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Abstract

This thesis presents the results of spectrosœpic studies performed on a number of 
atmospheric molecules related to global warming. The studies have been performed using 

electron impact and photoabsorption spectroscopy and the results have been compared, 
where possible, with previous work.

The molecules studied were trifluoromethyl sulphur pentafluoride (SF5CF3), trifluoromethyl 

iodide (CF3I), ozone (O5) and acetonitrile (CH3CN). The first two molecules are entirely 

anthropogenic and may have potentially serious effects upon global warming and ozone 

depletion respectively. Atmospheric lifetimes and global warming potentials have been 

calculated for both molecules. The first temperature-dependent infrared measurements of 

SF5CF3 suggest it is a more effective global warming agent than first thought. Measurements 

of the destruction of condensed phase ozone by electrons may provide valuable infonnation 

for modelling atmospheric destruction of ozone upon the surfaces of polar stratospheric 

clouds (PSCs). Acetonitrile is a by-product of biomass burning and may, in the future, allow 

remote detection and tracking of biomass burning. Photoabsorption measurements have 

been used to calculate the lifetime of the molecule in the atmosphere and, combined with 

temperature dependent infrared measurements, to estimate the global warming potential of 

the molecule.

The thesis consists of nine chapters. The first is an introduction to the thesis and covers both 

modem spectroscopy and the structure of the atmosphere. The second chapter discusses 

molecular spectroscopy and the measured quantities in photoabsorption and electron-impact 
experiments. The third chapter describes the various apparatus used to obtain the 

experimental results. The fourth chapter descrities some computer programs that have been 

developed to analyse the experimental data. Chapters five to eight present the experimental 
results which are compared, where available, with previous data. The results obtained using 

the computer models are also presented in these chapters. Chapter nine concludes the 

thesis, summarises the results and makes suggestions for future work.
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attributed to 

Ga Jus Julius Caesar



Chapter 1: General Introduction

Now begins a  torrent of words and a  trickling of sense.

Theocritus o f Chios

This introductory chapter is divided into two sections. The first gives a brief introduction into 

atomic and molecular spectroscopy. The second section then gives a brief overview of the 

terrestrial atmosphere and global wanning.

The atmosphere Is an integral part of the Earth's biosphere. Not only does it provide the 

oxygen needed for respiration but it shields life from damaging solar radiation and provides a 

jacket for retaining heat that would otherwise leave Earth a cdd, uninhabitable place. The 

atmosphere is inextricably linked to human activities and emissions of gases into the 

atmosphere can have wide ranging effects. Environmental problems such as stratospheric 

ozone depletion, add rain and global warming are all due to anthropogenic gas emissions 

(mainly chlorofiuorocartons, sulphur dioxide and carbon dioxide respectively).

Spectroscopy is a useful tool for studying atmospheric molecules. An exact knowledge of 
visible and ultraviolet photoabsorption spectra of a molecule will allow the estimation of its 

lifetime in the sunlit atmosphere. Infrared photoabsorption spectra allow detenninabon of 
how effective a molecule will be at absorbing radiation at Infrared wavelengths. It is in these 

wavelengths that global wanning molecules absorb effectively. Hence, using spectroscopic 

techniques at a variety of photon/electron energies allows a large amount of useful 
infonnation to be established about a molecule. This information can then be used to 

improve modelling of the atmosphere.

In this thesis the spectroscopy of several aeronomic spedes has been studied in the infrared, 
visible and ultraviolet regions of the electromagnetic spectrum using both photoabsorption 

and electron energy loss spectroscopy. Molecules studied indude ozone, SF5Œ3, Œ3I and 

acetonitrile. Ozone (O3) Is a molecule with important roles in tfie atmosphere. In the 

stratosphere it fbnns a shield that filters out harmful ultraviolet radiation. In the troposphere 

it is a pollutant and greenhouse gas. Trifluoromethyl sulphur pentafluoride (SF5CF3) is a 

newly discovered greenhouse gas with a long atmospheric lifetime. Trifluoromethyl iodide 

(Œ 3I) is an environmentally friendly plasma etchant and fire extinguisher designed to replace 

perfluorinated compounds (PFCs) which are greenhouse gases. Acetonitrile (CH3CN) is a by
product of both natural and industrial processes and may be a potential tracer gas for 
monitoring biomass burning (Holzinger 1999).



1.1 Development of modern spectroscopy

Towards the end of the IS**' œntury physics was approaching a watershed moment Up until 
this time physics had been an exact science -  given a set of starting conditions the future 

state of a system could be detemriined definitively. This was the world of classical physics. 
However phenomena were being discovered that could not be explained by classical theory. 
The theory that would emerge to explain these phenomena issued a new dawn for physics 

and relegated classical physics and all the things that had come before to the status of 
approximations. The new theory was known as quantum mechanics. Quantum mechanics 

has proved to be instrumental in the study of atoms and molecules. To understand why 

quantum mechanics superseded classical physics it is instructive to look some of the 

phenomena that classical physics could not explain.

1.1.1 Black-bodv radiation

A black-body is defined as a hypothetical body consisting of a sufficient number of molecules 

absorbing and emitting electromagnetic radiation in all parts of the electromagnetic spectrum 

so that all inddent radiation is completely absorbed and the maximum possible emission is 

realised at all wavelengths bands and in all directions.

The dassical attempt to explain the emission of black-body radiation was made by Lord 

Rayleigh and James Jeans who formulated the Rayleigh-Jeans Law:

de = pdX, equation 1 . 1

where fis  the energy density and p\s related to the wavelength, À, by.

A"
p  oc —  equation 1 . 2

The failure of dassical physics is that as -> 0, the energy density extends to infinity. An 

infinite energy density is dearly impossible. The solution to the problem was found by Planck 

who proposed that the osdllation of the electromagnetic field could only be made in steps of 
hv where v is the frequency of osdllation and h is a constant. As a result electromagnetic

energy is quantised and can only possess certain discrete energies of 0, hv, 2hv, nhv

where n is an integer.



1.1.2 The Photoelectric effect

When a metal surface Is illuminated with ultraviolet electromagnetic radiation, electrons are 

produced as the radiation provides sufficient energy to liberate them from the surface. 
Experimentally it was observed that electrons were always emitted instantaneously when 

radiation was applied however low the intensity and that below a certain frequency threshold 

no electrons were observed no matter what the intensity of radiation, dassicaliy the energy 

provided by the electromagnetic waves should accumulate at the surface until the energy is 

sufficient for an electron to be emitted. Hence, even if very low energy radiation is used it 
should only be a matter of time before sufficient energy is built up to allow an electron to be 

emitted. Einstein observed that if, as Planck had speculated, electromagnetic energy was 

quantised (as photon^ then the electrons were being liberated as the result of a single 

collision with a photon instead of an accumulation of electromagnetic energy over time. A 

fixed quantity of energy -  the work function^ -  is required to extract the electrons from the 

positively charged nuclear lattice in a metal. The low-ffequency cut-off can then be explained 

as only photons with sufficient energy, hv > O, will be able to liberate an electron and the 

low intensity emission problem is explained as the energy is concentrated into single photons 

rather than a spread of waves.

1.1.3 Atomic Spectra

Experimentally it was known since the earliest days of spectroscopy that instead of a 

continuous spectrum (predicted by classical physics), atomic emission spectra consisted only 

of discrete spectral lines. J. Balmer noticed that the energy of some of the lines in the 

emission spectrum of atomic hydrogen could be explained using the empirical expression:

V — Rh
r 1 n
—r — T equation 1.3

where 4/ is the energy of the transition in wavenumbers, Rh is the Rydberg constant for 

hydrogen and n is an integer with values of 3, 4, 5 and so on. This suggested that the 

energy levels of an electron in hydrogen were confined only to certain discrete values and not 

the expected continuum. Niels Bohr attempted to create an atomic model based on 

quantisation of energy and, by confining the angular momentum of the electron to certain 

discrete values, deduced the following expression for the energy levels of an electron in 

hydrogen:

—

-  — J 2~T /7  = 1, 2, 3,.... equation 1.4
Sh n



1.1.4 From classical to quantum

As a result of these theories It was gradually realised that quantisation is a universal physical 
phenomenon and that the predictions of classical physics are merely approximations that hold 

under certain conditions. In 1926, Wemer Heisenberg and Enwin Schrodinger formulated 

their quantum theories and quantum mechanics was "born".

Rather than in classical mechanics where a continuous set of answers can be found, in 

quantum mechanics only discrete values can be obtained. These values are known as 

eigenvalues. Quantities such as momentum, angular momentum, etc. are represented as 

operators. The system is represented by a wavefunctfon (T). The eigenvalues are those 

values that satisfy the equation:

/? = 1, 2, 3,... N equation 1.5

Where 4 is a quantum mechanical operator, 'P,, is the eigenfunction of the system (the 

wavefunction of the system in state /?) and an is an eigenvalue of ̂  (the value associated with 

state n).

1.2 Atomic spectroscopy

Atoms (Atomos (Greek) = "indivisible") can be described as the smallest unit of an element, 
having all the characteristics of that element and consisting of a dense, central, positively 

charged nucleus surrounded by a system of electrons. Atoms fonn the basis of all observed 

matter and were first proposed by the Ionian Greek philosopher Democritus {area 460 -  370 

BQ. Before the 19  ̂Century scientific belief was that matter existed in a continuous form. 
Experimental evidence eventually led to the acceptance of the Idea that matter is composed 

of individual atoms that can bond together to make larger forms of matter. The development 
of quantum mechanics allowed detailed descriptions of atoms to be made. The quantum 

mechanical picture of the atom Is of a central nucleus composed of a mixture of positively 

diarged protons and electrically neutral neutrons surrounded by a doud of electrons. As 

electrons carry electric charge of the same magnitude but opposite polarity to that of the 

proton the numbers of the two partides are equal and the atom is overall electrically neutral.

Bound atomic electrons can only possess certain discrete energies, the lowest being the 

ground state energy. These discrete energies lead to electrons occupying a series of discrete 

sfiells called orbitais The radii of the orbitals are determined by the quantum number n. 
The shape of the orbitals is dependent on the angular momentum quantum number /  which 

can take values of /=  1, 2, 3,.... (/?- 1). The lowest angular momentum (/=  0) orbitals are 

termed s-oititais and have an isotropic distribution of charge. P-ortfitais (/ = 1) have two



lobes -  one where the wavefunction Is positive and one where It Is negative. D-ortxtals 

(/ = 2) have more lobes In more complicated configurations. Figure 1.1 shows 

representations of s, p and d orbitals.

s - orbitals

p - orbitals

d - orbitals

or HK'

2
W  Pz Py Px

dy2  ^x-y *̂ xz

Figure 1.1 : Atomic s, p and d orbitals

The probability of finding the electron anywhere on the surface of a given orbital Is given as 

the square of the wavefunction at that point.

p = m equation 1.6

where / ’ Is the probability and T  Is the wavefunction. The probability depends on the square 

of the wavefunction so electrons can occupy both the positive and negative lobes of the 

orbital as seen In figure 1.1. Atomic orbitals In multiple-electron atoms are filled from the 

ground state upwards and transitions between the ortMtals, each consisting of a fixed discrete 

energy, gives rise to the spectral lines seen In atomic spectra.

1.3 Molecules

A molecule {diminutive form o/moles (Latin) = "mass") Is a system consisting of two or 
more atomic nudel bound together by shared electron density. Molecules are more complex 

than atoms by virtue of the fact they consist of multiple nuclei. Hence vibrations, where the 

Intemudear bond stretches or bends, and rotations, where the molecule rotates about Its 

centre of mass, are now possible In addition to the electronic transitions. These make the



spectra of molecules more complex than those of atoms. Electronic, vibrational and 

rotational modes for molecules are discussed in chapter 2 .

In atoms the electrons form a doud around the nudeus the shape of which was determined 

by the type of orbitals that were occupied. In molecules the electrons occupy molecular 
orbitals which stretch over the entire molecule. As with the idea of atomic orbitals 

representing the electron charge density around the atomic nudeus, the molecular orbitals 

will hence provide the charge distribution around both nudei provided by the electrons. The 

configuration of charge within the molecular framework can provide attractive or repulsive 

forces that can cause the nudei to bind more tightly or loosely. While molecular orbitals are 

more complex than their atomic counterparts, they can be formed as a sum of the atomic 

orbitals. This method is known as the Linear Combination o f Atomic O/bitais (LCAO) method 

and involves the atomic orbitals of the constituent atoms being combined to create a 

superposition orbital that covers the whole molecule. For two atoms, which have atomic 

orbitals, T i and T 2, the total molecular wavefunction is formed as a linear combination of 'Fi 
and Ÿ 2 by.

'F = A {̂ci'Fi + €2^ 2 } equation 1.7

where /Vis a normalisation constant and q  and q  are coeffidents of 'Fi and ^ 2  respectively. 

Taking as an example H2 with both atomic nudei in their ground state s-orbitals there are two 

possible outcomes for equation 1.7. The first occurs when both atoms have the same 

wavefunction distribution (i.e. both positive or both negative) and where the superposition of 
orbitals is constructive.

'F = ^ { 4^ 1 + 4 2̂ } equation 1 . 8

The second case is where one of the atomic orbitals has a positive wavefunction and the 

other has a negative wavefunction. In this case the interference is destructive.

'F = - % }  equation 1.9

The constructive case is tenned a bonding ortxtaias it increases electron density between the 

nudei. This causes the energy of the rrx)lecular orbital to decrease in respect to the atomic 

orbital energy. The destructive case is termed an anti-bonding orbital and leads to a 

cancelling out of electron density between nudei. This leads to less tight bonding and an 

increase in orbital energy with respect to the atomic orbitals (Lee 1977). The effect of 
bonding and anti-bonding orbitals in H2 rs shown in figure 1 .2 .
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Figure 1.2 : Energy levels of s-type atomic and s-s molecular orbitals
Not all atomic orbitals can be combined in ways that promote the bonding together of the 

nuclei. A further category is where no possible geometry for bonding between two nudei is 
available and there is hence no interaction. This is termed a non-bonding orbital.

Orbitals can be of different kinds depending on the geometries involved -  a linear bond that 
takes place between two nuclei is called a sigma bond (a) and leads to electron density on 

the intemudear axis. A bond that takes place parallel to the intemudear axis by combination 

of atomic orbitals with lobes perpendicular to the intemudear axis is called a pi bond (n). 
Bonds that take place between two s-ort)itals and those between s and p-orbitals are 

illustrated in figure 1.3.

s - s  orbital bonding

bondin

a bonding orbital

V(g)

o* antibonding orbital

a  bonding orbital

c *  antibonding orbital

Figure 1.3 : s-s and s-p molecular orbitals

Molecular orbitals formed from two atomic p-orbitals are illustrated in figure 1.4.
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Figure 1.4 : p-p molecular orbitals

Molecular orbitals formed with d-orbitals and some non-bonding orbitals are illustrated in 
figure 1.5.

p - d bonding
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s + Pz

S+Pz % Pz + Py

Figure 1.5 : p-d molecular orbitals and non-bonding orbitals



1,4 Molecular Symmetry

A useful way to classify molecules is by their symmetry group. A symmetry operation Is a 

mathematical operation that when performed on an object leaves it apparently unchanged, 
e.g. the rotation of a square through 90 degrees about its centre. Every object has the 

/cfe'/7Wĵ operation -  the act of doing nothing to the object. In addition an object may possess 

other operations. A symmetry operation always has a corresponding symmetry element 
This is the point, line or plane with respect to which the operation is carried out 
Disregarding translational symmetry operations there are five types of symmetry operation 

that can fulfil the goal of leaving an object apparently unchanged. These are labelled E, Q, 

o, i and 5».

E the identity operation -  the act of doing nothing to the object. The symmetry
element is the object itself.

Cn an n-foid rotation -  a rotation of (2 ti//7) radians. The element is an axis of

symmetry.

a a reflection. The element is a mirror plane. When the mirror plane includes the
principal axis of symmetry the plane is termed a vertical plane (av). When the 

principal axis is perpendicular to the mirror plane the plane is termed a horizontal 
plane (ch). If the mirror plane bisects the angle between two C2 axes it is termed a 

dihedral plane (ad).

I an inversion. The element is a point called the centre of symmetry. Inversion is an
operation where each point of the object is taken on a straight line through the 

centre of symmetry to an equal distance on the other side.

Sn an n-fold improper rotation. The element is an axis of improper rotation. This
operation consists of an n-fbid rotation followed by a reflection in plane perpendicular 
to the n-fbId axis (i.e. a horizontal reflection)

Figure 1.6 shows objects that display these symmetry operations.



Idenfty - the act of doing nothing!

(a)

Rotation
^2 . Ĉ 3.C0
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(b)
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(«)

Inversion Improper rotation

Figure 1.6 : The symmetry operations

Molecules are classified Into symmetry groups based on the symmetry operations that they 

exhibit These symmetry groups are known as point groups and are a useful way to 

categorise molecules. Table 1.1 lists the possible point groups that a molecule can belong to.

10



Point Group Comments
C l E operation alone
Cs E operation and a refiection
Q E operation and an inversion
Cn E operation and an n-fbId rotation
Cnv E, n-fdid rotations and n vertical reflections
Cnv The group of heteronudear diatomics, oo reflections and rotations about axis
Cnh E, n-fold rotations and a horizontal reflection
Dn E, n-fbId rotations and n two-fold rotations 1 to the n-fold principal axis
Dnh as Dn but with a horizontal reflection
Dooh The group of homonuclear diatomics, oo rotations and a horizontal reflection
Dnd E, n-fbId rotations and n dihedral reflections
S n(even n) E and an n-fold improper rotation
Td E, > 1 n-fold rotation with n > 3 -  regular tetrahedron
T as Td but without the reflections
Th Tetrahedral group with an inversion
Ih Icosahedral group
I Icosahedral group without an inversion

Full rotation group, all rotations are possible -  a sphere is R3

The point groups are Illustrated in figure 1.7.

X X

Figure 1.7 : Illustrations showing the point groups listed in table 1.1
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1,5 Introduction to the Earth's atmosphere

The atmosphere (Atmos (Greek) = "vapour" + Sphaira (Greek) = "ball") Is an integral part of 

the Earth's biosphere. It is not a static gas but instead operates with a symbiotic relationship 

with life on Earth. It is both essential to the continuation of life on Earth and inextricably 

linked to human activities within its boundaries. The current composition, with 78 % N2, 
21 % O2, 0.93 % Ar plus an admixture of other spedes, is the end product of 4.6 billion years 

of evolution. The atmosphere is a complex entity with internal chemical cycles, influxes of 
energy from the Earth and the Sun, and influxes and outfluxes of matter. Much research, 
theoretical and practical, has been perfomed but much more needs to be done in order to 

understand the atmosphere and its evolution. This is particularly evident now that human 

activities are having definite effects upon this evolution. The purpose of this section is to 

provide an introduction to aspects of the atmosphere as a precursor to the later chapters 

where the role of specific molecules in the Earth's atmosphere is discussed.

1,5,1 Atmospheric classification in terms of pressure

The atmosphere is a large body of gas with an extent of thousands of kilometres. It Is 
therefore useful and instructive to subdivide the atmosphere into a number of regions. One 

property that can be used to categorise this subdivision is atmospheric pressure.

The density of the atmosphere is at a maximum at ground level and then decreases 

exponentially with altitude. Eventualiy the atmosphere tiecomes so tenuous that it becomes 

indistinguishable from the surrounding interplanetary medium. The atmospheric pressure, P, 
at an altitude, z, can be derived given that the atmosphere essentially behaves as a liquid in 

hydrostatic equilibrium.

P = Pq exp -  {gMzjRT) equation 1 . 1 0

where Po is the pressure at sea level, ^is the acceleration due to the Earth's gravity, zis the 

altitude, R is the molar gas constant, 7" is the absolute temperature and A/is the average 

molecular weight of air. Below an altitude of 100 km, Af is approximately 28.8 (~ 80% N2, 
20% O2). The scale height, H, is defined as the increase in altitude needed to reduce the 

pressure to e'̂  (e^ = 0.368 to 3 s.f.) of the current value.

RT
H  = ---------------------------------------------- equation 1 . 1 1

Mg

Assuming a constant temperature of 273 K and a constant acceleration due to gravity of 9.8 

m s'̂  gives a scale height //=  8  km. The exact acceleration due to gravity can be calculated 

using.

12



g  = equation 1 . 1 2

where G Is the universal gravitational œnstant, Me is the mass of the Earth and r  is the 

distance to the Earth's centre of mass. Applying these values to equation 1.11 along with the 

correct temperatures in the 0 to 50 km region (see section 1.7.2) more accurate scale heights 

can be calculated. These calculations give scale heights in the 0 to 50 km altitude range of 

between 6.3 and 8.5 km. The scale heights can then be used to determine the atmospheric 

pressure by using equation 1.10. Figure 1.8 shows the effect on the hydrostatic equilibrium 

pressure of a constant or varying scale height in the range of 0 to 50 km.

a) H = 8 km

b) Individually 
calculated H

40

0.010.1 0.001

Pressure (Bar)

Figure 1.8 : Atmospheric pressure calculated using a) H = 8 km, 
b) Individually calculated scale heights

By explicitly considering the atmosphere to consist of not one species with mass M, but
instead many species with their own masses Mi we can see that the scale heights will be
different for each species. If we assume g'and rto  be fixed as above, for a molecule with
mass less than the averaged value of 28.8 the scale height will be larger than 8  km. In the

same way a molecule with a mass greater than 28.8 will have a smaller scale height. This
leads to the heavier molecules being confined to lower altitudes with the lighter molecules

dominating at higher altitudes. However, below 100 km, there is sufficient turbulence to
keep the atmosphere well mixed. Hence this statistically predicted differentiation does not

occur and the pressure profile closely follows that predicted by the hydrostatic equilibrium
model. Above 100 km this mixing is reduced and differentiation occurs. This difference in
temis of chemical composition can be used as a means to classify the regions of the

atmosphere. Hence below 100 km the chemical composition is essentially constant and this
region is known as the homosphere (homos (Greek) = "same"). Above 100 km the chemical

composition is not constant and this region is known as the heterosphere (heteros (Greek) =
"different").
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1,5.2 Classification in terms of temperature

A seœnd way to differentiate the atmosphere is to categorise it in terms of atmospheric 

temperature. The atmospheric temperature profile is more complex than the atmospheric 

pressure profile. There are several regions where the temperature has a negative gradient 
with altitude and several regions where it has a positive gradient with altitude. A typical 

profile of atmospheric temperature with altitude is shown in figure 1.9 (after Wayne 1991).

1 2 0

(  Thermosphere ]
1 0 0

Mesopause

[ Mesosphere ]

Stratopause

40
[  Stratosphere ]

Tropopause —
[ Troposphere ]

300150 200 250
Temperature (K)

Figure 1.9 : Typical temperature profile of the Earth's atmosphere 

The Troposphere

The lowest region of the atmosphere is the troposphere (tropos (Greek) = "turning")/ which 

is characterised by a negative temperature gradient with respect to increasing altitude. An 

average value for this gradient is about 5 to 7 K km \  The extent of the troposphere, which 

varies with latitude, is defined by the tropopause where temperatures begin to increase 

again. At the equator the height of the tropopause may be as high as 17 km while at the 

Poles it may lie as low as 7 km. Taking a value at mid-latitudes of 11 km and calculating the 

average scale height observed in the troposphere {H = 7.13 km) allows an integration of 
equation 1.10 to find the total mass contained in the troposphere. This gives the result that 
around 80 % of the atmospheric mass is contained in the troposphere. In addition the 

troposphere contains almost all the water vapour in the atmosphere. The turbulent nature of 
the troposphere leads to it containing all the weather that affects the human population of 

the planet. In fact it is to this region that most human activity is confined given that the 

highest point on Earth is Mount Everest at around 8 . 8  km. Jet airliners, which fly at around 

35000 feet (10.5 km), reach a height of around the mid-latitude tropopause.
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The Stratosphere

At the tropopause the temperature of the atmosphere rises suddenly and this rise in 

temperature œntinues in a steady fashion up to an altitude of around 50 km. This region of 
the atmosphere is known as the stratosphere (stratum (Latin) = "stable" or "layered") and is 

layered in œmposition. The temperature rise is such in this region that from the bottom of 
the stratosphere -  the tropopause -  to the top -  the stratopause -  the temperature has risen 

from around -50 ®C to 0 ®C In the stratospheric region most of the remaining 20 % of the 

atmospheric mass is found with the pressure at 50 km being around 1 millibar. The 

increasing temperature profile of the stratosphere region is due to the presence of the ozone 

layer, concentrated around 25 km altitude, that absorbs UV radiation which wanns the 

atmosphere. The stratosphere is very stable and herxe displays little air turbulence. In turn 

this means that the stratosphere generates little in the way of clouds or weather.

The Mesosphere and the Thermosphere

Beyond the stratopause, the temperature profile changes again with a negative temperature 

gradient observed. This region, observed between altitudes of around 50 to 85 km, is known 

as the mesosphere (mesos (Greek) = "middle"). In the mesosphere the gases present are 

relatively well mixed resulting in the cooling with altitude. It is at the top of the mesosphere 

-  the mesopause- that the coldest temperatures in the atmosphere (around 180 K = -90 ®C) 

are to be found. The temperatures in the mesosphere are cold enough to freeze out water 
vapour into ice douds called noctilucent douds.

Above the mesopause comes the top layer of the atmosphere- the thermosphere (themros 

(Greek) = "hot"). Within the theneosphere temperatures rise continually to well in excess of 
1000 K with the extremely tenuous gas absorbing vast quantities of solar radiation. The 

thermosphere stretches out to an altitude on the order of 1 0 , 0 0 0  km at which point it is 

indistinguishable from the surrounding interplanetary medium.

The thermosphere can be further divided into two distinct regions. The lower region from the 

mesopause up to an altitude of around 550 km Is called the ionosphere (ion (Greek) = "go"). 
In this region the solar radiation flux is suffidently energetic to cause the ionisation of large 

quantities of atoms and molecules. Typical electron and total partide densities are shown in 

figure 1 .1 0 .
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Figure 1.10 : Typical electron densities in the ionosphere

Within the ionosphere there are several regions. The lowest region is the Z) region which 

occurs In the upper mesosphere region below around 85 km. This region has typical electron 

densities of around 1 0 0 0  electrons per cm̂  and is only observed in the daytime due to the 

higher solar flux during daylight. In figure 1.10 it can be seen that the total particle density 

in the D region is considerably higher than that for the other regions. This means that 
electron-molecule collisions in the D-region are frequent and many electrons will attach to the 

molecules forming negative ions. This does not happen at higher altitudes as there are not 
enough surrounding molecules to act as third bodies to absorb excess nrxjmentum that 
otherwise causes the molecular ion to fly apart. Hence the D region contains a mixture of 
negative ions, positive ions and free electrons. The E region has electron densities on the 

order of 10̂  electrons cm  ̂and lies between around 90 and 140 km altitude. The F regions 

lying above 140 km and maximum between 250 and 500 km with a number density of 

between 10̂  and 10® electrons cm ̂ . The E and F regions in contrast with the D region have 

much larger free electron mean free paths leading to only infrequent electron-molecule 

collisions and making a composition of only free electrons and positive ions.

The large free electron number densities of the ionosphere in comparison with overall 

number densities mean that terrestrial electromagnetic radiation in the radio bands will be 

absorbed then re-emitted (i.e. reflected back to Earth) by the ionosphere. The exception is 

the D region where high number densities mean that electron oscillations will result in 

collision and thus transference of the electron kinetic energy to surrounding molecules. This 

region hence absortjs radio waves. This is why radio waves will travel far further at night 

than they will in daytime.
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The upper portion of the thermosphere 500 km to top of the atmosphere) Is known as the 

exosphere (Exo (Greek) = "out of"). In this region the mean free path of molecules becomes 

so large (tens to hundreds of km) that molecule-molecule collisions effectively œase to occur 

and the molecules describe ballistic paths under the influence of the Earth's gravitational 
field. In fact the base of the exosphere is defined as that point where the mean free path 

becomes equal to the scale height.

1.6 Lifetimes of molecules in the atmosphere

The residence of molecules in the atmosphere is not necessarily pemrianent. Some species 

may be photolysed or react chemically while others may be lost by outflux into space or to 

the ground in precipitation. An individual atomic or molecular species in the atmosphere will 
therefore have a residence time based on the following definition:

M
r  = —  equation 1.13

where t is the average residence time of a spedes, /Vis the average total mass of the gas in 

the atmosphere and fis  the total infiux/outflux of the gas into/out of the atmosphere. The 
redprocal of t  is the rate of turnover. Based on the values of t  a molecular/atomic spedes 

can be dassified into one of three broad categories. For those spedes with a very large t the 

residence in the atmosptiere can be considered to be penmanent, e.g. N% has a residence 

time of ~ 20 million years. For those spedes with a residence time on the order of months to 

years the dassification is semi-permanent, e.g CFU has a residence time of a few years. The 

final category for those spedes with short x values of days to weeks is variabie. These 

spedes are chemically reactive with cydes related to the water cyde, e.g. SO2 has a 

residence time of atxsut one week.

There are many potential sinks for atmospheric molecules. These spedes that are classed as 

having variat>le residence time may react quickly. Others have longer residence times and 

these spedes are likely to absorb sunlight that is passing through the atmosphere. When a 

molecule absorbs a photon the optically active electron in the valence shell of the molecule is 

exdted by being promoted to a higher orbital. This is written as.

AB + X ->  AB * equation 1.14

wfiere /4Fis a molecule, y is a photon and AB* \s the molecule in an excited electronic state. 
From this exdted state there are many possible processes that the molecule can undergo. 
The molecule may emit a photon to release the energy in the process of iuminesoence. If  the 

photon is of suffident energy, an electron may be liberated produdng a molecular ion in the
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process of ionisation. Alternatively, the photon can excite the electron into a dissociative 

state, which will cause the molecule to break into multiple pieces, some of which may be 

excited, in the process of dissodation. Intramolecular energy transfer can cause the 

electronic state of the molecule to change by a radiationless transfer. A special case of 
intramolecular energy transfer is quenching whereby electronic excitation is degraded into 

translational, rotational and vibrational modes. Finally, there are chemical reactions thdH can 

take place with electronically excited molecules. These processes are summarised in 

table 1 .2 .

Process Initial State Final State
Luminescence AEC AB
Dissociation AEt 4 * U e(*>
Ionisation AB̂  -he
Intramolecular Energy Transfer A ^ A ^
Intramolecular Energy Transfer AEt+CD AB-hCD*
Quenching A ^ + M AB-hM
Chemical Reaction A ^ + XY Chemically different species

Table 1.2 : Processes that can occur for an excited molecule

where the superscript  ̂ represents a different excited state to *.

The luminescence process can in turn be divided into two cases; a) luminescence that occurs 

with allowed transitions and b) luminescence that occurs with forbidden transitions. 

Fluorescence, which is associated with transitions, is illustrated in figure 1.11.

I

I
Intemuclear Distance

Figure 1.11 : The process of fluorescence

During an allowed transition (which obeys the Franck-Condon principle -  see chapter 2) the 

molecule is excited from a lower electronic state to a vibrationally excited higher electronic 

state of the same spin multiplicity. The molecule may then lose some of its vibrational 
energy through collisions with other molecules. The process of losing vibrational energy 

through collisions is often more rapid than the decay time for the upper state. Hence a 

spontaneous emission from the lowest vibrational state of the upper electronic state can then
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occur back to the lower electronic state with the emitted photon possessing a lower 

frequency than the absorbed photon.

In contrast the process of phœphoresœnœ involves a forbidden transition and is illustrated 

in figure 1 .1 2 .

I
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Figure 1.12 : The process of phosphorescence

The absorption transition from the lower electronic state to a higher state of the same 

multiplicity is the same as for fluorescence as is the subsequent loss of vibrational energy 

through collisions. In this case however the upper state is coupled to a further state of a 

different multiplicity (e.g. singlet - triplet). The molecule can hence undergo a radiationless 

intersystem crossing (ISC) to the triplet state before the transition to the ground singlet state. 
Transitions between triplets and singlets are often not totally "forbidden" but will have 

considerably smaller electric dipole transition moments than "allowed" transitions.

Photodissociation

Fragmentation of a species by the absorption of light is one of the most important processes 

in atmospheric chemistry. Photodissociation may occur when the absorbed photon energy is 

in excess of the binding energy of the considered bond, i.e. the state AB* exists energetically 

atx)ve the dissodation energy of the molecule. There are two distinct processes that can 

cause photodissodation of molecules -  direct opticai dissodation and pre-dissodadon.

In molecular absorption and emission spectra not only discrete spectral lines are observed 

but also continuous bands. These continuous regions are associated with transitions wtiere 

at least one of the states involved is of a dissociative nature. The continuous nature of the 

absorption is necessary to account for the continuous spread of the kinetic energies of the 

fragments which occurs as absorption above the dissociation limit leads to the final state 

being an unquantised translational motion of the fragments. Direct dissodation is
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dissociation that occurs directly from the state that was originally excited. Direct 

photodissociation is shown in figure 1.13.

I

Intemudear Distance

Figure 1.13 : Process of direct dissociation

Two direct dissociative transitions are shown in the figure. The first, A -> C, leads to 

dissociation because state C is repulsive and has no potential well forming a stable minimum 

in the potential energy. The second transition, A ^  B, also leads to dissociation because, 

although state B has a minimum, the energy of the transition was sufficient to surmount the 

barrier.

Pre-dissodation occurs when a molecule is excited into an initial bound state that is crossed 

by and coupled to a second, dissociative, state. Pre-dissodation is illustrated in figure 1.14.

ISC

I
<2

1
I

Intefniiclear Distance

Figure 1.14 : Process of pre-dissociation

As illustrated in figure 1.14 it is possible for a bound state such as B to be coupled by internal 

perturbations, such a spin-orbit effects, or by external perturbations, such as collisions, to a 

dissodative state D. In such a scenario the molecule in state B can decay to the lower 
electronic state A by means of emitting a photon. A second possibility is that a radiationless 

inter system coupling (ISC) can occur to transfer the molecule into state D where the energy 

possessed is suffident to dissodate the molecule.
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1,7 The Dynamic Atmosphere

The atmosphere is a dynamic entity with compiex large scale movements of its atomic and 

molecular contents. Such movements manifest themselves as the weather. The primary 

driving force behind the dynamism of the Earth's atmosphere is radiation from the Sun.

1.7,1 Atmospheric heating

The vast majority of the energy entering the atmosphere of the Earth comes directly from 

solar radiation. The radiation is produced at the photosphere (the visible surface) of the Sun, 
which acts as a black-body of approximately 6000 K. Radiation is emitted mainly at visible, 
infrared and ultraviolet wavelengths with the peak occurring in the yellow part of the visible 

region. The total energy arriving at the top of the Earth's atmosphere per unit area per unit 
time is known as the Solar Constant, 5, and has a value of about 1370 W m'̂ . The 

magnitude of the solar constant will change slightly as the radiation reaching the Earth will 
have variations with season and the 1 1  year solar cyde as well as shorter term variations. 
Because of geometrical arguments the effective solar flux incident to a level surface at the 

top of the atmosphere is V̂ S, i.e. 342 W m'̂  (Liou 2002). Figure 1.15 (after Liou 2002) 
shows how the radiation interacts with tfie Earth's atmosphere and surface. All numerical 
values are the power assodated with that route and are measured in W m .̂ Note that the 

values entering (absorbed by surface [161 W m ]̂ and atmosphere [78 W m'̂ ] -  total 

239 W m'̂ ) and leaving the atmosphere (239 W m'̂ ) are the same so the system is in 

thermal equilibrium.

Incoming Solar Flux Space
Outgoing 

IR flux

Atmospheric
Reflection

Absorbed by 
atmosphere

AÊh#s#here

Sensible Latent 
Heat Heat

I

Surface Flux arriving 
Reflection at the Earth's 

surface

Infrared Radiation

Absorption
189 H  28 =  161

Earth's Surface

Figure 1.15 : Energy budget of the Earth's atmosphere
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Figure 1.15 illustrates that the Earth's surface and atmosphere have a complex system of 
Interaction with the Sun and space that ultimately results In a radiative equilibrium and hence 

In the stable temperatures that are observed on the Earth. The active role played by the 

atmosphere In the regulation of the Earth's temperature Is best appreciated by looking at the 

effects of not having an atmosphere. These consequences can be seen by taking a simple 

radiative balance model with 3 stages, namely 1) Isotropic emission of radiation from the 

Sun, 2) Absorption of radiation by the Earth, and 3) Isotropic emission of radiation from the 

Earth In thermal equilibrium. These stages are Illustrated In figure 1.16.

Figure 1.16 : Illustration of the three stages of the simple radiative planetary 
temperature model used in section 1.8.1

In stage i  of the model, the Sun emits as a "black body" with the total power emitted by the 

Sun calculated using the Stefan-Boltzmann law:

equation 1.15

Where / ’ Is the total emitted power at all wavelengths, A Is the area over which the energy Is 

radiation Is emitted, <7 Is the Stefan-Boltzmann constant (= 5.67 xlO ® W m'̂  K̂ )̂, 7} Is the 

temperature of the emitting surface and Rs Is the radius of the Sun.

Hence the Sun emits a spherical shell of radiation per unit time. At a Sun -  planet distance r  

this gives a power per unit area. I, of.

/  = equation 1.16
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where ris the distance from the Sun. In stage 2 of the model, at a distance r=  /f (  = 1.5 x 

10̂  ̂m ) from the Sun the shell is incident upon the Earth which presents an absorbing area 

of / 7  /?£ “̂ to the incident radiation, where Re is the radius of the Earth. The Earth has an 

albedo or reflectivity >4 so the absorbed fraction of the incident radiation will be (1 -  >4). 
Hence the solar radiation absorbed by the Earth will be:

W  r , '

As stage 3 the Earth's surface now quickly reaches a point of thermal equilibrium so the 

radiation can be assumed to be emitted Isotropically with an emission area of 4 n Re  ̂

according to the Stefan-Boltzmann law. Hence the Earth's emitted power is:

Pem = equation 1.18

In equilibrium the absorbed power must be equal to the emitted power. Thus making 

Pabs = Pb ii and rearranging to find Te gives the following expression for the Earth's 

temperature.

Te = equation 1.19

Hence the equilibrium temperature of the Earth is only dependent on the temperature of the 

Sun ( 7s = 6000 K), the radius of the Sun {Rs -  700,000 km) the mean Sun-Earth distance 

(/£ = 1.5 X 10̂  ̂ m) and the Albedo {A = 0.3). The equilibrium temperature can then be 

calculated as being 7> = 265 Kelvin. The key consequence of this temperature value is that 
without an atmosphere the Earth would be too cold for liquid water to exist The existence of 
water in liquid form is one of the key requirements for the formation and continued existence 

of life. The implication is that, without an atmosphere, life could not exist on the Earth.

However life not only exists on the Earth but does so in a proliferation of forms and water not 

only exists in solid form but in liquid and even gaseous forms. The leap from such a simple 

model to the real world is not an easy one but it is immediately suggestive that the 

atmosphere must provide some mechanism to raise the global temperature to allow liquid 

water and life to exist That mechanism is the greenhouse effect
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1.7.2 The Greenhouse effect

The greenhouse e fe t  is a description given to the retention of thermal energy by the Earth's 

atmosphere by means of the selective absorption of certain wavelengths of electromagnetic 

radiation. In the model above it was seen that when the Earth had reached thermal 

equilibrium its emission temperature was about 265 K. When this value is used to plot the 

emission spectrum of two black bodies at 6000 K and 265 K we get the curves shown in 

figure 1.17. Note that the magnitude of the energy output of the two curves are not to scale.

— 265 K— 6000 K

EarthSun
c0

1
I

0.1 1 10 

Wavelength (pm)

100

Figure 1.17 : Radiation emission curves for biack-bodies with temperatures of
6000 K and 265 K

Figure 1.17 shows that the Sun emits predominantly in the visible wavelength range. When 

the Earth has absorbed this radiation it then re-emits at longer wavelengths in the infrared. 
The raising of the global temperature is due to a retention of some of the outgoing terrestrial 
radiation flux. Hence the atmosphere must be more efficient at absorbing infrared radiation 

than it is at absorbing the mainly visible solar radiation. The principle that some molecules 

are strong infrared absorbers and thus retain terrestrial thermal energy is the basis of global 
warming. The absorption properties of the Earth's atmosphere are shown in figure 1.18.

24



Absorption

Ê 0.15- 400 nm 700 nm

% 0.05

Intensity at top of ■ 
atmosphere I
Intensity at Earth's ■ 
surface ■

General absorption Q

H2 O, O2  and CO2  I 
absorption bands I

1 1.5 2

Wavelength (pm)

Figure 1.18 : The radiation absorption properties of the Earth's atmosphere

The blue curve in figure 1.18 shows the intensity of radiation incident at the top of the 

atmosphere. The black curve shows the intensity of radiation observed at the Earth's 

surface. There is a general attenuation of the radiation due to passing through a gas in 

accordance to the Beer-Lambert law.

