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Abstract

Measurements have been made of the A2 spin asymmetry in the scattering of polarised 

electrons from rubidium atoms. Results have been taken at an incident energy of 15, 

20, 30, 50 and 80eV for elastic scattering, and at 15, 20, 30 and 50eV for 5S to 5P 

excitation where the fine structure has not been resolved. The measurements covered 

the  angular  range  30°  to  110°.  Results  were  taken  using  a  crossed  beam  type 

experiment,  with  a  hemispherical  electrostatic  detector.  Polarised  electrons  were 

provided by a conventional gallium arsenide spin-polarised electron source. The R-

matrix  and  relativistic  distorted  wave  calculations  available  demonstrate  good 

agreement with the experimental results, though there are some clear discrepancies 

between the magnitudes and positions of the extrema as predicted by theory. These A2 

results follow on from those taken by Went (2003).

A study of the autoionisation resonances of rubidium has also been undertaken. This 

consisted of first measuring the angular variation of the autoionisation resonances in 

the angular range 30° to 130°, at an incident energy of 1keV. A crossed beam method 

was also used for these results,  though electrons were provided by a conventional 

electron  gun.  Significant  relative  angular  variation  between  sets  of  autoionisation 

resonances  was  observed.  The  results  taken  represent  the  first  experimentally 

determined values of the alignment parameter, A20 and R0, the isotropic distribution 

ratio  for  the  leading  autoionisation  doublet  of  rubidium.  The  experimentally 

determined values  of  A20 and R0 were not  inconsistent  with the theoretical  values 

available for comparison.

Finally  an  attempt  was  made  to  measure  a  circular  dichroism  in  the  angular 

distribution of autoionised electrons due to stepwise laser/electron impact excitation 

(CPDAD). The experimental detection of such a circular dichroism would be the very 

first of its kind. Such a measurement would also help validate the theoretical approach 

that  predicted  its  existence.  Preliminary  investigation  requires  identification  of  an 

autoionisation resonance that is enhanced with the stepwise excitation procedure. A 

crossed  beam  experiment  identical  to  the  procedure  immediately  above  was 

undertaken using a conventional electron gun. Laser light resonant with the D2 line of 
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rubidium was provided by a titanium-sapphire laser, while a diode laser was used to 

repump the dark state. Measurements were taken at incident energies of 250, 450, 700 

and 1000eV at  ejected  electron  angles  of  75°,  75°,  90°  and 90°  respectively.  No 

enhancement  was  visible  with  the  stepwise  process  for  any  of  the  observed 

autoionisation resonances, so it was not possible to study CPDAD.
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Chapter One: Introduction

1.0 Thesis Synopsis
This thesis  deals with an experimental  program that involved the study of several 

phenomena that may be observed in electron-atom collisions; the spin-orbit effect for 

the continuum electron and alignment in autoionisation resonances as determined by 

the angular distribution of the ejected electrons. In addition an attempt was made to 

observe a type of circular dichroism in the angular  distribution of the autoionised 

electrons excited by a stepwise laser/electron impact process (CPDAD). All of these 

phenomena were studied via electron collisions with rubidium atoms. Specifically a 

measurement  of  the  spin-orbit  effect  for  the  continuum electron  was  obtained  by 

measuring the  A2 spin asymmetry parameter for both elastic and inelastic scattering 

from rubidium, while a determination of the alignment parameter, A0, was undertaken 

via the angular distribution of the autoionised electrons. An outline of the structure of 

this thesis follows below.

The general background and development of the study of spin-orbit coupling for the 

continuum electron is outlined in the rest of this chapter. This chapter also includes a 

brief review of the experimental apparatus used to study this effect. Only the spin-

orbit effect for the continuum electron is considered here. A similar outline for the 

autoionisation phenomena is also contained in this chapter.

Chapter  two  provides  the  necessary  theoretical  description  of  the  processes 

investigated  in  this  thesis.  This  chapter  begins  with  a  section  on  introductory 

scattering  theory  and  defines  some  of  the  quantities  commonly  referred  to  in 

describing scattering problems. Separate theoretical treatment of the spin-orbit effect 

in the collision process and for autoionisation resonances is undertaken. The treatment 

of spin effects here is extended to both exchange and fine structure effects, since it is 

difficult  in  a  theoretical  context  to  separately discuss  the  spin-orbit  effect  for  the 

continuum electron from other relativistic effects, such as the fine structure effect.
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Chapter three outlines the equipment and procedures used to obtain the A2 asymmetry 

and autoionisation results which form the basis of this thesis.

Chapter four presents the results obtained for the A2 asymmetry in electron rubidium 

scattering and the angular distribution of autoionisation electrons obtained at a variety 

of  incident  energies,  along  with  a  determination  of  the  alignment  parameter  for 

specific autoionisation resonances. These results are also presented with a theoretical 

comparison where possible. A discussion of the results taken concludes this chapter.

Chapter  five  is  the  last  formal  chapter  of  this  thesis  and  summarises  the  work 

undertaken, the results obtained, and possible future directions from this work.

Appendices where applicable and references follow chapter five and conclude this 

thesis.

1.1 Electron-Atom Collisions: Background
The use of electrons to help establish the basic electronic structure of the atom was a 

feature of early 20th century physics. Experiments by Franck and Hertz (1914) using 

collisions of accelerated electrons with atoms proved correct Bohr's (1913) hypothesis 

that  the  atomic  electron  energy  levels  are  quantised.  The  study  of  electron-atom 

collisions was continued by many researchers, especially in the pioneering work of 

Ramsauer  and  Townsend  in  the  early  1920's  (see  for  example  Ramsauer  (1921), 

Townsend and Bailey (1921), Townsend and Bailey (1922a), Townsend and Bailey 

(1922b), Townsend and Bailey (1922c) and Townsend and Bailey (1923)). Ramsauer 

measured the total collision cross section for collisions between electrons and noble 

gases, while Townsend's work determined the diffusion of electron swarms in noble 

gases. Both Ramsauer and Townsend independently determined from their work that 

the effective opacity of noble gases at low electron energies was in stark contrast to 

the opacity expected from classical physics, an effect that is now named after both 

Ramsauer and Townsend. The work of Ramsauer and Townsend further demonstrated 
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the need for wave mechanics to describe the interactions of microscopic particles. 

Study of  electron-atom collisions  has  continued  to  this  day,  not  only  due  to  the 

information that such interactions yield on atomic structure, but also due to the utility 

of understanding the fundamental interactions that occur between electrons and atoms 

in nature and the use of accurate collision cross sections to other branches of science, 

such  as  plasma  physics.  The  study  of  electron-atom  collisions  has  thus  been  of 

importance since the application of quantum mechanics to the structure of the atom.

The nature of this thesis is to investigate electron-atom collisions, specifically electron 

collisions with rubidium atoms. Two separate processes were investigated. The first 

involves the use of polarised electrons and as such looks at relativistic effects in the 

electron-rubidium collision process. The second process investigates the effects on the 

angular  distribution  and  alignment  of  autoionised  electrons  excited  via  electron 

impact excitation.  The possibility of observing a type of circular dichroism in the 

angular  distribution  of  autoionised  electrons  excited  via  a  stepwise  laser/electron 

impact  process  was  also  investigated.  The  specific  background  to  each  of  these 

experiments will be discussed below.

1.2 Spin Asymmetry Measurements: Relativistic (Spin) Effects 
in Electron-Atom Collisions.

1.2.0 Introduction
One of the principal relativistic effects in electron-atom scattering includes that due to 

the spin of either the target or projectile electrons, since spin is inherently a relativistic 

phenomenon (Kessler (1985)). This spin effect manifests itself explicitly as a spin-

orbit  coupling,  for  the  continuum  electron  or  for  the  atomic  electrons  (the  fine 

structure effect is an example). These relativistic effects are physically distinct from 

other  spin  effects,  such  as  electron  exchange,  which  are  due  to  the  fact  that  the 

projectile and target electrons are indistinguishable. The following discussion deals 

almost  entirely  with  spin-orbit  coupling  for  the  continuum electron  since  the  A2 

parameter  measured as  part  of  this  thesis  is  due  solely to  this  effect.  As such by 

relativistic, polarisation or spin effects in the following reference is made to the spin-

orbit effect, generally for the continuum electron, although some mention of spin-orbit 
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effects for the target electrons (the fine structure effect) will be made where necessary. 

The exchange phenomena will not be dealt with in this chapter, but will be briefly 

discussed in a theoretical context in chapter two of this thesis.

Early experiments investigating spin-orbit coupling between the target and projectile 

generally involved determination of what  is  now known as the Sherman function, 

after Sherman (1956) who gave the first detailed calculation of the function that now 

bears his name. The Sherman function quantifies the degree of polarisation transverse 

to the scattering plane introduced into a projectile beam after a scattering event. The 

polarisation induced in the incident beam is due to the effective magnetic field that the 

incident electrons experience as the target atom moves in the frame of reference of the 

incident electrons. This results in different scattering potentials for spin up and spin 

down electrons with respect to the scattering plane, and hence any detected scattered 

beam  could  become  spin-polarised.  Sherman  function  experiments  are  a  type  of 

double scattering experiment, whereby a polarisation induced in the projectile beam 

due to the first scattering event manifests itself as a left right scattering asymmetry in 

the second scattering event (Kessler (1985)). 

The polarisation state of the scattered electron beam may be determined by the so-

called S, T and U parameters, with the S parameter being the Sherman function. The T 

and U parameters describe the rotation of the polarisation vector out of its initial plane 

of polarisation and the change in the polarisation component in the scattering plane 

(Kessler (1969)). While the Sherman function,  S,  may be determined by a double 

scattering  experiment,  T  and  U  can  only  be  determined  by  a  triple  scattering 

experiment, or via a double scattering experiment that utilises an electron beam of 

known polarisation. This is due to the fact that both T and U describe the change that 

occurs in the polarisation vector of an initially polarised electron beam as a result of 

the collision process; if there is no polarisation in the incident beam then it will not be 

possible to measure T and U. An important fact concerning the determination of S, T 

and U is that these are not independent, the relationship being given by:
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                                                                                                          (1.0),

as  first  noted  by  Gürsey  (1957),  though  Gürsey  has  the  definitions  of  T  and  U 

transposed compared to their current definitions, as given in Kessler (1991). Further 

discussion  of  the  S,  T  and  U  parameters  from  a  theoretical  viewpoint  will  be 

undertaken in chapter two of this thesis. 

Sherman function experiments may be divided into two energy regimes; low energy 

and high energy. Low energy experiments usually describe any experiment where the 

incident energy of the scattering electrons is  below 10keV (Kessler (1969)).  High 

energy experiments  are  typically conducted  at  100keV incident  energy or  greater. 

Often  the  high  energy  Sherman  function  experiments  are  also  known  as  Mott 

scattering experiments. The difference between the two energy regimes amounts to 

the degree of screening that the atomic electrons provide during the collision process. 

At high incident energies, around 100keV or above, the presence of nuclear screening 

is only just appreciable and can often be ignored (Überall (1971)), with the effects of 

screening progressively diminishing for incident energies greater than this. At low 

incident  energies  nuclear  screening  by  the  atomic  electrons  must  be  taken  into 

account, since diffraction effects become more pronounced, especially around 1keV 

incident  energy  (Überall  (1971)). Early  Sherman  function  experiments  will  be 

outlined in  sections  1.2.1 and 1.2.2,  for  high energy and low energy experiments 

respectively.

Later experiments dealing with the spin-orbit effect typically utilise the development 

of  reliable  sources  of  spin-polarised  electrons,  especially  the  GaAs spin-polarised 

electron source. One may include here the triple scattering or "complete" scattering 

experiments where the maximum possible information is extracted from the collision 

process, via a determination of the S, T and U parameters. Other experiments of this 

latter period are particularly useful in studying multiple processes that contribute to 

polarisation effects that work in conjunction with or subsume the spin-orbit effect. 

Such experiments include the spin asymmetry measurements (Andersen and Bartschat 
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(2002)). These asymmetry measurements involve the detection of a difference in the 

differential cross section for scattering to the left compared to scattering to the right, 

after scattering a polarised electron beam from a particular target. The left-right spin 

asymmetry may be  caused  by the  spin-orbit  effect  for  the  continuum electron  or 

interference  between  the  exchange  effect  and  the  spin-orbit  effect  for  the  atomic 

electrons,  depending  on  whether  elastic  or  inelastic  scattering  is  observed,  and 

whether  the  target  is  closed  or  open  shell.  In  the  case  of  elastic  scattering  the 

asymmetry  yields  information  identical  to  those  in  the  earlier  Mott  (Sherman 

function)  or  double  scattering  experiments  (see  1.2.1  and 1.2.2 below),  while  the 

inelastic  experiments  generally  yield  different  information  (Kessler  (1985)).  Often 

similar experiments to the above have been undertaken with unpolarised sources, at 

earlier dates. These experiments will be mentioned alongside the latter experiments 

for clarity, since many of these studies have only gained maturity with the advent of 

reliable sources of spin-polarised electrons.

1.2.1 Mott Scattering (High Energy Sherman Function Experiments)
The earliest experimental high energy work pre-dated Mott's famous papers on the 

possibility of inducing a polarisation in an initially unpolarised electron beam by a 

double scattering experiment. Cox, McIlwraith and Kurrelmeyer's (1928) and Chase's 

(1929) work was guided by analogy to  polarisation effects  in  light.  Mott's  (1929, 

1932)  work provided a  theoretical  framework for  these speculative investigations. 

Mott  (1929, 1932) made approximations to Dirac's (1928) relativistic treatment of 

electrons,  which  demonstrated  that  under  certain  conditions  spin-orbit  coupling 

between the  target  and projectile  electrons  would  cause  the  scattered  electrons  to 

become spin-polarised. These conditions were: that the atomic scattering medium be 

of high atomic number and that the incident energy of the electrons should be high 

enough such that the collision could be considered to be from the unscreened nucleus 

of the scattering target. 

Mott's  theoretical  framework  spurred  the  development  of  such  "Mott  scattering" 

experiments in the years following the publication of Mott's papers, mostly dealing 

with  high  energy  electron  scattering  from  thin  metallic  targets.  All  of  these 
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experiments failed to show any evidence of polarisation by "Mott" scattering at the 

time, or such asymmetries as were observed have since been discredited as being 

caused  by  instrumental  difficulties.  Reasons  for  the  failure  of  these  earlier 

experiments have been suggested by Tolhoek (1956) and Kessler (1969). 

Unambiguous detection of the polarisation of scattered electrons under the conditions 

suggested by Mott was first established by Shull,  Chase and Myers (1943). Shull, 

Chase and Myers determined that  a  polarisation of  8% existed after  conducting a 

double scattering experiment from thin gold foils, at an incident electron beam energy 

of 400keV. Electrons scattered at 90° were scattered again in the second stage of the 

experiment. Double scattering experiments were carried out extensively after Shull, 

Chase and Myers' work, in the 1950's and 1960's, at a variety of incident energies and 

angles;  examples  include  Apalin  et  al  (1962)  (45  to  245keV,  120°),  Mikaelyan, 

Borovoi and Denisov (1963) (45 to 245keV, 90° to 150°) and van Klinken (1966) (26 

to 261keV, 105°). These experimental investigations used gold foils as the scattering 

medium. Development in both the theoretical  and experimental  fronts led to good 

agreement  between  theory  and  experiment  before  the  end  of  the  1960's;  see  for 

example Holzwarth and Meister (1964), van Klinken (1966) and references therein.

 

1.2.2 Low Energy Sherman Function Experiments
Early researchers generally ignored the possibility of polarisation effects in electron- 

atom collisions at low energies, generally taken to be incident energies below 10keV 

(Kessler, 1969). It was assumed that polarisation effects could only occur at higher 

electron energies, since Mott's theory indicated that only at high energies could one 

expect polarisation effects to occur in the collision process. Mott's work however, was 

not  general  in  nature  and  is  strictly  only  applicable  in  the  case  of  high  energy 

scattering  from  heavy  nuclei.  Nevertheless,  the  failure  of  early  low  energy 

polarisation  measurements  (see  for  example  Davisson  and  Germer  (1929)  and 

Langstroth (1932)) was attributed to the low incident energy,  rather than problems 

with the apparatus or misunderstanding of the underlying physical processes (Kessler, 

1969).
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The polarisation of electrons in low energy elastic scattering from atoms was first 

measured by Deichsel (1961). Deichsel's work indicated that electron polarisations of 

up  to  30%  at  1.5keV  incident  energy  could  be  detected  in  a  double  scattering 

experiment  from  mercury  at  a  scattering  angle  of  90°.  Extensive  work  on  the 

polarisation of slow electrons elastically scattered from atomic mercury continued for 

a  variety  of  scattering  angles  and  incident  energies  over  the  next  thirty  years.  A 

summary of the results of this work is given in table 1.1.

Agreement  between  theory  and  experiment  for  these  mercury  results  is  highly 

dependent on the energy range of interest. Early relativistic Hartree calculations of 

Holzwarth and Meister  (1964)  and of  Bunyan and Schonfelder  (1965)  gave good 

agreement with experiment above 100eV incident energy; see Eitel, Jost and Kessler 

(1967) for example.  Below 100eV incident energy,  agreement between theory and 

experiment  has  been  difficult  to  achieve;  see,  for  example,  Szmytkowski  and 

Sienkiewicz (1994) and references therein.

Xenon has also been extensively studied for elastic scattering at low incident energies. 

Schackert (1968) first considered polarisation effects in low energy elastic scattering 

from  xenon.  Table  1.2  below  summarises  experimental  work  on  xenon  to  date. 

Agreement  with  theory for  most  of  the  results  below seems unsatisfactory below 

incident  energies  of  100eV;  see  for  example  Awe et  al  (1983)  and Kemper  et  al 

(1983). Dirac-Fock calculations of Dorn et al (1998) obtained good agreement with 

earlier experimental work.

Low energy Mott scattering experiments have also been undertaken for a variety of 

other elements. See for example Mehr (1967) (argon); Klewer, Beerlage and Van der 

Wiel  (1979a)  (caesium)  and Beerlage,  Qing and Van der  Wiel  (1981)  (argon and 

krypton).
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Author(s) Energy range (eV) Angular Range (°) Max Polarisation, 
Angle, Energy

Deichsel (1961) 1000 to 2000 90 only 30%, 90°, 1.5keV

Steidel,  Reichert  and 
Deischel (1965)

300,  400,  500  and 
700

30 to 150 38%, 80°, 300eV

Deichsel and Reichert 
(1965)

900, 1200 and 1500 30 to 150 53%, 98°, 900eV

Jost  and  Kessler 
(1966)

180 to 1700 30 to 150 85%, 120°, 300eV

Deichsel,  Reichert 
and Steidl (1966)

3.5, 7, 23 and 45 30 to 150 39%, 100°, 7eV

Eitel,  Jost  and 
Kessler (1967)

100 to 500 30 to 150 85%, 110°, 150eV

Düweke et al (1976) 1.4, 2.4 and 3.9 50 to 140 45%, 130°, 2.4eV

Hanne,  Kollath  and 
Wübker (1980)

8 to 18 30 to 120 80%, 85°, 12eV

Kaussen et al (1987)# 6 to 180 30 to 130 89%, 90°, 12.2eV

Dümmler  et  al 
(1992)#

0.3 to 2.0 30 to 125 56%, 120°, 1.9eV

Table 1.1. Summary of experimental work on low energy electron polarisation from elastic scattering from mercury. The # 
symbol indicates that the author includes results for other elements as well.

Author(s) Energy Range (eV) Angular Range (°) Max Polarisation, 
Angle, Energy

Schackert (1968)# 40 to 150 30 to 150 39.5%, 60°, 150eV

Kessler,  Lucas  and 
Vušković (1977)

150 to 1200 20 to 155 30%, 60°, 150eV

Klewer, Beerlage and 
van der Wiel (1979b)

5.5 to 300 30 to 120 50%, 80°, 50eV

Berger et al (1982) 50 to 300 30 to 120 52%, 68°, 60eV

Müller  and  Kessler 
(1994)

50 to 150 20 to 150 85%, 85°, 60eV

Table 1.2. Summary of polarisation of electrons elastically scattered from xenon. The # symbol indicates that the author includes 
results for other elements as well.

1.2.3 Later Experiments in Relativistic Effects in Electron-Atom 
Collisions
With the so called perfect scattering experiments, the maximum possible information 

is extracted from the scattering process. Such experiments involve polarisation effects 

as they attempt to measure the S, T and U parameters in addition to the cross section 

(Kessler (1991)). The earliest complete scattering experiments were known as triple 

scattering experiments, since an extra scattering process was needed in addition to 

Mott scattering in order to measure the T and U parameters as well. The first triple 
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scattering  experiment  was  conducted  by Van  Duinen  and  Aalders  (1968).  Further 

"triple" scattering experiments were undertaken by Wübker, Möllenkamp and Kessler 

(1982),  Möllenkamp  et  al  (1984)  and  Berger  and  Kessler  (1986).  These  later 

experiments utilised a GaAs spin-polarised electron source, thus negating the need for 

the first scattering process. 

Eitel  and  Kessler  (1970)  conducted  the  first  experiment  that  studied  polarisation 

effects  in inelastic electron-atom collisions.  They used an apparatus similar  to  the 

Sherman function experiments of the time to measure the polarisation induced in an 

initially  unpolarised  electron  beam  after  exciting  the  6  1P1 state  in  mercury. 

Polarisations of up to 50% were measurable at an incident energy of 180eV. Studies of 

the excitation of the fine structure of mercury using polarised electrons led to the 

discovery of the fine structure effect (see for example, Hanne and Kessler (1976) and 

Hanne  (1976))  caused  by  the  interference  between  exchange  and  the  spin-orbit 

interaction for the target  electrons  (Hanne (1983)).  A list  of  other  earlier  inelastic 

studies is included in Borgmann et al (1987). 

Bartschat  et  al  (1981)  were  the  first  group  to  undertake  a  left-right  asymmetry 

measurement in the inelastic scattering of polarised electrons from mercury. Bartschat 

et al (1981) tested the energy dependence of the asymmetry function at 90° scattering 

angle only. Since the fine structure of the 6P excited state was resolved, strong fine 

structure and exchange interference effects were observed, with asymmetries of up to 

40%. Left-right asymmetry measurements have since been extensively conducted for 

both elastic and inelastic scattering from a variety of targets. Some of the left-right 

asymmetry results are summarised in tables 1.3 and 1.4 below. 

