ot Chan et ai (1993) & other authors captioned on the figure

Figure 5.7 compares the present results for the electron im pact data  to those of 

Chan (1993) which were obtained using a high resolution (48 meV) dipole 

electron spectrometer, a technique similar to that used in these studies. The 

present electron im pact data is in good agreement with Chan, although the 

higher resolution of Chan may result in higher intensity sharp features e.g. at

10.52 eV.

Closer inspection of the absorption spectrum in the region 12 to 15 eV reveals 

that there are features present due to nitrogen impurity. Figure 5.8 shows a
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comparison of the differential oscillator strength spectra tor nitrous oxide (tor 

both photoobsorption and EELS) and nitrogen (EELS). In order to  see more 

clearly the nitrogen features in the N2O spectrum they have been p lo tted on a 

separate intensity scale (right hand side).

The photoabsorption da ta  tor nitrous oxide clearly indicates the presence ot a 

larger impurity ot nitrogen than that seen in the EELS data , and is likely to 

contribute to the differences in cross section in this region tor the two 

techniques. The impurity m ay be the result ot a small air leak in the absorption 

apparatus, or possibly due to an impurity in the gas bottle. The am ount ot 

nitrogen present need only be small (com pared with nitrous oxide) tor 

absorption to be observed, as the maximum absorption cross section is much 

b igger than that ot nitrous oxide. The e ffect o t the very small impurity ot 

nitrogen in the EELS da ta  on other regions ot the spectrum is negligible os the 

observed nitrogen feature at -12.93 eV is by tar the most intense transition in 

nitrogen (chapter three, section 3.10)

Also p lotted in figure 5.8 (green and red dots) are the peaks positions tor two 

progressions in nitrous oxide suggested by Tanaka (1960), they have been sited 

on top  ot the nitrogen peaks in order to show the extremely good  agreem ent 

with the energies ot peaks progressions tour and five. It is possible that the 

nitrogen impurity in the photoobsorption da ta  is preventing the observation ot 

the members ot the progressions, however such close agreem ent as seen in 

figure 5.8 would suggest otherwise.
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5.4.1. Valence states
The energy absorption spectrum of nitrous oxide below 11 eV (Figure 5.9) has 

been investigated by several groups as de ta iled  in tables 5.1 to  5.3. and there 

have been many proposed assignments for the peaks in the energy region 5 to 

10.3 eV. Some of these assignments are summarised in tab le  5.5 below.

Feature at / eV 5.6 6 . 2 6.8 8.5 9 . 6

PeyerimhofF (1968) — — 'A 'n 2 1̂ ^
Rabalais (1971) — — 'A *n 2^Ê
Chutjian (1972) — — 2^n 2'E^
Hall (1973) ’A 'n 2^n 2^Ŝ
Huebner (1975) — — 'A
Winter (1975) 'A 'A 2^1^
Fridh (1978) 'A 'n(3sa) ^H(3pa)
Hopper (1984) "n *A 'n
Chan (1993) — — 'A 'n 2'Z+

Present results — — ^A ’n
Differential Oscillator 
Strength / eV^

0.00247 0.075 0.819

Table 5.5 : Comparison of previous assignments of the valence states of nitrous 
oxide with those for the present studies.

The lowest energy va lence transitions are the n ^  k* (27i -> 3tc) transitions which

give rise to ’ and '̂̂ 2+ excited states of the N2O molecule. The a  -> tt* (7a

3n) transitions are also low in energy and give rise to ^TT excited states. The

most intense of all these transitions is expected  to  be the transition and

therefore should be easily identified in an absorption spectrum. The large peak

at -9.63 eV has been assigned to  this transition, consistent with the assignment

m ade by many authors (table 5.5). However this feature has also been

assigned as a 3pa Rydberg transition (Fridh 1978). A Rydberg state at this

energy would give a quantum  d e fec t o f 0.96 which is high for a pc orbital

hence it is it unlikely that this assignment is correct.
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Chapter Five

A sharp peak superimposed on the 9.63 eV feature was reported by Zelikoff 

(1953) who suggested it m ay be due to  a Rydberg sate. However this has not 

been observed by subsequent authors nor is evident in the present studies. 

Weak diffuse peaks on the low energy side of the peak have also been 

reported (Zelikoff 1953), but are also not observed in the present studies. 

Theoretical calculations by Hopper (1984) have suggested that excitation 

occurs to the An orbital rather than the 2>n orbital as predicted by other groups.

The feature between 8.0 and 9.0 eV consists o f a va lance band, the maximum 

at -8.53 eV, with a vibrational progression superimposed on it. The intensity of 

the continuum would suggest that it is an allow ed transition and is assigned to 

be the ’IT excited state form ed as a result of a a  -> tc* transition (3ir<-7a), as this 

is the only other allowed transition within a m olecule belonging to the Coov point 

group (Rabalais 1971).

Present Data Zelikoff [1953)
Peak 

Position 
/eV 

(± 5meV)
V

Differential
Oscillator
Strength

/e V ‘
(± 10 %)

Wavenumber 
/ cm *

Peak 
separation 

/ cm^

Vibrational
Quantum

No.
v'

Wavenumber
/cm ^

Peak 
separation 

/  cm *

0 59590
1 60565.53 975.53
2 61484.24 918.71
3 62349.31 865.07

7.841 0.00153 63241.9 
...... 64016^.... ....." 7 7 ^ ..

4 63163.92
....63^1^25"""'"'

814.61
7.937 0.00226 767.33
8.027 0.00356 64742.1 725.9 6 64654.48 723.23
8.115 0.00717 65451.9 709.8 7 65336.79 682.31
8.180 0.0150 65976.1 524.3 8 65981.36 644.57
8.257 0.0316 66597.2 621.0 9 66591.37 610.01
8.333 0.0538 67210.1 613.0 10 67170 578.63
8.397 0.0790 67726.3 516.2 11 67720.43 550.43
8.463 0.102 68258.7 532.3 12 68245.84 525.41
8.527 0.106 68774.9 516.2 13 68749.41 503.57
8.587 0.0961 69258.8 483.9 14 69234.32 484.91
8.646 0.0753 69734.7 475.9 15 69703.75 469.43
8.699 0.0532 70162.1 427.5 16 70160.88 457.13
8.753 0.0353 70597.7 435.5 17 70608.89 448.01
8.803 0.0218 71000.9 403.3 18 71050.96 442.07

19 71490.27 439.31
20 71930 439.73

Table 5.6 : Peak positions and oscillator strengths of the vibrational progression
centred at 8.5 eV.

The positions of the vibration peaks are given in tab le  5.6 along with the peaks 

separation and the differential oscillator strength of each peak. The values for
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the peak positions as determ ined by Zelikoff (1953) are included in tab le  5.6 for 

comparison.

It has not been possible to observe all the bands, as reported by Zelikoff, in 

these studies, but the progression can  be represented by:

V  = 59861 + 945.56 v' - 24.991 v '^ + 0.3827v'^ (5.3)

SO  the remaining peak positions may be determ ined. The peak separations for 

this progression are largest for the low vibrational quantum  number, with the 

maximum separation predicted to  be 945 cm  ’ (Equation 5.3). The general 

trend of the progression is for the peak separation to  reduce as v' increases, the 

spacing decreases rapidly which suggests that this vibrational m ode is 

occurring with considerable anharmonicity.

It is not possible to predict the type of vibration occurring from the value 945 

cm  ’ alone, anharm onicity of either the vy stretching m ode or the V2 bending 

m ode (with fundam ental frequencies of 1285 and 589 cm  ’ respectively) m ay 

result in this figure. The more likely o f the tw o is the bending vibrational mode, V2, 

the excited state m olecule having a bent geom etry leads to an intensity 

distribution such that the maximum is loca ted  towards the centre  of the 

progression (Rabalais 1971).

The peak a t -6 .8  eV is of very low intensity suggesting a forb idden transition and 

has been assigned as the ’A va lance transition, arising from 37u<-2tc

m olecular orbital excitation. Although not observed in these studies 

superimposed on the continuum  are diffuse peaks. High resolution (0.0013 nm 

FWHM) photoabsorption cross section measurements of this peak recorded by 

Yoshino et al (1984) have revealed a vibrational progression on this feature.

Several groups have assigned transitions a t 5.6 and 6.2 eV. A feature a t 5.6 eV 

has been predicted by several theoretical papers and assigned to  be the 

state (Winter 1975, Fridh 1978, Hopper 1984). The same theoretica l investigations 

each assign different states to a feature a t 6.2 eV (^A, and as shown in 

tab le  5.5). However due to  their forbidden nature they are not observed in the 

present investigations.
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5.4.2. Rydberg States
The Rydberg states converging to the first four ionisofion pofentiols of nitrous 

oxide have been investigated by several groups as summarised in Tables 5.1- 

5.3. One of the first investigations into Rydberg state assignments was carried 

out by Tanaka (1960) w ho proposed nine Rydberg series, tw o of which 

converged to  the first ionisation potentia l (IP), three to the second IP and the 

rem ainder to the fourth IP, table5.7. Investigations of Rydberg states carried out 

for several years after this paper based assignments on these nine series (Cook 

1968, Foo 1971, Lee 1973, Huebner 1975).

Series 1 (1** IP) Series 2 (1*‘ IP) Series 3(2"“ IP)
n /cm' /eV cm/ /eV /cm' lev
2 84633 10.493 84960 10.534 99710 12.362
3 94751 11.748 94916 11.768 119650 14.835
4 98452 12.206 98608 12.225 125270 15.532
5 100170 12.420 100360 12.443 127810 15.846
6 101280 12.557 101460 12.579 129130 16.010
7 101990 12.645 102220 12.674 129970 16.114
8 102440 12.701 102730 12.737 130490 16.179
9 102730 12.737 130850 16.223

10 102960 12.765 131110 16.256
11 103140 12.788 131290 16.278
12 103270 12.804 131430 16.295

Series 4 (2"** IP) Series 5 (2"“ IP) Series 6 (4"* IP)
n /cm /eV /cm' /eV /cm' lev
2
3 117930 14.621 147340 18.268
4 124520 15.438 154130 19.110
5 127390 15.794 157190 19.489
6 128910 15.983 158730 19.680
7 129790 16.092 159650 19.794
8 130380 16.165 131740 16.334 160320 19.877
9 132140 16.383 160720 19.927

10 132380 16.413 161030 19.965
11 132590 16.439 161220 19.989
12 132800 16.465

1
Series 7 (4*" IP) Series 8 (4**’ IP) Series 9 (4® IP)

n /cm /eV /cm' lev /cm' lev
2 141580 17.553 142900 17.717
3 149600 18.548 152210 18.872 152910 18.958
4 155220 19.245 156300 19.379 156640 19.420
5 157710 19.554 158280 19.624 158450 19.645
6 159120 19.728
7 159940 19.830
8 160480 19.897
9 160850 19.943

10 161030 19.965
11 161220 19.989
12

Table 5.7: The nine Rydberg series assigned by Tanaka (1960)
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More recent investigations {England 1988, Fridh 1978 and Shaw 1992) have 

revealed that there are more Rydberg series than previously quoted, with five 

series converging to each of these ionisation potentials. The assignments of 

Rydberg series for the present da ta  are obta ined using the N2O photoelectron 

spectrum (Figure 5.3) and are based on these more recent assignments.