I  = I q exp(- N  (T L) equation 1 . 2 0

where Iq is the incident intensity, /is  the transmitted intensity, /Vis the number density of the 

gas, a  is the photoabsorption cross section and L is the path length. In addition the red 

areas in figure 1.18 are areas where extra absorption occurs in addition to the general 
attenuation. These absorptions are due to the presence of infrared absorbing bands in the 

atmospheric molecules H2O, O2, and CO2 . The inset in figure 1.18 shows the absorption in 

the visible region from around 400 nm to 700 nm. There is only fairly minor absorption due 

to the Chappuis band of ozone between around 500 and 650 nm (Bogumil et al., 2001) and 

absorption at around 700 nm due to water vapour. In contrast the transmittance of the 

Earth's atmosphere in the infrared region is severely curtailed. The transmittance of the 

Earth's atmosphere in the infrared is shown in figure 1.19 along with the molecules 

responsible for individual absorption bands.
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Figure 1.19 : Transmittance of the Earth's atmosphere in the infrared

From figure 1.19 it can be seen that a large amount of the transmittance In this region of the 

spectrum is of the order of 60 80 % but that there are large regions where all of the

radiation is absorbed. The absorption in this range is due to infrared-active bands of CO2, O3 

and H2O. While the effect of these absorptions on the solar flux, which is peaked in the 

visible regions is small, the effects on the Earth's emission spectrum which is peaked in the 

infrared is much larger. Indeed, of the energy emitted by the Earth, only about 8  % is 

directly transmitted to space with the other 92 % undergoing numerous absorptions and re
emissions before finally being emitted to space at altitudes of around 6 km near the top of the 

troposphere. It is this cyde of absorptions and re-emissions leading to retention of thermal 
energy that is called the greenhouse effect.

Hence molecules that absorb effectively in the infrared but have little or no absorbance in the 

visible are generically termed as greenhouse gases. One measure of the effectiveness of a 

greenhouse gas is its radiative forcing. The radiative fordng of a molecule can be defined as 

a measure of the change (in W m^) in the Earth-atmosphere system's radiation budget when 

the atmospheric concentration of that molecule is changed (Shine, 2000).

The most important greenhouse gases are those that absorb in the "windows" shown in 

figure 1.20, in particular the largest one between 7.5 and 14 pm (800 to 1200 cm'̂ ). These 

molecules, such as SF5CF3, absorb the radiation that would otherwise escape to space and as 

such can cause considerable contributions to global warming.

1.7.3 The Anthropogenic Greenhouse Effect and Climate Change

This retention of thermal energy by the greenhouse effect is a natural phenomenon with the 

magnitude of the effect relying on the equilibria of production and destruction of the 

absorbing gases. However, in relatively recent years, it has become apparent that human
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activities have had a large effect on the levels of greenhouse gases since the industrial 

revolution in the mid 18  ̂ century. The greenhouse effect specifically due to gases 

introduced into the atmosphere due to human activities is known as the anthropogenic 

greenhouse effect.

From the onset of the industrial revolution (circa. 1750 A.D.) to the present day the total 
contribution of increases (both natural and anthropogenic) in well-mixed greenhouse gases is 

about 2.4 W m .̂ The contributions to this total from individual molecules are given in figure 

1.20 (after IPCC 2001).

CO2 O N 2O ■Halocarbons

Figure 1.20 : Relative contributions to observed increase in radiative forcing from
1750 A.D. to present

The largest contribution to the increase in radiative forcing over this time period is from 

carbon dioxide which has increased by 31 % over the past 250 years to the present level of 
370 parts per million. Nitrous oxide and methane have also had large increases in this period 

while halocarbons are entirely anthropogenic in origin. The purely anthropogenic component 
of the radiative forcing from 1750 to the present day is shown in figure 1.21 along with 

projections for the next 100 years (after IPCC, 2001).
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Figure 1.21 : IPCC predictions for anthropogenic radiative forcing to 2100 A.D.
The total anthropogenic radiative forcing before about 1980 was judged to be smaller than 

about 1 W m .̂ The predictions from 2000 to 2100 come from the Intergovernmental Panel 

for aimate Change report (IPCC Technical Summary, 2001). The models use a variety of 
scenarios to predict future population, economic and environmental conditions (IPCC 

Emission Scenarios, 2001). The upper limit scenario A1F7 is a scenario of rapid and 

successful economic development resulting in distinctions between "rich" and "poor" 

countries disappearing. Economic levels reach unparalleled levels and high global 
consumption levels are seen. As a result of general affluence, mortality and birth rates are 

both low and the global population peaks by 2050 at 9 billion people and subsequently drops 

to 7 billion by 2100. Fossil fuels are used intensively in this scenario. The lower limit 
scenario B1 is a scenario where sustainable development and environmental and social 
consciousness are prevalent. In comparison with AIFI a large amount of the gains of 
economic growth are invested into increasing efficiency of resource usage. Average income 

is only two thirds that of AIFI and resource prices are higher due to large environmental 
taxation. As a result of economic and social consciousness the population peaks at 9 billion in 

2050 and drops to 7 billion by 2100. As can be seen there is a large variability in the 

predicted anthropogenic radiative forcings and this is due to the fact that the value is 
dependent not only on the direct forcing due to greenhouse gases but also on a numt)er of 

ottier agents. Positive forcing agents include ozone in tfie troposphere, black carbon aerosols 

produced by fossil fuel burning and possibly aeroplane produced contrails. Negative forcing 

agents include statospheric ozone, aerosols, and changes in land usage (which affects the 

surface albedo of the Earth). There may also be other factors that affect the radiative forcing 

and the picture is complicated. The radiative forcing (AT) is related to a temperature change 

(ATs) by.
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AT, ^ À AF equation 1 . 2 1

where X is the dimate sensitivity (in K m )̂. The mean global temperature predictions of 

the IPCC models are shown in figure 1.22 as the increase in temperature from 1990.
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Figure 1.22 : IPCC temperature change predictions to 2100 A.D.

The error bars give the final range of temperatures predicted by the B1 and AIFI models. 
The reason for the large size of the range is that there are large uncertainties is that the 

climate sensitivity. The solid lines use a mean value of 2.8 K m̂  while the boundary 

envelope encloses predictions for climate sensitivities ranging from 1.7 to 4.2 K m̂ .

Additions of further greenhouse gases, particularly those that absorb in the parts of the 

infrared spectrum that are otherwise not subject to absorption by CO2, N2O and CH4 , will 
cause the radiative forcing and temperature changes to be increased further. These gases 

include halocarbons, chlorofluorocarbons (CFCs), sulphur hexafluoride (SFe), trifiuoromethyl 
sulphur pentafiuoride (SF5CF3) and ozone formed in the troposphere. These gases are 

present in only small quantities in the atmosphere but possess large radiative forcings and in 

some cases long lifetimes. This can lead to substantial contributions to the global radiation 

budget. In an attempt to forestall global warming alternatives are being sought to replace 

molecules presently used that cause global warming. An example of this is the molecule 

trifiuoromethyl iodide (CF3I) which is short-lived in the atmosphere and hence rrot an 

effective global warming molecule. CF3I is a potential replacement as a plasma etchant for 

perfiuorinated œmpounds and as a fire extinguisher for traions. Both PFCs and halons 

are effective global warming molecules as they have long atmospheric lifetimes and are 

effective infrared absorbers.
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1.9 Conclusions

In this chapter quantum mechanics has been introduced to describe atoms and moiecules. 
Molecular bonding using the linear combination of atomic orbitals technique has been 

introduced along with molecular symmetry. The structure of the atmosphere has been 

discussed and the concept of global warming has been introduced. Predictions for future 

changes in the radiative fordng and temperature of the Earth's atmosphere have been 

presented.

In chapter 2 the quantum picture of molecules will be described and aspects of molecular 

spectroscopy will be introduced.
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Chapter 2: Introduction to Molecular 
Spectroscopy

A m ind w ithout instruction can no more bear fruit than can a field, 
however fertile, w ithout cultivation

Marcus TuHius Ocero

In chapter 1 it was seen that molecules are more complex than atoms due to the presence of 
multiple nudel in the system. The effect of having two or more nudel In the system Is that. 
In addition to electronic transitions, there will also be rotational and vibrational transitions. 
These three internal degrees o f freedom or modes are Interdependent and the coupling 

between them adds to the complexity of nx)lecu1ar spectra.

2.1 The Born-Qppenheimer Approximation and the Franck-Condon 
Principle

While exdtation of the three Internal degrees of freedom can occur simultaneously within a 

molecule the transition energies of the modes are very different. Rotational transitions have 

typical energies on the order of 1 meV, vibrational transitions on the order of 50 meV, and 

electronic transitions on the order of 1 eV. The Bom-Oppenheimer approximation states that 
as the electron mass Is roughly 1870 times smaller than that of nudeons, electronic motion Is 

far more rapid than nudear motion. Electrons can therefore be considered to move In a fixed 

nudear framework and, hence, electronic and nudear motions can be separated. Vibrational 
transitions can likewise be assumed to occur considerably more rapidly than rotations. 
Vibrations therefore take place In a rotation-free nudear fiamework. The energies are thus 

so different that all the nxxies may be treated separately. The total energy of the system Is 

equal to the sum of the energies assodated with the Individual modes.

T̂otd ~ R̂ot v̂ib Êiec equatlon 2 . 1

where Erotai is the total molecular energy, Enot is the energy assodated with the rotational 

mode, Evib Is the energy assodated with the vibrational mode, and Ebbc is the energy 

assodated with the electronic mode.

The Franck-Condon prindpie Is a spedfic application of the Bom-Oppenhelmer approximation 

to transitions between electronic levels. The Frank-Condon prindpie states that because the 

mass of the electron Is so much less than that of the nudel, the electronic transition can be 

considered to have taken place In a stationary nudear framework. The final electronic state
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will however have a different œnfiguration to that of the initial state. Therefore, immediately 

after the electronic transition, the nuclei move to new positions governed by the final 
electronic configuration. This movement of the nuclei causes a vibration to occur. The 

classical basis of the Frank-Condon prindpie is shown in figure 2.1.

Excited electronic state 
with vibrational excitation

R = R,
Ground Electronic 
State with no 
vibrational energyR = R,

Intemuclear Distance

Figure 2.1 : Classical basis of a Franck-Condon transition

It is typical for the higher energy state's equilibrium bond length to increase (i.e. to be 

displaced to the right of that of the lower curve in figure 2 .1 ) due to the more anti bonding 

nature (chapter 1.3) of the more highly exdted state. The fundamental progression occurs 

from the ground vibrational state of the lower electronic state to an excited vibrational state 

of the upper electronic state. Qassically this transition can occur when the internudear 

separation is equal to the equilibrium bond length (Re in figure 2 .1 ) of the lower electronic 

state and the nudei are stationary. As a result the transition terminates where the vertical 
line cuts through the potential energy curve of the upper electronic state. The point of 
intersection is the turning point of a vibrational mode so the nudei are stationary and the 

intemudear separation is the same as the initial value. Such a transition is referred to as a 

ve/ùca/transition. Once the electronic transition is complete the molecule starts to vibrate in 

the vibrational mode relevant to the intersection point. The quantum mechanical version of 

the Franck-Condon transition is shown in figure 2.2.

R = R,

= 4 
= 3 
=  2 ■=i 
- 0

krtemuclear Distance

Figure 2.2 : Quantum picture of a Frank-Condon transition
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Quantum mechanically the transition can occur where the final vibrational state most 

resembles the ground vibrational state of the lower electronic state. In this way the 

wavefiinction undergoes least change in the transition. In terms of mathematics the 

transition probability is proportional to the overlap integral of the two vibrational 

states, s(v',v).

iS(ü , ü) = I equation 2 . 2

The transition most likely to occur is the one where the magnitude of S is largest, however it 

is generally the case that several transitions will have similar values of s {y \v ). Thus the 

electronic transition may stimulate a progression of vibrational transitions resulting in a series 

of lines being observed in the absorption spectrum.

2,2 Rotational Spectroscopy

Rotational transitions are the least energetic of the three modes of molecular excitation. The 

energy typicaily involved in rotational transitions is on the order of 1 meV. Hence microwave 

spectroscopy is used for the study of molecular rotation. Rotations occur about an axis 

passing through the centre of mass of the molecule. The energy associated with the 

rotations is proportional to the rrxjmerjt o f iriertia of \herno\ecu\e.

The quantum mechanical Hamiltonian for rotational motion is given by:

y 2  y 2  j 2
H  = —— + — — + —— equation 2.3

2 / „  2 /^  2 /„

where is the moment of inertia about the %axis, lyy is the nx>ment of inertia about the y  

axis, &  is the moment of inertia about the z axis, Jx is the total angular momentum around 

the X axis, Jy is the total angular momentum around the y  axis and is the total angular 
momentum around the zaxis. Molecules can be sub-divided into rotation classes as follows:

Linear Rotors: 0, Ixx- lyy^ 0 equation 2.4a

Symmetric Rotors: 0, Ixx- lyy* Izz equation 2.4b

Spherical Rotors: Ixx= lyy = la  equation 2.4c

Asymmetric Rotors: Ixx* lyy* la  equation 2.4d

In the simplest case of a diatomic molecule with atomic masses rrtA and hib rotating about an 

axis perpendicular to the bond (of length R) the moment of inertia will be 7= pf^ where //is  

the reduced mass of the system given by (1 /  /^ = (1 /  /T7,0 + (1 /  A diatomic molecule
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belongs either to the symmetry group of Ca,y{heteronudear(Ü\dXDm(̂  or to Dooh {homonudear 

diatomic). Together these groups (chapter 1.4) form the rotational group known as linear 
rotors. Heteronuclear and homonudear linear rotors and spherical rotors appropriate to the 

molecules Q i, and SFe are shown in figure 2.3. In the spherical cases the centre of mass of 

the system is the centre of the central nucleus.

Linear
Rotors
l= ,R 2

Heteronuclear
FTiĝ

Homonudear mg= m^

Centre of 
Mass Centre of

Mass

I =4m-R
Spherical Rotors T

I -  | m ^ R ^

Figure 2.3 : Rotations of linear and spherical rotors

Assuming the internudear bond to be rigid, i.e. of fixed length, the energy levels of molecular 
rotation are given by

Erot = hcBJ(j + 1) equation 2.5

where 7 is the total angular momentum of the molecule and B'ls a constant given by:

B =
h

equation 2 . 6

where is the moment of inertia perpendicular to the rotation axis and c is the speed of 

light. In reality, the bond is not rigid but stretches as the angular momentum (J) of the 

system is increased resulting in œntrifugai distortion. The corresponding increase in the 

moment of inertia leads to a reduction in the separation of the energy levels as 7 increases. 

To a first approximation the centrifugal effect can be accounted for by introducing a second 

term into equation 2.5.

34



E„, = hcBJ[j + \)-hcDJ'^(j + \y equation 2.7

where Pis the œntrifugai distortion œnstantvî \dn is given by:

D =
[n x^kcrR ^)

equation 2 . 8

where is the equilibrium bond iength and Aris the force constant of the bond.

A purely rotational transition will be described by the matrix element {£, J' Mj \ jj \£, J, 

where // is the electric dipole operator, £\s the electronic and vibrationai state, {J', M/\\s the 

finai rotationai state and \J, Mj) is the initiai rotationai state. According to the Born- 

Oppenheimer approximation the large difference in timescales between electron motion, 
molecular vibrations and molecular rotations make It possible to separate the rotation of a 

molecule from the other degrees of freedom. This gives the transition as 

£\ !J\ £)\J, Mj). The quantity { £ \ g \ is the permanent electric dipoie moment 

of the molecule in state 6 : If the molecule is non-polar, i.e. £ = 0, the transition probability is 
zero and hence no pure rotational transitions can occur. Thus only polar molecules may 

exhibit pure rotationaisçteidira with the transitions that occur bound by the selection rules:

AJ = ± 1  and A M , = 0 , ± 1 equation 2.9

2,3 Vibrational Spectroscopy

Vibrations take place along the bonds joining the molecular nuclei together. For a molecule 

with /Vnudei, there are 3/V - 6  vibrational modes in a non-linear molecule and 3/V- 5 in a 

linear mdecuie. Vibrations occur as energetic nuclei cause the internudear separation to 

oscillate about an equilibrium bond length. The vibrations of the simple polyatomic carbon 

dioxide are shown in figure 2.4 as an exempli gratia for visualising molecular vibrations.

Symmetric Stretch Antisymmetric Stretch

U l

 ^
Orthogonal Bending Modes

Figure 2.4 : Vibration modes of carbon dioxide
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In the quantum mechanical picture the wavefunction of the molecule exists as a standing 

wave between the confines of the molecular potential energy curve (or potential surface in 

three dimensions). The low energy (small displacement from equilibrium) region of the 

molecular potential energy well in one spatial dimension can be approximated by a quadratic 

function and the motion described by the bond length is that of simple harmonic motion 

about the equilibrium point. The energy eigenstates of a harmonic oscillator are then:

= (v  + l / 2 )^ft), 

where co = {kjp)

V = 0,1,2,. equation 2 . 1 0

The consequences of this equation are that the vibrational energy levels are discrete and 

separated by a constant energy gap of hcj. The letter vis the vibrational quantum number. 
Even when the molecule is occupying its ground vibrational state (v = 0) there is still an 

energy associated with the vibrational mode, this energy of 1 / 2  hoj is known as the zero point 
energy. The energy levels of a harmonic oscillator are shown in figure 2.5.

l»=7
Ü =  6

u = 5
U = 4

Im
0  =  2

0  =  1
Zero Point 

Energy - 0 =0

0 (R-Re)
Deviation irom equHbhum bond length (R - R,)

Figure 2.5 : Vibrational energy levels of a harmonic oscillator

This simple harmonic approximation holds at small displacements from the equilibrium bond 

length. However, away from these small displacements the molecular potential energy is not 
symmetric, let alone parabolic in shape. The potential energy for negative displacements, i.e. 

bond contraction, increases rapidly resulting in strong internudear repulsion at small bond 

lengths. The potential energy for increasing displacements, i.e. bond stretching, tends 

towards a finite value as /? ^  qo. Hence there is a finite energy limit to the number of 

vibrational levels that can exist as a bound molecule and above this level the molecule will 

dissociate. An empirical potential energy that describes the potential energy curve is the 

Morse potential energy, which is given by:

V(%) = hcD  ̂(l -  exp ( -  ax^f equation 2 . 1 1

36



a =
k ''2

2hcDe J

where De is the depth of the minimum of the potential energy curve. The solution of the 

Schrodinger equation using the Morse potential yields the following energy eigenstates:

= (v + X l'iflC O  -  (v + 1/2^ fKOXe V = 0,1,2,. equation 2 . 1 2

where co= I—

The quantity (oxe is known as the anharmonidty constant and the molecular vibrations are 

anharmonic oscillations. Xe is a small, positive quantity and acts to reduce the energy gap 

between vibrational levels as the vibrational quantum numt>er increases. Hence, at large v 

(before dissociation occurs) the vibrational levels are increasingly close together and can form 

a quasi-continuum of vibrational states. Energy levels for an anharmonic oscillator (Morse 

Potential curve) are shown in figure 2.6.

Higher
U

States

-3 1 AE*(ü+%)TIü) 
,3 1 —[ v *  TtwX

0(R = Re)
Deviation from equllbrium bond length (R - R«)

Figure 2.6 : Vibrational energy levels for a hypothetical anharmonic oscillator

The selection rules for vibrational transitions depend on the vibrationai model used for the 

oscillations. Vibrational transitions within the harmonic approximation must follow:

Av = ±1

AnharmonicV\brdMox\d\ transitions follow: 

Av = ±1, ±2, ±3 ,....

equation 2.13

equation 2.14

Although as Avgets larger, the prot)ability of the transition occurring decreases. The Av = ±1 

transition is the fundamentai vibrationai mode, the Av= ±2 is the second harmonic {ox first 

overtone), the Av = ±3 is the third hannonic {seaoxyâ overtone) and so on. A typical energy
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of a vibrational transition in the ground state of the molecule is on the order of 50 meV and 

so is measured using infrared spectroscopy.

Vibration -  rotation spectroscopy

In an analogous way to the Franck-Condon principle for electronic transitions (chapter 2.1) 
the change in electron distribution as a result of a vibrationai transition in a diatomic molecule 

can stimulate a simultaneous rotational transition which follows the transition rule A7 = ±1. 

The total energy change of the transition is determined using equation 2.1 and will be 

dependent on the total angular momentum J and the rotational constant B. The value of B 

is, however, dependent on the bond iength, which will be modified if the molecule is in an 

exdted vibrational state.

Utilising the results for rotational and vibrationai energy levels (equations 2.7 and 2.12), the 

energy of a rotating, vibrating molecule can be written as:

(w .j) = (v + -  (v +1/2)' na>%, + /icS. + \)-hcD ,J^  {J  + 1 )'

Transitions that satisfy the conditions Av= +1, A7= -1 are termed / ’-fira/TC/?transitions. In a 

typical sample of gas phase molecules a number of initial rotationai states will be occupied so 

what would be a single vibrationai transition line in rotation-free conditions becomes a series 

of ro-vlbmtionalX\\)ies of decreasing energy.

Transitions for which A / = +1, A7 = +1 are termed R-Branch transitions. Once again the 

initial distribution of rotationai states leads to a series of lines, this time of increasing energy.

Transitions for which A7 = 0 are termed Q-Branch transitions. This branch is only allowed 

when the total orbital angular momentum parallel to the internudear axis is non-zero and 

where present consists of a single unshifted line. A spectrum obtained for rotation-vibration 

transitions is shown in figure 2.7 (after Atkins 1997).
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Figure 2.7 : Rotation-vibration spectrum of a hypothetical molecule

2.4 Electronic transitions

Electronic transitions are the result of electrons rrxjving from one molecular orbital to another 

and are accompanied by the emission or absorption of a photon. In molecules the energy 

gaps for electronic transitions are typically in the visible or ultraviolet wavelengths. A 

transition between initial electronic state / and final electronic state f  \s determined by the 

transition matrix element </ |/y|  ̂ where /y is the electric dipole operator. Electric dipoie 

transitions between states are referred to as allowed transitions. The transition matrix 

element between the initial and final states in electric dipole transitions is large and hence the 

probability of the transition occurring is also large (i.e., the transition is allowed). Electric 

dipole transitions must ot)ey the following selection rules:

A /t =  0, ±1 equation 2.15

A is the total orbital angular momentum around the intemudear axis

A^ = 0 equation 2.16

5  is the total spin angular momentum of the system

equation 2.17

Ü  is the total angular momentum around the internudear axis

A J = 0 , ± 1 equation 2.18
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7 is the total angular momentum

Z —y Z , Z —̂ 2  but not Z —̂  Z or Z —y 2  6C]U3tion 2.19

represents the orbital being symmetric under reflection in a plane containing the 

internudear axis and T  represents an orbital that is asymmetric such a reflection.

g ^ u b u tn o tg -> g o ru -> u  equation 2 . 2 0

g (/birgerade (Gemnan) = "even") represents even symmetry under inversion of the electron
co-ordinates, u {for ungerade (German) = "odd") represents odd symmetry under this
inversion.

In addition to the electric dipole transitions there are other transitions known as foriridden 

transitions. These transitions are not electric dipole allowed but can be allowed via different 
mechanisms. In forbidden transitions, the transition matrix element between the initial and 

final states are much smaller than those for electric dipole transitions. Hence the probability 

of the transition occurring is much smaller for forbidden transitions than allowed transitions 

and the lifetime is longer though still finite.

One type of forbidden transition that can be induced by the absorption of a photon of 
electromagnetic radiation is the magnetic dipole Such transitions are typically 10̂

times less intense than electrical dipole transitions. Electric quadrupole transitions are also 

possible and these are typically 10® times less intense than electric dipole transitions. The 

selection rule for electric quadrupole transitions is.

A/ = 0, ±  2 equation 2 . 2 1

2.5 Electronic - Vibrational spectra

When an electronic transition takes place the electron distribution of a molecule changes. 
The nuclei then move in response to the change in charge distribution and start to vibrate. 
In turn the vibration can stimulate the molecule to rotate. The simultaneous electronic and 

vibrational transitions are known as wZyzvr/ctrarisitions. The analysis of vibronic transitions is 

made using the Frank-Condon principle {(A\a^v 2.1).

Superimposed on a vibronic transition is a simultaneous excitation of rotational modes that 

obey the selection rules for vibration-rotation spectra as in section 2.3. Hence, a single line
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beœmes split into a series œntaining a P-Branch, R-Branch and possibly a Q-Branch. A 

difference occurs, however, in this case due to the vibronic transition causing a change in the 

electron charge distribution of the molecule. This causes the internudear distance to 

increase (as higher electronic states become more anti bonding) which results in the rotational 
energy gaps in exdted electronic states being smaller than in the ground state. Thus a 

vibronic transition will often have a "head"\n the R-branch where the energy of transitions 

decreases with increasing rotational quantum number. A vibronic spectrum with a head is 

shown in figure 2.8 (after Atkins 1997).

state 
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the spectrum

Figure 2.8 : Vibronic spectrum showing a head in the R-Branch 

2.6 Electron spectroscopy

Both photons and electrons can be used to transfer energy to molecules and as such are 

good tools for probing molecular spectroscopy. Photons have been used for a long time and 

photoabsorption experiments are capable of very high resolutions. Electrons were first 
isolated by J.J.Thomson in 1897 (Thomson 1897) though the name "e/erf/cw" (elektron 

(Greek) = "amber" -  as electric force was observed by rubbing amber) for a "negative atom 

of electricity" was first suggested in 1894 (Johnstone Stoney 1894). Thomson then made the 

first estimates of the electronic charge and mass (Thomson 1899). The comparatively late 

nature of the isolation of electrons means that they have been used in spectroscopy more 

recently than photons. Although the resolution of electron based spectroscopy experiments is 

generally lower than the photon equivalents they have a number of useful properties:

1. A continuous frequency spectrum is not a problem and requires no changing of lamps 

and/or optical filters

2. Electron impact studies are free of a number of systematic errors that affect 
photoabsorption experiments

41



3. Along with the dipole allowed transitions observed in photoabsorption experiments, a 

number of other transitions relying on other selections rules are possible depending on 

the experimental parameters used (see chapter 2.4).

2.6.1 Types of collisions in photon and electron impact experiments

A photon has energy but no mass or electric charge. Photons can only transfer energy to a 

molecule in a resonant \xKxess (i.e. the energy of the photon is exactly the same as that of 
the separation of two molecular energy levels) with the photon ceasing to exist once the 

energy is transferred. An electron, on the other hand, has mass and does not cease to exist 
and can therefore take part in /x?/7-/esaw/7f  excitation (i.e. a fraction of the electron energy 

can be passed to a molecule)). The intrinsic mass and electric charge that electrons possess 

means that electron collisions with molecules are more complex than those of photons and 

there can be several different possible outcomes.

The following processes are possible in a single photon-molecule collision (photon Yi 
molecule AB). If a photon Is not resonant with any of the energy levels in the molecule there 

will be no absorption.

y + AB ->y-\- AB equation 2 . 2 2

If the photon is resonant with a molecular energy gap and has less energy than the ionisation 

potential (IP) of the molecule then electronic (and possibly vibrational and rotational) 
excitation will occur.

y AB ^  AB* equation 2.23

If the photon has the same or greater energy than the ionisation potential (IP) of the 

molecule, the outermost electron will be detached leaving a nx)lecular ion.

y + AB ->  {ABY + e~ equation 2.24

If the photon energy is insufficient to ionise the molecule but excites it to an antibonding
state, dissociation can occur with none, any or all the fragments left in an excited state.

y + AB -^A^*^ + B equation 2.25

Quantum mechanics allows virtual states to exist for Ixief periods of time as described by the 

uncertainty principle (At > h /  AE). Multiphoton excitation and ionisation are therefore 

possible if the photons arrive before the virtual states decay and the total photon energy is 

resonant.
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In electron-molecule collisions the following processes are open (electron e~, molecule AB). 

The electron may collide with the molecule and the collision occur in such a way that ali 
energies are conserved. This is the process of elastic scattering.

e~E + A B -^  e~E + AB equation 2.26

Alternatively, the electron may impart some of its energy to excite the molecule to a higher 
state and then continue with a decreased energy in the process of ineiastic scattering. If the 

excitation was to a repulsive state the exdted moiecule may then emit a photon and relax 

back into a lower state or may dissodate into fragments, some of which may be exdted.

e~E + ->  e~E'<E -\-AB* equation 2.27

then

AB* AB + y equation 2.28

or

AB* ~^A^*^ + B *̂̂  equation 2.29

The reverse of inelastic scattering is aiso possibie with an already exdted molecule imparting 

its excess energy to a colliding electron. This is supereiastic scattering.

e~E-\- AB* ->  e~E">E + AB equation 2.30

If the electron imparts more energy than the moiecule's ionisation potentiai (IP) then the 

optically active electron will be ejected leaving a molecular ion. The ion then may dissociate 

into a smailer ion and a neutml fragment

e ~ E  + AB ->  e~E -IP + AB* + e~ equation 2.31
AB* A* +B  equation 2.32

An electron may temporarily attach itself to the molecule forming a temporary negative ion 

(TNI). This short-lived state is ended either by the ejection of the electron (equation 2.34) or 
the splitting of the temporary negative ion into fragments, one of which is negatively charged 

(equation 2.35). This process is known as dissociative electron attachment (DEA).

e~E + AB —► AB equation 2.33

then

AB —► AB + e~ equation 2.34

or
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equation 2.35

2.6.2 Measurable quantities in collision experiments

Many experiments can be devised to measure different experimental quantities. Cross 

sections are an important quantity that give the probability of a certain event happening. 
Each of the processes listed in 2.6.1 has a cross section. The magnitude is dependent on the 

molecule involved and the energy of the photon/electron. In addition there may be angular 
dependencies so that the geometry of the process becomes important. Two types of cross 

section have been measured for molecules in this thesis: the scattering cross section and the 

photoabsorption cross section.

The scattering cross section

The scattering cross section is one of the most important measurable quantities in 

experimental collision experiments. Figure 2.9 shows the set-up for a scattering experiment.

Beam | 
Source Incident 

. Beam
Target

Scattering 
distance R

Detector Z -a x Is

Figure 2.9 : Set-up for a scattering experiment

The incident beam supplies a flux of Nine particles per unit area per unit time to the target. 
The colliding particles scatter off the target at a range of angles. Using spherical polar co

ordinates the detector has a collection area of dQ, (where the solid angle 

dQ= sin 6 d9 cAẐ and is situated at a distance of R from the target at an arbitrary angle from 

the incident angle trajectory (z-axIs). The flux arriving at the detector per unit time {dNsati is 

proportional to the product of the incoming flux and the detector solid angle {dt2) and is 

angle dependent.

equation 2.36

The constant of proportionality in equation 2.36 is called the differential scattering cross 

section an/A is given the symbol (daldO). Hence rearranging the above equation gives the 

differential scattering cross section as
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dQ,
dN,

equation 2.37

The total incident flux N/nc should be recoverable after scattering by moving the detector to all 
possible angles and summing these partial fluxes. This quantity is known as the intégra/ 

scattering cross section and is given the symbol Ototah

= I
da

A lio . \d Q
dQ

2a-/ , \
-\smeded(l>

0 0 dQ

equation 2.38a

equation 2.38b

The integral scattering cross section forms the constant of proportionality between the total 
scattered particles per unit time and the incident flux per unit time.

equation 2.37

The scattering cross sections are also energy dependent. The energy dependence of the 

differential scattering cross section can be evaluated and given as the double differential

scattering cross section where fis  the energy of the scattered particles.

Photoabsorption cross section and absorbance

The measurable quantity in photoabsorption spectroscopy is the photoabsorption cross 

section. The photoabsorption cross section of a molecule/atom is energy dependent and 

determined from the Beer Lambert Law. A typical experimental set-up is shown in figure 

2.10.

Photo Multiplier Tube (PMT) 
^  type detector

Path Length L

Target gas In 
sample cell

Target Area 
per molecule

= 0 "

Incident radiation

Figure 2.10 : Set-up for a photoabsorption experiment
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The incident radiation of intensity Ig passes through a gas ceil of path length L Inside the 

cell is a single species of molecule at a number density of /V particles per unit volume. The 

molecular species has a target area per rrx)lecule or photoatsorption cross section of a which 

is to be determined. The radiation that has passed through the cell is incident on a detector, 
in this case a photomultiplier tube, which converts photons into electrons and amplifies the 

signal to detectable levels. The Beer-l̂ ambert law states:

I{E ) = Iq (E)exp(- N  X (t{e) x  L) equation 2.40a

(r(E ) =  equation 2.40b
 ̂ ’  N x L

where I  (£) is the intensity of light recorded at energy £, Ig (£) is the incident intensity of 
light at energy E and a  (£) is the photoabsorption cross section of the molecular species at 
energy £  Experimentally the incident intensity is found by recording the intensity with no 

gas in the cell. The quantity (/Vx a(£) x Z. ) is known as the absorbance, A (E), and is a 

commonly measured quantity in photoabsorption spectroscopy. One problem when 

measuring the photoabsorption cross sections of a molecule is fine saturation. This can cause 

an underestimate of cross sections at high pressures. Line saturation will be discussed in 

more detail chapter 3.1.

2.7 Conclusions

In this chapter molecular spectroscopy has been described. The three internal degrees of
freedom -  rotational, vibrational and electronic transitions -  were discussed with their
selection roles. The Bom-Oppenheimer approximation and the Frank-Condon principle were 

introduced. The collisional processes for a molecule and a photon or electron were outlined. 
The quantities of photoatjsorption and scattering cross sections were introduced.

In the next chapter the apparatus used in this research will be detailed. The chapter will be 

divided into two sections. The first will deal with photoabsorption experiments and indude 

details of two synchrotrons and a Fourier transform infrared spectrometer. The second 

section will deal with electron-impact apparatus and detail two EELS spectrometers along 

with an electron stimulated desorption (ESD) experiment.
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Chapter 3: Apparatus

Indeed, w hat is  there that does not appear m arvellous when it com es 
to our knowledge for the first tim e? How m any things, too, are looked 

upon as quite im possible until they have been actually effected?

PHny the Elder

This chapter is intended to provide the reader with an introduction to the apparatus that was 

used over the course of this research project. There are a myriad of possible methods that 
can be used to investigate the spectroscopy of molecules. The research in this thesis has 

been mainly performed using photoabsorption spectroscopy in the ultraviolet/visible and 

infrared ranges, and electron energy loss spectroscopy.

This chapter is divided into two main sections. The first section describes the apparatus that 
was used for performing the photoabsorption spectroscopy experiments at vacuum-ultraviolet 
(VUV) and the infrared (IR) wavelengths. The second section describes apparatus used in 

electron Impact studies. Two electron energy loss (EEL) spectrometers are described 

together with an electron stimulated desorption (ESD) experiment.

3.1 Ultraviolet /  Visible wavelength photoabsorption spectroscopy

Ultraviolet and visible wavelengths are useful regions of the electromagnetic spectrum in 

which to study molecular spectroscopy. Photons in these wavelength regions possess 

sufficient energies (> 1 eV) to excite electronic transitions. In addition the results obtained in 

the laboratory will have direct relevance to the atmosphere where photons of these energies 

are prevalent.

Visible light can be readily produced either as white light [e.g. by heating an filament and 

filtering the wanted wavelengths] or by using a monochromatic source of light (e.g. a sodium 

lamp which emits at 589 nm). Near-UV light can be produced using a deuterium lamp which 

emits continuously In the range of 190 to 600 nm. At around 180 nm (6.9 eV) all ultraviolet 
photons are absorbed by O2 molecules in the air so to perform UV absorption experiments it 
is necessary to run the experiment in a vacuum. Hence the region of the electromagnetic 

spectrum with energies of 6.9 eV and atx)ve is known as tfie vacuum-ultraviolet (VUV) region. 
A useful source of radiation covering these electromagnetic spectral regions is the 

synchrotron. This is a large electron accelerator that can accelerate electrons up to very high 

(~ GeV) energies around a circuit confined by magnets. When the electron beam is deflected
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from a straight path the accelerations undergone cause the electrons to lose energy in the 

form of EM radiation. A synchrotron is a white light source and the radiation therefore needs 

to be energy selected if it is to provide a monochromatic source of UV photons.

Experimental resolution

An important consideration in the determination of cross sections is the achievable resolution 

of the experiments. Low resolution experiments will show molecule photoabsorption spectra 

as broad featureless bands. However, by refining the experiment to a higher resolution it is 
seen that an apparently featureless band may contain vibrational structure. At still higher 

resolution the vibrational peaks may turn out to be composed of a series of rotational lines 

with P and R branches. This is illustrated in figure 3.1 where in situation A the resolution is 

only sufficient to show a featureless band. In situation B the resolution has been increased 

and the spectral range narrowed in the mid-peak region so that vibrational structure is 
revealed. In situation C the resolution is increased further and the spectral range further 
narrowed to view just one vibrational peak where rotational lines are now revealed.

0.8 1

0.5

0.4

0.3 :

0.2

Energy

Figure 3.1 : Effect of increasing resolution in spectroscopy experiments

The determination of absolute cross section values is hence inextricat)ly linked to the 

experimental resolution. Low resolutions merge individual spectral lines and, by averaging 

peaks and troughs, lower the measured cross section. High resolutions may involve a 

lowering of incident radiation intensity as only photons/electrons that fall within a narrow 

energy spread are selected. Hence an experiment must try to maintain a workable balance 

between intensity and resolution.
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Line Saturation Effect

While high resolutions may be obtained in photoabsorption experiments, it is impossible to 

attain zero bandwidth (i.e. infinite energy resolution). The result of this is that errors may 

occur which propagate through to cross section values obtained using the Beer-Lambert law 

(equation 2.40a). The line saturation effect results in errors of the measured peak heights 

and the area under peaks. The line saturation effect is most severe at high pressures where 

large peak intensities can be underestimated. Since the effect Is pressure-dependent It can 

be eliminated experimentally by decreasing sample pressure until the calculated cross section 

is pressure-independent. One important advantage of eiectron-impact experiments Is that 

they do not suffer from line saturation.

3.2 Synchrotron radiation sources

A synchrotron is a source of radiation that provides a continuum of photons from infrared to 

X-ray energies. The main features of a synchrotron emission spectrum are that the 

intensities are many orders of magnitude higher than conventional light sources (except 
lasers) and that the light is 100 % polarised in the plane of the storage ring. In addition the 
radiation produced is less divergent than most laser sources and the time structure of the 

output is precisely characterised.

The process by which synchrotron radiation is emitted is known as bremstraNung (German = 

"braking - radiation"). The acceleration of an electricaiiy charged particle causes the emission 

of electromagnetic radiation. A synchrotron radiation source (SRS) causes radiation emission 

by accelerating pulses of electrons in powerful magnetic fields. The magnetic field is 

perpendicular to the electron velocity vectors so the electrons are confined to circular paths 

or arcs. The total power emitted by the electron is proportional to the square of its velocity.

There are three main types of magnetic configuration used in synchrotrons. The first is the 

storage ring This configuration can be achieved by using a single constant magnetic field 

(which would provide a circular path) or by a series of magnetic dipole fields {bending 

magnet̂  placed at various points in the beam path (e.g. the ASTRID synchrotron in Aarhus, 
Denmark has 4 bending magnets providing a square storage ring).

A bending magnet provides a constant field that confines the electron beam to a circular arc 

of radius /? according to

mv
R = ----- equation 3.1

Be
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where R is the radius of the circle, m is the electron mass, i/is the electron velocity, B \s the 

magnetic field strength and e is the electronic charge. Hence, the radius for an electron of 
constant velocity is dependent on/y upon the field strength. A configuration of this type 

typically uses magnetic fields with magnitudes of around 1 Tesla. The configuration of a 

bending magnet is shown in figure 3.2.
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Radiation

Figure 3.2 : Synchrotron bending magnet

A second configuration is a wiggler magnet. The wiggler magnet is divided into three 

magnetic field regions. The magnetic field in the two end regions has the same magnitude 

and direction. In the middle section the magnetic field lies anti-parallel to the end regions. 
Thus the electron is bent from its initial trajectory then back again. The electron thus emits 

several photons over the course of its travel through the wiggler but experiences no net 
change in its trajectory. The magnetic fields used by a wiggler are typically about 6  Tesla. 
Thus the energy range over which photons are produced, which is only affected by the field 

strength, is correspondingly higher. In addition the wiggler is more compact than a bending 

magnet as the radii of curvature are smaller than those associated with a bending magnet. A 

wiggler magnet configuration is shown in figure 3.3.
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Figure 3.3 : Synchrotron Wiggler magnet

The third magnet configuration is an undulatvr. Like a wiggler the undulator consists of 
magnetic regions with alternating field directions though the deflections are smaller than for 

the wiggler and there are a larger number of alternating regions. This causes the electron
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path to undulate or "wobble" about its mean path. The radiation emitted in sucœssive 

undulations superposes œherently (like a laser) so the photon intensity will be high. This 

œherent superposition however means that the radiation produced by an undulator is 

discrete and almost monochromatic in the higher energy regions of the electromagnetic 

spectrum. This is in contrast to the radiation continua produced by the bending and wiggler 

magnet types. A typical undulator design is shown in figure 3.4.
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Figure 3.4 : Synchrotron Undulator magnet
The higher magnetic fields required in the wiggler and undulator devices are beyond the field 

strengths attainable by conventional magnets and thus require the use of superconducting 

magnets.

Typical bremstrahlung emission spectra of dipole, wiggler and undulator magnets at are 

shown in figure 3.5 (note: the undulator data is from the ASTRID synchrotron source).
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Figure 3.5 : Synchrotron radiation intensity versus energy

Synchrotron radiation is highiy collimated due to a relativistic effect known as the headlight 

effect. This phenomenon, inherent in highly relativistic systems, confines emitted radiation
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from an electron beam to a narrow beam in the direction of electron motion. The headlight 

effect for an isotropically emitting electron with various energies is shown in figure 3.6.