The motivation of the authors conducting the experiments given in tables 1.3 and 1.4 

was to determine the extent that particular mechanisms have on electron polarisation 

in the collision process. To this end a variety of different elements (Dümmler, Hanne 

and Kessler (1995)) (with both open and closed shells) with either elastic or inelastic 

scattering were investigated.
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Author(s) Target(s) Energy (eV) Angular 
Range (°)

Asymmetry  (%,  angle,  level, 
element)

Borgmann  et 
al (1987)

Hg Threshold  to 
50

30 to 120 80, 120, 6 3P2, Hg

Dümmler et al 
(1990)

Hg 6.5 to 15 30 to 130 65, 120, 6 3P0, Hg

Geesmann  et 
al (1991)

Thallium, 
Lead

2.5 to 14 35 to 125 80, 90, 2P3/2, Tl
85, 100, 3P1, Pb

Bartsch  et  al 
(1992)

Indium 0.3 to 14 30 to 125 70, 60, 6 2S1/2, In

Dümmler, 
Hanne  and 
Kessler 
(1995)

Argon, 
Krypton  and 
Xenon

10 to 40 30 to 125 40, 110, 3P1, Ar
60, 80, 1P1, Kr
50, 125, 3P2

Table 1.3. Summary of some of the results for the asymmetry function for inelastic scattering of polarised electron, from a 
variety of targets.

Author(s) Target(s) Energy (eV) Angular  Range 
(°)

Asymmetry (%, 
angle, energy 
element)

Geesmann  et  al 
(1991)

Tl, Pb 2.5 to 14 35 to 125 90, 70, 14 Tl
98, 85, 14, Pb

Bartsch  et  al 
(1992)

Zn, Cd, In 0.3 to 14 30 to 125 40, 80, 14, Zn
55, 90, 6, Cd
65, 120, 1, In

Dümmler,  Hanne 
and  Kessler 
(1995)

Xe 1.5 to 10 30 to 125 30, 110, 5, Xe

Dorn at al (1998) Xe 30 to 160 25 to 125 60, 90, 60, Xe
Table 1.4. Asymmetry measurements for the elastic scattering of polarised electrons from a variety of targets.

Only Dorn et al (1998) of the above authors did not measure inelastic asymmetries in 

conjunction with elastic asymmetry results. A fine structure effect was noticeable in 

the inelastic work on mercury,  but also in elements such as lead (Geesmann et  al 

(1991)).  Good  theoretical  agreement  for  the  inelastic  left-right  asymmetries  from 

argon and krypton was achieved recently with the B-Spline R-matrix calculations of 

Bartschat and Zatsarinny (2007). Relativistic distorted wave calculations of Muktavat, 

Srivastava and Stauffer (2003) obtained reasonable agreement with the earlier results 

for the excitation of fine structure levels in mercury. For earlier theoretical work, an 

extensive  review  on  spin-resolved  electron  impact  excitation  has  been  previously 

undertaken  by  Andersen  et  al  (1997).  It  was  also  demonstrated  that  in  elastic 

collisions from open shell atoms, the fine structure effect can dominate the projectile 

spin-orbit  effect,  in  contrast  to  the  case  for  closed  shell  atoms;  see  for  example 
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Bartschat, Thumm and Norcross (1992). For further theoretical work on elastic left-

right asymmetries,  the reader is directed to the above theoretical references for low 

energy Mott scattering, since for elastic scattering these measurements yield identical 

information.

More recently, Andersen and Bartschat (2002) suggested the systematic experimental 

determination of a set of spin asymmetry parameters for electron-alkali scattering as a 

means to further test theories, since these parameters should be inherently sensitive to 

relativistic effects. Previous measurements with "conventional" parameters such as the 

differential  cross  section  failed  to  show any relativistic  effects,  despite  the  heavy 

weight of the targets  involved;  see for example Gehenn and Reichert  (1977). The 

asymmetries as discussed by Andersen and Bartschat are designated A1, A2 and Ann. A1 

represents scattering of unpolarised electrons from polarised atoms, and is known as 

the  interference  asymmetry.  Ann represents  scattering  of  polarised  electrons  from 

polarised atoms, and is called the exchange asymmetry. A2 represents scattering of 

polarised electrons from unpolarised atoms, and is called the spin-orbit asymmetry. 

The  sensitivity  of  the  different  asymmetries  could  be  used  to  test  for  different 

relativistic effects in the collision process. As indicated above, in the case of elastic 

scattering,  the  spin-orbit  asymmetry  A2 is  identical  to  the  left-right  asymmetry 

measurements above, and thus yields the same information as the earlier low energy 

Sherman function  experiments.  A1 requires  the  simultaneous  presence  of  both  the 

spin-orbit effect for the continuum electron and exchange effects to be non-zero. Ann 

requires only significant exchange effects to be non-zero, and thus technically is not a 

measurement of relativistic effects in the collision process. These spin asymmetries 

were first discussed together by Baum et al (1999), though both A1 and A2 have been 

previously defined in the same way by McClelland, Kelley and Celotta (1987), while 

Ann had been suggested by Farago (1974).  Experimentally one may build the spin 

asymmetries from the following equations (Baum et al, 2002):

  

                                                                                                                                  (1.1)
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                                                                                                                                  (1.2)

                                                                                                                                  (1.3)

where N  N N  N   corresponds to the differential cross section,  Pa is 

the target beam polarisation with respect to the scattering plane and Pe is the incident 

electron beam polarisation with respect to the scattering plane. The first superscript 

indicates  the  atomic  spin  with  respect  to  the  scattering  plane,  while  the  second 

superscript  indicates the incident electron beam spin with respect to the scattering 

plane.

Measurements of these asymmetries pre-date Andersen and Bartschat's  suggestion. 

Earlier examples for the A2 asymmetry are noted above. For earlier results on A1 and 

Ann see for example McClelland, Kelley and Celotta (1987); McClelland et al (1990) 

and  references  within  both  these  papers.  Combined  theoretical  and  experimental 

investigations of all these asymmetries for both elastic and inelastic scattering from 

caesium have been recently undertaken by Baum et  al  (1999,  2002,  2004).  These 

measurements have helped identify the influence of exchange and the spin-orbit effect 

in  electron-atom  scattering,  and  also  assisted  the  development  of  theoretical 

approaches to model these effects, such as the semi-relativistic Breit-Pauli R-matrix 

approach. Experiments that extend these measurements to the heavy alkali rubidium, 

such as those of the A2 parameter presented here, further assist the development of 

relativistic models, as well as our knowledge of relativistic effects in electron-atom 

collisions. Some further discussion of the spin asymmetry parameters, with regard to 

theoretical treatment will be undertaken in chapter two of this thesis.
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1.3 Autoionisation Experiments
Autoionisation, a type of radiationless decay can occur when two outershell electrons 

are excited in a collision process. The state formed is quasistationary, as the altered 

electron configuration allows the two excited electrons to form an energetically bound 

state,  despite  the  total  energy  imparted  to  the  autoionising  state  exceeding  the 

ionisation threshold of the unperturbed atom. This state is short lived as the hole that 

is left energetically below the autoionising level is quickly filled by one of the excited 

electrons. Once the lower hole is filled, the electron configuration so formed results in 

the remaining excited electron having an energy exceeding the ionisation threshold, 

and this electron is consequently promoted to the continuum. 

The existence of autoionising energy levels was discovered experimentally by Beutler 

(1934a).  Beutler  used  ultraviolet  light  to  investigate  the  autoionising  levels  of 

rubidium (Beutler  (1934a))  and  caesium (Beutler  (1934b)).  Beutler's  study of  the 

ultraviolet absorption spectrum of the rubidium autoionising levels was expanded on 

by Connerade (1970), who extended Beutler's results. The first determination of the 

autoionising lines using electron impact excitation from rubidium atoms and energy 

separation of the ejected electrons was undertaken by Ross and Ottley (1975), though 

studies  of metastable  autoionising levels  had been conducted earlier  with electron 

impact  excitation;  see  Feldman  and  Novick  (1963),  for  example.  Comparisons 

between the ultraviolet absorption results of Connerade (1970) and the above electron 

impact  excitation measurements of Ross  and Ottley yielded information on which 

autoionising states are optically forbidden from the ground state. 

Definitive,  high energy resolution measurements  of the electron energy spectra  of 

autoionising lines in rubidium excited by electron impact were completed by Pejčev et 

al in 1977a. The same research group as Ross and Ottley and Pejčev et al (1977a) also 

completed electron energy spectra studies of the autoionising lines of other alkalis and 

also non group one elements;  see for example Ross et  al  (1976) and Pejčev et  al 

(1977b). Pejčev et al investigated the excitation of rubidium autoionisation lines at 

incident  energies  of  27,  40,  100  and  400eV.  While  the  autoionisation  lines  were 
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observed at scattering angles of up to 110°, only data from electrons ejected at 75° 

were  presented,  presumably  due  to  the  authors  stating  that  little  difference  was 

observed in the angular distribution of the autoionising lines.

Of particular interest in the study of autoionisation resonances is the determination of 

the alignment properties of the autoionisation resonances in question. Alignment here 

refers to the shape and spatial alignment of the electron charge cloud in space. This 

means that statistically speaking, particular magnetic substates of the excited state in 

question  are  preferentially  populated.  The  alignment  of  atomic  autoionisation 

resonances may result in a non-isotropic angular distribution of the ejected electrons. 

Early  work  on  the  study  of  alignment  with  respect  to  autoionisation  and  Auger 

resonances  was  undertaken  by  Mehlhorn  (1968),  who  predicted  that  for  Auger 

resonances  with  J  >  1/2  an  alignment  or  non-isotropic  distribution  of  the  ejected 

electrons  could  occur.  Such alignment  was  first  observed  by Cleff  and  Mehlhorn 

(1971),  with  respect  to  the  L3M2,  3M2,  3(1S0)  Auger  resonances  in  argon. While 

alignment  studies  have  been  undertaken  extensively for  the  excitation  of  discrete 

atomic states, using a variety of atomic scattering experiments, these will not be dealt 

with here.  Instead,  focus  will  be made on the study of  alignment  with  respect  to 

autoionisation resonances. Extensive review of alignment studies with respect to the 

excitation of discrete atomic can be found in Andersen, Gallagher and Hertel (1988) 

and Andersen et al (1997). 

As  noted  above,  the  alignment  of  an  autoionisation  resonance  can  give  rise  to 

anisotropy in  the  angular  distribution  of  the  ejected  electrons.  Such anisotropy in 

general is due to the nature of the collision process and is caused by the transition 

amplitude, phase and alignment of the autoionisation state (Du Bois, Mortensen and 

Rodbro (1981)). An exception to this occurs when the final state of the transition has J 

= 0; the anisotropy is then due to the alignment of the state alone (Du Bois, Mortensen 

and Rodbro (1981)). For the alkalis,  the ground state of the ion after decay of the 

autoionisation  resonance  (assuming  the  autoionisation  resonance  is  not  above  the 

second ionisation  potential)  is  of  the form np6 1S0,  which  clearly has  J  = 0.  Any 

anisotropy in the angular distribution of the autoionisation resonances of the alkalis 
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below  the  second  ionisation  potential  is  then  due  to  alignment  in  the  transitory 

autoionisation  state  alone  This  is  valid  as  long  as  the  contribution  of  the  direct 

ionisation process may be neglected. Theodosiou (1977, 1987) has demonstrated that 

the direct ionisation process is weak in comparison to the resonant (autoionisation) 

process for the leading doublet of the alkalis.  Thus the study of the np5  ns2 P3/2,  1/2 

autoionisation resonances of the alkalis allow for the study of alignment effects alone. 

As such, further discussion of the angular distribution of autoionised electrons in this 

thesis will be with regard to the study of the alignment properties of the autoionisation 

resonances in question.

In particular the angular distribution of electrons ejected from an autoionisation state 

with J = 3/2, may be given by (Cleff and Mehlhorn (1974), Berezhko and Kabachnik 

(1977)),

           (1.4),

where I 3/2E0 , is the angular distribution of the autoionised electrons,  E0 is the 

incident energy of the projectile electrons,  is  the angle  relative to  the incident 

electron beam, at which the ejected electrons are detected, I 3/2E0 is the isotropic 

angular  distribution, 2E0 is  the  anisotropy  coefficient  and P2cos is  the 

second Legendre polynomial. In particular 2E0= A20E02 ,  where  A20 (E0) is 

the alignment  parameter  and 2 is  the  decay parameter  of  the  autoionising  state 

respectively (Feuerstein et al (1999)). To tailor equation 1.4 to the situation for the 

alkalis, use has been made of the fact that for non-radiative decay of the form 2P3/2 → 
1S0 + e-, 2=−1 (Berezhko and Kabachnik  (1977),  Cleff  and Mehlhorn (1974)). 

Clearly if A20 is zero in equation 1.4, then the angular distribution will be isotropic. 

Explicitly  the  alignment  of  an  autoionising  state  with  J  =  3/2  is  related  to  the 

populations  of  the  magnetic  substates,  JM  (where  J  is  the  total  angular 

momentum quantum number of the state and M is its projection), by (Feuerstein et al 

(1999)):
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            (1.5).

Equation 1.5 indicates that a determination of the alignment parameter directly gives 

the excess fraction of the mJ = 3/2 substate to the mJ = 1/2 magnetic substate. If one 

lets the ratio of the intensity of the J = 3/2 to the J = 1/2 fine structure state be

           (1.6),

then via the use of equation 1.4 above an equation may immediately be formed for the 

alignment parameter A20 of the J = 3/2 fine structure state:

           (1.7),

where R(E0) is the isotropic intensity ratio. It can be seen that measuring the intensity 

ratio  of  the  leading  doublet  from  sodium  and  the  other  alkalis  essentially  yield 

information on the alignment of the J = 3/2 fine structure state, once equation 1.7 is 

fitted to the experimentally determined ratio 1.6. 

Studies of the alignment properties of the autoionisation resonances from the alkalis 

exist only for sodium and potassium, and concentrate on determining the alignment 

properties of the J = 3/2 level of the leading doublet. A summary of the experimental 

and theoretical work up to 1999 on the alignment of the 2p5 3s2 2P3/2 autoionisation 

resonance due to electron impact excitation of sodium is given below in figure 1.1. 

Table 1.5 summarises the latest work in this area for sodium from Feuerstein et al 

(1999) and Grum-Grzhimailo et al (1999). The lone experimental study of potassium 

in this regard was undertaken by by Matterstock et al (1995); table 1.6 summarises 

this  work.  Some  further  measurements  of  R0 for  potassium  were  undertaken  by 

Feuerstein, Grum-Grzhimailo and Mehlhorn (1999).
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Figure  1.1.  Summary of  experimental  and theoretical  data  for  the  alignment,  A20,  of  the  sodium 2p5 3s2 2P3/2 autoionising 
resonance. Experiment: closed circles, Ross et al (1976); crosses, Breuckmann et al (1977); open circles, DuBois, Mortensen and 
Rodbro (1981). Theory: dashed line,  PWBA (Theodosiou (1977, 1987)); dash dot line, PWBA (Pangantiwar and Srivastava 
(1987)); solid line, DWBA ( Pangantiwar and Srivastava (1987)). From Feuerstein et al (1999).

 Energy (eV) A20 R0

30.7 -0.49(20) 3.15(34)

30.9 -0.271(89) 2.637(85)

31.4 -0.157(84) 1.756(49)

31.7 -0.187(47) 1.985(42)

32.0 -0.328(48) 2.082(39)

32.3 -0.32(11) 2.107(98)

32.5 -0.236(53) 2.196(49)

32.8 -0.186(65) 2.166(55)

33.0 -0.271(40) 2.137(34)

33.3 -0.296(45) 2.079(39)

33.5 -0.203(72) 1.914(50)

34.0 -0.092(67) 1.924(47)

34.3 -0.079(96) 2.087(71)

35.5 -0.079(97) 1.995(62)

37.9 -0.139(42) 2.016(53)

40.5 -0.134(53) 2.007(43)

45.0 -0.234(45) 2.024(40)

50.0 -0.262(40) 2.085(37)

60.0 -0.339(15) 2.018(15)

80.0 -0.355(18) 2.040(17)

100.0 -0.304(15) 2.049(15)

Table 1.5.  Most recent values of the alignment parameter, A20, 
and the isotropic ratio of the R0 for the 2p5 3s2 2P3/2 autoionising 
resonance of sodium. From Feuerstein et al (1999).

 Energy (eV) A20 R0

31.4 -0.133(36) 1.915(16)

38.2 -0.210(40) 1.953(22)

48.2 -0.249(60) 1.975(8)

73.1 -0.252(50) 2.030(10)

100 -0.213(30) 2.041(10)

150 -0.142(30) 2.037(12)

200 -0.068(40) 2.011(10)

300 -0.037(30) 2.045(10)

400 0.010(30) 2.037(10)

500 0.018(36) 2.048(10)

Table 1.6. Summary of experimental work to date on the A20 

alignment parameter and the isotropic ratio distribution, R0, for 
the  3p5 4s2 2P3/2 autoionisation  resonance  of  potassium.  From 
Matterstock et al (1995).
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Agreement between theory and experiment for the results presented in figure 1.1 and 

tables 1.5 and 1.6 is mixed. For both sodium and potassium, earlier distorted wave 

Born approximations (DWBA) and plane wave Born approximations (PWBA) appear 

to predict the value of A20 reasonably well above 100eV incident energy. Below this 

theory and experiment sharply diverge, except for a particular DWBA approach of 

Pangantiwar  and  Srivastava  (1987),  which  effectively  predicted  the  trend  for  A20 

below 100eV for potassium. Later relativistic distorted wave (RDW) calculations by 

Kaur and Srivastava (1999) similarly obtained good agreement with the experimental 

results for both sodium and potassium at higher energies, but with discrepancies at 

lower energies. R-matrix calculations of Grum-Grzhimailo et al (1999) succeeded in 

modelling  the  general  trend  of  the  experimental  data  below  100eV  for  sodium. 

Similarly  R-matrix  calculations  have  fared  somewhat  better  than  the  Born 

approximations in predicting R0 than the RDW calculations of Kaur and Srivastava 

(1999) ; see Grum-Grzhimailo and Bartschat (2000) and Feuerstein et al (1999) for 

examples.  Of the various theoretical  approaches,  only Pangantiwar  and Srivastava 

(1987) and Kaur and Srivastava (1999) have undertaken a systematic study of A20 and 

R0 for the alkalis Na, K, Rb and Cs.

As  indicated  above  the  last  published  study  of  the  excitation  of  rubidium 

autoionisation resonances via electron impact did not examine in detail the alignment 

properties of the leading doublet. Such studies as indicated above have been restricted 

to  sodium  and  potassium,  and  thus  the  addition  of  results  from  rubidium  fill  a 

knowledge gap in this area. Further new experimental data from rubidium in this area 

can immediately be compared to previous calculations by Pangantiwar and Srivastava 

(1987) and Kaur and Srivastava (1999). These reasons acted as sufficient motivation 

to  undertake  an  in  depth  study  of  the  angular  distribution  of  the  rubidium 

autoionisation resonances.

Further theoretical and experimental interest in investigating the autoionising levels in 

the alkalis was renewed by the suggestion of Balashov and Grum-Grzhimailo (1986) 

of using a stepwise laser/electron impact excitation process to investigate autoionising 

resonances.  The stepwise excitation process is generally considered to be a two step 
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process, whereby the target species absorbs a photon, promoting an outershell electron 

to an excited state. In the second step, a projectile electron excites the target species to 

an autoionising level from the intermediate excited state. The effect of the stepwise 

excitation process is to enhance those autoionisation lines that are dipole forbidden 

from the ground state, especially at higher incident electron energies.

Once an enhancement of a particular line has been observed, the angular distribution 

of the ejected electrons due to the stepwise process may be investigated. For linearly 

polarised laser light it has been observed that the stepwise process gives rise to an 

anisotropy in the angular distribution of autoionised electrons ejected from sodium 

(Dorn et al (1994)). Such anisotropy is considered to occur due to the nature of the 

scattering process, and the anisotropy induced via the polarisation state of the laser 

used for the stepwise process (Dorn et al (1994)). It can be seen that the stepwise 

process  is  an  extension  of  the  earlier  experiments  dealing  with  alignment  of 

autoionisation resonances, except that now alignment is introduced in an intermediate 

discrete excited state in a particular manner via the optical selection rules. 

Balashov, Grum-Grzhimailo and Kabachnik (1997), developed a general formalism 

for the stepwise process for both linearly and circularly polarised laser light. Their 

analysis indicated that the use of circularly polarised light in the stepwise process 

could result in an angular distribution of the autoionised electrons that is dependent on 

the helicity of the light used. This was termed the circular pumping dichroism in the 

angular distribution (CPDAD). While calculations for CPDAD have been performed 

for sodium by Balashov and Golokhov (1999), no actual measurements of CPDAD 

have been performed to date. A measurement of CPDAD would confirm the existence 

of such an effect and also confirm the validity of the theoretical approach used in its 

prediction. Hence the motivation to measure CPDAD from rubidium for part of this 

work.
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1.4 Reviews of Experimental Apparatus

1.4.1 Sources of Polarised Electrons 
Early discussion on the production of spin-polarised electrons was undertaken by Fues 

and Hellmann (1930),  who suggested that a beam of polarised electrons could be 

created via the photoionisation of polarised atoms. Since that time, many sources of 

polarised electrons have been proposed and developed, with some of these polarised 

sources being used in experiments that  require the use of polarised electrons.  The 

basic  physical  operation of  the more recent  sources  of  polarised electrons  will  be 

discussed  briefly  below.  These  include  exchange  scattering  from polarised  atoms, 

optically pumped He discharges, field emission from EuS, the Fano effect, low energy 

scattering from mercury, photoionisation of polarised atoms and photoemission from 

GaAs. 

The first practical sources of polarised electrons utilised the Mott scattering technique 

to produce polarised electrons via scattering from heavy targets. Such an effect was 

first  successfully  measured  by  Shull,  Chase  and  Myers  (1943),  and  was  used 

successfully as a source of spin-polarised electrons in the triple scattering experiment 

of  Van Duinen and Aalders  (1968).  The  difficulty  of  obtaining  sufficient  flux  for 

practical  purposes seems to have halted the further use of this source of polarised 

electrons.