5.4.2.1. F/rst Ionisation Potential
There are five Rydberg series converging on to  the first ionisation potential of 

12.89 eV, the ground state of N2O+. The ground state has the configuration (2nj^ 

X 2n, which is split in to  levels 2113/2 and 21I 1/2 a t 12.893 and 12.909 eV respectively 

(England 1988).

Peak
Position

/e V

Wavelength 
/cm  ^

Quantum 
Number n / 
Vibration 
assignment

Quantum
Defect

Ô

Differential
Oscillator
Strength

/e V *
npCT̂ n 10.517 84825.3 3 0.615 0.719

11.746 94737.8 4 0.580 0.349
12.210 98480.2 5 0.588 0.241
12.448 100399.8 6 0.567 0.399
12.571 101391.9 7 0.655 0.276
12.652 102045.2 8 0.724 0.231
12.711 102521.1 9 0.711 0.202
12.747 102811.4 10 0.631 0.203

Associated vibrational structure
10.719 86454.5 (0,0,1) n=3 0.153
11.880 95818.6 (1,0,0) n=4 0.220

10.860 87591.8 3 0.423 0.224
11.825 95375.0 4 0.457 0.249

Associated vibrational structure
11.012 88817.7 (1,0,0) n=3 0.0248

nsa^n 11.173 90116.3 4 1.200 0.382
11.949 96375.1 5 1.235 0.302
12.314 99319.1 6 1.218 0.338
12.496 100787.0 7 1.260 0.238

Associated vibrational structure
11.317 91277.7 (100) n=4 0.344
11.384 91818.1 (0,0,1) n=4 0.382
11.552 93173.1 (1,0,1) n=4 0.179

11.334 91414.8 3 0.056 0.386
12.036 97076.8 4 0.052 0.219
12.354 99641.7 5 0.049 0.501

ndô‘n 11.443 92294.0 3 -0.046 0.258
12.075 97391.4 4 -0.039 0.237

Associated vibrational structure
11.604 93592.5 (1,0,0) n=3 0.153

Table 5.8 : Assignments of the Rydberg Series converging to the first ionisation
potential of N2O at 12.909 eV
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Chapter Five

For the purposes of assigning Rydberg states of singlet series, when n (quantum 

number) is not low, it is assumed that the series converge to  the limit at 

12.909 eV (England 1988).

Figure 5.10 and tab le  5.8 show the assignment of the series which converge to 

the first ionisation potential. Included in tab le  5.8 are ca lcu la ted  values of 

quantum  de fec t and any associated vibrational structure. The differential 

oscillator strength for each peak is also given.

Expected values for quantum  defects for second-row m olecular orbitals have 

been established with values of 1.0, 0.7, 0.2 and 0, expected  for the ns, np, nda 

and ndTi orbitals respectively (England 1988). The average values of quantum  

defects for each of the series obta ined in these studies are given in tab le  5.9.

Series nsa npa npTC nd% ndô
A v. Quantum  
Defect Ô

1.229 0.634 0.440 0.0523 -0.0425

England (1988) 1.233 0.598 0.442 0.0473 -0.066

Table 5.9 : Average quantum defects, 5, of series converging to 12.909 eV

When the quantum  defects for the present results are com pared with the 

expected  values of quantum  de fec t it can  be seen that there are significant 

differences. If is possible thof this is due  to  the mixed cha racte r o f the series, 

with m any of fhe features co incid ing with va lence transitions. The present 

values obta ined for the ns, np and ndir series are however consistent with those 

reported by England (1988), tab le  5.9. The larger d ifference in fhe average 

value for the ndô series is due to  the assignment o f the n=3 m em ber o f the series 

a t a lower energy (11.443 eV) than that suggested by England (11.475 eV)

The npo series quantum  de fe c t (5 = 0.634) is slightly lower than the expected  

value o f 0.7 for np orbifols. The npa series is similar fo both Series I and Series II 

quoted  by Tanaka (1960) if T  is a d de d  to  the quantum  number quoted  by 

Tanaka. The np% series quantum  de fe c t (5 : 0.440) is also lower than would be 

expected  for this type of orbital, but similar values of 0.44 and 0.52 have been 

reported (England 1988 and Fridh 1978 respectively).
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In the same energy region Tanaka has assigned three progressions, p ( l) , p{2) 

and p(3), in a region where there is no nitrogen absorption. Progressions 1 and 2 

are weak and only a few  of the peaks can  be resolved, whereas progression 3 

consists of strong diffuse bands which are easier to  assign. Table 5.10 presents 

the peak assignments for these progressions obta ined in these studies, the 

separation of the peaks and the differential oscillator strengths. The values 

quoted  by Tanaka are also included for comparison.

Present Data Tanaka (1960)
Peak

Position
/e V  

(±5 meV)

Wavenumber 
/cm  *

Peak 
Separation 

/ cm *

Differential
Oscillator
Strength

/eV'i

Peak 
Position / 

eV

Wavenumber 
/cm  ^

Peak 
Separation 

/cm  *

Progression One : p (l)
10.454 84317.2 1371.1 0.121 10.464 84400 1330
10.624 85688.3 1371.1 0.118 10.629 85730 1340
10.794 87059.4 1338.9 0.173 10.795 87070 1360
10.960 88398.3 1282.4 0.239 10.964 88430 1280
11.119 89680.7 0.288 11.123 89710
Av. separation / cm 1340.9 Av. separation / cm * 1327.5

Progression Two : p(2)
10.673 86083.5 1508.3 0.149 10.679 86130 1530
10.860 87591.8 1492.1 0.224 10.868 87660 1420
11.045 89083.9 1524.4 0.313 11.045 89080 1600
11.234 90608.3 1435.7 0.437 11.243 90680 1520
11.412 92043.9 1258.2 0.329 11.431 92200
11.568 93302.2 0.161
Av. separation /  cm'^ 1443.7 Av. separation / cm * 1517.5

Progression Three : p(3)
10.744 86656.2 734.0 0.206 10.748 86690 730
10.835 87390.1 838.8 0.247 10.839 87420 850
10.939 88228.9 806.6 0.305 10.944 88270 810
11.039 89035.5 814.6 0.313 11.045 89080 890
11.140 89850.1 830.8 0.357 11.155 89970 710
11.243 90680.9 774.3 0.437 11.243 90680 980
11.339 91455.2 734.0 0.411 11.364 91660 740
11.430 92189.1 0.301 11.456 92400
Av. separation /  cm * 790.4 Av. separation / cm * 815.7

Table 5.10 : Assignments of the progressions p(1) to p(3) as reported by Tanaka
(1960)

The resolution of the absorption spectrum obta ined for these studies is not 

sufficient for all of these peaks to be resolved. However m any of these peak 

positions are ind ica ted by shoulders on larger peaks, therefore an energy 

assignment can be estimated.
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5.4.2.2. S econd Ionisation Potentia l
The Rydberg series for nsa and ndTi are very close together and  can not be 

resolved. The Rydberg series converg ing to the second ionisation potentia l a t 

16.39 eV have therefore been assigned with the aid o f Shaw (1992). The 

photoabsorption spectrunn in the energy range 12.8 to 25.8 eV has been 

recorded by Show (1992) with a resolution of 0.2 Â. This high resolution 

experinnent has enab led  the closely packed  peaks converg ing to the second 

ionisation potentia l to be resolved. Figure 5.11 shows the Show photoabsorption 

spectrum of N2O in the range 75 to 85 nm, and is com pared  with the present 

da ta  (red line). The assignment of peaks presented in tab le  5.11 and figure 5.12 

have then been ob ta ined via corre lation with the higher resolution Shaw da ta .

Energy / e\
16.31 16.10 15.89 1569 1549 15.30 15.12 14.93 14.76

70 o
(D 0 .6

oO Ï
O 0.5 a

79 80 81 82
Wavelength / nm

Figure 5.11 : Comparison of the present results (red line) with the Shaw (1992 - 
black line) N2O photoabsorption spectrum in the range 75 to 85 nm

The Rydberg series tor nsa and ndjr are very close together and  can not be 

resolved in the present da ta , as the ndTc and  the (n+l)sa co inc ide  with each  

other. The peak positions quo ted  in the tab le  are tor the unresolved peak which 

contains the two peaks.
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Peak 
Position 

/e V  
(±5 meV)

Wavelength 
/ cm'*

Quantum 
Number n / 
V ibration 

assignment

Quantum
Defect

Ô

Differential
Oscillator
Strength

/e V ‘ (±10% )
npa 13.889 112022.3 3 0.663 0.291

15.158 122257.5 4 0.663 0.319
15.655 126266.0 5 0.668 0.293
15.895 128201.8 6 0.704 0.315

Associated Vibrational Structure
14.043 113264.4 (100) n=3 0.244
14.208 114595.2 (001) n=3 0.240
15.342 123741.5 (100) n=4 0.211

npTc 14.009 112990.1 3 0.609 0.249
15.209 122668.8 4 0.591 0.267

Associated Vibrational Structure
15.394 124160.9 (100) n=4 0.255

nda 14.636 118047.2 3 0.207 0.278
15.435 124491.6 4 0.206 0.248
15.796 127403.3 5 0.173 0.284
15.972 128822.8 6 0.225 0.447

Associated Vibrational Structure
14.805 119410.3 (100) n=3 0.442
14.922 120354.0 (001) n=3 0.301
15.601 125830.5 (001) n=4 0.258

nsa 12.354 99641.7 3 1.162 0.501

ndic & 14.843 119716.8 n=3 dn &  n=4 sa 0.0248/ 1.007 0.544
(n+l)sa 15.529

15.850
125249.8
127838.8

n=4 dn &  n=5 sa 
n=5 dn &  n=6 sa

0.00152/0.985 
” b.om76.93”3

0.482
0.513

16.006 129097.0 n=6 dn &  n=7 sa 0.969 0.512
16.119 130008.4 n=7 dn &  n=8 sa 0.940 0.367
16.163 130363.3 n=8 dn &  n=9 sa 0.967 0.355
16.210 130742.4 n=9 dn &  n=10 sa 0.323

Associated Vibrational Structure
15.019 121136.3 (100) n=3 dn &  n=4 sa 0.367

----- -- -.... 15.687
16.279

126524.1 
^Jj29879....