E = OeV E = 10 keV 
V = 0.165 cv = Oc

E = 100 keV 
V = 0.548 c

E = 1 MeV 
V = 0.941 c

E = 5 MeV 
V = 0.996 c

E = 10 MeV 
V = 0.9988 c

E = 75 MeV 
V = 0.999977 c

E = 100 MeV 
V = 0.999987 c

E = 2 GeV 
V = 0.999999967 c

Figure 3.6 : The headlight effect for various electron energies

The blue lines in figure 3.6 show the emission path of radiation from an isotropically emitting 

electron as observed in a stationary plane. At rest the radiation has 5 degree separations as 

expected. When the electron has an energy of 10 keV virtually rx) change is seen although at 
100 keV the lines are seen to be bunching more in the direction of travel. At 1 MeV much of 

the radiation intensity is confined in the forward directions and at 5 MeV all radiation lies 

within 90 degrees of the velocity vector. At 75 MeV the radiation is contained in a 17.5 

degree angle and at 100 MeV to 13 degrees. At 2 GeV, the speed of electrons in the 

Daresbury synchrotron, the radiation is essentially confined to being a collimated beam 

parallel to the direction of electron travel (Appendix 1 describes the headlight effect).

3.3 The Daresbury Synchrotron Radiation Source fSRSl

The Daresbury syrxtirotron was one of the first storage ring sources built in the world. A 

schematic layout of the Daresbury SRS is shown in figure 3.7.
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Figure 3.7 : Schematic layout of the Daresbury SRS
Figure 3.7 shows the three main œmponents that are used to prepare the electron beam: a 

linear accelerator (UNAC) and two quasi-drcular storage rings. Electrons are emitted in 

pulses from a hot cathode and then pass through a linear accelerator. This accelerates the 

electrons to an energy of 10 to 15 MeV (velocity = 0.99881 c to 0.99945 c). These pulses of 
electrons are then injected into the booster synchrotron. This ring, with a radius of 5.06 

metres, is used to accelerate the electrons up to 600 MeV (v = 0.9999996 c). The 

acceleration is performed in such a way that the electrons form into bunches separated by a 

precise 2 nanosecond gap. The electron bunches are then injected into the main storage ring 

which consists of 16 dipole magnets that describe a quasi-drcular path with a radius of 15.28 

metres. In the storage ring the electron bunches are accelerated to energies of 2 GeV 

(v = 0.999999967 c) at which point the electron mass is 3900 times its rest mass. At these 

velodties the headlight effect collimates the emitted radiation into a beam with minimal 
divergence. This radiation can be extracted via a number of tfeamllnes to individual 

experiments. Given the large and continuous range of photon energies that are produced 

many experiments are possible from photoabsorption and photoelectron studies to Compton 

scattering and X-ray diffraction structure studies. To extract the correct photon energies for 
each experiment from the continuum the radiation must then be monochromated.

3.3.1 The SEYA monochromator

In order to be able to perform meaningful spectroscopic experiments it is necessary to be 

able to select a single wavelength of radiation from the continuous spread of wavelengths. A 

device that performs this task is known as a monochromator. In the visible/ultraviolet 
experiments performed at Daresbury the SEYA monochromator was used to select individual 
wavelengths. The SEYA monochromator is used in the wavelength range from 30 nm to 500 

nm at resolutions in the range 0.1 to 1 nm. The monochromating component of the SEYA
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monochromator is a reflection grating. A reflection grating consists of a diffraction grating 

superimposed upon a reflective rather than a transparent surface.

The first diffraction grating built for scientific purposes was constructed in 1821 by Joseph 

von Fraunhofer and consisted of a number of equidistant slits. The principle of operation of a 

diffraction grating is that a monochromatic plane wave incident upon the grating will be 

diffracted. At each slit the plane wave becomes a circular wave. Each circular wave will 

interfere with the other circular wavefronts such that at certain angles, where the path length 

difference is an integral number of wavelengths the light interferes constructively and 

the intensity is doubled. Where the path length differences are half-integral the interference 

is destructive and no intensity is observed. The constructive interference has several orders 

consisting of. m = 1 (first order) where the path difference is one wavelength, m = l (second 

order) where the path difference is two wavelengths, and so on. The zero order, /r? = 0, is 

where no diffraction occurs. The diffraction angle is given by

sin^ = equation 3.1

where 6 is the diffraction angle, d is the slit spacing, m is the diffraction order and A is the 

wavelength. Where the light source is polychromatic, each wavelength will be deflected by 

different angles. Figure 3.8 demonstrates the action of a diffraction grating.
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Figure 3.8 : A) The action of a two-slit grating on monochromatic light plane 
waves, B) Diffraction angles of polychromatic light from a 600 lines mm^

reflection grating
At the heart of the SEYA monochromator is a rotatable reflection grating. A schematic of the 

SEYA monochromator is shown in figure 3.9.
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Figure 3.9 : The SEYA monochromator

As shown in figure 3.9 the light leaving the grating travels a predse path to a mirror and 

thence to the experiment. The SEYA monochromator selects the necessary photon energy by 

rotating the grating until the required first order {m = 1 ) light is able to pass up to the 

second mirror. This rotation action is shown in figure 3.10.
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Figure 3.10 : Rotation of the reflection grating

The SEYA monochromator has three interchangeable gratings for use at different energies, 
which are summarised in table 3.1.

Grating
Description

Energy Range Peak Output Number of lines
(eV) (nm) (eV) (lines per mm)

Low Energy 2.5 to 10.3 eV 120 to 500 nm 7.3 eV 600 lines /  mm
Medium Energy 5 to 20.5 eV 60 to 250 nm 15.5 eV 1 2 0 0  lines /  mm
High Energy 10.3 to 31 eV 40 to 120 nm 22.5 eV 1 2 0 0  lines /  mm

Table 3.1 : Parameters for SEYA monochromator reflection gratings 

3.3.2 The photoabsorption cell

Once tfie synchrotron radiation has been extracted to the beamline and monochromated it is 
allowed to pass into the absorption cell apparatus. There are several different 
interchangeable gas cells available according to experimental requirements. For example,
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there is a temperature-controlled cell and a windowless cell. All the measurements presented 

In this thesis were performed with the simplest photoabsorption gas cell, which is based on a 

commercially available six-way cross adapter and is shown in figure 3.11.

Baratron

Photomunipller 
Tube Detector

Blank

LIF Window
LIP Window

Gas Inlet
Monochromated 
Synchrotron Light

To
Pump

''̂ On/Off
Valve

Figure 3.11 : Photoabsorption cell
At the top of the cross is a Baratron type pressure gauge, at the bottom an on/off valve 

leading to the pumping station. On one of the sides is a blank and opposite it is the gas inlet 
via a needle valve. On the other two arms are lithium fluoride (UF) windows defining the 

path length of the photoabsorption cell. One of the windows allows the monochromated light 

to enter the cell while the other allows it to leave and pass into a photomultiplier tube (PMT) 
type detector. The path length between the windows is fixed at 16 cm and the windows 

allow light transmission up to ~11.3 eV (110 nm). The cell is initially evacuated by a 

turbomolecular pump (turbopump) backed by a rotary pump. Typical background pressures 

of 10  ̂Torr or lower could be obtained. When the cell has been evacuated the pump valve is 

closed and the gas inlet valve opened until the required pressure is obtained (typically of the 

order of 0.1 to 1 Torr).

3.3.3 Operation and data acquisition

The photoabsorption spectra produced using this apparatus are obtained in wavelength 

ranges of typically 20 nm which are divided into steps of 0.05 nm. Each wavelength is 
selected in turn by a computer program controlling the SEYA monochromator.

Before the PMT can detect the intensity signal, the ultraviolet photons that are used in the 

experiment must be converted into visible wavelength photons. In order to accomplish this a 

window which has a coating of sodium salicylate (NaCyHgO]) is placed at the end of the
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beamline. One of the useful properties of this molecule (which is also the basis of aspirin) is 

that it absorbs ultraviolet light and then emits visible wavelength radiation. The 

photocathode part of the PMT (usually a mixture of alkali metals) then converts the visible 

photons to electrons. A series of increasingly higher potential dynodes then multiplies the 

primary electron into an avalanche of secondary electrons that can be detected as a net 

current on an electrometer.

In order to calculate the photoabsorption cross section at a given energy the Beer-Lambert 
law (equation 2.40a) must be adopted. To solve the equation and calculate the 

photoaljsorption cross section the sample pressure, light intensity and synchrotron storage 

ring current must be recorded.

Sample Pressure -  the pressure is monitored with a Baratron type pressure gauge and 

converted to number density using the ideal gas law.

pV  = nkT equation 3.2

which can be rearranged in terms of the number density, N.

N  — — — ^  equation 3.3
V kT

where is the sample pressure, Aris the Boltzmann constant, ris the absolute temperature, n 

is the number of molecules and /is  the sample cell volume.

Light Intensity-  The intensity of light with the gas sample in the cell, /, is measured by the 

photomultiplier tube. The intensity with the cell evacuated (a "blank") is also measured to 

provide Iq .

Storage rina current-  This quantity is not required in equation 2.40a. However, the current 
present in the storage ring will slowly decrease over time resulting in a decrease in radiation 

intensity. Hence, it is necessary to monitor the current so that the cross sections can be 

normalised properly.

The other quantity required is the path length, L, which remains constant at 16 cm. All these 

data are monitored and recorded automatically by the computer controlling the apparatus 

which may then be used to calculate the cross sections according to equation 2.40b. The
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intensities used in the equation 2.40 are intensities measured from two scans -  one "blank" 

[Jo (^ ] and one with a sample in the cell [/(£ )].

3.3.4 Calibration

To ensure that the system is properly calibrated it is necessary to record photoabsorption 

spectra of some ''̂ calibration molecule '̂. Wavelength calibration is obtained by measuring 

fine structure observed in nitric oxide, NO, which has structure between 5 and 10 eV and is a 

stable gas. A photoabsorption spectrum of NO obtained at Daresbury is shown in figure 3.12.

4 ..

j J - U
Energy (eV)

Figure 3.12 : NO photoabsorption spectrum

The second part of the calibration process is to calibrate the apparatus for absolute cross 

sections. As spectral lines are prone to the line saturation effect it is normal to use a broad 

continuum region in a photoabsorption spectrum to calculate cross sections. One molecule to 

exhibit such a spectral feature is molecular oxygen, O2, where the Schumann-Runge range 

exhibits a broad peak between 7 and 9.5 eV. A measurement of the cross section of oxygen 

near the top of the band can be compared with previous data. A photoabsorption spectrum 

of molecular oxygen recorded at Daresbury is shown in figure 3.13 (Mason 1996).

25 -
Schumann-Runge Band

* 1 0 -

5 :

105 117.5 8.5 9.5

Energy (eV)

Figure 3.13 : Photoabsorption spectrum of O2

The cross sections are of course subject to errors, which may be evaluated using equation 

3.4.
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equation 3.4

where cr is the cross section, zlcris the error in the cross section, p is the sample pressure, Ap 

is the error in the pressure measurement, I  is the transmitted intensity, lo is the incident 
intensity and A{Iq 11) is the error in the ratio {lo/1)- This error is found to be typically 10 % 

or less.

3.4 ASTRIP Synchrotron

Another synchrotron source that has been used in this research is the ASTRID synchrotron at 

the University of Aarhus in Denmark. ASTRID is a dual-mode storage ring that can be used 

to contain either electrons or ions (of either positive or negative polarity). Seven beamlines 

covering a wide range of photon energies from visible to X-ray are available. The beamline 

used for this research was the UV-1 beamline. A schematic diagram of the ASTRID 

synchrotron is shown in figure 3.14.

UV-1 Beamline

Extraction
Beamline

Other
Beamlines Unduiator

Ion
Sources

Bending
Magnets

Electron
Cooler Injection

Beamline

m RTM 
^ Electron 
Accelerator

Figure 3.14 : Schematic diagram of the layout of the ASTRID synchrotron

The electron accelerator, which is of a Race - Track Microtron (RTM) design, accelerates the 

electrons up to 100 MeV (v = 0.999987 c) by recycling the electron beam through a linear 

accelerator (LJNAC). A schematic of the RTM used at ASTRID is shown in figure 3.15.
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Figure 3.15 : Schematic diagram of the ASTRID RTM

The two large dipole magnets are used to turn the electron beam through two 180 degree 

bends. As the electron energy Is Increased with each pass through the LINAC the radius of 
curvature of the electron path also Increases. After 18 passes through the LINAC the electron 

beam enters another dipole magnet, which bends the beam Into the storage ring injection 

system.

The storage ring has a square geometry with 10 metre long arms connected by 90 degree 

bending magnets. The maximum electron energy In the storage ring Is 580 MeV 

(v = 0.9999996 c) at which point the electron mass Is approximately 1100 electron rest 

masses. The maximum current that can be stored In the ring is 250 mA and lifetimes of 15 

hours are possible at 150 mA. The UV-1 beamline Is supplied with synchrotron radiation by 

one of the dipole magnets as shown In figure 3.14.

3.4.1 The UV-1 Beamline at ASTRID

The UV-1 beamline Is the newest of the seven beamlines at ASTRID and Is designed to 

operate In the wavelength range of 100 to 700 nm (~1.8 to 12.4 eV). This wavelength range 

Is a very useful one to operate In as It Is of direct relevance to the sunlit atmosphere. The 

layout for the UV-1 beamline is shown in figure 3.16.
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Figure 3.16 : Schematic diagram of the UV-1 beamline

The alignment and monochromating of the beam are handled by two optic elements: the 

toroidal pre-mirror and the toroidal grating. The toroidal pre-mirror provides Independent 
focussing for the horizontal and vertical beam alignments. The toroidal grating Is an 

expensive type of monochromator that uses a concavely curved grating. Concave gratings 

are useful as the exiting beam requires no collimation. As a result fewer optical elements are 

needed and light Intensity loss through the system Is reduced. To cover the whole 100 to 

700 nm range of UV-1, there are two Interchangeable toroidal gratings. The properties of 
these gratings are given In table 3.2.

Grating
Description

Number of Lines Energy Range
(lines per mm) (eV) (nm)

Grating # 1 1 0 0 0  lines /  mm 1.8 to 6.2 eV 700 to 200 nm
Grating # 2 2 0 0 0  lines /  mm 3.5 to 12.4 eV 350 to 100 nm

Table 3.2 : Properties of toroidal gratings for the ASTRID UV-1 beamline
UV-1 Is capable of resolving powers of between 1000 and 5000 and provides a typical flux of 
2  X 1 0 ^̂ photons per second.

3.4.2 The Dhotoabsorption cell

The gas sample cell for the UV-1 beamline Is based upon a 250 mm long six-way cross 

adapter. The arrangement Is essentially the same as that for the Daresbury photoabsorption 

cell. On the top arm Is a Baratron pressure gauge, while the bottom and one of the sides are 

blanks. On the other side Is the gas Inlet. The front and rear of the cell are defined by 

caldum difluoride (Cap2) windows. At the rear of the cell behind the outlet Cap2 window Is a 

photomultiplier tube (PffT) to detect the radiation intensity. Helium was flowed between the 

outlet Cap2 window and the photomultiplier tube In order to expel oxygen which could cause 

anomalous absorption. A schematic diagram of the UV-1 photoabsorption cell Is shown In 

figure 3.17.
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Figure 3.17 : Schematic diagram of the ASTRID UV-1 photoabsorption cell 

3.4.3 Measured quantities

To determine the cross section using the Beer-Lambert law (equation 2.40a) several 
quantities are recorded at each wavelength. These quantities are the radiation intensity, the 

pressure and the storage ring current. The radiation intensity is recorded with the sample in 

the cell and a "blank" is recorded with the cell evacuated. The sample pressure allows the 

number density to be calculated via the ideal gas law as in equations 3.2 and 3.3. The 

current circulating in the storage ring is directly proportional to the intensity of synchrotron 

radiation produced and decays slowly over a period of time. Thus a record of storage ring 

current will allow the intensity to be normalised. These quantities are all recorded and allow 

the calculation of photoabsorption cross sections according to equation 2.40b.

3.5 Infrared Dhotoabsorption spectroscopy

Infrared photoabsorption spectroscopy is fundamentally the same as that in the visible and 

ultraviolet ranges with photoabsorption cross sections being calculated using the Beer- 
Lambert law (equation 2.40). The infrared spectra presented in this thesis were obtained 

using a Fourier transform infrared (FTIR) spectrometer. This type of instrument (which is 
also applicable to visible, and UV spectrometry) uses a Michelson type interferometer to split 
a beam of monochromatic light into two parts before later recombining them. The layout of 

the elements of a Michelson interferometer are shown in figure 3.18.
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Figure 3.18 : Interferometer for use in FTIR/FTUV/FT-visible spectroscopy

Light is incident upon the semi-silvered beam splitter aligned at 45° to the incident beam. 
One beam is reflected through 90° to the fixed mirror m% where it is reflected straight back to 

the beam splitter. The other beam, which passes straight through the beam splitter, is 
incident upon a moveable mirror m2 . The movement of this mirror is capable of being 

precisely controlled in the direction of the incident beam. During measurements this mirror is 
travelling at a constant velocity. The beam is again reflected back to the beam splitter. 

When the two reflected beams arrive at the beam splitter they interfere with each other. If 
the difference in path length of the two beams is an integral number of wavelengths (phase 

difference = 0  °) constructive interference occurs, resulting in the combined beam having 

twice the intensity of the individual beams. If the path difference is a half-integral number of 

wavelengths (phase difference = 180 °) the interference is destructive and the combined 

beam has zero intensity. At intermediate path length differences the intensity is intermediate 

between the two extremes. The intensity arriving at the detector varies sinusoidally with 

phase difference.

The total signal arriving at the detector is due to a whole range of wavelengths so the 

intensity variations are all mixed together. In order to get a useful spectrum of intensity 

versus wavelength it is necessary to perform a Fourier transformation on the detected signal. 

This is a lengthy and complex mathematical operation and is performed by a computer 

attached to the spectrometer.

3.6 The RAL Molecular Spectroscopy Facility FTIR spectrometer

There are a wide variety of types of Fourier transform infrared (FTIR) instruments available 

to spectroscopists. In the Molecular Physics Laboratory (MPL) at UCL there is an FTIR 

spectrometer measuring just 25 x 50 x 60 cm but capable of measuring spectra to a
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resolution of 1 cm \  The spectra presented In this thesis required higher resolutions of 

0.03 cm'̂  or better. In order to get these high resolutions the Bruker IPS 120HR FTIR at the 

Molecular Spectroscopy Facility (MSF) at Rutherford Appleton Laboratory (RAL) was used. 

This instrument has a maximum optical path difference of 6  metres which allows it to attain 

resolutions of up to 0.0015 cm  ̂ This is the highest attainable resolution of any FT 

spectrometer in the United Kingdom. The internal arrangement of the Bruker IFS 120 HR 

FTIR spectrometer is shown in figure 3.19.
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Figure 3.19 : Internal schematic of the Bruker IFS 120HR FTIR spectrometer

The optical parts in light yellow in figure 3.19 are optional parts that were not used in the 

experiments for this thesis. There are three internal light sources built into the Bruker 120 

HR. The light source used in this work is a Globar silicon carbide rod, which is a standard 

source for mid-infrared (MIR) spectroscopy. The silicon carbide, which is an electrical 

conductor, is resistively heated to around 1500 K. All three internal light sources are 

mounted in a water-cooled metal block which is necessary to prevent arcing between the 

electrical contacts. The emission spectrum of the Globar source is shown in figure 3.20.
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Figure 3.20 : Globar emission source spectrum

The light radiated from the Globar rod Is channelled through an aperture of selectable size to 

the beamsplitter. The beamsplitter Is constructed of germanium/potassium bromide (Ge/KBr) 
which Is suitable for MIR radiation. Half of the radiation that arrives at the beamsplitter Is 

reflected to a fixed retro-reflector mirror. The other half of the Incident radiation Is 
transmitted to a second moveable retro-reflector mirror. The beamsplltter-mlrror distance Is 

computer-controlled. The two radiation beams that are reflected by the retro-reflector 
mirrors reach the beamsplitter and Interfere constructively or destructively according to the 

phase difference. Part of the Interfering beam Is then transmitted between three more 

mirrors before passing through a selectable filter. The radiation is then Incident on a 

rotatable mirror which sends it to one of two sample positions where the gas cell is placed. 
After Interacting with the sample the radiation Is directed by two more mirrors Into the 

detector area. There are six different detectors that can be used. Detectors 3 and 4 can be 

used by rotating the two small mirrors just Inside the detector section. For the other four 
detectors the beam passes through a periscope type arrangement onto a larger rotatable 

mirror that deflects the radiation onto any of the four detectors' concave collecting mirrors. 
The detector used for this work, number 1 In figure 3.19, Is a liquid nitrogen cooled 

broadband mercury-cadmlum-telIuride (MCT) detector. Non-llnearlty effects In the MCT 

detector were minimised by reducing radiation Intensity using an aperture and by narrowing 

the band-pass. The operation of the whole apparatus Is controlled by a computer running 

Bruker Opus software and connected to the Instrument. The user selects the resolution, 
number of scans, aperture widths, etc. A background scan Is run first to allow the Incident 

Intensity to be determined to solve the Beer-Lambert law (equation 2.40a). The sample Is 
then allowed to enter the sample cell while the pressure Is carefully monitored with a 

Baratron pressure gauge. Once the required pressure Is attained the Inlet valve Is closed and 

the gas Inlet system evacuated. The sample scan can now be Initiated. Over the duration of 
the scan the temperature of the gas cell was continuously monitored using a series of eight 

thermistors located on ttie cell surface. On some runs the data was logged automatically by 

the computer and on others the process was manual with a multimeter used to read the
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values. The thermistors were calibrated to read 10,000 Ohms at 25°C and have an operating 

range of -  80 to 150°C

The photoabsorption cross sections are caiculated using the Beer-Lambert iaw (equation 

2.40a). The absorbance at a given wavenumber is caiculated by taking the ratio of the 

intensity with the sampie in the celi and the intensity with an empty ceii. Over the range of 
wavenumbers used this produces a fiie of around 1 0 0 , 0 0 0  energy versus absorbance data 

points. The number density is calculated from the ideal gas law (equation 3.3) using the 

average recorded temperature and pressure. The sample cell path length (5.0985 cm) is 

temperature-dependent as the stainiess steei body wiii expand or contract with changing 

temperature and pressure-dependent as the windows are attached to the stainless steel body 

with compressible vacuum seals. The changes to the path cell length were calculated 

individually for each file and applied to the caicuiations as required.

3.7 Electron impact apparatus

In chapter 2.5.2 it was seen that eiectrons impacting on molecuies can undergo several 
processes that are equivalent to photon-molecule interactions. With appropriate conversion 

(chapter 3.8.7) these eiectron impact results can be made directly equivalent to those from 

photoabsorption experiments, but without suffering any saturation effects. This adds an 

extra degree of flexibiiity in the measuring of spectroscopic data allowing many different 
types of apparatus to produce equivalent data. Electron impact experiments require the 

ability to generate, focus, direct and maximise the resolution of eiectron beams. The 

following section describes the apparatus used to produce such eiectron beams.

3.7.1 Electron Optics: Lenses, Deflectors and Monochromators 

Electron Lenses

In photon experiments optical lenses and mirrors are used to direct, focus and collimate 

photons beams. In electron experiments the ''lenses" consist of electrostatic or magnetic 

fields that act upon the intrinsic electric charge of the eiectrons.

Light waves may be refracted upon passing from one medium to another if the refractive 

indices are not equal. This refraction from curved glass lenses allows light to be focused to 

or from a point Unlike photons, electrons have mass and cannot pass through solid matter 
like optical lenses. However, the intrinsic electronic charge of an eiectron means that its path 

may be altered through application of an external electric field. Thus, in an analogous way to 

photons passing between media of different refractive indices, electrons will be refracted by
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passing a boundary between regions of different electrostatic potential. This is illustrated in 

figure 3.21.

Optical Lens Electron Lens

Figure 3.21 : Changes in photon and electron trajectories at a boundary

In optics Snell's Law governs the angles of refraction, 0i and 0 2 , in optical lenses.

sin 6̂  _ «2 
sin 62 «,

equation 3.5

where rij and are the refractive indices of regions 1 and 2 respectively. In an electron lens 

case the refraction angles are given by.

sin 6̂  

sin 62 V K,
equation 3.6

where Vi and 16 are the respective electrostatic potentials of regions 1  and 2 .

In practice such a distinct and abrupt boundary between two potentials is unlikely to occur 

and the situation is more like in figure 3.22 where two cylindrical electrodes cause curved 

equipotentials to form that can focus an electron in a way analogous to a thick optical lens.

Electrostatic Equipotentials

Electron 
^  Path

] Lens 2Lens 1

Figure 3.22 : Electrostatic equipotentials in two cylindrical lenses
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Practical electrostatic lenses are generally composed of a number of elements, which can be 

cylinders or apertures. Each element can have its potential varied to change the focal 
properties of the composite lens. Examples of aperture and cylinder electron lenses are 

shown in figure 3.23 A.

3 Element Lens 2 Element Lens

Figure 3.23 : A) Examples of aperture and cylinder type electron lenses, B) The 
geometrical quantities that define the properties of an electron lens

The focusing properties of cylindrical electron lenses are functions not only of the potentials 

on the elements but also on various geometrical ratios. The important quantities are: >4 -  the 

distance between midpoints of the gaps between the elements, D - the internal diameter of 

the cylinders and G - the size of the gap between elements. The ratios of importance are 

{G I O) and {A /  Cf), which can be related to the ratios of voltages on the elements from 

theoretical calculations. The geometrical quantities A, Pand (S'are illustrated for a 3 element 
cylindrical lens in figure 3.23 B.

In theory electron paths can be traced as rays through the electrostatic lens system. 
However, unlike a theoretical ray, a real electron beam will have a finite extent and so it is 

necessary to consider the angular distribution of the electron beam. The electron beam must 
be defined by two appropriate apertures that are called the window and the pupii. The 

window is the object upon which the lens acts to produce an image. The pupil is an aperture 

that defines the range of angles that are allowed to enter the lens from any emission point in 

the window. The angular distribution of the beam can be defined in terms of two angles -  

the beam angie a and the pendi angie 6. The beam angle is defined as the angle at which 

the central ray from the edge of the window crosses the axis in the plane of the pupil. The 

pencil angle is defined as the angle subtended at the centre of the window by the radius of 
the pupil. The window aperture pupil aperture (/^), beam angle (a) and pencil angle 

{9) are all shown in figure 3.24 (after Meddle, 1991).
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Figure 3.24 : Definition of windows, pupils, beam angle and pendl angle

The total angular divergence of the beam is the sum of the magnitude of the beam and 

pendl angles, i.e. (|û1+|^). If the object pupil (/^) is at the focal point of the lens then the 

image will be at infinity and the total angular divergence will be minimised.

Just as in optical lenses there are a number of aberrations that can affect the focussing of 
electron beams by electrostatic lenses. The thick lens approximation holds only for electron- 
rays that are close to the and parallel with the central axis, i.e. paraxial rays. Many electron- 

rays will not fulfil these criteria and will be focussed to different positions along the central 
axis -  this is known as spherical aberration. This means that instead of being focussed at the 

image plane, the image is smallest at some point intermediate between the lens and the 

image plane. This point is known as the disc of feast confusion. The other important 

aberration in electrostatic lenses is chromatic aberration. Just as in optical lenses, where 

photons are refracted to a greater or lesser degree dependent on their energy, in 

electrostatic lenses electrons with different energies are focussed to different positions on the 

axis. A further problem can be space where electrons with initially parallel trajectories 

can diverge due to inter-electron œulomb forces.

Electron Monochromators

The typical spread of energies in an electron beam produced by thermionic emission from a 

filament is ~500 meV. In many experiments a lower energy spread and hence higher 
resolution is desirable. To accomplish this a monochromator is used which uses electrostatic 

or magnetic fields to select individual energies. Figure 3.25 illustrates several types of 

electron monochromators.
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Figure 3.25 : Monochromator types used in electron impact experiments

i) A hemispherical electrostatic monochromator.
ii) ^ 12^ electrostatic n\ov«y&\von\aXor

iii) A parallelpiate electrostatic monochromator
i v) A cylindrical mirror electrostatic nronochromator
v) A Wien electromagnetic monodrwomator
vi) A Trochoida! eiectroniagneticwovDà\Tor(\aX.OT

The monochromators used In this work were of the hemispherical electrostatic design. This 

design consists of two concentrically mounted hemisphere shaped electrodes. The inner 
electrode is held at a higher electric potential than the outer electrode leading to an electric 

field that draws electrons towards the inner electrode. An entrance aperture is placed with 

the opening at the mean radius and an exit aperture is placed 180 degrees from the entrance 

aperture. An electron beam that enters entrance aperture with a trajectory perpendicular to 

the hemisphere exit plane will describe a circular path through the hemisphere. For a given 

set of hemisphere voltages there will be a single energy -  the pass energy -  where the 

electrons will follow the mean radius through the hemisphere and emerge through the exit 
aperture. Electrons with too much energy will have a path whose radius is too large to pass 

through the aperture while those with too little energy will have a path whose radius is too 

small. This method of operation hence improves the resolution of an electron beam while 

necessarily reducing the beam current. Figure 3.26 shows a hemispherical analyser.

70



E>E, E<E,E = E, ■pass ■passpass
Exit Aperture

—  Outer Hemisphere 

n | — Outer Ring 

□ I —  inner R i n g v , / ^

—  inner —  
Hemisphere

Entrance aperture

Figure 3.26 : The action of a hemispherical electron monochromator

The energy spread of the monochromated electron beam, AE, Is given by (Read 1974).

AE
&

= a
2R

equation 3.7

where r  Is the beam radius at the entrance aperture , a Is the angular divergence of the 

beam at the entrance aperture, /? Is the mean radius of the monochromator, a and b are 

aperture dependent parameters and Eq Is the pass energy. A hemispherical monochromator 
can typically attain values of ^E of 50 meV thus Increasing resolution tenfold. The voltages 

used on the two electrodes are determined from the hemisphere diameters as.

outer

equation 3.8a 

equation 3.8b

where V stands for voltage, D stands for diameter, the subscript inner represents the Inner 
hemisphere, the subscript outer represents the outer hemisphere and Eo Is the pass energy. 
At the edge of the hemispheres the electric field deviates from a radial field. This can cause 

distortions In the path of the electrons. In order to correct for this two ring electrodes 

(shown In figure 3.26) with Intermediate potentials are placed between the two hemispheres 

either side of the mean beam path.
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Deflectors

Deflector plates are present in some electrostatic optic elements to allow small deflections of 

the electron beam In two orthogonal directions. The deflection In each direction Is provided 

by two electrostatic plates connected to a rotary potentiometer such that an Increase In the 

potential of one of the plates Is accompanied by a commensurate decrease In the potential of 
the other. The deflector plates are Isolated from the lens element using 

polytetrafluoroethylene (PTFE [C2p4]n) and are fixed In place using 2.5 mm studding and nuts 

with ceramic bushes. The deflector arrangement Is shown In figure 3.27.

2.5 mm studding

H m  Deflector Plates 

I I PTFE insulator

Ceramic Bushes

□  Titanium Lens 
Element

Figure 3.27 : The deflector arrangement in the EELS apparatus

3.8 The Electron Energy Loss (EEL) Spectrometer

Electron energy loss spectroscopy (EELS) Is a technique that allows electrons to be used In 

such a way as to simulate a photoabsorption event. This can prove useful because electrons 

have certain advantages over photons (chapter 2.6) and the data obtained using EELS can 

then be converted to be equivalent to photoabsorption data.

The UCL electron energy loss (EEL) spectrometer Is composed of a number of electrostatic 

lenses, deflector plates and hemispheres. The lens elements are constructed from titanium 

while the hemispheres and apertures are constructed from molybdenum. The reason behind 

using these materials Is that they are non magnetic and are suitable for use In high-vacuum 

systems. Stray electrons that reflect from the surface of elements could cause spurious 

readings. Therefore, In order to decrease electron reflectivity the Internal surfaces of the 

elements were given a coating of Acheson DAG 580 graphite solution. The surfaces of the 

hemispheres were similarly coated In soot from an oxyacetylene flame.

The layout of the optics In the UCL EEL spectrometer Is shown In figure 3.28.
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Figure 3.28 : Electron optics layout in the EEL spectrometer
The electron optics of the EEL spectrometer can be sub-divided Into five separate parts -  the 

emission system and electron gun, the monochromator hemisphere, the interaction region, 
the analyser hemisphere, and the detector.

3.8.1 The Emission System and Electron Gun

The emission system and electron gun are shown in figure 3.29.
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Figure 3.29 : The emission system and electron gun

The electrons are generated by thermionic emission by passing a current of ~ 2 A at 2.5 V 

through a thoriated tungsten filament (hairpin type). The filament is fixed to a Pierce type 

cathode (Pierce, 1940) by means of a ceramic base. In order to generate a homogeneous 

electrostatic field at the filament the electrode is shaped to an angle of 67.5° with respect to 

the central axis. The tip of the filament is positioned at the centre of the electrode. The 

cathode housing (KH) is kept at a slightly more negative potential than the filament. The 

electrons are accelerated by the anode (AN) which has a potential of 80 to 100 V. Aperture
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Al at the entrance to the anode has an aperture of 0.33 mm and lies at a distance of 6  mm 

from the filament tip. This gives a beam angle of 1.6°. A set of two pairs of deflector plates 

(DA 1,2 and DA 3,4) are positioned inside the anode to allow small changes In the beam 

trajectory.

From equation 3.8 it is evident that the lower the value for the pass energy, the higher the 

obtainable resolution. Lenses one and two are hence used to decelerate the electron beam 

to increase the resolution. Lens one consists of three elements; the anode (AN), El and E2, 
and forms a zoom lens that focuses the electron beam from aperture A1 to aperture A2. A 

set of two deflector plates (D 1,2 and D 3,4) are located in lens one. Lens two focuses the 

image at aperture A2 to the entrance plane of the monochromating hemisphere. Aperture A3 

is placed such that it focuses to inflnity. This means that the electron beam entering the 

hemisphere will have a near-zero divergence, i.e. the beam angle is zero. A further aperture 

at the end of lens two prevents electrons that are considerably off-axis entering the 

hemisphere.

3.8.2 Monochromating Hemisphere

The monochromating hemisphere is shown in figure 3.30.

HO RO R1
n a n

Ri RO HO□ □ n

Figure 3.30 : Monochromating hemisphere

Equation 3.7 states that the energy spread of an electron beam that has passed through a 

hemispherical analyser is directly proportional to the pass energy and indirectly proportional 
to the mean radius. The pass energy is set to 3 eV and the mean radius is 37.5 mm. The 

outer hemisphere (HO) radius is 46.5 mm and the inner hemisphere (HI) radius is 28.5 mm. 
This leads to voltages of 5 V for the inner hemisphere and 1.8 V for the outer hemisphere. 

The two correcting rings are set at intermediate potentials of around 2.5 V for the outer ring 

(RO) and 3.5 V for the inner ring (RI). A typical energy spread from the monochromator is 

~ 50 meV so the original energy spread is reduced by around 90 %.
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3.8.3 The interaction region

The pre-interaction region optics, interaction region and post-interaction region optics are 

shown in figure 3.31.
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Figure 3.31 : The interaction region
The monochromatic electron beam leaves the hemisphere and enters the pre-interaction 

region optics via an aperture at the front of element E ll. The pre-interaction optics consists 

of two lenses. Lens three accelerates the electron beam and refocuses the beam from 

infinity to a focal point at aperture A5. Lens four further accelerates the beam to the 

required impact energy (150 eV) and focuses the image at window aperture A4 to the centre 

of the interaction region. There is one set of a pair of deflector plates in lens three (D 11,12 

and D 13,14) and one set in lens four (D 15,16 and D 17,18).

The interaction region is erxzlosed in an aluminium tube with an entrance aperture and an exit 
aperture. At the centre of the interaction region the electron beam is incident with a 

perpendicularly travelling gas beam. The gas enters from a copper capillary and is extracted 

post-collision by a diffusion pump on the opposite side of the tube. This ensures that the gas 

that has passed through the interaction region is immediately extracted and the chamber 
pressure hence remains low (~10'̂  Torr). This limits the maximum number of interactions to 

one per gas molecule. The aluminium tube is earthed to reduce electrostatic fields as much 

as possible in the interaction region. The interaction region along with the pre-interaction 

region optics, morxxtiromating hemisphere, electron gun and emission source are mounted 

on a geared rotating platform. This allows different scattering geometries to be selected.

Lenses five, six and seven are situated after the interaction region and comprise the post
interaction region optics. In order to excite only optically allowed transititions the scattering 

angle is kept at ~ 0°. The first element of lens five (E20) is shaped to form an aperture (A6 )
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that limits the entering electrons to a 1° cone. This is the acceptance angle in equation 2.47. 

Lens five is a three element lens (E20, E21, E22) that focuses the image of the centre of the 

interaction region to a point inside element E22. Lens six consists of elements E22, E23 and 

E24 and is an einzel lens, i.e. the potentials on E22 and E24 are the same. This lens focuses 

the image from position P to aperture A7 without causing magnification of the image. Lens 

seven is a two element (E24 and E25) lens that decelerates the electron beam to the pass 

energy of the second hemisphere (~2 eV) -  the analyser. The electron beam is focused to 

infinity so that the beam angle is effectively zero as it enters the analyser.

3.8.4 The analysing hemisphere

The analysing hemisphere ensures that the resolution of the collected data beam is the same 

as it was when entering the interaction region (~ 50 meV). The analyser is shown in figure 

3.32.

H20 R20 R2I H2I R21 R20 H20
□ □

Figure 3.32 : Analyser hemisphere
In terms of function and design the analysing hemisphere is the same as the 

monochromating hemisphere but in terms of size it is physically smaller. The analyser 

consists of an outer hemisphere (H20) inner hemisphere (H2I) and two correcting rings (R20 

and R2I). The inner hemisphere radius is 16 mm and the outer hemisphere radius of 34 mm 

leading to a mean radius of 25 mm. From equation 3.8 the energy spread is proportional to 

the pass energy and inversely proportional to the mean radius. Hence by decreasing the 

mean radius in comparison with the monochromator it is necessary to reduce the pass energy 

as well in order to attain the same spread (~50 meV). Thus the pass energy in the analyser 

is 2 eV rather than the 3 eV used in the monochromator. The electron beam leaving the 

analyser passes into tfie collection system.
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3.8,5 The collection system

The collection system consists of lens eight and the channeitron detector and is shown in 

figure 3.33

CM E31 E30

Channeitron 
Voltage + 2.5 kV

Lens 8

Figure 3.33 : The Collection System

Lens eight is a two-element (E30 and E31) lens that focuses the electron beam through 

aperture A8  into the mouth of the channeitron. The channeitron is a detector in the form of 
a continuous dynode that is coated with an electron-emissive material. Any electron striking 

the surface will cause several secondary electrons to be emitted. These secondary electrons 

are drawn further into the channeitron by the increasing potential and will all collide with the 

surface releasing more secondary electrons. This geometric increase in electron numbers 

leads to a pulse of over one million electrons arriving at the anode which is maintained at a 

potential of around 2.5 to 3 kV. The pulse that is collected by the channeitron is amplified 

using an EG&G Ortec 575A amplifier and recorded by a 1024 channel EG&G Ortec 7150 

multi-channel analyser (MCA).

In order to record a spectrum of intensity versus energy-loss over a range of energies, the 

potentials of the post-interaction region optics, the analyser and the collection system were 

ramped en masse between (E -  5 eV) and (E + 5 eV) to allow monochromated electrons to 

pass through to the channeitron and build a spectrum. Typically 50 sweeps through the 

voltage ramping range were used to obtain the complete spectrum.

Table 3.3 contains typical voltages that were applied to each element in the spectrometer 
optics along with those predicted by theory (after Jones 2000) based upon the geometric 

ratios of the lens elements.
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(V)
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Voltage

(V)
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(nA)

Element Theory
Voltage

0 0

Typical
Voltage

0 0

Typical
Current

(nA)
KH - 1 0.5 E20 150 150
AN 81 1 0 0 E21 1 1 0 1 2 0

El 189 2 1 0 E22 2 0 2 0

E2 27 27 E23 250 1 1 0

E3 27 27 E24 2 0 2 0 2

E4 3 3 E25 2 2

HI 5 5 H2I 5 5
HO 1 . 8 1 . 8 2 0 0 H20 0 . 8 0 . 8 0.5
RI 3.5 3.5 R2I 0.9 0.9

RO 2.5 2.5 R20 0.3 0.3
E ll 3 3 E30 2 2 0.35
E12 27 40 2 E31 40 30
E13 27 40 2 0

E14 205 240
E15 150 150

Table 3.3 : Electric Potentials of the UCL EEL spectrometer optics 

3.8.6 The EEL spectrometer assembly

A block diagram of the EEL spectrometer assembly is shown in figure 3.34.

I

Key

1: Experimental Chamber 
2: Gas Capillary 
3: Penning Gauge 
4: Butterfly Valve 
5: LN Cold Trap 
6: Cooled Baffle 
7: Diffusion Pump 
8: Magnetic Valve 
9: Valve
10: Pirani Gauge 
11: To Rotary Pump 
12: Gas Inlet Valve 
13: Glass Bulb 
14: PTFE Tubing 
15: Needle Valve 
16: Lecture Bottle A 
17: Lecture Bottle B 
18: To Rotary Pump

Figure 3.34 : EEL spectrometer assembly*

* Note: numbers in parentheses in the text of this section refer to the iabelling in figure 3.34.

