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Abstract

The thesis presents experimental results obtained by electron impact energy-loss 

spectroscopy. Differential oscillator strengths (DOS) of selected atmospheric 

molecules and hydrocarbons and vibrational excitation cross sections of ozone are 

measured. A critical comparison with earlier experiments and theory (where it exists) 

is made.

The thesis is arranged in seven chapters. The first discusses molecular structure, 

spectroscopy and electron-molecule scattering as is relevant to the scope of this thesis. 

The next two chapters describe the experimental apparatus used. A high resolution 

electron spectrometer produces an electron beam ( —10 nA) incident upon the 

molecular target. Scattered electrons of selected energy-loss and scattering angle are 

detected by the spectrometer providing a total apparatus resolution of —50 meV. The 

vacuum system, gas inlet system and power supplies are also discussed.

Chapters 4, 5 and 6 contain the main results obtained during postgraduate studies. 

DOS of selected atmospheric molecules (O2 , N2 , N2 O, CO and CO2 ) are presented 

and critically compared with previous optical and synchrotron studies. Good 

agreement between results validates the experimental apparatus and techniques used 

in this work. A detailed study of the DOS of small alkanes (CH4, C2 H6 , Ĉ Hg and 

C4 H 1 0 ) and small alkenes (C2 H4 , CgHg and C4 H 8 ) shows similarities and trends in these 

series. DOS of ozone, O3, are also measured and the vibrational excitation of ozone 

is investigated as a function of scattering angle (40° < 0 <  120°) and incident energy 

(3 eV < T < 7  eV) providing some evidence for resonance formation.

The thesis concludes with a discussion of preliminary DOS data for chlorine dioxide 

(OCIO), a stratospheric molecule of importance in ozone chemistry. Suggestions for 

future work, such as an investigation into the effects of temperature on DOS spectra 

for atmospheric molecules, are also presented.
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CHAPTER 1 

Review of Optical Spectroscopy, Electron-molecule 

Scattering Experiments and Theory

1.1 Introduction

Throughout the twentieth century, extensive studies on electron-molecule collisions 

have been performed using both experimental and theoretical techniques in order 

to obtain information on molecular structure and electron-molecule collision 

dynamics. Techniques have developed rapidly with the availability of high speed 

computers and continual improvements in electron spectrometers. The use of 

electrons as projectiles offers great versatility in scattering experiments, for 

example, electrons may be used (1) to investigate particular molecular properties 

such as the fundamental vibrational frequencies or (2) to selectively excite a 

particular type of transition such as dipole allowed transitions. This versatility is 

achieved by varying such parameters as the energy of the electrons incident upon 

the molecular target, the energy of the scattered electrons chosen for detection and 

the angle through which the electrons are scattered. In contrast to this, 

conventional optical spectroscopy is only capable of studying some (but not all) 

vibrational modes and only those electronic transitions which are dipole allowed, 

whereas incident electrons may excite all possible modes and transitions.

The work in this thesis mainly concerns atmospheric species. In particular two 

stratospheric molecules, ozone and chlorine dioxide, are investigated since there is 

only a very limited amount of existing experimental data available for electron 

scattering from these molecules. This is due to the complex preparation techniques 

and the extra safety precautions required when handling these explosive and 

transient molecules. In contrast, there is sufficient experimental data available for 

other atmospheric molecules studied (oxygen, nitrogen, nitrous oxide, carbon 

monoxide and carbon dioxide) such that the results obtained in this work can be
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compared with previous data in order to check the performance of the electron 

spectrometer and the accuracy and reliability of the results obtained. Two series of 

hydrocarbons, ( 1 ) the four smallest alkanes; methane, ethane, propane and n-butane 

and (2 ) the three smallest alkenes; ethylene, propylene and 1 -butene are also 

investigated to discover any obvious trends in these series.

In this thesis, differential oscillator strengths, DOS, (or the equivalent optical 

absorption cross sections) are measured for the atmospheric molecules and 

hydrocarbons mentioned above. Such measurements are conventionally obtained using 

optical light sources such as disch2u*ge lamps or, more recently, synchrotron radiation 

incident upon the molecular target. However it has recently become apparent that 

large errors are often incurred in these photoabsorption experiments, mainly due to 

the limitations enforced by the Beer-Lambert law. An alternative technique used to 

measure DOS involves the use of projectile electrons as "pseudophotons" and 

essentially provides the most reliable source of DOS data. In the present work, high 

incident energy electrons (T= 150 eV) have been used for such a purpose to obtain 

DOS values for electronic transitions within the energy loss region, 2 eV < E <  18 eV. 

The vibrational excitation of ozone molecules in the electronic ground state has also 

been investigated using low energy (T <7 eV) electron impact spectroscopy. These 

results are presented in chapter 6 , section 6.5 and are the first of their kind.

In this first chapter, the optical spectroscopy of molecules is briefly described with 

particular attention on molecular structure, the selection rules and rotational, 

vibrational and electronic excitation. The development and use of photoabsorption 

techniques to measure optical absorption cross sections (DOS) are recounted and the 

problems encountered by these methods are examined. Descriptions of electron 

scattering techniques used to obtain both optical data (DOS measurements) and 

vibrational spectra are also given. Finally in this chapter, the theory of electron- 

molecule scattering is considered. The current state of theoretical calculations is 

reviewed and the limitations of such methods are discussed, revealing a lack of 

accurate theoretical data with which to compare the present experimental results.
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1.2 Optical spectroscopy of molecules

1.2.1 Molecular structure

The structure of molecules is more complicated than the structure of isolated atoms 

due to the additional degrees of freedom (rotational and vibrational) and the complex 

distribution of the electrons within the molecule. The situation is simplified by the 

mass of the electrons being much smaller than the mass of the nuclei while the forces 

experienced by the electrons and the nuclei are of comparable intensity. Therefore the 

motion of the nuclei is much slower than that of the electrons and the nuclei can be 

said to occupy nearly fixed positions within the molecule. Hence electronic and 

nuclear motions can be treated independently.

When the electrons of several atoms associate to form a molecule, the tightly bound 

inner shells of electrons remain localised about each nucleus whereas the outer 

electrons are redistributed throughout the molecule. It is the charge distribution of 

these outer "valence" electrons that provides the binding force.

The internal molecular motion can be divided into rotational, vibrational and 

electronic modes. The rotational motion is most easily discussed by considering the 

nuclei to be fixed in the equilibrium position and for rotations to occur about the 

centre of mass of the molecule. In reality the elasticity of the bonds between the 

nuclei means that the internuclear distances may change and the rotational motion 

becomes more complicated. The vibrational motion can be considered as small 

oscillations of the nuclei about their equilibrium positions. This motion may include 

changes in the bond lengths and the bond angles and may also include rotational 

motion of the nuclei (known as ro-vibrational motion). The electronic motion consists 

of a transition of an electron from one electronic energy level to another and may 

incorporate both vibrational and rotational motion.

The separation between the energy levels of electronic motion of the valence electrons 

is in the order of a few eV such that electronic spectroscopy is performed in the 

visible and ultra-violet region of the electromagnetic spectrum. For vibrational and
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rotational motion, the spacing between energy levels is in the order of 0.1 eV and 

0.001 eV respectively. The spectroscopy of vibrational and rotational motions are 

therefore studied in the infra-red and microwave regions respectively.

1.2.2 The selection rules

In order to calculate the transition probability of an excitation process, it is necessary 

to know the precise quantum mechanical wave functions of the two states between 

which the transition occurs. Since these wavefunctions are only known accurately for 

simple systems, it is often easier just to decide whether a particular transition is 

optically forbidden or allowed (i.e. whether the transition probability is zero or non

zero). This classification is determined by the selection rules which indicate which 

transitions will give rise to observable spectral lines.

Due to the absence of a permanent electric dipole moment in the molecule, 

homonuclear diatomic molecules, such as O2  and N2 , do not possess purely rotational 

or vibrational optical spectra unless there is also a change in the electronic state. In 

contrast, molecules which possess a permanent electric dipole moment do produce 

purely rotational and vibrational spectral lines according to the selection rules. For 

purely rotational transitions the selection rule is;

AJ = ±1 (1.1)

where AJ is the difference between the rotational quantum numbers of the initial 

and final states. For vibrational transitions the selection rule is;

Au = ±1, ±2, ±3, ... (1.2)

where Au is the difference between the vibrational quantum numbers of the initial 

and final states. Vibrational transitions are accompanied by a change in rotational 

state which is subject to the purely rotational selection rule stated above.

The selection rules for electronic transitions in molecules with more than one
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electron are;

AA = 0, ±1 (1.3)

where A is the orbital angular momentum,

AS = 0 (1.4)

where S is the spin momentum,

and AQ = 0, ±1 (1.5)

where 0 is the total angular momentum (fi= | A+S | ). There are also restrictions in 

symmetry changes such that these symmetry changes are allowed;

E"->E“, g->u and u^g

but the following symmetry changes are forbidden;

E'^-^E", E'-^E'^, g->g and u^u

1.2.3 Rotational excitation

The purely rotational motion of a molecule is investigated using microwave 

spectroscopy. The rotation of a three dimensional molecule may be quite complex, 

so to simplify calculations the rotational motion is resolved into components about 

three mutually perpendicular axes passing through the centre of mass, such that the 

molecule has three mutually perpendicular moments of inertia 1̂ , Ib and Î . To 

simplify matters further, molecules may be divided into four distinct groups 

according to their shapes and the relative values of 1̂ , Ir and Ic. These groups are;

(1) linear molecules for which Ia=0 and Ib=Ic» e.g. O2  and OCS, (2) symmetric 

tops for which Ia 5 * ^ 0  and Ib=Ic5 «̂ Ia, e.g. CH3 F, (3) spherical tops for which 

Ia=Ib=Ic» e.g. CH4 , and (4) asymmetric tops for which IaT^IrT^Ic e.g. HgO.
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The rotational energy levels for a rigid diatomic molecule (fixed distance between 

nuclei) are given by;

Ej = ( h W l )  J(J+1) (1.6)

ore, = Ej/hc = BJ(J + 1) (1.7)

where h is Planck’s constant, I is the moment of inertia, J is the rotational 

quantum number (J=0, 1, 2, ...), Cj is the wavenumber, c is the speed of light and 

B is the rotationeil constant for the molecule given by;

B = h/STT̂ Ic = h/87r̂ /xi ĉ (1.8)

where is the reduced mass and r is the bond length. Invoking the selection rule,

AJ = ±1, the wavenumbers of the allowed transitions are given by;

= B(J+l)(J+2) -  BJ(J+1) = 2B(J+1) (1.9)

An absorption spectrum therefore consists of lines at 2B, 4B, 6 B, ... 

corresponding to transitions from J= 0 to J = l, J = 1 to J=2, ... Hence it is 

possible to calculate the bond length, r, using equation 1 . 8  and a measured value 

for B.

However in reality the inter-nuclear distances do not remain fixed since the faster 

the molecule rotates, the larger the distances of the nuclei from the centre of mass 

due to the centrifugal force and hence the larger the bond lengths. The non-rigid 

rotator model for a linear molecule corrects for this by including an extra term in 

equation 1.7 such that the wavenumber for a rotational level of a non-rigid rotator 

is given by;

6 j = BJ(J+1) -  DJ^(J+1)2 (1.10)

where D is the centrifugal distortion constant and is given by;
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( 1. 11)

where k is the force constant;

k = 47î ajosc2cV (1. 12)

and cOosc is the vibrational frequency. The transition energies between rotational 

levels in the non-rigid rotator model are slightly less than those predicted by the 

rigid rotator model but the difference is only significant for J^5, as shown in 

figure 1 . 1 .

J Rigid Rotator
10 ---------------------------------------

Non-rigid Rotator

0 2B 4B 66 86 106 126 146 166 186 206

i /  /  /
Rigid

Non-rigid
0 26 46' 66' 86 106 126 146 206

Figure 1.1 The rotational energy levels of the rigid and non-rigid models for a 

diatomic molecule (Banwell, 1983).



28

1.2.4 Vibrational excitation

Infra-red spectroscopy is concerned with the vibrational excitation of molecules. The 

interned energy of a molecule may cause the nuclei to vibrate about some mean 

position rather than remaining in a fixed position. The equilibrium position is 

determined by the balance of ( 1 ) the repulsion between the positively charged nuclei,

(2 ) the repulsion between the negatively charged inner electron clouds about each 

nucleus and (3) the attraction between the nucleus of one atom and the electrons of 

another. The energy of the system is a minimum when these forces are balanced and 

the internuclear distances are then defined as the bond lengths.

Energy
E(r)

E (oo)

u =  5

v = 2

v= 1

Internuclear distance, rr,

Figure 1.2 The potential energy curves for rigid (dashed line) and non-rigid (solid 

line) rotators (Bransden and Joachain, 1983).

For the lowest vibrational levels of a diatomic molecule, the nuclear motion of a 

diatomic molecule is approximately simple harmonic as represented by the dashed line 

in figure 1.2. The vibrational energies are given by;

(1.13)
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where v is the vibrational quantum number (u=0, 1, 2, ...), h is Planck’s constant 

and ojosc is the vibrational frequency of the oscillation. From this equation, it is seen 

that the lowest vibrational energy is (known as the zero point energy) and the

vibrational energy levels are equally spaced with energy intervals of hcOosc- For this 

simple harmonic model, the selection rule is A u= ± l.

However real molecules do not obey simple harmonic motion, for example, if the 

bond between molecules is stretched there comes a point at which it breaks and the 

molecule dissociates. A plot of energy, E(r), against internuclear distance, r, for a 

non-rigid rotating diatomic molecule is shown by the solid line in figure 1.2. The 

shape of the plot agrees well with that described by the empirical expression known 

as the Morse function;

E(r) = [l-ex p { a (r^ -r)} f (1.14)

where is the dissociation energy, a is a constant particular to the molecule and

r̂ q is the equilibrium distance (bond length). The energy of the vibrational levels is 

then given by;

E, = (v+Vi) hwosc -  (v-\-V2 Ÿ hWoscXc (1.15)

where Xc is the anharmonicity constant for the molecule which is small and 

positive such that the vibrational levels become closer together for increasing v as 

shown in figure 1.2 (i.e. energy spacing < hw^gj. The selection rules for the 

anharmonic oscillator are A u = ± l, ±2, ±3, ... However the larger the energy 

jump between vibrational levels, the smaller the transition probability. The 

frequency of a transition between vibrational levels i; = 0  and i;' = l is known as the 

fundamental frequency while transitions from u=Oto i>'=2, 3, 4, ... are known as 

overtones.

A molecule possessing sufficient energy to vibrate may also be rotating, in fact for 

a diatomic, a change in vibrational energy must also be accompanied by a change 

in the rotational state. Since a molecule vibrates hundreds or thousands of times
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during a single rotation, the vibrational and rotational motions may be treated 

independently such that the energy of the system is approximately;

Ej., = Ej + E,

Ej, = BhcJ(J + l) + (u+Vi) hwosc -  {v+Vif hcOoscXc (116)

with the centrifugal distortion term in the rotational motion, — DhcJ^(J+l)^, being 

neglected since it is negligible compared with the terms included in equation 1.16.

The selection rules for the combined rotational and vibrational motion of a 

diatomic are the same as those for each separate motion, such that;

Al» = ±1, ±2, ±3, ... and AJ = ±1 (1.17)

Considering only the fundamental transition (i»=0 to i»=l), since this has the 

greatest transition probability, the transition energies for the combined rotational- 

vibrational motion are given by;

Ej,„ = hc0 osc(l-2 xc) + 2Bhcm (1.18)

where m = ± l, ±2, ... The resulting spectrum consists of equally spaced lines 

(spacing=2B) on each side of the band origin (=hojosc(l“ 2xc)). The lines on the 

low frequency side (-ve m, AJ= —1) are known as the P branch and those on the 

high frequency side (+ve m, AJ = +  1) are known as the R branch, whereas the 

band frequency itself (m=0, AJ=0) is known as the Q branch. The Q branch does 

not appear in the spectrum for a diatomic molecule since AJ=0 (m=0) is 

forbidden. However for certain rotational-vibrational modes of larger molecules, 

such as the bending modes of a linear molecule, AJ=0 is allowed and the Q 

branch is observed.

The number of fundamental vibrational frequencies for a molecule containing N 

atoms is equal to 3N— 6  for a non-linear molecule and 3N—5 for a linear 

molecule. Of these fundamental vibrational modes, N —1 are bond-stretching
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motions while the remaining vibrations are bending motions. For example, ozone 

being a non-linear triatomic has three (3N-6) allowed vibrational modes, two of 

which are stretching modes in which the bonds are stretched and compressed and the 

other being a bending mode in which the bond angle changes while the bond lengths 

remain fixed. These vibrations, shown in figure 1.3, are labelled V2 and 1 ^ 3 (or 

alternatively i j ,  2 j and 3j) according to their symmetry type and in order of 

decreasing frequency. The symmetric stretch mode has the highest frequency out of 

the symmetric modes and is labelled the next highest symmetric frequency belongs 

to the bending mode which is labelled P2 while the asymmetric stretch is labelled

Symmetric stretch,

Bending mode, V2

Asymmetric stretch, 1 / 3

Figure 1.3 The three fundamental vibrational modes for ozone. The end nuclei first 

move in the direction of the single-headed arrow, then in the direction of the double

headed arrow and so on.
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As well as containing fundamental (Pi, V2 , ...) and overtone (nPi, nv2 , ... where n=2, 

3, ..) bands, the vibrational spectra for triatomics and larger molecules may also 

contain combination bands and difference bands. Combination bands arising from the 

addition of two or more fundamental frequencies or overtones, e.g. vi+ 2 p2 , 

3 pi-\-p2 + 2 p2 , are allowed although their intensities are usually small. Difference 

bands, e.g. 2 pi~p2 , pi~\-2 p2 —p3 , may also be observed in vibrational spectra although 

their intensities are very small.

In order to be infra-red active (i.e. observable by I-R spectroscopy), there must be 

a change in the electric dipole of the molecule during the vibration. For a non-linear 

triatomic such as ozone, all three vibrational modes are I-R active whereas the 

symmetric stretch mode of a diatomic or linear triatomic molecule does not involve 

a dipole change and is I-R inactive. However, although the latter vibrational motion 

can not be studied using conventional I-R spectroscopy, it can be investigated using 

a technique known as Raman spectroscopy which involves the inelastic scattering of 

radiation by the molecular target.

Raman scattering involves two processes; (1) the absorption of a photon with energy 

hw in which the molecule is excited from state a to state n and (2 ) the emission of a 

photon with energy hw' in which the molecule is de-excited from state n to state b. 

If the energy of states a and b are the same (i.e. w=w') then the scattering process 

is known as Rayleigh scattering, however if the states are not degenerate, then the 

process is Raman scattering. When w>w', the scattered radiation is referred to as 

Stokes’ radiation, whereas for w< w', the scattered radiation is known as anti-Stokes’ 

radiation. The intensity of the scattered radiation is usually very small and difficult 

to measure, so to achieve adequate intensity the energy spacings between states a, n 

and b must be small. This means that Raman scattering can be used to study the 

rotational and vibrational motion of a molecule, but not electronic transitions.

If the presence of incident radiation causes the separation of the positive and negative 

charge centres of the molecule then the molecule is said to be polarised. In order for 

a transition to be Raman active, there must be some change in a component of the 

molecular polarisability during the rotational or vibrational motion. This may be
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compared with conventional I-R spectroscopy for which there must be a change in the 

electric dipole of the molecule during the rotation or vibration for the motion to be 

I-R active. Therefore symmetrical molecules such as Hj and O2  which do not yield 

rotational or vibrational spectra by conventional spectroscopic methods, do produce 

Raman spectra.

1.2.5 Electronic excitation

The electrons in a molecule fill the molecular orbits according to the internal energy 

of the molecule. Absorption or emission of a discrete amount of energy may lead to 

the transition of an electron from one molecular orbit to another. The energy 

necessary to excite molecular electronic states is typically between 1 eV and 100 eV, 

such that the electronic spectra are observed in the visible or ultra-violet parts of the 

electromagnetic spectrum. The selection rules for electronic transitions are 

summarised in section 1.2.2, however it should be noted that the selection rule AS=0 

means that transitions may only occur between states of the same spin multiplicity, 

e.g. singlet-»singlet, doublet-Kioublet, etc. Since the ground state configuration of 

molecules are usually singlets, transitions are only allowed to excited states which are 

also singlets. In fewer cases, the ground state is a triplet such that transitions to triplet 

states are allowed, while occasionally the ground state is a doublet or even a quartet 

state such that transitions to doublets or quartet states respectively are allowed.

An electronic transition may be accompanied by a change in the vibrational and/or 

the rotational state of the molecule, such that the change in internal energy is;

AE,,,j = (E,.+E„.-hEj.) -  (E,+E„4-Ej) (1.19)

where Eg.., Ê . and Ej. are the energies of the excited electronic, vibrational and 

rotational states respectively and E ,̂ E„ and Ej are the energies of the initial 

electronic, vibrational and rotational states.

The intensity of the vibrational bands associated with electronic transitions is 

determined using the Franck-Condon principle. This principle states that an
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electronic transition takes place so rapidly that a vibrating molecule does not change 

its internuclear distance, r, appreciably during the transition. Hence an electronic 

transition between states A and B may be represented by a vertical line (i.e. a line of 

constant r) joining the potential energy curves of the two states (see figure 1.4).

E(r)

v ' =  5 

u' =  4

V =  2

V  =  0

I ' =  6

v = 4

v =  0

Figure 1.4 An illustration of the Franck-Condon principle (Bransden and Joachain, 

1983).

The most probable internuclear distances for the lowest vibrational states are 

illustrated in figure 1.5. The most probable internuclear distance for (1) the u=0 state 

is the equilibrium distance or bond length and for (2 ) higher vibrational states is the 

maximum or minimum value of r (i.e. at the classical turning points). The potential 

energy curves for two electronic states often have different equilibrium distances such 

that a vertical line through the most probable internuclear distance associated with a 

vibrational level of electronic state A will coincide with (or be close to) a different 

vibrational level for excited state B. For example, in figure 1.4 a vertical line
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between the potential energy curves for electronic states A and B joining the lower 

vibrational state u = 0  and the upper vibrational state v ' = 6  implies that the transition 

u= 0  -* u' = 6  has the highest intensity.

E(r)

Figure 1.5 The probability distribution for the vibrational states of a diatomic 

molecule as a function of the internuclear distance, r. The maxima in the probability 

curves represent the most likely internuclear distances for the molecule (Banwell, 

1983).

A transition from a lower electronic state A to a higher excited state B may lead to 

the dissociation of the molecule if the vertical line crosses the potential energy curve 

for state B at an energy greater than the dissociation energy of state B, as shown in 

figure 1.6. This will lead to a continuum (broad structureless feature) in the spectrum 

at energies at and above the dissociation energy of state B. Similarly, if a higher state 

C is repulsive then excitation from states A or B to state C will lead to dissociation 

(see figure 1.6). Now consider the case in which the potential energy curves for states 

B and C cross at energy E'. If the molecule is excited from state A to state B with 

energy E', it may either decay to the lower state A by emitting radiation of the
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appropriate frequency or else it may be transferred to dissociative state C by a 

radiationless transfer (due to the coupling between states B and C). The latter process 

is called predissociation and causes the spectral lines corresponding to electronic 

transitions from state A to state B (with energy— E') to weaken and broaden.

E(r)
Dissociation

Dissociation

r

Figure 1.6 An illustration of electronic transitions leading to dissociation (Bransden 

and Joachain, 1983).

1.3 Photoabsorption cross sections

1.3.1 Optical and synchrotron techniques

Optical spectrometers used in different regions of the spectrum vary widely in their 

construction. Generally, most spectrometers contain (1) a source of radiation, e.g. a 

heated filament or a gas discharge, (2 ) guiding devices, e.g. hollow copper tubes, 

lenses or mirrors, (3) a sample (usually gaseous) in a confined space, (4) a 

monochromator or analyser to select the frequency of radiation to be detected, e.g.
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a prism or grating, (5) a detector, e.g. a photomultiplier, and finally (6 ) a device to 

record the signal, e.g. an oscilloscope or a computer, which is synchronised with the 

analyser so that a trace is recorded of absorbance against frequency. The prime 

requirements for the source are that it should emit continuously over the required 

frequency range (i.e. there should be no wavelength at which it does not emit) and 

the intensity of the emitted radiation should be as even as possible (i.e. there must be 

no intense emission lines). The materials of the guiding devices and sample cell 

windows should be transparent to the radiation, for example, glass should not be used 

for infra-red spectroscopy since it is a strong absorber in this region. For optimum 

performance, the system should be evacuated to prevent absorption or scattering of 

the radiation by any gases other than the sample.

For microwave spectroscopy, in which the rotational motion of molecules is 

investigated, a klystron valve is usually used as the radiation source. Its emission 

frequency can be varied electronically and since it emits only a very narrow 

frequency range, it also acts as the monochromator. The beam of radiation is focused 

and guided by hollow tubes made of copper or silver, known as "waveguides". The 

sample is contained in a piece of evacuated waveguide with a very thin mica window 

at each end. A simple crystal detector is often used to detect the radiation focused 

upon it, after which the signal is amplified and recorded.

The vibrational motion of molecules is studied using infra-red spectroscopy in which 

the radiation source is usually an electrically heated filament. Two common filaments 

are (1) the Nemst filament which consists of a spindle of rare-earth oxides and (2) 

the "globar" filament, a rod made from carborundum (a mixture of carbon and 

silicon). The beam of radiation is guided by silver-coated mirrors and focused onto 

the sample. Glass lenses and mirrors are not suitable since glass absorbs strongly over 

the infra-red region and therefore the windows of the sample cell must be made from 

mineral salts transparent to infra-red radiation, e.g. NaCl or KBr. The most popular 

type of monochromator used is a rotatable grating since it gives much better resolving 

power than conventional prisms. This is usually placed before the sample. Two types 

of detectors are commonly used, one which senses the heating effect of the radiation 

while the other depends on the photoconductivity of the sample. At a given
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frequency, the larger the temperature or conductivity rise, the smaller the absorbance 

of the sample at that frequency.

Electronic spectroscopy is studied in the wide spectral region from visible to ultra

violet such that no single optical source of radiation is suitable over the whole range. 

In the visible and near ultra-violet region, between about 350 and 800 nm, a tungsten 

filament lamp is usually used. Below 350 nm, a hydrogen discharge lamp is suitable 

down to wavelengths of about 190 nm, below which discharge lamps containing rare 

gases, such as xenon, should be used. Suitably transparent materials used for 

windows, sample cells and prisms (if used) are good quality glass or quartz in the 

visible and near ultra-violet regions down to about 200 nm. Below this region, alkali 

fluorides such as LiF or CaF are used down to wavelengths of about 100 nm. 

Rotatable reflection gratings are usually used as monochromators, whereas the 

detector is often either a photomultiplier tube or a photographic plate.

An alternative and increasingly popular source of radiation is synchrotron radiation, 

which has the advantage of providing a continuous source of radiation over a very 

large frequency range. Synchrotron radiation is the Bremsstrahlung radiation produced 

by fast (a few GeV) electrons accelerated around an electron storage ring. However, 

although the source is continuous over a large region of the spectrum, other parts of 

the spectrometer are still only suitable for use over a limited wavelength region, such 

that only a limited spectral region may be studied at a time.

The absorption cross section, <r, of a gas sample for a particular wavelength of 

radiation is dependent upon the intensity of the incident radiation, Iq, the intensity of 

the transmitted radiation. I, the concentration of the gas sample, N, and the length of 

the gas cell, /, and is given by the Beer-Lambert law;

I = Ioexp(-crN/) (1.20)

The measurement of parameters, Iq, I, N and /, then allows the absorption cross 

sections for an atom or molecule to be determined. However errors may arise 

since the Beer-Lambert law is only strictly valid for the unphysical situation of
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zero bandwidth (i.e. infinite energy resolution) and in order to obtain a value for the 

absorption cross section from the Beer-Lambert law, a logarithmic transform is 

required. These problems lead to inaccurate measurements of the photoabsorption 

cross section, an effect known as "line saturation".

1.3.2 The "line saturation" effect

Photoabsorption measurements of intense spectral lines with very narrow bandwidths 

are prone to large errors due to an effect known as "line saturation" when using Beer- 

Lambert law techniques. This effect leads to incorrect measurements of both the 

height (absorption cross section or differential oscillator strengths) and the area 

(oscillator strengths) of the spectral line. Furthermore the errors are different for 

every spectral line because of their different natural linewidths. This effect arises 

from the finite optical resolution of the spectrometer and could be minimized if the 

spectrometer bandwidth was made much narrower than the natural linewidth of the 

spectral line (Shobatake, 1992), however this is often not possible in practise.

"Line saturation" becomes evident when the sample pressure is varied, producing 

changes in the absolute oscillator strengths of the spectral lines. The effect is most 

severe at high pressures and can be reduced by either ( 1 ) using a very low pressure 

or (2) using a range of pressures and extrapolating to a lower pressure. However 

there are very large experimental errors attached to these low pressure measurements, 

so that all Beer-Lambert law photoabsorption methods should be treated with severe 

caution. A detailed quantitative analysis and theoretical investigation of the "line 

saturation" effect is provided by Chan et al. (1991).

Electron impact experiments do not suffer from "line saturation" effects, since they 

are non-resonant. Bethe-Born converted electron energy loss spectra may therefore 

be used to obtain reliable measurements of oscillator strengths. Figure 1.7 (Chan et 

al. 1993b) shows DOS spectra for nitrogen in the energy region, 12.4eV <E<13.3 

eV, obtained in (a) the Beer-Lambert photoabsorption experiments of Gurtler et al. 

(1977) and (b) in the electron impact (dipole (e,e) spectroscopy) work of Chan et al. 

(1991). It is clearly seen that there are large differences in the areas under the peaks
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(OS) and the relative peak heights. The electron impact spectrum is accurate whereas 

the photoabsorption spectrum suffers severely from "line saturation" effects.
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Figure 1.7 An illustration of the "line saturation" effect as observed in the DOS 

spectrum for nitrogen (Chan et al. 1993b).

1.3.3 Oscillator strengths

It is often more informative to measure the absorption of radiation by atoms or 

molecules in terms of their differential oscillator strengths (DOS or df/dE in units of 

eV'^) than the more conventionally used term, the photoabsorption cross section (a in 

units of cm  ̂or Mb). The two are related by the equation;

df/dE = (mc/"7re%) a 

df/dE(eV ') = 9.11x10^ (7 ( 1 0  '® cm?)

( 1.21)

( 1.22)
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The values of the photoabsorption cross section and DOS are dependent upon the 

apparatus resolution such that it is not accurate to compare values obtained by 

different experiments unless corrections are made for the resolution. However, by 

integrating the DOS values across the energy range of a particular transition or group 

of transitions, the oscillator strength (OS) for the transition is obtained which is not 

affected by the apparatus resolution.

1.4 Electron-molecule scattering experiments

1.4.1 Differential oscillator strength measurements

Electron-molecule scattering experiments may be used to measure differential 

oscillator strengths (DOS) or optical absorption cross sections of transitions involving 

the excitation of the valence or Rydberg electrons. In these experiments, the incident 

electron energy must be high, 10̂  eV<T<10^ eV, the energy transferred in the 

collision should be moderate, E^50 eV, and the scattering angle must be small, 

6»0°. When such an electron passes close to a molecule, the electric field induced 

at the site of the molecule is very similar to that which would be caused by an 

incident photon pulse. The electric field acts most strongly with the transition electric 

dipole of the molecule such that electric dipole transitions (also known as optically 

allowed transitions) are predominantly excited. Hence the inelastic electron scattering 

process simulates the photoabsorption process.

It is possible to relate the electron scattering differential cross section, da/dD, to the 

differential optical oscillator strength (DOS), df/dE, using an equation derived in the 

following procedure. In a collision event in which a fast electron of mass, m, scatters 

from a molecule in its ground state to an excited state with excitation energy, E, the 

first Born approximation gives the differential cross section as;

dff/dO = (4/a(,2) (1/K") (Iq/ko) |e.(K)|" (1.23)

where ao is the Bohr radius, ko, k̂  and K are the initial, final and transferred
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momenta respectively and |en(K)| is the absolute value of the transition matrix 

element between initial and final state wavefunctions of the target, i/'o and 

respectively, given by;

z

e„(K) = < ÿ j  5^ exp(iK.rj)|^o> (1-24)
j= i

where z is the total number of electrons in the molecular target and Fj is the position 

vector of the jth electron of the target.

In 1930, Bethe (1930) introduced the concept of the generalised oscillator strength 

(GOS) to make a connection between cross sections for transitions induced by 

electron impact and cross sections for radiative transitions. The GOS is given by;

dfg(K)/dE = (E/R) (Kao)'MaK)|2 (1.25)

where R is the Rydberg constant. Equations 1.23 and 1.25 can be combined to 

obtain the relationship;

da/dfi = (4R/E) (k„/ko) (l/K^) dfg(K)/dE (1.26)

The generalised oscillator strength may be represented by a power series in even 

powers of K provided that 1;

dfg(K)/dE = df/dE + aK  ̂ + bK" + ... (1.27)

where df/dE is the differential optical oscillator strength (DOS). In the limit of 

zero momentum transfer it can be seen that the second and higher order terms in 

equation 1.27 are negligible such that the GOS becomes equal to the DOS. Hence, 

under conditions of negligible momentum transfer, dipole selection rules apply and 

the DOS is related to the electron scattering differential cross section, da/dfi, by;

df/dE = (E/4R) (ko/kn) K ^a/d fi (1.28)
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However this equation must be adjusted to allow for the finite acceptance angle, 0̂ » 

of the analyser about the mean scattering angle of 0=0°. The partial cross section for 

scattering between 6  and d0  per solid angle increment, 2 tt sin 6  d0 , is given by;

dcr(0 ) = da/dQ . 27t sin 0  d0

= (4R/E) (kyko) (1/K^) (df/dE) 2?r sin 0 d0 (1.29)

where = V  + k„ 2  + 2 kolq, cos 0

= (l/Rao2) {(2T-E) -  2[T(T-E)]''2 cos 0} (1.30)

When 0<̂  1 and T > E , we obtain an approximate value for given by;

K" «  (4t/Rao2) [sin  ̂ (0/2) + (E/4T)"] (1.31)

where t  = T —(E/2). The total observed solid angle is given by integration of the 

solid angle increment over all observed angles (limited by the acceptance angle);

AO == j  2%- sin 0 d0 = 4x sin  ̂ (0J2) (1.32)
0

Assuming that all electrons scattered through angles between 0° and 0  ̂ are equally 

likely to be detected, then the partial cross section for the range of 0  from 0 ° to 0 n, 

is given by integration of equation 1.29 such that;

a.
A(t/AO = (1/AO) I  (1.33)

0

Aa/AQ = (kyko) [RV/ETsin^(0„/2)] (df/dE) ln{l + [4T sin(0J2)/E}]^) (1.34) 

For 1, we can assume that sin (BJ2)<=6J2 such that;

Aff/Afi = (Vko) (4RV/ETO„2) ln[l+(2t9„/E)^] df/dE (1.35)
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This may be simplified to give;

df/dE a  E {In[l+(0J7)2]} ' da/dfi (1.36)

where 7 ^=(E/2 T)^=EV(2 T —E)  ̂ as derived by Hall and Read (1984). Similar 

relationships between df/dE and da/dU have been calculated by Celotta and 

Huebner (1979) and Chan et al. (1991) using slightly different approximations. A 

value of 7 ^=EV[4 T(T—E)] is obtained in the complex calculations of Celotta and 

Huebner which is identiccil to that derived by Hall and Read when T >E , since Ê  

is then negligible compared with (4T^—4TE). This value is used in all the DOS 

calculations invoked in this work. In the more simplified calculations of Chan a 

value of 7 ^= 4 EVT  ̂ is derived. This value is used in the electron impact DOS 

work of Chan et al. (1993a-d, 1994) on selected atmospheric molecules and the 

work of Au et al. (1993) on alkanes which are used for comparison with the DOS 

results obtained in this work.