Polarisation  by  photoionisation  from  light  alkali  targets  was  first  successfully 

undertaken by Long, Raith and Hughes (1965). The basis of this method is to spatially 

filter ground state alkali atoms according to their mJ quantum number using a Stern-

Garlach magnet. Once this is achieved, photoionisation of the selected group of atoms 

with a particular mJ state yields a population of free, spin-polarised electrons. The use 

of light alkalis such as potassium or lithium ensures no depolarisation of the ionised 

electrons due to the spin-orbit effect of the residual ion. A source based on this effect 

using lithium has been used for a number of electron-nucleon scattering experiments; 

see for example Alguard et al (1978). 
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Fano  (1969)  suggested  a  method  to  obtain  polarised  electrons  from  the 

photoionisation  of  unpolarised  atoms.  Such an  effect,  now called  the  Fano effect 

occurs  via  spin-orbit  coupling  in  the  continuum  states  of  the  target  atom,  in 

conjunction with the restriction placed on the mJ states that may be excited through 

the circular polarisation of the light used. This effect has been utilised in experiments 

by Berger et al (1981) and Möllenkamp et al (1984).

Dehmelt  (1958)  demonstrated  that  an  ensemble  of  electrons  could  become  spin-

polarised due to exchange scattering from polarised sodium atoms. Under conditions 

where  the  probability  for  exchange  scattering  is  favourable,  eventually  a  large 

proportion of the atomic polarisation is transferred to the free electrons via exchange 

collisions, over a period of time. Byrne and Farago (1965) suggested the use of such a 

process to create an effective source of spin-polarised electrons. Such sources were 

investigated experimentally by Campbell, Brash and Farago (1971) and Krisciokaitis 

and Peterson (1973), but do not appear to have been adopted in experiments requiring 

the use of spin-polarised electrons. 

Field emission from EuS on tungsten has also been utilised as a source of polarised 

electrons.  Under low temperature conditions, EuS has ferromagnetic properties; this 

results  in  the  conduction  band structure  being  split  for  electrons  of  different  spin 

projections (Kisker et al (1978)). Emission from EuS can then result in the production 

of  spin-polarised  electrons  if  a  band structure  with  a  particular  spin  projection  is 

excited in the emission process. Considerable polarisation of electrons emitted from 

such  a  source  was  first  observed  by  Müller,  Eckstein  and  Heiland  (1972).  Such 

sources  do  not  appear  to  have  been  used  in  experiments  requiring  spin-polarised 

electrons.

An  optically  pumped  He  discharge  has  also  been  proposed  as  a  source  of  spin-

polarised electrons. Metastable 2 3S He atoms are produced by microwave discharge. 

These  metastable  atoms  are  then  optically  pumped  by  circularly  polarised  light, 

resulting in polarised atoms. Another gas is then injected into the He discharge, and 

22



electrons  are  liberated  via  collisions  with  these  gas  molecules.  The  possibility  of 

utilising  such  an  effect  for  use  as  a  spin-polarised  source  was  demonstrated  by 

McCusker, Hatfield and Walters (1969). Fundamental to the use of such a source is 

the conservation of spin during the collision process (Hill et al (1972), Keliher et al 

(1975)). Such a source was first constructed by Keliher, Gleason and Walters (1975). 

This  source  does  not  appear  to  have  been  utilised  in  experiments  requiring  spin-

polarised electrons.

Finally consideration may be given to the GaAs source of polarised electrons. With 

this  source  of  polarised  electrons,  caesium  and  oxygen  is  used  to  lower  the 

workfunction  of  a  GaAs  wafer  illuminated  with  circularly  polarised  light  of  the 

required wavelength.  This source appears  to  have been widely adopted by groups 

requiring spin-polarised electrons for experimental purposes. Such a source, modelled 

on the GaAs source of McClelland, Kelley and Celotta (1989) was utilised for the spin 

dependent measurements conducted as part of this work, and as such will be further 

discussed in chapter three of this work. The addition of the Mott detector which is a 

feature of this design was an extension by McClelland, Kelley and Celotta (1989) to 

the earlier GaAs source of Pierce et al (1980), and is illustrated in figure 1.2 below.

Figure 1.2. GaAs spin-polarised electron source as used by McClelland, Kelley and Celotta (1989). The spin-polarised electron 
source of this work was based on this design. From McClelland, Kelley and Celotta (1989).
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Direct comparisons between these various sources of spin-polarised electrons have 

been made by Kessler (1985). Went (2003) has also made a similar comparison as that 

performed by Kessler,  but with more recent data with respect to the GaAs source 

which has undergone considerable development since Kessler's monograph. Kessler 

and  Went  have  tabulated  a  number  of  parameters  used  to  compare  spin-polarised 

sources,  including the current, polarisation,  figure of merit,  method of polarisation 

reversal, beam divergence and beam quality. Some of these parameters, including the 

figure of merit will be discussed in more detail in chapter three below, in relation to 

GaAs  sources  of  polarised  electrons.  Suffice  to  say  here  that  the  continual 

development of the GaAs source has resulted in this source having many desirable 

characteristics for experimental work. 

1.4.2. Review of Relativistic Experimental Apparatus
Both  low  and  high  energy  Mott  scattering  experiments  utilise  an  experimental 

arrangement  similar  to  that  used  by  Jost  and  Kessler  (1966).  An  outline  of  this 

apparatus  is  given  in  figure  1.3  below.  Electrons  are  produced by a  conventional 

electron gun designed to give a monochromated beam of electrons. These electrons 

then scatter  from the target in the interaction region,  the target  in this  case being 

mercury. In the case of early high energy Mott experiments, the target would often be 

thin  gold  films;  see  for  example  Van  Klinken  (1966).  After  the  scattering  event 

electrons scattered at a large angle of interest,  θ, are guided into a filter system and 

then accelerated to an energy of around 100keV. These high energy electrons are then 

scattered from another heavy target, usually gold, and the number of electrons that 

scatter to the left and to the right at a particular high angle recorded. 

For  the  so called  “triple  scattering  experiments”,  the  necessity  of  three  scattering 

processes is generally reduced to two, with the use of sources of polarised electrons. 

An  example  of  such  apparatus  that  has  been  used  to  measure  the  S,  T  and  U 

parameters is given below in figure 1.4, as used by Wübker, Möllenkamp and Kessler 

(1982). An electron beam of known polarisation is created via the use of the GaAs 

cathode indicated in figure 1.4. These electrons then collide with a beam of Xe atoms 
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Figure 1.3. Outline of apparatus used for a Mott scattering experiment, for a mercury target, as used by Jost and Kessler (1966). 
Diagram taken from Kessler (1985).

Figure 1.4. “Triple scattering experiment” of Wübker, Möllenkamp and Kessler (1982). From Kessler (1985).
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(in this case). Collision with the target will alter the initial polarisation vector of the 

electron beam. Since the Mott detector can only measure transverse components of 

the  electron  polarisation,  the  Wien  filter  before  the  accelerating  lens  is  used  to 

transform  the  longitudinal  component  into  a  transverse  component.  Once  the 

polarisation after the scattering event is determined by the Mott detector, T and U, in 

addition to S can be found for the scattering process. 

An example of a more recent experiment dealing with the spin asymmetries discussed 

above is illustrated in figure 1.5. This apparatus was used by Baum et al (2002) to 

measure Ann, A1 and A2 for elastic scattering from caesium at intermediate energies. 

Spin polarised electrons are created by the GaAs polarised electron source, while the 

target atomic beam is polarised via the use of the diode lasers, linear polariser and 

quarter wave plate indicated in figure 1.5. The polarised beams are allowed to interact 

and the quantities Ann, A1 and A2 determined using desired polarisation characteristics 

of the electron and atomic beams. Scattered electrons are detected by the electrostatic 

hemispherical analyser, which can rotate between 40° and 140°. Polarisation of the 

atomic beam is determined by the hot wire detector and Stern-Garlach magnet, while 

the polarisation of the electron beam is determined by the Mott detector. Once the 

beam polarisations are known, the quantities Ann, A1 and A2 can be determined by 

selecting the polarisation orientation for the quantity of interest,  and recording the 

total  number  of scattered electrons  for each desired orientation of the atomic and 

electron beams.

Figure 1.5. Apparatus used by Baum et al (2002) for the determination of spin-asymmetries in the elastic scattering of spin- 
polarised electrons from caesium atoms. From Baum et al (2002).
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1.4.3. Review of Autoionisation Apparatus
Atomic  autoionising  levels  may  be  excited  by  a  variety  of  physical  processes, 

including collisions with photons, electrons, ions, and atoms amongst other processes. 

This  work  will  concentrate  directly  on  autoionisation  caused  by  electron  impact 

excitation,  and  on  the  more  recent  developments  using  stepwise  photon/electron 

impact excitation techniques. For references to earlier work involving the excitation 

of autoionising resonances via other processes (and also for excitation of metastable 

states  by electron  impact  excitation),  the  reader  is  directed  to  Hahn and Nygaard 

(1971) and references therein.

Early experiments studying electron impact excitation of the autoionising states often 

made use of the trapped electron method. An example of this is given below in figure 

1.6.  This  apparatus  was  used  by Hahn and Nygaard  (1971)  to  study autoionising 

levels in caesium. Electrons are produced by the gun at the left of figure 1.6 and low 

energy electrons are  removed from the beam by the application of small  negative 

potential applied at R. The magnetic field B, is used to guide the electron beam. A 

small positive voltage (W) is applied to the interaction region, such that inelastically 

scattered electrons with energy less than W are trapped and eventually diffuse their 

way to the detector at IS. This means that the detector current IS increases greatly when 

the incident electron energy matches the energy of an atomic resonance. 

Figure 1.6.. Schematic of the trapped electron method apparatus, as used by Hahn and Nygaard (1971).
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Non-colliding electrons are captured by the detector IB.

More recent autoionisation experiments tend to utilise the crossed beam method. In 

this method, electrons are produced by a conventional electron gun, and this beam of 

electrons  is  allowed to  interact  with the  target  beam in a  region  of  space free  of 

magnetic  and  electric  fields.  Ejected  electrons,  in  the  case  of  autoionisation 

experiments, are detected by a spherical electrostatic energy analyser or cylindrical 

mirror  analyser  in  conjunction  with  a  position  sensitive  detector.  Generally  the 

analyser or electron gun is mounted on a movable turntable to facilitate the taking of 

differential cross sections. The work of Pejčev et al (1977a) and Feuerstein, Grum-

Grzhimailo and Mehlhorn (1998) are examples of the crossed beam method applied to 

autoionisation studies. A diagram of the apparatus of Feuerstein, Grum-Grzhimailo 

and Mehlhorn is given below in figure 1.7.

Further studies involving the alignment and orientation of autoionised electrons have 

involved the stepwise laser/electron impact excitation method. Similar apparatus is 

used to the crossed beam apparatus described above, but the geometrical arrangement 

of the apparatus facilitates the entry of laser light as well. An example of this sort of 

experiment is the work of Dorn et al (1994). The arrangement of the experimental 

apparatus of Dorn at al is given in figure 1.8. This apparatus was used to determine 

the angular anisotropy imparted to the ejected electrons due to the stepwise excitation 

of the autoionising states in sodium.
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Figure 1.7. Autoionisation apparatus as used by Feuerstein, Grum-Grzhimailo and Mehlhorn (1998). The low energy electron 
gun  (LEG) is  used for  normalisation  purposes,  while  the  high  energy electron  gun  (HEG) was  used for  the  cross  section 
measurements.

Figure 1.8. Schematic of the apparatus used for stepwise excitation of autoionising states in sodium. This apparatus is similar to 
that used for electron impact excitation, except for the addition and accommodation for the laser system in the experimental set-
up. From Dorn et al (1994).
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Chapter Two: Theory

2.0 Introduction
This chapter is divided into several sections. Section 2.1 outlines the nature of the 

scattering  problem,  and  some  particular  methods  of  obtaining  solutions  to  the 

scattering problem. Section 2.2 deals with the formal description of polarised electron 

beams, a necessary development in order to help understand section 2.3. Section 2.3 

deals  with  the  theoretical  account  of  spin  dependent  effects  in  the  electron-atom 

scattering  process.  Section  2.4  finishes  this  chapter  and  deals  with  the  basic 

theoretical description of autoionisation resonances.

It  should  be  mentioned  here  that  despite  the  development  of  only explicitly  spin 

dependent  effects  for  the  projectile  being  dealt  with  in  chapter  one,  section  2.3 

includes  all  possible  spin effects  in  the collision process:  exchange,  the spin-orbit 

effect and the fine structure effect. Included here are the exchange and fine structure 

effects, as these effects may also be simultaneously present when scattering polarised 

electrons from rubidium atoms, and as such an expression of the differential cross 

section cannot ignore these effects.

2.1 Introductory Scattering Theory
The discussion below on the description of the scattering problem assumes a potential 

that  drops  off  faster  than  the  Coulomb potential,  1/r.  Extension  of  the  theoretical 

description of the scattering problem to the Coulomb potential is treated extensively 

in  a  number  of  monographs,  for  example  Mott  and  Massey (1965)  and Joachain 

(1983). While a wide variety of approximation methods (see for example, Mott and 

Massey  (1965))  are  used  to  solve  scattering  problems,  only  solutions  to  the 

Schrödinger equation for the scattering system obtained via partial wave analysis is 

outlined  here.  The  connection  between  the  observables  of  interest  such  as  the 

differential cross section, and the matrix operator formalism, which is often used to 

describe scattering problems are then outlined.
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Figure 2.1. Schematic illustrating an atomic collision. Light grey particles are incident in the direction of the arrow from the left 
and scatter from the black particles. The scattered particles are then incident on the detector (square, dark grey) some distance 
from the scattering centre.

A general atomic scattering event may be described via the use of figure 2.1 above. 

Incident particles, coloured light grey in figure 2.1 collide with the target particles 

(black) and are scattered into arbitrary directions via the collision process. The light 

grey particles so scattered may be detected at some distance from the scattering centre 

by a detector (square, dark grey) which is set at particular polar angles θ and φ to the 

scattering  centre.  It  is  conventional  to  define  the  plane  that  contains  the  incident 

particle momentum ki and the scattered particle momentum kf as the scattering plane. 

The aim of collision physics is to gather as much knowledge about the state of the 

system before, during and after the collision process. Since for atomic and molecular 

scattering the system is inherently quantum mechanical, all information on the state of 

the system is  expressed in  the wavefunction  of  the system. The evolution  of  this 

wavefunction  during  the  interaction  process  is  given  by  the  time  dependent 

Schrödinger equation (Schiff (1968));

(2.1)

where H is the Hamiltonian of the system and Ψ is the wavefunction of the system, 

which in this case is time dependent. If one allows the interaction between a beam of 

the light grey projectile particles and the target black particles to reach steady state 
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conditions  (i.e.  to  interact  for  a  long  period)  then  no  time  dependence  is  to  be 

expected  in  the  Hamiltonian.  Under  these  circumstances  the  spatial  and  time 

dependence of the solution r , t  are separable in equation 2.1 (Schiff (1968)), 

leading to solutions of the form,

r , t =r exp−i
ℏ

E tot t
    (2.2)
where the  r  displays the spatial dependence of the total wavefunction. As long 

as the Hamiltonian in equation 2.1 is time independent, solutions may be found to 2.1 

which give stationary states of the system where the total energy of the system does 

not vary with time, but is specified by Etot. Substitution of 2.2 into 2.1 gives the time 

independent Schrödinger equation:

H r = E totr 

           (2.3).
Solution of the scattering problem now revolves around solving equation 2.3 for the 

collision system of interest.

It is usual to express the collision problem in the centre of mass frame, that is the 

frame of reference where the centre of mass of the combined projectile and target 

system is moving. In such a system the mass of the target, M, and the mass of the 

projectile, m, are replaced by a reduced mass Mr which is given by (Joachain (1983));

M r=
mM

mM  .

(2.4)

For electron-atom collisions, the small mass of the electron in comparison to that of 

the atom means that the laboratory and centre of mass frames essentially coincide. 

Reduction into the centre of mass frame allows the scattering problem to be reduced 

to the determination of the scattering of the reduced mass Mr from a centre of force 

(Joachain (1983)). Under the centre of mass system, the time independent Schrödinger 

equation (TISE) may be written explicitly as:
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[−ℏ2

2Mr
∇ 2V r ]r =E totr 

(2.5)

The incident beam of particles, inc , may be represented by a plane wave, assuming 

that the beam is nearly monoenergetic (Mott and Massey (1965)):

inc=expi  z 

(2.6)

where = 2Mr T 0/ℏ , and T0 is the kinetic energy of the incident particles. If one 

lets (Joachain (1983))

U r =
2Mr V r 

ℏ2

(2.7)

then  equation  2.5  may be  written  in  the  form below,  convenient  for  determining 

solutions to the scattering problem;

∇2  r [2−U  r ]r =0

           (2.8).

Since  U r  is  assumed to depend only on  r,  solutions to 2.8 are separable into 

functions that depend only on r and only on  , that is there is no dependence on 

the azimuthal angle φ. As such general solutions to 2.8 may be written as;

 r ,=L r Y 

           (2.9).

If 2.9 is substituted into 2.8, one may express 2.8 in a form where one side of the 

equation depends only on r, while the other side depends only on  . For this to be 

true, either side of the new equation must be equal to some constant, which in this 

case is usually given as l(l + 1). The two equations may now be written as;

1
r2

d
dr r 2 dL

dr [2−U r −l l1
r 2 ]L=0

        (2.10a)
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1
sin

d
d  sin dY

d  l l1Y =0

       (2.10b).

At  large  distances  from  the  scattering  centre,  one  can  expect  general  solutions 

(equation 2.9) of equation 2.8 to look like the addition of an incident plane wave, 

inc , and of a spherical scattered wave, scat that represents those particles in the 

initial beam that have been scattered by the target (Burke and Joachain (1995));

 r  
r ∞

exp i  z  f exp i  r 
r

         (2.11).

The  quantity f  in  2.11  expresses  the  probability  for  an  interaction  to  occur 

between  the  incident  and  target  particles,  and  is  commonly  called  the  scattering 

amplitude.  The  scattering  amplitude  is  in  general  a  complex  quantity.  Another 

quantity typically measured in scattering experiments is the differential cross section. 

The relationship between the differential cross section and the scattering amplitude is 

given by (Wu and Ohmura (1962));

d 
d 

=∣ f ∣2

         (2.12).

The differential  cross section expresses  the probability of the incident  particles  to 

scatter into an infinitesimal area d  , centred on the polar angles  and  , per 

unit target scatterer and per unit relative flux of the incident particles with respect to 

the target.

Using the partial wave approximation (Mott and Massey (1965)) to solve equation 2.8 

above,  the  total  wavefunction,  is  expanded  in  partial  waves  corresponding  to 

different values of the orbital angular momentum such that;

 r ,=∑
l=0

∞

2l1il ei l Ll r  Pl cos

         (2.13),

where  the  Ll terms  are  solutions  to  the  radial  equation  2.10a  above,  and  the 
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P l cos are Legendre polynomials. Each term in the expansion above is called a 

partial wave. In partial wave analysis the scattering amplitude is given by (Burke and 

Joachain (1995));

f = 1
2i ∑

l=0

∞

2l1e2i l−1P lcos

          (2.14)

The quantity l in equations 2.13 and 2.14 above is called the phase shift for the 

partial wave l, and displays the influence of the scattering process on the lth partial 

wave. Partial wave analysis is of most use at low incident energies where it is to be 

expected that only a few partial waves will significantly contribute to the expansion 

2.13. 

One may relate the phase shifts and scattering amplitude to another quantity typically 

calculated in modelling atomic scattering experiments, the scattering matrix (S-matrix 

or  collision  matrix).  In  particular,  the  S-matrix  is  a  matrix  representation  of  the 

operator S that defines the relationship between the state of the system long before 

the interaction between the particles has occurred to the state of the system long after 

the interaction has ceased to be effective (that is the S-matrix is time independent). In 

general one defines the S-matrix elements for the transition between an initial state 

∣i 〉 and a final state ∣ f 〉 as (Wu and Ohmura (1962)):

         (2.15).

In scattering with a structureless target and projectile as presented above, the S-matrix 

is necessarily diagonal. As soon as structure is involved, for example scattering above 

the inelastic threshold from an atomic target, the off diagonal elements can be non-

zero and represent the possibility of transitions between discrete states in the target. 

The relationship between the S-matrix elements and the phase shifts above is given by 

(Burke and Joachain (1995));

S l k =e2i l .

                                             (2.16),

where k is the wavenumber.
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The relationship between the cross section and the scattering amplitude is (Wu and 

Ohmura (1962)):

   (2.17a, b).

Once the S l k  are given, the scattering amplitude 2.14 is also determined for each 

partial  wave  l,  at  a  particular  total  energy  of  the  system  corresponding  to  the 

wavenumber k.

A number of related matrices may be drawn from the S-matrix. The elements of the 

transition matrix T is related to the S-matrix by T l k =S l k −1 .  The transition 

matrix is of particular use in the integral form (Born Approximation) (see for example 

Mott and Massey (1965)) of the scattering problem, where the scattering amplitude 

can be given as:

         (2.18),

where ∣k i
〉 is the scattering wavefunction of the form 2.11 and k f is the plane 

wave final state wavefunction. The use of a plane wavefunction as the final state is 

valid  as  long  as  the  pre  and  post  collision  interactions  are  not  significant.  The 

transition or T matrix elements are defined in this case as(Joachain (1983)):

         (2.20).

Another operator of interest that is related to the S matrix is the K matrix or reaction 

matrix  (Wu and Ohmura (1962)).  The  quantity K will  be  encountered  later  when 

autoionisation resonances are investigated. For the moment it is noted that in terms of 

the partial wave analysis above one has the equations (Burke and Joachain (1995)):

          (2.21)
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l
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and

         (2.22).

The R-matrix or derivative matrix will be encountered below as well. The form of the 

R-matrix is somewhat complicated and shall not be dealt with here. Suffice to say that 

the R-matrix helps characterise the state of the system long before the interaction to 

the state of the system long after the collision. Further details on the R and K matrices 

may be found in Wigner (1946, 1948), Lane and Thomas (1958), Wu and Ohmura 

(1962), and references therein. 