The electron optics are housed in a cylindrical stainless steel chamber (1) which is evacuated 

by a diffusion pump (7). The inside of the chamber is lined with mu-metal. Mu-metal is an 

alloy (80% Ni, 5 % Mo, 0.5% Si, 0.02% Cu, balance Fe) that is extremely magnetically soft 

and thus effectively absorbs incident magnetic fields. Thus the inside of the EELS chamber 
can be considered as being free of the Earth's magnetic fields. There are nine equidistant 
ports emanating from the side of the chamber: 1 gas inlet, 1 Wank, 1 Penning gauge (3),
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1 window and 5 eiectrical œnnectjons. The geometry of the post-interaction region optics, 

analyser hemisphere and collection system optics are fixed relative to the chamber. The 

electron gun, monochromating hemisphere and pre interaction region optics are, however, 

fixed to a plate that is rotatable around the central chamber axis. This allows various 

scattering geometries to be obtained. A heating bulb inside the chamber allows for baking to 

remove adsorbed molecules from the internal surfaces of the chamber.

The chamber is connected to the diffusion pump assembly via a port in the bottom of the 

chamber. A peltier baffle (6 ) cooled with a liquid nitrogen trap (5) is fitted atop the diffusion 

pump to prevent the oil from the diffusion pump entering the chamtrer. A butterfly valve (4) 

is used to completely isolate the chamber from the pump when the apparatus is not in use. 
The diffusion pump is cooled from a controlled temperature water-cooler unit and is backed 

by a rotary pump. A magnetic solenoid valve (8 ) is placed between the diffusion and rotary 

pumps. This automaticaily isolates the pumps in the case of water or electrical power supply 

failure or excess chamber pressure. The base pressure of the system when the diffusion 

pump is operational is around 10  ̂Torr.

The gas inlet to the chamber connects to two gas handling systems. A system of ~ 12 mm 

diameter glass tubing containing Young's type PTFE valves allows gases that might react with 

metal surfaces to be used. This section of glassware also has connections so that glass bulbs 

containing highly volatile liquids can be used as a source. A PTFE tube (14) connects the 

glass system to a metal system via a needle valve (15). A second rotary pump (18) pumps 

both gas inlet systems. The metai part of the gas inlet system connects to two lecture bottle 

gas cylinders, one of which Is usually N2 (used as a reference gas). Inside the chamber the 

gas inlet leads to PTFE tubing (2) that in turn connects to a copper capillary (inside diameter 
0.6 mm) that is aimed at the centre of the interaction region. In operation the gas inlet valve 

(12) is opened and the chamber pressure (as read on the Penning gauge) is controlled by the 

needle valve (15) or a valve on the glass bulb. Typical operating chamber pressures are of 
the order of 10 ̂  Torr.

The electronics to power and control the system are a mixture of commerdai and custom- 
built equipment. Power for the spectrometer optics is provided by two Kingshill 150 V power 
supplies -  one for the optics before the interaction region and one for the optics after the 

interaction region. Two higher voltage power supplies are used for some elements that 
require more than 150 V. The individual potentials for the electron optics are provided 

through a set of potentiometers designed and built at UCL by Mr Ted Oldfield. The filament 
power is provided by a Coûtant stabilised power supply with the voltage fixed at around 

2.5 Volts. The channeitron power supply is a Thom EMI unit rated at up to 5 kV but used at
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only 2.5 kV. In order to protect the electronics a high-pressure trip circuit is installed which 

cuts the mains power if the backing line pressure rises above 0.05 Torr or if the cooling water 
supply is interrupted.

3.8.7 Conversion of EELS data to Dhotoabsorption data

The raw EELS data is a spectrum of electron intensity versus energy. The aim is to convert 

the EELS data at 0° scattering angle Into photoabsorption cross sections. In order to do this 

we define the differential oscillator strength (DOS) {df /  dE) which is related to 

photoabsorption cross sections by

^  eV~  ̂ equation 3.9
dE 109.75

where a  Is the photoabsorption cross section measured in Mb (=10‘ ®̂ cm )̂. The differential 

cross section (described in section 2 .6 .1 ) for an electron colliding with a molecule has been 

described by R.J.Gelotta and R.H.Huebner using the first Bom approximation (Celotta, 1979).

= 4aJy(K a„)‘ * |f , (x : f  equation 3.10

where {da /  dS2) is the differential cross section, 4 % is the Bohr radius, k Is the initial 
momentum, k' is the final momentum, /T is the transferred momentum and \eM\ is the 

absolute value of the matrix element describing the transition between the initial and final 
molecular state wavefunctions %  and Vn and the matrix element is of the form.

s { K )  = {4'„ equation 3.11
i= l

Equation 3.10 can be divided into two sections. The first part of the equation, 
^3o\k /  k){K^)^, describes the kinematics of the scattering electron. The second part, 

describes the dynamics of the target molecule.

All the parameters in the first part can be determined experimentally and the quantity is the 

Rutherford cross section for scattering of an electron from a free stationary target The 

second factor is a property of the target and is known as the înelasù'c-scattenng form factor.

The generalised oscillator strength (GOS) {dfgen{Ki /  dE) was introduced by Bethe as a way to 

relate optical and electron impact oscillator strengths (Bethe, 1930).
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1 "1

dE J [rj^Kqq j
equation 3.12

where /? Is the Rydberg œnstant and £  is the energy loss. ComiDining equations 3.10 and 

3.12 gives the diflferentiai scattering cross section in terms of the GOS.

(d a ^
k

1 R
^dEl, 1 (^ 0  )"J En dE J

equation 3.13

where r  is the incident kinetic energy of the eiectron. Bethe also pointed out that the GOS 

may be written as a power series expansion as:

dE
= ^  + aK ^ + b K *+ .  

dE
equation 3.14

where a and b are constants. As 0 all orders above the first order disappear and the 

GOS is equal to the first term only. This term, {df! dE), is known as the differential oscillator 
strength (DOS). Thus equation 3.13 can be rewritten in the low-momentum transfer regime 

(/T 0) in terms of the DOS.

dE 4R k
equation 3.15

The electrons in the experiment are captured by a detector of finite area and this must be 

taken into account Huebner gave the relation of the measured intensity of scattered 

electrons to the differential scattering cross section as (Huebner 1973):

equation 3.16

where ]{̂ E) is the intensity of scattered eiectrons detected with energy loss E and dQ is the 

solid angie element given in spherical polar co-ordinates as dO. = 27rsm0dO.

Combining equations 3.13 and 3.14 gives the DOS in terms of the measurable eiectron 

intensity (Huebner 1973).

ydE)
equation 3.17

where £ is the acceptance angie of the detector and where y is given by.
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=
4 T ( T - E )

equation 3.18

This œnversion will hold providing certain experimental conditions are met. The incident 

electron energy (7) must be high (> 100 eV) and the energy loss (£) small in comparison 

(£  «  T). Under these conditions the momentum transferred is small, i.e. /Tis close to zero. 

The scattered electrons must, therefore, be detected at scattering angles close to zero. If 
these conditions are met then optically allowed transitions will be predominant. In using the 

UCL apparatus, the first condition is satisfied by using an incident energy ( 7) of 150 eV and 

limiting energy loss {£) to between a few eV and a maximum of around 20 eV. The second 

condition is satisfied by having the detector at a scattering angle of zero and having a small 

acceptance angle of around 1 °.

3.9 Madrid High Energy Electron Energy Loss fHEEEL) Spectrometer

A schematic of the HEEEL spectrometer in the QEMAT facility in Madrid is shown in figure 

3.35.
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Figure 3.35 : CIEMAT HEEELS apparatus

The high energy EEL spectrometer has been designed to measure total cross sections and 

differential and integral elastic cross sections. It is similar to the UCL EEL spectrometer but 
uses impact energies of up to several thousand electron volts (c.f. 150 eV for the UCL EEL 

spectrometer).

The electron gun consists of a tungsten filament and a three aperture electrostatic lens to 

increase the electrons up to the required incident energy. A set of deflectors is also included
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in the electron gun to make small adjustments to the electron beam trajectory where 

required. The electron gun Is kept under vacuum. Typical operating currents In the EEL 

spectrometer are ~ 1 nA.

The scattering chamber Is a region whose length, L, can be adjusted from 70 to 127 mm 

dependent on the Individual requirements of the experiment. In this case L was set to 

100 mm. The pressure In the scattering chamber was constantly monitored using a MKS 

Baratron 127A pressure gauge. The entrance and exit of the scattering chamber are defined 

by two 1 mm apertures. The analyser hemisphere has a mean radius of 81.85 mm (outer 
hemisphere radius = 91.1 mm, Inner hemisphere radius = 72.6 mm). 1 mm apertures were 

placed on the entrance and exit planes of the hemisphere. The scattering chamber aperture 

to hemisphere aperture distance of around 150 mm gives an acceptance angle of ~ 10  ̂

steradlans. A retarding lens at the entrance to the analyser reduces the electron beam 

energy. The electrons leaving the scattering chamber are then energy-analysed by the 

hemispherical electrostatic analyser. Vacuum pumps keep the analyser and detector at a 

pressure of 10 ̂  Torr. Under the experimental conditions used during the measurements the 

resolution of the system Is constant at about 0.8 eV over the whole energy range.

The detector Is of the microchannel plate (MCP) type. This Is a circular plate with several 

million Independent channels passing through It. The surfaces of the channels are coated 

with an electron-emissive material and there Is an Increasing potential from the front of the 

plate to the rear. Figure 3.36 shows a MCP and Its operation.

1 stage microchannel plate

^10 micron

Increasing Potential

Primary
Electron -10^Secondary 

Electrons

Figure 3.36 : A microchannel plate and the operation of a single channel

A single electron entering one of the channels will describe a parabolic course until It strikes 

the Internal channel surface. The work function of the surface Is low so the energy of the
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primary electron liberates many secondary electrons. This process is repeated many times 

over the course of the channel producing a pulse several thousand secondary electrons. In 

the high energy EEL spectrometer two MCPs were used in series producing a total yield of 

around 100 million secondary electrons. The pulse that leaves the MCP is then large enough 

to be detected by the connected electronics and recorded on the multichannel analyser.

3.10 Electron Stimulated Desorption (ESP) Apparatus

The ESD apparatus in the Frei Universitat (Free University) of Berlin is a piece of equipment 
designed to analyse molecular ions ejected from a surface that has been bombarded by low 

energy electrons. The ESD apparatus consists of an electron gun and monochromator, a 

cryostat, the surface target, a quadrupole mass spectrometer and a detector. A schematic of 
the setup is shown in figure 3.37.

Cryostat Quadrupole Mass Spectrometer

Cold Surface

SEV type 
Detector

Trochoidal Electron 
Monochromator

Filament

Figure 3.37 : Schematic of the ESD apparatus

3,10.1 The electron gun and monochromator

The electron source is a trochoidal electron monochromator (TEM) (Stamatovic 1970). The 

TEM can be used as an alternative to hemispherical monochromators. They are particulariy 

effective in low energy electron beam experiments where stray electrostatic fields in a 

hemispherical type monochromator could cause a loss of current in the interaction region. A 

TEM uses a combination of an electrostatic and a guiding axial magnetic field to prevent low 

energy electrons from being lost to the interaction region (Grill 2001). A schematic of a 

trochoidal monochromator is shown in figure 3.38 (after Tegeder 1999).
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Figure 3.38 : Schematic of a trochoidal monochromator

The cathode thermionically emits electrons that are collimated Into a beam and focussed by 

elements BO, Bl, B2 and B3. The electron beam then enters the energy selector. This region 

of the apparatus has a magnetic field parallel to the beam trajectory and an electrostatic field 

perpendicular to the trajectory. The effect of these fields Is to Induce a drift velocity 

perpendicular to both fields. The drift velocity Is dependent only on the electric and magnetic 

fields.

E x B £
B

equation 3.19

where Vdnn Is the drift velocity, £  Is the electric field vector, £  Is the magnetic field vector and 

£  X £  Is the vector product of the two fields. The drift velocity has no dependence on the 

Initial velocity. Indeed, the velocity In the z -  direction remains unchanged by the fields. 

This means the amount of deflection In the x -  direction Is dependent only upon the time 

spent In the field, t, which Is given by.

t  = equation 3.20

where L Is the length of the energy selector and v̂  Is the velocity In the z -  direction. Hence 

the total deflection In the x -  direction, X, Is given by.

^  -  d̂nft  ̂-
EL
Bv.

equation 3.21

Thus the deflection Is proportional to the z -  velocity and by placing an appropriate aperture 

at a selected value of X a velocity-selected electron beam can be extracted.
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3.10.2 Cryostat and target Surface

The target surface is cooled by means of a dosed cyde liquid helium cryostat (Leybold RW2) 

that can reach temperatures of ~ 25 K. The target surface is a monooystal of gold 

(Au 1,1,1). The surface is dosed by introdudng gas into the chamber and allowing a film to 

condense onto the cooled gold crystal. The temperature is monitored using a thermocouple 

and the gas pressure is measured using a MKS Baratron pressure gauge. The depth of the 

layer deposited onto the gold surface can be determined by two different methods. The first 
method is to place a volumetrically controlled quantity of gas to enter the chamber. The 

second method is to keep the gas pressure constant and expose the surface for a predsely 

controlled period of time after which the remaining gas is quickly removed. The expertise of 
the operators was such that the second method was extremely accurate in determining the 

amount of monolayers deposited on the surface. After the completion of a measurement the 

molecules are removed ftx>m surface using resistive heating of the substrate.

3.10.3 Quadrupole Mass Spectrometer fOMS)

When the surface has been dosed with gas the electron gun is switched on and the surface is 
bombarded with electrons. Some of the electrons react with the adsorbed molecules and 

fono ions. If the ions have suffident energy they may break free of the surface. A 

quadrupole mass spectrometer (QMS) (Balzers QMG 311) is used to analyse the ions that 
leave the surface. A weak electric field is applied in the region between the surface and the 

entrance to the QMS in order to drag the ions in. The electric field inside the QMS produced 

by the four electrodes is a complex alternating field. Only ions that possess a spedfic mass- 
to-charge ratio (rp/q) can travel on a stable path to the detector. Ions with different mass- 
to-diarge ratios will be drawn to the electrodes and are removed from the experiment. While 

mass-to-charge ratios are not unique amongst spedes (e.g. and CÔ  both have m/q = 

28) a controlled experimental environment and experience will resolve most ambiguities.

3.10.4 Detector

Those ions with the correct mass-to-charge ratio will follow a path along the central axis of 
the QMS and will be inddent on the detector, which is a beryllium-copper (BeCu) secondary 

electron multiplier (SEM). The SEM is the electronic equivalent of the photonic 

photomultiplier tube (PMT). In operation a set of 17 curved dynodes at progressively higher 
electronic potentials are arranged such that the ion is drawn onto the first dynode. The 

combination of an electron-emissive surface and high-potential causes the surface to emit a 

large number of secondary electrons. These secondary electrons are drawn to the next 
dynode by a higher potential and in turn each electron liberates a large number of secondary 

electrons. The prindple of operation for a SEM is shown in figure 3.39.
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Figure 3.39 : Operating principle of a secondary electron multiplier (SEM)

After the electron pulse has interacted with all 17 dynodes it is sufficiently large to be 

detected. The pulses are recorded using a multichannel analyser. A voltage ramp is also 

used to vary the incident electron energy while the mass-to-charge ratio remains constant. 
Hence, it is possible to generate a spectrum of ion yield versus incident electron energy.

3.11 Conclusions

In this chapter the experimental apparatus used in the course of this research have been 

discussed. A brief background to synchrotron sources has been presented. The two 

synchrotrons -  Daresbury and ASTRID -  were described. The high-resolution Fourier 
transform infrared spectrometer at the Molecular Spectroscopy Facility at RAL was 

introduced. Electron optics as a means to control electron beams were then discussed. The 

UCL electron energy loss (EEL) spectrometer was discussed in detail along with the process 

for converting EELS data into photoabsorption cross sections. The high energy EEL 

spectrometer at QEMAT was then discussed. Rnally, the electron stimulated desorption 

(ESD) experiment at the Frei Universitat Berlin was presented. Chapter four will describe the 

range of computer programmes that were designed to analyse the results of the 

measurements produced by the apparatus described in chapter three.
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Chapter 4: Computer programs in 
Atmospheric Research

The wise are instructed by reason; ordinaiy m inds by experience; the 
stupid by necessity; and brutes by instinct,

Marcus Tut Hus Qcero

This chapter describes the computer simulations developed to analyse the data produced In 

the course of this project. Computer programs are an Indispensable part of modem sdence, 
allowing theoretical models to be automated and run at high calculation speeds. Many 

computer models are very complex -  a full description of the atmosphere would require not 
only full descriptions of atmospheric composition and their Individual movements and 

Interactions, but also ttie Interactions of the external sources and sinks of molecules, energy 

fluxes, etc However, It Is possible to gain a lot of useful knowledge with simple models of 
Individual processes. Some simple simulations are presented here and address two topics: 
molecular photolysis and derivation of global warming potentials.

4.1 Molecular Photolysis in the atmosphere

Photolysis provides an important mechanism for the destruction of molecules In the 

atmosphere and along with photoionisation provide the most Important processes for 
determining the chemical composition of planetary atmospheres (Yung 1999). Photolysis Is 

the process of photodissociation by the absorption of sunlight In the visible or ultraviolet 
regions. In synopsis a photodlssodative transition Is one where one of the molecular states Is 

of dissociative nature. Dissociative transitions lead to continua In molecular spectra (due to a 

quasl-continuum of vibrational levels with very small separation) which are necessary to 

provide the continuous distribution of fragment velocities.

4.1.1 Underlying Physical Model

The solar flux Incident upon the top of the Earth's atmosphere at wavelength, X, Is denoted 

/̂ oo, X). At a lower altitude, z, the flux Is given by F{z, X). The two quantities are related by 

an exponential decay law.

F{z, X) = F (o o , X) X exp [ -  t ( z ,  X)/ //] equation 4. 1
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where r is absorption optical depth and // Is a quantity dependent on the angle between the 

solar radiation translation vector and the zenith. These two quantities can be determined as 

follows.

r (z ,/l)  = ̂  ^nXz)crX^)dz
> z

/ i  =  COS#

equation 4.2 

equation 4.3

where /?, Is the number density of molecule / In the atmosphere, a, Is the photoabsorption 

cross section of molecule / at wavelength À and G Is the angle between the zenith and the 

solar flux. These variables can be visualised In figure 4.1.

Space

Top of Atmosphere

Incident Flux >  
F(oo.X)

Zenith

Atmosphere
Angle 0

Absorption 
Altitude z

7

Groijnd
...........................  _  _  I

Figure 4.1 : Variables used in the model equations

The rate of photolysis at a wavelength, 2 , and altitude, z, Is given by.

equation 4.4

where F  Is the solar actinic flux, <t Is the photoabsorption cross section and ^ 2 ) Is the 

quantum yield. Photolysis takes place across the vislble/ultravlolet region of the EM spectrum 

so the total photolysis rate for a given altitude must be evaluated by Integrating over the 

whole wavelength range. The shortest wavelength for z < 50 km Is ~180 nm [6 . 8  eV] and 

the longest Is taken as 400 nm [3 eV] as, below this, the energy Is too small to dissociate 

molecules. Hence the total photolysis rate for a given altitude Is.

>1=400 nm X =400 nm

^ total(^)=  jj(z^À)dÀ= j(r(À)F(z,Â)dÀ equation 4.5
>1=180 nm A=180 nm

The local lifetime due to photolysis Is the reciprocal of the photolysis rate so.

PHOTOLYSIS (z) =
1

J TOTAL (^)
equation 4.6

The volume absorption rate Is a quantity that determines the total photolysis to occur at a 

given altitude and can be defined as a relative value, by.
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r(z, a ) = c t ( a ) f ( z ,  A)exp[- z / / / ]  equation 4.7

where /y Is the scale height.

4.1.2 Modelling the Solar Actinic Flux

The source of data for the solar actinic flux was a NASA publication (DeMore 1997) that lists 

fluxes measured at altitudes of 50 km, 40 km, 30 km, 20 km and 0 km. The fluxes presented 

assume that the solar zenith angle is fixed at 30 degrees and that the atmospheric 

composition is that of the U.S. standard atmosphere (1976). In order to extend the 

photolysis model to all altitudes below 50 km it was necessary to determine the solar fluxes 

at all altitudes below 50 km. An extensive search of the literature failed to provide this data. 
Therefore the data at 50, 40, 30, 20 and 0 km was used to extrapolate probable fluxes at 

intermediate altitudes. When the known NASA fluxes are plotted versus altitude for each 

wavelength a curve can be interpolated and data fitted to it Figure 4.2 shows the data for 

two wavelengths and the data fitted to it.

♦  198 nm Fluxes 
*■ 300 nm Fluxes

198 nm Fit Points 
300 nm Fit Points

1.E+U

§ Ç  1.E+13 
^  c

Z M
: I 'Ô -c
m B  1.E+10

1.E+09
10 20 30

Altitude (km)

Figure 4.2 : Fluxes fitted to data points

Several methods were used to find the best possible fit for the data. The (data was first fitted 

by plotting the known fluxes with a po/ynom/a/trendWrye of the form.

F{z,X )=  Az  ̂ +B z  ̂ +C z  ̂ + D z + E equation 4.8

Where A, B, Q Dand E are numerical coefficients. The difference in magnitudes of the fluxes 

at different altiUxies were so large that the curve fiad to be broken up into several sections; 
30 to 40 km, 40 to 50 km and so on. This approach worked quite well but at low altitudes 

and at the boundaries between successive curves, e.g. 40 km, gave some spurious results. 
In particular beouse A, B, Ç Z?and E a n  all be positive or negative the fluxes generated in 

places could be negative. The data was then fitted by using a ///Te&rtrendline of the form.

F ( z , A ) =  Az + B equation 4.9
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Where A and B are numerical coefficients. Obviously such a fit will only give an 

approximation but it was instructive to see the effect on the generated fluxes. The fluxes 

generated by this remove the problem of generating negative fluxes as the endpoints of the 

line are both positive values. However, this was only an approximation so a third fit was 

made using an exponential fit of the form.

F ( z , / 1 ) =  v4e x p [5z ] equation 4.10

Where A is a positive number and B can be a negative or positive. This time the data fits 

were very good and produced more accurate generated spectra. Hence the exponential fit 
was used as the basis for the generated solar actinic fluxes used in the photolysis model. 

The solar actinic fluxes generated are shown in 1 km steps in figure 4.3.

15 T

50 km

LU 40 km

a.
20 km\ krmO)

160 180 200 220 240 260 280 300 320 340 360 380 400 
Wavelength (rmri)

Figure 4.3 : The generated solar actinic fluxes at each km between ground level 
(0 km) and the upper stratosphere (50 km)

An attempt was then made to extend the solar flux generation model to altitudes between 50 

km and the top of the atmosphere. The NASA data included the solar flux measured at the 

top of the atmosphere. This was used with some data about the atmospheric depths where 

the flux intensity reaches a value of 1/e of that at the top of the atmosphere (Iribarne 1980). 
Using these data a series of fluxes was produced for altitudes above 50 km. These fluxes are 

shown in figure 4.4.
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350 400

Figure 4.4 : Generated solar fluxes up to 1000 km
Figure 4.4 shows that in the range between 180 nm and 400 nm photoabsorption is only 

observed in a small range (figure 4.4 inset) at altitudes above 50 km. Between 110 and 180 

nm there is œnsiderable absorption and at 50 km no flux is seen. Above 50 km however 
there is substantial flux in this region, which can thus interact with molecules at high 

altitudes. The large peak at 121 nm is the Lyman a peak of hydrogen. The flux intensities 

generated for altitudes above 50 km are less certain and require further study. Therefore our 

results for altitudes above 50 km are rrxjre subjective.

4,1.3 Photolysis Model

Once the solar fluxes had been determined, photolysis rates can be calculated using equation 

4.4. The program was executed in Microsoft Excel for ease of use and in order to be readily 

transferable to other computers. The most recent version contains four different data entry 

pages. The first two (one for 0 to 100 km, one for 100 to 1000 km) allow the user to enter 
his photoabsorption cross section data and, if available, any quantum yield data. The user is 

also asked for the required altitude. The spreadsheet then displays the total photolysis rate 

and the local lifetime in a variety of time units. On a second page the spreadsheet shows 

graphs of the photolysis rate, the generated solar flux and the photoabsorption cross 

sections. A demonstration of the graphs for the molecule sulphur dioxide (SO2) is shown in 

figure 4.5.
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Figure 4.5 : Example graphs for the photolysis rates of SOzat 36 km altitude
The other two data entry pages (one for 0 to 50 km and one for 50 to 1000 km) involve the 

entry of the cross sections and, if available, quantum yields. The spreadsheet then presents 

the graphs of photolysis rate (in 5 km altitude steps) and the total photolysis rates and local 
lifetimes (in 1 km steps). These are shown in figure 4.6, again for SO2 .

Photolysis Rates by Altitude (0-50 km)
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.c
Û. 0.E*00
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Figure 4.6 : Example graphs for SO2 showing indivdual photolysis rates (by 
wavelength and altitude), total photolysis rate by altitude and local photolysis

lifetime by altitude

The only difference to the above model equations is that Excel does not allow integration so 

the integration in equation 4.5 is replaced by a summation. The total photolysis rates and 

lifetimes have been compared to other calculations (Rattigan 1997) and are in good 

agreement. Comparisons of the photolysis rates and lifetimes given by Rattigan and those 

calculated using this model for the molecules OizICI and C2H5I are shown in figure 4.7.
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Figure 4.7 : Comparison of photolysis results from this model (solid lines) and
Rattigan et al (crosses)

From figure 4.7 it can be seen that there is good agreement between the two sets of 
photolysis rates. The differences between the two data sets probably lies in the flux model 
used by Rattigan. Rattigan's J-Values are calculated specifically for conditions appropriate for 
January at a latitude of 40° N and uses a two-dimensional atmospheric chemistry transport 
model. The good agreement with the data produced from the simple model outlined above 

suggests that the model is applicable to the study of atmospheric photodissodation.

Another spreadsheet was designed to evaluate the volume absorption rate (equation 4.7) and 

is based on the photolysis spreadsheet. In order to perform this calculation the scale height, 

H, must be calculated. To do this the molecular mass must be determined.

Molecular Mass Calculator

Both the volume at)sorption rate and global warming potential calculation programs require 

the mass of the molecule to be included. To provide a quick and easy way to calculate 

molecular masses a molecular mass calculator spreadsheet was developed. This spreadsheet 

was then integrated into the VAR and GWP calculation spreadsheets. The equation used to 

determine the molecular mass is.

All Atoms

M Molecule equation 4.11

where mi is the mass of atomic species / and /?, is the number of these atoms present in the 

molecule. The exact mass values were taken from a biennial review of atomic masses 

(Coplen 2001). The user enters the number of each type of atom in the molecule and the
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spreadsheet than displays the total molecular mass. An example screenshot where the 

constituent atoms of the molecule CF3I have been inserted is shown in figure 4.8.

~a— u  ! u — c — I— TO— n  I d— rv i l

Mass Calculator Enter the number of each type of atom in your molecule in either the common atoms b( 
the full periodic table. Use the dark coloured boxes for the data.__________________

Common atoms ------- ► c 1 N H »
0 F i a L . U

All atoms

H
Li Be B C
Ha Mg M Si
K Cm Sc Ti V Cr Mm Fe Co M Cu Zn Cm Gs
Rb Sr V Zr Mb Mo Tc Ru Rh Pd Ag Cd In Sn
Cs Bm La NT Ta Re Os Ir Pt Hg n Pb
Ft Ra Ac

Ce Pr Nd Pm Sm Eu Gd Tb oy Ho Er
Th Pa U NP Pu Am Cm Bk a Ea Fm

iTotal Molecular M a« (u| -  | 1% ^ '  ~\ 

[Total Molecular Maas fltgl-1 J 2BE 25 I

Figure 4.8 : Example of the mass calculator for CF3 I

4.1.4 Volume Absorption Model

The volume absorption rate (VAR) is a relative quantity defined in equation 4.7. A 

spreadsheet was developed to calculate the VAR and determine the altitude at which most 
photolysis will occur. The user enters their cross section data, quantum yields and the 

molecular mass. The spreadsheet displays the relative volume absorption rates for 1 km 

altitude intervals between 0 and 50 km. The maximum VAR by wavelength and by altitude is 
also determined and displayed. The output for the SO2 data is shown in figure 4.9.
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Figure 4.9 : Example output of the volume absorption rate for SO2
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For iTKDlecular species whose mass is small (i.e. the scale height is large) or for spedes that 

don't absorb ultraviolet and visible wavelength light strongly, e.g O2, the maximum volume 

absorption rate can occur well above 0 km. The spreadsheet also returns a series of graphs 

showing the volume absorption rate versus altitude for a number of wavelengths. A total of 

nine graphs are used to prevent crowding and because rates for 180 to 2 0 0  nm may be 

several orders of magnitude different from 300 to 320 nm for example. An example is shown 

in figure 4.10.
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Figure 4.10 : Example graphs of volume absorption rates for SO2

As can be seen from figure 4.9, the maximum rates for the wavelengths 260 to 280 nm is at 
40 km while this has shifted to 0 km for 300 to 320 nm.

4,2 Global Warming Potentials

Global warming was discussed in chapter I.9.2.2. The global warming potential (GWP) is a 

useful quantity that may be calculated to determine the effectiveness at global warming of 
any particular molecule. GWPs are a relatively recent invention (IPCC 1990) that define the 

global warming of a pollutant relative to a reference gas. Any reference molecule may be 

used but it is standard practice to use carbon dioxide (OO2). The GWP of a molecule relative 

to CO2 is defined as.

equation 4.12

where AFis the change in radiative forcing with time as a function of the concentration (c,) of 

molecular species i. An approximate form (IPCC 1990) can also be written down as.
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Gff'P(c,) = y ^
f a , c ,  dt

equation 4.13

where a, is the instantaneous radiative forcing per unit mass of species / due to an increase in 

the concentration and q is the concentration of / at time t  Another approximate form 

(Grossman 1995) can also be written.

) = ‘ ^-̂ X xGWPiCO^) equation 4.14
">/ «CO, ĉo, l l - e x p h 'î’c o j

Where m is the molecular mass, a is the radiative forcing, r is the atmospheric lifetime and 

f  is the timescale over which the GWP is evaluated. The subscript / indicates quantities 

pertaining to species / and the sut)script CO2 indicates quantities pertaining to the reference 

molecule GO2 . This is the equation that has been used in the spreadsheet. The spreadsheet 
contains two data entry sheets, one to calculate GWP and the other to reverse equation 4.14 

to calculate the radiative forcing. For the GWP sheet the user enters the molecule name, 
atmospheric lifetime and timescale to evaluate the GWP over (this is often 100 years but can 

be set to any value). A copy of the mass calculator spreadsheet (see section 4.3) is included 

to calculate the molecular mass. The spreadsheet then displays the GWP relative to CO2 and 

several other global wanning molecules. An example of the output for the molecule Œ3CH3 

is shown in figure 4.11.

Global W arm inq Potential Calc *Nol« on masses: Use 
the mass calculator gab 
near bottom of the 
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Figure 4.11 : Example GWP calculation for CF3 CH3
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The purpose of the radiative forcing sheet is to calculate the radiative forcing of a molecule 

when the GWP is known. The user enters the name and lifetime of the molecule along with 

the GWP and the timescale it was measured over. The spreadsheet then returns the 

radiative forcing of the nrx)lecule along with its relative value, in percentage terms, compared 

to a number of other global warming molecules. The output of the radiative forcing sheet for 

CF3CH3 is shown in figure 4.12.

*Note on masses; Use the mass calculator 
(tab near bottom of the screen) to input the 
molecular mass or atomic constituents of 
the molecule. The value vmII automatically 
be inserted into this calculation.

Radiative Forcing

Name of Molecule CFsCH,
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GWP Timescale

« Mass value used for calculation 

< 2
84iJ397 WT

has a ramamm m 0.17n94444 W/m‘?.ppb

Rouaaad valu# 0.17 W/m^2.

wftich s 1013673.7 % on a per molecule basis of the value for C02
which 9 29.84113 % on a per molecule basis of the value for SF5Cf^
which 9 83.330413 % on a per molecule basis of the value for CFC-11

rJSSRB which 9 32.71047 % on a per molecule basis of the value for SF6
which s 35026.172 % on a per molecule basis of the value for CH4
which 8 5505 5696 % on a per molecule basis of the value for N20
which s 87.196122 % on a per molecule basis of the value for CFC -12
which 8 70.414374 % on a per molecule basis of the value for CFC - 113
wftich 8 190.67027 % on a per molecule basis of the value for CCI4

% which 8 112.15401 % on a per molecule basis of the value for Methyl Chloroform
which 8 99.643527 % on a per molecule basis of the value for HCFC-22
wftich 8 106.44236 % on a per molecule basis of the value for Fluorofornt
which 8 65.266638 % on a per molecule basis of the value for Perfhioro ethane
which 8 177.39058 % on a per molecule basis of the value for NF3
wftich 8 214.54177 % on a per molecule basis of the value for cf4

________ which 8 89.68^1 % on a per molecule basis of the value for HFC-134a

Figure 4.12 : Example GWP to radiative forcing calculation for CF3 CH3

The GWP values calculated using the present programme and published radiative forcings 

(Jain 2000, Highwood 2000, Sihra 2001) are in good agreement with those published in those 

papers and by the IPCC (IPCC 2001). These values are presented in table 4.1.

Molecule This
Work

IPCC
( 2 0 0 1 )

Jain
( 2 0 0 0 )

Highwood
( 2 0 0 0 )

Sihra
( 2 0 0 1 )

CFC-11 4500 - 4700 - 4500
CFC-12 10600 - 10600 - 10600
HFC-125 3700 3400 4300 4000 3600
HFC-134a 1300 1300 1800 1240 1300
HFC-152a 140 1 2 0 150 130 140

CF4 8300 5700 6800 - 8300
CH4 23 23 28 - -

CF3I 0.3 - < 1 - < 1

C2F6 1 2 2 0 0 11900 - 11800 1 2 1 0 0

SFe 2 2 2 0 0 2 2 2 0 0 22500 - -

Table 4.1 : Comparison of 100-year GWP values relative to CO2
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4.3 Conclusions

In this chapter the spreadsheet programs that have been developed to analyse data were 

discussed. The underlying equations were presented along with approximations that have 

been used. Example screenshots were displayed to Illustrate the function of these 

spreadsheets. The following chapters will present the measurements perfomned on a number 
of atmospheric molecules. Chapter five will deal with spectroscopic studies of SF5CF3. 

Chapter six will deal with spectroscopic studies of O3. Chapter seven will deal with 

spectroscopic studies of CF3I. Chapter eight will deal with spectroscopic studies of CH3CN. 

Chapter nine will then summarise the results of chapters five to eight.
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Chapter 5: Spectroscopic studies of SF.;CF

Do not condem n the judgem ent of another because it 
differs from your own. You m ay both be wrong.

Dandemis

5,1 SF«ÆF̂  and its sources

In this chapter the results of electron energy loss measurements and photoabsorption 

spectroscopy in both the vacuum-ultraviolet and infrared wavelength ranges are presented 

for the molecule SF5CF3.

Trifluoromethyl sulphur pentafiuoride (SF5CF3) is a molecule that was only recently discovered 

to be present in the Earth's atmosphere (Sturges 2000). SF5CF3 is known to have no natural 
sources but the exact atmospheric sources are, at present, uncertain. It has been suggested 

that a likely source is as a breakdown product of SFg. SFg is a mainly anthropogenic molecule 

whose atmospheric concentration has increased by two magnitudes since production started 

in 1953 (Maiss 1998).

SFe is extremely stable, non-toxic, inert and non-flammable. These desirable properties make 

it a very useful molecule in a wide variety of industries. The dominant uses of SFe are in 

blanketing of reactive molten metals and in gas-insulated electrical transmission/distribution 

equipment. SFe is also an important molecule in the plasma industry. It is expected that 
SF5CF3 may be fomried while being used as a high voltage dielectric. An electrical discharge 

through SFe could cause electron attachment that leads to the production of SF5' radicals 

(Tachikawa 2001). If the kinetic energy of the electron is 0.2 eV or greater the foliowing 

channel is open.

e~ 4- SFg [sFg" J* S F f + F  equation 5.1

An electrical system containing SFe is also likely to contain fluoropolymers. The SF5 radicals 

could then attack the fluoropolymers and scavenge CF3 groups to produce SF5CF3. The 

produced SF5CF3 could then be released to the atmospheric through natural leakage or 
release when the installation is opened during maintenance (Sturges 2000).

One source of SF5CP3 that has been definitively identified is as a by-product of the 

manufacture of certain fluorochemicals. The company 3M has admitted that SF5CF3 is
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prcxJuced in the manufacture of certain fluorochemicals (Santoro 2000). 3M daim to have 

implemented a comprehensive program to reduce their emissions of SF5CF3 and all other 
greenhouse gases. It is possible that other companies may have similar processes that 

produce SF5Œ3 and are, as yet, unidentified.

Figure 5.1 (after Maiss 1998) shows the atmospheric concentrations of SFe since 

anthropogenic production started in 1953. Direct observations of SFe have only been made 

from 1972 onwards and concentrations that antedate this watershed are inferred from sales 

records. After 1972 the inferred and observed concentrations are in very good agreement 
suggesting that the extrapolation before 1972 is a good approximation to the actual 

atmospheric concentrations.

SFe (Maiss 1998) SF5 CF3  (Sturges 2000)
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Figure 5.1 : Atmospheric concentration levels of SFe and SF5 CF3  over time

The trends for SFe and SF5Œ3 track each other very dosely over the past three decades and 

this suggests that the production of SF5CF3 is connected directly to SFe. SF5CF3 

concentrations come from measurements from stratospheric air samples and from air trapped 

in the compacted snow in Antarctica (Sturges 2000).

5.2 The SFigCFn molecule

The SF5CF3 molecule has been the subject of three recent theoretical studies (Bail 2001, 
Li 2002, Miller 2002). SF5Œ3 has a structure that can be divided into two parts. The SF5 part 

of the molecule is like SFe with one of the fluorine atoms replaced by a trifluoromethyl (CF3) 

group. The S-F bonds which are mutually perpendicular in SFe are aligned slightly away from 

the S-C bond in SF5Œ3. Table 5.1 lists the calculated structure of SF5Œ3.
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Parameters Ball (2001)^ Li (2002)'' Miller (2002)^ Miller (2002)^
r(C-F6/7)^ 1.302 1.321 1.319 1.319
r(C-S)^ 1.861 1.932 1.915 1.960
r(S-Fl)^ 1.598 1.580 1.598 1.614
r(S-F2/3)^ 1.609 - 1.615 1.596 1.611 1.631
r (S-F4)̂ 1.609 - 1.615 1.596 1.616 1.635
r(S-F5)^ 1.609 - 1.615 1.596 1.608 1.628
0  (F6-C-F7)' 109.1-109.7 109.6 109.3 1 1 0 . 0

o(F-S-F)" 89.5 -  90.5 - 89.2 89.1
o(C-S-F)^ 87.9-93.3 90.2 90.8 91.0

Table 5.1 : Calculated structural parameters for SF5 CF3

a MP2 G2 and G3 Gaussian-2 and Gaussian-3 Calculations
b B3LYP/6-311+-hG(3df,2pd) Hybrid Density Functional Theory
c MP2/6-311 + G(d) M0 ller-Plesset Perturbation Theory
d B3LYP/6-311 + G(d) Density Functional Theory (DFT)

e Bond lengths (r) in Angstroms (1Â= 10 m) 
f  Bond angles (a) in degrees

The numerical assignments for the fluorine atoms used in table 5.1 are depicted in figure 5.2 

which illustrates the structures of SFe, SFe', SF5 (Tachikawa 2002) and SF5CF3.
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Figure 5.2 : Molecular structures of SFe, SFe^SFs' and SF5 CF3

As a single entity the SF5Œ3 molecule possesses only the identity operation and a single 

reflection and thus belongs to the Q  symmetry group (chapter 1.4). However, Griffiths 

(Griffiths 1967) argued that the CF3 group experiences a low or zero potential energy barrier

1 0 2



to internal rotation and can be treated as essentially a separate unit to the SF5 part of the 

molecule. The calculations of Ball and Li (Ball 2001, Li 2002) appear to confirm this 

hypothesis. As separate entities the SF5 part displays Q  symmetry while the CF3 part displays 

C3 symmetry. Li has calculated that the torsional angle between the two parts is optimised at 

0°. The torsional angle is illustrated in figure 5.3.

C3

Torsional
Angie

Figure 5.3 : The torsional angle in SF5 CF3

5.3 SFsCF̂  infrared results

A molecule that is an effective greenhouse gas will absorb radiation more strongly in the 

infrared than in visible, i.e. it will have a positive radiative forcing. Hence the accurate 

determination of the photoabsorption properties of a spedes in the infrared is of vast 

importance. The initial calculation of the radiative fordng of SF5Œ3 as 0.57 W m  ̂ppb  ̂was 

performed by Sturges and is based upon an infrared spectrum measured at 296 K with a 

resolution of 0.5 cm  ̂ The Sturges calculations indicate that SF5Œ3 possesses the largest 
radiative fordng on a per molecule basis of any molecule as yet identified in the Earth's 

atmosphere. The infrared absorption spectrum shows a number of bands in the range of 600 

to 1500 cm'\ In chapter 1 it was seen that the range of 800 to 1200 cm  ̂ is overall the most 
important range as it is here that there is no absorption by the natural greenhouse molecules. 