(100) n=4 dn &  n=5 sa 
(100) n=7 dn &  n=8 sa

0.404
0.359

16.372 132049.02 (100) n=8 dn &  n=9 sa 0.343

Table 5.11 : Assignments of the Rydberg series converging to the second 
Ionisation potential of N2O at 16.39 eV

The n=3 sa Rydberg state has previously been reported a t an energy of 12.354 

eV (England 1988), and has been assigned here also, (to co inc ide  with the n=5 

member of the ndTi series converging to the first ionisation potential). At this 

energy the quantum  d e fe c t for the 3sa orbital would be 1.162, which is high 

com pared to the rest o f the series. However it is possible that this high value is 

due to it being the first in the series and possible mixing with va lence states.
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Chapter Five

The ndTc (nsa) and nda Rydberg series a p pe a r to  correspond with the 3 and 4 

series as reported by Tanaka (1960), while series 5 is similar to those values for 

vibrational structure associated with the ndn series.

In this region (13.0 to 16.5 eV) tw o progressions reported by Tanaka (1960), 

could be due to absorption by nitrogen impurity, as discussed earlier in this 

chapter. A w eak diffuse progression centred around 14.2 eV with an average 

frequency separation of 1341 cm   ̂ p(4), and  p(5), also a w eak diffuse 

progression, centred around 14.3 eV with a slightly smaller average frequency 

separation of 1203 cm  h The possible progressions, if assigned accord ing  to 

Tanaka (1960), are ind ica ted  on figure 5.12 with the positions and their 

separations presented in Table 5.12 below.

Present Data Tanaka (1960)

Peak 
Position 

/e V  
(±5 meV)

Wavenumber
/cm"‘

Peak 
Separation 

/ cm *

Differential
Oscillator
Strength,

/eV ^

Peak 
Position / 

eV

Wavenumber
/c m ‘

Peak
Separation

/cm ^

Progression Four : p(4)
13.915 112232.0 1242.1 0.272 13.912 112210 1300
14.069 113474.1 1201.8 0.248 14.073 113510 1170
14.218 114675.8 1145.3 0.252 14.219 114680 1210
14.360 115821.2 0.244 14.369 115890
Av. separation / cm^ 1196.4 Av. separation / cm ’ 1226.7

Progression Five : p(5)
13.992 112853.0 1322.7 0.257 13.995 112880 1280
14.156 114175.8 1145.3 0.243 14.154 114160 1070
14.298 115321.1 1161.4 0.246 14.287 115230 1180
14.442 116482.5 0.251 14.433 116410
Av. separation / cm 1209.8 Av. separation / cm 1176.7

Table 5.12 : Assignment of progressions 4 and 5 as reported by Tanaka (1960)
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5A.2.3. Third ionisation Potential
As seen in the photoelectron spectrum (figure 5.3) the bond for the third 

ionisation potential contains many vibrational peaks associated with both a 

vertical (17.65 eV) and ad iaba tic  (18.23 eV) ionisation potential. A Rydberg 

series (state) associated with the third ionisation potential has not been 

reported previously, but may be apparent in the present da ta . Figure 5.13 

shows the alignment of the photoelectron vibrational peaks for the 3rd bond 

with a very weak progression in the absorption spectrum.

Peak
Position

/eV

Wavelength 
/ cm *

Quantum 
Number / n 

( Peak separation 
/cm^)

Quantum
Defect

Ô

Differential
Oscillator
Strength

/e V ‘
npcT 16.43 132516.82 3 0.6605119 0.324
Associated vibrational structure

16.467 132815.2 959.8 0.323
16.586 133775.0 871.1 0.319
16.694 134646.1 975.9 0.315
16.815 135622.1 911.4 0.309
16.928 136533.5 919.5 0.306
17.042 137452.9 919.5 0.306
17.156 138372.4 943.7 0.312
17.273 139316.1 943.7 0.304
17.390 140259.7 863.0 0.309
17.497 141122.8 0.319

Table 5.13 : Assignment of a Rydberg state converging to the third Ionisation
potential at 17.65 eV

The quantum  de fect of 0.66 for the peak a t the vertical IP position would 

ind icate  a npa orbital. Features similar to those observed here are seen by 

Shaw (1992) but no assignment was m ade. It may be possible that these peaks 

are due to nitrogen impurity os observed in other regions of the spectrum. 

However comparison of present da ta  of nitrous oxide with nitrogen is 

inconclusive.
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Chapter Five

5.4.2.4. Fourth Ionisaffan P o ten tia l
O nce again the resolution of the spectrum does not a llow the observation of 

unresolved peaks so the assignments by Shaw (1992) have been used as an aid 

to assign the Rydberg series converging to the fourth ionisation potential a t 

20.11 eV. Table 5.14 and figure 5.14 show the peak assignments for these series.

Peak 
Position 

/e V  
(±5 meV)

Wavelength 
/ cm'^

Quantum 
Number n / 
Vibration 

assignment

Quantum
Defect

S

Differential
Oscillator
Strength

/e V ‘ (±lG%)
npa 17.605 141993.8 3 (Dip) 0.669 0.287

18.896 152406.4 ?4 (Dip) 0.652 0.277

npTc 17.770 143324.6 3 (Dip) 0.589 0.249
18.944 152793.6 ?4 (Dip) 0.584 0.264

nda 18.279 147430.0 3 0.274 0.354
19.134 154326.0 4 0.266 0.327
19.494 157229.6 5 0.300 0.308
19.692 158826.6 6 0.295 0.293
19.811 159786.4 7 0.254 0.297

nsa 18.606 150067.4 4 0.992 0.395
19.281 155511.7 5 0.949 0.337
19.574 157874.9 6 0.962 0.320
19.774 159488.0 7 0.903 0.297

ndTc 18.575 149817.4 3 0.0228 0.432

—.............. 19.256
191557"

155310.0
.....

4
5

0.0271 
ao398.....

0.349
0.330

19.727 159108.9 6 0.0398 0.306
19.828 159923.5 7 0.300

Associated Vibrational Structure
18.727 151043.37 ?(101) n=3 0.281
18.849 r 152027.4 ?(601) n=3 0.286

Table 5.14 : Assignment of Rydberg series converging to the fourth ionisation
potential at 20.11 eV

The npa and npjt Rydberg series have previously been reported by Tanaka 

(1960) to  be apparent emission series identified by Tanaka as Series VIII and IX. 

However these features appea r in both the photoabsorption and electron 

im pact da ta  in the present investigations, which suggests that these 'dips' are 

not a result of emissions as suggested by Tanaka. The Tanaka series 6 and 7 

appea r to correspond to the ndTc (nsa) and the nda series assigned here 

respectively.
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Chapter Five

5.4.3. Integrated Oscillator Strengttis
The integrated oscillator strengths from both the electron im pact and 

photoabsorption DOS spectra have been determ ined using equation 1.58 and 

are com pared with the results of Chon (1993) and Huebner (1975) in tab le  5.16. 

The differential oscillator strength spectrum (figure 5.6) for the electron im pact 

da ta  was normalised to a value of 0.82 eV ’ a t an energy o f 9.64 eV (Chan 

1993). Investigations by Chan (1993) have shown a consistent DOS maximum for 

this peak for both photoabsorption and electron im pact techniques. The 

photoabsorption DOS for these studies were normalised to  a value of 0.205 eV-i 

of 15.305 eV (Show 1994). The two DOS spectra for the present da ta , obta ined 

using the different techniques correspond fairly well.

The integrated oscillator strengths for the present electron im pact da ta  (table 

5.16) agree very well with those of Chon (1993) and Huebner (1975), with most 

of the present values differing from those of Chon by approxim ately 10%, and 

by -15  % from those of Huebner, however ore within experimental error (±20%). 

The present values for the low energy region of 5.5 to 9.5 are slightly larger than 

those of either Chan or Huebner. This m ay be ascribed to the relatively low 

signal to noise background effects, and the forbidden nature o f the va lence 

states such that A0 plays a larger e ffect. There is good  agreem ent for the value 

of OS for the 9.63 eV peak with areas of 0.388 and 0.376 eV  ̂ for the present 

results and of Chan respectively. The theoretica l calculations of Fridh (1978) for 

this band have yielded a value of /  = 0.36. Other values of oscillator strengths 

reported by earlier researchers are given in tab le  5.15 below.

b ‘a
(5.70-7.70 eV)

c ^n
(7.70-8.97 eV) (8.97-10.23eV

Present Results
(Photoabsorption)

0.00452 0.0473 0.376

(Electron Impact) 0.00493 0.0319 0.352
Chutjian (1972) 0.0022 0.0245 0.376
Fridh (1978) 0.36
Chan (1993) 0.00131 0.0245 0.376
Lee (1973) 0.0253 0.0378
Huebner (1975) 0.00144 0.0285 0.0352
Rabalias (1971) 0.0014 0.007 0.36
Zelikoff (1958) 0.0015 0.0211 0.367

Table 5.15 : Comparison of previously reported oscillator strengths for the
valance bands < 10.3 eV
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Energy Range OS from OS from Chan et a! 1993 Huebner et al
/e V photoabsorption electron impact 1975