2.2 Description of Polarised Electron Beams
The brief  discussion below refers to the theoretical  description of an ensemble of 

polarised electrons. More detailed discussions of the description of polarised electrons 

can  be  found  in  Kessler  (1985),  Farago  (1971)  and  Fradkin  and  Good  (1961). 

Although the discussion below deals explicitly with electrons, the arguments below 

can be generalised to any spin half system, for example an ensemble of positrons or 

protons.

Loosely  defined,  an  ensemble  of  electrons  is  considered  polarised  if  there  is  a 

preferential  direction  in  space  along  which  the  spin  angular  momentum  of  each 

particular electron is orientated. If all electrons in the beam ensemble have their spin 

aligned along a particular direction in space, then the ensemble is described as being 

totally  polarised.  If  more  than  half,  but  less  than  100%  of  the  electrons  in  the 

ensemble have their spin aligned along a particular direction, then the ensemble is 

characterised as being partially polarised. The degree of polarisation with respect to 

an arbitrary quantisation axis may be given by the equation:

                                                                                         (2.23),

where N  is the number of electrons with spin up with reference to the quantisation 
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axis  and N  is  the  number  of  electrons  with  spin  down  with  respect  to  the 

quantisation  axis  (Farago  (1971)).  If  the  polarisation  is  transverse  to  the  beam 

direction, then the degree of polarisation is referred to as the transverse polarisation, 

while  if  the  degree  of  polarisation  is  parallel  to  the  beam  direction,  then  this 

polarisation is referred to as the longitudinal polarisation. The relationship between 

the  degree  of  polarisation  in  each  of  the  directions  x,  y  and  z,  Px,  Py and  Pz 

respectively, and the degree of polarisation in an arbitrary direction, P is given by 

P= P x
2P y

2P z
2 (Kessler (1985)).

More  formally,  the  polarisation  of  the  electron  beam  is  defined  as  being  the 

expectation value of the spin operator, s , with reference to a particular quantisation 

axis. The components of s obey the commutation relation sx sy−s y s x=i ℏ s z . The 

spin operator s may be defined as:

                     (2.24),

where the components of the spin matrix,  , are the Pauli spin matrices below, and 

it has been assumed that the system is diagonal in the z basis:

         (2.25).

The commutation relationship of 2.25 necessarily follows that of 2.24 above, except 

for the factor of ℏ /2 . One may describe the spin state of any particular electron 

ensemble by a column vector with two components:

         (2.26).

Any spin state can be built  up as a linear superposition of the basis  states of the 
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operators 2.25 above. For example the state vector ∣〉 above can be represented by 

the basis states of the z Pauli spin matrix as:

                                                        (2.27).

The spin of the electron in any arbitrary direction can be determined by projecting the 

spin  operator,  ,  onto  the  desired  unit  vector e and  then  solving  the  ensuing 

eigenvalue equation:

         (2.28).

If all the electrons in an ensemble have their spins orientated along the same direction, 

then the spin state  of  the  electron  system is  said  to  be a  pure state,  and may be 

described  by a  state  vector  similar  to  2.26  above.  Under  such  circumstances,  the 

degree  of  polarisation  is  necessarily  unity.  This  also  implies  perfect  coherence 

between the spin state of all electrons in the ensemble.

In the much more general case of a partially polarised electron beam, different spin 

orientations are possible in the ensemble. The ensemble now can be considered to 

consist of two or more sub-ensembles of polarised electrons, each sub-ensemble being 

polarised in a particular direction. In such a situation, the polarisation of the ensemble 

can no longer be described by a single state vector, as in 2.26, but by a statistical 

mixture of such spin state vectors for each sub-ensemble:

         (2.29),

where P is the polarisation of the entire ensemble, n is the number of sub-ensembles, 

wn is the statistical weight of the nth sub-ensemble and Pn is the polarisation of the of 

the nth sub-ensemble. Such a situation suggests that the use of density matrices may 

be useful. In this case the density matrix,  , may be given by:

39

 ⋅e∣〉=∣〉

P =∑
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0a20
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         (2.30),

where ∣n 〉 is  the  spin  state  vector  for  the  nth  sub-ensemble.  The  relationship 

between the polarisation and the density matrix is given by:

         

         (2.31).

One may express the density matrix in terms of the polarisation of the electron beam, 

for the spin state 2.29. Using 2.31 and 2.25, one has:

         (2.32).

Using the fact that ∣a1∣
2∣a2∣

2=1 and 2.32, one may write:

         (2.33).

The above discussion assumes that the spin state vectors ∣〉 have been properly 

normalised. In the case that the spin state vectors are unnormalised then 2.31 and 2.33 

are altered to (Kessler (1985)):

          (2.34)

                                             (2.35).
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2.2.1 The Dirac Equation
The spin of the electron was put on a firm theoretical foundation by Dirac's (1928) 

relativistic treatment of Schrödinger's equation for both free and bound electrons. The 

Dirac equation for free electrons may be written as below (Kessler (1985)):

         (2.36),

where αx, αy, αz and β are 4x4 matrices. The general solution to 2.36 for an electron 

beam travelling in the z direction, with arbitrary spin direction, is given by (Kessler 

(1985)):

                                                                    (2.37),

where  A and  B are normalisation constants.  If one calls the four components of the 

solution  above  a1,  a2,  a3 and  a4 respectively,  it  can  be  seen  that  the  individual 

components are not independent. Indeed the relationship between the components can 

be quantified as (Kessler (1985)):

         (2.38).

To determine the spin of the electron from this state, it  is necessary to operate on 

equation 2.35 with the relativistic equivalent to the spin operator 2.24 above.  The 

required operator is of the same form as 2.24, but now the individual components of 

the operator are defined in terms of 4x4 matrices below (Dirac (1928)):
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         (2.39).
It does not make sense in the Dirac formulation to attempt to measure the polarisation 

of  an  ensemble  of  electrons  in  a  moving  frame of  reference  with  respect  to  that 

ensemble. The reason for this is that the polarisation is dependent on the frame of 

reference in which it is made (Kessler (1985)). The only consistent way to determine 

the polarisation using the Dirac formulation is make all polarisation measurements in 

the  rest  frame  of  the  ensemble  of  electrons.  Except  for  this  proviso,  the  formal 

definition of the polarisation of an ensemble of electrons as the expectation value of 

the spin operator is identical to the non-relativistic case above. 

Extending the Dirac equation to the presence of external electro-magnetic fields yields 

the equation (Kessler (1985)):

 

                     (2.40),
where p is the momentum operator,  A is the magnetic potential, V  is the electric 

potential,  is the electron charge, B is the external magnetic field, E is the external 

electric field and  is the relativistic spin operator. The equation above has been 

derived from the full Dirac equation with the assumption that the potential and kinetic 

energies involved are much less than the rest mass of the electron given by mc2. The 

first two terms on the left hand side of 2.40 correspond with the non-relativistic form 

of the Schrödinger equation. The three remaining terms indicate relativistic effects 

described within the Dirac framework, without the need for further assumptions. The 

third term in equation 2.40 describes the interaction energy between the spin magnetic 

moment of the electron and any present external magnetic field. The fourth term is a 

relativistic correction to the energy of the system. The last term quantifies the spin-

orbit effect described qualitatively above. It is important to distinguish between this 

effect and the third term described above, as the spin-orbit effect is due to a magnetic 

field that exists only in the frame of reference of the projectile electron, whereas the 
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third  term  is  due  to  wholly  external  magnetic  fields  that  exist  in  all  frames  of 

reference. 

2.3 Electron Spin in Atomic Scattering
The effects of electron spin manifest themselves in electron-atom collisions via three 

distinct mechanisms (Kessler (1991)). These are the spin-orbit interaction, the fine 

structure effect  and exchange.  All  of these effects  can lead to the scattering cross 

section being dependent on the polarisation or the spin of the electrons involved. A 

description of each of these mechanisms will be outlined briefly below, along with 

their effect on the scattering cross section. Particular attention is paid to the spin-orbit 

effect, as this is the spin dependent effect investigated as part of this thesis. While 

combined effects  of each of these can occur,  each effect  will  first  be individually 

considered.  This section is completed by investigating cases where more than two 

spin dependent effects may be appreciable, such as scattering from heavy atoms.

2.3.1. Spin-Orbit Effect
Qualitatively,  the  spin-orbit  effect  for  the  continuum  electron  during  an  atomic 

collision is due to the effective magnetic field that the projectile electron experiences 

in its frame of reference. To the projectile electron, the nucleus with charge +Z is 

moving in its (the projectile electron) frame of reference, and this gives rise to an 

effective magnetic field. The interaction between this effective magnetic field and the 

intrinsic spin angular momentum of the electron gives rise to the spin-orbit effect.

In order to formally account for the spin-orbit effect when scattering electrons from 

atoms, it will be necessary to find solutions to the Dirac equation 2.40 above. To find 

solutions to 2.40 for the case of elastic scattering with a beam of electrons (travelling 

in  the  z  direction)  of  arbitrary  spin,  a  solution  is  needed  that  represents  the 

superposition of an incoming plane wave and a scattered spherical  wave (Kessler 

(1985)):
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                                                                                                                               (2.41),

where λ = 1 to 4 and represents the components of the relativistic wavefunction. The 

normalised differential cross section for elastic scattering is then (Kessler (1985)):

         (2.42).

The  problem  of  finding  a  four  component  wavefunction  can  be  reduced  to  the 

problem of finding a two component wave function, since the components 3 and 4 in 

the solution are very much smaller than components 1 and 2, due to the assumption 

that the energies involved are very much less than the rest mass of the electron (Mott 

and Massey (1965)). 

At  large distances  from the scattering  centre,  the scattered  spherical  wave can be 

considered to consist of plane waves radiating from the scattering centre in different 

directions. Hence the same relationship between the vector components of 2.38 can be 

seen to hold asymptotically for the vector components in equation 2.42. Since it was 

assumed in deriving solutions to 2.36 that the kinetic energy of the electron was much 

smaller than the rest energy, then the vector components corresponding to λ, λ'= 3, 4 

in 2.42 above are much smaller than the respective components 1 and 2. As such, the 

components  3  and 4 may be  ignored in  the expression for  the  cross  section 2.42 

above. The expression for the differential cross section can then be reduced to:

         (2.43).

If the electron beam is polarised in either the +z or -z direction then solutions can be 
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built  for  a  beam of  arbitrary  polarisation  by  superposition  of  these  solutions.  In 

general the wavefunction for a beam travelling in the +z direction with spin orientated 

in the +z direction or spin orientated in the -z direction, may be given as, respectively:

        (2.44a)

       (2.44b).

The components S21 in 2.44a and S12 in 2.44b take into account that due to the spin- 

orbit effect, the zero component of each incident wavefunction may not necessarily be 

zero after the scattering event. Solutions to 2.44a and 2.44b above may be undertaken 

using partial wave analysis, the details of which may be found in Mott and Massey 

(1965). In the case that the beam is polarised along the +z direction, it can be shown 

that the scattering amplitudes S11 and S21 may be given through partial wave analysis 

as (Kessler (1985)):

         (2.45).

The scattering amplitude f describes mainly the Coulomb part of the interaction, while 

the scattering amplitude g describes spin flips of the incident electrons due to the spin-

orbit  effect  in  the  field  of  the  target  atom (Kessler  (1991)).  The  solution  of  the 

scattering  problem is  again  reduced  to  a  determination  of  the  phases  ηl.  Similar 

application to a beam the spin in the -z direction yields (Kessler (1985)):
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         (2.46).

Superposition of the +z and -z spin solutions will allow the description of an incident 

wave with spin in an arbitrary direction (Kessler (1985)):

         (2.47),

where  A and  B  in  equation  2.47  above  are  arbitrary  constants  characterising  the 

degree of polarisation of the electron beam in a particular  direction.  Using 2.44a, 

2.44b, 2.46 and 2.47 above, the scattering wavefunction for a beam of arbitrary spin 

direction may be obtained (Kessler (1985)):

         (2.48).

If one lets

                     (2.49),

(the Sherman function) then on substitution of equation 2.48 into equation 2.42, the 

differential cross section for elastic scattering becomes (Kessler (1985)):

         (2.50).

The presence of the g scattering amplitude in the expression for the differential cross 

section indicates the manifestation of the spin-orbit effect in collisions of electrons 

with atoms. This also means that the differential cross section would be dependent on 

the  electron  beam polarisation,  if  indeed such a  polarisation  exists.  It  is  usual  to 
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express  the  cross  section  2.50  in  a  manner  that  explicitly  shows  the  polarisation 

dependence of the cross section:

         (2.51),

where  I =∣ f ∣2∣g∣2 and  n is the unit vector perpendicular to the scattering 

plane defined by:

         (2.52),

where  ki and  kf are  the  wavenumbers  of  the  incident  and  scattered  electrons 

respectively. Equation 2.51 demonstrates that only the component of the polarisation 

perpendicular to the scattering plane causes the scattering asymmetry via the Sherman 

function.  It  is  clear  from 2.51  that  an  initially unpolarised  electron  beam gains  a 

polarisation after the collision process, P =S  n . It is to be expected from 2.50 

that the electron beam polarisation should be altered after the collision process. This 

may be quantified via (Kessler (1985)):

         (2.53),

where 

         (2.54).

These quantities help determine the nature of the change in the polarisation vector of 

the electron ensemble after the collision process. In particular S, as has been noted 

above,  is  the  Sherman  function,  and  characterises  the  change  in  the  polarisation 

component perpendicular to the scattering plane. The effect of the term due to the 

Sherman function also means that an initially unpolarised electron beam is polarised 

perpendicular  to  the  scattering  plane  after  the  collision  event.  The  quantity  T 

characterises the reduction in the component parallel to the scattering plane, while U 
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describes the rotation of the polarisation vector out of its initial plane via the cross 

product in equation 2.53. All components of the polarisation are also modified by the 

factor 1Pn S  in the denominator of equation 2.53.

Importantly, the above effects on the differential cross section and the polarisation of 

the electron ensemble are due to the spin flip amplitude,  g,  which is caused by the 

spin orbit interaction. Clearly if the spin-orbit interaction is absent or weak, then g is 

not appreciable and there will be no dependence on the spin-orbit interaction in the 

differential cross section. Further it can be expected that no change in the polarisation 

vector of the electron ensemble due to the scattering process.

2.3.2 Exchange
Exchange in atomic collisions occurs when the spatial overlap of the incident electron 

with an atomic electron results in the capture of the incident electron, and the ejection 

of the atomic electron; that is to say they have exchanged places due to the uncertainty 

principle  and the Pauli  principle.  Exchange then does not  arise  due to  any forces 

acting between the electrons involved but is due entirely to the fact that the electrons 

are  indistinguishable.  Conditions  are  favourable  for  the  study of  exchange effects 

when the spin-orbit interaction is sufficiently weak. Such conditions can be realised in 

the  scattering  of  electrons  from  light  alkalis.  Light  alkali  atoms  have  a  valence 

electron with uncoupled spin and are not heavy enough to cause an appreciable spin-

orbit effect (that is one can ignore the possibility of spin flips). These conditions, in 

conjunction  with  the  use  of  polarised  electrons  and/or  polarised  atoms  result  in 

circumstances favourable to the study of exchange effects alone.

Assuming the above conditions are met,  six general  processes may be outlined as 

below.  The  arrows  indicate  the  spin  (with  respect  to  the  scattering  plane)  of  the 

electron, e, and of the target atom, A, respectively. In the first two processes of (2.55a) 

and (2.55b) the target and projectile electrons can be uniquely distinguished, since 

they are labelled by their spin projection.
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                                (2.55a)

                                                                                                                  (2.55b).

The first process in 2.55a corresponds to the situation where the electron scatters from 

the target with no electron exchange taking place. Such a situation may be described 

by the direct scattering amplitude f. In the second process of 2.55a, the projectile and 

target electrons have swapped their spin projections, indicating that these electrons 

have exchanged places. This case is described by the exchange amplitude g. For the 

last  case in  2.55a,  it  is  possible  that  the projectile  has either  scattered directly or 

exchanged with the target electron, since initially their spin projections were the same. 

This situation may be described by the scattering amplitude f – g. Similar arguments 

can be seen to  hold for 2.55b. A summary of the scattering amplitudes and cross 

sections  describing  2.55  is  given  in  table  2.1.  A derivation  of  these  scattering 

amplitudes via the Born approximation is given in Kessler (1985).

Process Amplitude Cross Section
e A e A  f ∣ f ∣2

e A e A  −g ∣g∣2

e A e A  f −g ∣ f −g∣2

e A e A  f ∣ f ∣2

e A e A  −g ∣g∣2

e A e A  f −g ∣ f −g∣2

Table 2.1. Scattering amplitudes and cross sections in terms of the direct and exchange cross sections for scattering from atoms 
where the spin-orbit effect is negligible, and both the target and projectile beams are totally polarised.

Each  of  the  amplitudes  in  table  2.1  can  be  determined  if  use  is  made  of  totally 

polarised projectile and target beams, and if spin selection of the scattered electron 

and/or the target atom occurs after the collision process. In practice, such restrictions 

are difficult to achieve. If unpolarised electrons are scattered from unpolarised targets, 

then one adds the cross sections in table 2.1 with an appropriate statistical weight. For 
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e A e A 
e A e A 
e A e A 

e A e A 
e A e A 
e A e A 



this example process e  A e A  , only half of the target atomic population 

will be in the required spin up direction, on average, while only half of the projectile 

electron  population  will  be  in  the  required  spin  down state,  on  average,  for  this 

process.  This  means  that  the  scattering  cross  section  for  this  process  needs  to  be 

weighted by the factor 1
2×

1
2 =

1
4 .  The resulting cross section in this  case is  then 

1
4∣ f ∣2 . Identical weightings must be applied to each of the other processes, such 

that the cross section for the scattering for unpolarised electrons from unpolarised 

atoms is given by:

0= 1
4∣ f ∣21

4 ∣g∣2 1
4∣ f −g∣2 1

4∣ f ∣2 1
4∣g∣2 1

4∣ f −g∣2=1
2∣ f ∣2 1

2∣g∣2 1
2∣ f −g∣2

                     (2.56),

where 0 is  the cross section for the scattering of unpolarised electrons from 

unpolarised atoms.

Generally it is difficult, if not impossible to create totally polarised beams of electrons 

and/or atoms. In order to determine the scattering cross sections in table 2.1, it  is 

useful to look at the more realistic scenario of partially polarised electrons scattering 

from unpolarised atoms. In order to analyse this  situation,  the fact  that  a partially 

polarised electron beam of polarisation Pe can be made from a totally polarised beam 

and an unpolarised beam in the ratio  Pe: 1 – Pe,  may be used. Assuming that the 

electron beam is polarised in the +z direction, then only those processes in table 2.1 

above in which the incident electron spin is in the +z direction are allowed for the 

totally polarised portion of the beam. For the unpolarised portion of the beam, all the 

processes in table 2.1 can take place. In order to determine the cross section for the 

production of spin up electrons after the collision process, the pertinent cross sections 

from table 2.1 are added, weighted according to Pe or 1 – Pe as the case may be. For 

the spin up cross section:

                                             (2.57),

and for the spin down cross section:
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=Pe
1
2
∣ f −g∣2P e

1
2
∣ f ∣21− Pe

0

2



                                (2.58).

Substituting 2.57 and 2.58 into 2.23 gives the polarisation of the electron beam after 

the collision, Pe
':

                                             (2.59).

Rearranging this equation gives:

         (2.60).

Hence a measurement of the electron polarisation after scattering yields the RHS of 

2.60,  as long as the cross  section for the scattering of unpolarised electrons from 

unpolarised atoms is known. The RHS of 2.60 can then be subtracted from 0 to 

yield ∣g∣2 .  A measurement  of  the  polarisation  of  the  atom  after  the  scattering 

process yields ∣ f ∣2 (Kessler (1985)). Once ∣g∣2 and ∣ f ∣2 are known, subtraction 

from 0 gives ∣ f −g∣2 . Equally it is possible to yield the same information by 

using partially polarised atoms and unpolarised electrons (Kessler (1985)). Symmetry 

arguments mean that the above analysis is valid for beams polarised in the opposing 

direction.

The above holds for the case of beams polarised perpendicular to the scattering plane. 

To extend this analysis to the general case of arbitrary beam polarisations, the density 

matrix formalism is introduced for the composite spin space of the electron and the 

spin one half atom. For arbitrary atomic and electron beam polarisations, the density 

matrix is of the form (Kessler (1985)): 

         (2.61).

If correlations exist between the two electrons, 2.61 must be modified such that the 
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1
2
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' =Pe

1
2
∣ f ∣21

2
∣ f −g∣2−1

2
∣g∣2

 0
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P e
 0=

1
2
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2
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2
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product of the separate spin expectation values for the electron and the target atoms 

are  replaced  by  the  spin  correlation  tensor Q , =∑m, n wn wmQ ,nm  ,  in  2.61 

(Burke and Schey (1962)). Once the scattering matrix is known, it is then possible to 

determine the polarisation of the electron and atomic beams after the collision by use 

of the density matrices, since the density matrix after the collision ' is given by

' =S S† , and use has been made of 2.34:

                      (2.62)

where Pe
' and PA

' are the electron and atomic ensemble polarisations after the collision 

process. Similarly, the cross section can be determined from the density matrix after 

the collision:

                                 (2.63).

Choosing the z axis to coincide with the direction of the atomic polarisation before the 

collision, then the cross section is for the case of elastic exchange scattering (Kessler 

(1985)):

                                 (2.64).

From 2.64 it is clear that if the atomic polarisation is zero, or if the electron beam 

polarisation  has  no  component  parallel  to  the  atomic  polarisation,  then  the  cross 

section reduces to the case of scattering unpolarised electrons from unpolarised atoms. 

This is to expected since it has been demonstrated above that these two situations 

cannot be distinguished. This means that even if the electron beam is totally polarised 

perpendicular to the atomic polarisation, the cross section still reduces to the case of 

scattering unpolarised electrons from unpolarised atoms. In this case the expectation 

value of  Pez = 0, so it is to be expected that there are the same number of electrons 

with spin up as with spin down in the z direction. 
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P e
' = tr {'  e}

tr {'}
P A

' =tr {'  A}
tr {' }

= tr {'}
tr {}

=0[1Pez PA1−
∣ f ∣2∣g∣2

0 ]



Equation 2.62 may be used to create an equation analogous to 2.53. This equation 

gives  the  polarisation  of  the  electron  beam after  the  exchange  scattering  process. 