The validity of equation 1.36 is limited to conditions where the momentum 

transfer vector, K, is negligible (K̂ <̂  1 a.u.). The momentum transfer depends on 

the incident energy, T, the energy transferred in the collision, E, and the 

scattering angle, 6 . In particular, I<? -* 0 when T > E  and # -* 0°, which has led to 

the use of two different electron scattering methods to measure DOS.

The most popular and most simple electron impact technique uses high incident 

energy electrons (T>1(X) eV, but typically several thousand eV) and detects only 

those electrons that have been scattered through zero mean scattering angle such 

that the optical limit is directly satisfied, i.e. K̂  — 0. This technique has been 

successfully used by many to obtain accurate values for the DOS which agree well 

with reliable sources of photoabsorption data. Most notable are the work of 

Huebner et al. (1975a,b) using 100 eV electrons and the extensive work of Chan 

et al. (1993, 1994a-d) using 3 keV and 8  keV electrons. The DOS work presented 

in this thesis also utilizes this technique using 150 eV incident electrons and values 

of between 0.(XX)5 a.u. and 0.04 a.u. depending upon the energy loss of the 

scattering electrons (2 eV < E <  18 eV).
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The second electron scattering technique involves the measurement of the GOS using 

a range of values for T and 6  such that varies. The curve of GOS against is 

then extrapolated to K^ = 0  in order to satisfy the optical condition and obtain values 

for the DOS. This method was pioneered in the 1960s by Lassettre and co-workers 

but has several disadvantages. The extrapolation procedure is tedious since a series 

of measurements are required for each transition. Sometimes the GOS curve behaves 

in an unusual way at low values of such that the extrapolation of the curve is not 

simple and large errors may be introduced. Similarly errors may be introduced if the 

minimum value of is not particularly small, e.g. —0 . 1  a.u., such that large 

extrapolations are required.

These methods are discussed in more detail in chapter 4, section 4.3, while the 

experimental technique used to obtain the DOS results presented in this thesis is 

described in chapter 4, section 4.2.

1.4.2 Vibrational excitation and resonance formation

The vibrational motion of molecules has been described in section 1.2.4, including 

a discussion on the possible fundamental modes of vibration, overtones and 

combination bands. Due to the nature of electromagnetic radiation, certain vibrational 

modes which do not produce a change in the dipole moment of the molecule cannot 

be observed using infra-red spectroscopy and these are said to be infra-red inactive. 

However, electron spectroscopy has the advantage that it may be used to observe all 

possible vibrational modes, including those which are infra-red inactive. At low 

incident energies (T < 20 eV) and large scattering angles (0 > 20°), the vibronic modes 

excited by electron impact are often quite different to those excited by photons, with 

the strongest vibronic excitation cross sections occurring at incident energies where 

resonances are formed.

In electron-molecule scattering, negative-ion resonances are observed at well-defined 

energies. These resonances are formed by the temporary attachment of the incident 

electron to the target molecule for between ~ 1 0  to ~  1 0 0 0  times longer than the 

collision time 10'̂  ̂s). There are two main types of resonances known as Feshbach
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and shape resonances.

The electron configuration of a Feshbach resonance is that of an excited neutral state 

(the parent) with an additional electron in an excited orbital. The incident electron 

virtually excites the target to an excited neutral (parent) state forming a potential well 

in which the electron becomes trapped. The energy of the resonance state is between 

approximately 0 eV and 0.5 eV below the parent. Feshbach resonances are generally 

long-lived (—1 0 ^̂  s) such that the typical energy spread of the resonance is small, 

— 1 0  meV, and sensitive high resolution electron spectrometers are required to 

observe the sharp resonance peaks in the spectrum. The resonance lifetime is typically 

longer than the vibrational period ( — 1 0 '̂ "̂ s) such that the temporary ion can make 

many vibrations before decaying and vibrational structure may be observed in the 

spectrum of the sharp resonance feature.

Shape resonances lie energetically above their parent states (usually the ground state), 

as opposed to Feshbach resonances whose energies lie below their parent states. In 

the formation of a shape resonance, the incident electron becomes temporarily 

attached to the parent by a potential which has a penetrable barrier trapping the 

electron near the target molecule. These resonances have short lifetimes ( —10^  ̂ s) 

compared with typical vibrational periods since they decay quickly and easily to their 

parent states of lower energy. In spectra, they appear as broad peaks, ~  1 eV, (due 

to their short lifetime) with little or no vibrational structure. Shape resonances 

associated with the ground state (known as single-particle resonances) are easily 

observed in low energy electron scattering from molecules due to their enhancement 

of the vibrational or rotational structure by up to several orders of magnitude.

1.5 Electron-molecule scattering theory

1.5.1 Electron-atom versus electron-molecule scattering processes

Theoretical calculations for electron-molecule scattering are less developed than those 

for electron-atom collisions due to the complexities introduced by a multi-centred.
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non-spherical target and the additional scattering processes that are possible. As well 

as electronic excitation and ionisation that occur in atomic systems, molecules may 

also vibrate, rotate and dissociate. The nuclear motion affects the interplay between 

the nuclei, the bound electrons and the scattering electrons thus complicating 

calculations. Also the nuclear motion significantly increases the number of 

energetically accessible states of the molecule, such that calculations requiring a 

summation over all possible molecular states become extremely intricate. This 

difficulty has been largely overcome by the use of the fixed nuclei approximation 

(discussed in section 1.5.3) which is the basis for most ab-initio electron-molecule 

collision calculations. The increased availability and the fast improvements in 

computing power have allowed such theoretical calculations to be performed in a 

fraction of the time they would have taken just a few years ago or would have 

previously been impossible.

The multi-central and non-spherical nature of the molecular target complicates 

theoretical calculations by reducing the symmetry of the scattering problem and by 

introducing complex multi-centred integrals. These factors complicate the calculation 

of each of the three terms in the electron-molecule interaction; static potential, 

exchange and polarisation (see section 1.5.2).

1.5.2 Electron-molecule interactions

The three physically distinct forces that have influence upon the interaction between 

the scattering electron and the atomic or molecular target are the static potential, 

exchange and polarisation. Their relative influences on the scattering process is 

largely dependent on the energy of the scattering electron and the nature of the 

molecule target, for example, its polarisability. In certain energy regimes, one or 

more of these effects may be neglected, for example, only the static potential is 

included in calculations for high energy electrons (T> 100 eV) when using the first 

Born approximation (FBA). In other theoretical methods, the scattering region is 

divided into two sections, an inner sphere and the region outside the sphere. To 

simplify calculations, each of the three effects may be treated differently in the two 

regions, or even be neglected in one region and included in the other.



48

The static potential arises from (1) the attractive Coulombic forces between the 

scattering electron and the positively-charged nuclei and (2) the repulsive Coulombic 

forces between the scattering electron and the bound electrons of the molecule. It is 

strong and attractive.

The exchange interaction is purely a quantum mechanical effect having no classical 

analogue and is a short-ranging, attractive force. It is representative of the interaction 

between the spins of the scattering and bound electrons and allows for the scattered 

electron and a bound electron to be exchanged, i.e. a bound electron is ejected from 

the molecule and the incident electron becomes bound in its place. It is usually 

represented in the scattering equation by an "antisymmetriser" operator. A, which 

ensures that the Pauli exclusion principle is obeyed. The magnitude of the exchange 

potential decreases rapidly with increasing energy such that at high incident electron 

energies (T> 100 eV) the exchange potential can be neglected. However it is 

important to include the effect of the exchange potential in calculations involving low 

electron energies (T <20 eV).

The static and exchange potentials dominate the scattering process when the scattering 

electron is inside the molecular charge cloud, however at larger distances the 

polarisation potential becomes important due to the long-ranging nature of the induced 

dipole moment. For an exact treatment of polarisation, all possible target states must 

be included to give an accurate representation of the induced polarisation, however 

in practise this is impossible. When the distance between the scattering electron and 

the scattering centre, r, is much larger than the radius of the charge cloud, the 

polarisation potential, Vpoi(r), may be represented by;

Vpo,(r) -  -a(r)/2T^ (1.37)

where a(f) is the polarisability of the molecule. However, when the scattering 

electron is near to or inside the charge cloud, its velocity will increase due to the 

influence of the attractive Coulombic forces. The molecular cloud is unable to 

respond to the changing position of electron quickly enough such that the induced 

polarisation becomes dependent upon the velocity as well as the position of the
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scattering electron.

1.5.3 Theoretical calculations

Since the electron-molecule interaction potential is essentially independent of time, 

the scattering process can be described by the time-independent Schrodinger equation;

H ^(r,r ',R ) = E ^(r,r ',R ) (1.38)

where ^ ( r ,r \R )  is the total wavefunction for the system, the position vectors r, r ' 

and R represent the positions of the scattering electron, the bound electrons and 

the nuclei respectively, E is the total energy of the system and the Hamiltonian, H, 

(in atomic units) is given by;

H = -V iV \r )  + V (r,r',R) -H H^(r\R) (1.39)

where the term, — ̂ AV (̂r), represents the kinetic energy of the scattering electron, 

V (r,r',R) is the interaction potential between the scattering electron and the 

molecule and Hn,(r',R) is the Hamiltonian of the isolated molecule.

The total wavefunction, ^ (r,r ',R ), describes the scattering electron and the 

molecular target, while satisfying the following asymptotic boundary condition as
r->oo;

Ÿ (r,r\R ) «  exp(iko.r)$o(r\R) +  (l/r)I^xp(ik„.r)4»n(r',R)f„(k„.ko) (1.40)
n

where the terms [exp(iko.r)] and [exp(ikg.r)] represent the scattering electron as an 

incident plane wave and an outgoing spherical wave, respectively. The terms 

[^o(r'jR)] and [4»n(r',R)] are the molecular wavefunctions of the initial and final 

states respectively and the term [fn(kn,ko)] represents the scattering amplitude for the 

transition from the initial to the final molecular state (i.e. $o(r',R) 4>„(r',R)). Once

the scattering amplitude for a particular transition is known, the differential cross
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section (DCS) for this transition, may be calculated using;

(d j/d O )(^  =  ( V W I  f„(k„,ko) r  (1 .41)

The theoretically derived value for the DCS may then be directly compared with 

experimental results.

In general for electron-molecule scattering it is not feasible to solve the problem 

exactly. Therefore approximate theoretical methods are employed which often use 

a close-coupling expansion;

»(r,r',R)  ̂aT, F„(r)$„(r',R) (1.42)
n

where A is the antisymmetrisation operator and Fn(r) is a one-particle scattering 

function describing the motion of the scattered electron. The functions, F^Cr), are 

coupled to one another via the coupled partial integro-differential equations;

(V2+k.2> F.(r) = 2 E  [V.,(r)+K^,(r)] F„(r) (1.43)
n '

where Vng,(r) and K^ ^r) are the partial wave decompositions of the local direct 

(Coulombic) potential and the non-local exchange potential, respectively. Several 

computational methods have been developed to solve the above equations in order to 

obtain values for the scattering amplitudes and DCS. These include the Kohn 

variational method, the Schwinger variational method and the R-matrix method.

In order to obtain accurate cross sections, many (or even all) of the electronic, 

vibrational and rotational states must be included in the expansion in equation 1.42. 

Since it is impossible to include all these states in the expansion, only those "close” 

in energy to the initial and final states of the molecule are included. However the 

truncation of the expansion series leads to inaccuracies, for example, all of the 

infinite number of electronic states contribute to the polarisation of the molecule by 

the scattering electron, such that polarisation and other effects must be included in the
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calculations by other means.

In order to simplify the scattering problem still further, the fixed nuclei (FN) model 

is invoked in which the direction of the molecular axis and the internuclear distances 

remain fixed during the scattering process. The DCS results obtained in this body- 

frame coordinate system are then converted to the laboratory frame coordinate system 

for comparison with experimental results. The accuracy of this method was improved 

by extending the FN model so as to include molecular motion. This technique is 

known as the adiabatic nuclei (AN) approximation. In this method, the scattering 

amplitude, f™(0), is first calculated using the FN model and is then averaged over the 

nuclear coordinate R using the formula;

= I x,-(R) f™(0) xo(R) dR (1.44)

where fo-»n (̂ )̂ is the scattering amplitude for the AN approximation for a 

transition from molecular state 0  to n, Xo(R) and Xn(R) are the initial and final 

state nuclear wavefunctions of the molecule before transformation into the 

laboratory freune. The FN model and AN approximations methods are most 

accurate for scattering angles greater than 30°, and for scattering processes in 

which the collision time is short in comparison with nuclezu" motion (i.e. for 

collision times < 1 0 '̂ "̂ s).

Resonance scattering (described in section 1.4.2) complicates calculations since the 

electrons can stay near the nuclei long enough to alter the potential energy of the 

nuclei. This is especially true for narrow resonances since vibrational states of the 

negative molecular ion may be established. The adiabatic nuclei approximation is 

valid for short-lived, broad resonances (e.g. shape resonances) but must be 

adapted to include non-adiabatic effects in the vibrational excitation before this 

method is suitable for long-lived, narrow Feshbach-type resonances. Other 

methods have been developed to account for resonances by imposing Seigert 

outgoing wave boundary conditions on the wavefunction or by introducing 

appropriate projection operators. Other methods, such as the R-matrix method and
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the frame transformation theory have also been adapted to treat resonances and 

vibrational excitation.

1.5.4 The current state of the theory

Accurate DCS values have been calculated for many atoms and small diatomic 

molecules using a variety of theoretical methods. Accurate calculations have been 

made for various scattering processes such as elastic scattering, low and high energy 

inelastic scattering, ionisation processes and resonances. However there is little 

theoretical data available for most diatomics and polyatomics due, in part, to 

problems evolving from the multi-centred and non-spherical nature of the target. 

These factors complicate the evaluation of the electron-molecule interaction potential 

and are discussed in more detail in sections 1.5.1 and 1.5.2. Also the nuclear 

(rotational and vibrational) motion of the molecule means that many extra terms 

describing the initial and final states of the molecule must be included in expansions 

such as that in equation 1.42. This complication increases with the size of the 

molecule due to the relationship between the number of atoms (N) contained in the 

molecule and the number of degrees of freedom (3N— 6  for a non-linear molecule and 

3N—5 for a linear molecule). Hence there is a need for experimental data for 

electron-molecule scattering since ( 1 ) such data is required in areas of astronomy, 

laser physics, plasma physics and the physics of the upper atmosphere and (2 ) it is 

required for the development of theory.

There is very little accurate and reliable theoretical data available for direct 

comparison with the present experimental work on the vibrational excitation of ozone 

and the oscillator strengths (OS) for atmospheric molecules and hydrocarbons. Some 

theoretical calculations exist for the OS of discrete electronic transitions in each of 

the following molecules that have been investigated in this work; oxygen, nitrogen, 

nitrous oxide, carbon monoxide, carbon dioxide (discussed in chapter 4) and ozone 

(chapter 6 ). However, the available theoretical OS data is often limited to transitions 

to electronic states without including vibrational structure. Also the theoretical 

calculations are frequently limited to just a few transitions or to transitions lying 

within a small energy range. The accuracy and consistency of these calculations is
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usually poor and often disagrees with experimental data and alternative sources of 

theoretical data by an order of magnitude or more. Of these molecules, CO is the 

most widely studied target with theoretical OS results (calculated on a vibrational 

level) in reasonable agreement with experimental OS data for transitions from the 

ground state, X to at least the first two vibrational levels of the A ^n, B C 

Ê'̂  and E*II excited electronic states.

There appears to be a distinct lack of theoretical calculations of OS values for 

chlorine dioxide (chapter 7). However theoretical Ccdculations of the vertical transition 

energies of the electronic states have been used to assign the peaks observed in the 

DOS spectra for OCIO as well as for many of the other molecules investigated in this 

work.

To date, there are no theoretical calculations available for the vibrational excitation 

of ozone in its ground electronic state by electron scattering, with which to compare 

the experimental results obtained in this work. Recently however, Sarpal et al. (1994) 

made theoretical calculations of the integral elastic scattering cross sections for ozone 

below 20 eV and looked for resonances using the polyatomic R-matrix method at a 

static exchange level. This theoretical work is useful for comparison with the possible 

resonance indicated in the present vibrational excitation experiments (chapter 6 , 

section 6.5).

1.6 Summary

In this chapter, the optical spectroscopy of molecules has been discussed as is 

appropriate for the differential oscillator strength (DOS) work presented in this thesis. 

This includes a brief discussion on molecular structure and the selection rules for 

optically allowed transitions. Optical and synchrotron techniques used to measure 

photoabsorption cross sections have been described along with the "line saturation" 

problem which is often encountered by such methods. The experimental conditions 

necessary for the measurement of differential oscillator strengths, vibrational 

excitation and resonances using electron-molecule scattering techniques have been
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discussed. Conversion of the electron energy-ioss scattering intensity to DOS to allow 

comparison with other photoabsorption data has also been presented. Finally, the 

interaction forces experienced when an electron is scattered by a molecular target 

have been described and a summary of the current state of theoretical calculations for 

electron-molecule scattering processes reviewed.
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CHAPTER 2 

The Electron Spectrometer

2.1 Introduction

Electron spectrometers are used to study the collisions between electrons and a 

chosen target, e.g. flowing gas or solid surface. An electron spectrometer 

produces a quasi-monoenergetic electron beam incident upon the target and may 

subsequently determine the energy distribution of the scattered electrons. It may be 

used to measure either the angular distribution of the scattered electrons 

(differential cross section) or the intensity of electrons scattered in all directions 

(total cross section). Other collision products may also be detected such as ions, 

photons and metastable atoms or molecules.

There are three commonly used modes of operation for an electron spectrometer. 

In all of them the scattering angle (6 ) is kept constant. The most common mode is 

the energy-loss mode in which the impact energy (T) is kept constant and intensity 

of the scattered electrons is measured as a function of the energy lost (E) by the 

electrons in the collisions with the target. Another mode of operation is the 

constant residual energy mode in which only those electrons with a chosen residual 

energy after scattering (E r=T —E) are detected while the incident energy and 

energy loss are varied simultaneously. A third method is the impact energy mode 

in which the impact energy is varied while the energy loss is kept constant. This 

mode is used to look for resonances.

The deciding factors for the design of any electron spectrometer are the resolution 

and current of the electron beam that are suitable for the proposed experiments. 

The required resolution is determined by the nature of the atomic or molecular 

target under investigation and the type of excitation process to be investigated (e.g. 

rotational or electronic excitation). The required beam current is determined by the 

magnitude of the cross section for the scattering event under investigation and the gas
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sample pressure. Read et al. (1974) discusses the design factors required for electron 

spectrometers to yield the highest possible electron beam current while attaining high 

resolution and using incident electrons with energies less than 500 eV. These criteria 

were used in the design of the present apparatus.

The high resolution electron spectrometer used in this work is shown in figure 2.1 

and achieves a total resolution of 50 meV and an electron current in the interaction 

region of 10 nA. The electron spectrometer can be divided into five parts; (1) a 

heated filament which produces electrons by thermionic emission, (2 ) a 

monochromator which selects the energy spread of the incident electron beam, (3) an 

interaction region where the electrons collide with the target, (4) an analyser which 

selects only those scattered electrons with the desired residual energy and (5) a 

detector (channeltron). Between these five components, the electron beam is focused 

and its mean energy determined by four sets of electrostatic lenses whose design and 

operational characteristics are determined from the lens equations of Halting and 

Read (1976).

In this work, the spectrometer is operated in two different energy-loss modes. In the 

first mode, high incident energy electrons, T=150 eV, are injected into the 

interaction region. Electrons scattered in the forward direction, 6=0°, and which 

have lost energies in the range, 2 eV < E <  18 eV, are detected. This mode is used to 

measure the differential oscillator strengths (DOS) for many atmospheric molecules 

(in chapters 4, 6  and 7) and hydrocarbons (see chapter 5). In the second mode of 

operation the vibrational excitation of ozone by electron impact is investigated as a 

function of incident energy, 3 eV < T < 7  eV, and scattering angle, 4O°<0<12O° 

(chapter 6 , section 6.5). Scattered electrons having lost energy in the range, -0 .5  

e V < E <  1.5 eV, are detected.

2.2 Focusing the electron beam

The electron beam is collimated, accelerated (or retarded) and focused around the 

spectrometer by passing the electrons through a system of cylindrical electrostatic



Lens LI
Monochromating 

Lens L2 Hemispheres

Figure 2.1 A schematic diagram 

of the electron spectrometer.

Emission
System

Analysing
Hemispheres Lens L3Lens LALens L5Lens L7 Lens L6

□
/

Field
Correction

HoopsLens L8

Detector

Field
Correction

Hoops

<1



58

lenses. These electrostatic lenses behave in a similar way to thick optical lenses, since 

they refract the electron beam as it passes between two regions of fixed potential. 

This is analogous to the refraction of light as it passes between two regions with 

different optical refractive indexes.

The two electrostatic lens configurations used in this work are illustrated in figure 

2.2. The most simple configuration is the double element cylinder electrostatic lens 

whose focusing properties depend on the voltage ratio V2 /V 1 and the distance ratio 

G/D where G is the gap between the two lens elements and D is the diameter of the 

lens (see figure 2.2). The other type of lens used is the triple element cylinder 

electrostatic lens whose focusing properties depend on the voltage ratios V2 /V 1 and 

V3 /V 1 and the distance ratios G/D and A/D, where A is the distance separating the 

mid-points of the spaces between the two outer elements and the inner element.

D

V,

Vi
G

D

Figure 2.2 An illustration of double (top diagram) and triple (bottom diagram) 

element cylinder electrostatic lenses.
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The focal properties of the double and triple element electrostatic lenses have been 

tabulated by Harting and Read (1976) for a large range of voltage ratios and several 

values of G/D and A/D. An important relationship which must hold in such a system 

is the Helmholtz-Lagrange law,

sin 6 i = T2 ÇV2Ÿ'^ sin 62 (2 . 1)

where r̂  and rj are the heights of the object and image respectively above the axis, 

61 and $2 are the angles between maximum divergence and the axis and and V2  

are the electrical potentials of the regions in which the object and image are 

located (see figure 2.3).

Focusing Field 
Of Lens

Figure 2.3 An illustration of the Helmholtz-Lagrange law.

The angular divergence of the electron beam is dependent upon the beam angle, 

«b, and the pencil angle, oip, which are illustrated in figures 2.4 and 2.5 

respectively. The beam angle is determined by the radius of the window, r^, and 

separation of the pupil and the window, d, such that.



ûfb = tan'  ̂ (r^/d)

60

(2.2)

Pupil Window

Figure 2.4 An illustration of the beam angle.

Anode

Filament

Figure 2.5 An illustration of the pencil angle formed in the emission system.



61

The pencil angle, «p, is dependent upon the material of the filament, its temperature, 

T, and the accelerating voltage between the anode and the filament, V^. The pencil 

angle at the filament is determined by the equation (Kuyatt and Simpson, 1967)

«P = [VK/(VK + V ^ ) r  (2.5)

where = T /11600 is the emitting voltage across the filament, T is measured in 

Kelvin and otp in radian. Thereafter the size of the pencil angle changes in 

accordance with the Helmholtz-Lagrange law (equation 2.1).

The thick lens equations that are used in light optics to relate image and object 

distances and focal lengths may be used to ascertain the path of the electron beam 

around the spectrometer. However, as the electron beam possesses a negative 

charge, has a finite energy spread, a finite diameter and hence off axis trajectories, 

the electrons often deviate from the calculated path. Such discrepancies are known 

as "aberrations" and cause the size and position of the image to be different from 

that calculated. These aberrations include five geometric aberrations; spherical 

aberration, coma, astigmatism, field curvature and distortion, with the spherical 

aberration being the most important of these. The non-geometric aberrations 

include the chromatic aberration due to the energy spread in the beam and the 

space charge effect arising from the repulsive forces between the electrons. The 

chromatic aberration is proportional to the ratio of the energy spread and mean 

energy of the beam such that its importance varies along the electron beam path 

around the spectrometer. The most significant aberrations, spherical and 

chromatic, will be discussed in more detail.

Spherical aberrations are created when electrons are focused at different positions 

along the central axis due to their angular dispersion in the electron beam. Paraxial 

electrons are focused at the calculated image plane whereas non-paraxial electrons 

are focused at planes closer to the lens dependent upon their angular divergence. 

This leads to an increase in the size of the image at the image plane as illustrated 

in figure 2.6. The increase in the radius of the image, Ar ,̂ due to the spherical 

aberration can be calculated using the following equation obtained from Klemperer



62

and Barnett (1971);

Ars = M Cs (2.4)

where M is the linear magnification (in the absence of aberrations), Cg is the 

spherical aberration coefficient and a is the maximum half angle of the electrons 

leaving the object.

Object
Plane

Reference
Plane

4/

Image
Plane

Figure 2.6 An illustration of the spherical aberration formed at the image of an 

axial point object.

Chromatic aberrations are created when electrons are focused at different positions 

along the central axis due to their energy dispersion in the electron beam. 

Electrons with energies smaller than the mean energy of the beam are focused at a 

plane closer to the lens than those with higher energies resulting in an increased 

image size, Ar^. The lateral chromatic aberration is given by the equation of 

Klemperer and Barnett (1971);

Arc = Cc ot (AE/Eq) (2.5)

where Cc is the chromatic aberration constant, a is the half angle of the maximum 

angular divergence of the electron beam at the object plane, AE is the energy spread
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of the electrons in the beam and Eg is the mean energy of the beam.

In order to minimize these aberrations, apertures are placed at carefully chosen 

positions along the spectrometer thus removing electrons with a large axial 

displacement and keeping the angular divergence of the electron beam small. The 

apertures also enable the current on certain lens elements to be measured so that the 

path and intensity of the electron beam can be ascertained. The apertures are 

constructed from molybdenum discs with central holes cut in them and are placed at 

least one lens diameter ( 6  or 8  mm) away from the reference plane of the lens to 

avoid distortion of the focusing field (Barton and Allison, 1988).

Sets of deflectors are employed to compensate for any geometric misalignments, field 

distortions or filament sagging. They finely adjust the direction of the electron beam 

to keep the electron beam on the central axis of the electrostatic lenses. Each set of 

deflectors consists of two orthogonal pairs of curved plates with voltages Vq±AV 

where Vq is the voltage on the electron lens element in which the deflectors are 

mounted.

2.3 The energy selectors

The energy resolution of the spectrometer must be small in order to distinguish 

between two scattered electrons which have lost discrete amounts of energy in 

exciting two different transitions in the target. These transitions will only be observed 

as two distinct peaks in the energy-loss spectrum if the resolution of the spectrometer 

(AEr) is smaller than the energy difference (AEp) between the transition energies,

A E r < AEr (2.6)

The resolution of a spectrometer (A E r) is dependent upon both the energy spread 

of the incident electron beam (AEj )̂ and the energy spread of the scattered 

electrons (AE^) such that
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AEr = [ (ABm)̂  + (AEJ2 ,̂1/2 (2.7)

In general, the resolution of the spectrometer is measured as the full-width half

maximum (FWHM) of a single energy-loss peak with negligible natural line width. 

Good resolution is required to produce a quasi-monochromatic electron beam incident 

upon the target so that the energy lost by the electrons in the subsequent collisions 

can be measured. The energy spread of the electron beam produced by the filament 

source is typically >0.4 eV and must be reduced to about 0.04 eV before entering 

the interaction region. Similarly the resolution of the scattered electrons must be small 

so that only those electrons which have excited a particular transition or small group 

of transitions are detected.

Figure 2.7 A 180° hemispherical energy selector.

The type of electrostatic energy selector chosen for this work is the 180° 

hemispherical analyser (see figure 2.7). For a given electron beam size and angular 

divergence at the entrance and exit planes it produces a smaller energy spread in the 

emergent electron beam than other simple energy selectors, e.g. parallel-plate 

analyser and cylindrical analyser. The FWHM (AE1/2 ) obtained by the hemispherical 

analyser is given by Read et al (1974);

A E i/2 =  Eo [(ai/2r/2R) -f bi/2a^] (2 .8 )

where Eq is the mean beam energy, r is the radius of the electron beam, R is the 

mean radius of the analyser and 01 is the half angle of the angular divergence at 

the entrance and exit planes. The parameters, ai/ 2  and bi/2 , are dependent upon the
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type of defining apertures (circular or slot) used at the entrance and exit planes and 

upon the parameters r, R and a.

Equation 2.8 is only valid if the electrostatic fields are radial in the vicinity of the 

entrance and exit planes of the hemispherical energy selector. However the 

electrostatic fields are axial at the end of the closest lens element and are therefore 

perpendicular to those of the energy selector. This results in a distortion of the 

electric field lines at the entrance and exit planes of the energy selector, known as 

fringing fields. This distortion leads to a perturbation in the paths of the electrons and 

produces a larger energy spread in the electron beam than predicted by equation 2 .8 . 

In this work the distortion is reduced using two fringing field correction hoops which 

are placed between the inner and outer hemispheres in the entrance/exit plane ( see 

figure 2.1). The voltages of the inner and outer hoops are usually set at values 

between the mean voltage along the central path of the energy selector and the 

voltages of the inner and outer hoops respectively. These voltages are finely adjusted 

to improve the resolution of the emergent electron beam.

2.4 The emission system

The type of electron source chosen for this work must be small, cheap, simple to use 

and should produce a high beam current. It must also be able to operate in the 

presence of oxidizing gases such as oxygen and ozone. A heated filament cathode has 

been chosen for this purpose. There are three basic types of materials used in heated 

cathode filaments; (1) pure metals, (2) doped metals and (3) metal oxides. A doped 

metal filament made from thoriated tungsten (ThW) has been chosen since it is fairly 

robust, being able to operate in the presence of a wide range of gaseous targets at 

pressures of up to 10^ Torr. It produces a high beam current of about 10’̂  A and a 

reasonably small energy spread of approximately 0.4 eV. The filament is shaped like 

a hairpin (figure 2 . 8 ) so that most electrons are emitted from the small tip where the 

electric field is roughly homogenous compared with the varying field along a straight 

filament wire. The hairpin tip can be taken as the position of the pupil whereas it is 

difficult to calculate the pupil position for a straight filament.
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Grid Electrode

67.5

Filament

Anode

Figure 2.8 The emission system configuration.

The filament is operated by passing a constant current of about 1.4 A through the 

ThW wire. This heats it to a temperature of approximately 2000 K so that electrons 

are emitted by thermionic emission. The filament current required to produce 

maximum emission is dependent upon the gaseous environment, for example, ozone 

appears to oxidize the surface of the filament and requires a lower operating current. 

The gaseous environment also affects the intensity of the emitted electron beam 

current due to the poisoning of the ThW cathode (Jenkins and Trodden, 1962). When 

using oxidizing gases such as oxygen, ozone and carbon dioxide the emitted current 

is significantly reduced, requiring longer data collection times. Often the emitted 

beam current is unstable on first contact with the test gas but stabilises after a few 

hours.

For maximum emission current from the filament it is important that the electric field 

around the filament tip is homogenous. Pierce (1940) found that this condition is 

fulfilled when the filament is placed at the centre of an aperture in an electrode whose 

surface is cut at an angle of 67.5° to the central axis. In this work, an electrode based
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on the Pierce design is employed and the filament tip is placed at the geometric centre 

of the 2  mm aperture as illustrated in figure 2 .8 .

The electrons emitted from the filament (temperature T =2000 K) are extracted in the 

direction of the monochromator by a high voltage (¥^=81 V) applied to the anode. 

The pencil angle at the filament is 2.6°, calculated using equation 2.5. The anode 

aperture (the window) is 0.33 ±0.05 mm in diameter and is 6  mm away from the 

filament tip (the pupil) giving a beam angle of 1 .6 °.

2.5 The electron gun

The electron gun is designed to focus the electrons emitted from the filament to the 

entrance of the monochromating hemisphere. The quantity of useful electrons 

extracted from the filament in this direction is partly dependent upon the anode 

voltage which must be high in order to attract them along the axis of the gun. 

However the electrons entering the monochromating hemisphere must have a small 

mean energy in order to obtain a small energy spread in the emergent beam, as stated 

in equation 2.8. Therefore a system of electron lenses is required to reduce the 

energy of the electron beam from 81 eV to 3 eV. The schematic diagram in figure 

2.9 shows the two retarding electrostatic lenses, LI and L2, chosen for this purpose.

Lens LI Lens L2

A2A1 A3

DA D1
CH E4

Figure 2.9 A schematic diagram of the electron gun.
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Lens LI is a three element lens (comprising AN, El and E2) with an internal 

diameter of 6  mm, A/D=0.5, G/D =0.1, a fixed voltage ratio between elements AN 

and E2 of 3:1 and an adjustable ratio of approximately 7:1 between elements El and 

E2. Lens LI focuses the image of the filament tip onto aperture A2 and focuses 

aperture A1 to A3. The potential applied to the central element (El) was obtained 

from the lens data of Harting and Read (1976) and then finely adjusted (±5%) to 

obtain the maximum transmitted current through A2 and A3. Lens L2 is a two 

element lens (E3 and E4) with an internal diameter of 6  mm, G/D=0.1 and a fixed 

voltage ratio of 9:1 between elements E3 and E4. Although the same potential is 

applied to elements E2 and E3, the elements are electrically insulated to enable the 

electron beam current to be measured separately on apertures A2 and A3. Lens L2 

focuses the image of aperture A2 at the entrance plane of the monochromator, whilst 

aperture A3 is placed in the focal plane of lens L2 to ensure that the angular 

divergence of the electron beam is minimized («^ '- 0 ° at the entrance plane of the 

monochromator). The axial displacement of electrons entering the monochromator is 

limited by a 2 mm splatter aperture placed at the exit of element E4. In this work, 

the voltage applied to lens element E4 and hence the mean monochromating voltage 

in the hemispherical energy selector is 3 V. From this value and the voltage ratios 

stated above, the voltages on all other elements in the electron gun can be calculated. 

At the entrance to the monochromating energy selector, the pencil angle is 5.5° 

(calculated using the data of Harting and Read, 1976, and the Helmholtz-Lagrange 

law, equation 2 . 1 ) and the electron beam is 1 . 2  mm in diameter.

2.6 The monochromating energy selector

The energy spread in the electron beam entering the 180° hemispherical 

monochromator is about 400 meV (dependent upon the filament temperature). To 

obtain a small energy spread in the emergent electron beam the mean radius of the 

energy selector needs to be large (see equation 2 .8 ), however the experimental 

chamber is small and limits the size of the energy selectors. The monochromating 

hemisphere has a mean radius of 37.5 mm and a separation between the inner and 

outer hemispheres equal to 18 mm. The mean energy of the electrons in the
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monochromator used throughout this work is 3 eV which gives a FWHM energy 

spread in the emergent beam of approximately 40 meV. The performance of the 

monochromator is also dependent upon the voltages applied to the field correction 

rings, the reflection coefficient of the surfaces and the angular divergence and size 

of the electron beam at the entrance plane. Therefore energy spreads in the emergent 

electron beam, between 35 meV and 50 meV, are produced during this work.

2.7 The pre-interaction region optics

On leaving the monochromator the electrons are dispersed across the exit plane 

according to their energy. Only those electrons within a selected energy range 

(~  3+0.02 eV) will arrive within a central region, 0.92 mm in diameter, determined 

by a virtual aperture. These electrons are accelerated and focused to the centre of the 

interaction region by lenses L3 and L4, shown in figure 2.10. Lens L3 is identical 

to lens L2 in the electron gun but is now used as an accelerating rather than a 

retarding lens, with G/D=0.1, D = 6  mm and a fixed voltage ratio between elements 

E5 and E6  of 1:9. The selected electrons at the monochromator exit plane are focused 

onto aperture A5, 0.5 mm in diameter. Aperture A4, 0.5 mm in diameter, is placed 

in the focal plane of lens L3 in order to form an image of aperture A3 (focused to 

infinity by lens 2) at A4.

E9

Lens L4 Lens L3

D2
A5 A4

□

D3
E8 E7 E6  E5

Figure 2.10 A schematic diagram of the pre-interaction region optics.
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Lens L4 is a three element lens with A/D = 1, G /D =0.1 and D = 8  mm. It is versatile 

in its design and may be used as either an accelerating or decelerating lens in order 

to provide a wide range of electron energy values in the interaction region, while 

maintaining a constant beam size (0.75 mm). In the high energy experiments, a 

constant incident electron energy of 150 eV is used requiring a fixed voltage ratio of 

1:5.6 between lens elements E7 and E9 and a ratio for E7:E8 of approximately 1:7.6. 