(±5 meV) (±10%) (±20%)
5.70 to 7.70 0.00452 0.00493 0.00131 0.00144
7.70 to 8.97 0.0473 0.0319 0.0245 0.0285
8.97 to 10.23 0.376 0.352 0.376 0.352
10.23 to 10.36 0.00662 0.00439 0.00295 0.00456
10.36 to 10.64 0.0514 0.0492 6.0523 0.0521
10.64 to 10.78 0.0218 0.0178 Ô.6Ï69 0.0201
10.78 to 10.89 0.0244 0.0201 0.0197 0.0234
10.89 to 10.99 0.0277 0.0243 0.0222 0.0256
10.99 to 11.09 0.0270 0.0238 0.0251 0.0285
11.09 to 11.29 0.0754 0.0741 0.078 0.0848
11.29 to 11.67 0.0988 0.0976 0.094 O i l
11.67 to 11.80 0.0327 0.0273 0.0279 0.031
11.80 to 11.86 0.0148 0.0124 0.0117 0.0128
11.86 to 12.00 0.0357 0.0279 0.0299 0.033
12.00 to 12.14 0.0289 0.0228 0.0212 0.026
12.14 to 12.26 0.0214 0.0158 0.016 0.0185
12.26 to 12.41 0.0532 0.0513 0.0569 0.0599
12.41 to 12.53 0.0369 0.0363 0.0388 0.042
12.53 to 12.62 0.0213 0.0182 0.0186 0.021
12.62 to 12.69 0.0183 0.0125 0.0117 0.0133
12.69 to 12.76 0.0156 0.0103 0.00965 0.0114
12.76 to 12.90 0.0303 0.0188 0.0179 0.0199
12.90 to 13.80 0.1867 0.144 0.133 0.157
13.80 to 13.95 0.0438 0.0389 0.0413 0.0489
13.95 to 14.12 0.0438 0.0420 0.0393
14.12 to 14.56 0.112 0.105 0.105
14.56 to 14.65 0.0292 0.0253 0.0263
14.65 to 14.95 0.114 0.123 0.142
14.95 to 15.13 0.0666 0.0621 0.0655
15.13 to 15.34 0.0562 0.0510 0.0521
15.34 to 15.46 0.0329 0.0277 0.0261
15.46 to 15.63 0.0614 0.0562 0.0612
15.63 to 15.77 0.0480 0.0422 0.0442
15.77 to 15.92 0.0621 0.0537 0.0576
15.92 to 16.06 0.0607 0.0559 0.0609
16.06 to 16.14 0.0335 0.0264 0.0267
16.14 to 16.21 0.0311 0.0250 0.0237
16.21 to 16.40 0.0755 0.0638 0.0664
16.40 to 17.46 0.334 0.376
17.46 to 17.58 0.0452 0.0446
17.58 to 17.74 0.0499 0.0572
17.74 to 18.14 0.117 0.136
18.14 to 18.40 0.0904 0.0981
18.40 to 18.69 0.107 0.121
18.69 to 19.01 0.0974 0.115
19.01 to 19.18 0.0576 0.0629
19.18 to 19.38 0.0733 r  0.0795
19.38 to 19.63 0.0811 0.0981
19.63 to 19.77 0.0491 0.0548
19.77 to 20.16 0.118 0.154

Table 5.16 : Differential oscillator strengths for nitrous oxide obtained from 
electron impact and photoabsorption Investigations.
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The photoabsorption integrated oscillator strengths obta ined in these studies 

are significantly different to  those of Chan and Huebner. The va lue for the large 

peak at 9.63 eV agrees very well, with the present electron innpact results and 

the previous results of Chan and Huebner. There is also good  agreem ent in the 

region up to  ~11.8 eV and betw een 13.8 and 16.0 eV, however the values of 

oscillator strength for the photoabsorption da ta  are significantly smaller for the 

rest of the spectrum. This is most likely due to the second order light effects and 

nitrogen impurity discussed earlier in this chapter.

5.5 .  S u m m ary
The photoabsorption and electron energy loss spectra of nitrous oxide have 

been presented in this chapter. Assignments have been suggested for va lence 

transitions and Rydberg series converging to  the four ionisation potentials a t 

12.89, 16.38, 17.65 and 20.11 eV. The da ta  from each techn ique has been 

converted into differential oscillator strengths to enable comparison with each 

other. Values for integrated oscillator strength have been ca lcu la ted  and 

com pared to previously reported values.
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6
Coincidence experiment for the 
investigation of the dissociation 

dynamics of molecuies
"Space...is big. Really big. You Just w on't believe how vastly hugely 

mindbogglingly big it is. I mean you m ay think it's a long way down the 

road to the chemist but that's just peanuts to space."

Douglas Adams ( 1952- ) 
The Hitch Hiker's Guide to the Galaxy, Ch. 8

6.1 .  In t ro d u c t io n
C hapter five discussed the absorption properties of molecules. After excitation 

the excited state formed may de cay  either through the process of 

fluorescence or by dissociation. The mechanisms of e lectron im pact

dissociation play an important role in the m olecular physics of the atmosphere

and plasmas, due to the involvement o f kinetically energetic electrons and the 

formation of highly reactive short-lived excited state species. Electron im pact 

dissociation of a m olecule can result in the formation fragm ent ions, (Eq.’s 6.1 

and 6.2):

Dissociative a ttachm ent

XY + e-E [ X Y ] - X -  + Y (6.1)

The incident electron is captured  by the m olecule and forms a resonant state, 

which can subsequently dissociate to form a negative a tom ic or m olecular ion 

a n d /o r other neutral fragments.

Dissociative ionisation

XY + e E —> X  ̂ + Y + ee-AE + e ( 6.2)
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The incident electron has sufficient energy to dissociate the m olecule resulting 

in the formation of one or more fragm ent ions. Dissociative processes which 

result in the formation of ions have been w idely studied for m any years with 

da ta  available on the production o f the ions, cross sections and the 

dissociation dynamics. For exam ple the investigation of the dissociation of the 

cation and d ication of dinitrogen pentoxide (O ’Connor 1996, O ’Connor 1997).

Electron im pact dissociation m ay also produce neutral species:

Dissociative excitation

XY + e-E ^  X(*) + YM + e-E-AE ( 6.3)

The transfer of energy from the incident electron to the neutral m olecule results 

in the formation of tw o or more neutral fragments, either of which m ay be in an 

excited state.

Dissociative recombination 

XY+ + e -E  ^  X + Y (6.4)

The incident e lectron attaches to the positive ion which subsequently 

dissociates to  form tw o or more neutral fragments either o f which may be in an 

excited state.

Due to the im portance in many gas discharges, atm ospheric processes and 

industrial plasmas, dissociation processes have been the subject of many 

studies, the reviews of Zipf (1984) and Com pton (1984) revealing the extent of 

these studies. Investigation of dissociative processes m ay provide information 

regarding the excited state of the parent m olecule, the mechanism of 

dissociation by either bound or repulsive states and the fragments formed 

(Huber 1993). Perhaps the most im portant dissociation processes, and those 

that are hardest to investigate, are those which result in the formation o f neutral 

fragments.

The neutral species formed as a result o f these processes ore generally more 

reactive than the parent m olecule and are therefore of particular interest due 

to possible secondary reactions occurring. The de tection  of neutral species can 

be difficult especially if the fragments are formed in their ground states.

1 5 7



Chapter Six

However many reactions result in the formation of m etastable excited neutral 

fragments, the lifetimes of which are long lived (> 10"̂  secs).

6.1.1. Metastabie Species

6.7.7.7. Defection of metastabie species
M etastable states can be d e te c ted  using one of several techniques. Using the 

process of Penning ionisation a p roduct m etastabie species is collided with a 

ta rget of low ionisation energy such that energy transfers from the m etastabie 

to the target, ionising the target:

A* + BC A + BC+ + e- (6.5)

However in many experiments a surface d e te c to r is more useful. Metastabie 

states can be d e tec ted  using an Auger detector, where an electron is em itted 

from a surface if the excitation energy of a m etastabie species is higher than 

the work function of that surface. There are tw o possible mechanisms of 

secondary electron emission, resonance ionisation and Auger neutralisation or 

an Auger de-excitation process.

Resonance Ionisation and Auger Neutralisation

The process of resonance ionisation and Auger neutralisation occurs when the 

excited level in the m etastabie species corresponds to a va ca n t level in the 

m etal band structure. As the m etastabie species approaches the surface there 

is a high probability of resonance transition betw een the excited level in the 

m etastabie species and a vacan t level in the lattice of the surface. An electron 

in an excited m etastabie level tunnels into the em pty lattice level, leaving a 

positive ion. This ion is then neutralised as the hole in the ground state level of 

the m etastabie is filled by an e lectronic transition from the surface. The energy 

released in this process causes a secondary va lence electron to  be e jected  

from the surface.

Auger De-excitation

The mechanism of Auger de-excitation occurs when there is no vacan t level in 

the la ttice  and resonance ionisation can not occur. Instead an exchange 

interaction takes p lace, a la ttice electron tunnels into an unoccup ied ground
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state of the metastabie species, the electron in the excited level is then 

ejected.

One such detector which uses an Auger detector incorporates copper 

beryllium oxide vanes with a work function of ~4eV combined with positive and 

negative grids in order to repel any positive and negative ions formed. The 

electrons emitted from the surface are then focused using an electrostatic lens 

into a channel electron multiplier (Mason 1991).

6.1.1.2. Investigation of the Dissociation of Molecules Producing Metastabie 
Species

As described in chapter 1 (section 1.4.3) when a molecule is excited to a higher 

electronic state the upper state may be either bound or repulsive. If the upper 

state is repulsive (Figure 6.1a) the molecule will dissociate immediately and 

metastabie fragments formed will hove a kinetic energy distribution of the 

general form shown in the figure (on the energy axis), with the fragments 

produced with having a finite kinetic energy.

E

K E R

E = 0

r r r

Figure 6.1 : Figure to show excitation of a molecuie to states resulting in 
dissociation and the characteristic kinetic energy release distributions

If excitation occurs to a bound section of a state which is crossed with a 

repulsive surface as in figure 6.1b, then predissociation can occur and the 

kinetic energy distribution will hove a finite minimum energy. When a transition 

occurs to a bound upper state with a larger internuclear separation than the 

ground state (figure 6.1 c), excitation occurs to the repulsive part of the surface 

and the resulting kinetic energy distribution leads to the formation of fragments 

with near zero energy. Metastabie excited neutral fragments formed in electron 

im pact dissociation of molecules can be produced via any of these
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dissociation nnechanisms. Using a tinne-of-flight technique the kinetic energy 

distributions of m etastabie fragments can be studied (Mason 1989, Barnett 

1991), and the dissociation mechanism determ ined. It is also possible for the 

lifetimes of the m etastabie states to  be determ ined from the kinetic energy 

distributions (Mason 1990).

In order to further probe the dissociation of molecules co inc idence  experiments 

have been deve loped in order to investigate in more detail the fragm entation 

of ions in specific vibronic or e lectronic states.

XY + e ’E —̂ + Y e*E-AE e*emitted

C oincidence experiments involving the detection of the em itted electron as a 

result of the ionisation of the m olecule (e'emmed), along with the ionic fragments 

(X+) are well established (Reid 1994, Smith 1993). However due to  the difficulties 

involved in the detection of neutral species a co inc idence  experiment probing 

the dissociation of a neutral molecule in an excited state has previously not 

been a ttem pted . There is however a need for such information as revealed in 

a report by the National Research Council in Am erica (1996) regarding the 

da ta  required for plasma processing.