Kessler (1991) gives this as:

                                             (2.65),

where

                                                                                (2.66),

and  Pa is  the  polarisation  of  the  atomic  target  and  Pe is  the  polarisation  of  the 

projectile electron beam. 

The first  term in the numerator  shows that  some of  the initial  polarisation of  the 

atomic  beam is  donated  to  the  electron  beam through  the  exchange  g and  f  -  g 

scattering amplitudes. Similarly the scattered beam contains a polarisation component 

from the initial polarisation through the f and f – g terms. The third term shows that 

polarisation  is  lost  due  to  the  component  of  Pe perpendicular  to  PA.  Finally  the 

magnitude of the polarisation is modified according to the asymmetry function A and 

the dot product of the initial polarisations. In the absence of exchange (g = 0), the 

electron polarisation is unchanged after the collision. If direct scattering is zero then f 

= 0, and all atomic electrons on scattering are liberated and every projectile electron 

captured. If Pe and PA are parallel or antiparallel then the third term in the numerator is 

zero, while the denominator becomes 1±A .

2.3.3. Fine Structure Effect
The fine structure effect  can lead to the apparently unusual situation whereby the 

scattering of initially unpolarised electrons from unpolarised atoms can give rise to a 

polarisation  in  the  scattered  electron  beam,  even  if  the  spin-orbit  effect  for  the 

projectile electron is negligible. All that is required is that the electrons excite two 

distinct fine structure levels in the scattering process. This is best demonstrated by an 
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Pe
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1−∣ f ∣2

 0 P a1−∣g∣2

 0 P e−i fg∗− f ∗ g
20

Pe×P a

1−A P e⋅P a

A= fg∗ f ∗ g
20



example. In this example, assume excitation of an S → P level in a light alkali. This 

assumption means that spin-orbit coupling for the projectile electron may be ignored. 

This also means that  ms and ml are  good quantum numbers for the excited target 

during  the  collision  process,  as  the  interaction  time  is  much  shorter  than  the 

characteristic time for spin-orbit coupling to establish fine structure levels (see for 

example Hanne (1983) and Percival and Seaton (1958)). Generalising table 2.1 for S 

to P excitation gives table 2.2 below. For a P state, there are three possible projection 

of the orbital angular momentum ; ml = 0, ±1; hence the three possible amplitudes 

covering transitions to these different ml values. If the 2P1/2 excitation is resolved from 

the 2P3/2 excitation, then the transitions outlined in figure 2.2 are possible.

Transition matrices for excitation to the fine structure levels may be built using the 

Clebsch-Gordan coefficients (since it has been assumed that the spin-orbit effect is 

negligible  during the  excitation  process)  from figure  2.2  below and the  transition 

amplitudes in table 2.2. From these the density matrices for the scattered electrons can 

be built up and consequently the polarisation of the scattered electrons determined. 

Kessler (1985) has undertaken this for the 2P1/2 state and obtained:

         (2.67).

The polarisation to be expected from scattering unpolarised electrons from the  2P3/2 

resolved fine structure state is P 3/2=−1
2 P1 /2 , where  P1/2 is the polarisation to be 

expected after exciting the 2P1/2 state and P3/2 is the polarisation to be expected in the 

electron beam after exciting the  2P3/2 state. Since the ratio of excitation of the  2P1/2: 
2P3/2   levels is 1:2 (Hanne (1983)), then if the fine structure is not resolved then no 

overall polarisation is observed in the scattered electron beam.  It can be seen then 

from 2.67 that the fine structure effect is due to exchange effects during the collision, 

and the spin-orbit coupling for the target atomic electrons, once the fine structure has 

established itself.
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Process Amplitudes

e A e A P2   f 0, f 1, f −1

e A e A P2   f 0, f 1, f −1

e A e A P2   −g0,− g1,−g−1

e A e A P2   −g0,− g1,−g−1

e A e A P2   f 0−g 0, f 1− g1, f −1−g−1

e A e A P2   f 0−g 0, f 1− g1, f −1−g−1

Table 2.2. Generalised processes for different atomic and electron spin projections in the excitation of an S to P state. The 
subscripts refer to magnetic sub states.

Figure 2.2. The possible transitions to the 2P1/2 level from the 2S1/2 ground state. The ml and ms are good quantum numbers when 
the excitation occurs on time levels shorter than the characteristic time for the spin-orbit interaction to establish the fine structure 
levels, otherwise the proper quantum numbers of the system are J and its projection mJ. The Clebsch-Gordan coefficients, C, are 
used to write the fine structure basis J, mJ in terms of a superposition of the states described by the ms and ml quantum numbers. 
From Kessler (1985).
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2.2.4. Heavy Atoms: Extension to More Than One Predominate Spin 
Effect
Burke  and  Mitchell  (1974)  first  tackled  the  problem  of  the  elastic  scattering  of 

electrons from one electron atoms where both exchange and spin-orbit effects for the 

continuum electron are simultaneously present. Burke and Mitchell demonstrated that 

in this case the collision mechanism is now described by six independent scattering 

amplitudes. These six amplitudes revert to the two  f and  g scattering amplitudes in 

table 2.1 above if spin-orbit coupling can be ignored (Burke and Schey (1962)). Burke 

and  Mitchell  demonstrated,  in  the  case  of  simultaneous  spin-orbit  and  exchange 

effects, that the cross section can be written in terms of the incident electron and target 

atom polarisations as:

         (2.68),

where 0 is  the  cross  section  for  the  scattering  of  unpolarised  electrons  from 

unpolarised atoms, PA is the atomic beam polarisation before the collision and Pe is the 

electron beam polarisation prior to the collision. The quantities  A1,  A2 and  Ann are a 

series of spin asymmetry parameters that may be experimentally determined by the 

equations:

                    (2.69a)

                    (2.69b)

                               (2.69c).

where the first superscript indicates the direction of the atomic and the second the 

projectile  electron  spin  with  respect  to  the  scattering  plane.  The  quantities  N 

correspond to the count rates for the spin projections, with respect to the scattering 

plane, indicated by the superscripts. The term N corresponds to the differential cross 
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=0[1 A1P A⋅nA2 P e⋅n− AnnP A⋅P e ]

A1=
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N P A
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N P e
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section.  Equation 2.69a corresponds to  the asymmetry expected  when unpolarised 

electrons are scattered from polarised atoms; 2.69b to the asymmetry when polarised 

electrons are scattered from unpolarised atoms and 2.69c to a relative spin orientation 

asymmetry in the collision of polarised electrons from polarised atoms. Measurements 

of the quantity  A2 in elastic and inelastic scattering from rubidium form part of the 

subject matter of this thesis.

2.3 Spin Asymmetry Measurements: Theoretical Calculations 
of A2

The A2 spin asymmetry measurements taken as part of this work were compared with 

two  different  theoretical  calculations.  These  are  the  R-matrix  with  pseudo  states 

approach (RMPS) and the relativistic distorted wave approximation (RDW). These 

theories will be briefly discussed below.

2.3.1 R-Matrix with Pseudo States (RMPS)
The fundamental assumption of close coupling (CC) and related theories, such as the 

RMPS approach is that the collision system, consisting of the target and projectile 

may move between a number of states k r , t during the interaction process. The 

k r , t  are different possible configurations of the target and projectile collision 

system. The possibility of movement between a number of states can lead to coupling 

between these states. The CC formalism attempts to model this coupling between the 

different  configurations  by  expanding  the  wavefunction  of  the  system in  a  finite 

number of basis states of the system, k r , t (Fritsch and Lin (1991)):

                                                                                                                               (2.70),

where  the ak t are  time dependent  amplitudes  describing  the  occupation  of  the 

different basis states k r , t  . A variety of basis states may be used depending on 

the nature of the system; see Fritsch and Lin (1991) for examples. The amplitudes 

ak t are determined by demanding that the solution 2.70 obeys the Schrödinger 
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N

ak t k r ,t 



equation within the space spanned by the basis set.  This leads to a set of coupled 

integro-differential equations to be solved for the amplitudes ak t  of interest (Bray 

(1994)).

The  fundamental  difference  with  the  RMPS  approach  (indeed  with  all  R-matrix 

approaches) is that the configuration space of the scattering problem is divided into 

two sections, an inner and an outer region. The inner region extends up to an arbitrary 

radius a0 from the scattering centre, beyond which is the outer region. The coupled 

integro-differential equations are solved in the inner region and then matched to the 

solutions in the outer region, subject to the necessary boundary conditions (Bartschat 

(1998)). In addition, the RMPS approach also makes use of pseudo states. These are 

non-physical orbitals that may either represent continuum states in the close coupling 

expansion or may take into account the net effect of basis states that have not been 

included in the close coupling expansion. For more details on the RMPS method see 

Bartschat (1998) and Bartschat et al (1996). For details of the RMPS calculations used 

for comparison with the A2 asymmetry of this  work,  see Guinea et  al  (2005) and 

Payne, Krueger and Bartschat (2005).

2.3.2 Relativistic Distorted Wave Approximation (RDW)
In the distorted wave (DW) formalism, it is assumed that in the scattering problem 

transitions in the target can be reduced to those between two particular bound states in 

the target, 1 and 2. It is also assumed that the initial and final state wavefunctions of 

the system are perturbed by an interaction potential U and thus must be described by 

distorted rather than plane waves. Hence the DW transition matrix element for the 

excitation  of  an  atom  of  N  electrons  from  state  1  to  state  2  is  given  by  (Zuo, 

McEachran and Stauffer (1991)):

         (2.71),

where  the 2
DW and 1

DW are  constructed  from their  respective  distorted  bound 

58
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DW N1∣ V− U∣1

DW  N 1〉



state wavefunctions,  V is the potential and U is the distorting potential. Methods for 

the determination of the transition matrix elements 2.71 are given in Zuo, McEachran 

and  Stauffer  (1991).  The  RDW  approach  extends  the  DW  approach  to  include 

relativistic effects by treating both the target and the continuum electron within the 

Dirac framework (Zeman, McEachran and Stauffer (1998)). Further discussion of the 

RDW  theory  can  be  found  in:  Zuo,  McEachran  and  Stauffer  (1991);  Zeman, 

McEachran and Stauffer (1998) and Zeman, McEachran and Stauffer (1995).

2.4 Autoionisation Measurements

2.4.0 Introduction
This section will deal with the basic theory used to describe autoionising resonances. 

One begins with the first successful approach to the description of the autoionising 

resonances; the degenerate perturbation theory of Fano. This theory is applicable to 

the  case  of  an  isolated  autoionising  resonance  embedded  in  a  flat  background 

continuum, the radiative width is much shorter than the particle width and there must 

not be other channels to broaden the autoionisation line. In the case that there are a 

number of overlapping resonances, it is useful to use the K-matrix theory of Wigner 

(1946,  1948),  which  accounts  for  several  overlapping  resonances.  The  K-matrix 

theory also allows one to arrive at a useful formulation in terms of the cross section 

for the resonance process(es) of interest. The case of a modified continuum will not be 

investigated. Extensions to this situation may be found in Connerade (1998). 

The only theoretical calculations for A20 and R0 with respect to the leading doublet in 

the rubidium autoionisation spectrum may be found in Pangantiwar and Srivastava 

(1987) (DWBA) and Kaur and Srivastava (1999) (RDW). The integral form of the 

scattering problem (Born approximation) has been briefly introduced in section 2.1, 

while  the basis  of the RDW theory has been discussed in  section 2.3 above.  The 

calculations of Pangantiwar and Srivastava (1987) and Kaur and Srivastava (1999) 

will not be covered here; the reader is directed to these references for further details. 

At present no theoretical calculations are available with respect to  measurements of 

CPDAD from rubidium. 
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2.4.1 Fano's Perturbation Theory for an Isolated Autoionisation 
Resonance
The first theory to successfully apply a general formalism for the description of the 

autoionisation process was developed by Fano (1961). Autoionisation is due to the 

mixing of a discrete state with a continuum state and is therefore a correlation effect. 

Fano's theory begins with the premise that the autoionisation effect  can be treated 

perturbatively. This means that the problem is formalised such that the interaction that 

causes  the  perturbation  can  be  switched  on  or  off  at  will  in  the  calculation.  The 

starting point is the non-perturbed Hamiltonian, and the effects of the perturbation 

(correlation  effects)  are  added  to  the  perturbed  Hamiltonian  later.  The  approach 

outlined  here  follows  the  arguments  of  Fano (1961)  in  addition  to  material  from 

Connerade (1998).

To start with one has an unperturbed basis that consists of a bound state ∣〉 which 

is degenerate in energy with a continuum state ∣〉 .  It  is assumed that no other 

bound states are degenerate with ∣〉 and that the unperturbed continuum contains 

no structure. This analysis then is restricted to the case of the interaction of one bound 

state to one continuum state.

Degenerate  perturbation  theory  assumes  that  the  state  representing  the  perturbed 

system is a superposition of the unperturbed degenerate states:

         (2.72),

where ∣E 〉 is the perturbed state of the system, a is the weighting coefficient of 

the discrete state and b  is the weighting function of the continuum state. Both 

the  unperturbed  bound  and  continuum  states  are  eigenstates  of  the  unperturbed 

atomic Hamiltonian H 0 and there is no interaction to cause interference between the 

two degenerate states (Fano (1961)):
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         (2.73).

This means that the off diagonal elements of the unperturbed Hamiltonian H 0 are 

zero as is required for consistency since it was assumed that initially the interaction 

which causes the interference between the discrete and continuum state is not present. 

In matrix operator form one has:

         (2.74).

If the perturbation is now “turned on” then the total Hamiltonian may be represented 

by a summation of the unperturbed and perturbed interactions:

                     (2.75),

where H is the total Hamiltonian of the perturbed system and V is the interaction 

that causes the perturbation. The state of the system with the perturbation on is now 

given by 2.72. The matrix elements of the Hamiltonian (equation 2.75) is given below, 

in  2.76  The  matrix  elements 〈'∣V∣〉 and 〈∣ V∣〉 are  necessarily  zero  since 

they represent an unphysical self interaction term. Therefore:

         (2.76).
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In  the  matrix  representation  of H and  the  state ∣E 〉 one now has  the  operator 

equation:

         (2.77).

From equation 2.77 one has:

               (2.78a, b).

Premultiplication of equations 2.78a, b by the complementary ket results in a pair of 

coupled equations:

   (2.79a, b),

where use has been made of the fact that the operator H is Hermitian and of the 

properties of the Dirac delta function. One can immediately form an equation for the 

value of the weighting function b  when the continuum energy is  :

         (2.80).

It is clear from 2.80 that if the energy of the perturbed system is the same as that of 

the  unperturbed  continuum  then  a  singularity  occurs.  Fano  (1961)  avoided  this 

problem by working with a solution to this problem proposed by Dirac. Using Dirac's 

solution to dealing with singularity's of the type in 2.80, Fano (1961) took the solution 

of b  to be:
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                     (2.81).

Where  the  function z E  has  been  introduced  to  help  overcome the  singularity. 

Substitution of 2.81 into 2.79a allows determination of z E  (Fano (1961)) :

                     (2.82),

where

                     (2.83),

and the P is taken to indicate the principal part of the integral in 2.83. The a term 

must  be  found  by  using  the  ortho-normalisation  condition 〈 E '∣E 〉 for  the 

superposition state as given in 2.72. Performing this procedure gives (Fano (1961)):

                     (2.84).

Equation 2.84 demonstrates that the initially bound discrete state has been washed out 

by the configuration interaction with the continuum state, such that one now has a 

band of energies that  comprise the resonance state.  The Lorentzian nature of 2.84 

indicates that the band of energies is centred on E0=EF E  , with a half width 

of  /2≡∣V E∣
2 .  The nature of the half  width is hardly surprising given that  VE 

comes from that part of the Hamiltonian that is responsible for the perturbation. One 

may also write 2.84 in the form:

                     (2.85),

which  explicitly  brings  out  the  Lorentzian  nature  of  the  isolated  autoionising 
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resonance. 

2.4.2. Expression of Autoionisation Resonances in K-Matrix Theory
Since one can only observe transitions to states in the collision process, it is useful to 

consider  the  probability  of  transitions  from  an  initial  state ∣i 〉 to  the  final 

superposition  state ∣E 〉 .  Following  the  arguments  of  Connerade  (1998)  one 

investigates the ratio of the transition probability to the superposition state ∣E 〉 to 

that  of  the  degenerate  continuum state ∣〉 .  Such  a  quantity  may  be  given  by 

(Connerade (1998)) :

                     (2.86),

where D is the dipole operator. One now defines a shifted state which represents the 

bound state ∣〉 modified by admixture with the continuum states (Fano (1961)):

                     (2.87).

The substitution of 2.72 into 2.86, the use of 2.81 for b  and on the use of 2.87 

results in:

                     (2.88),

which  indicates  the  modulation  caused  by  the  resonance  in  the  otherwise  flat 

continuum.

Connerade (1998) introduces a new energy variable for convenience such that:

                     (2.89),
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and a new parameter q, such that:

                     (2.90).

The parameter  q is  known as  the shape index and indicates  the  symmetry of  the 

autoionisation resonance of interest.

Use may be made of 2.88 – 2.90 to give:

                     (2.91),

which is often written in the form (Connerade, 1998);

                     (2.92).

The equations 2.91 and 2.92 above are are the Fano lineshape formulae. Equation 2.92 

gives the explicitly Lorentzian nature of the isolated autoionising resonance.

As mentioned above, the Fano approach based on perturbation theory describes the 

nature  of  an isolated  autoionising  resonance  where  there  is  a  smooth  background 

continuum and no nearby resonances to interact with the autoionising resonance in 

question.  In  the  more  general  case  that  there  are  interacting  resonances,  then  an 

approach based  in  Wigners  K matrix  theory will  be helpful.  The  development  of 

Wigners  matrix  representation  of  the  scattering  problem will  not  be  investigated. 

Details of this theory may be found in Wigner (1946, 1948). Some discussion of this 

theory has also been undertaken by Connerade (1998). One begins by deriving the 

Fano line profile for the case of an isolated resonance and then extends this to the case 

of several overlapping resonances.

In general  the  collision  matrices  help  relate  the  state  of  a  system long before  an 

interaction has occurred to the state of a system long after the interaction has ceased to 
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be effective. One may define the K matrix as (Connerade (1998)):

         (2.93).

Since in general the matrix element S=e2i (Wu and Ohmura (1962)) where  is 

the  scattering  phase  shift  of  the  corresponding  channel,  then  one  has K =tan

(Connerade (1998)). In the case of one open channel only, the cross section in terms 

of the K matrix element may be given as (Connerade (1998)):

         (2.94),

and as

         (2.95),

in the case of two open channels. 

If one writes the phase shift in terms of the resonant and non-resonant components 

then one has for the case of a single open channel only one K matrix element:

         (2.96),

where 0 is the part of the total phase shift due to resonances and  is the phase 

shift of the continuum (Connerade (1998)). Assuming the case of elastic scattering 

and an isolated resonance then the phase shift near the resonance varies as a function 

of the resonance width and energy (Connerade (1998)):

         (2.97).

One need not worry about the variation of the continuum phase shift as it has been 
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assumed that the background continuum is smooth across the width of the resonance, 

that is there is no net phase shift due to the continuum. Using 2.96 and 2.97 gives:

                     (2.98).

Substitution of 2.98 into 2.94 gives an expression of the cross section for exciting an 

isolated autoionisation resonance in the presence of a flat background continuum:

                     (2.99).

Connerade (1998) defines the shape index as q≡cot  and the dipole operator as 

∣ D∣2≡4sin2  . Using these definitions as well as presenting the energy variable in 

the form of 2.89 one obtains a form of the Fano lineshape formula expressed as a 

cross section:

       (2.100).

The procedure leading to 2.100 may be generalised to two overlapping resonances of 

energy E1 and E2. In this situation, 2.100 becomes (Connerade (1998)):

       (2.101),

and the cross section is given by:
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       (2.102).

Equation  2.102  can  be  generalised  to  the  case  of  an  arbitrary  number,  N,  of 

overlapping resonances giving (Connerade (1998)):

       (2.103).

In the case that the resonances may come from a number of channels, then the q in 

2.102 and 2.103 above need to  be replaced with the individual  q  values for each 

channel. An example of this is given in Heinzmann, Heuer and Kessler (1976). The 

situation where the background continuum is no longer smooth will not be dealt with 

here. Connerade (1998) provides some examples of cases where this is so and how 

these are dealt with. 
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Chapter Three: Experimental Apparatus and 
Procedures

3.0 Overview
The principal apparatus used for the measurements described in this thesis is a spin-

polarised electron spectrometer. This consists of three main vacuum chambers,  the 

source chamber, the differential pumping stage and the scattering chamber. The source 

chamber houses the spin-polarised electron source and the apparatus associated with 

its use. Since the pressure differential between the source and scattering chambers is 

around a  factor  of  1000,  the  differential  pumping  stage  acts  as  a  pressure  buffer 

between  the  source  and  scattering  chambers.  The  scattering  chamber  holds  the 

electrostatic hemispherical analyser, channeltron and other apparatus pertaining to the 

detection  of  scattered  or  ejected  electrons  from  a  particular  collision  process. 

Electrons are transported from the source chamber, through the differential pumping 

stage  and  into  the  scattering  chamber  where  the  collision  process  takes  place. 

Transportation of the electrons is undertaken by an extensive electron optics system. A 

fourth chamber, the Mott chamber is contiguous with the scattering chamber and is 

only used when determining the polarisation of the electron beam. An overview of the 

four chambers is given below in figure 3.1, while further details of this apparatus and 

its use is discussed in sections 3.1 to 3.9 below.