In low energy experiments an incident energy range between 3 eV and 7 eV is used 

with voltage ratios of between 9:1 and 4:1 for lenses E7 and E9 and approximately 

7:1 for lenses E8  and E9. The focal length of lens L4 varies with the voltage ratio 

between lenses E7 and E9, so aperture A5 is positioned such that it lies close to the 

focal plane of lens L4 for a wide range of ratios in order to minimize the angular 

divergence of the beam as it crosses the interaction region. The image of aperture A4 

is focused into the interaction region.

2.8 The interaction region

In the interaction region, the perpendicular paths of the focused electron beam 

( — 0.75 mm in diameter) and the flowing gaseous target beam (~  1 mm in diameter) 

coincide so that collisions may occur. This region must be free from residual 

electrostatic and magnetic fields which could change the direction and energy of the 

electron beam. The magnetic fields are minimized by lining the experimental chamber 

with mu-metal (discussed in chapter 3, section 3.4). The most obvious source of 

electrostatic fields in the interaction region is from the neighbouring lens elements 

(especially those with high potentials) and the channeltron detector. These stray 

electrostatic fields are minimized by the addition of an electrically earthed cylindrical 

aluminium tube surrounding the region in which the electron and gaseous beams 

interact. There is an entrance hole cut into the side of the cylinder through which the 

electron beam enters and an exit slit in the horizontal plane through which those 

electrons scattered through an angle between - 1 0 ° and 1 2 0 ° can pass.

The gas beam enters the interaction region through a copper capillary tube, 25 mm 

in length and with an internal diameter of 0.6 mm. The capillary tube is placed just
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above the scattering plane and along the axis of rotation of the spectrometer so that 

all incident electrons travel the same distance through the gaseous target and to ensure 

an accurate measurement of the scattering angle. On emergence from the interaction 

region the gas flows through the open end of the tube into the throat of the diffusion 

pump in order to minimize the background pressure in the experimental chamber.

2.9 The post-interaction region optics

Those electrons which are scattered from the gas beam into an angular cone with half

angle = ° centred about a mean angle 0 , are focused by the post-interaction region 

lens stack (figure 2.11) into the analysing hemisphere. The lens stack contains of 

lenses L5, L6  and L7 with internal diameters equal to 6  mm.

Lens L7 Lens L6 Lens L5

A7

A6

D4
E14 E12 E ll ElOE13E15

Figure 2.11 A schematic diagram of the post-interaction region optics.

Lens L5 is a three element lens (ElO, E ll and E12) with A/D = l and G/D=0.1 and 

variable voltage ratios depending upon the energy of the scattered electrons. In the 

high energy experiments, scattered electrons with energies between 130 eV and 148 

eV are detected, requiring a voltage ratio between elements ElO and E l2 within the 

range from 6.5:1 and 7.4:1 (since the potential on E12 is 20 V throughout this work). 

The corresponding voltage ratios between elements E ll and E12 are in the range 

from 4.5:1 to 4.2:1, calculated using the data of Harting and Read (1976). In the low
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energy mode of operation, the scattered electron energy range is between about 2 eV 

and 7.5 eV. Voltage ratios of between 1:10 and 1:2.7 are applied to elements ElO 

and E12, while the ratios for E10:E11 are between 1:2.7 and 1:5.5. Lens L5 focuses 

the overlap between the gas beam and the electron beam to a position marked as P 

on figure 2.11 and focuses aperture A6  (the entrance to the post-interaction region 

lens stack) onto the reference plane of lens L6  marked as W (see figure 2.11).

Lens L6  is a three element lens with geometric properties A/D=0.5 and G/D=0.1 

and operates as an einzel lens since its outer elements are at the same voltage, 20 V. 

Lens L6  focuses P onto a 0.7 mm aperture A7, but has no effect on the position or 

size of W (the image of A6 ) since the principal planes of the lens lie very close to the 

reference plane.

Lens L7 is a two element decelerating lens with G/D =0.1 and operates with at a 

voltage ratio of 10:1 between lens elements E14 (=E12) and E15. The image of W 

is focused onto the entrance plane of the analyser where the beam size is between 0 . 8  

mm and 1.0 mm in diameter (depending on the energy of the scattered electrons). To 

obtain zero beam angle at the analyser entrance plane, aperture A7 is placed at the 

focal plane of lens L7. The axial displacement of electrons entering the analyser is 

limited by a 2 mm splatter aperture at the end of element E l5.

2.10 The analysing energy selector

The analysing hemisphere has a mean radius of 25 mm and a separation between the 

inner and outer hemispheres equal to 18 mm. The analysing energy selector is smaller 

than the monochromator and so a smaller pass energy, 2 eV, is required to produce 

a similar energy spread of about 40 meV. The performance of the analyser varies 

(depending mainly upon the voltages applied to the fringing field correction hoops) 

and so energy spreads between 30 meV and 45 meV are used in this work. The total 

resolution of the spectrometer is therefore between 45 meV and 65 meV, calculated 

using equation 2.2. Sometimes good resolution ( — 50 meV) is required if there are 

many closely grouped narrow peaks in the spectrum and at other times it is desirable
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to sacrifice the resolution in order to increase the current, e.g. if the detected signal 

is small. Good resolution of about 50 meV is used in all the work presented in this 

thesis apart from the DOS measurements for the hydrocarbons where a resolution of 

about 60 meV was sufficient since there is little structure in these spectra. The total 

resolution is also dependent upon the temperature and cleanliness of the spectrometer, 

since the surfaces may become electrically charged if dirty.

2.11 The detector system

The scattered electrons of the selected energy and scattering angle are detected by a 

Mullard X919BL single channel multiplier (channeltron). Lens L 8  is used to focus the 

electrons arriving in the central area of the analyser exit plane, 1  mm in diameter, 

onto a 0.7 mm aperture, A8 , placed in front of the detector. Lens L8  is a two 

element accelerating lens with G/D=0.1, a fixed voltage ratio of 1:20 between 

elements E16 and E17 and a magnification of 0.7 (see figure 2.12). On entering the 

earthed channeltron mouth the electrons are accelerated towards the high voltage, 

— 2.5 kV, at the centre of the channeltron. Each accelerated electron hits the surface 

of the channeltron and emits one or more electrons resulting in an avalanche of 

electrons and producing a high signal gain of — 10®. The channeltron is enclosed in 

an earthed copper box to shield its high potential from the electron beam.

Lens L8

D5 Channeltron

A8

E16 E17

Figure 2.12 A schematic diagram of the detector system.
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2.12 Materials

The choice of materials used in the construction of the electron spectrometer 

determine its performance and reliability. The materials used are titanium and 

molybdenum since they are non-magnetic, have a low electron reflection coefficient 

and are suitable for use in a baked ultra high vacuum system. The cylindrical 

electrostatic lenses are constructed from titanium having an external diameter of 15 

mm and an internal diameter of either 6  mm or 8  mm. The deflectors are also made 

of titanium and are located inside the lens element without changing its internal 

diameter. They are electrically insulated from each other and the lens element using 

thin strips of PTFE. The apertures are manufactured from a 0.05 mm molybdenum 

sheet and are coated with a layer of a graphite solution (Acheson dag 508) to reduce 

electron reflection from the surfaces. The 180° hemispherical energy selectors and 

the hoops, used to correct the fringing fields, are made from molybdenum and the 

exposed surfaces are coated in soot from an acetylene flame to reduce electron 

reflection (McGowan, 1967).

2.13 Summary

In this chapter, the design and operational characteristics of the high resolution 

electron spectrometer used in this work are discussed and are summarised in tables

2.1 and 2.2. The different parts of the spectrometer (described in sections 2.4 to 

2.11) perform the following tasks; (1) the ThW filament emits electrons by 

thermionic emission, (2 ) the electrostatic lenses in the electron gun focus the electron 

beam and retard the mean energy of the electron beam from that at the anode ( — 80 

eV) to the monochromating energy (3 eV), (3) the 180° monochromating hemisphere 

reduces the energy spread of the electron beam from 400 meV to 40 meV, (4) two 

lenses accelerate the electron beam energy from 3 eV to T (the incident electron 

energy) and focus the beam from the monochromator to the interaction region, (5) the 

interaction region provides a suitable environment (reduced electrostatic and magnetic 

fields) in which collisions may occur between the electrons and the molecular targets, 

(6 ) only those electrons scattered through angle 6 enter the analysing half of the
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spectrometer and the mean energy of the electrons is decelerated (or occasionally 

accelerated) to 2 eV by three electrostatic lenses, (7) a portion of the scattered 

electrons is selected by the analysing hemisphere according to their energy, (8 ) an 

electrostatic lens accelerate the selected electrons from the analyser to the detector 

and (9) finally the channeltron detects the chosen scattered electrons.

The electrostatic lenses focus the electron beam around the spectrometer and the 

positions of the images formed are summarised in table 2.3. Typical values for the 

voltages applied to the lens elements (along with several values of the beam current 

measured on the strategically positioned apertures) are summarised in table 2.4 for 

electron beams with incident energies of 150 eV and 6  eV respectively. CH refers to 

the cathode housing in which the filament is mounted. DAI, DA2, DA3 and DA4 are 

the four individual deflector elements of the deflector set DA in the electron gun. A 

similar labelling system is used for the individual elements making up the other 

deflector sets, D1 to D5. HOM, HIM, HO A and HI A are the outer and inner 

hemispheres of the monochromating and analysing energy selectors respectively. 

Similarly, FOM, FIM, FOA and FIA are the outer and inner field correction hoops 

of the monochromating and analysing energy selectors respectively. The experimental 

values of the lens voltages agree reasonably closely ( ± 1 0 %) to the calculated values 

obtained from the comprehensive tables of Harting and Read (1976). The 

discrepancies can be attributed to small effects from lens aberrations, geometric 

misalignments, charge build-up on the surfaces and internal electron reflection.

In this work, the electron spectrometer operates to produce an incident electron beam 

in the energy range from 3 eV to 150 eV, achieving a beam current of around 10 nA 

in the interaction region and a total resolution of about 50 meV in the detected signal. 

This resolution is adequate for the work undertaken and the high beam current 

attained means that only small data collection times (between 1  and 6  hours) are 

required during which experimental conditions are essentially stable.
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Table 2.1 A summary of the operational characteristics of the electron spectrometer.

Filament: Filament type 

Filament temperature 

Electron energy spread 

Extraction system

Thoriated tungsten hairpin 

2000 K 

— 0.4 eV 

Pierce design

Monochromator: Monochromating energy 

Energy resolution 

Mean radius 

Hemisphere separation

3 eV

35 to 50 meV 

37.5 mm 

18 mm

Interaction region: Electron beam energy range

Electron beam resolution 

Electron beam current 

Electron beam diameter 

Gas beam diameter 

Scattering angle 

Acceptance angle 

Angular resolution

3 to 150 eV 

35 to 50 meV 

3 to 15 nA 

0.75 mm 

— 1  mm 

- 1 0 ° to 1 2 0 ° 

1°

2 °

Analyser: Analysing energy 

Resolution 

Mean radius 

Hemisphere separation

2 eV

30 to 45 meV 

25 mm 

18 mm

Detector: Detector type 

Signal gain

Electron beam resolution

channeltron

10*

45 to 65 meV

Materials: Titanium

Molybdenum

lenses, deflectors 

hemispheres, apertures
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Table 2.2 A design summary of the electrostatic lenses and apertures.

Lens: LI 3 element 3:1 decelerating D = 6  mm A/D=0.5, G/D=0.1

L2 2  element 9:1 decelerating D = 6  mm G/D=0.1

L3 2  element 9:1 accelerating D = 6  mm G/D=0.1

L4 3 element variable D = 8  mm A/D = l, G/D=0.1

L5 3 element variable D = 6  mm A/D=l, G/D=0.1

L6 3 element 1 : 1  einzel D = 6  mm A/D=0.5, G/D=0.1

L7 2  element 1 0 : 1  decelerating D = 6  mm G/D=0.1

L8 2  element 2 0 : 1  accelerating D = 6  mm G/D=0.1

Apertures: A1

A2, A3, A4, A5 

A6

A7, A8

0.33 mm diameter 

0.5 mm diameter 

2 . 0  mm diameter 

0.7 mm diameter

Table 2.3 A summary of the image positions of (a) the filament tip and the anode 

aperture (Al) in the monochromating half of the spectrometer and (b) the interaction 

region (IR) and the opening (A6 ) to the post-interaction region in the analysing half 

of the spectrometer. MN, MX, AN and AX are the entrance (N) and exit (X) planes 

of the monochromating (M) and analysing (A) energy selectors respectively.

Lens Object Image Object Image

(a) LI Filament A2 Al A3

L2 A2 MN A3 oo (MN)

L3 MX A5 oo (MX) A4

L4 A5 0 0  (IR) A4 IR

(b) L5 A6 W (fig 2.11) IR P (fig 2.11)

L6 W W P A l

L7 W AN A l oo (AN)

L8 AX A8 oo (AX) channeltron
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Table 2.4 A list of the typical potentials applied to the lens elements in the electron 

spectrometer for incident electron energies of 6  eV and 150 eV.

Lens element

Incident Energy, T=150 eV 

Potential (V) Current (nA)

Incident Energy, T = 6  eV 

Potential (V) Current (nA)

CH -0.5 0.3

AN 102.4 87.6

DAI 101.7 87.8

DA2 103.1 87.4

DA3 108.2 84.8

DA4 96.6 90.4

El 171.6 202.4

E2 28.0 26.3

D ll 27.7 25.8

D12 28.3 26.8

D13 28.5 28.0

D14 27.5 24.6

E3 28.0 26.3

E4 3.0 3.0

HOM 1 . 8  1 0 0 1.5

HIM 5.0 5.5

FOM 2.5 2.4

FIM 3.5 3.5

E5 3.0 3.0

D21 2.9 2.7

D22 3.1 3.3

D23 3.1 3.0

D24 2.9 3.0

E6 28.5 30 27.2

E7 28.5 27.2

D31 28.0 28.2

D32 29.0 26.2

180

45
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Incident Energy, T=150 eV Incident Energy, T = 6  eV

ns element Potential (V) Current (nA) Potential (V) Current (nA)

D33 27.6 27.6

D34 29.4 26.8

E8 216.7 45.0

E9 150.0 6 6 . 0 1 1

ElO 150.0 6 . 0

E ll 98.1 31.4

E12 2 1 . 1 2 0 . 2

D41 21.9 2 0 . 0

D42 20.5 19.8

D43 2 0 . 1 19.9

D44 22.3 2 0 . 1

E13 200.5 70.7

E14 2 1 . 1 6 2 0 . 2 1 1

E15 2 . 0 2 . 0

HOA 0 . 6 5 0.7 1 0

HIA 5.0 4.8

FOA 0 . 2 0 . 2

FIA 0.4 0 . 8

E16 2 . 0 2 2 . 0 4

E17 34.1 39.6

D51 37.3 40.0

D52 30.9 39.2

D53 34.2 39.6

D54 34.0 39.6
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CHAPTERS

The Experimental Chamber, Power Supplies 

and Gas Inlet System

3.1 Introduction

In this chapter, a description is given of the design and construction of a suitable 

environment in which the electron spectrometer is operated. Details of the 

mechanical construction of the experimental chamber and the assembly of the 

spectrometer inside it are given. The electrical power supplies to the components 

of the spectrometer and the signal detection technique utilized in this work are also 

described. Finally, the vacuum system used to evacuate the experimental chamber 

and the gas inlet system used to admit the sample gas into the chamber are 

discussed.

3.2 The experimental chamber

The cylindrical vacuum chamber is 300 mm in diameter and 160 mm deep and is 

constructed from type EN58J stainless steel. Nine ports are equally spaced around 

the chamber in which the ionisation gauge, connections to the gas inlet system and 

electrical feed-throughs are mounted. The flanges (on the ports) are sealed with 

copper or viton gaskets suitable for ultra high vacuum (UHV). The lid to the 

chamber, 300 mm in diameter and 16 mm thick, is easily removed to gain access 

to the spectrometer and contains a central port upon which a mass spectrometer is 

mounted. The vacuum chamber is lined with mu-metal to reduce the penetration of 

the Earth’s magnetic field (see section 3.4).

A stainless steel base-plate on the bottom of the vacuum chamber provides a flat 

horizontal surface upon which the spectrometer is mounted. The base plate is
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separated from the chamber base by 6  mm high spacers so that no force is exerted 

on the mu-metal lining which lies in this gap so that its magnetic shielding properties 

are not impaired. The monochromating half of the spectrometer may be rotated 

through a large angular range, - 1 0 ° < ^ <  1 2 0 °, while the analysing section remains 

fixed. Such rotation is achieved by a large brass gear wheel which is slotted into a 

circular ridge on the base-plate enabling the gear wheel to rotate smoothly about the 

central axis of the chamber. A small pinion mounted on a rotary motion feed-through 

(VG model RD3) is used to drive the gear wheel with a pitch diameter ratio of 1:7. 

The support for the monochromating part of the spectrometer is mounted on the gear 

wheel, enabling it to rotate, while the support for the analysing part is fixed to the 

base plate and remains stationary. An external dial on the rotary feed-through is 

marked with an angular scale in the range from - 1 0 ° to 1 2 0 ° corresponding to the 

rotation of the monochromating half of the spectrometer with respect to the analysing 

half.

A projector lamp is installed in the base-plate near the edge of the chamber and is 

used to heat the spectrometer by radiative heating to a mean temperature of about 330 

K. Heating reduces the adsorption of molecules on the surfaces which would 

subsequently outgas. At this temperature a lower background pressure may be 

achieved, the resolution of the spectrometer is better and the beam current is higher 

than at room temperature ( — 290 K). The chamber is maintained at a temperature of 

about 330 K during all experiments apart from those involving ozone, since ozone has 

been observed to readily dissociate under such conditions. Before injecting ozone into 

the chamber, the projector lamp is switched off and the chamber is allowed to cool 

down to room temperature. The temperature of the chamber is maintained at 

approximately 290 K during all ozone experiments.

3.3 The assembly of the spectrometer

Prior to the assembly of the spectrometer, it is necessary to clean the components to 

ensure that they are free from dirt and grease in order to optimize the performance 

of the spectrometer. If excessively dirty (for example, after machining) the
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components are washed in a strong detergent (Decon 90) and rinsed in distilled water. 

The hemispherical energy selectors and lens apertures are cleaned with acetone using 

static-free tissues. The apertures Eire coated with a colloidal solution of graphite (DAG 

580) and the hemispherical surfaces and hoops are coated with a layer of soot from 

an acetylene flame, as this reduces the electron reflection coefficient of the surface. 

The lens elements together with the components used in their assembly, that is the 

optical benches, studding, nuts, washers, ceramic rods and spacers, cU'e placed in a 

bath of acetone inside an ultrasonic cleaner. After several hours, these components 

are removed and the acetone allowed to evaporate off them before they are placed in 

a similar ultrasonic bath of methylated spirits. When clean, the components are 

removed from the bath and allowed to dry before assembly.

Lens ElementOuter Hemisphere

Optical
Bench

Ceramic
Rod

Inner /  
Hemisphere

Support

Figure 3.1 An end view of the lens elements and the hemispherical energy selector.

The hemispherical energy selectors are mounted on the supports near the edge of the 

chamber. Each selector is positioned on two ceramic rods to electrically isolate it
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from the support (see figure 3.1). The cylindrical lens elements are attached to optical 

benches which fit securely into slots in the supports inside the experimental chamber. 

A piece of studding, approximately 15 mm in length, is attached to each lens element 

and is used to secure the lens element to the bench and also enables a voltage to be 

applied it. Each lens element rests on two ceramic rods and is secured to the bench 

by a ceramic spacer and a nut which provide electrical isolation. The deflectors are 

separated from the lens elements using a 1 mm sheet of PTFE. This assembly is 

illustrated in figure 3.2.

Lens 
Element \

Ceramic 
/  Rod

Ceramic
SpacerOptical

Bench

StuddingNut

Figure 3.2 A cross-sectional view of a lens element mounted on an opticed bench.

3.4 Shielding against magnetic and electric fîelds

The Earth’s magnetic field is 0.45 gauss which is large enough to significantly alter 

the path of a low energy electron beam, for example, an electron beam with an 

energy of 5 eV would be deviated by 5° while passing through the interaction region. 

The chamber is therefore lined with 1.6 mm thick mu-metal to provide shielding 

against the Earth’s magnetic field. Holes are cut in the mu-metal to allow access to 

the nine small ports around the chamber and the large port above the diffusion pump. 

These ports are lined with mu-metal tubes to prevent the Earth’s magnetic field from
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penetrating inside the chamber. With the mu-metal in position the residual magnetic 

field inside the chamber is less than 0.01 gauss, as measured with a Barington zixial 

gauss probe.

The stainless steel studding, nuts, screws and washers used in the assembly of the 

spectrometer are demagnetised to minimize the magnetic fields produced inside the 

experimental chamber. This is achieved by heating them until red hot using an oxy- 

acetylene flame and then allowing them to cool down slowly in a low magnetic field 

( < 0 . 1  gauss).

Any electrical noise in the apparatus will impair the resolution and performance of 

the electron spectrometer. All electronics are disconnected from the mains earth and 

connected to the common earth used for all this work which consists of copper strips 

on the laboratory floor connected to the substation earth. The power supplies to the 

lenses and energy selectors of the electron spectrometer are built in-house and 

carefully designed such that the ripple voltages are less than 5 meV. The path and 

energy of the electron beam will also be influenced by high voltages and stray electric 

fields. High voltages, such as the channeltron, are shielded, while the stray electric 

fields are reduced by careful insulation of all the wires and leads. Pairs of wires are 

also twisted where possible. Stray scattered electrons are prevented from entering the 

analysing optics by an Al shield which covers the analysing half of the electron 

spectrometer.

3.5 The power supplies to the spectrometer

A stabilised Coûtant LB 10(X).2 power supply provides a steady current to the ThW 

filament, typically between 1.2 A and 1.5 A depending upon the age of the filament 

and the gaseous environment. The power supply is connected to the filament via a 

shielded cable to the multiple feedthrough on one of the chamber ports and then via 

a twisted pair of multistrand glass covered copper wire to the two connectors on the 

filament. The mean potential on the filament is determined by two identical balancing 

resistors and is taken as the common reference for all the power supplies, i.e. the 0
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V line.

Two Kingshill 1500 type power supplies provide the bias voltages (up to 150 V), one 

for each half of the spectrometer. Each bias supply is connected between the 0 V line 

(-ve terminal) and the earth (+ve terminal) and are used to select the energy of the 

incident and detected electron beams. This enabled the lens elements immediately 

before (El5) and after (E20) the interaction region to be earthed so that the external 

electric fields experienced by the electrons in the interaction region are kept to a 

minimum. A staircase voltage ramp is placed between earth and the +ve terminal of 

the analysing bias supply in order to obtain an energy-loss spectrum (see section 3.6).

The power supplies to the lens elements and hemispherical energy selectors are 

connected to the 0 V line and provide voltages of up to 400 V for the 

monochromating half of the spectrometer and 250 V for the analysing half. Schematic 

diagrams of the power supplies to the electrodes in the monochromating and analysing 

halves of the spectrometer are shown in figures 3.3 and 3.4 respectively. The voltage 

range available to each component is controlled by a combination of transistors, 

voltage regulators and operational amplifiers which make up the individual circuits 

shown in figure 3.5. Voltages applied to the elements are controlled by 10 turn 

potentiometers and measured via jack sockets using a Keithley digital multimeter 

(model 197A). Each power supply is protected by a 50 mA fuse to protect against 

short circuits. The current is monitored on apertures in selected electron lens elements 

by the same jack socket using a Keithley 602 electrometer. The outputs from the 

power supplies to the electrodes are transported via screened multicore cables to the 

multiple feedthroughs on one of the ports on the experimental chamber and via PTFE 

coated silver-plated copper wires to the components.

The high voltage to the channeltron is provided by a Wallis photomultiplier 0-5 kV 

power supply. The output voltage, between 2 kV and 2.5 kV, is supplied to the 

closed end of the channeltron via a screened cable, isolated feedthroughs and screened 

twisted wires. The channeltron mouth is connected to the laboratory earth.



86

Connections
To Electrodes

CH

AN
DAl
DA2

DA3
DA4
El

E2

DU
D12

D13
D14

D21
D22
023
024

F2

E4

HOM
HIM

FOM

FIM

E6
E7
031
032

033
034

ES

6  loov Bias
5  250V

E9

D3

AO

F2

A3

AO

D3

H3

D3

AO

A2
D3

A3

F2

D3

F2

D3

D3

A3

F2

A3

F2

A2

D3

Figure 3.3 A schematic 

diagram of the power 

supplies providing the 

voltages to the electrodes 

in the monochromating 

half of the spectrometer.

400V



87

Connections 
To Electrodes

E ll

E12
E14
D41
D42

D43
D44

E13

E15
E16

F2

HOA
HIA

FOA

FIA

E17

D51
D52

D53
D54

< Ramp
 ElO6  Bias

25 0 V

F2

A2

A3

D3

H3

D3

D3

A2

D3

A3

F2

F2

A3

Figure 3.4 A schematic diagram of the power supplies providing the voltages to the 

electrodes in the analysing half of the spectrometer.
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3.6 Signal detection

Scattered electrons focused around the analysing half of the spectrometer are detected 

by a Mullard type X919BL single channel electron multiplier (channeltron). The 

typical gain and efficiency of the channeltron are 10* and 99% respectively. Analogue 

output pulses from the channeltron are fed into a charge sensitive pre-amplifier with 

a gain of ~  10. A spectroscopy amplifier, Ortec model 575, amplifies the signal still 

further before it is fed into an Ortec model 550 discriminator. The amplified, noise- 

reduced, analogue signal is monitored using a ratemeter, Ortec model 541, and 

recorded digitally using a multichannel analyser (MCA), EG&G Ortec model 7150.

A staircase voltage ramp is placed between earth and the +ve terminal of the 

analysing bias supply to enable the energy distribution of the scattered electrons to 

be measured over a selected energy range while the incident electron energy remains 

constant. During operation the ramp generator simultaneously changes the analysing 

bias and triggers the channel advance on the MCA, for each of the 1024 steps in the 

ramp voltage range. Hence a spectrum is recorded in which the count rates associated 

with the energy steps are recorded on the 1024 channels of the MCA. The ramp 

generator repeats this procedure over the same energy range adding to the signal 

recorded on the MCA and improving the signal-to-noise ratio. When a suitable 

spectrum is obtained, the data is downloaded onto a computer where it is analysed 

using standard spreadsheet and graphics software.

3.7 The vacuum system

The experimental chamber must be evacuated before and during the admission of the 

test gas into the system to ensure that the incident electrons scatter from the target 

molecules and not from the background gas in the chamber. A water cooled diffusion 

pump, Edwards E04, backed by a rotary pump, Edwards E250, is used to evacuate 

the main chamber to an operating base pressure of 10^ Torr (see figure 3.6).
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The experimental chamber is evacuated via a 80 mm diameter port in its base, below 

which a butterfly valve is mounted to enable the chamber to be isolated from the 

pumps. A liquid nitrogen trap and a Peltier cooled chevron baffle are placed between 

this valve and the diffusion pump to prevent uncondensed diffusion pump oil from 

reaching the experimental chamber. The liquid nitrogen trap also serves to remove 

condensible gases (such as water and CO2 ) from the chamber. Between the diffusion 

and rotary pumps in the low vacuum part of the system a magnetic valve and a 

sorption trap are placed. The magnetic valve is used to isolate the diffusion pump and 

experimental chamber from the rotary pump when there is an interruption in the 

electrical power or cooling water supply or when the pressure in the system is too 

high. The sorption trap is filled with activated alumina to prevent rotary pump oil 

from reaching the high vacuum section.

The speed of the pumping system is approximately 100 Is'̂  at the entrance to the 

experimental chamber. The base pressure of the vacuum system is improved by 

removing any gases adsorbed on the metal surfaces using a projector lamp inside the 

chamber to heat it to a temperature of approximately 330K. The pressure in the 

chamber is measured using a Vacuum Generators VIG8  ionisation gauge head and a 

Kratos VC35 control unit. Two Edwards 6 A Pirani gauges, PI and P2, measure the 

pressure in the vacuum line. PI is placed in the low vacuum region between the 

magnetic valve and the diffusion pump, —0.02 Torr, while P2 measures the pressure 

in the high vacuum region between the butterfly valve and the experimental chamber.

In order to prevent damage to the experimental apparatus (e.g. blown fuses, a broken 

filament or an overheated diffusion pump), the system is protected by a series of 

electrical trips. If there is an interruption in the supply of cooling water or electrical 

power, the experiment is automatically shut down, closing the magnetic valve and 

disconnecting the power supplies to the spectrometer, filament, detector, ionisation 

gauge, diffusion pump and Peltier baffle valve. If the pressure in the backing line 

exceeds 0.05 Torr, as measured by Pirani PI, the "low vacuum" trip is operated 

causing the magnetic valve to close and the power to the diffusion pump and Peltier 

baffle to switch off. The "low vacuum" trip may be overridden to allow the system 

to be evacuated from atmospheric pressure. A "high vacuum" trip is connected in
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series with the ionisation gauge control unit. When the pressure in the vacuum 

chamber rises above full scale deflection displayed on the gauge, the power supplies 

to the ionisation gauge, spectrometer, filament and the high voltage supply to the 

detector are disconnected.

A Vacuum Generator quadrupole mass spectrometer is mounted on the central flange 

of the chamber lid directly above the interaction region. It is used to measure the 

composition of the background gas in the experimental chamber and the pressure. It 

is able to detect contaminants, such as nitrogen, water or acetone, and dissociation 

products, such as monatomic and diatomic oxygen (O and O2) from the dissociation 

of ozone (O3). It can also be used in a leak detector mode to locate vacuum leaks.

3.8 The gas inlet system

The gas inlet system transports the test gas from its source (e.g. gas bottle) to the 

interaction region inside the experimental chamber (see chapter 2, section 2.8). It can 

be divided into two regions (see figure 3.7); (1) a region constructed mainly from 

glass allowing access into the experimental chamber and containing the gas inlet for 

ozone and chlorine dioxide and (2 ) a region constructed from aluminium containing 

the rotary pump and the gas inlet for the test gases available commercially in lecture 

bottles.

Region 1 of the gas inlet system is used to admit ozone and chlorine dioxide into the 

chamber. It is constructed from glass, PTFE and a small amount of stainless steel to 

minimize the dissociation of the sample between its source and the chamber. This 

region is also kept as short as possible for the same reason. The glass sections are 

connected together by viton 0 -rings in glass ball and socket joints and the glass is 

connected to the PTFE and metal sections using !4 " stainless steel Swagelok union 

fittings. The on/off valves, VI to V7, are made from PTFE, while the fine metering 

valve, N l, is a Nupron stainless steel "S" series valve which regulates the 

pressure of the gas entering into the interaction region. The pressure in the gas inlet 

system is measured using a Pirani gauge (Vacuum Generator model PVG 3).
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Region 2 contains a rotary pump of the type, Galileo LMR 80S4, with a pumping 

speed of 5 m^/h. A sorption trap filled with alumina is placed close to the pump to 

prevent pump oil from contaminating the gas sample. There are two gas inlets in this 

part of the gas line, one is connected to a lecture bottle containing the sample gas, 

while the other is used either to admit argon into the chamber when access is required 

to repair or make alterations to the spectrometer. The rate of flow of the gas is 

controlled by needle-valve N2.

Gas may be introduced into the experimental chamber through one of two inlets. The 

capillary tube inlet is used to transport the test gas to the interaction region. A 

stainless steel tube passes through this inlet connecting the glass gas line outside the 

chamber to a length of PTFE installed inside the chamber. The PTFE tube is 

connected to a copper capillary tube, 25 mm long and 0.6 mm diameter, which forms 

the gas beam in the interaction region. The side leak inlet connects the gas line to the 

chamber via a " diameter tube and is used to admit argon into the system increasing 

the pressure to above atmospheric enabling the chamber to be opened. Argon is used 

since it is easily desorbed from the surfaces of the chamber and the spectrometer.

Before gas may be admitted into the experimental chamber, the gas inlet system and 

the chamber must be evacuated. The gas inlet system is evacuated to a pressure of 

approximately 10'̂  Torr, measured by a Pirani gauge (Vacuum Generator model PVG 

3). It is then filled with the target gas and then evacuated once again in order to 

condition the gas line and reduce the possibility of contaminating the gas sample. To 

admit the gas, the vacuum pump is isolated from the gas inlet system, the needle 

valve closest to the gas source is closed and the valve to the capillary tube inlet, VI, 

is carefully opened. The on/off valve closest to the gas source is opened and the 

needle valve is slowly adjusted to obtain the desired pressure in the chamber, — 1 0  ̂  

Torr, as measured by the ionisation gauge.

3.9 Summary

The experimental chamber provides a suitable environment in which the spectrometer
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may be operated. It has a smooth horizontal base on which supports are mounted and 

upon which the components of the spectrometer are aligned. It also provides a means 

of rotating one half of the spectrometer through an angular range, - 1 0 ° + 1 2 0 °,

with respect to the other half. The magnetic fields inside the chamber are reduced by 

lining the chamber with mu-metal and by demagnetising any potentially magnetic 

components (e.g. stainless steel studding). The electric fields are reduced by shielding 

the high voltages (e.g. the channeltron) and by carefully earthing all components 

inside the chamber apart from the spectrometer, the ionisation gauge and the projector 

lamp (used to heat the chamber). The power supplies used in this work are stable, 

producing ripple voltages of less than 5meV, and are protected by quick blow fuses. 

The experimental chamber is evacuated to a pressure of approximately 10'̂  Torr by 

a water cooled diffusion pump backed by a rotary pump used in series with a liquid 

nitrogen trap. The gas inlet system transports the gas sample from its source to the 

interaction region inside the experimental chamber and allows the flow rate to be 

controlled using needle-valves.
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CHAPTER 4

Differential Oscillator Strengths 

For Selected Atmospheric Molecules

4.1 Introduction

In this chapter, the electron impact technique used to measure the differential 

oscillator strengths (DOS) for several atmospheric molecules is described. The 

atmospheric targets investigated are oxygen (O2 ), nitrogen (Nj), nitrous oxide 

(N2 O), carbon monoxide (CO) and carbon dioxide (CO2 ). For each molecule; (1) 

the DOS spectra are presented and compared with other sources of electron impact 

and photoabsorption data, (2 ) the energy positions and assignments of the main 

features observed in the spectra are tabulated and (3) the DOS are integrated over 

selected energy loss ranges to obtain optical oscillator strengths (OS) which are 

then compared with theoretical and experimental values alike.

4.2 Data analysis

In this work, energy-loss spectra are obtained for selected atmospheric molecules 

using a constant incident electron energy of 150 eV and detecting only those 

electrons scattered in the forward direction, i.e. #= 0 °, having lost energy in the 

range, 7 eV < E <  18 eV. From these spectra the differential oscillator strengths for 

the molecular targets are calculated.

The energy scales of the energy-loss spectra for the atmospheric molecules are 

calibrated to an accuracy of 20 meV by normalising to a chosen feature for each 

molecule, see table 4.1. The electron energy-loss scattering intensity, da/dO, is 

converted into a relative DOS (df/dE) distribution, using the following equation 

taken from Celotta and Huebner (1979);



df/dE a  E { ln [ l+ (V 7 )'̂ ]} 'da/dO
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(4.1)

where 7  ̂ = E2[4T(T-E)]- (4.2)

and T is the incident energy, E is the energy-loss and 6^ is the acceptance angle, A 

detailed derivation of equation 4.1 is given in chapter 1, section 1.4.1. For the 

atmospheric molecules studied, the absolute intensity of the DOS spectrum is 

determined by normedisation to an absolute value obtained from photoabsorption cross 

section data or from the electron impact work of Chan et al. (1993a-d, 1994) at a 

well-established point in a relatively flat region of the spectrum, see table 4.1.

Table 4.1 A list of the absolute values used to normalise the energy scales of the 

energy-loss spectra and the DOS intensities for the DOS spectra.