Further information regarding the parent m olecule excited state and the 

dissociation dynamics resulting in the formation of m etastabie neutral species 

could be obta ined through the use of a co inc idence experiment. With the UCL 

electron energy loss spectrom eter described in chap te r three operational and 

ca lib ra ted  it has been a d ap te d  to allow  the detection  of m etastabie neutral 

species in co inc idence  with the energy loss electrons. This chap te r describes 

the experiment to d e te c t m etastabie neutral species (X*) in co inc idence  with 

an energy loss electron ( o ' e-ae) .

XY + e'E —> X* + Y + e'E-AE ( 6.6)

XY + e-E ^  XY* + e-E-AE (6.7)

6.2 .  E x p e r im e n t
In order to  perform a m etastable /e lectron co inc idence  experiment (MECE) the 

UCL electron energy loss spectrometer, as described in chap te r three, the 

addition of a m efastable d e tec to r was required.
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Figure 6.2 shows a schem atic d iagram  of the adap ted  spectrometer. Due to

limited space within the cham ber only the simplest type of m etastable de tec to r

could be incorporated into the apparatus. The d e tec to r used for these studies

(Figure 6.3) consisted of three titanium cylinders and a channeltron. High

transmission mesh was fixed to the two elements nearest the channeltron.
G rid  set to positive

(Q)
potentia l

Channeltron

G rid  set to negative ^ 3  G2 G1
potentia l

Figure 6.3 : Schematic diagram of the metastabie detector added to the EEL
spectrometer.

Element G1 nearest the interaction region is set to the some potential as on the 

elements El 5 and E20 (the incident electron energy) in the electron energy loss 

spectrom eter in order to shield the interaction region from the elem ent G2. The 

central element, G2, was set to 60 V above  E15/E20 to prevent positive ions 

reaching the channeltron. G3 was set to a potential negative (-60 V) with 

respect to E15/E20 to prevent negative ions reaching the channeltron. The 

whole d e tec to r is surrounded by shielding linked to ground potential in order to 

prevent stray electrons/ions entering the de tec to r betw een lens elements.

The d isadvantage with using this type of m etastable d e tec to r is that de tection  

of m etastable states is limited to  those with an excitation energy greater than 

the work function of the channeltron (~8 eV), hence low energy m etastable 

states can  not be de tec ted . However for the purposes of these studies this limit 

is sufficient.

The only other alteration m ade to the electron energy loss spectrom eter inside 

the cham ber was the redirection of the gas beam  within the interaction region. 

Previous electron energy loss studies, described in chap te r three, were carried 

out with the gas beam  d irected  down towards the pump, crossing the incident 

electron beam  from ‘a b o ve ’. The new gas needle installed in the interaction 

region (Figure 6.4), was designed in order to d irect the beam  towards the newly
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installed metastable detector, and crossing the incident electron beam at 90° 

in the scattering plane.

Investigations carried out by Mason (1987) indicate that in order to optimise the 

signal of metastable species formed via excitation of an atom or molecule it is 

necessary to the direct the gas beam in the direction of the metastable 

detector.

Gas In

Gas
NeedleMetastabie

detector

Electron 
\  fonochromator

Metastable
Detector

Gas
Needle

V
Electron
Analyser

Figure 6.4 : New configuration in the interaction region of the EEL spectrometer.

More specifically, depending on the mass of the metastable species under 

investigation, the gas beam is directed at an angle with respect to the 

metastable detector. When an electron and molecule/atom  collides the 

subsequent metastable species will recoil due to the collision momentum 

transferred to it by the incident electron. The lighter the metastable the larger 

the recoil, e.g. at threshold energies for He the optimum direction of the gas 

beam is 0-18.9°, but for N2 is only 4.6°. Directing the gas flow at a specific angle 

with respect to the metastable de tector is only necessary when detecting 

species which do not dissociate upon excitation of the molecule. The 

distribution of those metastable species formed via dissociation of a molecule is 

nearly isotropic.

In order to test the operation of the metastable detector an electron scattering 

experiment to observe resonance structure in metastable excited states of 

atoms and molecules was performed. When an electron collides with an 

atom /m olecule and electronic excitation occurs, the electron may be
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temporarily a ttached  to the target m olecule. The result is the formation of an 

unstable excited negative ion com plex which m ay d e cay  into metastable 

states.

The m etastable excitation spectra of helium and nitrogen have been recorded 

as a function of incident electron energy. The incident electron energy was 

varied through the application  of a stepping ram p generator to  the elem ent 

E l5 in the electron m onochrom ator. Pulses generated by the channeltron were 

then fed into a fast pream p (EG&G VT120) and then into a constant fraction 

discrim inator (EG&G 463). The signal level was measured using a ratem eter 

(EG&G 661). As with the electron energy loss experiment described in chapter 

two, the rom p generator and the signal are linked to  a multi-channel analyser 

(EG&G 7150) where for each step in the scan the signal intensity is recorded.

6.2.1. Helium resonances
The m etastable excitation spectrum of helium in the energy range 19.5 to  24.5 

eV is shown in figure 6.5. The features within the spectrum are labelled A, B, ... in 

acco rda n ce  with assignments by earlier authors. Electron im pact resonances 

have been investigated by several groups including, Pichanick (1968), Brunt

(1977) and Buckman (1983) (through the de tection  of metastables), Sanche 

(1972) by using an electron transmission experiment and a theoretical 

investigation reported by Freitas (1987). Table 6.1 gives the assignments and 

energies of the features reported by these authors and also includes the 

energies obta ined for the present studies.

1 II It II
«  ^ S C II If

Assignment

A 19.80 ls2s
C 20.275 20.27 20.15 Is2s2p
D 20.618 20.606 20.62
G 20.955 20.955 20.99 ls2p ¥
I 22.408 22.43

22.450
22.44 22.42 ls(3s^’ S) ¥

J 22.501 22.47 22.55 22.442
N 22.640 22.64 22.600 22.67 22.60 22.614 ls(3s3p¥) ¥
P 22.716 22.72 22.660 22.75 22.65 22.717 ls(3p^ ^D)
Q 22.797 22.79 22720 ls(3s3p¥) ¥

~45 20 50 Resolution / meV

Table 6.1 : Assignment of the helium metastable resonance features.
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Only those features resolved in the present da ta  are included in tab le  6.2. The 

threshold energy for the production of metastables (feature A) is -19.8 eV, the 

sharp rise in intensity corresponds with the excitation of the 2^S level. The 

resolution of the spectrum is significantly lower than that of Brunt (1977) (20 

meV) however there is good  agreem ent for most of the features. The 

separation of the features I and J is dependen t upon the resolution o f the 

system, therefore a larger separation of these features (com pared to  Brunt 

1977) is not unexpected. With a separation of -87  meV in the present d a ta  the 

resolution is better than that of Pichanick (1968) {AE quoted  to be 50 meV) 

where the l-J feature is separated by 110 meV, but worse than that o f Mason 

(1987a) who, with a resolution of 35 meV obta ined an l-J separation o f 63 meV. 

Therefore the resolution for the present studies is likely to be -40-45 meV.

6.2.2. Nitrogen Resonances
The m etastable excitation spectrum of nitrogen for the energy range 8 to  16 eV 

is shown in figure 6.6. The features in the spectrum have been labelled 

accord ing  to  previous assignments. Electron im pact m etastable resonances 

have been reported by several authors using a variety o f methods including 

electron transmission experiments carried out by Sanche (1972), and through 

the de tection  of metastables by Brunt (1978) and Lawton (1973). The positions 

of the features from these studies are given in tab le  6.2 with the results o f Brunt

(1978), Lawton (1973) and Sanche (1972) presented for comparison.

Label Present data 
/e V

Brunt (1978) 
/e V

Lawton (1973) 
/eV

Sanche (1972) 
/eV

Assignment

A 11.87 11.874 e V ( v = 0)
B 11.939 11.93 11.92
C 12.179 12.18 12.18-12.27
3i 12.590 12.535 12.59
32 12.792 12.780 12.80
bi 12.992 13.03 13.00
b2 13.231 13.24 13.23
b3 13.466 13.52 13.46

Table 6.2 : Peak positions and assignments of tfie features in ttie metastable
excitation spectrum of nitrogen.
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As observed for the helium da ta  in these studies the resolution ot the system is 

insufficient to observe all the features as reported by other authors. The 

positions ot the features tor the present da ta  generally correspond well with 

those ot Lawton (1973), but differ from those o t Brunt (1978), which is probab ly 

due to higher resolution ot the Brunt experiment (20 meV). The low signal a t 8 

eV indicates a low detection  e ffic iency ot the m etastable state ot

nitrogen (6.17 eV). The gradual rise in signal from -8.5 eV is due to the formation 

ot the a^rig m etastable state ot nitrogen (8.55 eV), with this m etastable state 

dom inating the spectrum. The sharp feature a t 11.94 eV is due to the onset ot 

the excitation ot the m etastable state (11.87 eV).

6.3 .  C o i n c id e n c e  E x p e r im e n t
With the operation ot the m etastable de tec to r confirmed the co inc idence  

experiment to probe the dissociation dynamics ot excited neutral species was 

assembled. As with the electron energy loss experiment gas is adm itted  into the 

cham ber via the gas inlet system, but with the gas beam  d irected towards the 

m etastable de tec to r (i.e. 90° to the incident electron beam ). The e lectron 

analyser then tuned to d e te c t electrons which have lost a specific am ount ot 

energy (AE/) corresponding to  the excitation energy ot the m etastable state, 

while the metastable d e tec to r continuously detects the arrival ot m etastable 

species. To obtain a co inc idence  spectrum it is necessary to d e te c t both the 

inelosticolly scattered electron with any m etastable species formed as a result 

ot the collision. The electronics required tor the signal processing from the 

electron energy loss and m etastable detectors are shown in figure 6.7.

EEL
Signal

Timing Filter 
Amplifier

START (-ve i/p)

Fast
Preamp STOP (-ve i/p)Metastable

signal
MCS

Gate &  
Delay

CFD

CFD

TAG

Figure 6.7 : Electronics required for signal processing for the coincidence
experiment.
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Each signal is processed using the using the same arrangem ent required for the 

separate electron energy loss (chapter two) and m etastable resonance 

(section 6.2) experiments. The signal for the electron energy loss is then fed into 

a ga te  and delay generator (EG&G 416A) and then into a tim e-to-am plitude 

convertor (TAG) (EG&G 567) where the arrival of a pulse due  to electron energy 

loss acts as the start pulse. The electron energy loss signal is de layed in order to 

reduce the w indow of observation of the m etastable signal which acts as the 

stop pulse in the TAG. The output o f the TAG in the form of a vo ltage relates to 

the time interval betw een a start pulse from the energy loss electron and the 

stop pulse of the m etastable signal and therefore the time-of-flight of the 

metastables to the detector. The vo ltage  from the TAG is fed into a multi

channel analyser (MGA) where the time interval betw een the pulses is 

recorded.