Thus without anthropogenic emissions of molecules that absorb in this range the infrared flux 

would be freely transmitted through the atmosphere to space. SF5Œ3 possesses a large 

integrated absorption intensity (lAI) in this region and this contributes to the large radiative 

forcing value. Nielsen et al have also measured a photoabsorption spectrum in the infrared 

over a wider energy range (100 to 4000 cm'̂ ). The spectrum revealed little structure outside 

the original limits of the Sturges spectrum. However one band centred at 613 cm  ̂ was 

recorded by Nielsen and the presence of this band is sufficient to raise the radiative forcing of 

SF5CF3 to 0.59 W m'̂  ppb'\ Nielsen found that the variation of instrumental resolution 

between 0.01 and 0.9 cm  ̂ made no discernible effect and so used a resolution of 0.9 cm  ̂

throughout their measurements. Figure 5.4 displays the infrared photoabsorption spectrum 

of Nielsen et al. along with the terrestrial infrared windows in this region (after Spiro 1980).
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Figure 5.4 : Nielsen infrared spectrum of SF5 CF3  at 296 K superimposed on the
Terrestrial absorption windows

All the measurements presented In this section were performed at the Rutherford Appleton
Laboratory (RAL) In the Molecular Spectroscopy Facility (MSP) using the Bruker IPS 120 HR

spectrometer outlined In chapter 3.6. In common with Nielsen It was found that using
resolutions between 0.01 and 0.03 cm  ̂ had no discernible effect on the band shapes and

hence all the Infrared results presented here were recorded at a resolution of 0.03 cm ^

5.3.1 298 K IR spectrum

The Initial Investigation Into SP5Œ3 was a series of measurements at 298 K between 550 and 

1800 cm'\ The goal was to confirm the Infrared spectrum and photoabsorption cross 

sections of Sturges and Nielsen and hence Infer whether their radiative forcing calculations 

were liable to be correct Six spectra were obtained at different pressures. The temperature 

was continuously monitored throughout the experiments and found to remain stable at all 
times. Each complete set of data consisted of one set of data using a blank cell and one set 

of data with the sample Inside. At each energy the absorbance, Â E) was calculated as.

A{E) = \n U { E )
I {E ) .

equation 5.2

where Iq{E) Is the recorded light Intensity at energy E for an empty cell and ]{E) Is the 

recorded light Intensity at energy E with a gas sample In the cell. At this stage a single 

wavenumber was selected and the absorbance from each of the four different pressure files 

at this energy plotted versus pressure. Figure 5.5 shows the absorbance at 905.777 cm'̂  

plotted against pressure (In hPa = 100 Pa).
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Figure 5.5 : Absorbance, A, versus pressure at 905.766 cm- 1

The data points can be fitted with a straight line that has a least squares fit of 99.99 %. 
Such linear fits have been performed at a number of wavenumbers and in all cases a linear fit 
was found. This linearity means that, in the pressure range used, the absorbance was not 
subject to saturation.

The Beer-Lambert law (equation 2.40) was then used to determine the photoabsorption cross 

section of SF5CF3 at each wavenumber. The number density was determined using the 

Baratron pressure gauge and the ideal gas law (as in equation 3.3). The path length of the 

ceil is well determined at 298 K at 26.104 cm.

As the absorbance (and hence the cross sections) is linear with pressure the six spectra were 

averaged to produce one final spectrum which is shown in figure 5.6.
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Figure 5.6 : IR  photoabsorption spectrum at 298 K

The spectrum is in good agreement with those of Sturges and Nielsen and the higher 

resolution used does not appear to reveal any finer structure. The 613 cm'̂  band that was 

observed by Nielsen was also observed in this spectrum. The theoretical assignments of Ball 

(Ball 2002) are given along with the experimental positions of the features (Griffiths 1967) in 

table 5.2.

Ball![2 0 0 2 ) Griffiths (1967)
Assignment Symmetry Wavenumber (cm^) Wavenumber (cm‘ )̂

SF4 out-of-plane deformation A' 594 612.4
SF4 asymmetric in-plane stretch A' 642 627
SF4 symmetric in-plane stretch A' 6 8 8 691.9
CF3 symmetric deformation A' 747 754.8
SF axial stretch A' 896 883.3
SF2 asymmetric stretch A' 939 902.6
SF] asymmetric stretch A" 939 902.6
CF] symmetric stretch A' 1207 1168.3
CF stretch A" 1297 1256.1
CF stretch A' 1304 1256.1

Table 5.2 : Theoretical (Ball 2002) and experimental (Griffiths 1967) assignments
in the mid-infiared region

5.3.2 Temperature dependent IR results

While the infrared measurements at 298 K appear to confirm that the radiative forcing 

calculations are correct, it is evident from chapter 1  that the atmospheric is not isothermal. 
There is a large variation in temperatures with most temperatures being considerably lower 

than 298 K and a typical mean temperature in the first 50 km of atmosphere being around 

242 K. A typical temperature profile for the Earth's troposphere and stratosphere is shown in 

figure 5.7.
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Figure 5.7 : Typical temperature profile of the Earth's troposphere and
stratosphere regions

Hence a truly representative radiative forcing calculation should take the temperature of the 

atmosphere into account. The only infrared photoabsorption cross section measurements so 

far performed have been at 296 K. Therefore the infrared measurements were extended to a 

range of sub-296 K temperatures. The Bruker IPS 120 HR spectrometer can readily obtain a 

range of stable low temperatures by use a liquid nitrogen-ethanol heat exchanger. The 

boiling point of liquid nitrogen is 77 K so this is theoretically the lowest temperature 

obtainable using this system. The temperature range used in this work was 203 K to 298 K. 
The temperature of the gas sample cell was controlled automatically and stabilised well in 

advance of the measurements being performed. Throughout the data collection period the 

temperature was monitored using the collection of thermistors on the outside of the sample 

cell. The temperature of the sample cell and, by implication, the temperature of the sample 

itself was found to remain constant throughout the measurements.

It was observed that the peak cross sectional value increased as the temperature was 

decreased and that the shape of the band changed. Although the peak height increases with 

decreasing temperature the fall off of the cross section values off-peak seems to be quicker. 

Hence at 298 K the peaks of the bands are lower but broader while at lower temperatures 

the band peaks are higher but narrower.
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Figure 5.8 : Temperature dependence of the measured SF5 CF3  infrared 
photoabsorption cross sections

The temperature dependence of the cross sections for two peaks: 903 cm  ̂and 1257 cm  ̂ is 
given in table 5.3.

903 cm  ̂peak 1257 cm'i peak
Temperature (K) 0  /  cm̂  molecule^ 0  /  cm̂  molecule 1

203 1.16 X 1 0  '̂ ^ 9.58 X 10 -18
213 1.09 X 10 8.83 X 10 -18
233 1 . 0 0  X 1 0 8.40 X 10 -18
253 9.17 X 10 7.77 X 10 -1^
273 8.28 X 1 0 6 . 8 8  X 1 0  -18
298 7.97 X 10 -18 6.99 X 10 -18
296^ 7.61x10'^^ 6.60 X 10 '̂ ^

Table 5.3 : Temperature dependence of the 903 and 1257 cm'̂  peaks in SF5 CF3

a -  Sturges (2000)

On average peak heights at 203 K were found to be ~ 1.4 times larger than at 298 K. The 

903 to 907 cm  ̂ region of the SF5Œ3 photoabsorption spectrum is shown in figure 5.9 at 203, 

213, 233, 253, 273 and 298 K.
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Figure 5.9 : Cross sections of 905.777 cm~̂  peak

Although the peak heights increase the band shape changes and off peak cross sections were 

found to increase by a smaller factor than the peak values. Indeed at certain energies it was 

observed that the cross section values decreased with decreasing temperature. The 

absorbance of electromagnetic radiation is proportional to the integrated absorption intensity 

(lAI) of a molecule. This is the area under the curve on a cross section versus energy graph. 
Due to the change of band shape with temperature it was initially uncertain how the lAI 
would be affected by temperature change.

Experimentally the 24/is calculated as the "total area under the curve of a spectrum of cross 

sections versus energy over a specified energy range."

E2

2 4 / ( j E i £ 2  ) = ^(j(E)dE equation 5.3
E\

Where Ei and E2  are the limits of the energy range. In practise the lAI values 

detemriined using the summation.
were

E l

IAI{E, ^  £ j)=  A£ X equation 5.4
£■1

where EE is the constant energy difference between successive data points {EE = 0.01506 

cm^). lAI values were calculated for the regions specified in the Sturges and Nielsen papers. 
The calculated lAI values for 203, 213, 233, 253, 273 and 298 K from our measurements are 

shown in table 5.4 along with the Sturges and Nielsen experimental values and the Ball 
theoretical calculations.
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Range
cm'̂

Nielsen 
296 K

Sturges 
296 K

This Work Ball"
298 K 273 K 253 K 233 K 213 K 203 K

11 cm molecule'̂
400 to 
450 0.579 - - - - - - - 1.08

520 to 
640 12.3 - - - - - - - 22.3

600 to 
650 - - 8.67 8.83 8.65 8.76 8.90 9.13 15.2

670 to 
780 12.4 12.4 13.0 13.2 15.2 15.8 15.3 15.1 13.251

840 to 
960 1 4 5 b 145 150 147 153 154 155 157 189.61

1125 to 
1325

96Jb 96.3 1 0 1 1 0 1 1 2 1 125 117 119 125.99

Total 267 - 276 279 325 329 315 313 344

Table 5.4 : Experimental and theoretical lA I values for SF5 CF3

a -  MP2 Gaussian-2 and Gaussian-3 Calculations
b - Nielsen quotes the Sturges results in these regions and states that there own results were 

indistinguishable.

The total lAI values from table 5.4 are shown in figure 5.10 plotted versus temperature.
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Figure 5.10 : lA I versus temperature for SF5 CF3

The implications of this are that at lower temperatures SF5Œ 3 becomes a more effective 

infrared absorter. From the atmospheric profile (figure 5.7) it was seen that the mean 

temperature of the troposphere and stratosphere regions of the Earth's atmosphere is around 

240 K which is considerably lower than 298 K. In the most important global warming region 

in table 5.3 -  the 840 to 960 cm  ̂ -  in the middle of the infrared window a 3 % increase in 

lAI is observed by decreasing the temperature from 298 K to 240 K. Similar and even larger
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increments are observed in the other regions of the spectrum over which lAI vaiues were 

evaiuated. Hence the infrared absorbance of SF5CF3 in the Earth's atmosphere is iarger than 

initiaiiy thought. The effect of this increased infrared absorbance upon the radiative forcing 

of SF5Œ3 is to increase the value by perhaps a few percent. This may lead the radiative 

forcing of SF5CF3 to be increased to 0.6 W m'̂  ppb'\

5.3.3 Radiative Forcing

The total radiative forcing of an atomic/moiecuiar species in the atmosphere is an important 

quantity and can be written as.

A. =C;Xa, equation 5.5

where A, is the total radiative forcing of species / in W m'̂ , q is the concentration of species / 

in the atmosphere and a, is the radiative forcing of species /on a per molecule basis. The 

total radiative forcing due to all species is.

A lii

equation 5.6

Sturges measured the atmospheric concentration level of SF5Œ3 in 2000 to be 0.12 pptv. 
Assuming the trend in figure 5.1 to hold for future emissions the present-day (2003 AD) total 
must t)e ~ 0.14 pptv. The total change in radiative forcing due to increases in globally well 
mixed gas concentrations from pre-industrial (circa 1750 AD) to the present day (circa 2000 

AD) is 2.44 W m ̂  (IPCC 2001). Total radiative forcing vaiues for SF5Œ3 were calculated 

using equation 5.5 and are presented in table 5.5 for concentration levels appropriate to 

2000 AD (0.12 ppt) and 2003 AD (0.14 ppt).

Radiative 
Forcing (W m'̂  

PPb')

Total Radiative Forcing 
(10^ W m’2)

% of total 
radiative forcing 

due to changes2000 AD a 2003 AD *
Sturges (2000) 0.57 0.684 0.798 0.0033 %
Nielsen (2001) 0.59 0.708 0.826 0.0034 %
This Work 0.60 0.720 0.840 0.0035 %

Table 5.5 : Calculated total radiative forcing values
a -  S F 5 Œ 3  œnœntradon of 0.12 pptv from Sturges (Sturges 2000) 

b - S F 5 Œ 3  œnœntration of 0.14 pptv extrapolated from figure 5.1
c - Total radiative fordng due to changes Is the increase in radiative forcing due to changes 

in greenhouse gas concentration from pre-industrial (1750 AD) times to the present day 

(2000 AD) and has a value of 2.44 Wm^ (IPCC2001)

111



Hence even with the largest per molecule radiative forcing of any atmospheric molecule 

SF5CF3 still only constitutes a few hundredths of a percent of the total anthropogenic radiative 

forcing.

5.4 EELS and VUV Results

In order to determine the global warming potential of a molecule to any degree of certainty 

its lifetime in the atmosphere must be determined as accurately as possible. There are many 

possible destruction routes for an atmospheric species including chemical reactions, 
ion-molecule reactions, photodissociation, and removal via precipitation. Photodissociation 

forms one of the most important removal processes in the troposphere and stratosphere 

regions where there is little in the way of free electron density to allow ion-molecule reactions 

to occur. In order to determine the atmospheric lifetime due to photolysis for a species its 

photoabsorption spectrum in the visible and ultraviolet regions of the spectrum must be 

measured. No such spectrum was found in literature searches. Electron energy loss 

spectroscopy was therefore used to study the photoat)sorption spectrum of SF5Œ3 in the 

range of 4 to 22 eV. The raw EELS spectrum is shown in figure 5.11 with the energy scale 

calibrated to an EELS spectrum of N2 measured immediately before that of SF5CF3.

1600

1400

1200

1000

800

600

400

200

Energy (eV)

Figure 5.11 : EELS spectrum of SF5 CF3

As can be seen in figure 5.11, no absorption was observed at energies below ~ 8  eV (this 

was confirmed by using a UV/Visible photoabsorption spectrometer at several pressures).

During the measurements the incident electron energy was set at 150 eV and the acceptance 

angle of the analyser section of the EELS apparatus set to ~0°. Hence it was applicable to
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use the œnversion of EELS to differential oscillator strengths (DOS) presented in chapter 

3.8.7. The relative DOS spectrum of SF5Œ3 is shown in figure 5.12.
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Figure 5.12 : DOS spectrum of SF5 CF3

Examination of the DOS spectrum in context can yield some important information about the 

atmospheric lifetime of SF5CF3. Figure 5.13 shows the DOS spectrum of SF5CF3 and a DOS 

spectrum of SFe converted to wavelength units and the solar flux measured at the 

stratopause (~50 km) and below.
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Figure 5.13 : DOS spectra of SF5 CF3  and SF@ and sub-stratopause solar actinic
fluxes

There are two important results that can be obtained from figure 5.13. Firstly it is noticeable 

that SF5CF3 has a band between 120 and 150 nm (8-10 eV). In this region the absorbance of
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SFe is, œmparitively, œnsiderably lower. This means that SF5CF3 can absorb lower energy 

photons than SFe and hence its lifetime due to photolysis is likely to be shorter than that of 
SFe (SFe lifetime is 3200 years (Ravishankara 1993)). The second result of importance is that 

there is no overlap between the solar flux and the DOS spectrum of SF5Œ3 at altitudes below 

50 km. This 20 nm (1 eV) gap means that no photodissociation can occur below 50 km and 

hence some other mechanism is required for the destruction of SF5CF3. This is liable to place 

a long atmospheric lifetime on SF5Œ3. In contrast with the situation below 50 km however it 

is to be observed that there is considerable overlap between the DOS spectrum of SF5CF3 and 

the solar flux at higher altitudes. Due to the considerably smaller concentrations of UV 

absorbing species in the upper atmosphere there are considerably higher fluxes of higher 

energy photons available. Figure 5.14 shows the overlap between the DOS spectrum of 
SF5Œ3 and the solar flux measured at the top of the atmosphere.
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Figure 5.14 : Overlap between solar flux and SF5 CF3  DOS spectrum in the upper
atmosphere

In particular it is to be noticed that there is absorption at the Lyman alpha peak (121.6 nm = 

10.2 eV) where the UV flux at wavelengths less than 180 nm is strongest. Hence, it is likely 

that photodissodation of SF5CF3 will occur in the ionosphere or mesosphere regions of the 

atmosphere.

In regards to other destruction methods, Sturges (2000) suggests that the observed trends in 

measured SF5Œ3 concentrations in the Stratosphere imply that there are unlikely to be 

substantial sinks in the troposphere or uptake by soils, plants and the ocean. Hence SF5Œ3 is 
likely to be chemically inert.
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Electron attachment to SF5Œ3 was studied by Kennedy and Mayhew (Kennedy 2001) using 

an electron swarm experiment. It was observed that only one channel is open and that the 

reaction takes place as.

SF^CF  ̂+e~ sf ; + c f , equation 5.7

The product CF3 was not observed. The conclusion is that fast dissociative electron 

attachment will destroy SF5Œ3. Molecules that are chemically inert but are subject to rapid 

destruction by electron attachment have been found to have atmospheric lifetimes on the 

order of 1000 years (Morris 1995). Hence it seems likely that SF5Œ3 is an inert molecule with 

no substantial sinks in the troposphere or stratosphere. Destruction is likely to occur in the 

ionosphere regions of the atmosphere through photolysis or dissociative electron attachment. 
The lifetime of SF5Œ3 is likely to be several hundred to a few thousand years with the upper 

limit being that of SFe (3200 years).

5.5 VUV Photoabsorption results

The DOS spectrum of SF5Œ3 was sufficient to determine the lifetime of the molecule but it is 
still unsealed. In order to scale the DOS it is necessary to obtain absolute photoabsorption 

data. As there was no data in the literature measurements were performed at Daresbury 

synchrotron. The DOS spectrum showed that structure is observed from a minimum energy 

of 7 eV. Hence it was possible to use ttie photoabsorption cell with LiF windows which have 

an energy cut-off of around 11 eV. Several data runs were performed using different 
pressures. Figure 5.15 shows the photoabsorption cross sections obtained at Daresbury 

synchrotron station 3.1.
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Figure 5.15 : SF5 CF3  cross sections as measured at the Daresbury synchrotron
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A second VUV photoabsorption spectrum was recorded at the ASTRID synchrotron In Aarhus, 

Denmark. The results for the ASTRID spectrum are shown in figure 5.16.
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Figure 5.16 : ASTRID UV- 1  photoabsorption spectrum of SF5CF3

The two photoabsorption spectra are in good agreement in the concurrent measurement 
ranges. The lower energy cut-off in the ASTRID spectrum is due to the different types of 
windows used in the gas sample cells (in ASTRID UV-1 Cap2 windows were used and at 

Daresbury LiF windows were used). There is a difference in the cross section values between 

9 and 10 eV of around 5 %. The mean average value of the Daresbury cross sections in this 

region was evaluated as was that of the ASTRID cross sections. The mean average of the 

DOS spectrum in this region was also evaluated. The mean of the two photoabsorption cross 

section averages was then used to scale the DOS average to the correct degree.

The DOS spectrum normalised to the Daresbury photoabsorption data is shown in figure 

5.17.
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Figure 5.17 : SF5 CF3  DOS spectrum normalised to photoabsorption data
No theoretical assignments for the VUV spectrum of SF5CF3 have yet been published. In 

comparison with the VUV photoabsorption spectrum of SFe (see figure 5.13) the spectra are 

very different. However the second lowest energy peak in SF5CF3 (10 to 12 eV = 100 to 120 

nm) is found to have the same magnitude cross sections and be in the same position of that 
of the lowest energy peak of SFe. In SFe the assignment is given as Itig -> 6tiu and 

5tiu -> 6dig (Mitsuke 1990).

5.6 Global Warming Results

Global warming potentials (GWPs) are a useful quantity that determine the global warming 

effectiveness of a molecular species relative to a reference molecule. Chapter 4.2 described 

the equations used to calculate the GWP. The equation used in this research is an 

approximate form for calculating the mass normalised GWP relative to CO2 .

GWP(c,) =
m

aCO, CO,

equation 5.8

The quantities required for the equation are: the mass of SF5CF3 and of CO2, a -  the
radiative forcings of SF5CF3 and CO2, t  -  the timescale over which the GWP is to be 

measured, r -  the atmospheric lifetime of the molecule.

Several lifetimes in the range determined by our measurements (several hundred to a few 

thousand years) have been used for the calculations. The GWPs were evaluated using the 

Sturges, Nielsen and temperature dependent radiative forcings (0.57, 0.59 and 0.6 W m  ̂

ppb̂  respectively). All GWPs were evaluated over a 100 year timescale as they were by
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Sturges and Nielsen. Table 5.6 lists the GWP values calculated for SF5Œ3 in this work and by 

Sturges (Sturges 2000) and Nielsen (Nielsen 2002).

This Work Sturges
(2000)

This Work Nielsen
(2002)

This Work

Radiative Forcing 
(W m  ̂ppb )̂ 0.57^ 0 .5 7 a 0.59^ 0.59* 0.60^

Lifetime (Years) 100 year Global Warming Potential (GWP)
500 16700 - 17300 - 17600
1000 17600 17500 18200 - 18500
2000 18000 - 18600 - 18900
3200 18200 18000 18800 19000 19100

Table 5.6 :100 year GWP values evaluated for SF5CF3

a -  radiative fordng from Sturges (2000) 

b -  radiative fordng from Nieisen (2002) 
c - radiative fordng estimation from this work

The effect of changing the atmospheric lifetime on the GWP values for SF5Œ3 is illustrated in 

figure 5.18.

Radiative Forcings (W m"2 ppb"̂  ) 
^ 0 .5 7 0.59 0.6

19500CN

19000

18500

18000

17500

17000

16500

16000
500 1000 1500 2000 2500 3000 3500

Atmospheric Lifetime (Years)

Figure 5.18 : Effect of changing atmospheric lifetime upon the GWP of SFgCF

A GWP in the region of 18000 places the GWP of SF5Œ3 as the second highest recorded of 

any atmospheric molecule after SFe (GWP = 22200 [IPCC 2001]). A list of 100 year GWP 

values calculated for prominent global warming molecules is shown In table 5.7.
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Molecule
Name

Chemical
Formula

Lifetime  ̂
(years)

Rad.Forcing ̂  
(W.m^ ppb 1)

GWP 
100 year

CFC-11 0=0i 45 0.280 5190
CFC-12 0 % 1 0 0 0.340 9300
Sulphur Hexafiuoride SFe 3200 0.52 2 2 2 0 0

Table 5.7 :100 year GWP values of selected greenhouse gases
a -  Radiative forcings and lifetimes from Jain (2000)

5.7 Discussion

The temperature dependent infrared photoabsorption cross section data suggest that the 

previous estimates of the radiative fordng for SF5Œ3 are likely to be slightly underestimated. 
Sturges (Sturges 2000) noted that their radiative fordng calculation of 0.57 W m  ̂ppb  ̂gave 

SF5Œ3 the highest radiative forcing per molecule of any observed in the atmosphere. The 

measurements of Nielsen (Nielsen 2002) and this work increase the radiative fordng still 
further. Nonetheless the low concentration levels of SF5Œ3 observed in the atmosphere 

means that the total contribution to global radiative fordng amounts to less than 10  ̂W m'̂ . 
In terms of the total radiative fordng caused by emissions of greenhouse gases from 1750 

AD to the present day, current SF5CF3 levels are equivalent to a few thousandths of a percent 
of the 2.44 W m'̂  total. Thus it seems that SF5Œ3 is not currently an immediately serious 

dimate change agent.

However this belies the fact that 1 part in 30000 of the total anthropogenic fordng from 

1750 AD to the present day is caused by a molecular spedes that composes just 10̂  ̂% of 
the total amount of atmospheric constituents. Concentrations of greenhouse gases related to 

human activities are shown in table 5.8.

Concentration 
before c. 1750 AD

Concentration in 
1998 AD

Rate of change of 
concentration

Atmospheric
lifetime

parts per million parts per million ppm/year years
COz^ ~280 365 1.5 5 to 200
Ch4̂ ~0.70 1.745 0.007 1 2

NzO^ -*0.27 0.314 0.0008 114
CFC-11^ 0 0.000268 -0.0000014 ^ 45
HFC-23^ 0 0.000014 0.00000055 260
C F / 0.00004 0.00008 0 . 0 0 0 0 0 1 > 50000
SF5CF3 0 0 . 0 0 0 0 0 0 1 2 0.0000000072 ~ 1 0 0 0

Table 5.8 : Concentrations of greenhouse gases related to human activities
a -  data from IPCC (IPCC2001)
b -  CFC-11 œnœntrations are reducing by 1.4pp t/yr (IPCC2001) 

c - data for2000AD from Sturges (Sturges2000)

An increase to the total radiative fordng of an additional 1 part in 30000 is not insignificant 
and adds to the already uncertain future trends for radiative forcing and global temperature.
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Carbon dioxide forms the iargest oontributor to the total radiative fordng due to increases 

from 1750 to 2000 at around 60 %. However over a 100 year timescale SF5CF3 is around 

19000 times rmre effective at global warming on a per mass basis. Hence the 290 tonnes of 

SF5CF3 released into the atmosphere every year is over a 100 year period equivalent to the 

release of 5.5 million tonnes of CO2 which is ~1 % of the total annual CO2 release from the 

UK (Sturges 2000). However, given that the lifetime of SF5CF3 is so much longer than that of 
CO2 the longer term problems are more alarming. Over a 1000 year timescale the GWP value 

indicates that each kilogram of SF5CF3 is as effective as over 100,000 kilograms of CO2 .

The lack of a rapid destruction process in the atmosphere also means that for timescales 

pertinent to human lifetimes the residence time can be considered more or less permanent. 
Even with a complete and immediate cessation of emissions the effects of the SF5CF3 will 

continue to be felt over the course of its atmospheric lifetime. This is what the IPCC refers 

to as an ''quasi-irreversit)le commitment to sustained radiative fordng over decades, 
centuries, or millennia, before natural processes can remove the quantities emitted" (IPCC 

2001).

With radiative fordng predicted to rise over the next century the addition of a further potent 
greenhouse gas has the potential to make dimate change even more unpredictatrfe. The 

substantial growth rate of 6  % per annum may be increasing (Sturges 2000) and even if it 
remains constant levels will increase tenfold by 2040 AD and one hundredfold by 2115 AD. 
At this stage the radiative fordng due to SF5CF3 would account for ~ one percent of the total 
present. Using IPCC scenarios for predictions of the a/7//7ropoge’/7/c radiative fordng changes 

up to 2100 AD the percentage of (SF5Œ3 /  total anthropogenic radiative fordng) can be 

calculated assuming a constant growth rate of 6  % per year. The scenarios used are:

Scenario A lF l  -  rapid and successful economic development leads to the distinction of 
"poor" and "rich" countries disappearing. Unparalleled economic levels lead to a state of 
general affluence with high global consumption levels. Birth and death rates are low with 

population peaking at 9 billion. Fossil fuels are intensively used (IPCC 2001).

Scenario B1 -  sustainable development and sodal and environmental consdousness are 

prevalent. This leads to lower average income and higher resource prices due to 

environmental taxation. A large proportion of economic gains are used to increase effidency. 
Environmental œnsdenœ limits population to a peak of 9 billion (IPCC 2001).

Mean -  the mean average of the AlFl and 81 scenarios representing a middle option 

combining economic growth and increased environmental awareness (after IPCC 2001)
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No emission -  this sœnario assumes the Mean scenario but halts SF5CF3 emission 

completely. The atmospheric concentration levels of SF5Œ3 are assumed to remain constant 

over the period 2000 to 2100 AD (after IPCC 2001).

The AlFl, B1 and Mean scenarios assume that SF5CF3 emission is subject to a continuous 

growth rate of 6  %. The percentage contribution of SF5CF3 to the total anthropogenic forcing 

over the period 1980 to 2100 AD is shown for the four scenarios in figure 5.19.

Scenario A1F1 -Q- Scenario B1 Mean No Emission

g f

 r !

0.001
1980 2000 2020 2040 2060 2080 2100

Year (AD)

Figure 5.19 : SF5 CF3  radiative forcing as percentage of total radiative forcing up to
2100 A.D.

Hence if the growth rate of SF5Œ3 was to remain constant the relative importance to overall 
radiative forcing and climate change increases over time. The no emission line indicates tfie 

relative importance of SF5CF3 if emission were halted completely in 2000 AD and assumes 

that concentrations remain constant over the following 100 years. The increased usage of 
SFe in plasma related industries might conceivably cause an increasing trend in the SF5CF3 

growth rate leading to an increase in the relative importance of SF5Œ3. However, such 

possibilities cannot be quantified with tfie present knowledge of the sources of SF5Œ3. 

However, the potential importance of SF5Œ3 in the atmosphere to climate change is evident 
whatever happens to tfie emissions. Therefore it is of utmost importance to identify the 

sources of SF5Œ3 and investigate the possibility of controlled emissions so as to reduce tfie 

inescapable effects of SF5Œ3 in the atmosphere to as greater an extent as possible.
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5.8 Conclusions

The infrared photoabsorption spectrum of SF5Œ3 has been investigated at a number of 

atmosphericaily reievant temperatures. The results of these spectra in association with 

already published data has led us to conclude that the present radiative fordng estimates 

should be increased by a few percent.

Photoabsorption spectra obtained at visible and ultraviolet wavelengths using electron-impact 
and photoabsorption experiments indicate that the lifetime due to photolysis will be long as 

there is no overlap with solar fluxes at 50 km altitude or telow. Photodissodation may be 

possible in the upper regions of the atmosphere where there are considerable fluxes of UV 

photons. Destruction will most likely occur in the ionosphere regions via fast electron 

attachment or photolysis with a timescale on the order of 1 0 0 0  years.

The overall lifetime of SF5CF3 in the atmosphere will probably lie between several hundred 

and a few thousand years. The upper limit is likely to be defined by the atmospheric lifetime 

of SFe (3200 years) as SF5Œ3 is more effective at absorbing UV radiation than SFe. Global 
wanning potentials (GWP) have been evaluated for various lifetimes using the various 

estimates of radiative fordng. The GWP values indicate that SF5CF3 will likely be around 

19000 times more effective per unit mass than carbon dioxide over a 100 year period. This is 
the second iargest GWP value recorded for any atmospheric molecule after SFe (GWP = 

22000).

Therefore SF5Œ3 has the potential to become an important instrument of dimate change. 
The current low concentrations limit its current importance but a substantial growth rate in 

combination with its long lifetime means that SF5CF3 has the ability to effect dimate change 

over a long period of time. The sources of the molecule must therefore be investigated and 

the possibility of controlling emissions explored.
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Chapter 6: Spectroscopic Studies of

A likely impossibility is always preferable 
to an unconvincing possibility

Aristx)tle ofStagira

In this chapter the results of experiments performed on the ozone (O3) molecule are detailed. 
An overview of the molecule Is given first, followed by the method of synthesis used to 

produce the ozone used in these experiments. Results from spectroscopic studies of ozone 

performed using two pieces of apparatus -  the high energy EEL spectrometer at QEMAT in 

Madrid (chapter 3.9), and the electron stimulated desorption (ESD) apparatus at the Frei 
Universitat in Berlin (chapter 3.10) are then presented.

6,1 Ozone and its importance to the atmosphere

Ozone is one of the most important spedes of molecule present in the atmosphere despite its 

low concentration. The exact concentration levels vary according to locality as the 

atmospheric lifetime of ozone is very short and, hence, the largest concentrations are found 

where production levels are the highest. Thus most ozone is confined to a layer in the 

stratosphere where concentrations can reach lO's of ppb. In the stratosphere ozone provides 

an invaluable shield against damaging solar ultraviolet radiation. In contrasty ozone in the 

troposphere forms a pollutant with serious health risks.

In the whole extent of the atmosphere ozone is the only molecule present in the atmosphere 

that can absorb radiation in the 200 to 300 nm range. Ultraviolet photons with wavelengths 

of A < 300 nm (E > 4.1 eV) are capable of damaging the deoxyribonudeic add (DNA) strands 

that hold all the genetic information of life. Thus, it was only when suffident ozone was 

accumulated In the Earth's atmosphere around 600 million years ago that life was able to 

emerge from the oceans to colonise the landmasses. Ozone in the stratosphere is formed by 

the combination of atomic (O) and molecular oxygen (O2). The oxygen atom required for the 

reaction is produced by photodissodation of an oxygen molecule by a photon with a 

wavelength of 175 nm or less (E > 7 eV).

O2 + / ( a < 115nm)-> 0  + 0  equation 6 . 1

where y is the photon that causes the dissodatjon. The atomic oxygen is then free to react 
with an oxygen molecule.
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0 2 + 0  + M ^ 0 2 + M  equation 6 . 2

where M is a third body that is required to stabilise the ozone (O3) molecule by collisionally
absorbing the excess energy of the reaction. Destruction can occur via a collision.

O + O3 -^ 02  + 02 equation 6.3

or via photodissodation

O3 + / ’->  O2 + O equation 6.4

Ozone formation is localised to a narrow band of the stratosphere as below the tropopause
there are too few photons of suffident energy to dissodate the oxygen molecules (equation 

6.1) and above the stratopause (50 km) there are insuffident oxygen molecules for suffident 
production. Hence ozone is confined to a thin layer with maximum concentration occurring 

between 20 to 26 km (Mason 2001).

Reactions 6.1 to 6.4 were formulated by Chapman and were considered to be the only 

relevant reactions necessary to describe O3 in the Earth's atmosphere. It has become evident 
however that other molecules [A] can also cause destruction of ozone through a series of 
catalytic reactions.

X  + O3 ->  XO + O2 equation 6.5a
XO + 0  ^  X  + O2 equation 6.5b

O + O3 —y O2 + O2 NET

The most important atoms/molecules are X =  H, OH, NO, O and possibly other halogens. 

Chlorine can be produced by photodissociation of the purely anthropogenic 

chlorofluorocarbon (CFC) compounds. Each chlorine atom may partidpate in several hundred 

of these cydes before it is removed from the atmosphere. Hence such catalytic reactions can 

prove far more damaging than the natural reactions given in equations 6.3 and 6.4 

(Wayne 1991).

The Antarctic ozone hole

The Antarctic ozone hole refers to the annual decrease of column ozone at high southern 

latitudes in late winter to early spring. The Antarctic ozone hole was discovered in 1985 

(Famian 1985). During the winter in the extreme southern latitudes the Sun does not rise 

above the horizon leading to 24 hours of daricness every day. The consequence of this is that 
the polar atmosphere receives no heating due to the absorption of solar ultraviolet radiation.
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However the atmosphere, which Is a reservoir of heat, continues to lose themial energy and 

hence cools down. As a result a pressure gradient builds up between the warm mid-latitudes 

where the Sun continues to shine and the cool southern polar latitudes. The CorioHs force 

turns this large north-south gradient into an east-west wind. This phenomenon, which occurs 

at latitudes above 60 ° S, is termed the polar vortex. The edge of the polar vortex acts as a 

barrier to mixing and effectively isolates the vortex from the mid-latitude atmosphere 

between altitudes of 18 and 35 km (Dessler 2000). Inside the polar vortex temperatures are 

sufficiently cold for polar stratospheric douds (PSCS) to form.

Polar stratospheric clouds are clouds that form in cold conditions by nudeation upon 

atmospheric particles. The nudeus may be crystalline (Type la), liquid (Type lb) or 
crystalline water-ice (Type II). Type Ib PSCs fonn between 15 and 20 km over the poles by 

nudeation upon stratospheric aerosols which are mainly H2SO4  /  H2O when temperatures are 

> 200 K. The cold aerosol condenses H2O and HNO3 to fbmi a supercooled liquid PSC. 
When the temperature cools to 3 or 4 K below the ice frost point crystalline PSCs (type II) 
can form (Prenni 2001).

The presence of the polar vortex allows the fonnation of an "ozone hole" by two means. 
Firstly, the PSCs destroy ozone on their surfaces via heterogeneous reactions and liberate 

chlorine from reservoir spedes such as chlorine nitrate (a 0 N0 2 ). Secondly, the polar vortex 

traps free chlorine, bromine, etc. that were the products of photodissodation during the 

summer months and of heterogeneous reactions on the PSCs. The isolation of the polar 
vortex from the rest of the atmosphere allows these spedes to accumulate to large 

concentrations. It is the presence of gaseous chlorine in particular that allows vast quantities 

of ozone to be destroyed. The cooling of the atmosphere in the polar vortex leads to descent 
of the air to lower altitudes which hence drives ozone depletion lower in the atmosphere. 

The return of sunlight in mid-August starts to re-heat the atmosphere and leads to the 

production of a region of low column ozone. This region increases in area and depth with 

time and from mid-October onwards the ozone column increases redudng ttie size of the low- 
ozone region. By December the "final stratospheric warming" event switches the polar 
weather from the polar vortex to summer winds and breaks the polar vortex into a number of 
smaller vortices. It Is at this time that the ozone levels reach normal levels again, i.e. the 

ozone hole disappears.

The polar vortex is a natural phenomenon that does destroy ozone, it is the presence of 

ozone-destroying chemicals, in particular chlorine, that destroys ozone. The increased levels 

of chlorine due to the destruction of anthropogenic molecules such as CFCs has increased the 

magnitude of the annual ozone depletion to dangerous levels. The presence of the polar
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vortex merely provides the environmental œnditions required for highly effective ozone 

depletion -  i.e. releasing of Cl and isolation of ozone depleting chemicals to the polar regions 

for the duration of the winter.

Tropospheric Ozone

In contrast with its positive role in the stratosphere, ozone in the troposphere is both a 

greenhouse gas and a dangerous pollutant A strong absorption band in the infrared region 

allows ozone to contribute to 2 % of the total global warming budget of the Earth. As a 

pollutant ozone is the main ingredient of photochemical smog. In areas where such as 

Los Angeles where large quantities of nitrogen oxides (NOx) are produced photochemical 
smog can cause a serious health risk. Large quantities of NO txnld up at night. After dawn 

pfTotochemical reactions with the NO and hydrocarbons in the air create large quantities of 
NO2, ozone and peroxyacetyl nitrate (PAN). These form a brown hazy smog that is strongly 

oxidising. Health protrlems associated with this smog indude chest pains, coughs, headaches 

and sever eye irritation (from the PAN). In addition local vegetation can be damaged or even 

killed by long term exposure (Wayne 1991). At tropospheric altitudes ozone production is 

via.

NO2  + /  —>0-^ NO
O + O2  4- M  —̂ O3 + M  
OH + CO —y H  + CO2  

H  + O2 + M  -^ H 0 2 + M  
HO2 +NO -> 0 H  + N02
CO + 2.O2 + y —y CO2 + O3 NET

equation 6 .6 a 
equation 6 .6 b 

equation 6 .6 c 
equation 6 .6 d 
equation 6 .6 e

While tropospheric ozone loss occurs via.

H 02+0^ —> OH  + 20^
CO + OH - > H  + C02 
H  + O2  + Af —> HO 2  + A/

—> CO2 4* O2 NET

equation 6.7a 

equation 6.7b 
equation 6.7c

6.2 Properties of the ozone molecule

Ozone is a bent triatomic molecule and belongs to the Czv point group (chapter 1.5). This 

gives the ozone molecule the identity operation, a two-fold rotation and two vertical plane 

reflections. Various theoretical and experimental values for the bond lengths and angles of 

the ground state %  are shown in table 6 .1 .
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Bond length /  ao ̂ Bond length /  Â Bond angle /  
degrees

Siebert (2002) ^ 2.4094 1.2750 116.79
Xie (2000)* 2.4081 1.2743 116.86
Müller (1998) * 2.4026 1.2714 116.9
Banichevich (1990)* 2.4100 1.2753 116
Hay (1977)* 2.4548 1.2990 116
Siebert (2002) 2.4052 1.2728 116.75
Tanaka (1970)^ 2.4018 1.2710 116.8
Hughes (1956) ^ 2.4151 1.2780 116.8

Table 6.1 : Theoretical and experimental structural parameters for O3

a -  theoretical calculations 

b -  experimental data

c - Siebert (2002) experimental values obtained from fitting rovlbratlonal transition results of 
(Tyuterev 1999) and (Tyuterev2000) 

d -  Bohr radius, ao = 5.291772083 x  10̂  ̂m

Figure 6.1 shows the geometry of an ozone molecule In the ground state using experimental 
parameters (Siebert 2002) from table 6.1.

R = 127.28 pm R = 127.28 pm

Figure 6.1 : Geometry of an ozone (O 3 ) molecule

6.3 Generation of ozone for use in laboratory experiments

Ozone is a highly reactive compound that decomposes upon exposure to sunlight and is 
explosive when stored in high concentrations. As a result it is undesirable and impractical to 

store ozone and it must instead be prepared in the laboratory prior to use. Commercial 
ozone generators or ozonlzers are available but generate only small quantities of ozone 

(passing pure oxygen through an ozonizer will typically yield an oxygen /  ozone mixture with 

ozone concentrations on the order of a few percent). A glassware rig has been designed and 

built at UCL in order to obtain highly concentrated levels of ozone (~90 %) by purifying the
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output of a œmmerdal ozonizer. A schematic of the UCL mobile ozone production apparatus 

is shown in figure 6 .2 .