Molecular
Target

Normalisation of Energy Loss

Energy Reference 
(eV)

Normalisation of DOS

Energy
(eV)

DOS
(eV-‘)

Reference

O,

No

NoO

CO

COo

9.970 Lassettre 8.61 0.135 Chz.n et al.
et al. (1968) (1993a)

12.93 Lassettre 17.47 0.23 Chan et al.
et al. (1968) (1993b)

10.52 Huebner 14.47 0.26 Chan et al.
et al. (1975) (1994)

11.395 Lassettre and 14.60 0.28 ChdLti et al.
Skerbele (1971) (1993c)

11.05 Cossart-Magos 13.40 0.614 Chan et al.
et al. (1987) (1993d)

Equation 4.1 is only valid for zero momentum transfer in the collision, K=0, as 

stated in the derivation of this equation in chapter 1, section 1.4.1. Since it is
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impossible to have zero momentum transfer in an inelastic collision, K is kept small 

(0.006 a.u. <K ^<0.040 a.u.) in the present work. When the mean scattering angle 

is zero and E/T<0.1, K may be derived from the equation;

«  Ë  (4.3)
2T

where E is the energy transferred in the collision and T is the incident electron 

energy. It is difficult to evaluate the maximum allowed limit for K in order to obtain 

accurate DOS values, but limits used in previous electron impact studies include 

K^=0.04 in the work of Huebner et al. (1975a,b), =0.006 for the high resolution

work and K^=0.21 for the low resolution work of Chan and co-workers (1993a-d, 

1994). Although Chan et al. (1993a) describe a momentum transfer value of =0.04 

(used by Huebner) as "rather large", it can be seen that they persist in using a far 

larger value of K^=0.21 in their own work, so the limiting value of K remains 

ambiguous.

The generalised oscillator strength, GOS (which is related to electron scattering cross 

sections), is only strictly equal to the DOS when K^=0 (see chapter 1, section 1.3). 

However, the GOS of a spectral feature is usually constant and equivalent to the DOS 

for values of less than say 0.05 a.u. Occasionally, however, the GOS of certain 

features, particularly dipole forbidden transitions, is observed to change considerably 

for small values of between say 0 and 0.1 a.u. In such cases, the momentum 

transfer values used in this work, 0.006 a.u. <K ^<0.040 a.u., may not be small 

enough to obtain accurate DOS values for these features. This problem is encountered 

in the present work for certain spectral features observed in the DOS spectra for 

nitrogen and carbon monoxide.

The error in the calculated DOS values has three contributions. The first arises from 

the error in the absolute DOS value used to normalise the present data ( — 5%). The 

second is in the statistical error in the energy-loss spectrum ( — 5%). The final 

contribution (—1 0 %) comes from the conversion of the electron scattering intensity 

to DOS and includes the error due to the finite angular resolution of the apparatus.
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0^=1° =0.02 radian. Combining these three errors leads to a maximum estimated 

error in the DOS values of 20%. However it should be noted that these DOS values 

are dependent upon the resolution of the present apparatus and should not be directly 

compared with results obtained using a different resolution. For comparison with 

other experiments oscillator strengths (OS) have been calculated since they are 

independent of the apparatus resolution.

Oscillator strengths, f, for individual peaks or groups of adjacent features are 

Ccilculated by integration of the differential oscillator strength, df/dE, over the 

appropriate energy range with limits Ej and Ej.

f = J df/dE dE (4.4)
E,

These OS values are subsequently compared with other sources of electron impact 

data and with results from photoabsorption experiments and theoretical calculations 

where available. The maximum estimated error in the present OS values is also 20%.

The data obtained from other sources for comparison with the present work is 

acquired in three different ways. In the first method, the electron impact data of Chan 

et al. (1993a-d, 1994) for all five atmospheric molecules and the synchrotron data of 

Holland et al. (1993) for oxygen and Shaw et al. (1992a) for nitrogen are obtained 

directly from the authors. In the second, results are taken directly from tables 

published in scientific journals, such as the nitrous oxide results of Cook et al. 

(1968). Finally, in the third, data points are extrapolated from spectra presented in 

published papers. The latter method is the least desirable since it introduces large 

statistical errors of up to 1 0 % on top of the errors incurred in the experiments which 

vary between 3% and 30%.

Assignments of the resolved features observed in the present DOS spectra are 

obtained from theoretical, photoabsorption or electron impact studies. Further 

assignments have not been attempted, so only those results obtained from other 

sources will be given without discussing the processes used to make the assignments.
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4.3 Alternative techniques used to measure differential oscillator strengths

4.3.1 Introduction

The DOS spectra obtained in the present work are compared with DOS spectra 

obtained from electron impact and photoabsorption experiments and are presented in 

figures 4.1 to 4.22 inclusive. For each molecule studied, comparison is made with 

the high resolution (e,e) spectroscopy work of Chan et al. (1993a-d, 1994) and two 

sets of photoabsorption data in which either optical or synchrotron sources may have 

been used. Two sets of photoabsorption data are required since the energy range 

covered by an optical source is limited. The experimental details of the optical, 

synchrotron and electron impact studies chosen for comparison are described in 

sections 4.3.2, 4.3.3 and 4.3.4 respectively. Two other electron impact studies are 

also worthy of a mention and are discussed in section 4.3.5.

4.3.2 Optical techniques

General details of the apparatus and experimental methods used to obtain 

photoabsorption cross sections (and DOS) by optical techniques are described in 

chapter 1, section 1.3. The Beer-Lambert law used to convert the experimental 

measurements to absolute photoabsorption cross sections is also discussed in chapter 

1, section 1.3, along with the effect of "line saturation" which produces incorrect 

cross section values in the region of intense and narrow absorption features. The 

optical studies that have been chosen for comparison with the present results come 

from two research groups; (1) Cook, Metzger and Ogawa in California and (2) 

Watanabe, Zelikoff and Inn in Cambridge, Massachusetts.

The DOS results of Cook and co-workers for nitrogen (Cook and Metzger, 1964), 

nitrous oxide (Cook et al. 1968), carbon monoxide (Cook et al. 1965) and carbon 

dioxide (Cook et al. 1966) are compared with the present results in figures 4.11, 

4.15, 4.19 and 4.22 respectively. In all cases a Hopfield-continuum light source was 

used and the light was dispersed by a Seya-Namioka-type 1 m VUV monochromator 

with a 1200 grooves per mm diffraction grating blazed at 800 Â. A 406 mm long, 4
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in diameter stainless steel absorption cell was attached between the exit slot of the 

monochromator and the detector, a photomultiplier. Photoabsorption cross sections 

were measured over the wavelength region, 600 A<X<1000 Â, equivalent to an 

energy range, 12.4 eV <E<20.7 eV. Resolutions of 0.2 Â and 0.5 Â were achieved 

and errors of between 10% and 30% were estimated. These results have been 

extracted from tables in the published papers mentioned above for comparison with 

the present work.

The optical results of Watanabe and co-workers for oxygen (Watanabe et al. 1953) 

and nitrous oxide (Zelikoff et al. 1953) are compared with the present DOS results 

in figures 4.7 and 4.14 respectively. The light source was a windowless hydrogen 

discharge tube with a quartz capillary, while a Baird 1 m vacuum monochromator 

was used to disperse the light giving a bandwidth of 0.85 À. The gas was contained 

in a 47 mm long, 20 mm diameter Pyrex absorption cell having cleaved LiF windows 

at each end. A photomultiplier coated with sodium salicylate was placed at the exit 

slit of the cell to intercept the transmitted beam. Photoabsorption measurements for 

oxygen and nitrous oxide were obtained over the energy ranges, 6.5 e V < E < ll.S  

eV (1050 A<X<1900 A), and 5.9 eV <E <11.5 eV (1080 A<X<2100 A) 

respectively. An estimated experimental error for these results is not given. For 

comparison with the present work, data points were extrapolated by hand from graphs 

printed in the papers quoted above introducing a further error of up to 1 0 %.

4.3.3 Synchrotron studies

Synchrotron radiation has advantages over optical light sources since it is continuous 

over a far larger energy range. The use of synchrotron radiation to measure 

photoabsorption cross sections is discussed in chapter 1, section 1.3. For comparison 

with the present work, two sources of DOS spectra obtained using synchrotron 

radiation have been used; (1) the work of Shaw, Holland, MacDonald, Hopkirk, 

Hayes and McSweeney at Daresbury in England and (2) the work of Lee and Guest 

at the synchrotron in Wisconsin, USA.

Shaw and co-workers used synchrotron radiation emitted from the Daresbury
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Laboratory storage ring to measure photoabsorption cross sections for oxygen 

(Holland et al. 1993) and nitrogen (Shaw et al. 1992a) for energies greater than the 

ionisation threshold. Shaw’s DOS spectra for oxygen and nitrogen are compared with 

the present work in figures 4.6 and 4.10 respectively. In Shaw’s work a 5 m normal 

incidence monochromator with an iridium coated grating is used to disperse the 

radiation. A 2:1 demagnifying ellipsoid mirror then focuses the monochromated beam 

onto the entrance of a 2  mm bore glass capillary which guides the radiation into the 

double ion chamber. The double ion chamber contains two 70 mm long ion collection 

plates set at distances Li=50 mm and 1^=680 mm from the capillary exit. If the 

current falling on each ion collection plates, ij and ij respectively, and the gas number 

density, n, are measured then the photoabsorption cross section, a, can be calculated;

a = ----- \ In^l (4.5)
/ î ( L 2 - L i )  z'2

In Holland and Shaw’s work an experimental error of just 3% is quoted.

Lee and Guest (1981) used synchrotron radiation produced by the electron storage 

ring at the University of Wisconsin to measure the photoabsorption cross section 

of CO over the wavelength region, 1060 Â<X<1550 Â, equivcdent to an energy 

range, 8.0 eV <E <11.7 eV. The DOS spectrum is compared with the present 

work in figure 4.18. The synchrotron radiation was dispersed using a i m  vacuum 

monochromator and introduced into a 400 mm gas cell. The photon flux was 

measured using either a photodiode or a photomultiplier coated with sodium 

salicylate. A bandwidth resolution of 0.3 Â was obtained and the experimental 

error estimated to be 10%. However the data has been obtained by extrapolation 

of data points from a published graph introducing a further error of 1 0 %.

4.3.4 The high energy electron impact studies of Chan and co-workers

Chan, Cooper, Brion and co-workers used both low resolution (LR) and high 

resolution (HR) dipole (e,e) spectroscopy to obtain absolute DOS spectra which 

provide detailed information on the position and intensity of excitation features. 

The low resolution ( »  1 eV FWHM) dipole (e,e) spectroscopy studies used an
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electron impact energy of 8  keV and zero degree mean scattering angle to obtain 

energy-loss spectra up to two or three hundred eV. Under these conditions the 

momentum transfer is quite large, K^<0.21. A conversion from electron scattering 

intensity to DOS was applied (equation 4.1) to obtain a relative photoabsorption 

spectrum, while the photoabsorption above the upper energy loss limit was estimated 

by fitting a function of the form AE^ + BE^ + CE^ (where E is the excitation 

energy, and A, B and C are best fit parameters) to the high energy region of the 

spectrum. The area under the whole spectrum was then calculated and normalised to 

a value provided by the valence shell Thomas-Reiche-Kuhn (TRK) sum-rule. This 

value includes the total number of valence electrons (e.g. 16 for CO2 ) and a small 

correction factor for the Pauli-excluded transitions (e.g. 0.51 for CO2 , using K-shell 

estimates for atomic carbon and oxygen). In this way, an absolute low resolution DOS 

spectrum was obtained providing an absolute scale to which subsequent spectra may 

be normalised.

The high resolution (0.048 eV FWHM) dipole (e,e) spectroscopy work used an 

electron impact energy of 3 keV and a mean scattering angle of zero degrees to obtain 

high resolution energy loss spectra up to about 30 eV, for which K^< 0.006. The 

electron scattering intensity was converted to DOS using equation 4.1. The relative 

photoabsorption (DOS) spectrum was subsequently normalised in a flat region using 

an absolute value obtained from the LR DOS spectrum. These DOS results have been 

obtained through private communication with the author and subsequently compared 

with the present electron impact work.

4.3.5 Other electron impact studies

Lassettre and co-workers used an electron energy loss spectrometer similar to that 

used in the present work to obtain energy loss spectra for a range of incident 

energies, 48 e V < T <500 eV, and scattering angles, 0° < 6< 10°. These spectra were 

converted to generalised oscillator strengths (GOS) using formulae derived in chapter 

1, section 1.4.1. In the same chapter, it was shown that the generalised oscillator 

strength is equivalent to the differential optical oscillator strength (DOS) when there 

is zero momentum transfer, K=0, in the collision. For inelastic scattering, this
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condition is experimentally impossible (Chan and co-workers used a large incident 

energy and zero mean scattering angle to minimize K) so Lassettre obtained GOS for 

several values of small (<  1 ) and then extrapolated his results to K^ = 0  to obtain 

values for the DOS and OS. These values compare extremely well with the present 

work in which 0.006 a.u. <K^<0.04 suggesting that it is not necessary to extrapolate 

the present results to K^=0.

Huebner, Celotta, Mielczarek and Kuyatt used an electron impact technique very 

similar to the one employed in the present work to measure DOS for oxygen 

(Huebner et al. 1975a) and nitrous oxide (Huebner et at. 1975b). Huebner used an 

incident electron energy of 100 eV and zero mean scattering angle with an angular 

acceptance of 20 mrad to obtain energy-loss spectra up to 14 eV. The electron 

scattering intensity was then converted to DOS using equation 4.1 on the assumption 

that the maximum value of =0.04 used in Huebner's work is small enough for the 

equation to be valid.

4.4 Oxygen

4.4.1 Introduction

Due to the abundance of oxygen in the atmosphere and its important role in 

atmospheric phenomena such as aurora and dayglow, the spectroscopy of molecular 

oxygen has been investigated extensively using a variety of experimental methods. 

Oxygen is also an interesting molecule for theoretical investigation since it is a simple 

homonuclear diatomic molecule with an open shell system. The valence shell 

electronic configuration of the ground state, X , is;

(2(Tg)̂  (2tr„)^ ( I t J "  ( I t . )

A review of previous experimental and theoretical spectroscopic results is given by 

Krupenie (1972) while more recent developments can be found in the work of 

Chan et al. (1993a). The energy of the first ionisation potential, (O2 +) X ^H , is
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12.07 eV and is used in the assignment of Rydberg series.

4.4.2 Differential oscillator strengths for oxygen

0 25

0.20 -

><U

O
Q
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7 8 9 1 0 12 13 1 41 1

Energy Loss (eV)

Figure 4.1 A differential oscillator strength spectrum for oxygen obtained in the 

present electron impact work for the energy range, 7 .0eV <E <14.5  eV.
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Figure 4.2 A differential oscillator strength spectrum for oxygen obtained in the 

present electron impact work for the energy range, 13 eV <E <  18 eV.
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The DOS spectrum obtained in the present work is shown in figures 4.1 and 4.2. The 

large broad continuum observed between 7.0 eV and 9.8 eV, known as the Schumann 

Runge, involves transitions from the ground state, X , to the state. The first 

three prominent peaks observed after the Schumann Runge, known as the "longest 

band", the "second band" and the "third band", are centred at 9.97 eV, 10.28 eV and 

10.57 eV respectively and have been assigned to transitions from the ground state, 

X , to the lowest three vibrational levels of the mixed valence-Rydberg state 

(Buenker et al. 1976). The theoretical work of Buenker et at. (1976) also provides 

assignments for three other observed peaks, centred at 10.92 eV, 11.25 eV and 11.55 

eV, corresponding to the three lowest vibrational levels of the 2 state. These 

assignments are summarised in table 4.2 where the peak positions measured in the 

present work and calculated by Buenker are compared.

Table 4.2 The energy positions and assignments of the peaks observed in the present 

oxygen spectrum. The assignments are taken from Buenker et al. (1976)

Energy loss (eV) 
Present work

Energy loss (eV) 
Buenker et û/.(1976)

Electronic
Assignment

Vibratio
Assignm

9.97 9.96 E ‘E„

10.29 10.28 E>E„ i j
10.57 10.57 E ' E . lo
10.92 10.90 2 %

11.25 11.24 2 U i;
11.55 11.55 2 'n„

1 :

The best available sources of electron impact (Chan et al. 1993a), synchrotron 

(Holland et al. 1993) and optical (Watanabe et al. 1953, 1956) data for oxygen have 

been chosen for comparison with the present DOS results. Agreement with the high 

resolution dipole (e, e) spectroscopy work of Chan et al. (1993a) is excellent over the 

complete energy range studied, 7 e V < E <  18 eV, as shown in figures 4.3, 4.4 and
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4.5. The resolution in the present work is slightly superior to that of Chan resulting 

in higher, narrower peaks.

Û
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8 9 1 0 1 27 1 1

Energy Loss (eV)

Figure 4.3 Differential oscillator strength spectra for oxygen in the energy range, 

7.0 eV < E <  12.5 eV. • ••  Present work, — Chan et al. (1993a).

0.25

0,20  - -

>  0 . 1 5 - -

ino
Û 0 . 1 0 - -

0.05 --

0.00
12.5 13.0 13.5 14 012.0 1 4

Energy Loss (eV)

Figure 4.4 Differential oscillator strength spectra for oxygen in the energy range, 

12.0 eV <E <  14.5 eV. •••  Present work, — Chan et al. (1993a).



108

0 4

O
O

Energy Loss (eV)

Figure 4.5 Differential oscillator strength spectra for oxygen in the energy range, 

14eV<E<18eV.  • • •  Present work, — Chan et al. (1993a).
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Figure 4.6 Differential oscillator strength spectra for oxygen. • • •  Present work, 

Holland et al. (1993).
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Figure 4.6 compares the present spectrum with the photoabsorption studies of Holland 

et al. (1993) using the Daresbury synchrotron as a light source. Since these 

synchrotron experiments have only obtained results for energies greater than the first 

ionisation energy, the results can only be compared over the energy range, 12.07 

eV < E <  18.00 eV. There is excellent agreement between peak positions however the 

resolution of Holland’s work is better than the present work such that peak heights 

can not be compared directly. Similarly the optical results of Watanabe et at. (1953, 

1956) have superior resolution but the peak positions and the relative peak heights 

compare well with the present spectrum over the energy range, 7.0 eV < E <  14.5 eV, 

as shown in figure 4.7.

O

Û,

0

0.3 --

0,2  - -

0

0.

137 8 9 10 12 1 41 1

Energy Loss (eV)

Figure 4.7 Differential oscillator strength spectra for oxygen. •••  Present work, 

Watanabe et al. (1953).

4.4.3 Oscillator strengths for oxygen

In order to obtain the oscillator strengths (OS) presented in tables 4.3 and 4.4 the 

DOS results were integrated over selected energy ranges taken from the work of Chan 

et al (1993a). Since there is a great deal of structure in the spectrum of oxygen, fifty- 

three energy intervals were selected over the energy range, 7.08 eV <E<  17.88 eV.
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Table 4.3 Oscillator strengths for oxygen in the energy range, 7 e V < E <  13.48 eV.

E l e c t r o n  I m p a c t Optical Synchrot

Energy range (eV) Present
work

Chan et al 
(1993a)

. Huebner 
et at. 

(1975)

Watanabe 
et a/.(1953 
& 1956)

Holland 
a l  (19!

7.08 9.46 0.1635 0.1685 0.1610 0.1610

9.46 9.75 0 . 0 0 1 2 0 . 0 0 1 0 0 . 0 0 1 0 0 . 0 0 1 0

9.75 - > 10.17 0 . 0 1 0 1 0.0084 0 . 0 1 0 2 0 . 0 1 1 0

10.17 10.44 0.0085 0.0076 0.0080 0.0077

10.44 10.62 0.0013 0.0008 0.0015 0.0008

10.62 10.71 0.0007 0.0007 0.0007 0 . 0 0 1 0

10.71 10.84 0 . 0 0 2 2 0.0015 0.0024 0 . 0 0 2 0

10.84 10.98 0 . 0 0 1 2 0.0008 0.0009 0 . 0 0 2 0

10.98 —» 11.17 0.0017 0.0007 0.0016 0 . 0 0 1 0

11.17 —> 11.33 0 . 0 0 1 1 0.0006 0 . 0 0 1 1 0.0007

11.33 11.52 0 . 0 0 2 2 0.0015 0 . 0 0 2 1 0.0018

11.52 —* 11.59 0.0006 0.0004 0.0005 0.0006

11.59 11.74 0.0024 0.0017 0 . 0 0 2 1 0.0025

11.74 —> 11.89 0.0027 0.0017 0.0016 0 . 0 0 1 2

11.89 —» 12.07 0.0024 0.0017 0.0028 0.0018

12.07 12.24 0 . 0 0 2 1 0.0018 0.0018 0 . 0 0 2 0

12.24 —» 12.41 0.0036 0.0033 0.0038 0.0032 0.0038

12.41 —> 12.54 0.0065 0.0061 0.0073 0.0062 0.0073

12.54 —> 12.67 0.0114 0.0106 0.0118 0.0097 0.0114

12.67 12.79 0.0143 0.0134 0.0148 0.0134 0.0140

12.79 12.91 0.0167 0.0149 0.0172 0.0143 0.0167

12.91 13.03 0.0163 0.0147 0.0164 0.0147 0.0187

13.03 13.15 0.0156 0.0147 0.0157 0.0177 0.0154

13.15 —> 13.26 0 . 0 1 2 1 0.0117 0.0139 0.0117 0.0128

13.26 13.37 0.0108 0 . 0 1 0 0 0.0119 0 . 0 1 1 0 0.0116

13.37 13.48 0.0086 0.0086 0.0099 0.0087 0 . 0 1 0 1
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Table 4.4 Oscillator strengths for oxygen in the energy range, 13.48 eV < E <  18 eV.

E l e c t r o n  I m p a c t Optical Synchrot

Energy range (eV) Present
work

Chan et al. 
(1993a)

Huebner 
et al. 

(1975)

Watanabe 
et û/.(1953 
& 1956)

Holland 
al. (19!

13.48 —> 13.58 0.0082 0.0079 0.0103 0.0070 0.0093

13.58 13.68 0.0079 0.0078 0.0095 0.0072 0.0088

13.68 13.81 0 . 0 1 0 1 0.0093 0.0117 0 . 0 1 0 2 0.0105

13.81 13.95 0.0103 0.0094 0.0142 0.0108 0.0108

13.95 14.06 0.0076 0.0070 0.0103 0.0069 0.0088

14.06 14.18 0.0091 0.0085 0.0078 0.0094

14.18 14.30 0.0081 0.0081 0.0089 0.0094

14.30 14.41 0.0081 0.0074 0.0087 0.0087

14.41 -* 14.49 0.0060 0.0057 0.0066

14.49 14.60 0 . 0 1 0 0 0.0095 0 . 0 1 0 2

14.60 14.73 0.0131 0.0127 0.0145

14.73 —* 14.85 0.0161 0.0160 0.0164

14.85 14.98 0.0196 0.0195 0.0213

14.98 —> 15.09 0.0215 0.0214 0.0209

15.09 15.22 0.0322 0.0294 0.0315

15.22 - > 15.33 0.0354 0.0340 0.0333

15.33 —» 15.47 0.0439 0.0427 0.0436

15.47 -* 15.59 0.0324 0.0310 0.0350

15.59 —» 15.86 0.0630 0.0614 0.0635

15.86 16.01 0.0288 0.0282 0.0308

16.01 —» 16.15 0.0257 0.0266 0.0263

16.15 —> 16.35 0.0351 0.0345 0.0367

16.35 -* 16.48 0.0204 0.0216 0.0233

16.48 —> 16.58 0.0166 0.0164 0.0174

16.58 17.17 0.1518 0.1470 0.1478

17.17 17.51 0.0949 0.0897 0.0907

17.51 —> 17.88 0.0906 0.0882 0.0919
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An OS value of 0.1635 is obtained for the Schumann Runge in the present work 

which is slightly higher than the value of 0.1610 obtained by both Watanabe et al. 

(1953) and Huebner et at. (1975) and lower than the value of 0.1685 obtained by 

Chan et al. (1993a). There is good agreement between the OS values for the longest 

and second bands presented in table 4.3, apart from Chan’s value for the longest band 

which is approximately 20% lower than other values. In the low absorbency region, 

10.44 eV < E < 12.24 eV, the differences between the present OS values for individual 

features and those from the other sources of data are small (<0.0015 eV'^) although 

the percentage differences are quite high (up to 130%). This is not surprising since 

the low absorbency in this region enhances errors in the background signal and 

increases the signal to noise ratio introducing further errors. In the other regions of 

the spectrum the discrepancies are usually less than 1 0 %.

Although the OS values of Chan et al. (1993a) for the Schumann Runge is higher 

than other sources of data, Chan’s OS values are nearly always lower in the energy 

region, 9.75 e V < E <  17.88 eV. Agreement between OS values for the electron 

impact results of Huebner et al. (1975) and the present data is very good (usually 

within 10%) over most of the energy range, 7.08 e V < E <  13.15 eV, however 

Huebner’s OS values in the energy range, 13.15 e V < E <  14.06 eV, are higher (by 

as much as 36%) than the values obtained from other sources. This could be due to 

the increasing value of with energy loss such that is not negligible above 13 eV 

(K^>0.03) in the work of Huebner.

Upon comparison between the present OS results and the optical work of Watanabe 

et al. (1953, 1956) it can be seen that agreement over the energy ranges, 9.46 

e V < E <  10.44 eV and 12.07 e V < E <  14.41 eV, is good (<20%). Hence the OS 

results agree to within the estimated error associated with the present work.

Agreement between the photoabsorption work of Holland et al. (1993) using the 

Daresbury synchrotron and the present electron impact work is very good even 

though the DOS spectra in figure 4.6 differ dramatically due to the difference in 

resolution of the two techniques. The percentage difference in OS values is better than 

15% for all the features in the energy region, 12.24 e V < E <  17.88 eV, and
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furthermore agreement is better than 10% for 31 of the 37 features. Holland records 

a far larger OS value (0.0187 eV'^) for the feature centred at 12.97 eV than the other 

sources of data which give values between 0.0147 eV'  ̂ and 0.0164 eV '\ The DOS 

spectrum of Holland also looks unusual in this energy region which suggests that 

there may be an experimental error here. Alternatively the large signal could be 

caused by a nitrogen contamination which would manifest itself at 12.93 eV.

The excellent agreement between the present work and other sources of data in the 

high energy loss region implies that the present electron impact results are accurate 

up to an energy loss of at least 18 eV, such that the values of K^<0.04 used in this 

work may be considered to be negligible.

4.5 Nitrogen

4.5.1 Introduction

The photoabsorption of nitrogen, resulting from the interaction between solar UV 

radiation and the most abundant molecule in the Earth’s atmosphere, plays an 

important role in the energy balance of the Earth’s upper atmosphere. In addition, 

absolute optical oscillator strengths of electronically excited states are of particular 

importance for the study of predissociation of nitrogen since this is the main process 

by which nitrogen is dissociated in the atmosphere.

A comprehensive and up to date review of previous experimental and theoretical 

measurements of the photoabsorption of molecular nitrogen is provided by Chan et 

al. (1993b) and so will not be repeated here. However the Beer-Lambert 

photoabsorption work of Lawrence et al. (1968) is particularly noteworthy. Their 

measurements of the oscillator strengths of nitrogen were made at several different 

sample pressures over the energy range, 12.5 eV < E <  13.2 eV, and show that there 

are large variations in the measured oscillator strengths at different sample pressures 

providing evidence for the failure of the Beer-Lambert law, an effect known as "line 

saturation" (see chapter 1, section 1.3).
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The spectral assignments for molecular nitrogen are made with reference to the 

ground state, X whose valence shell electronic configuration is;

{2o^Ÿ ( I t T u /

The first ionisation potential, X has an energy of 15.56 eV while the second 

ionisation potential, A lies at 16.76 eV. This information is used in the 

assignment of Rydberg transitions.

4.5.2 Differential oscillator strengths for nitrogen

The DOS spectrum obtained for nitrogen in the present work over the energy 

region, 12 eV<E<18 eV, is shown in figure 4.8. The energy positions of the 

resolved features in the energy range, 12 eV<E<15 eV, are summarised in table

4.5 along with assignments taken from Geiger and Schroder (1969). Similarly, 

assignments of the features in the energy range, 15 eV<E<  18 eV, are taken from 

Gurtler et al. (1977) and presented in table 4.6.
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Energy Loss (eV)

Figure 4.8 A differential oscillator strength spectrum for nitrogen obtained in the 

present electron impact work.
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Table 4.5 The energy positions and assignments of the peaks observed in the present 

nitrogen spectrum in the energy range, 12 e V < E <  15 eV.

Energy loss (eV) Energy loss (eV)

Present work
Geiger and 

Schroder (1969)

Electronic
Assignment

Vibrational
Assignment

Geiger and Schroder (1969)

12.57 12.575 b ' n .

1 2 . 6 6 12.663 b ' n . lo
12.75 12.750 b ' n . lo
12.83 12.835 b ' n . lo
12.93 12.935 c' ' s ;

13.20 13.210 c ' n . i;

13.34 13.345 b ' n * !:13.345

13.46 13.435 b m .
13.475 c ' n *

13.58 13.585 o ' n . lo
13.71 13.720 c' ' s ; lo
13.82 13.820 o ' n . lo
13.97 13.980 c' lo
14.06 14.070 b' lo
14.14 14.150 b' I'J

14.22 14.230
b - r
c U

1c'

14.49
14.465
14.478
14.525 b'

14.74 14.737 b'
1 ?

14.83 14.839 n = 5 ÎIu
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Table 4.6 The energy positions and assignments of the peaks observed in the present 

nitrogen spectrum in the energy range, 15 eV < E <  18 eV.

inergy loss (eV) Energy loss (eV) Electronic
Assignment

Vibrational
Assignment

Present work Gurtler et al. (1977) Gurtler et al. (1977)

15.02 15.02 3dUg I tTu

15.14 15.15 4s(jg ^  ItTu

15.24 15.24 3d(jg I tTu i j
15.38 15.38 4sUg ItTu

15.47 15.47 3d(7g 1  Xu

15.83 15.82 5s(jg Ixu

15.99 15.99 *

16.06 16.06 5sjg Ixu l i
16.21 16.21 *

16.42 16.43 *

16.58 16.58 5s(jg Ixu lo
16.66 16.66 7sjg Ixu i j
16.80 16.80 5s(jg Ixu

1 :
17.13 17.13 3dôg ^  2 0 u

17.33 17.31 4sôg 2 ôu

17.85 17.84 3dôg ^  2 ôu

* These transitions belong to the same vibronic series whose associated electronic 

transition has not been assigned.

The present DOS spectrum for nitrogen is compared with the high resolution (e,e) 

dipole results of Chan et al. (1993b), the synchrotron work of Shaw et al. (1992a) 

and the optical studies of Cook and Metzger (1964) in figures 4.9, 4.10 and 4.11 

respectively.
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Figure 4.9 Differential oscillator strength spectra for nitrogen. • • •  Present work, 

— Chan et al. (1993b).
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Figure 4.10 Differential oscillator strength spectra for nitrogen. • • •  Present work, 

— Shaw et al. (1992a).
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Agreement between the present results and the high resolution (e,e) dipole work of 

Chan et al. (1993b) is excellent. However Chan’s resolution is slightly superior 

resulting in ( 1 ) a few extra features being observed, (2 ) narrower, more elongated 

peaks and (3) a maximum DOS of ~4.5 eV'̂  at 12.93 eV (not shown in figure 4.9) 

compared with a maximum of -2 .7  eV ’ obtained in the present work. Similarly, 

agreement with the synchrotron data of Shaw et al. (1992a) is very good with respect 

to the energy position and relative intensities of the features, although the superior 

resolution of Shaw produces differences between the spectra in figure 4.10 similar to 

observations (1) and (2) stated above. Unfortunately Shaw’s synchrotron work only 

made measurements above the first ionisation potential at 15.56 eV.
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Figure 4.11 Differential oscillator strength spectra for nitrogen. • • •  Present work, 

— Cook et al. (1964).

There is good agreement with the energy positions of the features observed in the 

optical data of Cook and Metzger (1964), however the relative intensities of the 

features below -  15.2 eV is very poor, is reasonable in the range, 15.2 eV < E <  16.2 

eV, and is good above — 16.2 eV. These inaccurate DOS values, measured by Cook 

and Metzger (1964) below 15.2 eV, are due to the "line saturation" effect which is 

a problem encountered in Beer-Lambert photoabsorption measurements when the
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linewidths of the transitions are much narrower than the detector resolution.

The first observed peak at 12.3 eV is much larger in the present results than in the 

high resolution (e,e) dipole results of Chan et al. (1993b). This problem is discussed 

in section 4.5.3. Five peaks are clearly resolved in the large feature observed between

12.4 eV and 13.0 eV. Four of these correspond to vibronic bands (I j , i j ,  1q and Ij) 

of the valence b „ state and are centred at 12.57 eV, 12.66 eV, 12.75 eV and 

12.83 eV respectively. The dominant peak at 12.93 eV is due to a transition from the 

ground state of molecular nitrogen to the lowest vibrational member ( 1 °) of thee' 

Rydberg state. The excited states in this region have very narrow natural linewidths 

resulting in severe "line saturation" problems in the photoabsorption measurements, 

especially for the c' 1° and the b 1̂  features (see chapter 1, section 1.3.2). 

This is illustrated in figure 4.11 by the intensities of these features, which are found 

to be «  1 eV'  ̂ and «2 .7  eV'  ̂ in the present work, but are much smaller, «0.4  eV'  ̂

and «0.3  eV '\ in the photoabsorption work of Cook and Metzger (1964).

In the energy region, 13 eV < E <  15 eV, the high vibrational members (1", for n>9) 

of the b ÎIu and b'^ET series and the low vibrational members (Ig, for 1  < n < 6 ) of 

the c ÎIu, c' ^Ê  and o series dominate the spectrum, according to the 

assignments of Geiger and Schroder (1969). The assignments of Gurtler et al. (1977) 

at energies below 15 eV are also in agreement with those of Geiger given in table 4.5 

apart from the c' ^Ê  excited state which is assigned to the 3(jg 3pa^ transition in 

the work of Gurtler et al. (1977) and Chan et al. (1993b) rather than the 3cTg 

transition assigned by Geiger and Schroder (1969).

In the energy region, 15 eV < E < 17 eV, the lowest vibrational members (1%, for 

n<3) of the transitions from the ItTu orbital to the 3d#g, 4s(jg, 5s(jg and Iso^ orbitals 

dominate the spectrum, according to the assignments of Gurtler et al. (1977). 

However, Chan et al. (1993b) state that this region of the spectrum mainly involves 

transitions to higher members of the c c' ^Ê  and o ^Ĥ  Rydberg series, although 

they have not attempted to assign these transitions to the peaks observed in this 

region, which suggests that Gurtler’s work is more credible.
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In the energy region, 17 eV < E <  18 eV, autoionisation manifests itself as peaks and

dips ("apparent emission" lines) in the otherwise smooth continuum. In an

autoionisation event, a transition to a temporary doubly excited state occurs followed 

by a radiationless transfer to an ionised configuration. According to Gurtler et al. 

(1977), the features observed in the nitrogen spectrum are caused by interference 

between the 2o  ̂-* ndug and 2o  ̂-> nsjg Rydberg series and the ionisation continua of 

the X and A states.

4.5.3 Oscillator strengths for nitrogen

The oscillator strengths of selected features in the nitrogen spectrum have been 

calculated by integrating the DOS over the energy intervals shown in table 4.7. Each 

energy limit corresponded to a minima in the spectrum and each of the twenty-six 

energy intervals (selected between 12 eV and 18 eV) contains one or more peaks.

Agreement between the oscillator strengths calculated in the present work and those 

measured by Chan et al. (1993b) is extremely good (within 10%) for each of the 

selected energy intervals between 12.4 eV and 18 eV. However the OS value for the 

feature at ~  12.3 eV is six times larger in the present work than in the work of Chan 

which suggests that this feature is dipole forbidden and that its generalised oscillator 

strength (GOS) varies greatly for small momentum transfer values, i.e. GOS =0.0053 

when K^=0.019 in the present work and GOS =0.0007 when K^=0.001 in Chan’s 

work. Usually the GOS is the same as the optical OS at values of as small as 0.02 

(see section 4.2) but there are occasional exceptions as demonstrated here.