False coincidences will be recorded due to the detection of m etastable 

species not formed os a result o f a collision with the electron which has started 

the TAG. However over tim e the addition of ‘true ’ co incidences should result in 

the formation of a time-of-flight distribution of the m etastable species from 

which kinetic energy distributions and possible dissociation mechanisms can be 

determ ined.

6.3.1. Metastable Time-of Fligtit Spectra
In order to  ascertain the de lay required for the electron energy loss signal it is 

necessary to know the time-of-flight o f the m etastable species from the 

interaction region to  the de tector. A typical time-of-flight distribution for the 

d irect excitation of nitrogen molecules is shown in figure 6.8. This distribution is 

produced as a result of e lectron collisions with a parent gas beam  with thermal 

velocities. With a flight path of 3 cm  to  the de tec to r the distribution has a 

maximum a t 60 îs, so a de lay of approxim ately 30 ps is applied to the electron 

energy loss signal in order to reduce the w indow  of m etastable de tection  by 

the TAG. Also apparent in this time-of-flight spectrum is the de tection  of photons 

by the channeltron, so the delay of the electron energy loss signal also serves to 

rem ove such signal from the co inc idence  spectrum.
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16000

14000 --

12000 - -

I  10000 --

^  8000 --

6000 -■
o

4000 --

2000 - -

180 2000 20 40 60 80 100 120 140 160

Time of flight /^s

Figure 6.8 : Metastable time-of-flight spectrum for the excitation of molecular
nitrogen

A coincidence spectrum obtained using the method described in the previous 

section (6.3) would look similar to figure 6.8, but with the maximum of the 

distribution at 30 îs due to the delay placed on the electron energy loss signal.

6.3.2. Coincidences with Moiecular Nitrogen
Although the aim of this technique is to probe the dissociation of molecules 

initial investigations have been to try and observe coincidences arising from the 

formation of nitrogen metastables via direct excitation. Details of three 

metastable states of nitrogen which may be formed via electron im pact are 

summarised in table 6.3

N2 * Metastable State Energy / eV

A'ZT 6.17
a 'n . 8.55

TT87

Table 6.3 : Energies of three metastable states of nitrogen.

The Â Zu"" state cannot be observed using this technique os the energy of the 

state is lower than the work function of the channeltron surface. However os 

seen in figure 6.6, the metastable states formed with energies > ~8 eV ( a ’ TIg 

and Ê Zg+) can be detected.
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In order to record coincidences for the fornnation of the a ’ llg  nnetastable state 

the incident electron energy was set to 40 eV. Total excitation cross sections for 

the o ’rig state indicate a maximum (-35 Mb) at an incident electron energy of 

-20 eV (Mason 1987a). However for these studies it was not possible for a  stable 

incident electron beam of 20 eV to be focused to allow the detection of 

energy loss electrons, but with a cross section of -20 Mb at an incident energy 

of 40 eV, there should still be a significant number of metastables formed.

The electron analyser was set up in order to de tect electrons with an energy 

loss of 8.55 eV. The pass energy of the energy selector in the analyser was 

increased to 8 eV so that the resolution of the detected electrons was reduced 

and the vibrational structure associated with the excitation of the o ’TTg state no 

longer resolved (figure 6.9).

è '(/)
ccu

8000
Low Resolution data 
(Pass Energy 8 eV)7000

High Resolution data 
(Pass energy 2 eV)6000

5000

4000

3000

2000

1000

0

10 12 14

Electron Energy Loss /eV

Figure 6.9 : Comparison of low and high resolution electron energy loss spectra
ot nitrogen

This arrangement was chosen as the features in the vibrational progression are 

sharp and any instability in the energy of the electron beam could cause the 

energy loss signal to be reduced or lost over time. Also by reducing the 

resolution the energy loss signal is increased for this state. A co incidence
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spectrum is taken w itti a low  count rate for ttie  m etastable signal (typically 

-200/300 counts per second) in order to ensure single collision conditions. 

Ttierefore in order to build up a spectrum of coincidences a stable incident 

e lectron beam  is required.

Ttie tim e to am plitude convertor (TAC) was set to a range of 200 ^s consistent 

w itti ttie  time-of-fligtit distribution observed for ttie  d irect excitation of ttie  

nitrogen molecule, figure 6.8. Ttie multi-ctiannel analyser (MCA) was then set to 

record the output o f the TAC.

Many attem pts were m ade to observe a time-of-flight distribution of 

co incidences arising from the formation of the a^Ilg m etastable state o f the N2 

molecule, with co incidences recorded for several hours a t a time, however all 

attem pts to d a te  have been unsuccessful. It is possible that there w ere too  few 

metastables formed, spread over too large a time w indow. The stability o f the 

incident e lectron beam  m ay also have been a contributory factor, with the 

electron beam  requiring refocusing into the electron analyser a fter a period of 

time. As a co inc idence  spectrum cou ld  not be obta ined for the d irect 

excitation of nitrogen the co inc idence  experiment to probe the dissociation of 

the nitrous oxide molecule, the original purpose of this technique, was not 

a ttem pted .

6.4 .  S u m m ary
A co inc idence  experiment devised in order to  probe the dissociation dynam ics 

of excited state neutral molecules via electron im pact has been described. The 

mechanisms of dissociation to form m etastable neutral species have been 

discussed. The possible methods used to  d e te c t m etastable neutrals. Penning 

Ionisation and Auger de-excitation are described, and details o f the 

m etastable de tec to r used in these studies presented. The m etastable excitation 

spectra o f helium and nitrogen recorded in these studies to  test the operation 

of the m etastable d e te c to r are presented. Details o f the co inc idence  

experiment are described including the alterations m ade to  the UCL e lectron 

energy loss spectrom eter and the electronics required for signal processing. 

Possible reasons for the failure to  observe coincidences techn ique are 

suggested.
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7
Conclusions and 

Future Work
a

“ If is an old maxim o f mine th a t when you have excluded  
the impossible, w hatever remains, however improbable, 

must be the truth."

Sherlock Holmes: The Beryl Coronet 
Arthur Conan Doyle (1859-1930) British writer and creator of the detective

This chapte r sunnmarises the conclusions for chapters four, five and six and 

suggests areas for the continuation a n d /o r extension of this work.

7.1. C o n c lus ions:  VUV P h o to a b s o rp t io n  S p e c t ro s c o p y
Investigations carried out using the Daresbury Laboratory Molecular

Spectroscopy Absorption Apparatus have provided deta iled  spectroscopic 

information on the UV absorption of C2H 5I and C2H5Br, the short lived OCI 

radical and nitrous oxide.

7.1.1. Ethyl halides
The results o f the investigations into the photoabsorption of ethyl halides, 

including analysis o f the spectra, have been published for C 2H 5I (Giuliani 1999), 

while those for C2H5Br have been submitted for publication (Giuliani 2000). The 

main conclusions have been summarised as follows:

Ethyl Iodide {C2H5I)

- The photoabsorption spectrum of ethyl iod ide has been recorded in the 

energy range 4.0 to 10.4 eV.
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- A broad feature loca ted  a t 4.78 eV is due to excitation to an anti-bonding 

orbital along the C-l bond (n^a*).

- Above 6 eV the absorption spectrum is dom inated by features due to 

e lectron ic transitions occurring from the HOMO into Rydberg orbitals.

- Assignments based upon quantum  defects have been m ade for five 

Rydberg series (nsoi, npoi, npe, ndoi and nde) converging to each  of the 

two spin-orbit com ponents of the ionic ground state, ^Es/2 and ^£1/2 and are 

com pared  to those previously reported.

- This investigation has revealed higher members of the nsai series which have 

previously not been observed for both the E(l) and E(3) states, (Bouguerne 

1994).

Ethyl Brom ide (C2HsBr)

- The photoabsorption spectrum of ethyl bromide has been recorded in the 

energy range 5.0 to 10.3 eV.

- A broad feature loca ted  at 6.4 eV is due to excitation to an anti-bonding 

orbital a long the C-Br bond (n^<j*).

- Above 6.7 eV the absorption spectrum is dom inated by features due to 

e lectronic transitions occurring from the HOMO into Rydberg orbitals.

- Assignments based upon quantum  defects have been m ade for five 

Rydberg series (nsoi, npoi, npe, ndoi and nde) converging to each  of the 

two spin-orbit com ponents of the ionic ground state, and 2E1/2 and are 

com pared  to those previously reported.

- Identification of previously unreported members of the nsai, ndai and npai 

for both the E(1) and E(3) states.

- Identification of a npe and a nde series not previously observed, for each  of 

the spin-orbit ionic com ponents.

7.1.2. OCI Radical
- The photoabsorption spectrum of the OCI radical has been recorded in the 

range 260 to 300 nm.

- The OCI radical was formed through the reaction of OCIO with Cl atoms.
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The peak positions for the vibrational progression observed have been 

com pared  with those reported by Wayne (1995), and are in good  

agreem ent.

Despite the experimental difficulties involved, these initial investigations of 

short lived radicals have shown that it is possible to study the absorption using 

a synchrotron facility.

7.1.3. VUV Photoabsorption of nitrous oxide.
- The photoabsorption spectrum of nitrous oxide has been recorded for the 

energy region 5.5 to 20.5 eV using a new windowless photoabsorption 

apparatus.

- The absorption spectrum betw een 5.0 and 20.2 eV has also been recorded 

using the UCL electron energy loss spectrometer.

- Very good  agreem ent of the electron im pact da ta  with that of Chan (1994), 

with oscillator strengths obta ined for the present studies within 10% of those 

reported by Chan.

- The ^A, and va lence states of N2O are assigned to the features a t 6.8, 

8.5 and 9.63 eV respectively.

- Assignments of Rydberg series converging to the first four ionisation limits 

hove been m ade with the a id of the N2O photoelectron spectrum and those 

previously reported.

- A previously unidentified Rydberg state and its associated vibrational 

structure has been assigned to converge to the third ionisation potential.

7.1.4. Photoelectron Spectroscopy
Chlorine m onoxide  (CiiO)

- The photoelectron spectrum of chlorine monoxide has been recorded in the 

range 10.5 to 13.5 eV.

- Bonds for the first four ionisation limits of the molecule, X^Bi, A^B2, B^Ai and 

C^A2, have been observed with vertical ionisation energies of 10.971, 12.297, 

12.593 and 12.742 eV respectively.