( ^ P T F E  Valves =  PTFE Tubing = =  Glass Tubing

To Rotary 
Pump

Exhaust 
Pipe

Glass Bulb

Acetone / 
Dry Ice mix

OXYGEM

Silica Gel 
in a glass 
trap

Dewar Ozonizer Unit O2  Bottle

Figure 6.2 : Schematic of the UCL mobile ozone generator apparatus
Oxygen is flowed through the commercial ozoniser unit (Fischer Ozon 502) which generates 

ozone by passing the oxygen through a silent electrical discharge. This breaks some of the 

oxygen molecules into atomic oxygen. These oxygen atoms are then free to react with the 

remaining oxygen molecules to produce ozone via equation 6.2. The gas mixture that leaves 

the ozonizer unit contains approximately 1 to 2 % ozone and the rest molecular oxygen. In 

the attached glassware valves 3 and 4 are closed and valve 5 opened to allow free flow of the 

gas mixture through the glass trap. The trap contains silica gel which ozone attaches to 

when the gel is cooled. The trap was maintained at ~ 195 K using an acetone /  dry ice slush 

in a dewar. Oxygen does not attach to the silica gel so the trap selectively removes the 

ozone from the gas mixture passing through the trap. The presence of ozone can be 

detected visitrfy as the gel develops a vivid blue-violet hue when ozone is attached and may 

also be detected via its distinctive odour C'Ozon" (Greek) = "to smell")- Ozone generation 

and trapping in this manner is continued for around 30 minutes after which the ozonizer is 
switched off and valves 5 and 6  closed. With the dewar still in place valves 1 and 3 were 

opened to allow any oxygen still present in the trap to be removed. Valve 1 was then dosed 

and the dewar removed to allow the ozone to desorb from the silica gel. The purified ozone 

(80 to 90 % ozone) was then stored in an attached glass bulb. The bulb is held in a wooden 

box to avoid exposure of the bulb to sunlight. Ozone produced and stored in this way was 

found to have a useable lifetime of at least one day.
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When first introduced Into a piece of experimental apparatus the highly reactive ozone has a 

tendency to react with the internal surfaces and any contaminants present. It is therefore 

often necessary to pass a significant quantity of ozone through the apparatus in order to 

passivate the internal surfaces. The purity of the ozone samples obtained from the UCL 

mobile ozone production rig was found in general to increase with each consecutive use 

which might be explained by a similar argument of passivation.

The purity of ozone produced was determined by measuring an EELS spectrum of the mixture 

in the range of 4 to 11 eV (110 to 310 nm). In this energy range both O3 and O2 have 

distinctive characteristic features. The Hartley band which peaks at 4.89 eV (253 nm) is 

unique to ozone while the Schumann-Runge band observed at 8 . 8  eV (124 nm) is unique to 

oxygen. By normalising a pure oxygen and the mixture spectra to the same magnitude in the 

region of the Schumann-Runge band at 8 . 8  eV the two spectra can be plotted on tfie same 

axis. Figure 6.3 sfiows spectra obtained for tfie mixture of O2 /  O3 and pure oxygen plotted 

on the same axes.

O3 /O2  Mixture Pure O2

2000 T

g 1500 ■■

1000 -

500 -

UJ

-10 0 10 20 30 40 50 60 70

Energy Loss (eV)

Figure 6.3 : EELS spectra for a mixture of O2  /  O3  and for pure O2  using electrons 
with 2500 eV incident energy an 0° scattering angle

The oxygen proportion of tfie spectrum can tfien be subtracted point by point to obtain the 

spectrum due purely to ozone. This is sfiown in figure 6.4.
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Figure 6.4 : EELS spectrum for O3  obtained by subtracting the pure O2  spectrum 
from the mixture spectrum in figure 6.3

Sample purities of 70 to 80 % were regularly obtained using the UCL mobile ozone 

production rig. The ratios of ozone/oxygen were estimated to be accurate to within 6  %.

6.4 High-Energy Electron Energy Loss Spectroscopy

The high energy EEL spectrometer at QEMAT in Madrid, Spain was described in chapter 3. 

The high energy EEL spectrometer was used to measure the total scattering cross sections of 
ozone over the energy range of 300 to 5000 eV.

Total scattering cross section measurements

The total scattering cross section measurements were carried out by measuring the 

attenuation of the electron beam as the gas sample cell pressure was varied between 0  and 

40 mTorr (0 -> 52.6 mbar).

The intensity of transmitted electrons through the oxygen-ozone gas mixture is related by a 

law that is the same as the Beer-Lambert for photoabsorption.

l, iE )= lA E )e x p {-N L a r{E )) equation 6 . 8

where It (£)is the transmitted intensity at energy E, Iq (E) is the incident intensity at energy 

E, /Vis the number density of the gas, L is the path length of the gas sample cell and Ct {E) is 

the total cross section at energy £. /Vis calculated from the pressure using the ideal gas law 

(equation 3.3). Taking logarithms of equation 6 . 8  yields.

In I, (£ ) = -N L a r  (£ ) + In (£ ) equation 6.9
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Where In Iq (E) is a œnstant at energy E. Hence plotting In It (E) versus /V yields a straight 
line of the form y = m x + c. The gradient of the line Is therefore m = L Gt {E) and as L is 

constant the total cross section at energy fis  obtained.

As the gas sample was a mixture of ozone and oxygen the purely ozone total scattering cross 

sections were obtained by using.

^ tr> \  _  [l (O3 + O2 ) -  c(02 (O2 )]
c(0 ,)

equation 6 . 1 0

Where Gt (O3) Is the total scattering cross section for ozone, Gt (O3 + O2) Is the total 
scattering cross section for the mixture, Gt (O2) Is the total scattering cross section for 
oxygen, 6 (0 3 ) Is the percentage concentration of ozone In the mixture, and c(0 2 ) Is the 

percentage concentration of oxygen In the mixture. The percentages of both constituents 

were determined as above and when placed In equation 6.10 yielded the following results 

listed In table 6.2.

Energy
(eV)

Total cross section /  ao Energy
(eV)

Total cross section /  aô
This Work Theory * This Work Theory ^

300 - 27.4 1250 10.3 -

350 27.7 - 1500 8.91 8 . 6 8

400 24.6 - 1750 7.90 -

450 22.5 - 2 0 0 0 7.12 6.79
500 20.7 19.4 2500 6 . 0 0 -

600 18.1 - 3000 5.18 5.00
700 15.9 15.3 3500 4.61 -

800 14.3 - 4000 4.15 4.07
900 13.2 - 4500 3.75 -

1 0 0 0 1 2 . 1 - 5000 3.46 3.29

Table 6.2 : Total electron scattering cross section from O3

a -  Theoretical values from (de Pablos 2002) quoting a private communication with K.N. 
Joshipura

The estimated error on the derived ozone cross sections Is rounded to 10 %. The measured 

cross sections and the theoretical calculations from table 6.2 are shown in figure 6.5.
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Figure 6.5 : Experimental and theoretical total electron scattering cross sections
from O3

Where the "'de Pablos" data points are theoretically calculated integral elastic electron 

scattering cross sections that were evaluated using an independent-atom model (de Pablos 

2002). The "de Pabios + Kim"data set are the de Pablos data points onto which are added 

calculated ionisation cross sections for O3 (Kim 1997).

The integral elastic cross sections of de Pablos were calculated due to the lack of previous 

experimental work for the purposes of comparison. The elastic cross sections are shown in 

differential form in figure 6 . 6  (after de Pablos 2002).

Differential cross -  
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Differential cross n 
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90 270

— 30 eV — 1 keV
^ 6 0  eV

180 ^“ 2 keV
<=■ 100 eV = 3  keV
= 2 0 0  eV — 6 keV
= 3 0 0  eV 
— 600 eV

— 10 keV

180

Figure 6 . 6  : Differential elastic electron scattering cross sections from O3
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Discussion

These measurements are the first total cross sections for electron scattering from ozone. 
They have been recorded ever a range of incident electron energies from 300 to 5000 eV. 
Such scattering experiments yield Important data that can be used In the modelling of the 

upper atmosphere where auroral electrons can collide with ozone molecules at such energies. 
The experimental data fits well to the theoretical calculated values of Joshipura and de Pablos 

(once the Ionisation cross sections of Kim are added to their elastic scattering cross sections).

6,5 Electron Stimulated Desorption CESDl Experiments

The ESD results presented here were measured using the apparatus In Frel Unlversitat, Berlin 

(chapter 3.10). The results pertain to the desorption of negative Ions from condensed ozone 

following low energy electron Impact. In the environment this process Is Important In polar 
stratospheric clouds (PSCs) which are linked to ozone depletion over Antarctica.

Most of the ozone In the atmosphere lies In the stratosphere where the number of free 

electrons Is small. Hence free electron driven chemistry Is not of major Importance. However 
on polar stratospheric clouds (PSCs) where many types of atmospheric molecule (including 

O3) may be frozen out onto a macroscopic nucleus it is possible for many excess electrons to 

be contained In the particles on the PSC surface. The binding energies of these electrons 

may range up to several electron volts. PSCs form at altitudes of around 15 km and above 

where considerable fluxes of photons of several eV are available (see figure 4.3). Hence 

photo-excited eiectrons can be transferred to electronegative molecules on the surface and 

these electrons can cause dissociative attachment (DA) to occur. Oxygen Is the second most 

electronegative element after fluorine so photon-induced electron transfer processes are 

Important for the consideration of ozone destruction via DA on PSC surfaces.

Ozone was produced using the UCL mobile ozone production apparatus. Monitoring of the 

ozone sample purity was accomplished throughout the measurements using an ultraviolet- 
visible wavelength photoabsorption spectrometer and comparing the relative heights of the 

Hartley and Schumann-Runge bands. The purity of the ozone sample was seen to rise after 
each successive ozone production run and eventual sample purities of an estimated 90 % 

were achieved. The apparatus was observed to require several Inputs of ozone to passivate 

the internal surfaces before useful measurements could occur.
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ESD results

The measurements for ESD from condensed phase ozone were made using a ~ 30 layer thick 

film condensed upon a gold surface. The condensed ozone film was prepared by exposing 

the cooled gold surface (~ 25 K) to gas phase ozone. The deposition characteristics for the 

surface as a function of gas pressure and exposure time were precisely known. Hence by 

using a precisely characterised pressure of gas-phase ozone for a set exposure time it was 

possible to accurately place 30 layers of ozone upon the surface. After the exposure time 

had elapsed the chamber was rapidly evacuated to remove all the remaining uncondensed 

ozone. Electrons produced from a trochoidal monochromator were then used to irradiate the 

surface. The electrons used had energies between 0 and 15 eV and the experimental 
resolution was ~200 meV. A weak electric field then extracted any negative ions ejected from 

the surface into a quadrupole mass spectrometer (QMS). The QMS was set for the mass-to- 
charge ratio of a relevant ion-product, e.g. O or O2 . The spectra generated are hence ion 

yield versus electron impact energy.

O' anion yield from O? and O,

The dissocative attachment (DA) cross sections for gas phase O3 leading to the product O' 
have been studied by Rangwala et al. are shown in figure 6.7 (after Rangwala 1999).

Ü
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Figure 6.7 : Dissociative electron attachment cross sections for O3  leading to O

The present electron stimulated desorption (ESD) results are shown in figure 6 . 8  which shows 

ESD leading to O' from (top) a 30 layer film of condensed O3 and {txDttom) a 30 layer film of 

condensed O2 .
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Figure 6 . 8  : Electron stimulated desorption of O' from (top) 30 layers of condensed 
O3  and (bottom) 30 layers of condensed 0%

The gas phase DA and œndensed phase ESD spectra are visibly different from each other. 

In comparing the condensed and gas phase ozone spectra It should be noted that the change 

of phases can lead to considerably different observations of desorbed Ion products. A 

desorption resonance may shift to a higher or a lower energy relative to a gas phase DA 

resonance. For example, during Ion production via direct electron capture the kinetic energy 

of the desoited Ion will be reduced In the condensed phase due to energy being used to 

polarise the surrounding surface molecules.

Thermodynamically the threshold for Ion desorption, Ed, can be estimated as.

m.
= K + A //, equation 6.11

Where /7?„ Is the mass of the neutral fragment, /t?, Is the mass of the Ionic fragment, LHq the 

gas phase threshold and 14 Is the polarisation energy. Previous work suggests that 1 eV Is a 

reasonable estimate for 1 4  (Tegeder 1999). An electron colliding with a neutral molecule may 

form a transient spedes known as a temporary negative Ion (TNI). In the gas phase a TNI 
can decay via the following pathways (Tegeder 2001).
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e + O3 ->  [O3 O +O 2 A //o = -0 .4 1 eF  equation 6 . 1 2

e" + O3 ->  [O3 ]~ ->  0 “ + O + O A//q = +4.76eF equation 6.13

Q + O3 —̂  [6 )3 ]̂  —̂  O2 4- O ATfg = +0.60 equation 6.14

e" + O3 ->  [O3 ]~ ->  O3 + equation 6.15

Hence the gas phase threshold is A/X» = - 0.41 eV. Using this value in equation 6.11 allows 

the calculation of the condensed phase threshold energy. The value calculated is slightly 

endothemiic at 0.1 eV. Hence the observed appearance energy of O ' from O3 in figure 6 . 8  is 

dose to the calculated threshold of 0.1 eV.

The desorption peak at 2 eV has been assigned as arising from valence core exdted 

resonances and that at 3.8 eV to the Âi shape resonance (Tegeder 2001). In the gas phase 

DA spectrum these features are observed at the lower energies of 1.3 eV and 3.2 eV 

respectively (Allan 1996). The origin of the strong feature in figure 6 . 8  (top) at 5.4 eV is 
undear but is unlikely to be due to molecular oxygen. Although there is a similar peak in ESD 

from O2 it occurs at a somewhat higher energy and has a second peak in the tail at higher 
energy which is not observed in ESD from O3. Tegeder (2001) condudes that it may be due 

to DA leading from O3 to O2 . A strong broad peak near 10 eV is also without an analogue in 

the gas phase. This feature was observed to have a considerable variation throughout the 

course of these experiments. A certain amount of variation was always inevitable as, due to 

the decay rate of the ozone in the storage bulb, it was necessary to produce fresh gas 

samples on a daily basis. However, the peak near 10 eV was found to actually shift in its 

energy position between 10 and 11 eV. Figure 6.9 shows three spectra recorded on different 
days (hence different ozone samples) but under identical experimental conditions. While the 

low energy resonant structure due to desorption from ozone varied considerably during the 

scans, the feature between 10 and 11 eV remained a fairly constant height. The 

independence of the intensity of the "10 eV feature" from the rest of the spectrum in 

combination with the shifting of the energy position of the feature strongly suggests that the 

feature is not directly related to ozone. Tegeder et al. (2001) suggests that it may be 

attributed to inelastic scattering from O2 and dissociative capture of electrons via one of the 

low energy O3 resonances once the electron has slowed down. Hence the actual incident 

energy is much lower than the 10 or 11 eV with which the electron left the electron gun.
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Figure 6.9 : Day to day variability of the desorption yield of O from O3  under 
identical experimental conditions but different samples

0 /  desorption yields from O? and O?

In addition to the O desorption yield measurements the QMS was also set up to detect 
desorbed O2 ion yield. The gas phase DA cross sections for O3 leading to the product ion O2 

are shown in figure 6.10 (after Rangwala 1999).
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Figure 6.10 : Gas phase DA cross sections for O3  leading to 0%

Figure 6.11 shows the desorbed ion yields for O2 produced by ESD on (top) 30 layers of 

condensed O3 and {txjttom) 30 layers of condensed O2 .
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Figure 6.11 : ESD yields of O2  from (top) 30 layers of condensed O3  

and (bottom) 30 layers of condensed 0%

The DA of ozone to O2 in the gas phase occurs via the process in equation 6.14 with a 

threshold energy of A/tG = 0.60 eV. Using equation 6.11 to estimate the condensed phase 

threshold energy yields a value of 2.6 eV. In the condensed phase no desorption is observed 

below this energy even though the main peak of gas phase O3 DA occurs around 1 eV. The 

Feshbach resonance observed with low intensity at ~ 7 eV in the gas phase is the likely 

source of the one peak observed in desorption from condensed ozone. In contrast, the pure 

oxygen multilayer shows little desorption.

Discussion

The results show that the probability of producing O ions from O3 is considerably higher than 

that of producing O2 ions. In consideration of the decay dynamics of a TNI the most 
energetic of the gas phase processes (equation 6 .1 2 ) is also likely to dominate the condensed 

phase situation. The situation is more complex than the gas phase as the TNI and one or 

both of the products can remain attached to the surface. The following outcomes are 

possible.

^ 3 W  +  ̂ “^ [^ 3 ] - > 0 2 (a) + 0  (a) equation 6.16
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Oj{a)+e~ [O3 ]"* O2 (g) + 0~{a) equation 6.17

Oj{a)+e~  [O3 ]"* 0 2 (0 )+  0~{g) equation 6.18

O3 (« )+ e" ->  [O3 ]"* O3 (̂ 7) + E equation 6.19

Where {a) denotes that the molecule/atom/ion is adsorbed on the surface, denotes that 
the molecule/atom/ion is in the gas phase, [O3]' denotes the TNI, * indicates excitation of the 

TNI, and fis  emitted energy.

As the two spectra for desorption yield of O' from O3 and O2 in figure 6 . 8  were obtained using 

the same experimental conditions they indicate the relative proportions of the absolute ion 

desorption yields. Knowledge of the gas phase cross sections allow the condensed phase 

ozone desorption cross sections to be calculated. In the gas phase the peak DA cross 

sections leading to O' are 1.3 x 10'“  cm̂  for O2 (Christophorou 1971) and 3.7 x 10̂  ̂cm̂  for 

O3. Hence in the gas phase the main peak on ozone is around 30 times more efficient at 
creating O' than oxygen. Sambe et al. (Sambe 1990) observed that for condensed O2 placed 

on top of a Kr multilayer the enhancement of electron attachment to O2 relative to the gas 

phase was ~ 21 times. In addition they determined that the probability of desorption from 

the charged O2 /  Kr film was 19 %. Hence the desorption cross section for O' from O2 in the 

condensed phase is 21 x 19 / 100 = 3.99 times larger than the DA cross section for O' from 

O2 in the gas phase. Thus the desorption cross section for condensed phase O2 (30 layer) 
leading to O', i.e. the magnitude of the peak in figure 6 . 8  (bottom), is 3.99 x 1.3 x 10 “  cm̂  

= 5.19 X 1 0  “  orf. Knowing the cross section value of this peak and the ratio of O' yield 

from O3 and O2 the desorption cross section from ozone can be estimated. The ratio of 
recorded intensities for ESD of O' from O3 /  O2 is ~ 7000 /  13000 so the esù'matedàesorpûojn 

cross section for condensed phase O3 (30 layer) leading to O' is.

r
- ^ 0  )=  - > 0 - )

\  y

y j  \
—  5.19xl0" ' ' cot’ = 2.8xl0"'’  

v l3 j
Thus the process of ozone dissociation from electron capture in the condensed phase has a 

cross sectional value of ~1 /  13 relative to that pertaining to the gas phase. However as 

there are few free electrons at stratospheric altitudes the probability of DA occurring for gas 

phase O3 is small whereas O3 condensed upon PSCS have access to a potentially large 

number of scavenged photoelectrons.
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6.6 Conclusions

In this chapter results of measurements perfonned in the two experiments have been 

described. Both sets of measurements have atmospheric relevance. Electron scattering cross 

sections from ozone are of relevance to the interaction of the molecule with highly energetic 

electrons. Electrons with high kinetic energies are liable to come from extra-terrestrial 
sources, i.e. cosmic rays or the solar wind, and are associated with auroral activity producing 

luminescence as they spiral along the lines of the Earth's magnetic field. The measurements 

presented are the first total scattering cross sections performed for ozone and agree well with 

the available theoretical values.

Desorption yields following electron attachment are of importance in the modelling of ozone 

loss from PSC surfaces. The electrons causing the DA are scavenged by the ozone from 

loosely bound electrons that are freed by sunlight The measurements indicate that O 

desorption from O3 has a cross sectional value of around half that from O2 and around one 

thirteenth of DA from gas phase O3. O2 desorption from ozone has also been observed but 
the yields are an order of magnitude less than for O'.
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Chapter 7: Spectroscopic studies of CF Î

It  is the m ark of an educated m ind to be able to 
entertain  a thought w ithout accepting it.

Aristotle o f Stagira

In this chapter the results of studies of trifluoromethyl iodide, CF3I, are discussed. EELS and 

photoabsorption spectra have been recorded up to higher energies than in previous work 

revealing several previously unknown bands. The photoabsorption cross sections measured 

have been used to calculate the atmospheric lifetime and global warming potential of CF3I.

7.1 The uses of CF?I

CF3I (trifluoromethyl iodide or triodide) is a molecule in which there is a growing interest. 
This is due to its short atmospheric lifetime that limits its global warming potential. Because 

of this CF3I is viewed as an ideal replacement for a number of long-lived molecules such as 

halons and perfluorinated compounds (PFCs), e.g. GFiQBr, Cp3Br, CF4, C2F6, C3F8 . Such 

molecules have strong intemudear bonding so they are hard to photodissodate, which, in 

turn leads to long atmospheric lifetimes (1000s of years) and high GWP values. CF3I will 
have a considerably shorter lifetime for photolysis than the halons and PFCs because a 

cartx>n-lodine bond is very weak. In diatomic molecules the following bond enthalpies 

between carbon and halogen nudei are observed: C-F = 552 k] mol'\ C-Q = 397 ± 29 Id 

mol  ̂C-Br = 280 ±2110 mol \  and C-I = 209 ± 21 k] moî  (Ude 2000). Thus carbon-iodine 

bonds are the weakest of the four and will be the easiest to photodissodate. This in turn will 
limit the global warming potential of Œ3I relative to those of halons and PFCS.

The first usage of CF3I is as a fire suppression agent where it is considered an acceptabie 

replacement for halon-1211 (CFzQBr) and halon-1301 (CF3Br) where the discharge area is 

unoccupied due to potential health risks (EPA SNAP 2000). The second usage is as a plasma 

etchant used for wafer patterning and chemical vapour deposition (CYD) chamber deaning 

applications where it is intended to replace PFCS such as SFe, CzFe and CF4 (Levy 1998, 
Mason 2002). 100 year global warming potentials of the mentioned molecules relative to CO2 

are shown in table 7.1.
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Molecule Group Radiative forcing 
(W m  ̂ppb )̂

Lifetime
(years)

GWP 
This work ^

GWP 
Other work

CFzQBr Halon 0.251 ^ 11^ 1100 1100^
CFsBr Halon 0.273^ 65^ 6000 6300^
SFg PFC 0.520^ 3200^ 22200 22200®
C2F6 PFC 0.266 10000 12200 12100®
CF4 PFC 0.089^ 50000^ 6500 6800®

Table 7 .1 :1 00  year GWP values for molecules that CF3 I  is intended to repiace
a-Jain (2000) 
b -  Sturges (2000) 
c-Sihra(2001)
d -  This work GWP vaiues caicuiated using radiative forcings in this table 

e-IPCC(2001)

Hence the traditional alternatives that CF3I is intended to replace are ail highly effective 

global warming molecules. The global warming potential (GWP) of CF3I will be dealt with 

later on in this chapter.

The CF Î molecule

CF3I has a methane4ike structure with the three fluorine nuclei equally spaced round the 

carbon nucleus. The bond lengths and angles have been calculated by Roszak et al. (Roszak 

1997) and are shown in table 7.2.
Parameter Theory Experimental

r(C-D® 2.140 ® 2.135 ± 0.030®
r(C-F)® 1.343® 1.340 ±0.021®
c(F-C-F)^ 108.1® 108.4 ±1.9®
a(FC-I)^ 110.82 110.52 ± 1.8

Table 7.2 : Bond lengths and angles of CF3 I
a -  Bond lengths in Angstroms (1Â =  m) 
b -  Bond angles in degrees 

c-Roszak (1997)
d -  This work caicuiated fiom parameters from Roszak (1997) 
e-Wong (1958)
f -  This work caicuiated fhxn parameters from Roszak (1997)

The data from table 7.1 is represented graphically in figure 7.1.
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Reflections i

Rotations

Figure 7.1 : The CF3 I  molecule and its Csv symmetry operations

The molecule has the following symmetry operations: the identity operation, a threefold 

rotation, and three vertical reflection planes. Hence the molecule is assigned to the 

symmetry point group.

7.2 Photoabsorption cross sections results

Electron energy loss spectroscopy was used to obtain a spectrum between 4 and 13 eV using 

the same experimental conditions as in the case of SF5CF3 (incident electron energy = 150 

eV, scattering angle = 0 °). The raw EELS spectrum Is shown in figure 7.2.
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Figure 7.2 : Raw EELS spectrum of CF3 I
The EELS spectrum was then converted to relative differential oscillator strengths (DOS). The 

relative DOS spectrum of CF3I is shown in figure 7.3.
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Figure 7.3 : Relative DOS spectrum of CF3 I

There are some photoabsorption spectra of Œ3I available in the literature to scale the DOS 

spectrum to. Fahr et al., Rattigan et al. and Solomon et al. (Fahr 1995, Ratdgan 1997, 
Solomon 1994) have all studied the lowest energy band of the CF3I ultraviolet-visible 

photoabsorption spectrum. Figure 7.4 shows the photoabsorption cross sections of CF3I 
reported in these earlier studies as well as the recommended values from the Journal of 

Physical and Chemical Reference Data (Christophorou 2000).
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Figure 7.4 : Photoabsorption cross sections of the lowest energy band in CF3 I

Only Fahr et al. extended their measurements to high enough energies to encompass the 

second band observed in the EELS spectrum. There is some discrepancy between the values 

of the maximum measured cross sections at ~ 4.6 eV (~ 269 nm). Fahr places the value at 
0.675 Mb, Solomon at 0.644 Mb while Rattigan places it at 0.59 Mb. This gives an average of 
0.636 Mb with a standard deviation of ± 6.75 %. As a result of this discrepancy and the lack 

of existing photoabsorption data at energies above 7.75 eV (X < 160 nm) it was decided to 

study the photoabsorption spectroscopy of CF3I. The Daresbury and ASTRID synchrotrons 

were both used. The RAL FTIR spectrometer was also developed to measure cross sections 

in the UV. The photoabsorption spectrum of Œ 3I measured at the Daresbury synchrotron is 

shown in figure 7.5.
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Figure 7.5 : Photoabsorption spectrum of CF3 I  obtained at Daresbury synchrotron
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The photoabsorption spectrum of CF3I measured at the ASTRID synchrotron is show in figure 

7.6.
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Figure 7.6 : Photoabsorption spectrum of CF3 I  measured at ASTRID synchrotron

The photoabsorption spectrum of CF3I measured at the Molecular Spectroscopy Facility at 
RAL is shown in figure 7.7. The measurable energy range of this instrument in the UV is 
more limited than for the Daresbury and ASTRID synchrotrons. Hence it was only possible to 

measure photoabsorption cross sections the lowest energy band at RAL.
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Figure 7.7 : Photoabsorption spectrum of CF3 I  measured at RAL

All the present data along with all the literature values from figure 7.4 are shown for the 

lowest energy band in CF3I in figure 7.8.
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Figure 7.8 : CF3 I  photoabsorption cross sections from literature and present work

The scattered electron count levels for the EELS spectrum for the lowest energy band were 

much lower than for the rest of the spectrum. This, in combination with the differences in 

the photoabsorption cross sections of the band, meant that the higher energy peaks were 

used to normalise the DOS spectrum (figure 7.3). The full spectrum for the photoabsorption 

spectrum of Œ3I using the EELS, Daresbury and ASTRID data is shown in figure 7.9.
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Figure 7.9 : Photoabsorption spectrum of CF3 I  using EELS, Daresbury and ASTRID
data

In figure 7.9 A, B and C denote the A, B and C bands as designated by Mason et al. (2002).

147



The A band-  the A band is a weak but broad photoabsorption feature that is centred at an 

energy of ~ 4.6 eV (269 nm). The maximum cross section of the A band is 0.67 Mb and the 

feature is ascribed to excitation to the anti-bonding orbital along the C-I bond. Promotion of 
the optically active electron to this orbital leads to rapid dissociation of the CF3I molecule.

The B txrnd -  the B band is a large peak that exhibits a considerable amount of fine 

vibrational structure. The main peak at 7.126 eV (173 nm) is assigned as a 0-0 transition for 
the origin of the 6̂ 3 /2  state. The main vibrational series is attributed to the V3 mode (C-I 

stretch) with Vi, V2 and possibly Ve also represented.

The Cband-  the C band is centred upon 7.757 eV (160 nm) and is assigned to the Êi/2  

state. The lower energy part of the peak displays vibrational structure due again mainly to 

vi, V2 and V3 .

A further three bands representing electronic transitions are located at 8.76 eV, 9.148 to 

9.337 eV, 9.373 eV. A broad peak centred upon 9.638 eV with an indeterminate number of 
overlying diffuse peaks. The first ionisation level occurs at 10.41 eV.

7,3 Photolysis

The cross sections obtained for CF3I have been used to calculate photolysis rates for the 

molecule in the atmosphere. The presence of the A band, which corresponds to the breaking 

of the C-I bond, at an energy where large amounts of solar photon flux are available at ail 
altitudes leads to large photolysis rates. Photolysis is the dominant loss process for CF3I in 

the Earth's atmosphere. The rate of destruction of CF3I near the Earth's surface through 

photodissodation is three orders of magnitude greater than the loss rate due to reaction with 

OH radicals (Rattigan 1997). As there are discrepancies in the at)solute magnitude of the A 

band photolysis rates were evaluated for the ASTRID, Daresbury and RAL data sets as well as 

an average of the three data sets. In addition the temperature dependence of each set of 
cross sections was evaluated using coefficients from Solomon et al. (Solomon 1994). Figure 

7.10 shows the photolysis rates calculated at individual wavelengths (J-rates) at a number of 

different altitudes for the averaged temperature-dependent photoabsorption cross sections of 

CF3I.

148



— 0 km — 10 km — 20 km 30 km — 40 km — 50 km

2.0E-05

1.5E-05
c

T
1.0E-05(/)o

5.0E-06

O.OE+00
5.554.53.5 4

Energy (eV)

Figure 7.10 : J -  rates for CF3 I  using averaged temperature dependent 
photoabsorption cross sections

The total photolysis rates for all altitudes were also evaluated along with the local photolysis 

lifetime (the reciprocal of the total photolysis rate). These are presented in table 7.3.

Lifetime (hours)
T-Dependent“ 0  km 2 0  km 30 km 40 km 50 km

ASTRID Yes^ 7.53 6.63 3.46 1.03 0.42
Daresbury Yes^ 10.37 8.67 3.86 1.03 0.43
RAL Yes* 10.41 8.87 4.33 1 . 2 1 0.49
Average Yes* 9.22 7.92 3.85 1.08 0.45
Average No^ 8.39 4.47 2.61 0.93 0.43
Rattigan ^ Yes > 24 17.41 6.04 1.52 0.59
Solomon ® Yes ~ 14 22.36 10.43 1.80 0.55

Table 7.3 : Local photolysis lifetimes of CF3 I

a -  Temperature dependent cross sections used in photolysis calculations 

b -  temperature dependence evaluated using coefficients in (Soiomon 1994) 

c -  average of ASTRID, Daresbury and RAL data 

d -  298 K cross sections used at aii altitudes 

e -  evaluated using conditions appropriate for mid-latitudes in winter

The lifetime in a sunlit atmosphere is hence short at all altitudes with the maximum lifetime 

occurring at ground level. At this altitude the lifetime using the average temperature 

dependent cross sections is calculated to be around 9 hours. The local photolysis lifetimes 

calculated for Œ3I in this work are in good general agreement but are somewhat shorter in 

comparison with those of Solomon (1994) and Rattigan (1997). The discrepancy in lifetimes 

is likely due to differences in the flux models used and may stem from the fact that while the 

NASA fluxes used in this model do not state a specific time of year the photolysis results of
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Rattigan and Solomon are evaluated specifically for winter. Seasonal photolysis rates 

calculated at 40 ° latitude by Rattigan show that the photolysis rates for summer/autumn are 

around 130 % of the winter values for altitudes between 0 and 10 km. The lifetimes are 

correspondingly 77 % (= 100 /  130 %) of the winter values. The photolysis rates calculated 

for this work closely match the values given for summer/autumn in Rattigan. Thus by using 

the summer/autumn values the lifetime of the Rattigan data at 0 km would become ~ 48 

hours and assuming a similar seasonal variation in Solomon the lifetime would become 10.5 

hours. Applying this summer/autumn seasonal variation to the results at all altitudes yields 

results that are in reasonable agreement with those calculated in this work. The comparison 

of Rattigan and Solomon data adjusted to summer/autumn values with the present data is 

shown in table 7.4.

Lifetime (hours)
0 km 20 km 30 km 40 km 50 km

This Work ^ 9.22 7.92 3.85 1.08 0.45
Rattigan ^ 48.92 13.39 4.64 1.17 0.46
Solomon ^ 10.71 17.20 8 . 0 2 1.38 0.42

Table 7.4 : Comparison of local photolysis lifetimes from this and previous work

a -  Temperature dependent averaged cross sections used in calculation 

b ~ Summer/autumn lifetimes calculated as 77 % of winter lifetimes (see text above)

The reason for the large discrepancy between Rattigan and Solomon at 0 km is unclear. The 

Rattigan results indicate that the lifetime increases steadily with decreasing altitude while the 

Solomon results indicate that lifetimes decrease with decreasing altitude below 10 km. The 

shape of the Solomon lifetime versus altitude curve is in good agreement with the present 
data. This is shown in figure 7.11 which displays the present data as well as the Solomon et 
al. and Rattigan et al. data corrected to summer/autumn lifetimes as in table 7.4.
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Figure 7.11 : Local photolysis lifetimes of CF3 I
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The largest differences In the photolysis lifetimes calculated using the temperature dependent 
average cross sections and the 298 K average cross sections are observed in the 5 to 30 km 

ranges. It is in this altitude range where the temperature drops throughout the troposphere 

and rises again above the tropopause (see figure 1.9). The volume absorption rate (VAR) 
spreadsheet (chapter 4.14) indicates that the majority of destruction (/^53%) will occur, as 

would expected by the short lifetime, in the first kilometre above ground level. The VAR 

model assumes that the concentration distribution of the molecular spedes is in hydrostatic 

equilibrium (97.9 % of the total concentration in the first 5 km). The short lifetime of CF3I 

however makes this distribution impossible to achieve so the actual percentage of destruction 

at the ground will be higher. The VAR spreadsheet also indicates that in the first 12 km 

above the ground the maximum photolysis occurs at a wavelength of 316 nm (~3.9 eV) with 

8.5 % of the total photolysis occurring at this wavelength. Photons of low energies are 

readily available at all altitudes so the A band of CF3I makes a short lifetime inevitable.

7.4 Global warming potential fGWPl of CF Î

One consequence of CF3I having such a short lifetime is that the molecule will not have the 

opportunity to cause large amounts global warming regardless of how large the radiative 

fordng is. It is indeed for this reason that Œ3I is regarded as a useful replacement for 
Halons and PFCs. Jain et al. (Jain 2000) calculated the radiative fordng of CF3I to be 

0.285 W m ̂  ppb'̂  which is a substantially high value and indicates that if it were not for the 

short lifetime the molecule would be an effective global warming agent. Table 7.5 shows 

calculated radiative fordng values of CF3I, halons and PFCS.

Radiative forcing (W m'̂  ppb'̂ )
Molecule Jain (2000) Sihra (2001) Sturges (2000)

CF3I 0.285 - -

CFzQBr 0.251 0.263 -

CF3Br 0.273 0.289 -

SFe - - 0.52
CjFe - 0.266 -

CF4 0.089 0.116 -

Table 7.5 : Radiative forcings of CF3 I , Halons and PFCs

Solomon calculated the 20 year GWP of CF3I and quoted it as < 5. For this work the 

radiative fordng of Jain has been used to calculate GWP values for CF3I.

When evaluated over a time period similar to its atmospheric lifetime the GWP of CF3I is 

large. Using a timescale of 1 day CF3I has a GWP relative to CO2 of 1300. However using 

the more usual timescale of 100 years the GWP is very low as the lifetime is ~ 0.002 % of
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the timescale. GWP values calculated for atmospheric lifetimes of up to one day are shown in 

figure 7.12.
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Figure 7.12 : GWP of CF3 I  as a function of atmospheric lifetime

The average lifetime of 9.22 hours yields a 100 year GWP relative to CO2 of 0.1. The longer 
lifetimes calculated by Solomon and by Rattigan yield 100 year GWP values of 0.15 and 0.225 

respectively. The 20 year GWP using a lifetime of one day is ~ 1 which is consistent with 

Solomon who list it as < 5. Thus table 7.1 can be rewritten to give the 100 year GWP values 

of the listed molecules, including CF3I, as table 7.6.

Molecule Group Radiative forcing 
(W m'̂  ppb'̂ )

Lifetime GWP 
This work *

GWP 
Other work

Œ jûBr Halon 0.251 ^ 1 1  years ̂ 1 1 0 0 1 1 0 0 ^
CFjBr Halon 0.273^ 65 years ̂ 6000 6300^
SFe PFC 0.520* 3200 years * 2 2 2 0 0 2 2 2 0 0 ^
QFe PFC 0.266^ 1 0 0 0 0  years 1 2 2 0 0 1 2 1 0 0 ^
CF4 PFC 0.089^ 50000 years ̂ 6500 6800^
CF3I lodocarbon 0.285^ < 0.5 days ̂ < 0.25 -

Table 7.6 : Caicuiated 100 year GWP values for CF3I, Halons and PFCs

a-Jain  (2000) 

b -  Sturges (2000) 
c-Sihra (2 0 0 1 )

d -  This work GWP vaiues caicuiated using radiative forcings in this tabie
e-IPCC(2001)

f -  This work from tabie 7.3
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7.5 Environmental Implications

Although the global warming potential of CF3I Is almost as large as that of CO2 on a 100 year 

mass normalised basis the œnœntrations of CF3I are so small In relation to CO2 that the 

overall œntribution to global wanning of Œ3I Is virtually non-existent. The reason for the 

short lifetime of CF3I In œmparison with other halocarbons Is that the C-I bond Is very weak. 
While this limits the GWP of CF3I It Introduces another problem with serious environmental 
Implications -  ozone depletion. It was mentioned In chapter 6  how chlorine can take part In 

catalytic reactions with ozone. The other halogens can similarly react with and destroy ozone 

with bromine more effective than chlorine and Iodine more effective than bromine. Solomon 

studied the effects of Iodine In the stratosphere and concluded that the minimum 

effectiveness of Iodine for ozone destruction relative to chlorine would be: 100 times at 
20 km, 10 times at 30 km, 2 times at 40 km, and 5 times at 50 km. The effectiveness of a 

spedes to cause ozone depletion can be summarised In a quantity called the ozone depletion 

potential (ODP). This quantity can be written as (Solomon 1994):

ODP^ = \ — —— ix  X——— X — x^xy? equation 7.1
J ^  X '̂ CFC-n ^

Where x denotes spedes x, CFC-11 denotes that the comparison spedes Is CFC-11, Fdenotes 

the fraction of the spedes has reached the stratosphere and then dissodates, M Is the 
molecular weight of the spedes, r Is the atmospheric lifetime, ^ Is the number of Iodine 

molecules In the species (the 3 denotes the 3 O atoms In a CFC-11 molecule), ^denotes the 

Increase In ozone destruction of I relative to Q, and ^  Is the fraction of release (at the 

surface) that readies the stratosphere. Solomon et al. select a value of ^of between 100 

and 2000 and estimate ^to be 1 part In 20 (0.05). The conservative estimate for the ODP of 
CF3I Is therefore 0.008 relative to CFC-11 although they condude that the ODP could be less 

than 0 .0 0 0 1 .

CF3I Is however Intended for use as a fire extinguisher In aircraft and could therefore 

potentially be released directly Into the stratosphere. In such a case all the Iodine could 

potentially reach the ozone layer and the ODP would be much higher which Solomon 

condudes may be as much as 20 times higher In the short term than the Halon-1301 (Cp3Br) 
that It Is repladng (Halon-1301 has an ODP of 10). Hence It Is Important that serious 

consideration Is given to the use of CF3I In high altitude applications. Nonetheless CF3I Is 
considered to be a good replacement for Halon-1301 and Is recommended by the US Federal 
Aviation Autfiorlty. It Is to be noted that although the 1987 Montreal Protocol banned the 

production of Halon-1301 from 1̂  January 1994 enough stocks remain In reserve to continue 

atmospheric emission at the 1996 rate (2411 Mg per year) for a further 40 years.
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Furthermore developing œuntries were granted a 10 year delay before the ban on production 

and consumption of Halon-1301 takes effect. Hence the current emission rate is still sizeable 

leading to a steady state mixing ratio in the atmosphere (Butler 1998). Such a scenario is 

likely to remain in existence until a suitable alternative, such as CF3I, is universally adopted in 

place of Halon-1301.

Butler et al. (Butler 1998) ascribes the presence of Halon-1301 in the atmosphere as being 

"almost solely" from fire extinguishers. Up to the early 1990% around 80 % of the total 
emissions were due to training applications rather than actual fire extinguisher use (EPA 

document ff07jy97-26, 1997). The emission rates are fairly constant at between 3000 and 

4000 Tonnes per annum over the period 1986 to 1996. The effectiveness of Œ3I as a fire 

extinguisher is essentially the same as that of Halon-1301 so similar amounts would be 

released in a fire extinguishing event. Therefore, hypothetically, if all aircraft fire extinguisher 
systems were converted from Halon-1301 to CF3I the same total annual emission would be 

the expected (i.e. 3000 to 4000 Tonnes of CF3I per annum instead of 3000 to 4000 Tonnes of 
Halon-1301). 3500 Tonnes is equivalent to ~ 10̂  ̂ molecules of CF3I. As all CF3I will 
photodissodate in a day or so this is the same as saying that tfiere is an annuai emission of 
10̂  ̂ iodine atoms into the atmosphere. Although only a relatively small proportion of this 

would be directiy emitted or transported into the stratosphere this is nonetheless the 

potential yield of iodine if CF3I were to directly replace Halon-1301.