There is extremely good agreement, better than 10%, between the present OS values 

and those of Shaw et al. (1992a) for the nine energy intervals covering the spectral 

region, 15.74 eV < E <  18.00 eV. It appears that this synchrotron work has not 

suffered from "line saturation" effects, probably since the linewidths are broader in 

this energy region.
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Table 4.7 Oscillator strengths for nitrogen in the energy range, 12 eV < E <  18 eV.

Electron Impact Synchrotron Optical

Energy range (eV) Present Chan et Shaw et Cook &
work û/.( 1993b) «/.( 1992a) Metzger

(1964)

12.15 —» 12.40 0.0053 0.0007

12.40 13.08 0.4166 0.4459

13.08 —» 13.30 0.0891 0.0898 0.0209

13.30 13.40 0.0256 0.0261 0 . 0 1 0 0

13.40 13.53 0.0352 0.0345 0.0055

13.53 13.75 0.0616 0.0629 0.0182

13.75 —> 13.86 0.0358 0.0356 0.0083

13.86 14.10 0 . 1 2 1 2 0.1173 0.0189

14.10 —» 14.41 0.1730 0.1638 0.0261

14.41 14.64 0.0594 0.0559 0.0249

14.64 —> 14.92 0.0397 0.0359 0.0231

14.92 —» 15.07 0.0140 0.0139 0.0091

15.07 - * 15.19 0.0213 0.0228 0.0134

15.19 —> 15.30 0 . 0 2 1 1 0.0196 0.0171

15.30 15.43 0.0251 0.0245 0.0144

15.43 15.54 0 . 0 2 2 2 0 . 0 2 1 2 0.0235

15.54 —> 15.74 0.0495 0.0510 0.0497

15.74 15.93 0.0603 0.0606 0.0616 0.0519

15.93 —> 16.16 0.0713 0.0685 0.0693 0.0624

16.16 16.33 0.0464 0.0444 0.0482 0.0469

16.33 16.49 0.0414 0.0392 0.0416 0.0437

16.49 - > 16.70 0.0485 0.0476 0.0493 0.0466

16.70 —» 16.91 0.0426 0.0425 0.0451 0.0386

16.91 17.33 0.1055 0.1061 0 . 1 1 2 1 0.1133

17.33 —» 17.77 0.0948 0.0956 0.0968 0.0950

17.77 —> 18.00 0.0575 0.0584 0.0588 0.0581
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There are large discrepancies in the OS values obtained in the photoabsorption work 

of Cook and Metzger (1964) and in the present work which are due to the "line 

saturation" problems encountered in Cook’s work. Agreement is very poor in the 

energy region below 15.43 eV, is reasonable (within 20%) in the region, 15.43 

eV <E<16.16eV , and is good (within 10%) above 16.16 eV. This implies that the 

natural linewidths of the transitions get broader with increasing energy such that the 

"line saturation" effect is reduced.

4.6 Nitrous oxide

4.6.1 Introduction

Although only present in small quantities, nitrous oxide plays an important role in the 

photochemistry of the upper atmosphere. The photodissociation of nitrous oxide is the 

major source of those nitrogen oxides (N0%) which are strongly associated with ozone 

chemistry in the stratosphere. DOS data is therefore important in the analysis of any 

problem where energetic radiation encounters nitrous oxide. It is also useful in the 

calculation of quantum yields for the N2 (B->A) or NO(B-^X) fluorescence processes 

following the photodissociation of N2 O (Chan et al. 1994) and in the development and 

testing of theory.

Nitrous oxide is a linear molecule and its ground state, X has a molecular-orbital 

independent particle configuration which may be written as;

(2 (r)̂  (3a)^ (5ff)̂  (Ix)'^ (7a)^ (2t Y

The ionisation energies of the two outermost orbitals are (2x)'^ X 1̂1 =12.886 eV 

and (7a)-' A =16.388 eV (Shaw et a i,  1992b).

A comprehensive review on the experimental and theoretical results obtained for 

the optical absorption of N2 O is provided by Chan et al. (1994) and will not be 

discussed in much detail here. A useful review of experimental data is also
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provided by Shaw et al. (1992b) who used the best available data from six different 

sources to compose an absorption spectrum from 1600 À (7.75 eV) to 1 Â (124 eV) 

and who revealed the lack of good data over certain regions of the spectrum, most 

notably the absence of photoabsorption data covering the energy region from 1 1 . 8  to

12.4 eV.

4.6.2 Differential oscillator strengths for nitrous oxide

The DOS spectrum for nitrous oxide obtained in the present work over the energy 

region, 8  eV < E <  17 eV, is shown in figure 4.12. This spectrum is compared with 

the high resolution (e,e) dipole results of Chan et al. (1994), and the optical studies 

of Zelikoff et al. (1953) and Cook et al. (1968) in figures 4.13, 4.14 and 4.15 

respectively. The excitaion energies of the features observed in the present spectrum 

are summarised in table 4.8 along with the assignments taken from the theoretical 

work of Fridh et al. (1978).

>

O
Q

1 2  14

Energy Loss (eV)

Figure 4.12 A differential oscillator strength spectrum for nitrous oxide obtained in 

the present electron impact work.
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Agreement between the present spectrum and the high resolution (e,e) dipole work 

of Chan et al. (1994) is extremely good although the resolution of Chan is slightly 

superior. The main differences are (1) the height of the broad C 1̂1 feature at 9.64 

eV and (2) the DOS values in the broad minima at — 14.2 eV and —15.3 eV.

3
O
Û

0

0

0

0.2  - -

0 ,

8 10 12 1 61 4

Energy Loss (eV)

Figure 4.13 Differential oscillator strength spectra for nitrous oxide. • ••  Present 

work, — Chan et at. (1994).

The optical work of Zelikoff et al. (1953), extending up to an energy of 11.5 eV, 

agrees well with the present data in this region but as the resolution of Zelikoff s 

optical work is far better than in the present studies it reveals the narrow linewidth 

of the feature at ~ 10.52 eV and thus suffers from "line saturation" problems. The 

C (2% -> 3sff) band located between 8  eV and 9 eV consists of a series of peaks 

superimposed upon a dissociation continuum. Although these peaks have not been 

observed in the present work, due to the resolution of the apparatus, they were clearly 

seen in the spectrum of Zelikoff et al. (1953). The strong D (27t -» 3pcr) 

continuum band centred at —9.64 eV shows good agreement in both shape and size 

with the present work, but the sharp peak that Zelikoff observed at -  9.60 eV on top 

of the continuum is not found in the present work or any other source of data.
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Figure 4.14 Differential oscillator strength spectra for nitrous oxide. • • •  Present 

work, — Zelikoff et al. (1953).
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Figure 4.15 Differential oscillator strength spectra for nitrous oxide. • • •  Present 

work, — Cook et al. (1968).
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The present results are also in good agreement with the optical work of Cook et al. 

(1968) in the energy range, 12.4eV <E <16.8eV . Once more the resolution of the 

present work is not as good as that of the optical studies, however the energy 

positions and relative intensities of all the features resolved in the present work agree 

well with Cook’s results. There is also good comparison with the size and shape of 

the continuum which lies under the peaks.

Table 4.8 The energy positions and assignments of the peaks observed in the present 

nitrous oxide spectrum.

Energy loss (eV) 

Present work

Energy loss (eV) 

Fridh et a l  (1978)

Assignment 

Fridh et a l  (1978)

8.53 8 . 6 2% 3sff (C 'n )

9.64 9.7 2t -> 3p(7 (D 'E+)

10.52 10.54 2x 3pir

1 1 . 2 2 11.16 I'K 4sa

11.37 11.38 2IT -* 4p(T

11.76 11.77 2x -> 4px

11.94 11.96 2 x -» 5sa

12.04 12.05 2x -* 5pa

1 2 . 2 0 12.23 2x 5px

12.36 12.36 7(7 -> 3S(7

13.89 13.91 7(7 3p(7

14.84 14.84 7(7 -» 3dx

15.53 15.53 7(7 4dx

15.70 15.71 6(7 -* 3S(7

15.84 15.85 7(7 -» 5dx

15.99 16.0 7(7 6 dx
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4.6.3 Oscillator strengths for nitrous oxide

Oscillator strengths for nitrous oxide have been calculated for the present data over 

eleven energy intervals chosen between 7.7 eV and 16.4 eV. These OS values have 

been compared with the results of Chan et al. (1994), Zelikoff et al. (1953) and Cook 

et al. (1968) as shown in table 4.9. Agreement with Chan’s electron impact data is 

better than 1% which is well within experimental error of the present results 

( ~  20%). Agreement with Zelikoff is better than 5 % apart from the peak at 10.52 eV 

which is 16% smaller due to "line saturation" problems in the optical data. There is 

also good agreement with the optical data of Cook which is better than 10%.

Table 4.9 Oscillator strengths for nitrous oxide in the energy range, 7.7 eV < E <

16.4 eV.

Electron Impact Optical

Energy range (eV) Present
work

Chan et 
û/.(1994)

Zelikoff 
et a/. (1953)

Cook
al.{\9

7.70 8.97 0.026 0.025 0.026

8.97 —» 10.23 0.353 0.376 0.371

10.23 —> 10.64 0.053 0.055 0.044

10.64 11.67 0.267 0.256 0.259

11.67 12.14 0.092 0.091

12.14 12.90 0.168 0.170

12.90 13.80 0.136 0.133 0.149

13.80 —* 14.12 0.084 0.081 0.087

14.12 14.65 0.134 0.131 0.141

14.65 15.34 0.263 0.260 0.255

15.34 - * 16.40 0.369 0.367 0.383
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The C and D OS values for the present work, 0.026 and 0.353 respectively, 

also compare well with the values obtained in the synchrotron work of Lee and Suto 

(1984), 0.0253 and 0.378, and the electron impact results of Huebner et al. (1975), 

0.0285 and 0.352. Comparison with the theoretical results of Chutjian and Segal 

(1972) is good for the C feature, 0.029, but is poor for the D feature, 0.77.

4.7 Carbon monoxide

4.7.1 Introduction

Carbon monoxide is the second most abundant molecule in the interstellar medium 

after hydrogen and has been detected in interstellar clouds, comets and planetary 

atmospheres. Therefore the photoabsorption of carbon monoxide is important (1) in 

the understanding of the formation and properties of interstellar matter, (2 ) as a tracer 

of molecular hydrogen which cannot be directly observed in dense opaque regions 

such as our galaxy, (3) in determining molecular abundancies in planetary and stellar 

atmospheres and (4) in determining predissociation yields which are useful in the 

construction of photochemical models of molecular clouds.

A comprehensive review on the experimental and theoretical results obtained for the 

optical absorption of CO is provided by Chan et al. (1993c) and will not be discussed 

in detail here. The ground state, X of carbon monoxide has a molecular-orbital 

independent particle configuration which may be written as;

{ io f  ( la f  O a f (4af (1?^ (5af

with the first and second ionisation energies of carbon monoxide being 14.014 eV 

and 16.553 eV respectively (Fock et al. 1980).



129

4.7.2 Differential oscillator strengths for carbon monoxide

The DOS spectrum for carbon monoxide obtained in the present work is shown in 

figure 4.16. The vibronic series observed in the energy region, 8  eV < E <  10 eV, is 

assigned to the X -* A 'II transition by Daviel et al. (1982). The energy positions 

of the first twelve vibronic bands measured in the present work are in good agreement 

with those of Daviel as shown in table 4.10. Assignments of the twenty features 

observed in the energy region, 10 eV < E <  14.5 eV, are provided by Eidelsberg and 

Rostas (1990) and Fock et al. (1980) as shown in table 4.11. Most of the features 

involve 5 ( 7  -» nsj, 5 ( 7  np(7 , 5cr npTr or lir -» nscr Rydberg transitions and many

of the observed features are composed of several closely grouped transitions.

Table 4.10. The energy positions and assignments of the peaks observed in the 

present carbon monoxide spectrum in the energy range, 8  eV < E < 10  eV. The 

assignments are taken from Daviel et al. (1982).

Energy loss (eV) Energy loss (eV) Electronic Vibrational

Present work Daviel er a/. (1982) Assignment Assignment

8 . 0 2 8.024 A ‘n IS
8 . 2 0 8.207 A ‘n i ;
8.39 8.385 A 'n IS
8.56 8.561 A 'n IS
8.73 8.730 A ‘n K
8.89 8.898 A ‘n IS
9.06 9.060 A 'n IS
9.20 9.216 A ‘n IS
9.36 9.370 A ‘n IS
9.51 9.524 A ‘n IS
9.66 9.668 A ‘n I'o”
9.80 9.810 A ‘n i ‘„‘
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Table 4.11 The energy positions and assignments of the peaks observed in the 

present carbon monoxide spectrum in the energy range, 10.7 eV < E <  14.5 eV.

Present work Eidelsberg et û/.(1990) Fock et û/.(1980)

Energy 
loss (eV)

Energy 
loss (eV)

Assignment Energy 
loss (eV)

Assignment

10.78 10.78 B 3s(T

11.03 11.04 B 3sa 1Ô 11.03 5(7 3S(7

11.40 11.40 C 3pj'E + 11.40 5(7 -» 3p(7

11.52 11.52 E 3p7T 11.52 5(7 -» 3p7T

11.67 1 1 . 6 6 C 3pF'E+ 11.67 5(7 -> 3p(7 IJ
11.79 11.79 E 3px m i; 11.79 5(7 -» 3p7T IJ
12.37 12.37 F 3df'E+ 12.37 5(7 3d(7

12.58 12.58 J 4sa 12.58 5(7 -» 4S(7

12.77 12.75
12.78

W(Am ) 3sa'n 
K 4pF'E+

12.75
12.78

I tt 3S(7 
5(7 -» 4p(7

12.96 12.97 W(A^n ) 3scr'n Ij 12.97 I tt -» 3S(7 i;
13.05 13.05 H 4pf'2+ IJ 13.05 5(7 -» 4p(7 IJ
13.17 13.17

13.19
w(A"n ) 3s(j'n 1  ̂

r  5S(T
13.17
13.19

I tT -> 3S(7 
5(7 -> 5S(7

lo

13.30 13.28
13.31

5pj
5p7T

13.29
13.29

5(7 -> 5p(7 
5(7 -> 5p7T

13.39 13.39 W (A ^ ) 3s(7'n 1 ^ 13.39 I tT 3S(7 lo
13.50 13.49

13.52
6SJ 'E+
.  .  .  'II lo

13.49
13.51

5(7 -* 6S7T
s IJ

13.56 13.57
13.57
13.58

5pa 
5pir 'n
. . .  'n

13.57
13.57
13.57

5(7 -> 5p(7 
5(7 -* 5p7T 
I tt -* 3S(7 ;!

13.67 13.68
13.68

5(7 -» 7p(7 
5 ( 7  -> 7pir
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Table 4.11 (continued)

Present work Eidelsberg et <2 /. (1990)

Energy 
loss (eV)

13.82

1192

14.07

Energy 
loss (eV)

Assignment

Fock et û/.(1980)

Energy Assignment 
loss (eV)

13.82 5(7 -^9pa
13.83 I tt 3 s (7

13.92 l7r-^3p(7

14.07 I tt 3 p7r

2.0

10 11 12 13 14

Energy Loss (eV)

Figure 4.16 A differential oscillator strength spectrum for carbon monoxide obtained 

in the present electron impact work.

The present DOS spectrum is compared with the high resolution (e,e) dipole results 

of Chan et al. (1993c), the synchrotron studies of Lee and Guest (1981) up to 11.7 

eV and the optical work of Cook et al. (1965) above 12.6 eV as shown in figures 

4.17, 4.18 and 4.19 respectively. There is very good agreement between the present 

electron impact results and those of Chan et al. (1993c), although the resolution of 

the present work is superior so that more detail is observed in the present spectrum. 

The only major difference is in the size of the B feature at 10.78 eV which is
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nearly three times larger in the present spectrum. This is too large to be an effect of 

resolution and is probably due to an error in the DOS calculations for the present 

work caused by a momentum transfer value greater than zero (K^=0.014 a.u.).

2.0

1.6  - -

0 >
C/D
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Figure 4.17 Differential oscillator strength spectra for carbon monoxide. 

Present work, — Chan et al. (1993c).
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>
a
o
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Figure 4.18 Differential oscillator strength spectra for carbon monoxide. 

Present work, — Lee and Guest (1981).
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There is good agreement in the energy positions of the features observed in the DOS 

spectra of Lee and Guest (1981) and the present work (see figure 4.18). However the 

photoabsorption spectrum appears to suffer severely from the "line saturation" effect 

resulting in DOS values which are far too small considering the high resolution of 

Lee and Guest’s work. This effect is most extreme for the C feature at 11.40 eV 

which must have a very narrow bandwidth. Alternatively, the low DOS values could 

be caused by an error in the absolute scale of the photoabsorption work.

There is very good agreement between the present results and the optical data of 

Cook et a i (1965), although the resolution of the optical work is superior so that 

extra peaks are observed in figure 4.19. The energy positions and relative intensities 

of the dominant features are in excellent agreement apart from the feature at —13.6 

eV which has a small DOS intensity in the optical data which may be caused by a 

"line saturation" effect. Although the work of Cook is thirty years old, it is 

interesting to note that there is far better agreement between the present work and the 

old photoabsorption results of Cook et al. (1965) than with the recent work of 

Letzelter et at. (1987) and Stark et at. (1991).

.2 - -

><U
V )  0 . 8  - -  

§

1.4 --

12 13 1614 15

Energy Loss (eV)

Figure 4.19 Differential oscillator strength spectra for carbon monoxide. 

Present work, — Cook et at. (1965).
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4.7.3 Oscillator strengths for carbon monoxide

The oscillator strengths for each of the first eleven vibronic bands (1” , 0 < n <  10) of 

the X ^  A 'n  transition in CO have been calculated and are presented in table 

4.12. These results are compared with similar measurements obtained in the high 

resolution (e,e) dipole spectroscopy work of Chan et al. (1993c), the optical studies 

of Eidelsberg et al. (1992), the lifetime measurements of Field et al. (1983) and the 

theoretical calculations of Kirby and Cooper (1989).

Table 4.12 Oscillator strengths for the vibronic bands in the X -» A transition 

in carbon monoxide.

Electron
Impact

HR dipole 
(e,e) spec
troscopy

Photoab
sorption

Lifetime
measure
ments

Theory

Vibronic
band

Energy 
range (eV)

Present
work

Chan et 
û/.(1993c)

Eidelsb
erg et al. 
(1992)

Field et 
û/.(1983)

Kirby &
Cooper
(1989)

IS 7 .9 4 ^ 8 .1 2 0.0181 0.0162 0.0165 0.0156 0.0155

li 8.12-^8.30 0.0380 0.0351 0.0337 0.0343 0.0324

1 : 8.30 ^  8.47 0.0432 0.0402 0.0424 0.0412 0.0373

1 : 8.47 ^  8.65 0.0365 0.0347 0.0377 0.0361 0.0316

n 8.65 8.80 0.0252 0.0242 0.0258 0.0258 0 . 0 2 2 0

8.80 ^  8.98 0.0150 0.0145 0.0163 0.0161 0.0134

IS 8 . 9 8 9 . 1 4 0.0085 0.0081 0.0104 0.0091 0.0075

n 9 .1 4 ^ 9 .2 9 0.0047 0.0041 0.0059 0.0048 0.0039

K 9.29 9.45 0.0023 0 . 0 0 2 0 0.0029 0.0024 0.0019

n 9.45 ^  9.60 0 . 0 0 1 1 0 . 0 0 1 0 0.0014 0 . 0 0 1 1 0.0009

l ‘o“ 9.60 9.74 0.0005 0.0004 0.00065 0.0005 0.0004

IS - 7.94 -a. 9.74 0.1931 0.1805 0.1937 0.1870 0.1668
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The present OS results compare extremely well with those of Chan et al. (1993c) 

since the relative intensities of the peaks are in good agreement, although the present 

OS values are consistently higher by between 3% and 13%. The data of Eidelsberg 

el at. (1992) agrees with the present results to within 10% for the first six bands after 

which the optical values are between 20% and 30% larger than the present electron 

impact values. These large values measured by Eidelsberg could be caused by 

background scattering which has not been subtracted correctly. Apart from the 1̂  

vibronic band, agreement with the lifetime measurements of Field et at. (1983) is 

better than 10%. The OS values obtained from the theoretical calculations of Kirby 

and Cooper (1989) are between 10% and 20% lower than the present results. There 

is also excellent agreement with the OS values obtained in the electron impact work 

of Lassettre and Skerbele (1971) which agree to within 10%.

There is also close agreement between measurements obtained for the total OS value 

for the sum of the first eleven bands in the X -» A 1̂1 transition using different 

experimental and theoretical techniques. The total OS is 0.1931 in the present work, 

0.1937 in the optical studies of Eidelsberg et al. (1992), 0.1870 in the lifetime 

measurements of Field et al. (1983) and 0.1945 in the electron impact studies of 

Lassettre and Skerbele (1971).

The oscillator strengths for the 1° and Ij bands of the X -» B Ê'*', C Ê"*" and 

E transitions have been calculated for the present work and are compared with 

similar results obtained in the high resolution (e,e) dipole spectroscopy work of Chan 

et al. (1993c), the photoabsorption studies of Letzeger et al. (1987) using synchrotron 

radiation and the theoretical calculations of Chantranupong et al. (1992). In table 4.13 

it can be seen that the present results compare extremely well with those of Chan et 

al. (1993c) for the Ij transitions (to within 6 %), but agreement is poor for the 1° 

transitions with discrepancies of between 30% and 75%. Agreement with Letzeger 

et al. (1987) and Chantranupong et al. (1992) is also poor with discrepancies of up 

to 80% for all six transitions in table 4.13. For the X Ê"̂  -» B Ê"̂ , 1° transition the 

present OS result is higher than other available sources of data. This may be caused 

by the non-zero value of momentum transfer used in this work (see section 4.2). For 

the X Ê"̂  B ^E+, i j  transition the present OS result is in good agreement with
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Chan et al. (1993c) but higher than the other sources of data. The present OS values 

obtained for the 1° and Ij bands of the X C and E transitions lie

approximately in the middle of the values obtained from the other sources of data and 

suggest that all the photoabsorption results are too small and that (e,e) dipole results 

of Chan et al. (1993c) are too large (apart from the X ^  B 1° transition).

Table 4.13 Oscillator strengths for the vibronic bands of the transitions from the X 

Ê"̂  ground state to the B Ê"̂ , C ^Ê  and E excited electronic states of carbon 

monoxide.

Electron
Impact

HR dipole 
(e,e) spec
troscopy

Photoab
sorption

Theory

Assignment Energy range (eV) Present
work

Chan et 
fl/. (1993c)

Letzeger 
et al. 

(1987)

Chantran- 
upong et 
a/.(1992)

B 'E+ IS 10.70 10.85 0.0192 0.0080 0.0045 0.0051

B '2+ i j 10.99 11.07 0.0013 0.0013 0.0007 0.0005

C '2+ IS 11.30 —> 11.46 0.0906 0.1177 0.0619 0.0647

C '2+ IJ 11.59 11.73 0.0034 0.0036 0.0028 0.0049

E ‘n IS 11.46 11.59 0.0409 0.0706 0.0365 0.0274

E 'n 11.73 11.83 0.0033 0.0035 0.0025 0.0033

Oscillator strengths have been calculated for twenty-two energy intervals over the 

energy range, 12.13 e V < E <  15.93 eV, and are presented in table 4.14. The present 

OS values are compared with similar results obtained in the high resolution (e,e) 

dipole spectroscopy work of Chan et al. (1993c), the photoabsorption studies of 

Letzeger et al. (1987) using synchrotron radiation and the optical measurements of 

Cook et al. (1965). The present OS value for the Ê"̂  transition at —12.4 eV 

(OS=0.0214) is approximately twice as large as the values obtained from Chan et al. 

(1993c) and Letzeger et al. (1987). This can not be attributed to the "line saturation" 

effect since the electron impact work of Chan does not suffer from such problems.
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but is probably due to the non-zero value of the momentum transfer, K, for this 

feature in the present work (K^=0.019 a.u.) and the poor agreement between GOS 

and optical OS for this transition for small values of (see section 4.2).

Table 4.14 Oscillator strengths for carbon monoxide in the energy range, 12.13 

e V < E <  15.93 eV.

Electron impact Photoabsorption

Energy range (eV) Present Chan et Letzeger Cook et
work a/. (1993c) et û/.(1987) ai.(1965)

12.13 12.46 0.0214 0.0113 0.0080

12.46 12.65 0.0292 0.0270 0.0163

12.65 12.89 0.0652 0.0857 0.0579 0.0597

12.89 13.00 0 . 0 2 0 1 0 . 0 2 0 2 0.0138 0.0241

13.00 - > 13.11 0.0373 0.0365 0.0324 0.0434

13.11 13.24 0.0646 0.0721 0.0472 0.0759

13.24 - * 13.36 0.0555 0.0748 0.0569 0.0643

13.36 —> 13.45 0.0336 0.0337 0.0278 0.0369

13.45 13.61 0.0792 0.0982 0.0719 0.0540

13.61 13.77 0.0693 0.0820 0.0706 0.0606

13.77 —> 13.86 0.0347 0.0358 0.0327 0.0394

13.86 —> 14.01 0.0566 0.0678 0.0582

14.01 -» 14.16 0.0514 0.0558 0.0510

14.16 14.47 0.0972 0.0900 0.0851

14.47 —» 14.74 0.0589 0.0665 0.0586

14.74 14.90 0.0338 0.0334 0.0335

14.90 15.07 0.0397 0.0402 0.0352

15.07 —* 15.27 0.0474 0.0449 0.0456

15.27 15.44 0.0428 0.0430 0.0481

15.44 15.62 0.0414 0.0406 0.0429

15.62 15.78 0.0362 0.0347 0.0399

15.78 —» 15.93 0.0369 0.0346 0.0370
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There is much variety in the amount of agreement between the present OS values and 

those from other sources in the energy range, 12.46 e V < E <  14.01 eV. Agreement 

with the results of Chan et al. (1993c) varies between 1 % and 35%, agreement with 

Letzeger et al. (1987) is between 2% and 44% while comparison with Cook et al.

(1965) varies from 8 % to 31%. The present OS value for the region, 12.46 

e V < E <  12.65 eV, is slightly higher than from the other sources of data, while the 

value for the region, 13.24 e V < E <  13.36 eV, is slightly lower. For the other nine 

energy intervals below 14.01 eV, the present OS value lies between the values of 

Chan, Letzeger and Cook. The OS value measured by Cook for the energy region, 

13.45 eV < E < 13 .61 eV, appears to be too small which suggests that the data in this 

region suffers from "line saturation" effects (see chapter 1 , section 1.3).

At higher energies, 14.01 eV < E < 1 5 .93 eV, there is very good comparison between 

the present OS values and those of Chan et al. (1993c) and Cook et al. (1965) for 

which agreement is better than 13%.

4.8 Carbon dioxide

4.8.1 Introduction

The photoabsorption of carbon dioxide is of great value to the understanding of the 

photochemistry in the atmosphere of the Earth and other planets such as Mars and 

Venus. Accurate data is particularly important for calculating the rate of 

photodissociation from CO2  to excited (A 1̂1) states of CO in the Martian atmosphere. 

The subsequent fluorescence to the ground state produces principal emission features 

observed in the ultraviolet dayglow of the upper atmosphere of Mars.

The ground state, X of carbon dioxide has a molecular-orbital independent 

particle configuration which may be written as;

(lcr.)2 (la j^  (2(7-)̂  (3(7^ (2(tJ2 (4a-)2 ( 3 a ( I t^  (IxJ^
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The first ionisation energy of carbon dioxide is 13.78 eV (Cossart-Magos et al., 

1980) and is used in the assignment of Rydberg features. A recent review of 

photoabsorption data for CO2  is provided by Chan et at. (1993d) and a summary of 

photoabsorption data reported before 1971 can be found in a critical review by 

Hudson (1971).

4.8.2 Differential oscillator strengths for carbon dioxide

The DOS spectrum for carbon dioxide obtained in the present work for the energy 

range, 10 eV<E<18  eV, is shown in figure 4.20. The present DOS spectrum is 

compared with the high resolution (e,e) dipole results of Chan et al. (1993d) in figure 

4.21. Similarly figure 4.22 compares the present work with; (1) the photoabsorption 

spectrum presented in a theoretical paper by Greening and King (1976) over the 

energy range, 10.0eV<E<12.7eV,  and (2) the optical work of Cook et al. (1966) 

for the energy range, 12.7 eV <E <  18.0 eV.

Energy Loss (eV)
10 11

Figure 4.20 A differential oscillator strength spectrum for carbon dioxide obtained 

in the present electron impact work.
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There is very good agreement between the present electron impact results and those 

of Chan et al. (1993d), although the resolution of Chan’s work is slightly superior to 

the present data such that more detail is seen in Chan’s spectrum (figure 4.21), Over 

the energy range, 10.0 eV < E <  12.7 eV, agreement with the energy positions of the 

features observed in the photoabsorption spectrum obtained from Greening and King 

(1976) is very good (see figure 4.22). The size and shape of the continuum 

underneath the peaks is in excellent agreement, although the superior resolution of the 

photoabsorption data means that the peaks are taller and extra features are resolved. 

Above 12.7 eV in figure 4.22, the present DOS spectrum is compared with the 

optical data of Cook et al. (1966). The optical DOS values are at least 10% lower 

than the present work which has been normalised using the results of Chan et al. 

(1993d). Assuming that the recent absolute values of Chan are more reliable, then the 

low values of Cook are probably due to a systematic error incurred when making 

absolute measurements. The energy positions and relative intensities of the peaks are 

in good agreement after taking into account the different resolutions used.

0.8 - -

>(U
C/0o
Q

0.6 - -

0.4 --

0 . 2 - -

0.0  4
15 16 17 1810 1 1 12 13 1 4

Energy Loss (eV)

Figure 4.21 Differential oscillator strength spectra for carbon dioxide. • • •  Present 

work, — Chan et al. (1993d).
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Figure 4.22 Differential oscillator strength spectra for carbon dioxide. • • •  Present 

work, — 10.0^12.7 eV Greening and King (1976), 12.7^18.0 eV Cook et al. 

(1966).

Assignments of the features resolved in the present carbon dioxide DOS spectrum are 

presented in table 4.15 and have been taken from the theoretical studies of Cossart- 

Magos et at. (1987) and Fridh et at. (1978).

Table 4.15 The energy positions and assignments of the peaks observed in the 

present carbon dioxide spectrum in the energy range, 10.7 eV <E <  14.5 eV.

Present work Cossart-Magos et al. (1987) 

Energy (eV) Energy (eV) Assignment

Fridh et al. (1978) 

Energy (eV) Assignment

11.05

11.40

11.57

11.69

11.05

11.39

11.55

11.69

3p (II) 
3p U  
3p‘n„ 
3 p U  Ig

11.05

11.38

Ixg 3 pf f u

Lr.->3p%u
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Table 4.15 (continued).

Present work Cossart-Magos et al. (1987) Fridh et al. (1978)

Energy (eV) Energy (eV) Assignment Energy (eV) Assignment

11.83 11.83 3 p ‘n„

11.98 11.97
11.98

4s . . . 
3 p U

12.15 12.15 4 s . . .  i j

12.31 12.31 4 s . . .  Ig
12.48 12.46 4p ‘S ; (I) 12.48 iTTg 4p(Ju

12.63 12.64 4p 'n . 12.64 iTTg ^4p7Tu

13.01 13.02 5p ' K  0) 13.03 iTTg -» 5p(7u

13.24 13.27 5 p ‘H, 13.27 IXg 5f„

15.75 15.76 llTu -> 4sjg

16.21 16.22 3ff„ -♦ 4sjg

16.47 16.45 Itu -> 5sjg

17.07 17.07 3(Ju -» 5s(Tg

17.51 17.54 3(Tu -* 5diTg

4.8.3 Oscillator strengths for carbon dioxide

Surprisingly, there is a lack of reliable photoabsorption data for CO2  such that many 

of the discrepancies between OS values are large. Oscillator strengths have been 

calculated for the present data over nine energy regions in the range, 10.7 

e V < E <  17.6 eV. These OS values are compared with the high resolution (e,e) dipole 

work of Chan et al. (1993d), the photoabsorption spectrum presented by Greening 

and King (1976) and the optical work of Cook et al. (1966) in table 4.16.

For the 3p feature at 11.05 eV, there is good agreement between the present OS 

value, OS =0.163, and the results of Chan et al. (1993d) and Greening and King 

(1976), OS =0.169 and 0.177 respectively. There is also good agreement with the
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electron impact work of Meyer and Lassettre (1965) (OS=0.167). However the data 

does not agree with the photoabsorption data of Rabalais et al. (1971) and Inn et at. 

(1953) both of which give values of 0.12. Comparison with the theoretical data of 

McCurdy and McKoy (1974) (0.116) and Padial et al. (1981) (0.046) reveal even 

wider discrepancies.

Table 4.16 Oscillator strengths for carbon dioxide in the energy range, 10.7 

e V < E <  17.6 eV.

Electron Impact Optical

Energy range (eV) Present
work

Chan et al. 
(1993d)

Greening 
& King 
(1976)

Cook I 
(196

10.70 11.28 0.163 0.169 0.177

11.28 11.49 0.058 0.060 0.078

11.49 —» 12.73 0.361 0.363 0.491

12.73 13.07 0.148 0.148 0.136

13.07 14.30 0.675 0.687 0.609

14.30 15.65 0.228 0.218 0.174

15.65 16.37 0.219 0.237 0.189

16.37 16.66 0.107 0 . 1 2 0 0.155

16.66 17.60 0 . 2 2 1 0.246 0.196

For the 3p feature at 11.40 eV, there is good agreement between the present OS 

value, 08=0.058, and the result of Chan et al. (1993d), 08 =0.060. Table 4.16 also 

shows that there is poor agreement with the rather high value of 0.078 measured in 

the photoabsorption work of Greening and King (1976), although the latter value does 

agree well with that of Meyer and Lassettre (1965) for which 08=0.076. There are 

two sources of theoretical data available in this energy region. McCurdy and McKoy 

(1974) calculated a very large value of 0.168, while Padial et al. (1981) obtained an 

extremely low values of 0.030.
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Agreement with the OS result of Greening and King (1976) is poor (a discrepancy of 

36%) in the energy region, 11.49 e V < E <  12.73 eV. All values obtained from this 

source are too high which suggests that the absolute scale is incorrect. Agreement 

with the OS results of Chan et al. (1993d) is better than 12% for the seven OS 

intervals over the energy region, 11.49 eV < E < 17.60 eV. In contrast to the high OS 

values of Greening and King (1976), the OS results of Cook et al. (1966) are lower 

than the present data by between 8  % to 24 %.

4.9 Summary

The DOS results obtained by the electron impact work described in this chapter 

compare extremely well with similar photoabsorption data obtained using optical, 

synchrotron and electron impact methods. This implies that the experimental 

apparatus, method and data analysis techniques used in this work produce reliable and 

reproducible results. Furthermore, the values for the momentum transfer used in this 

work (0.006 a.u. <K^<0.04 a.u.) appear to be sufficiently small to obtain accurate 

values for optical oscillator strengths, with the exception for transitions whose cross 

sections change very rapidly as K̂  -4), for example, the B feature in CO at 10.78 

eV. In this chapter, it has also been shown that electron impact data is invaluable for 

obtaining data in regions of intense absorption and narrow linewidths where 

photoabsorption data suffers from "line saturation" effects, e.g. for nitrogen in the 

energy region, 12.4 eV<E<13.1 eV.