In addition to the above equipment, a laser system was also utilised for some of the 

measurements described in this thesis. Two lasers were used, a Coherent 899 titanium-

sapphire ring laser and a Tui Optics infrared diode laser, which are mounted on a 

nearby  optical  table.  Light  from  these  lasers  is  manipulated  as  necessary  and 

transported via optic fibre from the laser table to decoupling apparatus mounted on the 

top of the scattering chamber. Light can then enter the scattering chamber through a 

view port on the upper half of the scattering chamber and hence be directed to the 

interaction region. A diagram of the laser apparatus on its optical bench is given in 

figure 3.2,  while  a  photo  of  the  decoupling  apparatus  mounted  on  the  scattering 

chamber is shown in figure 3.3. Further details on the laser apparatus are given in 

section 3.6 below. 
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Figure 3.1. Overview of experiment as viewed from the side, cabling and support stand have been omitted for clarity. For the autoionisation and CPDAD measurements, the turbomolecular pump was replaced with a 
diffusion pump. From Went (2003).
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Figure 3.2. Arrangement of the laser apparatus on the optical bench. An extra mirror  is placed immediately after the titanium-sapphire laser; this deflects the beam down to the height of the optic fibre couplers. Lines  
indicate the laser beam paths, while the arrows indicate the direction of travel. Where a beam has two arrows of opposite direction, this indicates that the beam has been retro-reflected. The vapour cell from the 
titanium-sapphire arm is magnetically dithered.



Figure 3.3. Laser system, mounted on top of the scattering chamber, used to deliver laser light to the interaction region. Note the 
Russian doll.
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To conduct the asymmetry measurements, the laser apparatus was not required since a 

measurement of A2 requires the determination of two spin dependent cross sections, 

without  the  need  for  laser  excitation.  To measure  A2,  the  spin-polarised  source  is 

prepared to produce a stable source of spin-polarised electrons. An atomic beam of 

rubidium is produced by an oven situated in the scattering chamber, and the polarised 

electrons  are  allowed  to  collide  with  the  rubidium  beam  so  created.  Scattered 

electrons are detected at angles of between 30° and 110° by means of an electrostatic 

electron energy analyser. Once the number of counts has been recorded at a particular 

spin orientation, the orientation is reversed and counting begins at the new orientation. 

Up to a hundred of these spin swaps may be taken at a particular scattering angle in 

order to measure A2.

It  was  initially  intended  to  use  the  spin-polarised  source  to  study  the  angular 

distribution  of  the  autoionising  lines  of  rubidium  and  also  for  the  CPDAD 

measurement.  With  the  failure  of  the  spin-polarised  electron  source,  this  was  not 

possible, and an electron gun was installed. To record the autoionisation spectra, a 

multichannel  analyser  (MCA)  with  voltage  ramp  was  used.  This  allowed  the 

measurement  of the spectra  at  angles  between 30° and 130°,  the alteration in the 

angular  range due to  the installation of the electron gun. Once a stable  current  is 

achieved from the electron gun, and a beam of rubidium atoms from the oven, the 

MCA is  allowed to  ramp the detection  energy of  the electrostatic  analyser  in  the 

vicinity of the autoionising resonances of rubidium. Several scans of the full energy 

range  of  the  MCA (10eV)  are  undertaken  in  order  to  contrast  the  autoionising 

resonances with the background noise. 

In  order  to  conduct  CPDAD  measurements,  it  was  necessary  to  identify  an 

autoionisation resonance(s) that was enhanced via the stepwise excitation process. To 

this end the laser system briefly described above was used. The procedure to look for 

such enhancement is identical to that described for the autoionisation measurements 

above, except that two separate spectra would be taken at a particular angle, one with 

laser photons present, and one without. In reality, a number of laser on/off spectra are 

taken sequentially in order to average over noise. Experimental procedure relating to 

the determination of all data in this thesis is discussed in more detail in section 3.9.2 
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below.

3.1 Vacuum system
The source chamber  is  kept  at  ultra  high  vacuum (UHV) as  it  contains  the spin-

polarised  source,  which  is  highly  sensitive  to  contamination.  Typically  pressures 

inside the source chamber are between 2 and 4 × 10-10 Torr. The source chamber is 

pumped by a  300 litres  per second Varian model  Turbo V 300HT turbomolecular 

pump. The turbo pump is backed by a two-stage 20.7 cubic metres per hour Varian 

SD-451 rotary vane pump. In addition to the turbo pump, the source chamber is also 

pumped by a 410 litres per second Varian VacIon Plus 500 Starcell ion pump. The 

differential  pump  stage  is  pumped  by  a  Varian  Turbo  V  550  litres  per  second 

turbomolecular pump, backed by a 22.4 cubic metres per hour Varian SD-450 rotary 

pump.

The scattering chamber was initially pumped with a Varian Turbo V 700HT 700 litres 

per  second  turbomolecular  pump.  This  pump subsequently  malfunctioned  (due  to 

damage from rubidium vapour) and was replaced with an Edwards model 160/700P 

700 litres per second diffusion pump. Both the turbo and diffusion pump were backed 

by a Varian SD-450 two-stage rotary vane pump, which was subsequently replaced 

by a 21 cubic metres per hour Pfeiffer Duo 20 dual stage rotary vane pump for the 

autoionisation measurements. Foreline traps are used to help prevent contamination of 

the vacuum chambers with mechanical pump oil. These are placed on the roughing 

line between rotary vane pumps and the particular turbomolecular/diffusion which is 

rough pumped. 

Determining the pressure inside each of the constituent chambers is critical for the day 

to day running of the experiment. This is especially so in the source chamber, as the 

GaAs source is highly sensitive to contamination. The use of relays in conjunction 

with  gauge  controllers  allows  other  apparatus,  such  as  power  supplies,  to  be 

interlocked to the pressure in a particular chamber. Use of interlocks helps protect 

apparatus in the event of power disruptions or vacuum breach. A number of ion gauge 

heads were used on the vacuum apparatus. A Varian model UHV-24 ionisation gauge 
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head was used on both the source and differential pumping stage. The UHV-24 was 

used as this model ionisation gauge is designed to work in ultra high vacuum, being 

able to measure pressures down to 2×10-11 Torr. As typical pressures in the scattering 

chamber are never lower than 10-8 Torr, a Varian type 580 nude ionisation gauge head 

was used in  the scattering chamber.  The Varian type  580 is  a Bayard/Alpert  type 

ionisation gauge capable of measuring pressures down to 4×10-10 Torr. Both the UHV 

and Bayard/Alpert  gauges use long life thoria coated iridium, rather than tungsten 

filaments. The Varian multi-gauge controller associated with the scattering chamber 

head malfunctioned and the Varian type 580-ionisation gauge was replaced with a 

Pfeiffer  TPR  260(I)  Compact  Full-range  gauge  head,  for  the  autoionisation 

measurements. The TPR 260(1) contains a Pirani gauge and a Bayard/Alpert gauge in 

an integrated head, and is thus a full range gauge. The size of the scattering chamber, 

and the fact that it is far more often exposed to atmosphere, means that a Pirani gauge 

is necessary in order to determine when to start the turbo or diffusion pump.

3.2 Source Chamber

3.2.0 Overview
The  source  chamber  consists  of  an  off  the  shelf  Varian  203.2mm six  way cross 

constructed from 304-grade stainless steel. A Vacuum Generators XYZ manipulator, 

onto which the GaAs crystal is mounted, is bolted onto the top of the six way cross, as 

indicated in figure 3.1. The bottom flange of the six way cross is a view port, which 

allows entry of the infrared diode laser used to generate the spin-polarised electron 

beam.  The  four  in-plane  flanges  of  the  six  way cross  accommodate  a  variety  of 

apparatus. An elbow is bolted onto the rear port, to which the ion pump is attached. 

The front flange bolts to a small bellows that connects the source chamber to the 

differential pumping stage. This bellows houses the electron optics from the source 

chamber to the differential pumping stage. The facing flange in figure 3.1 is a view 

port that allows optical access of the crystal in situ. The 300 litre per second Varian 

turbomolecular pump is bolted onto the flange opposite the view port just described. A 

number of smaller ports are set into each face of the six way cross, and are used as 

electrical feed-throughs.
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3.2.1 The GaAs Source

3.2.1.1 Background and Properties
The source of spin-polarised electrons used for the spin asymmetry measurements was 

a negative electron affinity (NEA) GaAs crystal. The use of GaAs as a source of spin-

polarised electrons was first proposed by Garwin, Pierce and Siegmann in 1974. NEA 

GaAs was seen as having a number of advantages over other sources of spin-polarised 

electron sources,  including a favourable polarisation,  emission current and ease of 

polarisation reversal (Pierce and Meier (1976)). Previous sources often made use of 

magnetic fields for the purposes of switching beam polarisation, and typically the use 

of magnetic fields meant low switching times and interference with electron optics 

(see for example, Hughes et al (1972)).

Discussions on the physical basis of using the GaAs as a source of spin-polarised 

electrons,  and  its  operating  characteristics  have  been  extensively undertaken by a 

number of previous authors, including Pierce et al (1980), Kessler (1985) and more 

recently by Went (2003). As such, a detailed discussion of the characterisation of the 

use of GaAs as a spin-polarised electron source will not be undertaken here. Instead, 

those parameters required to measure the performance of the source will be briefly 

discussed, such as the quantum yield and the figure of merit. In addition some new 

discoveries on the energy distribution properties of GaAs that have occurred since the 

publications listed above will also be discussed.

Typically,  the  figure  of  merit  is  given  as  a  measure  of  the  performance  of  spin- 

polarised  electron  sources.  The  figure  of  merit  is  given  as  P2I,  where  P is  the 

polarisation  of  the  photoelectrons  and  I is  the  photo-current  (Pierce  and  Meier 

(1976)). Clearly then, anything which affects the polarisation of the photoelectrons 

and the photo-current will affect the figure of merit. Aspects that help determine the 

polarisation of the electron ensemble produced and the emission current, such as the 

quantum yield, will be discussed below.

The quantum yield indicates the number of electrons photo-emitted from the GaAs 
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surface per incident photon. Quantitatively one may write the quantum yield, Y, near 

the gamma point for GaAs, as:

                        

          (3.1),

where  Pesc is  the  escape  probability  of  the  thermalised  electrons,  α is  the  light 

absorption coefficient and L is the electron diffusion length (James and Moll (1969)). 

The  light  absorption  coefficient  is  the  inverse  of  the  distance  travelled  by  light 

through a material,  such that the flux density decreases by a  factor of 1/e (Hecht 

(1998)). One way to improve the yield is to increase the diffusion length by utilising 

epitaxially grown GaAs (Alvarado et al (1981)). It can be seen that higher quantum 

yields are associated with higher emission currents and thus a favourable figure of 

merit. The quantum yield for this work with an 820 nm laser diode was around 1%, 

compared with the 1.5% obtained by Went (2003) using a 780 nm diode laser. 

Another feature of interest in the use of GaAs as a spin-polarised electron source is 

the  longitudinal  and  transverse  energy  distribution  of  the  photoelectrons.  The 

transverse energy distribution determines the angular distribution (and brightness) of 

the emitted electrons, while the longitudinal energy distribution determines the energy 

resolution for the purposes of spectroscopy. Narrow longitudinal distributions of the 

photoelectrons were achieved at an early stage, where it was discovered that the level 

of  NEA could  be  used  to  alter  the  longitudinal  energy  distribution,  resulting  in 

longitudinal energy distributions of less than 100meV (Feigerle et al (1984)). Early 

modelling of the energy distribution tangential to the GaAs surface by Bell (1973) 

suggested that the emission angle of electrons, with respect to the normal, from GaAs 

should be around 4°. This was figure not inconsistent with the early results of Pollard 

and Chang (1970).

Subsequent work has shown that this emission angle is far too low, and is typically 

around 30° (Martinelli and Fisher (1974), Holeman et al (1976)). Bradley, Allenson 

and Holeman, (1977) suggested that the discrepancies between Bell’s treatment and 
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experiment are due to roughness in the GaAs surface.

More  recent  work  suggests  a  new  model  for  describing  the  transverse  velocity 

distribution. Pastuszka et al (1997) demonstrated that the transverse and longitudinal 

energy spreads of photoelectrons from GaAs were strongly correlated. Later work by 

Pastuszka at al (2000), Orlov et al (2001) and Orlov et al (2004) demonstrated that the 

transverse energy spread of the photoelectrons in GaAs could be broken into two 

distinct  features,  high  energy  electrons  and  low  energy  electrons.  High  energy 

electrons are those electrons with energies greater than ∣E vac−E c∣ , where Evac is the 

energy of the vacuum states  and Ec is the energy of the conduction band minimum. 

The high energy electrons were found to have an energy distribution limited by the 

temperature  of  the  bulk  GaAs.  Low  energy  electrons,  those  with  energies  below 

∣Evac−E c∣ had wider energy distributions due to elastic and inelastic scattering in 

the Cs-O layers. Patuszka et al (1997) were able to use the above to explain the results 

of  Rodway  and  Allenson  (1986)  who  measured  the  average  transverse  energy 

distribution for a variety of NEA situations; 30meV at zero NEA to 110meV at full 

activation; this also explains the earlier understanding about the longitudinal energy 

distribution from GaAs. Orlov et  al  (2004) believe the information gained on the 

energy distribution from GaAs could be used to  construct  a  photo-cathode with a 

5-7meV  transverse  energy  distribution,  corresponding  to  a  brightness  of 

1A /  mm mrad 2 .  Subsequent  energy spreads  achieved  by Orlov  et  al  (2005) 

were less than 10meV.

3.2.1.2 GaAs Etching
In  order  to  obtain the  best  performance from the GaAs source,  it  is  necessary to 

remove any impurities from the surface of the crystal prior to activation as a spin- 

polarised  electron  source,  using  an  etching  solution.  Most  groups  use  the  etching 

procedure of Pierce et al (1980), who used a 4:1:1 ratio of H2SO4, H2O2 and H2O by 

volume. The procedure utilised for the spin-polarised source described here uses NH3 

as  the  principal  etching  solution,  a  procedure  previously  used  by  Went  (2003). 

Cleanliness  of  tools  and  all  equipment  is  of  vital  importance  at  every  stage  of 

activating the GaAs crystal. 
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The GaAs used as the spin-polarised source, was an Atomergic Chemetals p type, zinc 

doped,  with  a  thickness  of  350μm.  The  GaAs  wafer  is  cleaved  into  pieces 

approximately 4-5mm square. When it becomes necessary to prepare a new crystal, 

the best four crystals are selected for the etching process from those available. These 

are chosen by looking at the crystals with a magnifying glass and selecting those that 

are free from cracks, scratches, blemishes or other marks.

Glassware used for the etching process is cleaned with AR methanol, rinsed using 

highly deionised water and dried with a heat gun. All tools and glassware used in the 

etching process have only been used for the etching process. All tools used in the 

etching and crystal mounting phase are ultrasound cleaned in a 500ml beaker, using 

AR grade methanol. After cleaning the methanol is drained and the tools covered with 

foil. The selected crystals are then placed using tweezers (shiny side up always, as this 

is the polished side) in a clean 500ml beaker and ultrasound cleaned in AR methanol 

for two minutes. After cleaning the methanol is left  in the beaker,  and the beaker 

covered with foil. 

The crystals are then transported to a suitable fume hood. Three 100ml beakers are 

then filled with AR grade ammonia. The crystals are then transferred to the first of 

these beakers and then the beaker is agitated by hand (swirling) for five minutes. After 

five minutes has passed, the crystals are then transferred to the next 100ml beaker 

with  AR ammonia  in  it  and  swirled  again  for  five  minutes.  This  process  is  also 

repeated for the remaining 100ml beaker which contains AR grade ammonia. After the 

swirling with the AR grade  ammonia is  finished,  the crystals  are  transferred to  a 

250ml beaker half filled with highly deionised water. The crystals are then swirled for 

five minutes in this beaker. This process is repeated in two more 250ml beakers with 

clean highly deionised water each time. 

3.2.1.3 Description of Other Source Equipment

A number of devices and equipment are necessary to activate and help maintain the 

GaAs  spin-polarised  electron  source.  These  include  the  molybdenum  heater,  the 

caesium dispensers, oxygen leak system, residual gas analyser and the diode laser 
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system. All of these will be discussed below.

In order to ensure a clean GaAs surface for activation, the GaAs crystal must be heat 

cleaned. This is facilitated by a Heat Wave brand molybdenum button heater.  The 

molybdenum button heater is mounted on an AISI 310 grade stainless steel block, 

which in turn is mounted on the end of the Vacuum Generators XYZ manipulator. The 

GaAs sits in a recessed section of the stainless steel heater block, as shown in figure 

3.4.

To achieve a NEA surface it is necessary to have a supply of caesium, to coat the 

GaAs.  The  sources  of  caesium  used  are  two  SAES  Getters  model 

CS/NF/8/25/FT10+10 caesium dispensers. The caesium dispensers are mounted on 

isolated copper blocks either side of the entrance aperture to the 90º deflector. Current 

is  supplied  via  wires  bolted  to  the  copper  blocks,  allowing  the  dispensers  to  be 

resistively heated, and caesium evaporated from the dispenser surface. Mounting of 

the dispensers in this way means that they are a few millimetres below and to the side 

of the GaAs crystal when the XYZ manipulator is bolted into place, as seen in figure 

3.4.

Oxygen must also be supplied in order to obtain a NEA photo-cathode. Oxygen is 

leaked into the source chamber via a Granville Phillips model 203 variable leak valve. 

High purity oxygen was obtained from Linde gases. Oxygen partial pressures (and 

indeed of any other gas) may be monitored on a residual gas analyser, discussed in 

more detail below.  Characterisation of the leak valve in relation to oxygen partial 

pressures has previously been carried out by Went (2003).

Two different laser diodes were utilised for excitation to the GaAs conduction band. 

These were a Sharp model GHD7885D2C, with a peak power of 85mW at 780nm and 

a Lasermate Group model LD-820-50A, with peak power of 50mW at 820nm. The 

laser diode is mounted in a Shafter and Kirchoff apparatus that aligns and collimates 

the laser beam. Power is supplied by a custom built power supply that is designed to 

drive a variety of laser diodes. The entire laser assembly is mounted on a Thorlabs 
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Figure 3.4. Relative orientation of the 90° deflector, caesium dispensers and GaAs crystal mount. From Went (2003).
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XYZ translator, allowing the translation of the beam spot over the surface of the GaAs 

crystal. 

Quarter and three quarter wave retardation of the diode laser may be attained via a 

linear polariser and a quarter wave plate in series. The diode laser light is linearly 

polarised  via  a  Glan  Taylor  prism.  Light  from the Glan  Taylor  prism then  passes 

through a Meadowlark liquid crystal retarder (LCR). The LCR achieves quarter or 

three quarter wave retardation by the application of potentials across the liquid crystal 

interface. Molecules in the liquid crystal align themselves according to the potentials 

applied,  thus changing the birefringence of the LCR (Gilman, Baur and Gallagher 

(1989)).  In  this  manner,  any  arbitrary  retardation  may  be  obtained  by  choosing 

appropriate  voltages.  The  LCR  must  be  calibrated  in  order  to  select  the  correct 

voltages for quarter and three quarter wave retardation. The retardation is different for 

different  wavelengths,  so  a  calibration  must  be  done  every  time  the  laser  diode 

frequency is changed. In order to determine the voltages that result in quarter and 

three  quarter  wave  retardation,  the  laser  light  is  first  passed  thorough  a  linear 

polariser. The light then passes through the LCR and finally through another linear 

polariser,  which  has  its  transmission  axis  parallel  to  the  first  linear  polariser. 

Minimum transmission through the LCR was obtained by varying the LCR voltage 

and the LCR angle, such that half wave retardation is achieved, and the optic axis of 

the LCR is at 45° to the linear polarisers. The voltage applied to the LCR is then 

varied and the intensity of the light transmitted through the second linear polariser is 

monitored by a power meter. The result is the transmitted power as a function of the 

LCR voltage below in figure 3.5. Quarter and three quarter wave retardation is given 

by the voltages at half of the peak maximum.

As contamination is fatal to the operation of GaAs as a spin-polarised electron source, 

a residual gas analyser (RGA) is bolted onto the source chamber elbow. The RGA 

allows determination of the partial pressures of the gases inside the source chamber. 

The RGA utilised here was a SRS RGA 300 residual gas analyser. The SRS 300 is a 

quadrupole mass spectrometer. The RGA probe consists of three parts, the ioniser, the 

quadrupole mass filter and the ion detector.
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Figure 3.5. Calibration of the LCR. Quarter wave and three quarter wave retardation correspond to the voltages at the half peak 
maximum.

Electrons are created by thermal emission via the ioniser in a manner similar to a 

Bayard/Alpert  gauge.  These electrons then ionise residual gases near the probe.  A 

combination of RF and DC voltages are applied to the quadrupole in such a manner 

that  only  ions  of  a  particular  mass  to  charge  ratio  can  pass  in  stable  trajectories 

through the quadrupole assemblies. Those ions with the appropriate mass are then 

imaged on a Faraday cup, where they are detected as a current. Scanning the RF and 

DC voltages allows one to build up a partial pressure histogram of the gases in the 

chamber.

3.2.1.4 Activation 
The crystals are kept in the last 250ml beaker of water until installation. This time is 

kept as short as possible and is never more than an hour. At this point in time, the 

caesium dispensers are installed in their positions in the source chamber. The crystals 

are then inspected using a magnifying glass. The crystal with the least imperfections 

is selected for installation and is carefully dried using nitrogen or argon.

The selected crystal is then placed in the recessed groove set into the stainless steel 

molybdenum heater mount. A smooth face plate is placed over the crystal. The face 

plate and crystal are then held in place by a small spring plate that is fastened by three 

nuts to the heater mounting. As soon as the crystal is mounted at the bottom of the 
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XYZ manipulator,  the  manipulator  is  bolted  carefully  into  position  on  top  of  the 

source chamber six-way cross. The source and differential pump stage rotary pumps 

are then switched on. After about 30 minutes the pressure is low enough to start both 

the differential  pumping stage and source chamber  turbo pumps.  After a day it  is 

usually safe to start  the source chamber ion pump, as the pressure is usually then 

below 1×10-7 Torr.

Once  the  turbomolecular  pumps  have  reached  normal  operating  parameters,  the 

pressure is low enough to activate interlocks, and the crystal is heated in stages to 

around 400 degrees. The heater current is increased by 0.5A steps every 30 minutes to 

1A, then 0.25A steps every 30 minutes to 2A, where the temperature is around 400°C 

and baking may begin. Usually all three chambers are baked at once, though one may 

bake only the differential  pumping stage  and the  source chamber  only if  desired. 