7.6 Conclusion

Electron energy loss and photoabsorption spectroscopy have been used to study the 

visible/ultraviolet photoabsorption spectrum of CF3I. Previous work had studied the lowest 
energy band (Solomon 1994, Fahr 1997) and some of the higher energy structure up to 

~ 7.8 eV (~ 159 nm). This work has extended the range to 13 eV. In this range three bands 

have been identified and assigned and a further three bands representing electronic 

transitions are identifiable at higher energies. The lowest energy band -  the A band -  

centred at ~ 4.6 eV (~269 nm) was studied using EELS and the Fourier transform 

spectrometer at RAL as well as the ASTRID and Daresbury synchrotrons. The present data 

disagrees by some 1 0  % so the differences in the previous data cannot be satisfactorily 

resolved. Nonetheless the agreement of the synchrotron sources was sufficient to allow the 

EELS-DOS spectrum to be satisfactorily scaled.

The presence of the A band at low energy and with relatively high absorption (peak cross 

sections ~ 10'̂ ® cm̂ ) means that CF3I will readily photodissodate in a sunlit atmosphere by 

the breaking of the weak C-I bond. Photolysis rates and local lifetimes were calculated and 

found to be comparable with the work of Solomon et al. (Solomon 1994) and Rattigan et al.
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(Rattigan 1997) although the lifetimes were somewhat shorter at lower altitudes. This Is 

likely to be due to the different model schemes used although some of the differences are 

liable to be due to seasonal variation of the magnitude of destruction by photolysis. The 

lifetime of Œ3I Is expected to be less than one day throughout the troposphere and 

stratosphere.

The short lifetime means that the GWP of CF3I Is low on a 100 year timescale despite a fairly 

considerable radiative fordng. A GWP value of ~ 0.1 Is yielded by using a ground level 
atmospheric lifetime of 0.384 days (9 hours). Over a much shorter timescale of one day the 

effectiveness of CF3I relative to CO2 Is 1300 but the short lifetime of CF3I makes It 
Insignificant to the overall global warming budget of the Earth.

The breaking of the C-I bond In CF3I however means that Iodine Is released Into the 

atmosphere where It can partidpate In destructive catalytic reaction cydes with ozone. The 

ozone depletion effectiveness of the group VII elements follows the order C < Br < I with 

the effectiveness of I relative to Q as much as 100 times greater In the stratosphere. Ground 

emissions of CF3I are unlikely to destroy much ozone as the short lifetime places a massive 

limitation on the amount of Iodine reaching the stratosphere. The ODP value In this case is 
likely to be < 0.008 relative to CFC-11. However, as CF3I Is Intended to replace Halon-1301 

(CF3Br) as a fire extinguisher In aircraft engines It Is possible the CF3I may be emitted directly 

Into the stratosphere so that the dissociation and release of Iodine occurs in situXo the ozone 

layer. In this case the ODP value may rise to be considerably higher than that of Halon-1301 

In the short term.

In summary It appears that CF3I Is a suitable replacement for both Halons and PFCs as Its 

short atmospheric lifetime of < 1 day limits the GWP to around 0.1 relative to CO2 over a 100 

year timescale. Its role In ozone depletion Is likely to negligible for ground emissions 

although the Iodine released by emissions from aircraft would be very effective. However the 

small amounts of CF3I that reach the stratosphere will limit Its overall Importance.
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Chapter 8: Spectroscopic studies of CĤ iCN

There are in  fact two things, science and opinion; the form er begets 
knowledge, the la tte r ignorance.

Hippocrates o f Cos

8.1 Uses and atmospheric sources of CHiCfi

CH3CN (acetonitrile or methyl cyanide) Is a trace gas In the atmosphere with both natural and 

anthropogenic sources. Amongst its sources In the atmosphere are exhaust emissions from 

automobiles, industrial and agricultural processes, and emissions from power plants. The 

Industrial uses of CH3CN are largely within the chemical industry. Acetonitrile Is used In the 

extraction of organic and inorganic chemicals, as an Intennedlate In pesbdde production and 

as a solvent. However, by far the largest source of atmospheric CH3CN Is as a by-product of 
biomass burning Q'ixomas '̂ = plant material, vegetation, or agricultural waste used as a fuel 
or energy source). CH3CN is also an important molecule In the atmosphere of Titan (NIshIo 

1995). The major sources and sinks of atmospheric CH3CN are summarised In table 8.1.

Bliiion Tonnes iZHaCN per year i percentage of totai
Sources Bange(2000) Hamm (1990) A rijs(1986)
Biomass burning 0.50000 94.44 % 0.80000 72.73 % 0.17000 54.84 %
Automobiles 0.01470 2.78 % 0.27000 24.55 % 0.06000 19.35 %
Industrial > 0.0074 1.39 % 0.06000 5.45 % 0.08000 25.81 %
Total 0.52900 1 0 0 % 1 . 1 0 0 0 0 1 0 0 % 0.31000 1 0 0  %

Sinks
Ocean 0.26500 50.00 %
OH radicals 0.17600 33.33 %
Ralnout 0.08800 16.67 %
Total 0.52900 1 0 0  %

Table 8.1 : The sources and sinks of CH3 CN in the atmosphere

Bange (Bange 2000) uses the measurements of Holzlnger et al. (Holzlnger 1999) to estimate 

that biomass burning accounts for almost 95 % of the total emission source of CH3CN In the 

atmosphere. Of the sinks for CH3CN the most Important Is uptake by the ocean where the 

dissolving of acetonitrile Into the ocean surface accounts for half of the removal. A further 
third of the rerrx)val Is due to chemical reactions with OH radicals.

The lifetime of CH3CN In the atmosphere has been estimated at around 1.5 years (Hamm 

1984) and 350 days (Schneider 1997). The atmospheric lifetime for CH3CN absorbed by the 

ocean on the order of a few weeks: 15 days (Hamm 1984), 25 days (Bange 2000).
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Global average atmospheric concentrations have been estimated to be 82 pptv (Hamm 1990) 

although values as high as 150 pptv have been measured in the lower stratosphere 

(Schneider 1997). Concentrations as high as 35000 pptv have been observed following a fire 

in a rural area (Becker 1982).

The relatively long lifetime of CH3CN in the atmosphere and the predominance of biomass 

burning as a source has led to the suggestion that acetonitrile may be used as a global 
"marker" molecule to monitor biomass burning (Lobert 1990) even In high traffic areas 

(Holzlnger 2001).

8.2 CHiCN molecule

Acetonitrile belongs to the €3  ̂group and hence possesses the Identity operation, a threefold 

rotation and three vertical reflection planes. The gas phase molecular structure (Steiner 
1966) is given in table 8.2.

Rc-c^ 1.458
Rc-n" 1.157
Rc-Ĥ 1.104

n aa c-c-H 109.5

Table 8.2 : Gas phase molecular structure of CH3 CN

a -  bond lengths (R) in Angstroms and bond angle (a) In degrees

An illustration of the CH3CN molecule based on the parameters listed In table 8.2 is shown in 

figure 8 .1 .
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Figure 8.1 : A and B) Molecular structure of gas phase CH3CN, C) symmetry
operations of CH3CN
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8.3 Atmospheric Lifetime of CHiCN

The photoabsorption spectrum of CH3CN below 180 nm (E > 6.9 eV) has been studied by 

many groups and found to contain a number of absorption bands. A low intensity optically 

forbidden band has been observed by groups using EELS peaking at 6.1 eV (203 nm) 

(Stradling 1977, Gochel-Dupuis 1990). Figure 8.2 shows the EELS spectra of Gochel-Dupuis 

et al. recorded at scattering angles of 0° and 30°. The 0° is equivalent to a photoabsorption 

spectrum while the 30° spectrum includes optically forbidden transitions.
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Figure 8.2 : A) EELS spectra of CH3CN revealing forbidden transitions,
B) quasi-optical EELS spectrum showing allowed transitions only

A VUV photoabsorption spectrum was recorded at ASTRID in the range 115 to 320 nm (3.9 to
10.8 eV). This is the highest resolution (0.075 nm) photoabsorption spectrum of CH3CN

recorded In the UV region (Eden in press). The ASTRID spectrum is shown in figure 8.3.
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Figure 8.3 : VUV Photoabsorption spectrum of CH3CN measured at ASTRID
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At wavelengths greater than 180 nm the ASTRID cross sections show only random noise and 

can not be used when calculating photolysis. Suto and Lee (Suto 1985) measured the 

photoabsorption spectrum of CH3CN between 106 and 210 nm and reported that the cross 

sections in the range 182 to 2 1 0  nm were below 1 0 ^° cm̂  (the lowest measurable value for 

their apparatus). Measurements performed at Daresbury record the cross sections in the 

range 150 to 240 nm and show the cross sections reaching effectively zero at ~ 210 nm. 

This is shown in figure 8.4.
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Figure 8.4 : Low energy (A > 180 nm) cross sections measured at Daresbury
synchrotron

The Daresbury cross sections have been used to analyse the photolysis rates of CH3CN in the 

atmosphere. Suto and Lee used their photoabsorption cross sections to evaluate the 

photolysis rate at the top of the atmosphere due to absorption in the range 106 to 180 nm 

(6.9 to 11.7 eV) and calculated a value of 8.37 x 10'̂  s \  Using these cross sections in the 

photolysis model described in chapter 4 a value of ~ 9 x 10  ̂s'̂  is obtained at the top of the 

Earth's atmosphere. Using the ASTRID cross sections between 106 and 180 nm gives a "top 

of the atmosphere" photolysis rate of 8.87 x 10 ̂  s'̂  corresponding to a local lifetime of

1.3 days. Between the top of the atmosphere and the stratopause (50 km) the atmosphere 

absorbs all ultraviolet photons with energies above 6.9 eV (A < 180 nm). Thus the 

substantial absorption below 180 nm is of no consequence at altitudes below the stratopause 

and the Daresbury cross sections for A > 180 nm have been used to calculate the photolysis 

rates of CH3CN for altitudes of 50 km and less. Figure 8.5 shows the J-rates calculated for 

CH3CN in the troposphere and stratosphere regions of the Earth's atmosphere.
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Figure 8.5 : Photolysis J-rates of CH3 CN at altitudes between 0 and 50 km
The calculated photolysis J-rates are very small, in particular those below 30 km altitude. 
This is because in the small overlap region between the photoabsorption and solar flux 

spectra the cross sections are small in comparison with those at longer wavelengths 

(see figure 8.4) and, in addition, the solar flux intensity is relatively low in comparison with 

longer wavelengths (see figure 4.3). The almost non-existent photolysis at altitudes below 

30 km is to be expected as the solar flux intensities at wavelengths near 180 nm drop off 

quickly with decreasing altitude, i.e. at 200 nm (6.2 eV) at 40, 30, 20 km the flux intensities 

follow the ratio 1000 : 350 : 9. The total photolysis rates and local photolysis lifetimes 

calculated for CH3CN are shown in table 8.3.

This work Suto and Lee (1985)
Altitude

(km)
Total Photolysis 

Rate (s 1)
Local Photolysis 
Lifetime (years)

Total Photolysis 
Rate (s")

Local Photolysis 
Lifetime (years)

0 1.11 X  10̂ ^ 2.87 X  10" - -

1 0 1 . 8 6  X 10̂ 5 1.71 X  10̂ - -

2 0 1.28 X  1 0 247 - -

30 4.93 X  10 ̂ 6.44 < 1 0 ^̂ > 320,000 ^
40 1.58 X  10 ® 2 . 0 2 < 1 0 " > 3,200
50 2.38 X  10 ® 1.34 - -

Table 8.3 : Total photolysis rates and local lifetimes of CH3 CN
a -  Suto and Lee use an altitude of 33.71 km

Below 30 km the local lifetime becomes very long. The Suto and Lee lifetimes are 

considerably longer than the present work as they only used the cross section at 180 nm and 

none at longer wavelengths due to the limitations of their experimental apparatus. When the 

cross sections for A > 180 nm are excluded in the present model, results comparable with 

those of Suto and Lee can be obtained.
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Calculations performed using the VAR spreadsheet indicate that the highest destruction rate 

of CH3CN due to photodissociation occurs at an altitude of 30 km. At 30 km the peak 

destruction is caused by photons with an energy of 6.2 eV (200 nm). Taking the lowest 

50 km of the atmosphere as a whole, calculations indicate that around 79 % of the total 
destruction occurs with photons in the energy range 6 to 6.3 eV (196 to 204 nm). However it 

has been found that photolysis constitutes only a minor branch for destruction of CH3CN in 

the atmosphere. The predominant loss mechanism is via chemical reactions, principally with 

OH but also with 0(^P) and Q. CH3CN chemically reacts with OH radicals via the reaction 

(Arijs 1986).

CH^CN + O H ^  CH^CN + H^O equation 8.1

The local lifetimes of CH3CN due to destruction via photolysis and via chemical reaction with 

OH in the troposphere and stratosphere are shown in figure 8 .6.

-e- CH3CN + hv (this work) -b- CH3CN + OH (Arijs 1986)
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Figure 8.6 : Local lifetimes of CH3CN due to photolysis (this work) and chemical 
reaction with OH radicals (after Arijs 1986)

Thus, atxDve 20 km, the lifetime due to reaction with OH radicals remains around one order of

magnitude shorter than the lifetime due to photolysis. Below 20 km photolysis becomes
increasingly less important as the lifetime quickly approaches values that are, in practical

terms, infinite. Thus at all altitudes the destruction of CH3CN is dominated by reactions with
OH radicals. In particular, below 30 km photodissodafion ceases to have any importance.

8.4 Infrared spectrum of CH^CN

While a number of groups have studied the infrared spectrum of CH3CN most of the data has 

been presented in the form of absorbances or transmittances rather then in the form of 

photoabsorption cross sections. Hence most of the available data is useful in determining the
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shape and position of the bands but does not provide details on the magnitude of the cross 

sections. However the work of Koga (1984), Cerceau (1985) and Nishio (1995) all present 
absolute magnitude data in the form of the absorption intensities of the bands. Accurate 

determination of infrared band absorbances is of particular importance in the determination 

of the concentration of acetonitrile and other nitriles in the atmosphere in Titan's atmosphere 

where concentrations are derived from remote observations of such molecular species.

The present measurements were performed at the Molecular Spectroscopy Facility at RAL 

using the Bruker IPS 120 HR spectrometer described in chapter 3. The measurements were 

performed at an experimental resolution of 0.03 cm'̂  which is better than that of Koga 

(0.25 cm^), Cerceau (4 cm'̂ ) and Nishio (4 cm^). The present resolution is inferior to those 

of a series of papers (Koivusaari 1992, Koivusaati 1993, Tolonen 1993, Paso 1994) which 

assign the observed spectral lines but are not concerned with cross sections or band 

intensities. The 4 cm'̂  resolution photoabsorption spectrum of Nishio is shown in figure 8.7 

with the band assignments of Cerceau et al.
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Figure 8.7 : Photoabsorption spectrum of CH3 CN

The energy limits of the usable data from these experiments was 600 to 1700 cm  ̂and in this 

range three different temperatures were used. The temperature dependence of the 

photoabsorption cross sections is not only important in relation to modelling the Earth's 

atmosphere but also for the atmosphere of the Saturnian moon Titan. On Titan, at a 

distance of 1.42 billion km from the Sun, the incident solar flux Is only 15 W m  ̂(around 1 % 

of the value at Earth 1400 W m )̂. The radiative equilibrium planetary temperature can be 

calculated (see appendix 1) as being between 90.5 K and 94.2 K (corresponding to the 

surface composition of "100 % rock" and "100 % ethane ocean" respectively). However, 
Titan has an atmosphere that provides a strong greenhouse effect although the surface
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temperature is still less than 100 K. A modelled temperature profile of Titan's atmosphere is 

shown in figure 8 . 8  (after SEDS).
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Figure 8 . 8  : Modelled temperature profile of the atmosphere of Titan

Despite the interest in the absolute intensities for Titan, at present data in the literature has 

only been presented at temperatures of ~ 300 K. The 298 K photoabsorption spectrum of 
CH3CN recorded at RAL is shown in figure 8.9.
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Figure 8.9 : Infrared photoabsorption spectrum of CH3CN at T = 298 K
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The energy positions of the bands, Q -  branches, etc. are in good agreement with those of 

previous work. The resolution used in this work allows a large number of individual lines to 

be observed that were not visible in the data of Nishio. These lines can be shown to be 

genuine and not due to random fluctuations, an artefact caused by the apparatus, etc. by 

focussing in on one band only. Figure 8.10 shows the photoabsorption cross sections of the 

u6  band (1250 to 1650 cm'̂ ). The inset of figure 8.10 shows a small section of the band 

along with the higher resolution (0.002 cm^) transmittance spectrum of Paso et al. 

(Paso 1994). All the lines seen in this work can also be seen in the higher resolution 

spectrum of Paso et al. and, in addition, the Paso spectrum reveals even more lines not 
visible in the present work.
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Figure 8.10 : u6  band of CH3CN, inset : the effect of resolution by comparison of 
this work (0.03 cm'̂ ) and Paso et al. (0.002 cm'̂ )

The bands observed in the photoabsorption spectrum of CH3CN measured in this work are 

now briefly summarised. The band assignments are those listed in Cerceau et al. (1985).

680 to 750 an^ -  this band is assigned to 2u8 (the first overtone of u8  -  the CCN bend). 
Cerceau et al. comment that the intensity is particularly high for a harmonic band. The 

Q-branch lies at 717 cm  ̂and the P and R branches are clearly observed. Figure 8.11 shows 

the photoabsorption spectrum of the 2 u8  harmonic band.
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Figure 8.11 : The photoabsorption spectrum of the 2u8 band of CH3CN

880 to 950 cm'̂  -  this band is assigned to u4 (C-C stretch) although Tolonen et al. 

(Tolonen 1993) have also Identified the second overtone of u8  (3u8) In the same region. The 

Q-Branch lies at 920 cm  ̂and the P and R branches are clearly observed. Figure 8.12 shows 

the photoabsorption spectrum of the u4 band of CH3CN.
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Figure 8.12 : The photoabsorption spectrum of the u4 band of CH3CN

950 to 1150 cm'̂  -  this band Is assigned to u7 -  CH3 rotation -  although Tolonen again 

has Identified lines from 3u8 In this region. The Q-branch lies at 1040 cm'̂  and strong 

rotational lines are easily visible In the band. The u7 band Is shown In figure 8.13.
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Figure 8.13 : The photoabsorption spectrum of the u7 band of CH3 CN

1250 to 1650 arf^ -  this band, the largest In extent of both energy and cross section is 

assigned to u6  (CH3 stretch). In addition Paso et ai. (Paso 1994) observed the contributions 

of u3 (CH3 deformation) and u7 + u8 . The centre of the u6  band is at 1450 cm \  Figure 

8.14 shows the u6  band of CH3CN.
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Figure 8.14 : The photoabsorption spectrum of the u6  band of CH3CN
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8.5 Integrated Absorption Intensities flA Isl

Cerceau, Koga and Nishio have ail measured the intensity of the infrared bands of CH3CN at 
~ 300 K. Table 8.4 shows the lAI values for the four bands observed in the range 600 to 

1700 cm \  Note that the values presented in the following table in units of cm molecule  ̂

have been converted from other units in the case of the other data sets (Koga [km mol'̂ ], 
Cerceau and Nishio [cm ̂  atm^]).

Integrated Absorption Intensities (cm molecule'^)
Band assignment This Work Nishio (1995) Cerceau

(1985)
Koga (1984)

2 u8 2.40 X 10'̂ ® 2.53 X 1 0  ̂ ^ 3.40 X lO'î —

u4 1.72 X 1 0  9̂ 1.96 X 1 0  ̂ 9 2.32 X 10̂ 9 2.05 X 10
u7 4.41 X 10*̂ ^ 4.77 X 10̂ ^ 8.55 X 10‘i9 5.18 X lO'i®
u6 3.57 X lO'i® 3.81 X 10̂ ® 4.68 X lO i® 3.81X 10

"Infrared Window" 
800 to 1 2 0 0  cm^

6.02 X 10̂ 9 - - -

Table 8.4 : Integrated absorption intensities of the photoabsorption bands of 
CH3CN in the range 600 to 1700 cm^

The lAI values are in good agreement with the earlier data, in particular with those of Nishio
(1995). The disagreement amounts to an average value of 7.5 % over all four bands which
is liable to be due to experimental uncertainty. Nishio quotes the experimental uncertainty as
being ~ 7 %. In addition the higher resoiution reveals many lines in regions where only a
broad feature was observed in the lower resolution case and this will of course produce a
change in the area under the curve. The lAI in the region of the "infrared window" -  800 to
1200 cm'̂  -  is calculated to be 6.02 x 10̂  ̂cm molecule \  This should be compared to the
lAI of SF5CF3 (see chapter 5) in the 800 to 1200 cm  ̂ region at 298 K which has a value of
1.69 X 10’ ®̂ cm molecule ̂  The fact that the lAI in this region is only one three-hundredth
of that of SF5CF3 is an indication that CH3CN is likely to have little significant contribution to
global warming despite its not inconsiderable atmospheric lifetime. Assuming a lifetime of
350 days (Schneider 1997) and an approximate radiative forcing of around one three-
hundredth of that of SF5Œ3, i.e. ~ 0.002 W m ̂  ppb \th e  100 year GWP relative to CO2 using
298 K values is approximately 3 (three). The overall contribution to the global radiative
forcing budget assuming this approximate radiative forcing and an atmospheric concentration
of 82 pptv (Hamm 1990) would be 0.00016 W m ̂ . This amounts to 0.007 % of the total

radiative forcing due to anthropogenic changes In atmospheric composition In the period
1750 to 2000 A.D. (2.4 W m ̂ ).

8.6 Temperature dependent infrared measurements

In addition to the photoabsorption spectrum of CH3CN measured at 298 K, the Bruker IFS 

120 HR apparatus was set up to measure cross sections at 223 and 253 K. No spectrum of 
CH3CN recorded at sub -  300 K temperatures was found in the literature so there is no data
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with which to compare the present work. As a general conclusion the spectral lines in the 

bands were observed to increase in intensity with decreasing temperature but not shift their 
energy position in the spectrum.

2u8 band-  the Q, P and R branches are all clearly visible at all three temperatures. The 

peak cross section values for the Q -  branch (717 cm'̂ ) are: 0.0215 Mb, 0.0271 Mb and 

0.0491 Mb respectively for 298 K, 253 K and 223 K. The integrated absorption intensities 

(lAI values) for the 2u8 band are shown in table 8.5.

Integrated Absorption Intensity [cm molecule'^] 
(o/o of 298 K lA I)

223 K 253 K 298K
This Work 1.18 X  lO'î  (493) 3.24 X  10'̂  ̂(135) 2.39 X  1 0

Nishio (1995) - - 2.53 X 101®
Cerceau (1985) - - 3.40 X lO'î

Table 8.5 : lA I values for the 2u8 band of CHgCN

Figure 8.15 shows the photoabsorption cross sections of the 2u8 band of CH3CN measured at 
223, 253 and 298 K.
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Figure 8.15 : Temperature dependence of the 2u8 band of CH3CN 

u4 band-  the Q, P and R branches are all dearly visible at all three temperatures. The peak 

cross section values for the Q -  branch (920 cm^) are: 0.0156 Mb, 0.0212 Mb and 0.0290 Mb 

respectively for 298 K, 253 K and 223 K. The lAI values for the u4 band are shown in 

table 8 .6 .
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Integrated Absorption Intensity [cm molecule^] 
(o /o  of 298 K lA I)

223 K 253 K 298K
This Work 1.03 X lO'is (598) 3.15 X lO ^̂ (183) 1.72 X 1 0  9̂
Nishio (1995) - - 1.96 X lO ^̂
Koga (1984) - - 2.05 X 10 ^̂
Cerceau (1985) - - 2.32 X  10 ^̂

Table 8 . 6  : lA I values for the u4 band of CH3 CN

Figure 8.16 shows the photoabsorption cross sections of the u4 band of CH3CN measured at 

223, 253 and 298 K.
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Figure 8.16 : Temperature dependence of the u4 band of CH3CN

u7  band-  The peak cross sections for the Q -branch (1040 cm^) are 0.186 Mb, 0.256 Mb 

and 0.355 Mb respectively for 298, 253 and 223 K. The lAI values for the u4 band are shown 

in table 8.7.

Integrated Absorption Intensity [cm molecule'^] 
(o /o  of 298 K lA I)

223 K 253 K 298K
This Work 5 .3 9 X  1 0 ( 1 2 2 0 ) 1 .4 1 X  1 0 ( 3 1 9 ) 4 .4 1  X  1 0

Nishio ( 1 9 9 5 ) - - 4 .7 7  X  1 0  1̂
Koga ( 1 9 8 4 ) - - 5 .1 8  X  lO 'i^

Cerceau ( 1 9 8 5 ) - - 8 .5 5  X  lO 'i^

Table 8.7 : lA I values for the u7 band of CH3CN

Figure 8.17 shows the photoabsorption cross sections of the u7 band of CH3CN.
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Figure 8.17 : Temperature dependence of the u7 band of CH3CN

u6 band -  the most Intense line In the band (1463 on’ )̂ has peak cross sections of 
0.469 Mb, 0.651 Mb and 0.867 Mb respectively for 298, 253 and 223 K. The lAI values for 
the u4 band are shown In table 8 .8 .

Integrated Absorption Intensity [cm molecule'^] 
(o/o of 298 K lA I)

223 K 253 K 298K
This Work 1.16 X 10'i7 (325) 5.93 X 1018 (166) 3.57 X 101®
Nishio (1995) - - 3.81 X lO'i®
Koga (1984) - - 3.81X lO'i®
Cerceau (1985) - - 4.68 X 1018

Table 8 . 8  : lA I values for the u6  band of CH3 CN
Figure 8.18 shows the photoabsorption cross sections of the u6  band of CH3CN.
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Figure 8.18 : Temperature dependence of the u6  band of CH3 CN
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The total I AI of the four bands observed in the range 600 to 1700 cm'̂  is shown in tabie 8.9.

Integrated Absorption Intensity [cm molecule'^] (%  of 298 K lA I)

This work 2u8 u4 u7 u6 2u8 + u4 
+ u7 + u6

223 K 1.18 X 1018
(494 %)

1.03 X lO'i® 
(598 %)

5.39 X 101® 
( 1 2 2 0  %)

1.16 X 1017 
(325 %)

1.92 X 1017 
(434 %)

253 K 3.24 X 101̂  
(135 %)

3.15 X 1 0 1̂ 
(183 %)

1.41 X 101® 
(319 %)

5.93 X 101® 
(166 %)

7.98 X  lO'i® 
(180 %)

298 K 2.39 X 101̂ 1.72 X  lO'î 4.41 X 101̂ 3.57 X lO'i® 4.42 X  lO'i®

Nishio 
300 K 2.53 X  lO'î 1.96 X lO'î 4.77 X  lO'î 3.81 X lO'i® 4.74 X  lO'i®

Table 8.9 : lA I values for the four bands in the range 600 to 1700 cm'̂

The temperature dependence of the lAI of the four bands in the range 600 to 1700 cm  ̂ is 

shown in figure 8.19. A trendline was fitted to the data points to allow lAI values to be 

estimated for different temperatures.

o This Work Nishio (1995)

2.00E-17
y = -3.292E-23x^ + 2.941 E-20x‘ - 8.772E-18X + 8.779E-16 

R‘ = 1.0001.75E-17
1.50E-17
1.25E-17
1.00E-17
7.50E-18
5.00E-18
2.50E-18
O.OOE+00

200 220 240 260 280
Temperature (K)

300 320

Figure 8.19 : Temperature dependence of the total lA I value of the four bands in
the range 600 to 1700 cm'̂

The error bars indicate the standard deviation of the lAI measurements at the different
temperatures. The lack of error bars for the 223 K data point is due to the fact that only one

file was usable. There was some evidence that condensation was occurring in the cell at the
lowest temperature used. This was observed even at very low pressures and may be the

cause of the bump around 1075 cm'̂  in the u7 band which undoubtedly has a large effect on
the lAI values at 223 K. The one file used for 223 K displayed the least signs of condensation
but, as the presence of condensation would indude elements of a liquid phase spectrum, the

uncertainty attached to the data collected at 223 K will be increased. The huge percentage
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increase in the 223 K u7 lAI value that is considerably above the total percentage increase 

may indicate that the region of the spectrum where u7 occurs is particularly affected by 

condensation. Nonetheless the data sufficiently shows that the cross section and lAI values 

increase with decreasing temperature.

This result is important from an atmospheric perspective as it implies that acetonitrile 

becomes a more effective infrared absorber at lower temperatures. At 223 K the total lAI is
4.3 times greater than the value at 298 K. Thus using values appropriate to 223 K would 

raise the 100 year GWP relative to CO2 to 13 and the total radiative forcing to 0.00071 W m  ̂

or 0.029 % of the total anthropogenic forcing. The real situation is more complicated as the 

atmosphere has a number of different temperatures with 223 and 298 K representing the 

lowest and highest tropospheric temperatures respectively. Hence the real global warming 

estimate is likely to lie somewhere in-between of 3 and 20. An estimate can be formed by 

considering a typical temperature profile of the first 50 km of the Earth's atmosphere 

(figure 1.9) and the altitude dependent concentration profile of CH3CN (assuming a 

hydrostatic distribution). These two altitude dependent quantities, which can be used to 

calculate an altitude-weighted average temperature, are shown in figure 8 .2 0 .
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Figure 8.20 : Temperature and CH3CN Concentration profiles for altitudes between
0 and 50 km

The most representative temperature can be calculated by calculating the product of the 

temperature at an altitude and the probability of finding CH3CN molecules at that altitude 

(i.e. the concentration relative to 0 km). Dividing the relative concentration, at each 

altitude by the sum of all relative concentrations up to 50 km in 1 km steps gives a 

normalised relative concentration,
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Af (z) = equation 8.2

E c (z )
z = 0

The normalised relative œnœntrations at each altitude can then be multiplied by the 

temperature of that altitude. The sum of these products is then the temperature of an 

average CH3CN nwlecule in the troposphere and stratosphere regions of the atmosphere, i.e.

z=50

'̂ m erag. =  % )A f(z )x r (z ) equatjOH 8.3
2=0

Using equation 8.3 the average temperature of a CH3CN molecule in the troposphere and 

stratosphere is calculated as 258.3 K.

Thus using the equation of the trendline in figure 8.19 the lAI at 258.3 K can be estimated. 
The lAI at 258.3 K is approximately 6.97 x 10'̂ ® cm molecule ^ This value is 1.6 times the 

lAI value at 298 K. This yields a 1 year GWP of 130 and a 100 year GWP value of 4.7, both 

relative to CO2. However the small concentrations mean that the total radiative fbndng is just 
0.00026 W m  ̂or 0.011 % of the total anthropogenic radiative forcing. Hence, even taking 

the temperature dependence of the atmosphere into account, CH3CN is not, at present;, a 

considerable agent for climate change.

8,7 Conclusions

Acetonitrile (CH3CN) is an important atmospheric molecule that is produced from a number of 
both natural and anthropogenic sources. By far the largest source of CH3CN in the 

atmosphere is as a by-product of biomass burning. It is because of this that it is hoped that 
the presence of the molecule in the atmosphere may allow it to be used as a tracer to 

biomass burning. High resolution VUV photoabsorphon cross sections have been measured 

using the ASTRID synchrotron. In tenns of atmospheric relevance these cross sections 

confirm earlier studies that suggest that photolysis is unimportant in the lower atmosphere. 

VUV Cross sections recorded at energies trelow 6.9 eV (A > 180 nm) at the Daresbury 

synchrotron have allowed photolysis rates to be calcuiated at tropospheric and stratospheric 

altitudes. Photolysis rates calculated using the ASTRID data are in good agreement with the 

earlier calculations of Suto and Lee (Suto 1985) in calculating a local photolysis lifetime of 

around 1.4 days at the top of the atmosphere. Photolysis rates calculated at lower altitudes 

using the Daresbury data indicate that the lifetime due to photolysis at ttie stratopause (50 

km) is ~ 1 year. At 30 km the lifetime is ~ 6 years and below 30 km the lifetime increases 

rapidly to almost infinite proportions. These photolysis rates indicate that photolysis is 
insignificant as a destruction method in comparison with chemical reactions with OH radicals.
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High resolution Infrared photoabsorption cross sections have been recorded at RAL to 

Investigate the photoabsorption properties at 298 K and, for the first time, at lower 
temperatures. The large amount of spectral lines observed in the spectrum can be confirmed 

as real by comparison with the higher resolution spectra of Paso et al. (Paso 1994). Four 
bands were observed In the measurat)le range of 600 to 1700 cm  ̂ and matched earlier 
observations In energy position. The Integrated absorption Intensities (lAI) of the bands at 
298 K are In good agreement with those of Nishio et al. (Nishio 1995). Photoabsorption 

spectra measured at sample temperatures of 253 K and 223 K show that both the peak cross 

section and lAl values Increase with decreasing temperature. The total lAI of the four bands 

measured at 253 K Is 7.98 (± 1.72) x 10'̂ ® cm molecule ̂  an Increase of 180 % on the 298 K 

lAI total. At 223 K where the uncertainty Is higher but Immeasurable due to the effects of 
condensation the total lAI of the four tiands was measured to be 1.92 x 10̂  ̂cm molecule ̂  

an Increase of 430 % on the 298 K value. The effect of this Is that CH3CN will become a 

more effective Infrared absorber at lower temperatures.

A typical average temperature for an acetonitrile molecule In the first 50 km of the 

atmosphere is 258.3 K. Using the lAl at this temperature the 100 year GWP of CH3CN can be 
calcuiated to be 4.7 relative to CO2 . However the low concentration level of ~ 82 pptv means 

that the total contribution to radiative forcing Is only a hundredth of a percent of total 
anthropogenic forcing.
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Chapter 9: Conclusions and Future Work

He leaped up as one possessed or inspired, crying, “I have found it  !
EXireka !”

Plutarch on Archimedes

9.1 Summary of work and results 

Chapter 5: Spectroscopic studies of SF«>CF̂

Infrared photoabsorption cross sections have been measured for SF5CF3 at several 
atmospherically relevant temperatures between 203 and 298 K. The data obtained at a 

temperature of 298 K is in reasonable agreement with data in the literature (Nielsen 2002, 
Sturges 2000). Calculated integrated absorption intensities (lAI values) were found to 

increase in magnitude as the temperature decreases. The cross sections of the peaks were 

also found to increase with decreasing temperature with peak heights at 203 K on average 

being 140 % of the 298 K values. The energy positions of the peaks were also found to shift 
due to the band shapes changing. The effect of the increasing lAI with decreasing 

temperature is that SF5CF3 will become a more effective greenhouse gas at lower 
temperatures. The temperature distribution of the atmosphere (figure 1.9) therefore 

suggests that the radiative forcing of SF5CF3 shouid be increased by a few percent.

Photoabsorption spectra of SF5CF3 have aiso been obtained at ultraviolet wavelengths using 

electron energy loss spectroscopy (EELS) and photoabsorption spectroscopy. These 

measurements indicate that, although SF5CF3 has a number of bands, they all lie at energies 

higher than 7 eV (A < 177 nm). Beiow the stratopause (i.e. the first 50 km of the 

atmosphere) the highest energy photons present after atmospheric absorption have energies 

of less than 6.9 eV (A > 180 nm). Hence there is no overlap between the solar flux and 

photoabsorption spectra and photodissodation will not be possible. The lowest energy 

electronic band however does overlap with the solar flux at higher altitudes (i.e. mesosphere 

and ionosphere) and photodissodation or fon-molecule reactions in these regions are likely to 

destroy SF5Œ3 and give it an atmospheric lifetime of several hundred to a few thousand 

years.

Because of the increased radiative fordng of SF5CF3 suggested by the temperature dependent 
cross sections, revised glotal wanning potential (GWP) values of SF5CF3 have keen
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calculated. The 100 year GWP relative to OO2 Is calculated to be 18500 for a 1000 year 
lifetime and 19100 for a 3200 year lifetime. These figures represent an Increase from those 

In previous work: 17500 for 1000 years (Sturges 2000), 19000 for 3200 years (Nielsen 2002). 
This means that SF5Œ3 has the second highest GWP value of any molecule In the 

atmosphere.

Chapter 6: Spectroscopic studies of O?

The high energy electron energy loss (EELS) spectrometer at QEMAT In Madrid, Spain was 

used to measure the total scattering cross sections of ozone over an energy range of 300 to 

5000 eV. Although no experimental data was available with which to compare the present 
work, the cross section values were found to be In gocxJ agreement with two different sets of 

theoretical predictions (de Pablos 2002). The results obtained In this experiment are 

pertinent to atmospheric studies as they provide data necessary to model the Interaction of 
high energy auroral electrons (from solar flares) and ozone molecules. These have been the 

first experimental measurements of total cross sections for electron scattering from ozone 

and are estimated to have an accuracy of ± 1 0  %.

The electron stimulated desorption (ESD) experiment In Berlin, Genmany was used to study 

the desorption of negative Ions from condensed multilayers of ozone and oxygen. A 

quadrupole mass spectrometer (QMS) was used to detect O' and O2 Ions from the ozone and 

oxygen films. For detection of O It was discovered that the condensed phase desorption and 

gas phase dissodative attachment spectra are considerably different. Two low energy 

resonances Identified In the condensed phase spectrum have the same origin as those 

observed In the gas phase spectrum but are shifted to higher energies due to the extra 

energy needed to extract the Ions from the surface of the condensed layer. A strong feature 

at 5.4 eV Is considered to be unrelated to a feature observed at a similar energy In the 

oxygen spectrum. Similarly a feature at 10 to 11 eV was found to have no analogue In 

oxygen and was found to remain at the same magnitude regardless of the heights of the 

other peaks. As a result this Is expected to be due to Inelastically scattered electrons being 

absorbed by lower energy ozone resonances. Overall O' desorption yields from ozone were 

found to be around half of those from oxygen and one-thirteenth of those from gas phase 

ozone. The cross section for O' production from ozone has been estimated to be
2.8 X lO ^ c m l

O2 desorption from condensed ozone was also studied using the same apparatus with only 

one major peak observed at 7 eV. This Is likely to correspond with a Feshbach resonance 

observed at the same energy in the gas phase ozone dissociative attachment spectrum. In

176



contrast the spectrum of O2 from condensed oxygen showed very little desorption. The 

observed yields of O2 from O3 were an order of magnitude less than those observed for O’.

The electron desorption experiment is relevant to the study of polar stratospheric clouds 

(PSCs). PSC5 are formed by nudeation upon atmospheric particles under polar winter 
conditions and are thought to play an important role in stratospheric ozone depletion. The 

solar fluxes experienced in the stratosphere contain photons of up to 7 eV (figure 4.3) which 

may be sufficient to easily liberate electrons from certain atmospheric species frozen onto the 

PSC. Some of the liberated electrons may then migrate to the condensed ozone where 

electron stimulated desorption could then occur. The first three resonances observed in the 

O’ desorption from O3 (figure 6.7) and the resonance in the O2 desorption from O3 (figure 

6.10) are all below 7 eV and hence likely to be available channels for ozone destruction. 
These results thus allow the destruction of condensed ozone by electron attachment to be 

quantified.

Chapter 7: Spectroscopic Studies of CF J

Electron energy loss spectroscopy (EELS) and synchrotron photoabsorption spectroscopy 

have been used to study CF3I in the ultraviolet region. A number of groups have studied the 

first observed band in CF3I (~ 4.5 eV) and one group has studied the second band (~ 7.5 

eV). This work has used EELS and photoabsorption spectroscopy to extend the 

photoabsorption spectrum to 13 eV. The Daresbury and ASTRID synchrotrons were used to 

normaiise the EELS data up to the cell window cut-off at ~ 12 eV. The Fourier transform 

spectrometer at RAL was converted to measure at ultraviolet wavelengths and used to study 

the lowest energy band at high resolution (0.25 cm ̂ ). In the range 0 to 13 eV a number of 
bands were observed and the first three {A band, B band and C band) were assigned. The 

present data from the various sources at the A band differs in magnitude by about 10 %.

The A band, which corresponds to the breaking of the C-I bond, lies at low energies (the 

band stretches from ~ 3.8 eV /  325 nm to ~ 5.8 eV /  213 nm). Photons with these energies 

are abundant throughout the atmosphere right down to ground level (figure 4.3). Hence at 
all altitudes destruction via photodissodation is possible. Calculations performed in this work 

indicate that the local photodissodation lifetime at all altitudes is less than one day. At 
ground level the lifetime is around 9 hours. The calculations performed in this work indicate 

lifetimes that are somewhat shorter than those calculated in previous work. However, the 

discrepandes can be considerably reduced by using seasonal data as in the previous work. 
The GWP has also been calculated and found to be less than 0.25 relative to GO2 over a 100
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year timescale and ~ 1 over a 20 year timescale. This Is in agreement with Solomon et ai. 

(Solomon 1994) who calcuiated the 20 year GWP as "less than 5".