Although the method of photoabsorption spectroscopy is well established and has been 

practised for over fifty years, this work has shown that there is still a lack of reliable 

photoabsorption data for oxygen, nitrogen, nitrous oxide, carbon monoxide and 

carbon dioxide. In many cases the best photoabsorption data is as much as thirty years 

old (Cook and Metzger, 1964, for nitrogen) and over forty years old for oxygen 

(Zelikoff et al. 1953). The present work also highlights the need for assignments of 

oxygen features above 11.6 eV since none are available at present.
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CHAPTER 5

Differential Oscillator Strengths 

For Selected Small Hydrocarbons

5.1 Introduction

In this chapter, differential oscillator strengths (DOS), measured by electron 

impact spectroscopy, are presented for the four smallest alkanes; methane (CHJ, 

ethane (CjHe), propane (C^Hg) and n-butane (QH^o), and the three smallest 

alkenes; ethylene (C2 H4 ), propylene (CgH )̂ and 1-butene (QHg). The DOS spectra 

obtained for the alkanes in the energy region, 7 eV <E <17 eV, and for the 

alkenes in the range, 6  eV <E<15 eV, are presented in figures 5.1 and 5.2 

respectively. The energies and shapes of the observed features are discussed, 

assignments and designations are given and the DOS values are compared with 

similar photoabsorption spectra obtained using dipole (e,e) spectroscopy, 

synchrotron radiation and optical techniques.

C4 H

1.2 --

1.0 - -

0.8 - -

O  0 . 6 -

0.4 --
CH

0.2 --

0.0 - ■ 
7 1710 12 13 15 169 11 148

Energy Loss (eV)

Figure 5.1 Differential oscillator strength spectra for the alkanes obtained in the 

present electron impact work for the energy range, 7 eV < E <  17 eV.
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Figure 5.2 Differential oscillator strength spectra for the alkenes obtained in the 

present electron impact work for the energy range, 6  eV < E <  15 eV.

5.2 Data analysis

Energy-loss spectra are obtained for the chosen hydrocarbons using the high 

resolution (50 meV) electron spectrometer described in chapter 2. Electrons with an 

energy of 150 eV are directed towards the molecular target and only those electrons 

scattered through a mean angle of 0° that have lost energies less than 17 eV are 

detected, so that the momentum transferred in the collision is kept small, 0.004 

a.u. <K ^<0.035 a.u. High resolution is not required for the present work on the 

hydrocarbons, so a lower resolution of 60 meV was used such that relatively high 

electron beam currents (>10 nA) could be achieved, thus reducing data collection 

times.

The energy loss scales for the alkanes and alkenes are calibrated to an accuracy of 20 

meV by normalising to the 12.93 eV contaminant Nj peak (Lassettre et al. 1968) 

which could just be observed in the spectra for all the hydrocarbons apart from
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ethylene, C2 H4 , which is normalised at the N ^  2R (2^) Rydberg transition at 7.44 

eV (Johnson et al. 1979). Where necessary, the nitrogen spectrum and any 

background signal are subsequently subtracted to obtain spectra for pure gaseous 

samples.

The scattered electron intensities are converted to differential oscillator strengths by 

the method described in chapter 4, section 4.2. The intensities of the DOS spectra for 

the alkanes are normalised to accurately calibrated values obtained from the low 

resolution dipole (e,e) spectroscopy work of Au et al. (1993). Each value is chosen 

from a region of the spectra where both the low and high resolution data of Au agree 

well with alternative sources of optical data. The DOS normalisation values used for 

the alkenes are obtained from the photoabsorption studies of Zelikoff and Watanabe 

(1953) and Samson et al. (1961) and are shown in table 5.1.

Table 5.1 The DOS normalisation values for the hydrocarbon targets.

Molecule DOS normalisation value Reference

Energy (eV) DOS (eV-i)

Methane 11.50 0.257 Au et al. (1993)

Ethane 13.50 0.638 Au et al. (1993)

Propane 13.00 0.754 Au et al. (1993)

N-butane 16.00 1.338 Au et al. (1993)

Ethylene 1 1 . 2 0 0.168 Zelikoff and Watanabe (1953)

Propylene 9.99 0.345 Samson et al. (1961)

1 -butene 9.99 0.386 Samson et al. (1961)

The maximum estimated error in the calculated DOS values for the alkanes is 20% 

and has three contributions. 5 % is due to the error in the DOS normalisation values 

taken from Au et al. (1993), 5% is from the statistical error in the intensity of the 

present spectra and 1 0 % arises from the conversion of the electron scattering intensity 

to DOS (inclusive of the error introduced by the finite acceptance angle of the
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spectrometer, 0nj=l°=O.O2 radian). Errors for the alkenes are larger since the 

sources of data selected for normalisation are less accurate. The error in the data of 

Zelikoff and Watanabe (1953) is not given so it is estimated to be large, —20%, 

resulting in a maximum error of 35 % in the DOS values for ethylene. Similarly the 

10% error in the measurements of Samson et al. (1961) contributes towards the 25 % 

error in the DOS values for propylene and 1-butene.

The present DOS results for the hydrocarbons are compared with the previous 

electron impact or photoabsorption studies of Au et al,. (1993), Koch and Skibowski 

(1971), Schoen (1962), Zelikoff and Watanabe (1953), Ibuki et al. (1989), Samson 

et al. (1961) and Koizumi et al. (1971). The low resolution data of Au and Ibuki was 

accurately obtained from published tables whereas all other results were obtained by 

extrapolation of the data from published graphs. The latter method has added a 

further error of up to 1 0 % onto the acclaimed accuracy of the respective sources of 

data (5%, 20%, 15%, —20%, 10% and 40% respectively).

5.3 Previous work on the small alkanes

The photoabsorption of the small alkanes is of importance in atmospheric science due 

to the abundance of these molecules in planetary atmospheres, for example, methane 

and ethane are the two most abundant of the minor constituents in the upper 

atmospheres of the outer planets (Jupiter, Saturn, Uranus and Neptune). Ethane and 

propane are also of interest in the chemistry of the Earth’s upper atmosphere due to 

their ability to scavenge chlorine atoms, thus interrupting the ozone depleting cycles 

linked to chlorine. The photoabsorption of the alkanes is of particular interest due to 

the continuous absorption in the VUV. This is most important in the energy region, 

9 eV <E <14 eV, since many atmospheric molecules only absorb at discrete 

wavelengths such that large "windows” (regions of very little or no absorption) are 

observed in their spectra. A brief review of previous experimental photoabsorption 

studies of the small linear alkanes is provided by Au et al. (1993) and will not be 

repeated here.



149

Table 5.2 The ionisation potentials (IPs) of the outer valence orbitals and the ground 

state valence shell electronic configurations for the four smallest alkanes.

Molecule Valence 

orbital

Ionisation 

potential (eV)

Ground state valence shell 

electronic configuration

CH. lU 13.6

14.4

15.0

(2aJ^ (It^)'

C.H le.

3aig
ICu

11.99

12.70

13.5

15.9

(2aL%)2 (2a%Jf (l(%Jf (3aL„): (le,)'

C,H3 1 1 8 2bi

6ai

4b2

la2

3b2

5a,

Ibi

11.51

12.14

12.6

13.53

14.2

15.33

15.85

(3a.)' (2b,)' (4a,)' (lb,)' (5a,)' - 

(3b,)' (la ,)' (4b,)' (6a,)' (2b,)'

C.H4 1 1 1 0 7ag

2b«
2a»

6b»

5b»

Ibg

5ag
la»

11.09

11.66

12.3

12.74

13.2

14.2 

15.0 

15.59 

15.99

(3a,)^ (3b»)̂  (4a )̂  ̂ (4b»)̂  (la»)  ̂
(5a,): (6b»): (6â )2

(2a»): (2b,): (7a,):



150

The ground state valence shell electronic configurations for the four smallest alkanes 

and the ionisation potentials of the outer valence orbitals are presented in table 5.2. 

This information is invaluable in the assignment of the Rydberg features observed in 

the DOS spectra of figure 5.1. Au al. (1993) predicted the excitation energies, E, 

for the possible Rydberg transitions in each molecule using the formula;

T = IP -E  = ^  (5.1)
{n -S f

where T is the term value, IP is the ionisation potential, R is the Rydberg 

constant, n is the principal quantum number and b is the quantum defect. It is 

assumed that the quantum defects, 6 ,, b̂  and 6 ,̂ are constant for all ns, np and nd 

upper states and that these are the same for all initial valence shell orbitals. For a 

previously assigned feature, IP, E, R and n are known and therefore b may be 

calculated for the ns, np or nd assigned transition. Certain quantum defects are 

characteristic of the s, p and d states in the Rydberg series, therefore when b̂  

or ôd are not known, average values of 1, 0.6 and 0 respectively may be used. Au 

used the calculated or assumed quantum defect values and equation 5.1 to calculate 

the energies of the possible Rydberg transitions and made assignments by matching 

the calculated transition energies to the observed experimental energies of the 

features.

The Jahn-Teller effect manifests itself as several distinct excitation energies for an 

orbitally degenerate electronic transition and is caused by the distortion of the 

excited electronic state as a result of vibronic interaction (Dixon, 1971). The Jahn- 

Teller effect is most easily recognised as a broad band (e.g. a band observed in 

methane is —3 eV) in photoelectron spectra. In this work the Jahn-Teller effect 

complicates the DOS spectra for methane and ethane, but does not affect the 

propane or n-butane spectra.

In this chapter, the present DOS results for the alkanes are compared with the 

dipole (e,e) spectroscopy studies of Au et al. (1993), the synchrotron work of 

Koch and Skibowski (1971) for CH4  and C2 H6  and the optical work of Schoen 

(1962) for CgHg and C4 H 1 0 . The experimental method used by Au to obtain low
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and high resolution DOS spectra is the same as that of Chan et al. (1993) described 

in chapter 4, section 4.3.4. The estimated error in the results of Au is ±5%.

Koch and Skibowski (1971) used the 7.5 GeV electron synchrotron DES Y as a light 

source and obtained a spectral resolution of about 1 Â. The emergent light from the 

0.4 m long cell containing the gas sample was converted to longer wavelengths by a 

sodium salicylate coated glass window and subsequently detected by a 

photomultiplier. The estimated error attached to this synchrotron work is ±20%.

Schoen (1962) used repetitive, high-voltage sparks through a gas (air-helium mixture 

with the occasional addition of methane or acetone) contained in a ceramic capillary 

as a UV light source and obtained a resolution of approximately 8 Â (-0 .1  eV at 12 

eV). The monochromated light traversed a double-ion chamber containing the gas 

sample to a sodium salicylate converter and was detected by a photomultiplier. In this 

optical work the errors in the measurements were estimated to be 15%.

5.4 DOS for methane
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Figure 5.3 A differential oscillator strength spectrum for methane obtained in the 

present electron impact work for the energy range, 7 eV < E <  17 eV.
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The DOS spectrum obtained for methane in the present work is presented in figure 

5.3. The observed broad features are labelled from 1 to 5 inclusive and the positions 

of the vibrational progressions associated with these features are indicated by vertical 

lines. The mean energy positions of the broad features are given in table 5.3 and the 

assignments are taken from Au et al. (1993). Comparison is made with the 

experimental energy values of similar features observed by Au and the calculated 

energies of the assigned transitions.

Table 5.3 The energy positions and assignments of the major features observed in 

the methane DOS spectrum.

Feature Experimental Experimental Calculated Assignment
(figure 5.3) energy (eV) energy (eV) energy (eV)

Present work Au et û/.(1993) Au et û/.(1993) Au et û/.(1993)

1 9.8 9.7 9.70 U2  -» 3s

2 10.5 10.5 10.50 lt 2  -* 3s

3 11.7 11.8 11.95 U2  ^  4s

4 12.8 12.8 12.75 U2  4s
12.75 U2  4d

12.9 12.89 U2  3d

5 13.5 13.5 13.49 U2  3d
13.55 U2  4d

Before assigning transitions to the observed features, Au had to calculate the energies 

of the possible transitions. Au used the previously assigned U2  ^  3s transition at 9.7 

eV to calculate the ns quantum defect, = 1.13, and assumed average values of 

0.6and 0 for ôp and ô<j respectively. By substituting the quantum defect values and the 

ionisation potentials for methane (given in table 5.2) into the Rydberg formula 

(equation 5.1) the energies of the possible Rydberg transitions were calculated and 

subsequently compared with the experimental energies of the observed features.
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However in table 5.3 it is seen that several distinct features have been given the same 

assignment. This is due to Jahn-Teller splitting (described in section 5.3) which 

causes three distinct ionisation potentials to be observed for the lt 2  electrons (at 13.6 

eV, 14.4 eV and 15.0 eV) such that the same assigned Rydberg transition gives rise 

to three distinct transition energies, e.g. the transition lt2  -* 3d has energies 12.09 

eV, 12.89 eV and 13.49 eV respectively.

There is close agreement (±0.1 eV) between the present work and that of Au in the 

experimental energy positions of the broad features as shown in table 5.3. The 

assignments of these features suggests that the transitions to ns and nd excited states 

dominate the spectrum while transitions to np states are weak. The weak features 

centred at 12.1 eV and 14.1 eV reported by Au are not observed in the present work. 

Furthermore the features observed by Au at 12.8 eV and 12.9 eV and assigned to 

Rydberg transitions are observed in the present work but appear to form part of a 

vibrational progression centred on a single broad feature at 12.8 eV.

Table 5.4 The energy positions of the vibrational progressions associated with the 

major features observed in the methane DOS spectrum.

Feature Energy of observed vibrational peaks (eV) Spacing (eV)

1 9.67 9.77 9.88 9.98 0.10

2 10.16 10.30 10.43 10.57 10.70 0.14

3 11.30 11.47 11.63 11.80 0.17

4 12.56 12.70 12.83 12.97 0.14

5 13.23 13.38 13.53 13.68 0.13

Each broad feature observed in the methane DOS spectrum has a partially resolved 

vibrational progression associated with it. The energy of each vibrational peak is 

tentatively given in table 5.4 along with the average vibrational spacing for each 

progression. Previous observations of vibrational progressions are limited. 

Progressions at 10.5 eV, 11.3 eV and 12.5 eV with vibrational spacings of —0.16
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eV were observed by Au et al. (1993) compared with vibrational spacings of 0.14 

eV, 0.17 eV and 0.14 eV for features 2, 3 and 4 observed in the present work. 

Vibrational structure in the region from 12.05 eV to 12.95 eV with a mean spacing 

of 0.15 eV was reported by Lipsky and Simpson (1967) and is in close agreement 

with the present value of 0.14 eV for feature 4.

In figure 5.4 the present DOS spectrum for methane is compared with similar DOS 

spectra obtained in the low resolution (LR) and high resolution (HR) dipole (e,e) 

spectroscopy studies of Au et al. (1993). The LR (1 eV FWHM) spectrum is used in 

the choice of a DOS normalisation value for the present work while the HR (0.048 

eV FWHM) spectrum is used for direct comparison with the present DOS values. 

Comparison between Au’s HR work and the present results is very good in the energy 

range, 7 eV <E<12.5 eV. At energies greater than 12.5 eV, the intensity of Au’s 

data is higher than the present work and the agreement gets steadily worse.
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Figure 5.4 Differential oscillator strength spectra for methane. — Present work, 

- Au et al. (1993) HR, ••••• Au et al. (1993) LR.



155

The present methane DOS spectrum is compared with the synchrotron work of Koch 

and Skibowski (1971) in figure 5.5. Agreement in the shape and intensity of the 

spectra is extremely good. Slight discrepancies exist below 9 eV and above 16 eV 

where Koch and Skibowski’s DOS values are slightly higher than the present results, 

whereas Koch and Skibowski’s data is slightly lower than the present work for feature 

3 at 11.7 eV.

0.5

0.4 --

^  0.3 --

O 0.2 --

0.0
7 8 9 10 1 1 1 2 13 1 4 15 16 17

Energy Loss (eV)

Figure 5.5 Differential oscillator strength spectra for methane. — Present work, 

- Koch and Skibowski (1971).

5.5 DOS for ethane

The DOS spectrum for ethane obtained in the present electron impact work is 

presented in figure 5.6. The shape of the ethane DOS spectrum is similar to the 

methane spectrum since both spectra contain large broad features with small vibronic 

progressions. The broad features observed for ethane are labelled from 1 to 8 

inclusive in figure 5.6 while the energy positions of the small peaks in the vibrational 

progressions are indicated by vertical lines.
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Figure 5.6 A differential oscillator strength spectrum for ethane obtained in the 

present electron impact work for the energy range, 7 eV < E <  17 eV.

The mean energies of the broad features observed in the ethane spectrum are given 

in table 5.5 and the proposed assignments are taken from Au et al. (1993). 

Comparison is made with the experimental energy values of similar features observed 

by Au and the calculated energies for the assigned transitions. Au used the previously 

assigned le  ̂ ^  3p transition at 9.4 eV to obtain a value for the np quantum defect, 

ôp = 0.71, and assumed average values of 1 and 0 for 6, and 6̂  respectively. The 

Rydberg formula (equation 5.1) is then used to calculate transition energies for the 

possible Rydberg transitions from the leg, 3aig and le^ orbitals to the 3s, 3p, 3d, 4s, 

4p and 4d states. Assignments are made by matching the calculated transition energies 

to the observed experimental energies of the features. Jahn-Teller splitting also exists 

for ethane so that several distinct features in the spectrum may be given the same 

assignment, for example, features 2 and 3 (at 9.4 eV and 10.1 eV respectively) are 

both predominantly assigned to the leg ^  3p transition.
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Table 5.5 The energy positions and assignments of the major features observed in 

the ethane DOS spectrum.

Feature 
(figure 5.6)

Experimental 
energy (eV)

Experimental 
energy (eV)

Calculated 
energy (eV)

Assignment

Present work Au et û/.(1993) Au et û/.(1993) Au et

1 8.6 8.7 8.59 K  -* 3s

2 9.4 9.4 9.40
9.30

le, -* 3p 
le, -  3s

3 10.1 10.1 10.11
10.10

le, 3p 
3a,g -> 3s

4 10.8 10.7 10.73
10.91

leg -> 4p 
3a„ -* 3p

5 11.3 11.5 11.44 leg 4p

6 11.8 11.5 11.75 le^ 3s

7 13.4 13.4 13.31 K - ^ 3 p

8 14.1 14.1 13.89 le^ 4p

The experimental energy values of the broad transitions for ethane presented in table

5.5 shows reasonable agreement (±0.3 eV) between the work of Au et al. (1993) and 

the present results. However the features observed at 10.5 eV and 14.9 eV by Au are 

are very small and not obvious in the present spectrum. Also the feature observed at

11.5 eV by Au is seen as two distinct features in the present work at 11.3 eV and

11.8 eV respectively. Furthermore a feature at 13.0 eV is clearly observed in the 

spectra obtained by Au and in the present work, however its experimental energy 

does not compare well with any of the possible transition energies calculated using 

the Rydberg formula and it is therefore left unassigned. The assignments given in 

table 5.5 suggest that transitions to the 3s, 3p and 4p excited states dominate the 

spectrum.
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Two vibrational progressions centred at —9.4 eV and —10.8 eV respectively have 

been observed in many previous studies on ethane. Lassettre observed these 

progressions as having vibrational spacings of 0.15 eV and 0.13 eV respectively and 

assigned the structure to a symmetric C-H bending mode. These compare well with 

the vibrational spacing of 0.14 eV measured for the progressions centred on features 

2 and 4 in the present work; these are clearly seen in figure 5.7. Diffuse vibrational 

structure has been observed by Au et al. (1993) between 11.2 eV and 12.0 eV and 

has also been observed in the present work.

0.5

0.4  --

0.3 --

O  0 . 2  - -

0.0
9 128 10

Energy Loss (eV)

Figure 5.7 Differential oscillator strength spectrum for ethane obtained in the present

electron impact work for the energy range, 8 eV < E <  12 eV. — Present w ork,----

Au et al. (1993) HR.

Five vibrational progressions centred on features 2, 4 ,5 ,6  and 7 at -  9.4 eV, ~ 10.8 

eV, -  11.3 eV, -  11.8 eV and -  13.4 eV are observed in the present work (figures

5.6 and 5.7). The energies of the vibrational peaks and the vibrational spacing for 

each progression are presented in table 5.6.
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Table 5.6 The energy positions of the vibrational progressions associated with the 

major features observed in the ethane DOS spectrum.

Feature Energy of observed vibrational peaks (eV) Vibrational 
spacing (eV)

2(&  3) 8.59
9.28
10.02

8.73
9.42
10.16

8.87
9.57

9.00
9.72

9.14
9.87

0.14

4 10.39 10.53 10.67 10.82 10.96 0.14

5 11.14 11.27 11.39 0.13

6 11.60 11.75 11.89 0.15

7 13.21 13.34 13.46 13.58 0.12

0.7 --

0.6  - -

0.5 --
><u
^  0.4 --  
C/2
O
Q  0.3 --

0.2  - -

0.0
177 8 9 10 12 13 14 15 161 1

Energy Loss (eV)

Figure 5.8 Differential oscillator strength spectra for ethane. — Present work, 

Au et al. (1993) HR, ••••• Au al. (1993) LR.

In figure 5.8, the present DOS spectrum for ethane is compared with DOS spectra 

obtained in the low resolution (LR) dipole (e,e) spectroscopy studies of Au et al.
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(1993) between 7 eV and 17 eV and similar high resolution (HR) work above 11.5 

eV. Figure 5.7 compares the present DOS work with Au’s HR work below 12 eV. 

Agreement between the three sets of data is particularly good between 13 eV and 14 

eV. Au’s HR data is approximately 0.04 eV'̂  lower than the present work in the 

energy range, 9 eV < E <  13 eV, and between approximately 0.03 eV'  ̂ and 0.10 eV'̂  

higher than the present work for energies above 14 eV.

The present ethane DOS spectrum is compared with the synchrotron work of Koch 

and Skibowski (1971) in figure 5.9. Agreement in the shape and intensity of the 

spectra is extremely good below 14 eV although the energy scale of Koch and 

Skibowski seems to be shifted by about -0 .2  eV. After 14 eV, Koch and Skibowski’s 

DOS values become increasingly higher than the present DOS values in a manner 

similar to Au’s work. This suggests that the present results for ethane are inaccurate 

above 14 eV, possibly due to an error in the subtraction of background scattering or 

the nitrogen contamination.

0.7  - -

0.6  - -

3  0.4 - -  

2  0 . 3 -

0.2  - -

0.0
177 8 9 10 12 13 15 161 1 14

Energy Loss (eV)

Figure 5.9 Differential oscillator strength spectra for ethane. — Present work, 

Koch and Skibowski (1971).
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5.6 DOS for propane

The DOS measurements for propane obtained in the present electron impact work are 

presented in the spectrum in figure 5.10. The observed spectrum for propane is 

smoother and more intense than the spectra for the smaller alkanes and no vibrational 

structure is seen. The energies of the ten broad features indicated in figure 5.10 are 

presented in table 5.7 along with the experimental energies, calculated energies and 

assignments of Au et al. (1993).

1. 0  - -

0.8  - -

0.4 --

0.2  - -

0.0
171 2 13 15 168 Q 10 1 1 1 4

Energy Loss (eV)

Figure 5.10 A differential oscillator strength spectrum for propane obtained in the 

present electron impact work for the energy range, 7 eV < E <  17 eV.

There is close agreement between the experimental energies of the features (±0.1 eV) 

with the exception of feature 9 centred at 15.6 eV in the present work and at 15.9 eV 

in the work of Au. However the calculated energy of the assigned transition lies 

midway between these values (15.75 eV) such that the experimental energies of the 

two features proposed for this transition are equally favoured. Au also reports of 

features observed at 11.7 eV, 12.3 eV and 13.6 eV, although they are barely 

observable above the sloping continuum in Au’s published spectra or the present 

work, if indeed they exist at all.
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Table 5.7 The energy positions and assignments of the major features observed in 

the propane DOS spectrum.

Feature Experimental Experimental Calculated Assignment
(figure 5.10) energy (eV) energy (eV) energy (eV)

Present work Au et a/. (1993) Au et û/.(1993) A u et û/.(1993)

1 8.2 8.1 8.11 2bi 3s

2 8.9 8.9 8.90
8.74

2b, 3p 
6a, -» 3s

3 9.6 9.6 9.53 6a, -» 3p

4 10.2 10.2 10.25
10.00
9.99

2b, -* 4p 
2b, ^  3d 
4b2 -* 3p

5 10.7 10.7 10.88
10.66

6a, -> 4p 
2b, ^  4d

6 11.2 11.2 10.92
11.09

la2 3p 
4b2 3d

7 12.8 12.7 12.69
12.72
12.68

3b2 -> 3d 
5a, -> 3p 
la2 -» 4d

8 14.2 14.1 14.07 5a, 4p

9 15.6 15.9 15.75 4a, 3s

10 16.6 16.5 16.54 4a, 3p

Assignments of the observed features have been proposed by Au according to the 

calculated energies of the possible Rydberg transitions and the energy positions of the 

features, see table 5.7. Au calculated the transition energies of the Rydberg transitions 

using the ionisation potentials given in table 5.2 and quantum defect values of 

ôp=0.72 (calculated using the previously assigned 2bi 3p transition at 9.2 eV), 

ôs=l and ôd=0 (assuming average values).
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Figure 5.11 Differential oscillator strength spectra for propane. — Present work, 

- Au et al. (1993) HR, ••••• Au et al. (1993) LR.
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Figure 5.12 Differential oscillator strength spectra for propane. — Present work, □  

Schoen (1962).
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The DOS spectrum for propane obtained in the present work is compared with the 

dipole (e,e) studies of Au et al. (1993) in figure 5.11 and with the optical work of 

Schoen (1962) in figure 5.12. Agreement in all cases is excellent although Schoen's 

DOS values at 11.42 eV and 12.05 eV are a little lower than other sources of data.

5.7 DOS for n-butane

The DOS spectrum obtained for n-butane in the present electron impact work is 

shown in figure 5.13. The n-butane spectrum shares similarities with that of propane 

since it is smooth, free from vibrational structure and is not affected by Jahn-Teller 

splitting. Nine broad features are observed in the spectrum and their positions are 

indicated in figure 5.13. The mean energies of these features are presented in table

5.8 along with the experimental energies, calculated energies and assignments of Au 

et al. (1993). The quantum defect values used by Au in the energy calculations of the 

Rydberg transitions and subsequent assignments of the features are ôp=0.61 

(calculated using the previously assigned 7ajg 3p transition at 8.7 eV), 0^=1 and 

ôd=0 (assuming average values).

1.4 - -

1 . 0  - -

><U
C/2O 0.6 -  
Û
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0.2~-

0.0
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Energy Loss (eV)

Figure 5.13 A differential oscillator strength spectrum for n-butane obtained in the 

present electron impact work for the energy range, 7 eV < E <  17 eV.
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Table 5.8 The energy positions and assignments of the major features observed in 

the n-butane DOS spectrum.

Feature Experimental Experimental Calculated Assignment
(figure 5.13) energy (eV) energy (eV) energy (eV)

Present work Au et û/.(1993) Au et û/.(1993) Au et al.i\%

1 7.9 7.7 7.69 7ag-»3s

2 8.7 8.7 8.70 7aj-»3p

3 9.3 9.3 9.27 2bg -> 3p
9.34 6ag -> 3s

4 9.9 10.0 9.91 2a, 3p
9.80 6b, 3s

5 11.1 11.1 11.11 2a, -> 4p
11.23 6ag -> 3d
11.23 6ag -* 4s

6 11.8 11.9 11.81 5b, ^  3p
11.89 6ag -* 4d
11.69 6b, ^  3d
11.69 6b, -* 4s

7 13.1 13.1 13.20 5ag-^3p
13.01 5b, ^  4p

8 14.5 14.4 14.40 5ag -* 4p
14.48 la, 3d
14.48 la, 4s

9 15.7 15.7 15.40 4b, -» 3s

16.41 4b, -> 3p

There is close agreement (±0.2 eV) between the mean energy positions of the 

features observed by Au et al. (1993) and in the present work. There is also good 

agreement with the energies of the assignments calculated by Au, apart from feature 

9 at 15.7 eV which might be a consequence of Rydberg transitions of la^ electrons
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to states with n>4 rather than those predicted in table 5.8. In general, transitions to 

the 3s, 3p and 4p states seem to be favoured, while transitions to the degenerate 3d 

and 4s states appear to be weak.

1 . 2  - -
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Figure 5.14 Differential oscillator strength spectra for n-butane. — Present work, 

- - Au et al. (1993) HR, ••••• Au et al. (1993) LR.
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Figure 5.15 Differential oscillator strength spectra for n-butane. — Present work, 

□  Schoen (1962).
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The present DOS spectrum for n-butane is compared with the dipole (e,e) studies of 

Au et al. (1993) in figure 5.14 and with the optical work of Schoen in figure 5.15. 

Agreement between all sets of data is excellent and well within the estimated 

experimental errors.

5.8 Previous work on the small alkenes

Reactions of OH and NO3  with the alkenes play an important role in the chemistry 

of the Earth’s troposphere. Ethylene is also a minor constituent in the atmospheres 

of Jupiter and Saturn’s satellite, Titan. The rapid photolysis of ethylene to acetylene 

is one of the most important steps in the chemistry of Jupiter’s atmosphere (Wayne, 

1991).

Extensive experimental and theoretical studies have been performed for ethylene 

however there have been far fewer investigations for propylene and 1-butene. The 

ground state for ethylene, X has an electronic configuration;

(la,)' (Ibiu)' (2a,)' (Ib ^J  ( I b J '  (3a,)' (Ibg,)' (Ib^J'.

The ionisation potentials of the outer valence orbitals of ethylene are 10.68 eV,

12.8 eV, 14.8 eV, 16 eV, 19.1 eV and 23.6 eV (Ibuki et al. 1989), although the 

first ionisation potential is reported to be much lower, 10.4 eV, in several other 

studies. The first ionisation potential for propylene is uncertain with reported 

values varying from 9.73 eV to 10.2 eV (Johnson et al. 1979) so an average value 

of 9.9 eV is assumed in this work. Similarly a mean value of 9.6 eV is assumed 

for the ionisation potential of 1 -butene.

Previous assignments of the Rydberg features observed in the photoabsorption 

spectra for the small alkenes are extremely limited. Often the assignments given 

for the same spectral features are inconsistent between different sources of data. 

However a reliable labelling system, composed by Wilkinson (1956) and others, is 

commonly used which describes transitions from the ground state, N, to excited
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Rydberg states; nR (n=2, 3, ...), nR' (n=3, 4, ...), nR" (n=3, 4, ...) and nR'" 

(n=3, 4, ...) converging on the first ionisation potential. Similarly, a broad feature 

observed in these spectra at an energy lower than the N-*nR system is designated as 

N-*V. This labelling system is utilized in the present work. In many cases, the N^nR 

(n=2, 3, ...) transitions may be assigned to ?r-»(n4-l)s transitions, while transitions 

N-*nR' (n=3, 4, ...), N-*nR" (n=3, 4, ...) and N-^nR'" (n=3, 4, ...) may be 

assigned to %-*np, x-^nd and ir-^ns transitions respectively.

In this work the present DOS spectra for the small alkenes are compared with the low 

resolution (LR) dipole (e,e) spectroscopy work of Ibuki et al. (1989), the optical 

studies of Zelikoff and Watanabe (1953) and Samson et al. (1961) and the 

synchrotron work of Koizumi et al. (1985). The experimental method used by Ibuki 

is identical to the LR work of Chan et al. (1993) described in chapter 4, section 

4.3.4.

Zelikoff and Watanabe (1953) measured the photoabsorption of ethylene over the 

wavelength range, 1065 Â < X < 2000 Â, using a hydrogen discharge light source. The 

monochromated light with a bandwidth of 0.85 Â passed through a 47 mm long 

absorption cell with cleaved LiF windows which contained the ethylene sample. The 

light intensity was measured using a photomultiplier over a range of pressures and the 

Beer-Lambert law was found to hold over a five to tenfold pressure range.

Samson et al. (1961) used a windowless hydrogen discharge tube with 700 V applied 

across it as a light source in order to measure absorption coefficients for propylene 

and 1-butene. A monochromator was used to obtain a resolution of about 1 Â before 

the light was passed through a 70 mm long absorption cell with LiF windows. The 

intensity of the emergent light was measured over the spectral region, 1050 

À < X < 2000 Â, for six different pressures to ensure that the measured absorption 

coefficients did not suffer from pressure effects. The estimated experimental 

uncertainty in this work is 10%.

Koizumi et al. (1985) measured the photoabsorption cross sections for propylene and 

1-butene in the wavelength region from 300 Â to the first ionisation potential of each
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molecule (-1300  Â). Synchrotron radiation at the National Laboratory for High 

Energy Physics in Japan was used as a light source and monochromated to obtain a 

wavelength resolution of — 8 Â. The absorption cross sections were measured using 

an ionisation chamber with four ion collection plates. In the wavelength region longer 

than the LiF cutoff (1050 À) a LiF window was used whereas at shorter wavelengths 

the synchrotron radiation passed through a 1 mm diameter hole with no window 

material. Large discrepancies are observed in the absorption values measured with 

and without the LiF window (figures 5.19 and 5.21). These differences are ascribed 

to the second order light whose intensity increases with increasing wavelength. Errors 

in the absorption cross sections are estimated to be about 25% apart from near 1000 

À where they may be as large as 40%.

5.9 DOS for ethylene
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Figure 5.16 A differential oscillator strength spectrum for ethylene obtained in the 

present electron impact work for the energy range, 6 eV < E <  15 eV.

The differential oscillator strength spectrum for ethylene measured in the present 

work is presented in figure 5.16. Six broad features are observed at 7.6 eV, 9.2 eV,
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9.9 eV, 11.2 eV, 12.2 eV and 14.4 eV. Many narrow features are also observed 

however only those successfully designated are indicated on the spectrum. The 

designationsnts are taken from the electron impact studies of Johnson et al. (1979) 

and Wilsden and Comer (1979) and are presented in table 5.9 along with their mean 

energy positions. Agreement between the energy positions measured in the present 

work and by Johnson is extremely good, ±20 meV, and is within the experimental 

error for this work.

Table 5.9 The energy positions and designations of the features observed in the 

ethylene DOS spectrum. Suggested assignments are given in parentheses.

erimental 
rgy (eV)

Experimental 
energy (eV)

Designation 
electronic vibrational

Designation 

Wilsden and
ent work Johnson et û/.(1979) Johnson et û/.(1979) Comer (1979)

7.12 7.11 N -2R (7t->3s) N-2R

7.29 7.28 N-^2R (7t->3s) 2J N-»2R 2J
7.44 7.44 N->2R (•7r-^3s)

2 5
N^2R 2:

7.58 7.58 N^2R (ir-^3s) 2: N-»2R 2:
7.63 N-^2R 2% 4:

7.74 7.74 N-H.2R (7t-^3s) n N-*2R 2:
7.88 N-»2R 2:
8.26 8.25 N-^3R' (T-^3p) N-^3R'

8.41 8.42 N-*3R' (x^3p)
2 ; N-^3R'

2 ;
8.58 8.56 N-^3R" (T->3d) N-^3R' r

8.93 8.92 N->3R (ir-»3dg) N-^3R

9.09 9.08 N -^R " (ttM s) N^3R
2 ;

9.23 9.23 N^3R
2 :

9.36 9.34 N-*4R' (?r-^ 3d j N -^R '

9.51 9.50 N ^  4R"

9.67 9.68 N -»4R

9.95 9.96 N -^5R

10.11 10.11 N ^ 6 R



171

The broad feature at 7.6 eV is designated as the N ^  V system and is labelled feature 

1 in figure 5.16. This feature coincides with the weaker and more structured N ^  2R 

system which starts at 7.11 eV and involves successive quanta of the symmetric 

stretch vibrational mode, 2", and even quanta of the torsional mode, 4^  (where n=0, 

1, 2, ...). Only those modes summarised in table 5.9 are observed in this work due 

to the resolution of the electron spectrometer (60 meV). The N 3R' and N 3R" 

systems (labelled feature 2 in figure 5.16) are located on the high energy side of the 

N ^  V system and are assigned to the dipole forbidden transition, tt 3p, and the 

dipole allowed transition, tt 3d (either % 3d  ̂or % 3dg), respectively.