Tables  in  appendix  A give  typical  base  pressures  during  crystal  activation  and 

bakeout, as well as other parameters crucial to the activation process. Typically, the 

chambers  are  baked  out  at  130ºC  to  160ºC  for  around  a  week.  Concerns  about 

damaging the  bellows around the  XYZ manipulator  often  meant  that  the  bakeout 

temperature was often around 110°C for a longer period. Residual gas pressures in the 

source chamber are monitored by the RGA as described above. The bakeout is only 

stopped when the residual gas pressures of all gases except hydrogen have dropped to 

zero, that is the only gas present in the source chamber should be hydrogen. Typical 

contaminants for the source chamber are water, carbon monoxide and carbon dioxide. 

Background  levels  of  hydrogen  cannot  be  avoided.  In  any case,  the  presence  of 

hydrogen does not present a problem as emission from the GaAs crystal appears to be 

assisted by elements that readily form cations, such as hydrogen or the alkali metals. 

After the bakeout has finished,  the final  activation of the crystal  may begin.  This 

involves slowly heating the crystal to a temperature of 660ºC and holding the crystal 

at this temperature for one minute. It is important to get the temperature correct, as 

660ºC is the temperature at which both Ga and As are ejected from the surface at 

equal rates, ensuring a clean, smooth surface. Overheating destroys the crystal. During 

this  time  the  caesium dispensers  are  periodically  purged  by  boosting  the  current 
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(4-5A)  through  the  dispensers  for  a  short  period.  Boosting  ensures  the  caesium 

dispensers  are  clean.  Once  the  final  heating  is  completed,  the  temperature  of  the 

crystal is slowly bought back to ambient by reducing the heater current in the reverse 

manner as the heating stages described above. At this point the diode laser is turned 

on.  One of the caesium dispensers is  set  at  1A current  (standby)  and the other  at 

2.8-3.2A, depending on how old the dispensers are. This ensures the GaAs is coated 

in caesium as the crystal cools. 

Once  the  crystal  has  cooled to  below 75ºC,  a  small  amount  of  current  should be 

visible from the crystal as measured on a pico-ammeter. Another way to tell if the 

crystal may activate is to shine a torch or lamp on the crystal surface; if current is 

visible when under torch light, the crystal will most likely activate. The laser photo- 

current is monitored, and once the photo-current begins to drop under the influence of 

caesium, oxygen is introduced at a partial pressure of about 10-9 Torr. Oxygen should 

increase the emission current from the crystal, and at this point oxygen is continually 

leaked until the current again begins to fall. Once the oxygen is removed from the 

chamber the emission current should begin to increase again under caesium only, but 

at a higher level than before. Several of these so-called yo-yo cycles may have to be 

completed to  enable  a  stable  and usable  current,  typically 10 to  20μA. While  the 

general  prescription above usually works,  it  is  not uncommon for variations to be 

necessary. Sometimes applying oxygen actually makes the current decrease, in which 

case it should be turned off. Often if this occurs, one can try increasing the current to 

the  caesium  dispenser(s).  The  extra  caesium  will  often  in  these  cases  result  in 

increased current, after which oxygen can be added. In general, one can tell what the 

crystal wants by its behaviour, and this should be followed even if it violates the yo-

yo  principle.  A crystal  may  require  several  activations  before  a  stable  current  is 

achieved.

3.2.1.5 Running Characteristics of the GaAs Source

Once activated, a stable emission current of around 10 to 20μA is attainable for a few 

weeks. If the current destabilises unexpectedly, one can try increasing or decreasing 

the level of caesium supplied, or try introducing some more oxygen. Typical running 

85



temperatures of the crystal are between 35ºC to 40ºC. Temperature, for this work, was 

the biggest factor determining the stability and level of photo-current attainable from 

the GaAs. Increases in temperature as small as 1°C had a noticeable effect on the 

emission current. Slower activation times also seem to improve the stability and half-

life of the crystal. Allowing the photo-current to slowly increase under caesium alone 

for two or three days gave the best results in regard to photo-current and stability, 

although this must be closely monitored to prevent over caesiation. In common with 

Went (2003), the crystal half-life (the time taken to reduce the photo-current by half) 

was around one week. Inevitably, the crystal will need to be activated again, via the 

same  procedure  described  above,  but  without  baking.  The  number  of  successful 

activations is limited only by the lifetime of the GaAs crystal. For one of the GaAs 

crystals, used in this work and also by Went (2003), the usable lifetime of the crystal 

was 18 months. The succeeding crystal to the above, used entirely for this work, had a 

usable lifetime of around nine months.

Curiously, the polarisation obtainable from the GaAs crystals used in this work seems 

not  to  have  been  a  function  merely  of  the  different  laser  wavelengths.  This  was 

contrary to the experience of Went (2003), and the demonstration of Pierce, Meier and 

Zürcher (1975), that the maximum polarisation for this type of GaAs should occur at 

830nm. The polarisation determined with the 780nm diode was around 30%, while 

that for the 820nm diode varied from 32% to 19%, in the later stages. Most likely the 

discrepancies are due to differences in the surface preparation of the GaAs crystal 

from one activation to the next, and the installation of a new GaAs crystal. It is also 

possible that the age of the crystal involved played a factor (18 months in one case).

3.3 Electron Optics and Electron Gun

3.3.0 General Considerations
Electron optics operate in an analogous way for electrons as geometrical optics does 

for photons. Static electric fields are used to cause deflections in the trajectories of 

electrons in a certain region of space, in a desired manner. Usually the static potentials 

are  present  on  the  surface  of  some  conducting  material,  such  as  a  metal  grid  or 

cylinder. In order to determine the trajectories of the electrons, it is necessary to solve 
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the source free Laplace equation for the space pervaded by the static potential(s). 

Often use is  made of particular symmetries,  especially cylindrical,  to simplify the 

solving of the Laplace equation and determining the equations of motion; see Hawkes 

and  Kasper  (1989),  for  examples.  Once  the  Laplace  equation  is  solved,  electron 

trajectories may be determined from the potential that electrons experience at each 

point in the electron optics system. The electron optics used in this work are described 

below.  A description  of  the  power  supplies  for  the  electron  optics  completes  this 

section.

3.3.1 Description of the Electron Optics
The system of electron optics that transports and focuses the spin-polarised electron 

beam is identical to that described by Went (2003). As indicated by Went, the electron 

optics of this work are modelled on those used by Pierce et al (1980) and Shen (1995). 

Extensive modelling of the electron optics was carried out by Went using SIMION 

version seven and was published in Went (2003), along with complete diagrams of the 

electron optics. These diagrams are included below in figure 3.6. The electron optics 

consists of three principal sections, the acceleration, transport and deceleration stages. 

Each element in the electron optics is mounted to an aluminium cradle, that runs from 

the 90° deflector, through the differential pump stage and ends near the interaction 

region in the scattering chamber. Lenses are isolated from the cradle via the use of 

ceramic rails. The cradle is provided with bolt holes which allow the electron optics to 

be fixed to the cradle via small stainless steel bolts. Macor plugs are used to isolate 

the  stainless  steel  bolt  and  the  lens  from the  cradle.  Power  for  each  element  is 

supplied by socket crimp to the fastening bolt. All sections of the electron optics are 

floated on the crystal potential, which allows for some degree of independence of the 

applied potentials  with respect to the beam energy.  A description of each is  given 

below.

3.3.1.1 Acceleration Stage
The acceleration stage begins just below the GaAs crystal surface. The acceleration 

stage consists of, in order, a Calbick lens, a 90° deflector, a three-electrode lens and an 

aperture. The overall action of these elements is to monochromate, define and 
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Figure 3.6. Dimensions in mm of the electron optics used as part of the spin-polarised electron source (bottom) and a SIMION simulation of the electron optics (top). From Went (2003).
Figure 2.14 Electron transport optics simulation (Top) and Dimensions (Bottom)
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accelerate the electron beam. Each of these elements will be discussed in more detail 

in section 3.4.2 below. 

Electrons  are  ejected from the GaAs crystal  in  a  cone of  half  angle  between 30° 

(Bradley,  Allenson  and  Holeman  (1977))  and  perhaps  of  up  to  40° (Pierce  et  al, 

(1980)).  In  order  to  successfully  transport  the  electrons,  one  requires  a  means  of 

collimating the divergent beam from the GaAs. This collimation is obtained via the 

use of a Calbick lens placed immediately below the crystal.

The Calbick lens is set at a negative potential with respect to the crystal, which means 

that a virtual object is formed 1.5mm behind the crystal (Went (2003), Pierce et al 

(1980)).  A second  aperture  lens  is  placed  between  the  Calbick  lens  and  the  90º 

deflector.  This  second aperture  lens  is  kept  at  or  near  the  pass  energy of  the 90º 

deflector and allows for further focussing of the electron beam (Went (2003)). The 

action of the above lenses allows a parallel beam to be injected into the 90º deflector, 

which is the next element in the acceleration stage.

Electrons  emitted  from the  surface  of  the  GaAs  are  polarised  along  the  incident 

photon direction, that is, their direction of travel from the GaAs surface. In order to 

produce an electron beam with polarisation perpendicular to the direction of travel, a 

90º deflector is used. This resides just below the Calbick lens system described above. 

The object and image focal points of the 90° deflector are at the entrance and exit 

apertures  of  the  deflector  respectively  (Purcell  (1938)).  As  a  result,  a  beam  of 

electrons travelling parallel to the transmission axis of the deflector at the entrance 

aperture will be focussed to a point at the exit aperture. Electrons passing through the 

90° deflector  are  deflected  through  90° and  imaged  to  a  point  at  the  exit  of  the 

deflector. 

A set of steering optics is placed 35mm from the exit of the 90° deflector. These serve 

to correct any deflection of the electron beam caused by magnetic fields. The electron 

beam then  passes  through  two  three-electrode  lenses.  These  lenses  accelerate  the 
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electrons to around 800eV and focus the beam to a point 40mm from the aperture Tap. 

Tap is  the  only  defining  aperture  in  the  electron  optics  system,  is  constructed  of 

molybdenum and has a diameter of 2mm (Went (2003)). The aperture serves to further 

decrease the divergence of the beam, but at the cost of electron current. Tap is the last 

element in the accelerating optics. 

3.3.1.2 Transport Stage
The  transport  stage  begins  immediately  after  Tap.  The  transport  stage  carries  the 

electrons at 800eV from the source chamber, to the differential pumping stage and 

into the scattering chamber. The purpose of keeping the electron beam at such a high 

energy is to minimise the angular divergence of the beam in transportation to the 

interaction region, and to reduce the effect of magnetic fields on the electron spin- 

polarisation  in  the  non-shielded  regions  of  the  apparatus.  Another  set  of  steering 

deflectors are set after Tap, and 270mm further along there is another three electrode 

lens  system.  This  three-electrode lens  acts  as  a  virtual  object  of  electrons  for  the 

deceleration stage of the electron optics. Between the differential pumping stage and 

the scattering chamber, the transport optics is intercepted by a gate valve. The gate 

valve  at  this  point  forms  an  integral  part  of  the  electron  optics,  via  two  copper 

cylinders  (Went  (2003)).  Use of  the  gate  valve  allows the  source  and differential 

pumping stage to be isolated from the scattering chamber, if necessary. A discussion 

of the effects of external magnetic fields on the electron beam and electron spin is 

given in section 3.3.3 below.

3.3.1.3 Deceleration Stage
The final stage of the electron optics helps produce a collimated, parallel beam at the 

interaction  region.  There  are  two  three-electrode  lenses  in  the  deceleration  stage 

(Went (2003)). The first decelerates the beam and forms an image of the beam at the 

focus of the second lens; electrons then emerge from the deceleration optics into the 

interaction region as a parallel beam. A final set of steering deflectors is set between 

the first electrode of the final lens. This allows for fine tuning of the alignment of the 

beam with respect to the interaction region. As the deceleration stage is floated on the 
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crystal potential, and the final element is at earth, the beam emerges from the electron 

optics with the energy of the crystal float supply. 

3.3.2 Electron Optics Components

3.3.2.1 90  °   Deflector  
The 90º deflector operates in a manner identical to the 180° hemispherical analyser, 

the nature of which is discussed below. A high degree of collimation is required to 

focus the electrons, and to this end the pass energy of the deflector is set at 250eV. 

The high pass energy reduces the angular dispersion as the transport time through the 

deflector  is  reduced.  The  higher  pass  energy  also  has  the  effect  of  reducing  the 

influence of magnetic fields on the electrons as they travel through the deflector, due 

to  the  reduced  transport  time.  Electrons  travel  through  the  90º deflector  and  are 

imaged at the exit aperture of the deflector. In this manner, the electrons are delivered 

to  the  electron  optics  train  with  a  narrow  energy  spread  and  with  polarisation 

perpendicular to the transport direction. A schematic of the 90º deflector used in this 

work is given in figure 3.7.

3.3.2.2 Calbick Lens
In  order  to  ensure  the  best  possible  transmission  of  electrons  through  the  90° 

deflector,  a  Calbick  lens  is  placed  before  the  entrance  aperture  (Went  (2003)).  A 

Calbick lens is formed via an aperture in a plate separating two regions of space at 

different  potentials  (Davisson and Calbick (1931,  1932)).  Use of the Calbick lens 

helps  ensure that  as  many electrons  as  possible  enter  the deflector  parallel  to  the 

central  radius  Ro,  thus  ensuring  the  maximum  possible  transmission  through  the 

deflector. The Calbick lens is formed here by the first aperture after the GaAs crystal 

(Went (2003)). The focal distance of the Calbick lens may be given as,

 (3.2)

where f is the focal length of the lens, Vc is the potential of the aperture, E is the 
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Figure 3.7. Dimensions of the 90° deflector used to transform the electron beam polarisation from longitudinal to transverse. The 
central radius,Ro of the deflector is represented by the dashed line. All dimensions are in mm. From Went (2003).
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electric field on one side of the aperture and E' is the electric field on the other side of 

the  aperture,  as  measured  when  no  aperture  is  present  (Klemperer  and  Barnett 

(1971)). 

3.3.2.3 Electrostatic Lenses
Electrons exit the 90º deflector and are injected into the electron optics system. The 

electron  optics  consists  of  a  series  of  electrostatic  lenses.  An electrostatic  lens  is 

formed when two elements of different potentials are brought in close proximity to 

each other. One may assign an effective refractive index to electrostatic lenses given 

by n=V where n  is  the  refractive  index  and  V  is  the  accelerating  or  retarding 

potential. An equivalent law to Snell’s law for geometrical optics may then be derived 

for electrostatic lenses, given by De Wolf (1990): 

 (3.3)

where V1 is the potential the electron experiences in the first region it passes through, 

V2 is the potential in the second region the electron passes through, θ1 is the angle of 

incidence normal to the first potential and θ2 is the angle of incidence normal to the 

second  potential  (Grivet  (1972)).  Einzel  or  uni-potential  lenses  consist  of  three 

cylindrical  electrodes  with  the  first  and third elements  at  the same voltage.  More 

complicated multi lens systems with different voltages may be formed, though the 

characteristics of these need to be determined numerically (De Wolf (1990)). Several 

three element electrode lenses are used in the electron optics for this experiment.

3.3.2.4 Apertures
Apertures exist in several places throughout the electron optics. These serve to further 

define the beam. Defining apertures do not act in the same manner as an aperture lens 

as they are placed in a region where the electric field is the same on either side of the 

aperture. Rather, these “inert” apertures work by physically restricting the size and 

divergence of the beam. Placement of the aperture reduces both the diffusion of the 

beam, and favourably modifies the beam profile, though at the expense of current. 

The collimation action of two apertures is illustrated in figure 3.8 below.
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Figure 3.8. Illustration of how two apertures A and B limit the size and collimate a beam of charged particles, such as electrons. 
The beam is collimated such that the beam angle is no greater than β, as shown. The lines and arrows indicate trajectories of 
particles through the apertures. The effect of a single aperture on its own would still be to define the beam, but not to the same 
extent.

3.3.3 Electron Gun
Extensive discussion of electron guns may be found in Grivet (1972) and Klemperer 

and Barnett (1971). A brief description of the electron gun used in this work follows. 

With the failure of the spin-polarised electron source (see section 3.10 below), it was 

decided to install an electron gun in order to conduct autoionisation measurements. 

The electron gun used in this  work was the triode type,  with flat  grid and anode 

(Grivet (1972), Klemperer and Barnett  (1971)). Collectively the triode gun system 

works in a similar manner to an Einzel lens to produce an electron beam of desired 

profile. The cathode used in this work was a Kimball Physics model ES-020 hairpin 

type,  with  a  0.13mm  tungsten  filament,  mounted  on  a  standard  AEI  glass  base. 

Electrons are produced by thermionic emission from the resistively heated tungsten 

filament. In order to obtain an intense beam, the tungsten wire is bent into a hairpin 

shape, with the point of the chevron below the aperture in the grid. A negative voltage 

is applied to the cathode with respect to ground, such that the energy of the electron 

beam produced is determined by the cathode potential. The grid is used to help focus 

the electrons towards the aperture in the anode, and in order to do this is usually kept 

at  a  small  negative  voltage  with  respect  to  the  cathode  (Klemperer  and  Barnett 

(1971)). As an accelerating lens is necessary to project the cathode electrons into a 

field free region, the anode or focus is the last element in the triode gun; the aperture 

on the grid forms a naturally divergent beam in the absence of the anode (Klemperer 
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and Barnett (1971)). In order to shield the gun from stray electric fields, the whole 

gun is housed in a stainless steel tube. Inside surfaces on the tube are coated in static 

charge bleed graphite, as well as the gun exit nozzle and surrounding surfaces. An 

overview of the gun is given in figure 3.9.

3.3.4 Power Supplies and Cabling
Several power supplies are needed to operate the electron optics or the electron gun. 

The various electron optics elements are supplied by two in house power supplies. 

These consist of a Bertan model PMT-20C-P power supply that is divided into six 

separate supplies via the use of voltage dividers. Each of these supplies is capable of 

producing between 0 and 1200 volts , though most lens elements used in this work 

require considerably less than 1200 volts in operation. Fine and coarse adjustment is 

achieved via the use of trim pots.

As the transport optics operates at a potential of around 800 volts, the power for the 

transport optics is supplied by a Fluke 410B high voltage power supply. An external 

voltage divider is used to supply the transport optics separately from the Fluke HV 

power supply. All power supplies for the electron optics are floated on a Bertan 205B-

O1R high voltage power supply, which also floats the GaAs crystal. This means that 

the  electron  optics  require  only  small  adjustments  when  changing  electron  beam 

energies. RG-174 coaxial cable is used as the supply leads from the rear of the power 

supplies to the respective chamber feed-throughs. Connections are made between the 

coaxial cable and the power supplies via BNC. The centre conductor of the coaxial 

cable  is  then  connected  to  the  high  vacuum side  of  the  feed-through,  directly  by 

solder, socket crimps, or Amphenol multi-pin plugs. All outer conductors are earthed 

to the scattering chamber. Connections on the high side vacuum side are made via 

Kapton insulated oxygen free copper wire. Each end of the supply wire terminates in 

gold plated socket crimps. The internal supply wires are plugged onto the appropriate 

feed-through pin on the high vacuum side, while the other end is plugged over the 

retaining bolt of the particular lens element.

95



Figure 3.9. Schematic outline of the electron gun used for part of this work. The upper half of the figure shows the outer shield that the gun is held inside. The lower half of the diagram  indicates the elements of the  
electron gun itself, without the cable supplies shown for clarity. Dimensions are in mm.



Four power supplies are required to operate the electron gun. The grid and anode are 

supplied separately by a Kepco APH 500M power supply each, or by in house built 

power supplies for higher voltage applications. Current for the tungsten filament is 

provided by a Kepco ATE 6-5M power supply, which is floated on a Bertan 205B-

O1R high voltage power supply. The energy of the beam is thus also determined by 

the  potential  supplied  by the  Bertan  205B-O1R high  voltage  power  supply.  Wire 

connections are made in an identical manner to the electron optics described above. 

3.4 Scattering Chamber and Differential Pumping Stage

3.4.1 Differential Pumping Stage
The differential pumping stage consists of a 152.4mm six-way cross, constructed of 

304-grade  stainless  steel.  One  arm of  the  six-way cross  is  bolted  to  the  bellows 

connecting the differential pumping stage and the source chamber (see figure 3.1). 

The opposing arm of the six-way cross to the above bolts to another piece of bellows 

that connects the differential pumping stage and the scattering chamber. The bellows 

between the differential pumping stage and the scattering chamber is bisected by the 

gate valve described mentioned in section 3.4. Electron optics run through the bellows 

from the source chamber, through the differential pumping stage and into the bellows 

connecting  the  scattering  chamber.  A Varian  500  litre  per  second  turbomolecular 

pump is bolted onto the lower port of the six-way cross (figure 3.1). The upper arm of 

the six way cross in figure 3.1 is blanked, with six 33.87mm ports on top. One of 

these 33.87mm ports is used as a feed-through for the electron optics supply leads. 

The remaining two in plane arms of the six-way cross are blanked. Only one of these 

blanked arms can be seen in figure 3.1.

3.4.2 Scattering Chamber

3.4.2.0 Overview
The scattering chamber is constructed of 304-grade stainless steel and is 660mm in 

internal diameter. The chamber is 648mm high and is divided vertically into two equal 

halves. Separation into two halves allows for the raising and lowering of the upper 

half  vertically via a hand winch to facilitate maintenance inside the chamber.  The 
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rubidium oven mount is bolted to the underside of the turntable mount and is set such 

that the oven is at 245º with respect to the incident electron beam. The end of the 

electron transportation optics enters the chamber though a 69.85mm port at 180º to the 

interaction region. The mount for the electron optics bolts around the turntables in a U 

shaped manner, allowing freedom of movement of the turntables and is secured to the 

bottom of the turntable mount. Eight 69.85mm ports are set into the side of the bottom 

half of the chamber (including the port required for the electron optics), equidistant 

between the floor of the chamber and where the upper and lower halves meet. This 

means that these ports are level with the interaction region. These ports are equally 

spaced around the side of the chamber. The port at 90º to the interaction region houses 

the ion gauge used to determine the chamber pressure. The ion gauge is mounted on 

an elbow so that the gauge head is not directly exposed to the interaction region. This 

helps prevent electrons from the gauge head filament affecting the background during 

experiment. The port which is collinear with the incident electron beam connects the 

scattering chamber to the Mott chamber. A cold trap is mounted on the 69.85mm port 

at  135º to  the  interaction  region.  The  69.85mm port  at  270º with  respect  to  the 

incident electron beam direction is a view port. This allows viewing of the interaction 

region and to assist in maintaining the alignment of the oven, analyser and electron 

optics (or electron gun). A further view port is bolted onto the end of a 152.4mm port 

that extends at 45º to the vertical from the upper half of the chamber, as indicated in 

figure 3.1. The cold trap labelled in figure 3.10 is used to capture excess rubidium, 

and is connected to a reservoir of liquid nitrogen. A photo of the scattering chamber 

apparatus is indicated in figure 3.10.