The iodine atom in CF3I is up to 100 times more effective than chlorine at destroying ozone. 
With the short lifetime and an assumption that most Œ3I is emitted from ground-level 
Solomon et al. (Solomon 1994) calculated that the ozone depletion potential (OOP) would be 

very low as little CF3I will reach the ozone layer and quote a value of "less than 0.008". 
However, it has been planned that CF3I should be used as a replacement for Halon-1301 as a 

fire extinguishing agent upon aircraft In such a circumstance CF3I would be emitted in the 

vicinity of the stratosphere and Solomon et al. calculated that the short term OOP would be 

20 times larger than for Halon-1301 which has an OOP of 10. A complete replacement of 
Haion-1301 with CF3I would, if current emission trends hold, account for an emission of 3000 

to 4000 tonnes of CF3I into the atmosphere per annum (Buffer 1998). Given the extremely 

short lifetime of CF3I ail the molecules would be photodissodated releasing a total of 10̂  ̂

iodine atoms into the atmosphere. Although only a fraction of this emission would take place 

in the vicinity of the stratosphere, the enhanced ozone destruction effectiveness of iodine 

over chlorine makes CF3I a potential risk to the ozone layer.

Chapter 8: Spectroscopic Studies of CĤ CN

The high resolution Fourier transform spectrometer at RAL was used to measure infrared 

photoabsorption cross sections of CH3CN at three atmospherically relevant temperatures. 
The infrared absorption intensities (lAI values) of the bands observed in the 600 to 1700 cm  ̂

energy range at a sample temperature of 298 K were in good agreement with those of earlier 
studies. Cross sections were aiso measured at 253 and 223 K although, in these cases, there 

was no data in the literature to compare the present measurements with. The measurements 

show that the peak cross sections and the lAI of the bands increase as the temperature 

decreases making CH3CN a more effective infrared absorber at lower temperatures.

The lifetime in the atmosphere due to photolysis was also investigated using VUV 

photoabsorption data. VUV photoabsorption spectra in the literature show that a number of 
bands exist at A < 180 nm and that the cross sections at longer wavelengths are very small. 

Cross sections measured at ASTRID for A < 180 nm were used to calculate photolysis at the 

top of the atmosphere. The calcuiated lifetime of 1.3 days is in good agreement with that of 
Suto and Lee (Suto 1985). Cross sections measured at Daresbury for A > 180 nm were used 

to calculate the photolysis of CH3CN in the troposphere and stratosphere. The 

photoabsorption cross sections and solar flux in the region of overlap (180 to 2 1 0  nm) are 

both relatively small which leads to correspondingly small photolysis rates and, hence, long
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local photolysis lifetimes. At 20 km the local lifetime is caiculated to be 250 years while 

below this altitude the lifetime quickly approaches enormous values that are comparable to 

the age of the Universe! (figure 8 .6 ). At the stratopause (50 km) the local lifetime due to 

photolysis is calculated to be 16 ninths.

At all altitudes the lifetime due to photolysis was found to be greater than the lifetime due to 

chemical reactions with OH radicals calculated by Arijs (Arijs 1986). Between 20 and 50 km 

the photolysis lifetimes are an order of magnitude longer than the OH reaction lifetimes with 

an average value of 16.5 times longer. Below 20 km the OH local lifetimes are all less than 

30 years wfiereas the photolysis lifetime exponentially increases from the 20 km value of 250 

years. The overall atmospheric lifetime has been variously estimated but seems likely to be 

around 1 (one) year. The temperature dependency of the lAI has been used to calculate 

approximate radiative forcings and GWP values for CH3CN. The 100 year GWP estimate is 4.7 

relative to CO2 while the total radiative fordng is 0.00026 W m ̂  or just 0.011 % of the total 
anthropogenic radiative forcing. Hence it can be conduded that CH3CN is not presently a 

major dimate change agent.

9.2 Future Work

The accurate modelling of the atmosphere depends on an accurate and predse knowledge of 
the various parameters assodated with atmospheric spedes. The many dynamic processes 

such as chemical reactions, photodissodation, electron-molecule reactions, etc. which 

determine atmospheric composition and evolution all require an detailed understanding of 
atmospheric spedes that can be gauged only in the controlled environment of a laboratory. 
The measurement of photoabsorption spectra allows insight into the roles of spedes in the 

atmosphere, their effect of the environment as a whole and their eventual fate. In this thesis 

measurements of just four atmospheric spedes have t)een presented. The conclusions drawn 

have extended knowledge of their lifetimes and their effects on global environmental issues 

such as global warming and stratospheric ozone depletion.

In order to understand the atmosphere completely it is necessary to perform accurate 

measurements on aU atmospheric spedes. Thus future work is essentially a limitless 

undertaking with tx)th experimental and theoretical applications. More accurate modelling of 
the atmosphere is required to understand the full interaction of various spedes. Experiments 

are however not merely tools for providing data for models but may suggest the routes along 

which future models are developed. Thus theoretical and experimental work are inextricably 

linked and self-redprocating with developments in one field leading to advances in the other. 

The potential targets for future work on the spectroscopic study of atmospheric molecules is
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extensive. In regards to the specific future work of the UCL EELS apparatus there are pians 

to incorporate a microwave discharge unit to the gas feed which wiii allow for the production 

of radical spedes in-situ with the EELS chamber. This will thus increase the experimental 
range of the apparatus to measure not only stable atmospheric spedes but also short lived 

species.
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Appendix 1: Other Computer Models

It is better, of course, to know useless things than to know nothing

Ludus Annaeus Senses

A l.l  Headlight Effect

The headlight effect, exhibited by radiation emitted from highly relativistic electrons, Is an 

Important process that collimates synchrotron output (chapter 3.2). A spreadsheet was 

written to produce graphs to Illustrate the effect (figure 3.6). For completeness the 

underlying physics are presented here. An unstable partlde with velocity v Is emitting 

particles. In a moving frame. S', of velocity v the unstable particle is at rest and emits 

Isotropically. We require the distribution in stationary frame, S. The two frames are shown 

in figure Al.

#  Unstable partlcie 
/  emission In S'

Figure A l : Reference frames in headlight effect calculations

The velocity of an emitted particle ju'can be divided Into x and y components

A  A

ju' = i + f / y j  equation Al

The tangent of the angle 0' Is given by

tan^'= equation A2

similarly, the direction as observed In frame S Is 0 with the tangent given by

equation A3
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the velocity components are related by

^y =

where

r  = i/>A

equation A4

equation A5

substituting the quantities in equation 4.18 into equation 4.17 gives

tan^ =
tan^'

/ ( “ ',+ v) / ( i + v / y j
equation A6

hence as q w and tan 0  0 irrespective of 0% Thus emission in S' in any direction

will be confined to the direction of velocity vector /in  frame S, i.e. the radiation is collimated. 
The spreadsheet program accepts a velocity input from the user then calculates the angle 6  

for 5 degree increments of 9'. The "ray-lines" are then plotted using

X = acosO , y = as\n.O equation A7

where a is the magnitude of the ray4ine.

A1.2 Planetary Temperature Calculations

The radiative equilibrium temperatures of Earth and Titan have been calculated for this thesis 

(Chapter 1.8.1 and chapter 8.4 respectively). The equations were outlined in chapter 1.8.1 

and are briefly reviewed here. The primary approximation assumes that the atmosphere of 
the planet does not absorb electromagnetic radiation. The planet is assumed to be a perfect 
sphere that absorbs sunlight over a hemisphere and then reaches thermal equilibrium and 

radiates light from the complete spherical surface. The three steps involved in the process 

are illustrated in figure A2.

2. Earth absorbs over 
one h e m is p h e re  .1. Sun isotropicaly emits 

EM radiation

3. Earth reaches thermal 
eqiJlibrium and re-emks 
isotropically

Figure A2 : Illustration of the three stages of the radiative equilibrium 
planetary temperature model
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The Sun, acting as a black-body, radiates a total of 3.86 x 10^ J of energy every second (c.f. 
the energy œnsumption of the entire World for the whole year of 2001 at 3.96 x 10^ J 
(Enerdata 2002)). This isotropically radiated energy forms an expanding spherical shell that 

when intersecting a planet at a radial distance r leads to a power density deposited of

equation A8

where /?sand 7̂  are the Sun's surface temperature and radius, r  is the Sun-planet distance 

and <7 is the Stefan-Boltzmann constant. A planet with an albedo (a.k.a. reflectivity) A and 

radius Rp presents a hemispherical target of area nRp̂  and thus the absorbed power per 
second is

Pabs x^R^(l-v4)= ;z7gp(l-.4) equationA9
Ajtr T

After reaching thermal equilibrium the planet (also assumed as a black-body) emits radiation 

from the whole surface according to Its temperature Tp.

Pemi = equation AlO

in a state of equilibrium the absorbed and emitted radiation are equal and thus equations A9 

and AlO can be combined

R I
—  ttR I(l -  ̂ ) = 47rRpaTp equation A ll

V

cancelling terms In A ll gives

(l -  ̂ ) = ATp equation A12
\ r  j

and hence the planetary temperature Is given by

Tp=Ts 0 - ^ )
Ya

equation A13

This equation was programmed into a spreadsheet that requires the user to enter the 

temperature and radius of the star and the albedo and ortxtal radius of the planet The 

radiative equilibrium temperature of the planet Is then displayed. By allowing the user to 

enter these four data values a number of scenarios can be taken Into account, e.g. the effect
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of a change of solar temperature or a change in albedo (e.g. as when the melting of ice 

glaciers decreases the albedo of a planet and causes "global warming").

Temperatures calculated using the spreadsheet are shown in figure A3 for a variety of orbital 
radii about the Sun with the different coloured lines showing the effect of using different 

albedo values in the calculations (/4 = 0 -  the planet is a perfect absorber, A=  1 -  the planet 

is a perfect reflector). Note that = 1 is not displayed as this case gives a temperature of 
zero at all orbital radii. The arrows show the orbital radii of the nine planets of the solar 
system (from left to right: Mercury, Venus, Earth, Mars, Jupiter, Saturn, Uranus, Neptune, 

Pluto).

— A = 0.95 — A = 0.75 — A = 0.50 — A = 0.25 — A = 0.00

2 600

E 400 -

1 i-------1—I—I I I I I------------------1-----------1------1—I I - I  I I-i 1---- 1— I—I I I I

1.00E+07 1.00E+08 1.00E+09
Orbit Radius (km)

1.00E+10

Figure A3 : Calculated radiative equilibrium planetary temperatures

191



Appendix 2: Published Papers

A m ultitude of words is no proof of a prudent m ind

Thales o f Miietos

Electron stimulated desorption of O' and O2  from condensed ozone: Possible 
implications for the heterogeneous photochemistry of stratospheric O3

Tegeder, P., Kendall, P.A., Penno, M., Mason, NJ. and Ilienberger, E.
Phys. Chem. Chem. Phys., vol. 3, p 2625-2629, 2001

Excitation and relative differential oscillator strengths for trifluoromethyl sulphur 
pentafluoride, SF5CF3, in the UV-VUV region by electron energy loss specbxiscopy
Kendall, P.A and Mason, NJ.,
J. Electron Spectrosc. Relat. Phenom., vol. 120, p 27-31, 2001

Total and elastic electron scattering cross sections from ozone at intermediate 
and high energies
de Pablos, J.L, Kendall, P.A., Tegeder, P., Williart; A., Blanco, P., Garda, G. and Mason, NJ. 
3. Phys. 8 ., vol. 35, p 865-874, 2002

VUV photo-absorption cross-section for CCI2 F2

Vieira, P.L, Eden, S., Kendali, P.A., Mason, NJ. and Hoffmann, S.V.
Chem. Phys. Lett., vol. 364, p 535-541, 2002

High resolution VUV photo-absorption cross-section for dimethylsulphide, (CH3 ) 2 S
Vieira, P.L, Eden, S., Kendall, P.A., Mason, NJ and Hoffmann, S.V.
Chem. Phys. Lett., vol. 366, p 343, 2002

VUV and low energy electron impact study of electronic state spectroscopy of CF3I
Mason, NJ., Umao Vieira, P., Eden, S., Kendail, P., Pathak, S., Dawes, A., Tennyson, J., 
Tegeder, P., Kitajima, M., Okamoto, M., Sunohara, K., Tanaka, H., Cho, H., Samukawa, S., 
Hoffmann, S.V., Newnham, D. and Spyrou, S.M.
Int. J. Mass Spectrom., vol. 223-224, p 647-660, 2003

Temperature dependent high-resolution infrared photoabsorption cross-sections 
of trifluoromethyl sulphur pentafluoride
Kendall, P.A, Mason, N.J., Buchanan, G.A, Marston, G., Tegeder, P., Dawes, A , Eden, S., 
Umao-Vieira, P. and Newnham, D.A.
Chem. Phys., vol. 287, p 137-142, 2003

In press/preparation

High Resolution Photo-absorption Studies of Acrylonitrile, C2H3CN, and 
Acetonitrile, CH3CN
Eden, S., Limao-Vieira, P., Kendall, P., Mason, NJ., Hoffmann, S.V. and Spyrou, S.M.
European Physical Journal D

"Electron and photon induced processes in SF5CF3”
Umao-Vieira, P., Kendail, P., Eden, S., Mason, NJ., Giuliani, A., Hubin-Franskin, M-J. and 
Delwiche, J.
Radiat. Phys. Chem., (2003).
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Posters

UV/Optical and Electron Energy Loss spectroscopy of trifluoromethyl iodide
Poster presented at ICPEAC 2001 (Santa Fe, New Mexico, USA), EMS-01 (Lincoln, Nebraska, 
USA), ECAMP VII (Berlin, Genrany) and LEEMI2001 (Going/Kitzbühel, Austria)

Electron Energy Loss spectroscopy of dinitrogen pentoxide
Poster presented at ICPEAC 2001 (Santa Fe, New Mexico, USA), EMS-01 (Lincoln, Nebraska, 
USA), ECAMP vn (Berlin, Germany) and LEEMI 2001 (Going/Kitzbühel, Austria)

VUV/Opticai absorption and Electron Energy Loss spectroscopy of trifluoromethyi 
suiphur pentafluoride
Poster presented at ICPEAC 2001 (Santa Fe, New Mexico, USA), EMS-01 (Lincoln, Nebraska, 
USA), ECAMP vn (Berlin, Germany) and LEEMI 2001 (Going/Kitzbühel, Austria)

Electron impact studies of SF5CF3: a new greenhouse gas
Institute of Physics graduate poster competition (May 2001) and UCL Gradschool poster 
competition (April 2001)

Investigations into SF5CF3: a new greenhouse gas
Institute of Physics DAMOPP meeting (UCL, December 2001)

Talks

Electron Energy Loss Spectroscopy of trifluoromethyl sulphur pentafluoride
Talk presented at the International Meeting on Electron Scattering from Atoms, Nuclei, 
Molecules and Bulk Matter (Cambridge, December 2001)

Electron Energy Loss Spectroscopy of trifluoromethyl sulphur pentafluoride 
(SF5CF3)
Talk presented at the Institute of Physics Aspects of Spectroscopy 2001 meeting (University 
of Sussex)

SF5CF3: An investigation into an anthropogenic global warming molecule
Final year talk presented to the Atomic, Molecular and Positron Physics Group at UCL 
(October 2002)
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Appendix 3: Frontsheets of Published Papers

All paid jobs absorb and degrade the m ind  

Aristotle ofStagira

Electron stimulated desorption of 0 ~  and from condensed 
ofone: Pot̂ dble implications for the heterogeneous 
photochemistry of stratospheric O )

Prtni Tegtdw." Ihml A. k«mhll '  M ania Penno,* \ig e l J, MaAonf and Logea ilknhergei*

" Dcpanmmt <]f Phytit» Asirotwmy, L'HUeriaiy Colleg/e LunJim, Gofxer Street,
LatU>.m, V K  W C IE  rtflT 

’  htaxiut fiir  ChemXe-Pkyiakah.\i ke uttd Theoreiuuke Chemie, Freie Umtenitdt Berluu 
Taku.siraxw 3, 0 -/4 /V 5  Berlin, Germuny

ReceufeJ 2mJ Fehrmm-y 2001, Accrfted 23lk April 20IU 
Finn pmStsJked a* an Adtance Artte/e tut ike reek 31n May 2001

TJ
O
O
“ Ü

Wc Sate tludxxl (be dcKorpUon at Bcyalive lom lotlowinf tow energy eleclron impuct (O 15 cVl lo ozone 
cnnJenaed m mutlilayer a mo unit on a Cf)ogencally Coaled gold «urface Intente dewtrpCtoa of O  H olMerted 
al low electrun enctgien (below 4 eVt rfa pronaunced mtorutaces. with an cHltnuIecl dcKorplion eroat «ectioa of 
Ihe order of 10 '*  em' (pciiS valuel The reaonanl fenlurct in I he ion yield mdaatlc Ihwl O  denorplton la 
driven b) dnttucalivc ckclron altachiacnl to O , molecule* al or near Ihe aurface While diiMoeialite cktlzun 
ttlUchincnl (DA ) from ga* phatc oaooc generate» ifac fiagineal loot U  and O j al comparable talcmitiDi, 
desorpnon of from condemned ozone n  atrongly tuppremed, bcmg only weakly observed witbm a 
rcwmanue located al 7 eV. Posuhic impticatiom for the heterogeneous chemmlry of ozone on pohrr 
stratoxpfaenc cloud (PSC'l prrbclc*. namely pholo-induced demooalive eiectruo transfer from the niW rute. are 
discuKsod in (be hght ol theeffeclive O  dexorpiion observed al low electron energce*.

I .  Inlrodoction

Low energy eteciron impact to uzcmc n  a particular inter
esting subject due to the molecule* relevance in globwl 
environmental twiues.' Due to the electronic utructurc of O , 
and It *  behaviour in low energy electron ncalleraig d  alno 
olfer* interesting aspects from a more fundamental point of 
view O , posscsnes a series o t low lymg triplet stales betwocti 1 
and 1 eV, accessible in inelastic dectron wallcnng, and a pro
nounced optical abwarption band peakmg at 4 *6  eV (254 
nmk^ '  This last feature, known as (he Hartley band, involves 
the Inst eleciromcaliy eacited smglet stale ( 'B , |  which is 
responsible for the abibty of (he molecule to act as a U V  llher 
preventing the IJV (B) radiation from the solar spectrum 
teaching the Earth's surface.

Dissociative electron attachment (DA) to dm phase ozone 
has been studied by several groups* mostly by means of 
beam expenmcnts. Unsler sbiDfe cottûdun io n jit iu m  the frag
ments O  and O ,"  are formed within an tnlensc low energy 
resonance peaking near I . Î  eV and a furlhcr comparatively 
weaker resonance with a maximum near 75 eV, In W lh  cases 
O  IS the dominant channel for DA * At higher pressures 
(beyond smgle colbsion conditions) the undliMoctated parent 
negative ion n  additionalh observed at low impact energies 
with the shape of the relative cross section doscty resembhng 
that of the O  fragment * In addition, in a recent high 
resolution experiment a very narrow but micnse resonaacc 
close to aero eV was observed on the O  channel*

In the gas phase, under cidbiaon free condttions, the tran
sient negative mn (T N II formed by resonant electron capture 
to ozone can decay along the loilow mg pathways

e -s O , ' - 0  + O ;

- * 0 '  -SO + O  

D O I l« I(«V ,'b I()II3 7p

( A / f * - - 0 4 1  eV) (la ) 

l A / / „ - 4  7hcV) ( IN

- O ,  + 0  ( A / f „ - 0 6 l c V )  (Ic)

- 0 , ' * U e -  fid)

O , *  IS a transmt negaUse ion (associated with the lonw 
ground stale or an clectromcaHy ciciled slate) formed upon a 
f  ranch Condon traiuition and A H „  are the thermodynamw: 
thrediolds for the DA reactions derived from the bond disso- 
ciaiton cncTguM, iP jO  0 ,1  — 1.05 j- 002  eh',’ *’ P JO  O ) — 
517 e V " )  and (he accurately known elailron affinities 
EAfO ) -  I 46 eV. E A (0 , ) -  044 e V ."  Channel ( Id l »  
autodetacbment (AD) recovering the neutral molecule even
tually in an cacitcd state (resonant clastw. or mclasta. 
scattering). The aihahatw electron afhnity of ozone n  Z l()* 
cV.”

In some of the bcum experiments additional information on 
the kmctic energy of the fragment ions was oNained *■* Such 
an analyses es comphcated by the various low-lymg doctriimc 
states of neutral O  and O , leadmg to 9 ihllcrent DA thredi- 
olds m the eicrgy range below 6 eV.* Recent studies on dec 
txon attachment to ozone dusters resultmg ui the formation of 
lomc complexes with the stmcbiomelrw. oompoulion ( 0 ,k  
(n m I- 4) have also been reported "

In this paper we study desorption of negative lom foBowmg 
low energy elect mm impact to condensed ozone in the energy 
range 0  15 eV Electron interaction with adsorbed ozone u of 
interest in reLitvom to the problon of ozone depletion m 
Antarctica. I I  is generally accepted that photon mitiated het
erogeneous chemistry (mvolving chlorroe-conlanung com
pounds like OCIO, etc and also ozoncl at the surface of 
partwdcv m PSf's are key reactions m the overall cycAc '*  
While free electrons may not play a major role in stralo- 
sphenc cbemaiiry, ’ * any particle (e ff. ai the PSC's) sain sxinlam 
large amounts of excess electrons. Such electrons can exist m a 
variety cf stales and sites on the surface of such purlxdev; they 
can, for example, be locahsed on indtvtdoal atomic or raolecu-

M in  Chem. Chem P h n ,  2(101, 3, 2625 2629 

This guurnal is Ih e  Owwer Suefaties 2IWI

2625

194



LLSKVIER Juumal Olf I'kmxm Spcctfmtxfr)' jtul Rdaied MictKiaicfu lA) 12000 27- 31
ww-*.eUe\-Kr.ni locale diçiCL

Exciiaiion and relative differential oscillator strengths for 
trifluoromethyl sulphur pentafluoride, SF^CF^, in the IJV-VIJV  

region by electron energy loss spectroscopy

P.A. Kendall. \.J . Mason*
iJtrpanmml of itaJ Attnmomy, f mAwxOy f ‘oiltigf hmdan. (t<mvr /.Mbka IH'J£ 6fiJ, I ’K

Heceived 4 I dauiry 2001; acoeflcd 20 Mmch 2001

j\b«lracl

ICkxlrun cmergy k«a lyccUcwKctpy 4H !LS ) has been kueil lo (he pbciUi-abeMplkai ipcdnon ut' Inflikinanelhvl 
Milphiir pc'DUHutiritV.' )S F ,C T ,) fiir the lint time. ( timpwnwm «  nuule witli the M iL S  epedrum o f sulphur heulhuviile  

The lOhilotyias ctf the eiuiTi'unJ is <l>se«Haieit with relevaacu to csiinwieil lifetimes in the atimuphere. It m estnnleU 
tlwd the lifetime of S i',C T j is u f the order tif 1000 years, t  2001 liliaevier Science B.V A ll rights resenxsd.

tmsmmh l.lectiun energy Iimb spectrvucepy; Pbnluiyaiu: t ireodsnue gases

1. IiilriMliictiun

11k rttc'cnl International Panel for Climate Change 
< IPCC I refhirt has bi^ighted the coiuequences of 
continuing industrial emissions upon the global 
climate, with fot\>casts of mean gkhal température 
rises of as much as 5.K C by the end of the century 
| l |  11k  major coMrihulors to global warming are 
CO5, C llj and N ,0 . H%>wever. in addition there are a 
number of gases that although present in much 
smaller concentrations nevertheless ixuy provide a 
signihcam c<Mttribution to global warming due to 
their latye infrared absorbances. Iltese include the 
mainly anthr<)f«>genic SK, and the chtsely related 
.SF,CF,, A recent study |2) indicates that SF,CF, 
has the largest radiative fiveing on a per tnolocule

*t <«Tcs|KaKliDS nabiir T«L; +44-207-679-7797; fee 44-297. 
679-3460.
F-auT/ a d im i :  us;el.iaasufva«k:l.ac.ufc tVJ. Vfasun'L

basis, at 0.S7 watts per square meter per parts per 
billion, of all the gases present in the atmosphere. 
The levels of both SF,CF, and SI’,  are currently 
small hut growing, in the ease of SF,n-', at a rate of 
6% per year. However, to dale there are few spectro
scopic or reaction studies of this molecule reported 
in the htentture, nor, at present are the sources of this 
gas idetttihed 

SF, is used as a high voltage dieieetrk in high 
voltage circuit breakers, substations, traiwfonners 
and transmission lines. In tliese situations, its high 
dielectric strength and unique arc-quenching abilities 
allow it to provide an cITcctive alternative to insulat
ing oils, fhe atniivspheric presence of SF, is due to 
leakages from such applications ihriiugh valves and 
gaskets and release during servicing |?l| It is .specu
lated that the source of SF,(’F,, which lias no natural 
sources, is SF,, a breakdown product of SF,, react
ing witli CFj groups vtn tlie surface of fluoro- 
polymefs |4).

016*.204a 01 & -  acc Ihwt m a id  *  2D0t Fb c v ie r S u c u ly  BV. .VII nyhts leicrved. 
M l: SÙ.i6a-204H(01)002aO-8
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Ibtal and elastic electron scattering cross sections 
fnim ozone at intermediate and high energies

J L  dc Pahkifc', P \  kendail , P Te«cdcr . A W iib irt , F Hlamti, . 
c; (ia n ia ' and S  J Maton-

' Itepmomacti <k Fmuâa y l^arkal» Ekmaaik*. CSiMAT. A>eaida < timpluia*f 22.280*0 SWnd Span
'  D epatona  uf i ln u c t  onii Anroacoiy. I  nn'crurt ( o lkye l.uadm. t itw a r Sned. Ixm ton 
W H Il.ttÜ i. I  K
* DupjclaoacAo <k FiiiirA ik In* Mounile*. I'XEtl, Send* dH 9,2804(1 M*<fciil Span
* I lepatamniln <k PlUr* AWmmz* Mokcultar y Sui lAir IW m uilu l t '■'npiiiii iiu ik  Makui. 
28040 Miklnl Spun

Kvcctved IV July 2n0I. In finul foem 10 Sci^cmlKf 2001 
PuhlWusI 13 FuOemiry 2002 
f Wine ai oackR.iop.arg/JPIiysB/3$/B65

Abvtraet
Ttual c«W8 MctioiK for eleeiNwi ««swerlng from <k raoleculcf in the eneî y 
mnge 350- 5000 eV haw hccn metktufed for me tir$i time. The cxficfiniental 
metbiHl used was hi*ed on the measiireineni of the atienuatMtn of a coilunated 
cleetnia heuin tlmiugh an (),-(>: ntlsitav in eoiiihauuion with u*e i8 an ekxuiui 
energy htux technique to detertnine the punt y of the o/niie sample DiiVerenuaJ 
and integral elasuc emus sections have also hccn calculated using a scattenng 
potential in the frantework of the Independent atotn model The present 
theoretical atul ex(vnitiental rexuhs are compared with earlier calculations 
availahle in the literature

I .  Inlrndarüiin

Energy ilepnuiiion models for atmospheric and biological applications require crttfis-scction 
data for secondary electmn interactions over a wide energy range In principle, data for all of 
the possible prtxxsses are needed lor collisiom energies ranging from the high energy of the 
primary electrons to tire low energies reached hy those electrons slowed in successive collisions 
In such processes total scattering cross sections play an iniporrtint role since they deiermlue 
the mean tree path of the electrons through the scattmi% medium One to the importance of 
electron oolliKions in planetary atmospheres, total scattering cross sect lot* have been measured 
to a high degree ol acctiracy fix most «ahle atmospheric atoms and molecules. However few 
cross sectiixis have been reported fix unstable cltemrcally reactive species (eg. atomic oxygen 
and ivotx i 11T

( )/one IS a minor constituent of the Eanh’s atmosphere, but its presence in the stratosphere 
is crucial in controlling the UV imenslty reaching the Eanh's surface and hence any reduction

(W5)-4U75mU4UM65. KAXi.OO O 2tKl2 KJh IWtilolinR U i  PrBMedntbr I 'K  865
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CHEMICAL
PHYSICS
LETTERS

w«'«M:l>e\'iCTx'<Mn/V»i(e6:plctt

V U V  photo-absorption cross-section for CCI2F2 

P. Limao Vieira * S. Eden ^  P.A, Kendall N.J. Mason “ S.V. Hoffmann ^

" l>tp>trtuu-iu o f  I ^ r iü s  anJ Âjstrtummy. liiHwx^fY CoHYge Loniitm. (m im t S r/n 'i, lamdtm WCJE tiBT, VK  
* luaUutt far Stotag* Kiaii Fiacitawt, fW tv ilrr  o f  ,<iirAiu. .V? MutAfaJc, DK-KtKA) Aortmu C, iVnmurlf

Recafivd 31 May XH>3; in lickil fonn Î  Augu&l 3003

\ lM t r a c t

The phntci-abtorpboR spectrum of (X \F ,  has been measwreU using syncltrOlroft radintron in the range 5,5- 11 eV 
(235 >  i  >  1 to oznf Fleclionk' stale asugnmtaiU have been suggested fat each of Ihe obuerved absorption hands In- 
corporatsng both valence and Rydberg transilionu The high nmuslution acbievnd has alloasvd vibrational series in one of 
iliese bands to be assigned for the Ant time. The measured \T.’V cross-sections may he uaod to derive the photolysis rale 
uf CC1.F, in the terrestrial atmosphere 
O 3002 Elsevier Socnoe B V. All rights reserved.

I. latrodwctks#

DKhiorodinuoromethanc (Cn>Fj or C l C 12) 
ts a halogtmated hydrocarbon extensively used in 
refrigeration sy stems, as a foam Mowing agent and 
as an aerosol propellant It also plays an important 
role in the plasma etching industry | U |  for reac
tive ion etching (Rib) of GaSb as it can be readily 
dissociated to produce Cl and F radicals |î |

I lalogcnated hydrocarbons or halocarbons such 
as CCl:Fi are (under photolysis) a source of 
atmospheric radicals and therdbre are widely le- 
cognised to contribute significantly to stratospheric 
o/one depletion (i.5] by Cl or Bi atoms released by

* f  omnfiiiodiag a w k ii I  ux +44-3(1-7679-34611.
lu tAvu i- aigfl.m aMia^uctjK:.uk (N  J. Vlowini.

" AIm> at Ocpartuncoti) dc I  «uac I (T  -  I. nivcriidtule Nma 
lie 10*00. P-3S3S-Î16 ( apmriuL PVirtugnl and Centro dc Fiacu 
Molecular. (  ompkso I 1ST, Av. Roviico Pait. P-Klf^OOt 
Lab OIL Portugal

photolysis, ilalogenatcd hydrocarbons aie also 
strong greenhouse gases. C O ,F i has a residence 
time in the atmosphere of about 100 years and an 
estimated global warming potential of 8500 in a 
lOO-ycar period |6|. Thus, under the regulations of 
the Montreal Protocol and its amendments, the use 
of CF'C-12 in industry must be phased out and 
alternatives found within the next decade.

In this paper we report new data on the photo- 
absorption cross-section and electronic spectro
scopy of CCI-1 : The electronic structiuv of this 
molecule has been studied previously [7-l3| as 
have its photo-absorption, photo-ionisation and 
photo-fragmentation cross-sections [4,8.10.11.14], 
The vacuum-ultraviolet (VUV) absorption spec
trum of CCl’F'î in the wavelength range 120 200 
nm (10 6 eV) was first measured during the 1950s 
by /obel and Duncan (15) and subsequently dis
cussed by Doucet et al [10] together with a com
parison with the photivekctron spectrum. .An 
energy loss spectrum using 500 cV electrons was

l(tHW.36i4Al3/5 . tee front muner 6  3002 C ItniH’ .Xo m kc  B V. AM riÿliU menisd. 
Pll: S l> IH l9 -26 l4 (D 2 |(li)04 -l>
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High resolution V U V  photo-absorption cross-section for 
dimethylsulphide,

p. Limati-Vicira S. Eden P.A. Kendall N J . Mason S.V. Hoffmann ^
" A>«piirtMtiwJ c / n r ik s  anJ .iuroMomv OMivraty CaHefr liwwAui, Gt»nr Srwi, lumAm M't.7£ OBT, L'A 
“  Aurirnh'^dr Bing FiulittU'Â, VuMtvtiry o f  ̂ irAiu, .Vf DkJIJmy AnrBttt C, fhimmtri

RciX*ivaJ 24 Scp4cmlxr 3002; io Onat iVinD 9 October 20Ù2

Abklfarl

The pboin-uhM'itpiioa »p<xlruin of |C'H,J,S ha» been meaxumJ u»:ng »ynchrolr«ti rx lu lion  in the range 5.0 11 eV 
1250 >  i  >  110 nm) Klectinnk »tate ajuagnmesLs have Seen ruggufled for each a i  the oHtüTVai atMorpliim hand» in- 
coTguralaig both valence and Rydherg iranulion». Four Rydberg Mcnet> bate hem awrgned convergmg to the toniiailioa 
potential limit X 6*6 eV. Rydbcrg orbital» ufcach servo are clamilkd according lo the magnitude of the quantum defect 
Id) The mea»ured vacuum•«illravtokt (V llV ) crow fectiona are used to derit'e tire pholnLy»u rate of (C H .),S  in the 
terrestrial atmosphère.
O 2D02 filwvier Scxnoe B V. All rights reserved.

1. iM ru d M C tin a

Dimelhvlsulnhsdc (DMSl. (ClIiUS is the most 
abundant sulphur compouisd found in seawater 
and plays an impoitant role in the global sulphur 
cycle. DMS b a product of biodégradation of or- 
ganosulphur compounds in marine environments, 
which upon release into the atmospdtere b dianged 
into a diflercm sulphur apcoes. e.g., sulphur di
oxide. methane-sulphonic acid, sulphate and sul
phuric acid, all of which can contribute to the

t  ormyimdimg author Fax: 444*3(CTh79»714i.
£>nw(/ iiiMri-ir.’ pfinuuminnUâaidac.uk tP. ijinao-Vieira j. 

'  Présent address: Dcruriammto dc Fm cb. F-CT -  Univcr* 
fidade N m a de I.isbcu. P>2&^316 t  apnnca. Portugal and 
( ‘esMio de I Isica Vlokcuku. (  ompleao I tST, Av Rusiscn 
Paix P lW9.tKI) lùtfaaa, Portugal.

acidity of rain. Motrover sulphur gases are know n 
to he precursoi's of sulphate aerosol partiels» and 
cloud condensation nuckt over remote parts of the 
oceans and could also act as a feedback mecha
nism in climate regulation which alfccrts the ILarth's 
radiative balance by direct scattering of solar ra
diation |l|. It has now become clear that the nat
ural sulphur cycle has been seriously dbturbed by 
anthropogenic gaseous emissions. Studies on DMS 
and its oxidation products in marine atmosphere, 
production and release in local tatuaries and dis
tribution in surface waters have therefore recently 
become the subject of intense research |2 4|.

In thb Letter we leport new data on the photo
absorption cross-section and electronic spectros
copy of (C IIj),S. The electronic states have 
been studied previously |5- 7| as have its photo- 
electron spectra, photo-ionisation spectra, electron

IKMW.lh 14/0215 . «B  tm o i m xM a <0 2ÙU2 FUener S oM ce b  V. Ah rights nMcrnsd. 
Pil: 5 iX M t9 .2 6 l4 (0 2 |0 )*5 ) .2
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VUV and low energy electron impact study o f electronic 
state spectroscopy of CF3I

N.J. Mastm'*, P. Limâo Vieira*-', S, Eden*, P. Kendall*, S. Pathak*^, A. Dawes*, 
J. Tennyson*. P. Tegeder*, M. Kitajima\ M. Okamoto"’, K. Sunohara"’. H. Tanaka 

11. Cho®, S, Samukawa**, S.V. Hofl'mann®, D. Newnham* .̂ S.M. Spyrou*
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A h m ra c l

the clixlniDK Hale* u f C'f’t l haw been inved i^ ie tl UMUg phuUm anil cleclmn imcryy litu  «pccirwiwTy tnim 4 Ui 
20 eV fJlO m n > À >  60 mn). Abüigmnenb h a \*  been nugitcbtktl lltr eadi u f  (he ubxeevoil abduqitiiin hamh ineurpural- 
mji both valeixw atxl Mydbef]i leauniUmm. Vfbraliumal tanxiure in each u f  UfeKte hatxJti i* I'bexTved ftir the tin t Ihne. AbbuluEc 
plxKivabMnplitni cniM'iwclKNi* haw  a!w> heeu aMmtirctl am! are cottipanxi xiilieo flxT  measurenieau. <liK J Maav .Speclruin 
227 22412003)647 660)
A  2002 lihevier Science 11.V. A ll rigln* rcterveU.

fU iiN im fi V I  A  iihuirpUuiu E lcdrao enet^py ktSK Spectroscopy-. S yn itn a rnn  ro ita liun. Aacmum)

1. IiilriH luclUB

In Ihe manufacture of utira-large scale integnilcd 
circuits, it is necessary to lahncate pruiktermincd 
patlcms on a scale of less than 0 I |im and fine 
structures with an aspect ratio of more than 10 on

'  Cenerpiinduiÿ mshnr I  a nW  myatm m a m iru ila e  i t  
‘ Ob  le i»  (rum rkfsnuaeBhi 4e timm. FCP-l'M.. b-2*29-S16 

( jp uK D . l\x lugW  and i  entro ik  f  cna i M d e c i^ .  I'nm p to u i I  
IS I,  Aa. fton iK o  Patt, P l<*Ki^)l)l 11* 011. Purtufijii.
2 Ponnmein nkfecsi: t  Iv ia c iiu n h  College. lU iifm r. Iiuliu

a silicon wafers with diameters of greater 30 cm 
ITiis process requires a well-collitnaied. spatially uni- 
form, higli-dcnsiiy plasma source operating tuider 
hiw-pressure c««diuons [ 1 ). The mam feed gases used 
h> the plasma etching imhisny are pcrfhiofocarhons 
(CFr, C;Ffi. rjF», f'HFj, and c-CrFg) however, these 
are also strong greenhituse gases and therefive. under 
the terms of the Kyoto Proiixol. must he replaced by 
alternative compounds that have low ‘global wann
ing potentials' [2] Otie pxaNe replacement is CFsl 
since, due the weak C I bond, it should he pissibie

1347-.UI0frlX2S -  kec tronl nuMcf O 2002 F ta n u f iktenu: IL V  .VII nghw reKf\«d 
PU S I 3 * 7 .3 * 0 6 ,0 2 )0 0 9 3 9 .7
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A b ttra c l

Abtolule mfrBtiMi pijoUruhuirption crots-sectionx have Seen mecexured m v t Uve rungge 6(H) 1500 cm ^  for Lbe 
powerful jteenhouM; gas SF .C 'F . a l high naoluiirm  (0.03 a n  ■) and at letnperalurtfx betw«tm 203 and 29S K  O ur data 
uubecile that the integrated jb tttrp lion  rnlcBaiily xhowx a weak négative depetukcnce on temperature It ix cvmclitded 
tlteteforv that pteviotM cikuhiUoox o f radtaltve forcings and giohal wanning potentials haxed on room temperature 
data are reaxnnahle erlimales for the atmox^Aere. but may he Low by a few percent.
O 2t)02 E liev ie r SoeiKV B V . A l l r ig h t*  reserved.
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I.  lotrodMctKHi

Global wanning is a topic of great concern to 
society, the recent International Panel for Climate 
Change tIPCC» report | I |  indicated that the mean 
global surface temperature may rise by as much as

’ t'orrcxpuadiag authur. Td.: *44.20.7679.7797; tin: *44.20. 
7679.3460

£ - im il iM n 'u :  nigal.mm#o#(g|ud.mcsik (N J. MdJtoni.
•  Also ffoon Dcparumento dc Fiscii. FCT.CNL. 2829.316 

('aponea. Poitugii and (  entro de Fittoi .Vl otocidrr. Cnmpkso 
I, 1ST. Av. Roviitu Pail, 1049.001 I jibou. Portugal.

5 .R "C by the end of the 21st century. The bulk, of 
the contributions to global warming ansc from 
incteased atmosphetic levels of CO:. C IL  and 
N.'O. However, molecules that are cficciivc infra
red absorbent in the aunosphcric "window ré
gions" between 800 and 1200 cm"' can also make 
significant contributions, even though they are 
present at only low hrvels. One such molecule is 
SI <CK), which is a particularly eflective green
house gas that has only recently been detected in 
the atmosphere [2).

Sturges et al. dtscovcred Sl-?CFj in tlic mass 
spectra of stratospheric air samples collected in

113(11.01047(1 W  . see from autter Ô 2ÜU2 F luvvr Soeece B V  AH rtglits tBsenwl. 
Pll: S6.301.0104(1)2 |U < I9 8 5 .6
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Appendix 4: Commonly Used Units
During the œurse of this thesis a number of units of measurement have been used. This 
section summarises those units.

Length

1  kilometre (km) = 1 0  ̂m
1  nanometre fnm) = 1 0 ^ m
1 Angstrom (A) = 10'̂ ° m
1  picometre (pm) = 1 0 ^̂  m
1 foot = 0.3 m

Mass

1 atomic mass unit (u) = 1.67 x 10^ kg
1 tonne (T) = 10̂  kg
1 megatonne (MT) = 10® kg

Energy

1 wavenumber (cm'̂ ) = 1.98 x 10'̂  J
1 electron-volt (eV) = 1.60 x 10'̂ ® J = 1237.5 /  A (nm)

Cross section

1 megabarn (Mb) = 10'̂ ® cm̂
1 cm̂  = 10"® m̂

Temperature

TKelvIn (K) = (7*+ 273.15) Celsius

Pressure

1 pascal (Pa) = 1 N m'̂
1 bar /  atmosphere = 101,000 Pa
1 torr /  mmHg = (1 / 760) bar = 1.32 mbar = 132.89 Pa

201