Feature 3 contains the origins (y=0) and higher vibrational members of the N 3R, 

N 4R'" and N ^  4R' systems according to Johnson et al. (1979). However the 

studies of Wilsden and Comer (1979) and Trajmar et at. (1970) have designated the 

four observed peaks in feature 3 as the origin and first two vibrations of the 

symmetric stretch series of the N ^  3R system and the origin of the N ^  4R' system 

respectively. Johnson et al. (1979) further report that feature 4 contains the origins 

of the N -> 4R", N 4R, N ^  5R and N ^  6R systems. No designations or 

assignments above an energy of 10.2 eV are given.
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Figure 5.17 Differential oscillator strength spectra for ethylene. — Present work, 

- Zelikoff and Watanabe (1953), --a-- Ibuki et al. (1989).
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In figure 5.17 the present DOS spectrum is compared with the spectra obtained in the 

low resolution (LR) dipole (e,e) spectroscopy work of Ibuki et al. (1989) and the 

optical studies of Zelikoff and Watanabe (1953). Agreement with the spectrum of 

Zelikoff is extremely good although the superior resolution of the optical work means 

that the peaks are taller and narrower than in the present work and extra features are 

observed. The resolution of Ibuki's work is so low (~  1 eV) that only four broad 

features and no fine structure are observed between 6 eV and 15 eV. There is little 

agreement below 11 eV due to the difference in the resolution of Ibuki’s and the 

present work. Above 11 eV agreement between the shapes of the spectra is good 

although the present DOS values are approximately 20% lower than Ibuki’s values 

since the present work was normalised to a value obtained from Zelikoff rather than 

from Ibuki.

5.10 DOS for propylene
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Figure 5.18 A differential oscillator strength spectrum for propylene obtained in the 

present electron impact work for the energy range, 6 eV < E <  15 eV.
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The present DOS spectrum for propylene is shown in figure 5.18. The nine broad 

features indicated on the spectrum have mean energies of approximately 7.2 eV, 8.5 

eV, 9.5 eV, 10.1 eV, 10.9 eV, 11.7 eV, 12.7 eV, 13.3 eV and 14.3 eV. The energy 

positions of the latter seven broad features agree well (to within 0.2 eV) with those 

Johnson et al. (1979) observed at 9.4 eV, 10.1 eV, 10.8 eV, 11.7 eV, 12.6 eV, 13.1 

eV and 14.2 eV. Many narrow features are also observed, however only those 

successfully designated are indicated on the spectrum.

Table 5.10 The energy positions, designations and assignments of the features 

observed in the propylene DOS spectrum, a , j8, 6, e and ^ are unassigned features.

Experimental 
energy (eV)

Experimental 
energy (eV)

Designation Assignment

Present work Johnson et al. 
(1979)

Johnson et al. 
(1979)

Walker et al. 
(1986)

6.57 6.58 N ^ 2 R  (t ^ 3 s) 1 'A" (x 3s)

7.08 7.09 a 2 'A" (x 3p)

7.23 7.20 (ir 3p) 1 'A' (xx*)

7.58 7.56 b (t  ^  3p) 2 'A' (x 3p)

7.75 7.73 N -*3R ' (x->3p) 3 'A" (x 3p)

7.97 7.97 N ^  3R" (x 3d) 4 'A" (x 3d)

8.11 8.09 N ^  3R" (x 3d) 4 ^A" (x 3d)

8.31 8.31 N ^ 3 R 3 ‘A' (x 4s)

8.50 8.48 N -> 4R" 5 'A"

8.65 8.64 e 4 ^A'

8.84 8.82 N 4R" 6 'A'

9.00 8.97 N 4R"

9.19 9.17 r
9.37 9.36 N ^ 5 R

9.53 9.50 N ^ 6 R
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Designations and assignments are taken from the electron impact studies of Johnson 

et al. (1979) and Walker et al. (1986) and are presented in table 5.10 along with their 

mean energy positions. Agreement between the energy positions measured in the 

present work and those of Johnson is reasonably good, ±30 meV. There are many 

similarities between the propylene and ethylene spectra as can be seen in figure 5.2. 

The shoulder observed at 6.57 eV in the present propylene spectrum is designated to 

the N -» 2R (or TT -» 3s) transition and corresponds to the 7.12 eV transition observed 

in ethylene. The first broad feature in propylene at 7.2 eV corresponds to the N -» 

V (or x ^  TT*) system which is centred at 7.6 eV in the ethylene spectrum. The 

assignments of the propylene peaks at 7.08 eV, 7.23 eV and 7.58 eV on the high 

energy side of the N ^  V system are uncertain although the peak at 7.23 eV may be 

assigned to either the (% 3py) or ( tt -> 3p„) transition and the 7.58 eV peak may 

belong to the N 3R' system along with the 7.75 eV peak. Designations and 

assignments and energies of the other peaks are listed in table 5.10. For the 

designated propylene peaks with energies higher than 7.8 eV, the transition energies 

are about 0.6 eV lower than those for ethylene.

^  0.6  - -

O 0 . 4 -

0.2  -

0.0
7 8 1 0 1 2 136 9 1 1 1 4 15

Energy Loss (eV)

Figure 5.19 Differential oscillator strength spectra for propylene. — Present work, 

- - Samson et al. (1961),  Koizumi et al. (1985).
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In figure 5.19 the present DOS spectrum for propylene is compared with the spectra 

obtained in the optical work of Samson et al. (1961) and the synchrotron work of 

Koizumi et al. (1985). Agreement with the spectrum of Samson is extremely good in 

the energy range, 6  eV < E <  11 eV, apart from near 9.4 eV where a large peak is 

observed in Samson’s spectrum but is not seen in the present work. Above 11 eV 

Samson’s results deviate from the present data as the limit of the LiF window is 

approached. The shape of Koizumi’s spectrum is in good agreement with the present 

results apart from the energy region, 11.5 eV < E <  12.5 eV, which suffers from large 

errors of up to 40% due to second order light. Apart from this region, the DOS 

results of Koizumi are between about 15% and 20% lower than the present values. 

This may be due to a systematic error in the absolute measurements of Koizumi or 

an error in the value of Samson chosen for the normalisation of the present work.

5.11 DOS for 1-butene

>  0.8 - -

0.4 --

0.2  - -

0.0
6 3 9 1 0 1 2 13 151 1 1 4

Energy Loss (eV)

Figure 5.20 A differential oscillator strength spectrum for 1-butene obtained in the 

present electron impact work for the energy range, 6  eV < E <  15 eV.
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The DOS spectrum measured for 1-butene in the present electron impact work is 

shown in figure 5.20. Nine broad features are observed at 7.1 eV, 8.3 eV, 9.2 eV, 

9.8 eV, 10.7 eV, 11.5 eV, 12.3 eV, 13.1 eV and 14.5 eV. The energies of some of 

these broad features are compared with similar broad features observed in the spectra 

of ethylene and propylene and are presented in table 5.11. The mean energies of the 

broad features in propylene are approximately 0.5 eV lower than similar features in 

ethylene and about 0.2 eV higher than similar features in 1-butene. These values are 

similar to the differences of 0.5 eV and 0.3 eV between the ionisation potentials of 

ethylene ( — 10.4 eV), propylene ( — 9.9 eV) and 1-butene ( — 9.6 eV).

Table 5.11 The mean energy positions of similar broad features observed in the 

present spectra for ethylene, propylene and 1 -butene.

Ethylene Propylene 1 -butene Ee - Ep Ep - Eg
îrgy Ee (eV) Energy Ep (eV) Energy Ep (eV) (eV) (eV)

7.6 7.2 7.1 0.4 0 . 1

9.2 8.5 8.3 0.7 0 . 2

9.9 9.5 9.2 0.4 0.3
1 0 . 1 9.8 0.3

1 1 . 2 10.9 10.7 0.3 0 . 2

1 2 . 2 11.7 11.5 0.5 0 . 2

12.7 12.3 0.4
13.3 13.1 0 . 2

Upon comparison of the fine structure indicated by vertical lines in the 1-butene 

spectrum with the peaks observed in the ethylene and propylene spectra (figure 5.2), 

designations have been attempted and are presented in table 5.12. The difference 

between the transition energies of propylene and 1 -butene for the same transition 

varies from 0.14 eV to 0.35 eV, giving an average of —0.3 eV which is comparable 

with the difference between the ionisation potentials of propylene and 1 -butene.
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Table 5.12 The designations of similar peaks observed in the present ethylene, 

propylene and 1 -butene spectra, a, ô and e are unassigned features.

Ethylene Propylene 1 -butene

Designation Energy Energy Energy Energy dit
Ee (eV) Ep(eV) Eg (eV) Ep - Eg

N -*2R 7.12 6.57 6.40 0.17

a 7.08 6.84 0.24

7.23 7.05 0.18

Ô 7.58 7.26 0.32

N -^3R ' 8.26 7.75 7.43 0.32

N 3R" 8.58 7.97, 8.11 7.62, 7.79 0.35,

N->3R 8.93 8.31 8 . 1 0 0 . 2 1

N ^  4R" 9.09 8.50 8.30 0 . 2 0

e 9.23 8.65 8.51 0.14

N -a. 4R" 9.51 8.84 0.33

N ^ 5 R 9.95 9.36 9.10 0.26

N -> 6 R 1 0 . 1 1 9.50 9.25 0.25

Alternative designations of the fine structure in the 1-butene spectrum are also 

suggested by consideration of possible vibrational progressions observed in the DOS 

spectrum. The first possible vibrational series contains peaks at 6.40 eV, 6.62 eV, 

6.84 eV, 7.05 eV and 7.26 eV with an average spacing of 0.21 eV. This could be 

designated as a vibrational progression in the N ^  2R system, similar to that observed 

in ethylene. A vibrational progression for the N 3R' system is suggested for the 

peaks at 7.43 eV, 7.62 eV and 7.79 eV with a vibrational spacing of 0.18 eV. 

Another vibrational series is suggested for the three peaks observed on feature 2 with 

energies, 8.10 eV, 8.30 eV and 8.51 eV. This series has an average vibrational 

spacing of 0.21 eV and may be associated with the N ^  3R system. Finally a fourth 

vibrational progression is suggested for the peaks at 9.10 eV, 9.25 eV and 9.39 eV 

observed on feature 3 with an average vibrational spacing of 0.14 eV.
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Figure 5.21 Differential oscillator strength spectra for 1-butene. — Present work, 

- - Samson et al. (1961), .....  Koizumi et al. (1985).

In figure 5.21 the present DOS spectrum for 1-butene is compared with the DOS 

spectra obtained in the optical work of Samson et al. (1961) and the synchrotron work 

of Koizumi et al. (1985). Agreement with the spectrum of Samson is extremely good 

up to an energy of 11 eV, although the DOS values of Samson are a little higher than 

the present work in the energy regions, 6 .8eV <E <7.4eV  and 7 .9eV <E <8.8eV . 

Above 11 eV Samson’s DOS values become gradually smaller than the present data 

as the limit of the LiF window is approached. The shape of Koizumi’s spectrum is 

in good agreement with the present results apart from (1) the energy region, 11.5 

eV < E <  12.5 eV, which suffers from large errors of up to 40% due to second order 

light and (2) the energy region, 12.5 eV < E <  14.0 eV, in which the broad feature 

observed in Koizumi’s spectrum is not seen in the present work. In general, the DOS 

values of Koizumi are about 10% lower than the present DOS results for reasons 

similar to those suggested for propylene.
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5.12 Summary

In this chapter, DOS spectra are presented for the four smallest linear alkanes; 

methane, ethane, propane and n-butane, and the three smallest alkenes; ethylene, 

propylene and 1-butene. For each hydrocarbon there is good agreement with the 

chosen sources of DOS data obtained from previous electron impact, optical and 

synchrotron experiments. Where possible, the observed features in each spectrum 

have been assigned or designated using various sources of theoretical and 

experimental data for all of the hydrocarbons apart from 1-butene. In this work 

tentative designations of many of the features observed in the 1 -butene spectrum have 

been made by comparison with the other alkenes. These new designations are 

presented in table 5.12.

Several trends are observed in the DOS spectra for the small alkanes shown in figure 

5.1. As the size of the molecule increases, the threshold energy for electronic 

excitation decreases and the maximum DOS value observed in the energy region, 7 

eV < E < 17  eV, increases. These trends are also observed for the small alkenes 

(figure 5.2). Also the spectra become smoother and less structured as the molecular 

size increases. The shapes of the DOS spectra for propane and n-butane are very 

similar although there is less agreement with the other alkanes (methane and ethane) 

since their structure is complicated by Jahn-Teller splitting. The very close 

similarities between the spectral features in the alkene series have been essential to 

the designation of the peaks observed in the 1-butene spectrum (tables 5.11 and 5.12).
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CHAPTER 6 

Electron Spectroscopy of Ozone

6.1 Introduction

In this chapter, the results of two experimental studies involving the scattering of 

electrons from ozone (O3) are presented. In the first, the differential oscillator 

strengths (DOS) for ozone are measured using high incident energy electrons 

(T=150 eV) and detecting those electrons that have lost energy within the range, 3 

eV <E <12.5 eV, while being scattered through a mean angle of 0°. These DOS 

results and oscillator strengths (calculated by integration of the DOS over a 

selected energy range) are critically compared with other experimental results and 

theoretical studies. In the second experiment, the vibrational excitation of ozone is 

investigated by scattering low energy electrons (3 eV < T < 7  eV) from the 

molecular target. The most dominant vibrational modes excited are identified and 

their intensities are measured as a function of incident energy and scattering angle. 

The presence of a low-lying shape resonance at ~ 4  eV is indicated by these 

results and discussed.

6.2 The role of ozone in the atmosphere

Ozone is found in trace amounts throughout the Earth’s atmosphere with the 

highest concentrations in a well-defined layer (the ozone layer) at altitudes between 

about 15 km and 30 km in the stratosphere. The concentration of ozone decreases 

for altitudes greater than about 30 km due to increased photodissociation and 

decreases below about 15 km due to the lack of atomic oxygen required to form 

ozone. The concentration of ozone is also known to vary with latitude and suffers 

from both daily and seasonal variations.

Ozone absorbs virtually all of the biological harmful solar UV radiation between
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wavelengths of about 290 nm and 240 nm (4.3 eV <E <5.2  eV). This region of 

continuous photoabsorption in ozone is known as the Hartley band and prevents 

radiation that is lethal to simple unicellular organisms and the surface cells of higher 

plants and animals from reaching the Earth’s surface. The absorption by ozone of 

UV, visible and thermal IR radiation also heats the stratosphere influencing the 

meteorology of the upper atmosphere such that the temperature of the stratosphere 

increases with altitude. This energy source drives the circulation of the mesosphere 

and produces tides in the upper mesosphere and thermosphere.

Research into ozone has intensified over the last twenty years due to concern for 

possible changes in the abundance of ozone influenced by man. Until about 1964, it 

was thought that the oxygen-only reactions (known as Chapman reactions) involving 

O, O2  and O3  could explain the abundance of ozone in the stratosphere. It is now 

known that cyclic reactions involving the catalyst, X, lead to the loss of odd-oxygen 

but do not affect the abundance of X. The most significant stratospheric catalysts are 

X=H, OH, NO and Cl, although other oxides of hydrogen, nitrogen, chlorine and 

bromine (HO^, N0%, CIO  ̂ and BrO^) are also of great importance. Differential 

oscillator strengths obtained for OCIO are presented in chapter 7 and it is hoped that 

in the near future this work will be extended to study several other catalysts, 

including NO2 , NO3  and N2 O5 .

6.3 The preparation of ozone

High concentrations of ozone are prepared at the Physical Chemistry Laboratory, 

Oxford University, prior to transportation to University College London. Ozone is 

made by passing oxygen through a silent electric discharge (Argentox model GLXIO 

ozoniser). The gaseous product, —5% ozone and 95% oxygen, is passed over silica 

gel maintained at a temperature of 195 K which preferentially absorbs the ozone. The 

presence of ozone on the silica gel is signified by a bright blue/violet colour. After 

the excess oxygen has been pumped away, the temperature of the silica gel is 

increased very slowly causing the ozone to desorb. The desorbed ozone is 

subsequently transferred into a storage bulb (5 dm^), suitably protected against
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explosion, which is then connected to the glass section of the gas inlet system (see 

chapter 3, section 3.8). Typical ozone purities within the bulb are ~  80%, measured 

using an optical spectrometer. The purity in the interaction region of the electron 

spectrometer, which is maintained at a temperature of about 290 K, is typically 

— 60%. This concentration is roughly ascertained by the ratio of the Hartley band (O3  

continuum feature at 4.9 eV) and the Schumann Runge (O2  continuum feature at 8 . 6  

eV) in a DOS type spectrum (see section 6.4, figure 6.1). This difference in 

concentration is due to collisional dissociation on the surfaces of the gas inlet system 

components. The purity of ozone in the storage bulb slowly degrades at a rate of 

about 1 0 % per month due to energy transferred via collisions with the bulb.

6.4 DOS and OS for ozone

6.4.1 Data analysis

In this work, the method of electron impact spectroscopy is used to obtain energy-loss 

spectra covering the energy region, 3 eV < E <  12.5 eV, for both ozone and oxygen. 

A constant incident electron energy of 150 eV is used and only those electrons 

scattered in the forward direction (0 = 0 °) are detected such that the momentum 

transferred in the collisions is very small, 0.(X)1 a.u. <K ^<0.019 a.u., where K is 

the momentum transfer vector.

The gas beam used to obtain a spectrum for ozone consisted of a mixture of 

approximately 60% O3  and 40% O2 . To obtain an energy-loss spectrum for pure 

ozone the following procedure is adopted. Two spectra are collected, one for pure 

oxygen and the other for the ozone/oxygen mixture (figure 6.1). The O3 /O2  mix 

spectrum is observed to have a linear sloping continuum background and from the 

previous work of Celotta et al. (1974) on pure O3, it can be seen that the O3 energy- 

loss spectrum at 7.75 eV is negligible after removal of the sloping continua. Hence 

the sloping background is subtracted from the O3 /O2  spectrum and the remaining 

oxygen contribution at 7.75 eV is calculated and used to normalise the O2  spectrum. 

The normalised O2  spectrum is then subtracted from the original O3 /O 2  spectrum to
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produce a pure ozone energy-loss spectrum (see figure 6 .2 ).
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Figure 6.1 Energy-loss spectra obtained using an incident energy of 150 eV and zero 

mean scattering angle. • • •  ozone/oxygen mixture, -  pure oxygen.
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Figure 6.2 An energy-loss spectrum for pure ozone obtained using an incident 

energy of 150 eV and zero mean scattering angle.
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The energy loss scale on the ozone spectrum is calibrated to an accuracy of 20 meV 

by normalising to the longest band in oxygen at 9.97 eV before subtraction of the 

oxygen signal. The ozone spectrum is then converted to differential oscillator 

strengths by the method described in chapter 4, section 4.2. The absolute intensity of 

the ozone DOS spectrum is determined by normalisation to an absolute DOS value 

of 0.103 eV'  ̂ at an energy of 4.91 eV (X=253 nm) obtained from the optical 

absorption cross section data of Mauresberger et al. (1987) at a well-established point 

on the Hartley band. The estimated error in this value is quoted as being just 0.5%. 

Additional errors incurred in the present DOS work include a 5 % statistical error in 

the intensity of the energy-loss spectrum and a 1 0 % error due to the conversion of 

the electron scattering intensity to DOS (including an error due to the finite angular 

resolution of the analyser, 0„,= 1°=O.O2 radian). These three errors contribute 

towards a total estimated error of 15% in the measured DOS values.

6.4.2 Previous photoabsorption studies of ozone

Previous experimental measurements and theoretical calculations for the optical 

absorption of ozone have been critically reviewed by Steinfeld et al. (1987) and 

Wayne (1989) and so only those studies most relevant to the present work will be 

discussed here. There are only two other electron impact studies that can be compared 

with photoabsorption results and they are; (1) the work of Celotta et al. (1974) which 

covers the energy-loss region between 1 eV and 30 eV using an incident energy of 

300 eV and (2) the work of Johnstone et al. (1992) using the same electron 

spectrometer and techniques described in this work. Many photoabsorption studies 

have investigated the Hartley continuum centred at approximately 4.9 eV and are 

shown to be in good agreement with each other by Yoshino et al. (1988). The work 

of Molina and Molina (1986) has been chosen for comparison with the present work. 

Only two photoabsorption studies have investigated the region above 6.7 eV. Ogawa 

and Cook (1957) made absolute photoabsorption measurements at twenty-four discrete 

energies between 9.5 eV and 23.6 eV but only five of these absolute values lie within 

the energy range investigated in the present work. Tanaka et al. (1953) measured the 

photoabsorption of ozone in the energy range, 5 .6eV < E < 11 .8eV , and their cross 

sections are critically compared with the present work in section 6.4.3.
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There are many theoretical studies on the photoabsorption of ozone below 6  eV and 

although many states have been identified there still remain large uncertainties in the

energies of these excited states. These theoretical results are also summeuised by

Steinfeld et al. (1987). Only a few theoretical studies have been performed above 6.7 

eV, the most extensive work being that of Thunemann et al. (1978) which has been 

used for comparison with the present work. However, in Thunemann’s calculations 

for the excitation energies of selected states, the biradical nature of the ground state 

of ozone has not been taken into account such that significant errors are expected. 

The molecular orbital representation of the ground state involves two configurations;

[core] 5aJ Sb  ̂ 6 aJ 4b^ Vo\ la^ 2b°

[core] 5a^ Sb  ̂ 6 aJ 4b^ IbJ laj 2 b^

where the respective weights of the two configurations are 77 % and 23 % 

according to Laidig and Schaefer (1981). The first three ionisation potentials used 

in the calculation of Rydberg states are at 12.75 eV, 13.03 eV and 13.57 eV 

respectively (Barysz et al. 1992).

6.4.3 Differential oscillator strengths for ozone

The DOS spectrum obtained for ozone in the present work is shown in figure 6.3. 

Ten large broad features are indicated on the spectrum at energies 4.84 eV, 7.16 

eV, 8.7 eV, 9.22 eV, 9.39 eV, 10.15 eV, 10.54 eV, 11.03 eV, 11.40 eV and 

12.17 eV. Assignments of the first eight features are taken from the theoretical 

work of Thunemann et al. (1978) and are presented in table 6.1. Several small 

features are also observed at 7.42 eV, 7.59 eV, 7.76 eV, 7.94 eV, 8.40 eV, 8.62 

eV, 8.75 eV and 8 . 8 8  eV which may belong to the Rydberg series converging on 

the first ionisation potential at 12.8 eV. The first four and the latter three peaks 

may belong to two discrete vibronic progressions with mean vibrational spacings 

of 0.17 eV and 0.13 eV respectively. Alternatively the latter four peaks may be 

due to a small carbon monoxide contamination originating from the viton seals 

used in the gas line, since their energy positions agree well with several bands in 

the A vibronic series in CO (see chapter 4, section 4.7 and table 4.10).
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Figure 6.3 A DOS spectrum for ozone obtained in the present electron impact work.

Table 6.1 The assignments of the broad features observed in the present DOS 

spectrum for ozone.

Present work Thunemann et al. (1978)

mature Energy (eV) Energy (eV) Final state Transition

1 4.84 4.97 ‘Bj

2 7.16 7.26 ‘B, 2b^«-4b2, 1&2

3 8.7 8.44
8.45 
8 . 6 6

'A,

'A:

7a, *- 6 a, 
7a, «- 4b; 
7a, la;

4 9.22 9.21 ■B, 3s *- 4b;

5 9.39 <L38 ‘A, 3s 6 a,

6 10.15 10.05 'B : 7a, 4b;

7 10.54 10.64 ‘B, 3Px la;
8 11.03 10.87

1 1 . 0 2

‘A,
'B,

3p, -  la; 
3Px «- 4b;
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The present spectrum is compared with the optical work of Molina and Molina (1986) 

over the energy range, 3.5 eV < E < 6 .7  eV, in figure 6.4 and with the optical studies 

of Tanaka et al. (1953) over the energy range, 5.6 eV < E <  11.7 eV, in figure 6.5.
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Figure 6.4 DOS spectra for ozone in the energy region, 3.5 eV <E <7.0  eV, •••  

present work, -  Molina and Molina (1986).
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Figure 6.5 DOS spectra for ozone in the energy region, 5 eV <E <12 eV, • ••  

present work, -  Tanaka et al. (1953).
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Comparison with Molina and Molina (1986) for the Hartley band, 4 eV < E < 6  eV, 

is extremely good although the structure observed on top of this continuum feature 

in Molina’s work is not observed in the present spectrum. There is also good 

agreement in the sloping region above 6  eV although the present DOS values are a 

little higher than Molina’s above 6.3 eV.

In general, agreement between the present work and the optical results of Tanaka et 

al. (1953) is good which suggests that the technique used to subtract the oxygen 

signal away from the ozone/oxygen mixture spectrum is accurate. There is good 

agreement in the energy region, 5.6 eV <E <8.1  eV, whereas Tanaka’s results are 

slightly higher on the slope between 8.1 eV and 8 . 8  eV (feature 3). A large shoulder 

is observed in Tanaka’s work between about 8 . 8  eV and 9.0 eV which is not seen in 

the present spectrum. There is good agreement for feature 4 observed between 9.0 

eV and 9.3 eV whereas feature 5 is larger in Tanaka’s work and is only observed as 

a small shoulder in the present spectrum. There is good agreement between the 

intensities of the minimum observed at about 9.8 eV. The peak at 10.2 eV (feature 

6 ) is approximately 20% smaller in Tanaka’s work than in the present studies. Above

10.5 eV discrepancies in the energy scales become apparent with the energy positions 

of the maxima and minima observed in Tanaka’s work being up to 0.1 eV higher than 

in the present work. Agreement in the intensities of the minimum at -1 0 .7  eV and 

maximum at — 11.1 eV is good although the peak at ~ 11.4 eV (feature 9) is about 

30% smaller in the work of Tanaka than in the present results.

6.4.4 Oscillator strengths for ozone

The DOS results are integrated over selected energy ranges to obtain oscillator 

strengths (OS) for the broad features observed in figure 6.3. In table 6.2, the present 

OS values are compared with the results obtained in the similar electron impact work 

of Johnstone et al. (1992), the optical work of Tanaka et al. (1953) and the 

theoretical work of Thunemann et al. (1978). The present OS value for the Hartley 

band (feature 1, with E=4.84 eV and OS=0.0912) also compares well with the 

values obtained in the optical work of Molina and Molina (1986) and the theoretical 

work of Nordfors et al. (1991) which are 0.0908 and 0.0931 respectively.
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Table 6.2 Oscillator strengths for ozone.

Feature(s) Energy range (eV) OS OS OS OS

Present
work

Johnstone 
et al. 

(1992)

Tanaka 
et al. 

(1953)

Thunen 
et al. (:

1 3.75 ^  6.25 0.0912 0.0878 0.181

2 6.25 ^  7.50 0.0087 0.0077 0.0075 0.0016

3 7.50 8.90 0.0407 0.0459 0.0437

4 & 5 8.90 9.76 0.0859 0.0854 0.0871 0.0371

6 & 7 9.76 10.70 0.1176 0.125 0.0991 0 . 1 2 1

8 10.70^11.30 0.0613 0.0765 0.0518 0 . 0 1 0 1

9 11.30^11.70 0.0421 0.0592

In general, the OS values obtained in the present work are higher than the values of 

Johnstone et al. (1992) for low energies, E<7.5 eV, and lower than Johnstone’s OS 

values for energies greater than 7.5 eV. The discrepancies are small (<  13%) in the 

energy region up to 10.7 eV, but are large for features 9 and 10 (25% and 41% 

respectively). For feature 9 the present OS value of 0.0613 is closer to the OS value 

(0.0518) of Tanaka et at. (1953) than the value (0.0765) of Johnstone et at. (1992) 

which suggests that the OS values of Johnstone at high energies are inaccurate, 

possibly due to the presence of background scattering which gets larger with 

increasing energy. This would also explain the large discrepancy in the OS values for 

feature 1 0 .

Agreement is better than 16% between the present OS values and those obtained in 

the optical work of Tanaka et al. (1953). However Tanaka’s OS values are lower than 

the present work for energies greater than 9.76 eV which may be caused by the larger 

experimental errors incurred as the limit of the LiF window is approached. 

Agreement is very poor between the theoretical calculations of Thunemann et al. 

(1978) and the experimental OS values of Johnstone, Tanaka and the present work.
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apart from the OS value for features 6  and 7 between 9.76 eV and 10.70 eV. Here 

agreement is better than 3% between the theoretical OS value and the present 

experimental value, this may, however, be fortuitous.

6.5 The vibrational excitation of ozone by electron impact

6.5.1 Data analysis

Low energy electrons (3 eV < T < 7 eV) incident upon a molecular target are used to 

excite vibrational states in ozone. Spectra covering the energy-loss range, —0.5 

eV < E <  1.5 eV, are obtained and the effects of incident energy and scattering angle 

(40° <B< 120°) on the intensity and type of vibrational states excited in ozone are 

investigated. The energy loss scales are normalised at 0 eV (the centre of the elastic 

peak) to an accuracy of 1 0  meV.

The gas used to obtain a spectrum for ozone consists of a mixture of approximately 

40% O3  and 60% O2 . To obtain an energy-loss spectrum for pure ozone, spectra are 

collected for both the O3 /O2  mixture and for pure oxygen and the following procedure 

is adopted. The O2  spectrum is normalised such that the size of the â Ag peak (an O2  

feature at 0.97 eV energy loss) above the background signal is the same in both 

spectra. The normalised O2  spectrum is then subtracted from the O3 /O2  mixture 

spectrum in order to obtain a pure O3 vibrational spectrum. This method relies on the 

fact that any energy loss feature for O3 at 0.97 eV is insignificantly small compared 

with the â Ag O2  peak and that the vibrational properties of pure O2  and O3  are 

additive and not affected by mixing these molecules together. Figure 6 . 6  shows the 

spectra collected for pure O2  and the O3 /O2  mixture and the resultant spectrum 

calculated for pure O3, all of which are normalised to an elastic peak intensity of 

unity for easy comparison. Figure 6 . 6  indicates that the ratio of inelastic to elastic 

scattering cross sections for ozone is much larger than for oxygen.
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Figure 6 . 6  Electron energy-loss spectra showing the vibrational peaks observed for 

oxygen, the ozone/oxygen mixture and pure ozone obtained using an incident energy 

of 6  eV and a scattering angle of 100°.

In the present low electron energy work, corrections need to be made for the contact 

potential which causes the incident electrons to possess a different energy from the 

energy selected by the monochromator bias. This is due to stray electric fields close 

to the interaction region produced by the electron gun, channeltron and the voltages 

on the lens elements . The value of the contact potential, approximately 1 V±1 V, 

changes with time and is also dependent upon the sample gas. Although the contact 

potential does not affect the DOS work, adjustments have been made to all the 

incident energies used in the vibrational work such that the incident energies quoted 

in this work are 1 eV higher than the original energy selected by the final lens 

element before the interaction region (E9).

6.5.2 Previous work on the vibrational excitation of ozone

Studies of the vibrational excitation of ozone have been critically reviewed by 

Steinfeld et al. (1987). All these results have been obtained by optical methods under
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zero momentum transfer conditions. The energies and optical intensities of the low- 

lying vibrational states are summarized in table 6.3.

Table 6.3 The vibrational energies and optical intensities (at 298 K) of the low-lying 

vibrational states of ozone (Steinfeld et al. 1987).

Vibrational state Energy (meV) Integrated band intensity

2”o 3”o (10-2° cm2,cm"̂

87 71 ± 7

127 1484 ± 40

137 41 ± 4

174

A 214 6.0 ± 0.6

A 223 2.4 ± 0.2

3: 256

3; 262 130 ± 13

lo 272

2: 3J 299

2; 3: 338

2J 3J 345 2.7 ± 0.3

3: 378 12 ± 1

i; 3: 382

lo 3J 395 1.3 ± 0.1

i; n 3; 429

2; 3: 458

lo 2; 3; 477

ij 3: 499
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The only electron impact investigation of the vibrational states of ozone is provided 

by the present work (Davies et al., 1993). The electron impact results are obtained 

under large momentum transfer conditions and provide additional information on the 

vibrational excitation of ozone.

6.5.3 Vibrational excitation as a function of incident energy

Figure 6.7a shows six spectra obtained using a constant scattering angle (0=90°) and 

a range of incident energies between 3.5 eV and 7 eV for the ozone/oxygen mixture. 

In each spectrum, the elastic peak intensity is normalised to unity and the resulting 

spectra have been displaced along the intensity axis so that their spectral profiles may 

be easily compared. Although these spectra are obtained using the ozone/oxygen 

mixture rather than pure ozone, the three observed peaks at about 130 meV, 260 meV 

and 380 meV are known to be due to the vibrational excitation of ozone and not 

oxygen. This is clearly illustrated in figure 6 . 6  which compares spectra for oxygen, 

the ozone/oxygen mixture and pure ozone. Furthermore the effect of incident energy 

on the vibrational excitation of oxygen is shown in figure 6.7b so that the contribution 

of the oxygen signal in the ozone/oxygen spectra can be assessed.

In figure 6.7a, the relative intensities of the three vibrational peaks with respect to the 

elastic peak are seen to reach a maximum for an incident energy of 4 eV and the 

intensities are seen to decrease as the incident energy increases and decreases away 

from 4 eV. In contrast to this, the relative intensities of the vibrational peaks of 

oxygen are observed to increase with increasing incident energy from 3 eV to 7 eV 

as shown in figure 6.7b. The maximum relative intensity at T =4 eV for ozone is 

indicative of resonance formation and is similar to the shape resonance observed for 

oxygen at T = 8  eV which enhances the vibrational excitation cross section by an order 

of magnitude for 4 eV < T <  10 eV (Wong et al. 1974). The present results for ozone 

suggest that a shape resonance centred at 4 eV may occur for e + O3  scattering. This 

may be compared with the theoretical calculations of Sarpal et al. (1994) which 

predicts resonances at 8.2 eV, 11.1 eV, 18.0 eV and 18.1 eV, but these resonance 

energies are expected to be lower by up to 3 eV when correlation effects are taken 

into account.
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Figure 6.7 Electron energy-loss spectra showing the intensities of the vibrational 

peaks relative to the elastic peak as a function of incident energy, T, with a constant 

scattering angle, 6=90°, for (a) the ozone/oxygen mixture and (b) pure oxygen.
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Figure 6 . 8  Electron energy-loss spectra showing the intensities of the vibrational 

peaks relative to the elastic peak as a function of scattering angle, 6, with a constant 

incident energy of 6  eV, for (a) the ozone/oxygen mixture and (b) pure oxygen.
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6.5.4 Vibrational excitation as a function of scattering angle

Figure 6 .8 a shows five spectra obtained using a constant incident energy (T = 6  eV) 

and a range of scattering angles from 40° to 120° for the ozone/oxygen mixture. In 

each spectrum, the elastic peak intensity is normalised to unity and the resulting 

spectra have been displaced along the intensity axis so that their spectral profiles may 

be easily compared. As explained in section 6.5.3, the three observed peaks at about 

130 meV, 260 meV and 380 meV are known to be due to the vibrational excitation 

of ozone and not oxygen as is clearly illustrated in figure 6 .6 . Furthermore the effect 

of scattering angle on the vibrational excitation of oxygen is shown in figure 6 .8 b so 

that the contribution of the oxygen signal in the ozone/oxygen spectra can be 

assessed.

In figure 6 .8 a, the relative intensities of the three vibrational peaks with respect to the 

elastic peak are seen to increase with increasing scattering angle from 40° to 120°. 

Similarly the relative intensities of the vibrational peaks of oxygen are observed to 

increase with increasing scattering angle as shown in figure 6 .8 b.

6.5.5 The dominant modes of vibrational excitation and differential cross section 

measurements

The three vibrational spectra for pure ozone presented in figure 6.9 have been 

obtained at three scattering angles, 0=60°, 80° and 1 0 0 °, using a constant incident 

energy, T = 6  eV. The contribution of the possible vibrational modes (table 6.3) to 

each of the three vibrational peaks observed for ozone may be ascertained by adopting 

the computational deconvolution method of Register et al. (1980). This method fits 

a Gaussian profiles to each of the vibrational modes with the FWHM of each 

Gaussian peak equal to the apparatus resolution and with the Gaussian profile centred 

on the energy of the vibrational mode given in table 6.3. The intensity of every 

profile is adjusted to get the best agreement with the vibrational spectrum. In this 

way, the intensity of each vibrational mode relative to the elastic peak may be 

calculated and the percentage contribution of each vibrational mode to the vibrational 

peaks have been ascertained.
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Figure 6.9 Vibrational spectra for ozone obtained using a constant incident energy 

of 6  eV and at scattering angles of 60°, 80° and 100°.