- The conversion of CI2 into CI2O via reaction with sodium chlorite is not 100%, 

as bands centred a t ~11.6 eV are observed due to the presence of chlorine. 

However this does not a ffec t the bands of chlorine monoxide.
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- The vibrational structure associated with each band is assigned

1'̂  band (X2B2): Two vibrational progressions with different intensities;

Higher intensity progression assigned to the nvi vibration, lower 

intensity to a connbination of nvj and nv2 vibrations.

2'̂ '̂  and 3rd bonds (A2B2 and B^Ai): Consistent with the vibrational 

progressions being due to the V2 bending m ode, with a 

vibrational frequency similar to  that of the neutral molecule.

4th band (C^A2): Separation of the peaks in the band are consistent with 

a V; vibration, with the possibility o f a shoulder on the 0-0 peak 

due to a V2 vibration.

- The ordering of the four outer va lence orbitals of the m olecule is established 

as: 2ai, 9a 1 7b2 and 3bi.

7.2. M e t a s t a b le /E le c t r o n  C o i n c id e n c e  E x p e r im e n t
- The apparatus required in order to probe the dissociation dynam ics of

excited neutral species has been described.

- M etastable excitation spectra recorded for helium and nitrogen ind icate 

that the simple m etastable de tec to r added  to the UCL EEL spectrom eter 

works as expected, with detection of the â TTg (8.55 eV) and the Ê Zu+ (11.87 

eV) m etastable states of nitrogen possible.

- Attempts to  record a co inc idence spectrum for the formation of the o 'T lg  

metastable state of nitrogen through direct excitation of the m olecule hove 

so for been unsuccessful.

7.3.  Future w ork

7.3.1. VUV Photoabsorption investigations
Investigations into the e lectronic spectroscopy of molecules using the 

photoabsorption apparatus at Daresbury are ongoing. The investigation of the 

absorption properties of dinitrogen pentoxide N2O5 has already been published 

(Osbourne 2000) and da ta  for chlorine nitrate (CIONO2) are currently being 

processed. Also preliminary measurements have already been m ade for the 

following molecules of atmospheric and astrophysical interest:
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N-methylformamide 1 -bromo,2-iodoethane
N,N-Dimethylformamide Sulfur dioxide
Tetracyanoquinolene NSC!
Tetracyanoethylene Nitric acid

Aromatic Molecules and Poiycycllc Aromatic Hydrocarbons (PAH’s)

Anthracene Benzene
Naphthalene Toluene
Methyl Naphthalene Ethylbenzene
Phenanthridene Butylbenzene
Pyrene Dibenzylfuran
Pyrazcle Flucrene

Several arom atic molecules and polycyclic arom atic hydrocarbons (PAH's) 

hove been investigated. These are of interest to astronomers os it has been 

suggested that these molecules m ay be responsible for the ‘UV extinction 

bum p ’ observed in spectra of the interstellar medium. However investigation of 

such molecules introduces further problems for adm itting the sample into the 

absorption cell due to the high melting points of many of these compounds.

In order to fully utilise the windowless photoabsorption experiment and allow 

spectra to be recorded to high energies (-40 eV) it is necessary for 

improvements to be m ode to the apparatus such that second order light 

effects m ay be removed or its the contribution to the intensity determ ined. This 

m ay be ach ieved through the inclusion of thin metal windows in p lace of the 

lithium fluoride windows. Another w ay in which absolute cross sections may be 

determ ined is to try and quantify the contribution of second order light for the 

range 11 to 20 eV, the region where currently the e ffect o f second order light is 

unknown.

Preliminary investigations by our group into the effects of higher orders of light 

on absorption cross sections (Gingell 1999) have suggested that if only second 

order light is considered to  be significant then the measured cross section am at 

a w avelength X can be represented by;

= a O i  +  0 - a ) O v 2  (7 .1 )

where a is the fraction of the incident radiation which is first order. Therefore if 

da ta  is recorded for the region above  20 eV, where it has been determ ined 

there is no second order light contributions, it m ay be possible to  ca lcu la te  the
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contribution of second order lighit to the incident radiation a t every 

wavelength.

7.3.2. Photoelectron Spectroscopy
The investigation of the photoelectron spectra of those molecules to  be studied 

using photoabsorption and electron energy loss techniques is required to 

obtain ionisation energies of the molecules and to aid the assignment of 

Rydberg structure. Data is required for all those molecules m entioned in section

7.3.1, including N2O5, CIONO2 and OCI as well as other molecules of 

atmospheric interest. Where da ta  already exists for these molecules there is a 

great deal of inconsistency.

7.3.3. Formation of N2 Metastables
If the scattering electron m etastable co inc idence  experiment can be m ade 

operational and a co inc idence  spectrum obta ined for the direct excitation of 

nitrogen then the next step is to study the dissociation of molecules. The first 

target to  be studied will be N2O. The dissociation of the N2O m olecule via 

electron im pact has been investigated by Freund (1967), A llcock (1978), Mason 

(1989), Barnett (1991), and Furuhashi (1997). Upon dissociation of the nitrous 

oxide molecule both N2* and O* m etastable species may be formed. Hence 

fhe following dissociation channels m ay yield m etastable states:

N2O + eE N2(A%u+) + 0(3R) + OE-a E

N2( a ’ng) + 0(3R) + b e -ae

-> N2(X1Zg+) + 0 ( iD ) + B e-a E

N2(X1Zg+) + 0(^S) + B e-ae

N2(X1Zg+) + 0(5S) + B e-ae

Previous investigations hove identified three neutral m etastable states of 

nitrogen the energies and lifetimes for which ore given in tab le  7.1.

Metastable State Energy / eV Lifetime

Nz* a V 6.17 115 ^is± 10
a 'n . 8.55 1.4 s

11.87 225 |is ± 20
0 * 1.97 >10s

4.20 >10s
9.17 180p.s

Table 7.1 : Energies and lifetimes of three metastable states of nitrogen and
oxygen.
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Barnett e t c l (1991) d e te c te d  p ro d u c t and  a^rig m e ta s tab le  species, and  

show ed the kinetic energy distributions to  be  consistent w ith  dissociation 

occurring  from  the  repulsive a rea  o f a bound surface, w ith som e fragm ents 

be ing fo rm ed w ith near zero kinetic energy. It was also de te rm ined  tha t as the 

in c ide n t e lec tron  energy is increased there is a con tribu tion  to  the  flux d ue  to  

c a s c a d e  to  the  N2(A3Eu‘") state, suggesting h igher lying pa ren t states o f the 

m o lecu le  dissociating to  form  exc ited  N itrogen fragm ents th a t d e c a y  to  

p ro d u ce  subsequent m etastab le  states.

The investigation o f Furuhashi (1997) d e a lt w ith the  angu la r distribution o f 

m e tastab le  fragm ents o f N2 (a^rig) by e lectron  im p a c t d issociative exc ita tion  o f 

N2O. If the  exc ita tion  o f a m o lecu le  to  an unstable sta te  is d e p e n d e n t upon the 

orien ta tion o f the  m o lecu le  w ith respect to  the  e lec tron  b e a m  then the  

p roducts o f dissociation will exhibit an  angu la r distribution. The results o b ta in e d  

by Furuhashi (1997) in d ica te  tha t the  N2(a^ng) m e tas tab le  is fo rm ed  through the 

d irec t dissociation o f a exc ited  state o f the  paren t m o lecu le , N2O.

H ow ever these experim ents hove  revea led  only lim ited in form ation regard ing  

the  paren t m o lecu le  exc ited  state w h ich  dissociates to  form  the  m etastab le  

neutral species. Using the  c o in c id e n c e  techn ique  it will be  possible to  m a p  out 

d e ta ile d  pictures o f the  po ten tia l energy surfaces o f the  d issociative e lec tron ic  

states. The experim ent will then p rov ide  va luab le  in fo rm ation  on the  energy 

partition ing o f the  dissociation processes. The e le c tro n ic  sta te  and  kinetic 

energy o f the  dissociative state form ing tha t frag m en t is de te rm ined  by energy 

analysis o f the  e lectron  popu la ting  tha t state. Therefore eva lua tion  o f the  

proportion  o f the  exc ita tion  ene rgy  tha t remains in the  in ternal m odes o f the  

m o lecu la r fragm en t ca n  be  m ade . Such determ inations o f ene rgy  partition ing 

will p rov ide  va luab le  d a ta  for theo re tica l m odelling o f the  dissociation process 

and  o f ene rgy flow  in m ed ia  involving m o lecu la r dissociation.
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Appendix 1

Character Tables Relevant to the Molecules Investigated In 
these studies

C 2 V E C2 av(xz) av(yz)
Ai 1 1 1 1 z x2, y2, z2
A2 1 1 -1 -1 Rz xy
Bi 1 -1 1 -1 X , Rx xz
B2 1 -1 -1 1 y, Ry yz

C 3 V E 2 C3 3qv
Ai 1 1 1 z x2 + y2, z2
A2 1 1 -1 Rz
El 2 - 1  0 (x, y); (Rx, Ry) (xz, yz) (x2 -  y2, xy)

CooV E QOCJv
Ai = Z+ 1 1 1 z x2 + y2, z2
A2=S- 1 1 -1 Rz
Ei = n 2 2 COS0 .. 0 (x, y); (Rx, Ry) (xz, yz)
E2 = A 2 2 cos20 0 (x2 -  y2 xy)
E3 = 0 2 2 cos30 0
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On the high-resolution He I photoelectron spectrum of CHO

F. Motte-Tollct J. Delwiche \  J. Heinesch \  M.-J. Hubin-Franskin 
J.M. Gingell \  N.C Jones \  N.J. Mason \  G. Marston
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The high-rcsoluiion Hel (58 4 nm) photiwleclron \pcitm m  of dichlonnc inomimdc. Cl jO  has been revtxded in ihe rcgKn. 
of the four lowest-energy ionk. clecironic slates Formation of ihc ion in its ground and cxcilcd clcctronk siule.s i\  
accompanied in each case by vibraliona! excitation In particular, the vibrational structure of the first and second excited 
states of Cl jO  * i.s resolved. Analysis of the vibrational progression,s associated with formation of the various lonk siaies ha  ̂
been completed, allowing confimiaiion of the symmetry and bonding characicnstic» of the four highest-energy tKiupied 
molecular orbitals of CUC) îC 1948 FIsevicr Science B V