Table 6.4 lists the contributions of the lowest lying vibrational modes of O3  to the 

three energy-loss features as a percentage of the elastic peak intensity for the 

vibrational spectra obtained using an incident energy of 6 eV and scattering angles of 

60°, 80° and 100°. It is found that, to a good approximation, the three energy-loss 

features are dominated by the vibrational modes i j ,  and 3^. Hence the symmetric 

stretch, 1 ”, and the asymmetric stretch, 3” , modes appear to be dominant in the 

electron-impact excitation of ozone. The fundamental modes of vibration for ozone;

(lo)' 2̂ (^0 ) ^ 3  (^0 )’ discussed in chapter 1, section 1.2.4 and illustrated

in figure 1.3.

Recent measurements of the elastic differential cross sections for electron scattering 

from ozone (Shyn and Sweeney, 1993) allow the absolute vibrational cross sections 

for seventeen low-lying modes to be derived from the relative intensities shown in 

table 6.4, These values should only be considered as approximate with an estimated 

error of 40% of which 15% is attributed to the uncertainty in Shyn and Sweeney’s 

work. Refined measurements are planned for the future (see chapter 7, section 7.9.4).
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Table 6.4 The contributions of the strongest modes of vibration to the vibrational 

spectra observed by electron impact spectroscopy in ozone at a fixed incident energy 

of 6 eV and for scattering angles of 60°, 80° and 100°. (* elastic DCS values 

interpolated from Shyn and Sweeney, 1993).

Mode of Size as % of elastic peak Differential cross section

vibration ( 1 0  ** cm^/sr)

Peak 1

3J

IJ

Peak 2 

%

3:

n  3j

lo
2 : 3j

Peak 3

2 j 3:

IJ 2 ; 3 ' 

3:

i j  3:

lo 3J 

1:
K  2 : 3J

Elastic peak

4=60° 4=80° 4=100° 4=60° 4=80° 4=100°

1.09 1.56 2.64 1 . 6 8 1.51 1.74

1.29 2.18 3.29 1.99 2 . 1 1 2.17

3.43 4.96 1 1 . 8 5.28 4.81 7.79

0.18 0.50 0.44 0.28 0.48 0.29

0.55 0.18 0 . 0 0 0.85 0.17 0 . 0 0

0.09 0.52 1.32 0.14 0.50 0.87

0.54 1.28 2.61 0.83 1.24 1.72

0.49 0.67 1.83 0.75 0.65 1 . 2 1

0.69 0.93 1 . 0 0 1.06 0.90 0 . 6 6

0.14 0.23 0.90 0 . 2 2 0 . 2 2 0.59

0.13 0 . 0 1 0.14 0 . 2 0 0 . 0 1 0.09

0.08 0.38 0.82 0 . 1 2 0.37 0.54

0.37 0.64 1.44 0.57 0.62 0.95

0.29 0.27 0.63 0.45 0.26 0.42

0.07 0.24 0.13 0 . 1 1 0.23 0.09

0.06 0.36 0.14 0.09 0.35 0.09

0.32 0.05 0.71 0.49 0.05 0.47

1 0 0 1 0 0 1 0 0 154* 97* 6 6 *
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Table 6.5 summarises the properties of the three vibrational features observed in the 

ozone energy-loss spectra including the energy positions of the features to an accuracy 

of 10 meV. Mean values for the percentage contributions of the dominant vibrational 

modes (that constitute the features) have been calculated for the spectra obtained using 

a constant incident energy, T=6 eV, and scattering angles, 0=60°, 80° and 100°. 

The ratios of the vibrational intensities to the elastic peak size and the differential 

cross sections (DCS) at the maxima of the features are also given in table 6.5. The 

estimated errors for the ratios and DCS values are 10% and 25% respectively.

Table 6.5 A summary of the properties of the first three vibrational features of 

ozone observed by electron impact.

Vibrational Features in Ozone 

1st 2nd 3rd

Energy loss (meV) 130 260 380

Major contributions of the 

vibrational modes to the 

observed vibrational peaks

60% i;

20% 3;

15% 2]

30% 3 2  

25%

20% IJ 3J

35% 3 )

20% IJ 3 : 

20% 1 ; 2 ; 3J

T = 6eV, 0 = 60° 

Ratio to elastic peak 

DCS (10 '« cmVsr)

4.6%

7.1

1 .6 %

2.5

0 .6 %

0.9

T = 6eV, e = 80° 

Ratio to elastic peak 

DCS (10*̂ * cmVsr)

7.1%

6.9

2 . 8 %

2.7

1.2 %

1.2

T = 6eV, e = 100° 

Ratio to elastic peak 

DCS (10-̂ * cm^/sr)

15.1%

10.0

5.8%

3.8

2.5%

1.6
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On comparison of the present electron impact work with the optical results 

summarised in table 6.3, it can be seen that different vibrational modes are excited 

by these methods. Large momentum transfer conditions exist for the electron impact 

work resulting in large cross sections for the i j ,  3j, 2j, 3  ̂ and l j3j  vibrational 

modes (listed in order of decreasing intensity) whereas the zero momentum transfer 

conditions of the optical work preferentially excite the 3j, l j3 j ,  2j and Ij vibrational 

modes.

6.6 Summary

In this chapter, differential oscillator strengths for ozone in the energy region, 3 

eV < E <  12.5 eV, measured using electron impact spectroscopy are presented. These 

results are critically compared with previous optical results and are shown to be in 

good agreement. Eight of the ten broad features observed in the DOS spectrum have 

been tentatively assigned. Oscillator strengths of ozone for selected energy ranges are 

also presented and compared with other available sources of electron impact, optical 

and theoretical data.

In the second half of this chapter, the first results on electron impact excitation of the 

vibrational modes of ozone in the ground state are presented. Three distinct peaks are 

observed centred at energies of 130 meV, 260 meV and 380 meV. The effect of 

incident energy, 3 eV < T < 7  eV, and scattering angle, 4O°<0<12O°, on the 

intensity of each vibrational peak relative to the elastic peak is discussed. Evidence 

for a shape resonance at 4 eV is also presented. Each vibrational feature is composed 

of several vibrational modes as shown in table 6.4. The intensities of the individual 

vibrational modes and the three observed peaks are summarised in tables 6.4 and 6.5, 

presented as percentages of the elastic peak height and as differential cross sections. 

By comparison of the present electron impact work with the previous optical work on 

the vibrational excitation of ozone (summarised in table 6.3) it can be seen that 

different modes of vibrational excitation are excited under the different experimental 

(momentum transfer) conditions. Suggestions for future work are discussed in chapter 

7, section 7.9.4.
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CHAPTER 7 

Differential Oscillator Strengths For Chlorine 

Dioxide (OCIO) and Future Work

7.1 Introduction

In this chapter, the first measurements of the differential oscillator strengths (DOS) 

for chlorine dioxide, OCIO, using electron impact spectroscopy are presented. The 

DOS spectrum is displayed and the energies and assignments of the peaks 

observed in the DOS spectrum are summarized. Oscillator strengths (OS) are also 

calculated by integration of the DOS over chosen energy ranges. These 

measurements are critically compared with the optical work of Hubinger and Nee 

(1994) and Flesch et al. (1993).

7.2 The role of OCIO in the atmosphere

In recent years there has been increased interest in the chemistry of chlorine 

oxides due to their suspected role in the depletion of ozone in the Antarctic 

stratosphere. Chlorine atoms, formed by the photodissociation of man-made 

chlorofluoromethanes (CFCs) released into the atmosphere, readily react with 

ozone to form chlorine monoxide.

Cl + O3  -> CIO + O2  (7.1)

Chlorine monoxide may subsequently react with atomic oxygen removing more 

odd oxygen from the stratosphere and forming atomic chlorine. The atomic 

chlorine may subsequently destroy more ozone in accordance with equation 7.1 

and repeat the ozone depletion cycle. However there remains some dispute as to 

whether the currently proposed ozone destruction mechanisms can account for the
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observed rate of ozone depletion in the polar regions.

Recently the role of the CIO2  radical has been studied as a possible additional 

pathway for ozone depletion (Vaida et al. 1989, Peterson and Werner, 1992). Two 

different isomers exist for the CIO2  species; symmetric chlorine dioxide, OCIO, and 

asymmetric chlorine superoxide, CIOO. At room temperature and in the absence of 

light, OCIO is stable whereas CIOO rapidly decomposes to Cl and O2  with the 

assistance of a molecular catalyst M,

CIOO + M ^  Cl + O2  + M (7.2)

Chlorine dioxide, OCIO, is easily identified in the atmosphere due to its 

characteristic absorption in the near UV. The only currently known source of 

OCIO in the stratosphere is from the reaction between BrO and CIO,

BrO + CIO Br + OCIO (7.3)

such that observations of OCIO provide useful diagnostic information about 

stratospheric bromine chemistry. The production mechanism for BrO is similar to 

that for CIO (equation 7.1) being produced by the destruction of ozone by 

bromine.

Br + O3  BrO + O2  (7.4)

However the photolysis of OCIO regenerates O,

OCIO + hy ^  CIO + O (7.5)

so that the net reaction of 7.3, 7.4 and 7.5 does not lead to a loss in odd oxygen,

O3  4- hy O2  +  O (7.6)

Hence the chemistry of OCIO would seem to have no net effect on the
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concentration of ozone in the stratosphere.

However it has recently been proposed (Vaida et al. 1989) that OCIO may undergo 

photoisomerization to CIOO which rapidly dissociates to atomic chlorine and diatomic 

oxygen.

OCIO hp CIOO (7.7a)

CIOO + M Cl + O2  +  M (7.7b)

where M is a molecular catalyst. Bishenden and Donaldson (1993) have reported

that for the excitation of OCIO near to 360 nm at room temperature, 15% of the

excited OCIO dissociates via the Cl + O2  channel. Although CIOO has not been 

directly observed in the stratosphere, its presence would lead to the destruction of 

ozone. The net reaction for the production and dissociation of CIOO is;

2 O3  ■¥ hp 3 O2  (7.8)

This net reaction results from the destruction of ozone when CIOO is created 

(equations 7.9, 7.10 and 7.11) whereas molecular oxygen is produced when CIOO 

dissociates (equation 7.7b).

Br + O3  ^  BrO + O2  (7.9a)

Cl + O3  ^  CIO + O2  (7.9b)

BrO + CIO ^  Br + OCIO (7.9c)

OCIO + hv ^  CIOO (7.9d)

Cl + O3  ^  CIO + O2  (7.10a)

CIO + CIO + M (C10)2 + M (7.10b)

(C1 0 ) 2  4- hi/ CIOO + Cl (7.10c)

Cl + O3  CIO + O2  (7.11a)

Br + O3  ^  BrO + O2  (7.11b)

BrO +  CIO +  hi/ ^  Br + CIOO (7.11c)
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7.3 The preparation of OCIO

Chlorine dioxide, OCIO, is explosive so it must be prepared in situe with the gas inlet 

system. A schematic diagram of the apparatus used to synthesize the OCIO is shown 

in figure 7.1. OCIO is prepared by passing chlorine, CI2 , through a mixture of 

sodium chlorite, NaC1 0 2 , and small glass beads which provide a large surface area 

on which reactions can take place. The reaction proceeds according to the equation;

CI2  + NaC1 0 2  20C10 + NaCl (7.12)

High concentrations of OCIO (>90%) are obtained by this method. Further 

purification is not required since there is no signal due to residual chlorine 

observed in the resultant energy-loss spectra. This is determined by comparison of 

the present OCIO spectrum with other OCIO absorption spectra (Hubinger and 

Nee, 1994, and Flesch et al. 1993) and with the chlorine spectrum of Lee et al.

(1986).

7.4 A review of previous experimental and theoretical work on OCIO

The ground state of OCIO is X which possesses a Cl-0 bond radius of 1.471 

Â and a O-Cl-0 bond angle of 117.39° (Hellwege and Hellwege, 1987). The X 

ground state has the Hartree-Fock configuration;

(core) (5ai)^ (3 b2 )̂  (ôa^^ (7aJ^ (4 b2 )̂  (2 bi)  ̂ (5 b2 )̂  (8 aJ^ (la 2 )̂  (3bJ^

The first three excited electronic states involve single excitation from the 5 b2 , 8 a% 

and la 2  orbitals into the half-filled 3bi orbital (Hubinger and Nee, 1994; Peterson 

and Werner, 1992). These transitions lead to the excited states, ^B2 , ^A2  and ^A2  

respectively. According to ab-initio calculations, the OCIO molecular orbitals 5 b2 , 

8 â  and la 2  are nearly degenerate. However only the (X^Bj -> ^A2 ) transition has 

been observed experimentally, since the (X^Bj -> ^B2 ) transition is not dipole 

allowed and the (X̂ B̂  -* ^A2 ) transition is predicted to be much weaker and
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overlapping with the (X^Bj transition (Hubinger and Nee, 1994).

The two most comprehensive studies of the (X^Bj -> transition using near-UV 

spectroscopic techniques are (1) the analysis of the vibrational structure by Richard 

and Vaida (1991) and (2) the absorption cross section measurements of Wahner et al. 

(1987). A long progression in the symmetric stretch (1”) dominates the vibrational 

structure of the ^Aj band. Three shorter progressions have also been observed 

(Richard and Vaida, 1991, Hubinger and Nee, 1994); (1) a progression in symmetric 

stretch with one quantum of bending vibration (IJ 2 j), (2 ) a progression in symmetric 

stretch with two quanta of asymmetric stretch (Ig 3^) and (3) a progression in 

symmetric stretch with one quantum of bending vibration and two quanta of 

asymmetric stretch (1” 2j 3^). Wahner et al. (1987) observed that the vibrational 

bands became sharper and the underlying continuum became weaker as the 

temperature was lowered from 378 K to 204 K.

Only a few studies of the absorption cross sections of OCIO in the vacuum-UV have 

been performed, most notably the recent work of Hubinger and Nee (1994) up to an 

energy of 9.87 eV and the work of Flesch et al. (1993) between 6  eV and 25 eV. 

Hubinger and Nee (1994) accurately measured the absorption cross sections using a 

deuterium lamp or krypton microwave discharge continuum as a light source, a Pyrex 

gas cell, a 0.5 m vacuum monochromator and a photomultiplier. Flesch used 

synchrotron radiation from the electron storage ring BESSY and a i m  normal 

incidence monochromator equipped with a holographically ruled platinum grating. 

Flesch provides the most extensive assignment of the Rydberg bands in the energy 

region, 6 .7eV <E <12.5eV . The observed Rydberg series converge on the first four 

ionisation potentials at 10.35 eV, 12.400 eV, 12.445 eV and 12.87 eV, measured 

using a tandem photoelectron spectrometer.

7.5 Differential oscillator strengths for OCIO

An electron impact energy loss spectrum is obtained using an incident electron beam 

energy of 150 eV and detecting only those electrons scattered in the forward direction
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(6~0°)  over the energy loss region between 2 eV and 12 eV (figure 7.2). Under 

these conditions, the momentum transfer vector, K, is so small (0.0005

a.u. <K^<0.018 a.u.) that it is assumed to be negligible such that comparison can 

be made with photoabsorption studies. A background spectrum is also collected and 

subtracted from the OCIO spectrum. The energy loss scale is normalised at the 3.523 

eV peak, the highest peak in the (X^Bj vibronic series.

1E4

9Û0U --

B O Ü U  --

7000 4

> .  6000  -

5000  --

4000 --

3000  --

2000  - -

1 000  - -

Vi

!wv. V

10 11 1 2

Energy Loss (eV)

Figure 7.2 An energy-loss spectrum for OCIO obtained in the present electron 

impact work, using an incident energy of 150 eV and zero mean scattering angle.

The intensity of the energy loss spectrum is converted to the differential oscillator 

strength (DOS) (see chapter 4, section 4.2) and normalised at a point selected from 

the data of Hubinger and Nee (1994) with energy loss, E=8.53 eV, and DOS =0.088 

eV'f The resulting DOS spectrum is shown in figure 7.3.

The error in the calculation of the DOS has three contributions. The first comes from 

the error in the DOS normalisation value obtained from Hubinger and Nee (1994). 

The second is the statistical error in the intensity of the energy-loss spectrum (figure 

7.2), while the final error comes from the conversion of the electron scattering 

intensity to DOS and is inclusive of an error introduced by the finite angular
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resolution of the spectrometer, 0^=1° =0.02 radian. These errors are 10%, 5% and 

10% respectively giving a maximum error of 25% in the DOS and OS values for 

OCIO presented in this work.
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Figure 7.3 A differential oscillator strength spectrum for OCIO obtained in the 

present electron impact work.
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Figure 7.4 Differential oscillator strength spectra for the ^A2  vibronic series in 

OCIO. • • •  Present work, — Hubinger and Nee (1994).
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The vibronic peaks observed in the (X^Bj region of the spectrum in the energy

range, 2.6 eV < E < 4.8  eV, are shown in figure 7.4 together with the optical results 

of Hubinger and Nee (1994). The energy positions of the observed features are given 

in table 7.1 and have been assigned using the work of Hubinger and Nee (1994). 

From figure 7.4 and table 7.1 it can be seen that many of the features resolved in the 

present work are composed of several vibronic states although the 1  ̂ vibration is 

always the most dominant. The other contributions are from the IgS^ and possibly 

the 1 q 2 j vibronic progressions.

Table 7.1 The energy positions and assignments of the '^kj vibronic series observed 

in the present DOS spectrum for OCIO.

Energy (eV) Energy (eV) Assignment of vibrational mode

Present data Hubinger & Nee (1994) Hubinger & Nee (1994)

2.79 2.779

2 . 8 8 2.865
2.900

lo
lo 2 J

2.96 2.950
2.969
2.983

lo 3:
lo 2 J

3.04 3.033
3.053
3.067

lo
lo 3: 
1 : 2 j

3.12 3.118
3.135
3.151

lo
lo 3: 
lo 2 J

3.21 3.201
3.218
3.234

1 2

Ig 32 
1 2  2 1
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Table 7.1 (continued).

Mean energy of peak (eV) Assignment of vibrational mode

Present data Hubinger & Nee (1994) Hubinger & Nee (1994)

3.29 3.283 lo
3.299 12

3.37 3.366 12
3.380 12

3.45 3.446 1 0̂°
3.461 12

3.53 3.526 lo
3.541 1 0̂̂

3.60 3.607 I'o'

3.68 3.683 I'o'

3.75 3.761 lo

3.84 3.838 1:

3.91 3.913 lo

3.98 3.982 I'J

4.05 4.053 lo

4.12 4.121

2

The positions of the most prominent features observed between 6.78 eV and 10.00 

eV have been compared with the results of Flesch et al. (1993) and assignments made 

(see table 7.2). All assigned peaks, apart from those at 9.30 eV and 9.99 eV, belong 

to the Rydberg series which converges on the first ionisation potential at 10.35 eV. 

The 4s <- 8 ai ( ij)  peak at 9.30 eV and the 4p 8 ai ( ij)  peak at 9.99 eV belong to 

the Rydberg series which converge on the second and third ionisation potentials at 

12.400 eV and 12.445 eV respectively.
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Table 7.2 The energies and assignments of the peaks observed in the present DOS 

spectrum for OCIO.

Mean energy of peak (eV)

Present data Flesch et al. (1993)

Assignment of transition 

Electronic Vibrational

6.78 6.78 4s 3b,

6.91 6.91 4s 3b,

7.62 7.62 4Pz" 3b,

7.74 7.75 4Pz* 3b, IJ
7.89 7.91 4p / 3b,

8.03 8.03 4p / 3b, IJ
8.14 8.15 4p / 3b, lo
8.91 8.92 5Pz" 3b,

9.04 9.03 5Pz" 3b, l i
9.16 9.16 5Pz" 3b, lo
9.30 9.31 4s 8 a,

1 :
9.50 9.49 6 s < — 3b,

9.75 9.74 6 Px” < — 3b, K
9.99 1 0 . 0 0 4p 8 a, IJ

Between 4.8 eV and 6.0 eV, a region of very low absorption, DOS <0.001 eV '\ has 

been observed in the present work and the results of Hubinger and Nee (1994). In 

figure 7.5, the present results are compared with the optical absorption data of 

Hubinger and Nee over the energy loss region, 6.5 eV < B < 10.0 eV. Agreement with 

the energy positions of the resolved features is very good although the superior 

resolution of Hubinger and Nee means that more peaks are observed in the optical 

spectrum and the peaks are taller. Below —9.2 eV, there is good agreement in the 

size of the underlying continuum and the relative heights of the features, however 

above — 9.2 eV the present results are considerably lower than those of Hubinger and 

Nee (1994).
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Figure 7.5 Differential oscillator strength spectra for OCIO in the energy range, 6.5 

eV <E <10eV . •••  Present work, — Hubinger and Nee (1994).
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Figure 7.6 Differential oscillator strength spectra for OCIO. • ••  Present work, 

Flesch et al. (1993).
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The photoabsorption data of Flesch et al. (1993) are also compared with the present 

work over the energy range, 6 .0eV <E <12.5  eV. However in the low absorption 

region, Flesch observed a large signal at E=6.50 eV, DOS =0.0255 eV '\ compared 

with DOS values of 0.002 eV'  ̂ and 0.001 eV'  ̂observed in the present results and by 

Hubinger and Nee (1994). The difference in DOS values is probably due to 

background signal in the data of Flesch et al. (1993) and has been subtracted from 

the spectrum over the whole energy loss range. The corrected spectrum is compared 

with the present spectrum in figure 7.6. Comparison between the energy positions of 

the peaks is excellent but comparison between the DOS values is not as good as the 

agreement with Hubinger's spectrum (figure 7.5).

7.6 Oscillator strengths for OCIO

Oscillator strengths (OS) have been calculated by integrating the DOS over selected 

energy ranges and are compared with the results of Hubinger and Nee (1994) and 

Flesch et al. (1993) in table 7.3. In the energy loss range, 2.6 eV <E <4.4  eV, 

covering the ^A2  vibronic series, the OS value obtained from the present data is 

higher than that obtained from Hubinger and Nee. This could be due to (1) line 

saturation effects due to the Beer-Lambert law method, (2) pressure effects and/or (3) 

temperature effects since the experiments of Hubinger and Nee are performed at 298 

K whereas the present experiments are performed at approximately 350 K and may 

therefore excite extra hot bands (see section 7.9.1). However, Wahner et al. (1987) 

report that the integrated cross section for the vibronic series is the same at 

temperatures of 204 K, 296 K and 378 K (see section 7.7).

In the energy ranges, 4.40 eV <E <7.57 eV and 8.34 eV <E <9.22 eV, agreement 

is good between the present OS results and those of Hubinger and Nee (1994) while 

in the energy ranges, 7.57 eV <E <8.34 eV and 9.22 eV <E <9.45 eV, the OS 

values of the present data lies between the values of Hubinger & Nee (1994) and 

Flesch et al. (1993). Agreement is good with the OS data of Flesch in the region, 

9.45 eV <E <9.89  eV, but at energies greater than 9.89 eV the present data is 

consistently lower than the data of Flesch et al. (1993) until 11.91 eV after which the
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present data is higher again.

Table 7.3 Oscillator strengths for OCIO calculated by integration of the differential 

oscillator strengths over selected energy ranges.

Energy range (eV) O s c i l l a t o r  s t r e n g t h s  ( e V '̂  )

Present work Hubinger & Nee Flesch et al.
(1994) (1993)

2.60 4.40 0.054 0.044

4.40 ^  6.73 0.003 0.003

6.73 7.08 0.005 0.003 0.003

7.08 ^  7.55 0.015 0.016 0.019

7.55 -> 8.32 0.071 0.061 0.080

8.32 8 . 8 6 0.061 0.059 0.068

8 .8 6 ^ 9 .2 0 0.076 0.076 0.093

9.20 ^  9.43 0.066 0.076 0.055

9.43 -> 9.61 0.044 0.052 0.044

9.61 ^  9.87 0.058 0.067 0.058

9.87-» 10.14 0.038 0.053

10 .14^ 10.80 0.105 0.133

10.80 ^  11.15 0.054 0.060

11.15 ^  11.89 0.146 0.160

11 .89^  12.28 0.086 0.079

7.7 The temperature dependence of the DOS spectra for OCIO

Wahner et al. (1987) investigated the effect of temperature on the intensities and 

shape of the ^A2  vibronic series in OCIO and recorded the absorption cross sections 

at temperatures of 204 K, 296 K and 378 K. The results show that the integrated 

cross sections (OS) do not change much with temperature since the high temperature
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spectrum does not seem to contain many bands originating from excited vibrational 

levels of the ground state. However the vibronic bands become significantly 

sharper (narrower) at lower temperatures such that the maximum absorption (or DOS) 

of each band increases accordingly as the temperature decreases. If the higher excited 

levels in the energy range, 6  eV <E <12 eV, behave in a similar way to the ^A2  

system then the OS values presented in this thesis will also be valid at stratospheric 

temperatures ( — 200 K). Also, since the resolution of this work is about 50 meV, 

changes in the intensity and width of the features may not be noticed as the 

temperature is lowered, so a DOS spectrum at 220 K may also be identical to the 

present one. The effect of temperature on excitation cross sections is discussed in 

more detail in section 7.9.1.

7.8 Summary for OCIO

In this chapter, the first ever DOS and OS results for chlorine dioxide obtained by 

electron impact spectroscopy are presented. These results compare well with various 

sources of optical data for the ^A2  vibronic band series in the energy range, 2  

eV < E < 5  eV. Comparison is also good with the optical work of Hubinger and Nee

(1994) at higher energies up to 10 eV and is reasonable with the work of Flesch et 

al. (1993) up to 12.5 eV. The present electron impact results, being the first of their 

kind for OCIO, provide a good test for "line saturation" effects in the optical work.

7.9 Future work

7.9.1 The effect of temperature on the DOS and vibrational spectra for OCIO 

and ozone

Excitation cross sections are dependent upon the temperature of the molecular target 

since this determines the initial population of the rotational, vibrational and electronic 

states of the molecule. The initial population of states may be calculated using the 

following equation which represents the Boltzmann distribution;
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Nupper/Niô „ = exp (-E/kT) (7.13)

where N̂ pp̂  is the population of the upper (or excited) state, Njô er is the population 

of the lower (or initial) state, E is the energy of the excited state and k is Boltzmann’s 

constant ( = 1.38x10^^ JK^ or 8.62x10  ̂ eVK'').

Excited rotational states are always heavily populated in effusive gaseous molecular 

beams, for example, rotational states with a typical energy of 1 meV, are significantly 

populated (>  10%) at temperatures as low as 5 K. In general, most experiments are 

performed at room temperature ( — 290 K) for which all purely rotational states 

(assuming they have energies less than 10 meV) have a population of over 60% of 

the ground state population. Therefore, many highly populated rotational states are 

usually present in the initial state of the molecule. In general, in electron impact 

experiments the apparatus resolution (%10 meV) is insufficient to resolve the rotational 

structure of the initial or excited state of the molecular target, except for the case of 

small molecules (e.g. hydrogen). Therefore, all cross sections for excited vibrational 

or electronic states are inclusive of rotational motion such that the initial population 

of rotational states need not be considered.

The cross sections measured for excited electronic and vibrational states may be 

significantly dependent upon the initial population of the vibrational states which in 

turn are dependent upon the temperature of the gaseous target. For example, at room 

temperature (290 K) a vibrational state with a typical energy of 100 meV has a 

population of about 2 % of the vibrational ground state population, whereas at a 

temperature of 100 K it has a population of only 0.001 % of the ground state. Peaks 

in a spectrum which originate from vibrationally excited initial states are known as 

"hot bands" due to their dependence upon temperature.

Since ozone and OCIO are present in the stratosphere at a temperature of about 200 

K, absorption measurements made in the laboratory should be obtained at this 

temperature so that the initial population of states for the test gas and the molecules 

in the atmosphere are the same. Hence the resulting data may then be used directly 

in models of the atmosphere. It is proposed that the present DOS experiments will be
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repeated at such a temperature or over a range of temperatures in the near future.

Experiments on the vibrational excitation of ozone by electron impact described in 

chapter 6.5 were performed at room temperature ( — 290 K). At this temperature, the 

population of the four lowest-lying vibrational states, 2j, 3j, i j  and 2  ̂ (with energies 

87 meV, 127 meV, 137 meV and 174 meV respectively) are 3.3%, 0.7%, 0.5% and 

0.1 % respectively. The population of all other vibrational states is less than 0.1%. 

Hence the excitation cross sections measured in this work include transitions from 

excited vibrational states as well as from the ground vibrational state. A suggestion 

for future work is to obtain excitation cross sections for a range of temperatures and 

hence, for a range of configurations of the initial population of vibrational states. For 

example, at 145 K the initial population of all excited vibrational states is less than 

0 . 1 % (approximately negligible) such that all transitions may be considered to be 

excited from the ground vibrational state. From these measurements at different 

temperatures, the cross sections for transitions from a single initial state, e.g. from 

2 j, may be calculated. Such measurements have been previously performed by 

Johnstone et aL (1993).

7.9.2 The effect of incident energy and scattering angle on the high energy 

electron impact spectra

One advantage of using electron impact techniques to measure absorption cross 

sections is that the incident energy, T, and scattering angle, B, may be varied to 

obtain non-optical results, i.e. transitions may be excited which do not abide by the 

selection rules presented in chapter 1, section 1.2.2. The effect of T and 6 on the 

intensity of a feature indicates whether the transition is allowed, forbidden, singlet or 

triplet, etc. Such information assists in the assignment of the feature. The present 

work will be extended to perform such experiments in the hope of obtaining a better 

understanding of the DOS spectra presented in this thesis, particularly for OCIO for 

which there is a distinct lack of electron impact data.



218

7.9.3 Other atmospheric molecules of Interest

The present high energy electron impact work may be extended to measure DOS and 

OS values for other atmospheric molecules, particularly those involved in ozone 

chemistry in the stratosphere. Molecules of interest include several nitrogen oxides; 

NO2 , NO3  and N2 O5 , chlorine, CI2 , an oxide of chlorine, CI2 O6 , and hydrogen 

peroxide, H2 O2 . Although optical absorption data exists for all these molecules, there 

is a distinct lack of electron impact data. This is partly due to difficulties in the 

preparation of these targets which require techniques that are usually only familiar to 

chemists and not physicists. Apparatus suitable for the preparation of N2 O5  is 

currently under construction.

7.9.4 Further work on the vibrational excitation of ozone and resonances

The work on the vibrational excitation of ozone presented in chapter 6.5 will be 

repeated and extended upon, using longer data collection times to improve the quality 

of the measurements. Vibrational spectra will be obtained for a larger range of 

incident energies from 2 eV to 10 eV, in steps of 0.5 eV, and for scattering angles 

from 10° to 120°, in steps of 10°. Attempts will be made to improve the apparatus 

resolution from about 50 meV to 40 meV so that more detail may be resolved in the 

vibrational spectra. The improved resolution will enable the spectra to be 

deconvoluted more accurately in order to obtain more reliable values for the 

intensities of the individual vibrational modes.

Vibrational DCS values may be obtained using the elastic DCS values for ozone 

measured by Shyn and Sweeney (1993) (see chapter 6 , section 6.5.5) however the 

uncertainty assigned to these DCS values is 15% and there is no other source of 

experimental data with which to check the reliability of these results. Alternatively, 

elastic and vibrational DCS values may be calculated using the better documented 

elastic DCS values for oxygen (DCSo2 ,d) providing that one can measure; (1) the 

relative intensities of the elastic peaks for ozone and oxygen in the ozone/oxygen 

spectra and (2) the concentration of ozone in the ozone/oxygen test gas. In a pure 

oxygen spectrum, the relative intensity of the elastic peak to the â Ag peak may be
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measured. This information may be used to calculate the intensity of the oxygen 

signal (I0 2 ) in the ozone/oxygen elastic peak in the ozone/oxygen spectrum. The 

remaining signal in the elastic peak is due to ozone (I0 3 ). The concentration of ozone 

in the ozone/oxygen mixture (C0 3 ) is easily calculated from the relative heights of the 

Hartley band in ozone and the Schumann Runge in oxygen observed in an energy-loss 

spectrum over the range, 3 eV < E < 10  eV, obtained using high incident energy 

electrons (150 eV) and zero mean scattering angle. Hence the ozone elastic DCS 

values (DCSo3 ,ei) may be calculated using;

D C S 0 3  cl =  DCSo2 ,c1 0̂3 (loB.cl /  Io2,el) (7-14)

and the ozone vibrational DCS values (DCSo3 ,vib) may be calculated from;

DCS0 3  yib = DCSo3,c1 (loB.vib / ÔB.cl) (7-15)

where los.vib is the intensity of the chosen vibrational peak in the ozone spectrum.

The possibility of a resonance at about 4 eV was suggested in chapter 6 , section

6.5.3. This and other possible resonances in ozone will be investigated more 

thoroughly using the impact energy mode of operation of the spectrometer in 

which the energy loss is kept constant while the incident and residual energies are 

varied simultaneously. This technique will be performed using energy loss values 

of 0 eV, 130 meV (1st vibrational feature) and 260 meV (2nd vibrational feature) 

over an incident energy range, 2 eV < T < 20  eV.

7.10 Summary

In this thesis, results have been presented for the differential oscillator strengths 

(DOS) and oscillator strengths (OS) of selected atmospheric molecules and 

hydrocarbons (chapters 4 to 7 inclusive). In chapter 6 , measurements of the 

vibrational excitation of ozone by low incident energy electron impact were also 

presented. These measurements were obtained using a high resolution electron
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spectrometer (chapter 2) under ultra-high vacuum (UHV) conditions (chapter 3).

The DOS and OS results for five selected atmospheric molecules; oxygen, nitrogen, 

nitrous oxide, carbon monoxide and carbon dioxide, were presented in chapter 4 and 

critically compared with other electron impact, optical and theoretical results. Good 

comparison was found, proving that the apparatus, experimental techniques and other 

conditions used in this work are capable of producing accurate and reliable DOS and 

OS data.

DOS results for the four smallest alkanes; methane, ethane, propane and n-butane, 

and the three smallest alkenes; ethylene, propylene and 1 -butene, were presented in 

chapter 5. As well as comparing the DOS spectrum for each molecule with other 

sources of experimental and theoretical data, the spectra in each series (i.e. the alkane 

series and the alkene series) were compared with each other. This enabled similarities 

and trends in each series to be investigated and assisted in the assignment and 

designation of the features observed in the spectra.

In chapter 6 , DOS and OS measurements for ozone were presented and critically 

compared with optical and theoretical data, where available. The first measurements 

for the vibrational excitation of ozone by low energy (<10 eV) electron impact were 

also presented and discussed. Three distinct vibrational features were observed in the 

energy loss spectra at energies of 130 meV, 260 meV and 380 meV. These were 

found to be dominated by the I j , 3  ̂ and 3  ̂ modes. The intensities of the three 

vibrational features relative to the elastic peak were observed to increase as the 

scattering angle was increased from 40° to 120°. When the incident energy was 

varied between 3 eV and 7 eV, the relative intensities of the vibrational and elastic 

peaks were observed to reach a maximum for an incident energy of approximately 4 

eV, suggesting the presence of a shape resonance. Preliminary differential cross 

sections (DCS) for the vibrational peaks and the individual vibrational modes were 

also presented. Future work on the vibrational excitation of ozone has been suggested 

in section 7.9.4.

The first DOS and OS results for OCIO measured by electron impact were presented
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in this thesis in sections 7.5 and 7.6. These results were found to be in good 

agreement with the available sources of optical data. Future work on the temperature 

dependence of the DOS spectra for OCIO and ozone has been suggested in section 

7.9, along with an investigation into the effect of incident energy and scattering angle 

on the energy-loss spectra. Such work will assist in the assignment of the observed 

features. Experiments to measure the DOS and OS for other atmospheric molecules, 

such as N2 O5 , have also been proposed for the future.
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