I. introduction

The .spectnrscopy and photixhcmi.stry of chlorine 
oxides Itave received considerable attention in rtxcnt 
years due lo the invoivemcnl of ihcse molecules in 
the chemical iransfomiations lhal lead lo depletion of 
ozone in the Eiarth's stratosphere. Dichlorine monox
ide. C 1 ,0 . is cuiTcntiy thought lo play, at most, a 
minor role in the chemistry of the polluted strato
sphere but IS related structurally to the oxides of 
chlorine that play a significant role. In addition, it is 
the anhydride of HOC!, a reservoir for active chlo- 
nne in the stratosphere, and is also widely used as a 
laboratory source of C IO . a radical that is central to

'  Cullabdtaicur «c icn litii|u r HNRS 
’  Directeur tie rec herche FNRS

the catalytic loss of stiatosphenc ozone. In ihis 
Letter, we report recent high-resolution Hel (58 4 
nm) photoclcctron spectra of C U O  and new umiza 
lion energy values for the four lowest energy elec
tronic excited states o f the molecular ion

There is only one rc|xirted measurement of the 
C 1 ,0  phoioelectron spectrum which was {tcrformed 
by Com ford ci al. [ I ]  at an energy resolution of 
about 40 mcV Eight \alencc ionization energies 
were determined, the first being Icxialiscd at an adia 
batic energy value o f 10.94 cV. W ithin the ex|icri 
mental resolution, only tite lowcst-ionization energy 
hand of the spectrum exhibited vibrational structure 
assigned by the authors to the excitation ol two 
progressions involving the symmetric stretch vihra 
tional mode p, and the bend vibrational mcxJc r% 
The as.sociated frec]uencics were slightly greater in

0 (X K )-2 6 I4 /9 « /J I9 (K ) ©  IW 8  E lvcvkr Scwmcc B V M l nph o  rcv.rveU 
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photoabsorption and electron energy loss spectroscopy

A. Giuliani and F Mode-Toilet
iMborawirr d t SpectrMco/de d'Elecln/iu diffusés. Université de Uegt, Institut de Chimie Ritt M k .
H-4000 Liège, Belgium

J. Delwiche
Themindyiuimique et Hpectroscapie, Université de Liège, Institut de Chtmie-Bài B-4000 Liege,
B e lg iu m

J. Heinesch
Lilhorati'ire de S/wIroscopie d'Eleelrnns diffuses. Université de Liege. Institut de Cfunue-Bàl B6C.
B -KXJO Liege. Belgium

N. J. Mason
Deprirtinent o f Phy.sics and Astronomy, University College Londtm, Gower Street. UwUm WCIE 6BT.
United Kingdom

J. M. Gingell
Department o f Cheinistry. Christopher Ingold [Mhoruiories. 20 Gordon Street. London WCIH OAI 
United Kingdom

I. C. Walker
Department o f Chemistry. Heriol-Wati Uniiersity, Hkcarton. Edinburgh EH 14 4.AS, United Kingdom

N. C. Jones
Department o f Physus and .tistronomy. University College Ixmdon. Gower Street. Gmdon WCIE 6BT.
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(Received 2V December 1998. accepted 3 March 1999)

A high re.soluiion V U V  photoabsorpiion spectrum of ethyl iodide has been recorded between 4 and 
10.2 eV (310 -120  nm) using synchrotron radiation The spcctnim consi.sis of a broad structureless 
absorption band centered at 4 78 cV, followed by a region dominated by excitation of Rydberg 
suic.s A bigh resolution photoelcctron spectrum (PESI o f the lowest energy ionization band has 
been obtained and provides ionization energies necessary for identilication of related 
Rydberg-excited states Also, analysis of tire vibrational line structure in ihe PES has allowed 
identilication of the normal vibrational naides excited and their wave numbers in the ion. These, in 
turn, have been used in the assignmeni of the lowest energy photoab.sorption bands ansing from 
electron excitatiixi into the Es Rydberg orbital. An electron energy loss spectrum ha.s also been 
recorded from 5.8 to 14.2 cV, under electric dipole conditions It conlirm.s the magnitude of the 
pholoabxorptioii cross section values obtained using the synchrotron radiation and extends the 
differential and optical oscillator .strength values up lo 14.2 eV. ©  U499 American Institute o f  
Physics, ( S(M)21 -% 06( 99 )0 1220-9]

I. INTR O D UC TIO N lower altitude than the chlorofluorohydrocarbr.m.s (CFt's)
they may play a role in some ozone depletion processes.'  ̂

Dunng the last tw o decades, the spectroscopy of the Methyl iodide and ethyl itxlide arc also model systems for
alkyl iodide family has been the topic of many c.xficrimcmal the investigation of bonding molecules onto a surface
siudie.s. I he IJV absorption spectra o f these molecules show The first spectroscopic studies of eihvl iodide were per
a weak broadband m low excitation energies, traditionally jo^med in the 1930s,'’ * Since, then, the l.TV photoahsorptioii
labeled the A band and assigned to electron promotion into spectra and molar extinction coefhcient.s have been reported
the aritibonding orbital t f  (C - I) .  the eleciromc states between 3.7 eV and 9.9 eV ,* The spectra have been intci-
fornwd being dissociative along the C - I  bond. These mo_ mainly in terms of electronic band origins and vibra
Iccular states offer selective photochemistry possibilities p^crgy Rydberg su^es.'' The spec
and since they can be photoly/ed in the atmosphere at a .^um resembles that of methyl iodide, being dominated by

 -------------------- -------- — . iodine atom features so that ethyl iodide, as well as higher
"Direcieur ds ircherctie ivN R s alkyl iodides, may be studied in the C point group. In thi.s.

0021-9606/99-'110(21)/10307/9y$15 00 10307 ©  1999 American Institute of Physics

192



Appendix 3: Proof of Publications

THE ROYAL 
SOCIETY

E x p e rim e n ta l studies on electron scattering  
from  atom s and molecules: 

the s ta te  o f the a rt

N J. M a s o n . .J. M . ( B n' o k m ., N . .Jo n k s  a n i .) L. K a m i n s k i

D t pat triH nf o f Phym :s and A nh im o iny . U n rm 'rs iiy  Colh ip London. 
Cow t r  S tn r t .  London W C iE  OUT. V K

Kh^tron ;it<nn/iiioleculp srattpruig has heen The siihjert of intense re.searrli a rtiv -  
itv, both experimentally and theoretically, for nearly a century, yet particularly  
for el(H'tron molecule scatteriug our mulerstaiirliiig of the dynamics of such pro
cesses remain.s limited. Duo to 1 heir importance in many industrial, asl rophysical, 
atmospheric and luological processes, aijsolute electron-scattering crms-sections are 
refpiiied for most atomic and molecular systems, however, the cm rent dataliase 
limiterl to a few easily jirepared systems Only recently have experimental studies 
lieen extended to unstable reactive and bee-radical species, vvliile new experimental 
techniques incorporating advances m atom trapping and laser spectrosropv are lieing 
adapted to provide new insight into electron collision dynamics

In this paper we survey the current status ot the held and discuss the new experi
mental techniques that me providing fresh insights into the electron-scattering prole 
lein while providing invaluable data for the applied-scieuce œ m miuiity.

K t v w o r d s :  e t e c t r u n  s c a t l o r i i i K :  s p e c t r u s c u p y ; c l t K : t r i c  m o le c u le  re s u iia i ic e .H ;  
p o l y a t o m ic  i i i o l c c u lc s ;  r a d i c a l * ;  a t m o s p h e r i c  ( ;a s e s

1. In t r o d u c t i o n

The interaction of electrons with atoms and molecules plays an im portant role in 
many natural and industrial proct'sses. For instanct'. our understanding of ionospheric 
processtts, the design and opmation of lastus and n'lattxl gas discharges and the devel
opment of plasma-etching processes used in the semiconductor industry all rely upon 
an intricate understanding of the collision dynamics of elix trons w ith  atomic, molec
ular and ionic systems. Flection collisions with atoms and molecules have therefore 
been studied experimentally for almost a century since the pioneering work of Franck 
& Hertz ( 1914 t and Hamsauer 11921). Franck &  Hertz provided a validation of the 
Bohr tlumry on the dis( rete nature of atomic energy levels, while Ramsauer provided 
the first evidence of the polarization of the target charge cloud liy an incident chargeil 
part icle, hence demonstrating the need for a quantum-mechanical reprm un at ion of 
the scattering of discrete particles, i  lie hrsi (juantum-mechaihcal calculations ol 
.Vhissey &  M ohr ( l l)d l)  established the now traditional interactive developnnuit of 
t heoretical and experimental techniques in this research field. .4 good example of such 
I'xpenm ental/theoretical interactive development was the experiment al discovery of 
short-lived negative ion resonances' by Schulz (19(>3) that led to the development of 
time-dependent calculations incorporating nuclear motion. I  he intricacy of thw iret-

F h i i .  I h i v s  H  S o t .  L o iu t  (I'lM M ) 3 5 7 ,  1 17.5 IZ o O  U I'M  H i e  K .rv a l
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A bslract

Absolute photoabsorption cross-sections at 195 ±  .1 K are reported for dinilrogen pentoxide, N iO ^ , 
between 150 and 240 nm The spectrum consists o f a broad intense band with a m axim um  at 160 nm. The 
lack of sharp features indicates that excitation o f results in dissociation over Ihe whole of the spectral 
range studied At wavelengths above 200 nm. our results arc up to 30%  smaller than the current NASA  
recommendation, but are in generally good agreement with a more recent measurement. Below 200 nm. there 
arc no reported data with which to compare our work. C  1999 Elsevier Science Ltd. A ll rights reserved

1. Introduction

Diniirogcn pentoxide (N jO ,)  plays an important role in the chemistry of Earth’s atmosphere 
[ 1 ]. In the stratosphere, where it is an important reservoir for N O „  it has been detected in both 
absorption [2 ] and emission [3 ] by satellite- and balloon-borne instruments. In the troposphere, it 
is intimately linked to the processes that create and destroy the N O 3 radical, and the temperature 
dependence of its decomposition (to N O 2 4 - NO.,) is such that it can transport NO^, from cold to 
warmer regions of the atmosphere N jO ,  is readily converted to H N O j, and is thus linked to the 
problem of acid rain and acts as an intermediate in the route to a permanent sink for NO.,. In the 
light of its importance to atmospheric chemistry, its electronic spectrum has been studied at 
wavelengths above 200 nm, particularly by Johnston and co-workers [4 -6 ] and more recently by 
Harwood et al. [7,8], We have now extended measurements into the vacuum U V  (V U V ) region of 
the spectrum; in this paper, we report the electronic spectrum of N ;O s between 150 and 240 nm.
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