3.4.2.1 Turntables
Two 5083-grade aluminium concentric turntables, driven by stepper motors, reside on 

the bottom half of the chamber. These turntables sit on a mount that in turn rests on 

three posts 50mm high, on the bottom of the chamber. A groove cut into the upper 

face of the mount allows the placement of six 6mm diameter Swiss Jewel Company 

industrial ruby balls. An identical groove in the bottom of the inner turntable allows 

the inner turntable to be placed on the mount, with the ruby balls acting as a bearing. 

While  the  upper  faces  of  both  turntables  are  at  the  same  height,  physically  the 

turntables are arranged such that the outer turntable is mounted on top of the inner 
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Figure 3.10. The inside of the scattering chamber, with the upper half raised. The entrance to the Mott scattering chamber is at  
180° to the electron optics. After the failure of the GaAs source, the electron optics were replaced with an electron gun.

turntable,  in  a  manner  similar  to  how the  inner  turntable  is  placed  on the  mount 

described above. Grade 316 stainless steel bands, with circular holes hold the ruby 

balls at fixed distances from each other in the turntable grooves, ensuring no vertical 

movement in the outer or inner turntables. Grooved teeth on the outer rim of each 

turntable  allow the  turntables  to  be  driven  by stepper  motors  via  a  shaft,  Delrin 

universal  joint  and gear  assembly.  Separate  Vacuum Generators,  model  RD6MGI, 

stepper motors drive the inner and outer turntables. These stepper motors come with a 

motor and gearbox assembly, the gearbox providing a reduction ratio of 9.1:1. Went 

(2003) established that there were roughly 69 steps per degree with this arrangement, 

with considerable backlash in both turntables. The backlash amounted to a 2° error on 

the inner table and a 3° error on the outer table. These were overcome by ensuring the 

turntable  runs  in  only  one  direction  during  measurements  and  by positioning  the 

analyser several degrees below the desired angle when measurements begin (Went 

(2003)). The above measures ensure that any table backlash is taken up.
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3.4.2.2 180° Electrostatic Analyser
Electrostatic  hemispherical  analysers  were  first  investigated  by  Purcell  (1938). 

Electrostatic hemispherical analysers consist of two electrically isolated hemispherical 

sectors, of radius R1 and R2 respectively. Let the central radius between the sectors be 

R0. The deflector  has two apertures,  an entrance and an exit  aperture,  which help 

define the electron beam. Let the potential of those electrons that pass through the 

centre of the gap along the path of radius  R0 be V0. It can then be shown that the 

potential experienced by electrons along a path of radius r is given by:

(3.4),

(Grivet (1972)). Voltages on the respective sectors for a given V0 may be obtained by,

  (3.5a),

and

(3.5b),

(Purcell (1938)). Those electrons with energy corresponding to eV0 will be transmitted 

through the deflector, while those with energies other than eV0 will be transmitted on 

paths with radii greater or smaller than the central path radius, R0. Using the above 

equations,  in  conjunction  with  defining  apertures,  voltages  may be  applied  to  the 

sectors in  the analyser such that  only electrons with a desired energy  eV0 will  be 

efficiently transmitted. 

A  number  of  factors  determine  the  energy  resolution  of  a  180° hemispherical 

electrostatic  analyser.  Kuyatt  and  Simpson  (1967)  demonstrated  that  the  energy 

resolution of a 180° hemispherical electrostatic analyser may be given by,
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(3.6),

where  E is  the energy resolution of the  analyser, E0 is  the pass energy of  the 

analyser,  is  the width of the entrance and exit  apertures and R0 is  the central 

radius. The above equation for the energy resolution ignores higher order terms in the 

half  beam angle  at  the  entrance  aperture.  Use  of  electrostatic  lenses  prior  to  the 

analyser allows the electrons to be imaged at the entrance aperture of the analyser, 

improving  the  transmission  of  the  analyser  without  sacrificing  resolution  (Heddle 

(1971)), and also reducing the half beam angle to the point where it can be ignored in 

determining  the  energy resolution.  Since  the  energy resolution  of  the  analyser  is 

proportional to the pass energy, it is desirable to keep the pass energy of the analyser 

as  low as  possible.  Changing the pass  energy to  the  energy of  those electrons  of 

interest would mean that the energy resolution would vary according to the energy of 

the electrons of interest. This is clearly not a desirable situation for comparing results. 

As such, to maintain a consistent, and small energy resolution, the pass energy of the 

analyser is kept constant at 10eV, while the energy of the electrons of interest are 

reduced to 10eV by electron optics prior to the analyser entrance aperture. Floating of 

the analyser and its  associated lens elements ensures that  electrons of any desired 

energy may be detected by simply altering the float supply voltage of the analyser. 

The decelerating lenses of the analyser are made from 310-grade stainless steel, while 

the mounting plate for the inner and outer hemispheres is made of 316-grade stainless 

steel. Ruby balls, 3mm in diameter, serve to insulate the inner and outer hemispheres 

from the mounting plate. Apertures inside the analyser and lens stack are made from 

thin sections of molybdenum. Slide guides on the analyser allow for horizontal and 

vertical tilting of the analyser with respect to the interaction region. A surveyors level 

is  used  to  ensure that  the  analyser  entrance  aperture  is  correctly aligned with  the 

interaction region. Ceramic rods run the length of the decelerating optics and serve to 

insulate the lenses from the mounting plate. Electrons with the required pass energy 

travel along the central  axis of the analyser and are imaged onto the channeltron, 

indicated in figure 3.11. Dimensions of the analyser used in this work are given in 

figure 3.11. 
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Figure 3.11. Schematic showing the dimensions of the electrostatic analyser used in this work. From Went (2003).



Inner 
Hemisphere
Diameter

Outer
Hemisphere
Diameter

Pass
Energy

Outer
Hemisphere
Voltage

Inner
Hemisphere
Voltage

Energy
Resolution

65 mm 125 mm 10eV 5.2 V 19.2 V 0.05eV
65 mm 125 mm 20eV 10.4 V 38.5 V 0.10eV
65 mm 125 mm 30eV 15.6 V 57.7 V 0.15eV
65 mm 125 mm 40eV 20.8 V 76.9 V 0.21eV
65 mm 125 mm 50eV 26 V 96.2 V 0.26eV

Table 3.1. Calculated energy resolutions of the analyser used in this work, for a variety of pass energies. From Went (2003)

In this work the energy resolution of the analyser was determined to be 120meV at a 

pass energy of 10eV. The energy resolution of the analyser is determined by taking the 

full  half-width  maximum  of  a  distinct  autoionisation  line  from  an  energy  loss 

spectrum.  The  resolution  determined  was  larger  than  the  theoretical  resolution  as 

determined  by Went  via  SIMION,  presented  in table  3.1 above.  The  discrepancy 

between the  measured  energy resolution and the  calculated  energy resolution  was 

suggested by Went (2003) to be due to the lack of Jost correctors in this analyser. Jost 

correctors ensure an even electric field near apertures (Jost (1979)). 

3.4.2.3 Faraday Cups
These are used to determine the magnitude and profile either of the spin-polarised 

electron beam or of the electron gun. The Faraday cups are mounted on the inner 

turntable (see below), allowing for translation of the Faraday cup from a position at 

180° to the incident beam to higher or lower angles. To further help determine the 

beam profile, the Faraday cups consist of a concentric inner and outer Faraday cup. 

The relative amount of current from either cup serves as an indication of the focussing 

of the electron beam, and of the beam profile.

3.4.2.4 Channeltron
Electrons passing through the analyser are imaged onto the entrance aperture of a 

channel  electron  multiplier,  or  channeltron,  as  indicated  in  figure  3.11.  The 

channeltron itself consists of a small glass tube of 1mm inner diameter and 2mm outer 

diameter. The inner face of the tube is covered in a semiconducting material. A cone 

shaped opening of 6mm diameter facilitates entry of those electrons with divergent 

trajectories  beyond  the  exit  image  of  the  analyser.  The  entrance  aperture  of  the 
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channeltron is held at ground, while the rear is held at high voltage, typically 2-3kV. 

Electrons  enter  the  channeltron  and are  accelerated  by the  high voltage  potential. 

Accelerated electrons then strike the walls of the tube due to their transverse velocity 

component. Given a high enough applied potential, the incident electrons have enough 

energy  to  liberate  secondary  electrons  from  the  semiconducting  material.  The 

scattered and ejected electrons may then proceed down the tube where they again 

strike the wall and electrons are again liberated (Goodrich and Wiley (1962)). In this 

manner  a  single  electron  from  a  particular  event  of  interest  is  multiplied  into  a 

measurable pulse. Further discussion of detection electronics is given below in section 

3.7.

3.4.2.5 Rubidium Oven
Atomic rubidium is provided by a two-stage stainless steel crucible oven. The oven 

consists of two parts, the nozzle cap and the rubidium reservoir. The reservoir is a 

cylinder  of  stainless  steel  that  has  been  hollowed out  to  provide  a  repository for 

rubidium. Bolt holes are drilled into the open end of the reservoir to allow the nozzle 

cap to be fixed to the top of the reservoir. The nozzle cap consists of a stainless steel 

plate with a 90º bend welded onto it. The intake of the bend is of the same diameter as 

the  reservoir,  and  narrows  after  the  90º bend  into  a  nozzle  opening  of  only  a 

millimetre in diameter. Both the reservoir and nozzle have shallow grooves cut into 

their  sides  in  a  helical  pattern,  to  allow the  placement  of  bifilar  heating  wire.  In 

operation, the wire is resistively heated via separate power supplies for the reservoir 

and nozzle cap. Temperatures of the reservoir and nozzle cap are monitored by K type 

thermocouples attached to the outer surfaces of the oven. The nozzle cap is kept at 

higher temperatures than the reservoir to prevent blockages occurring in the narrow 

apertures of the nozzle cap. Typically, the reservoir is kept at 200ºC-220ºC, while the 

nozzle cap is maintained at a temperature of 260ºC-300ºC. Given the melting point of 

rubidium  is  39ºC,  these  temperatures  are  sufficiently  high  enough  to  provide  a 

satisfactory rubidium vapour pressure for experiments. 
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3.4.3 Electric and Magnetic Shielding

3.4.3.0 Introduction
Given  the  use  of  polarised  and  unpolarised  electron  beams  in  these  experiments, 

shielding of the apparatus from stray magnetic and electric fields is important. Electric 

fields may distort  the effective potential  that the incident electrons experience and 

thus destroy the validity of any cross section taken while such unwanted electric fields 

are present. Unwanted electric fields can only be present if static charge is allowed to 

build up on surfaces near the interaction region, via electron bombardment. As these 

surfaces are made of stainless steel or aluminium, such charge build up should to a 

first  approximation  be  reduced.  Further  steps  to  prevent  charge  build  up  are 

undertaken by coating all surfaces close to the interaction region with static charge 

bleed graphite. This allows any charge transferred to these surfaces to leak off into the 

graphite rather than build up and become a source of unwanted electric fields.  The 

oven nozzle, electron optics/gun termination, Faraday cups, gas needle and the first 

element in the analyser are all coated with this graphite.

3.4.3.1 Hipernom Alloy
To shield  the  inside  of  the  scattering  chamber  from stray magnetic  fields,  a  high 

permeability 1.6mm thick annealed hipernom alloy sheath lines both the upper and 

lower  halves  of  the  scattering  chamber.  The  magnetic  properties  of  hipernom are 

similar to mu metal. Holes have been cut in the requisite places to allow the passage 

of feed-throughs and ports. The high permeability of the material means that external 

magnetic fields are severely attenuated inside the hipernom alloy. The minimum DC 

permeability is given as 60000 at a magnetic flux density of 40 Gauss (Hipernom 

datasheet (2006)). 

3.4.3.2 Helmholtz Coils
Three sets of Helmholtz coils have been placed so as to shield the interaction region 

from stray magnetic fields, principally the earth's magnetic field, but also from other 

external sources such as power supplies and power leads. The source and differential 

pumping  stages  are  not  effectively  shielded  by  these  Helmholtz  coils.  To  help 

overcome this, the electrons are accelerated up to 800eV between the source chamber 
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and the scattering chamber by electron optics, as discussed in section 3.4. In order to 

cancel  the  magnetic  field  at  the  interaction  region  as  effectively  as  possible,  a 

fluxmeter probe is placed in the interaction region with the scattering chamber closed. 

One of the lower 69.85mm ports is opened to allow the flux probe to be installed 

while  the chamber  is  closed.  x,  y and z  components  (with z perpendicular  to the 

scattering plane) of the magnetic flux density are then read on the fluxmeter itself and 

the three Helmholtz coils adjusted such that each of the x, y and z components is 

minimised. It is not always possible to cancel all three components simultaneously, so 

a  compromise  must  be reached.  This  procedure  is  repeated periodically to  ensure 

magnetic fields are being managed properly An example of the magnetic flux with 

and without the Helmholtz coils is given in table 3.2.

Component X Y Z
No Helmholtz Coils 4.89 mG 13.15 mG 13.22 mG
With Helmholtz Coils 1.04 mG 1.96 mG -0.65 mG

Table 3.2. Magnetic flux density at the interaction region with the Helmholtz coils switched on and switched off.

3.4.3.3 Effect of Magnetic Fields on Electrons and Electron Spin
The purpose of the magnetic  and electric  shielding is  to prevent  deflection of the 

electron  beam,  by  stray  magnetic  and  electric  fields.  These  include  the  earth’s 

magnetic field which has a strength of 0.5×10-4 Tesla (Cheng (1992)). The deflection 

that the electron beam can experience due to the earth’s magnetic field is calculated 

below. This is followed by an argument demonstrating that changes in the polarisation 

of the electron beam due to changes in electron spin angular momentum are of little 

importance in considering the effects of external magnetic fields, for this work.

The force on a charged particle moving in an external magnetic field is given by:

 (3.7),

where  F is the force on the charge particle, q  is the charge on the particle,  v is the 

velocity of the charged particle in the external magnetic field and B is the magnetic 

flux density of the external magnetic field. Assume that the earth’s magnetic field 
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points in the z direction and that the electrons are travelling in the x direction. This 

scenario is rather worse than in reality, on comparison to the actual orientation of the 

earth’s magnetic field compared to the quantisation axis in figure 3.12. This represents 

the case where the electrons will experience the maximum possible force due to the 

earth’s magnetic field. For an electron beam of energy 800eV (as typically used in the 

transport  stage of the electron optics, which has the least  magnetic shielding),  the 

corresponding force is approximately 1.36×10-16 N. While this appears to be a small 

force,  an investigation of the influence of this  force reveal that  its  effects  are  not 

trivial.  As the force acting on the electrons  is  via  a cross  product,  this  force is  a 

centripetal force, that is as the force is always at right angles to the velocity. Thus this 

force causes the electrons to move in a circular path.

Figure 3.12. Relative orientation of the earth’s magnetic field, the spin angular momentum and the z component of the spin 
angular momentum.

The  centripetal  force,  in  this  case,  may  be  related  to  the  electron  mass  m,  the 

magnitude of the velocity of the electron while it describes the circular path v and the 

radius of the circular path r by:

                                                                                                                                 (3.8).

Using this gives an approximate radius of the path of the electrons of 1905mm. The 
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length of the transport section of the electron optics is approximately 477mm. The 

electron  velocity  at  an  energy  of  800eV  is  approximately  1.68×107 ms-1.  Using 

v=r  ,  this  corresponds to an angular velocity of 8.82×106 rads-1.  The time of 

flight in the transport optics is about 2.84×10-8 s, using the formula v= s
t , where v  

is the speed, s is the distance travelled and t is the time required. The angular distance 

travelled in this amount of time is 0.25 rads. 

Calculation of this allows determination of the x and y components of the electron 

velocity  after  deflection  through  0.25  rads.  This  reveals  the  x  component  of  the 

velocity to be 1.63×107 ms-1. This is close to the original velocity, such that one may 

assume the x component  of  the  velocity is  constant  during the  flight  through the 

transport  optics  and  the  calculation  of  the  time  of  flight  above  is  a  reasonable 

approximation  to  the  real  time of  flight.  Using this  assumption,  and knowing the 

horizontal  distance  travelled,  elementary  geometry  may be  used  to  determine  the 

deflection  of  the  electron  beam  in  the  y  direction.  This  is  determined  to  be 

approximately 61mm. Compared to the diameter of the electron optics, which is about 

25mm, this is a large deflection. This result indicates that the earth’s magnetic field is 

quite  capable  of  causing  considerable  deflections  in  the  electron  beam.  To  help 

counteract such effects, the electrons are accelerated to an energy of 800eV in the 

transport  region  such  that  they  spend as  little  time  as  possible  in  the  unshielded 

section  of  the  apparatus.  The  use  of  deflectors  also  helps  correct  for  unwanted 

deviations in the beam path.

An identical argument to the above may be made for those electrons detected by the 

analyser after a scattering event. The residual magnetic fields in the interaction region 

are given above in table 3.2. The largest residual field is that of the y component at 

1.96mG. For the purposes of the calculation, this is rounded to 2mG or 2×10-7 Tesla. 

The  least  energetic  detected  electron  for  this  work  was  around  15eV,  so  for  the 

purposes of calculation, the electron energy was taken to be 10eV. This corresponds 

to a velocity of 1.88×106 ms-1. Using equations 3.10 and 3.11 above, the maximum 

force on an electron from the y component residual field is 6.02×10-20 N. The radius of 
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curvature  of  the  path  induced  by  this  force  is  5300mm.  The  angular  velocity 

associated  with  this  is  approximately  3.55×103 rads-1.  The  distance  from  the 

interaction region to the analyser does not exceed 0.1m. The time of flight for a 10eV 

electron from the interaction region to the analyser is then approximately 5.32×10-8 s. 

From this the angular displacement of the electron from the direct path to the analyser 

can be calculated; this is 1.89×10-4 rads. Elementary geometry again yields the x and y 

components  of  the  velocity  after  this  deflection. The  calculated  deflection  of  the 

electron from the direct path to the analyser is determined to be less than 0.02mm. 

The maximum deflection caused by the other residual components would be less than 

this value. It can be concluded then that the residual magnetic fields have little effect 

on the electrons after a scattering event occurs.

To investigate the possibility of spin alterations caused by unwanted magnetic fields, 

it will be instructive to look at the Larmor precession of an electron inside the electron 

optics due to the earth’s magnetic field. The Larmor precession is the name given for 

the precession of a  magnetic  dipole  moment  about  the magnetic  field  vector  of a 

magnetic  field  (Eisberg  and  Resnick  (1985)).  The  angular  frequency  of  the  spin 

angular momentum about the magnetic field vector is given by:

(3.9),

where  gs is the spin g factor, B is the Bohr magneton,  B is the magnitude of the 

magnetic field and  is the angular frequency of precession (Eisberg and Resnick 

(1985)). Using the magnitude of the earth’s magnetic field,  the precession angular 

frequency was calculated to be approximately 8.79×106 rads-1. To calculate the angle 

that the spin angular momentum vector precesses through in the transport stage of the 

electron optics, where magnetic shielding is weakest, one multiplies by the time of 

flight. This gives an angle of precession of about 0.25 rads or 14.32o about the earth’s 

magnetic field during the time the electron is in the transport optics. This means that 

the z component of the spin angular momentum will also precess through an angle of 

14.32o about the earth’s magnetic field.  As the earth’s magnetic field is aligned at 
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approximately 20o to the z axis (see figure 3.11), the Larmor precession will result in 

the z component of the spin angular momentum being less after the precession period. 

The ratio  of  the z  component  of  the spin angular  momentum after  the precession 

period to the z component of the spin angular momentum before the precession period 

is  given  by  cosine  14.32.  This  is  approximately  0.97.  This  indicates  that  the  z 

component of the spin angular momentum has changed very little, during the time of 

flight in the transport optics, due to the Larmor precession. One can assume then, 

based on this, that stray magnetic fields have little effect on the polarisation of the 

electron beam in this case. 

3.4.3.4 Faraday Cages
Coating  elements  in  graphite  should  help  prevent  localised  electric  fields  from 

building up on surfaces adjacent to the interaction region. Care must be taken now to 

prevent larger, more isolated electric fields penetrating the interaction region. Such 

fields could come from static charge build up in other areas of the chamber, or from 

unshielded  electrical  cables.  The  use  of  Faraday  cages  constructed  of  tungsten 

straddling  the  interaction  region,  as  seen  in  figure  3.9,  can  address  the  problem. 

Gauss' law means that no net electric field can exist inside a closed conductor that 

contains  no  net  charge,  hollow  or  other  wise.  Further,  as  the  Faraday  cages  are 

grounded and painted with static charge bleed graphite, no electric charge should be 

able to reside on the surface of the Faraday cages.  Electrons can freely flow from 

earth to balance any surface charge that may be induced by an external field (or by 

electron  bombardment,  say).  Thus,  theoretically,  external  fields  cannot  effectively 

penetrate the interaction region due to the Faraday cages. Of course in practice, the 

shielding is  not perfect,  as  in reality the Faraday cages do not constitute a closed 

surface; a gap must be left between the upper and lower Faraday cages in order to 

facilitate the entrance of the electron optics/gun, analyser and rubidium oven to the 

interaction region.  A 6mm diameter hole  also exists  in  the upper  Faraday cage to 

allow the laser beams access to the interaction region. The gap between the upper and 

lower  cages  is  kept  as  small  as  is  physically  possible,  and  is  approximately  one 

centimetre in width. Similar shielding is afforded to the end of the A1 element of the 

analyser, via a small sheet of tungsten gauze. As the entire scattering chamber is made 
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of stainless steel, and is sealed during experiments, static electric fields external to the 

scattering chamber are cancelled in the interaction region. 

3.5 Determining the Beam Polarisation

3.5.0 Overview
The polarisation of the electron beam must be determined in order to calculate the A2 

asymmetry, which is given by: 

(3.10),

where N  is the number of electrons with spin up with respect to the scattering 

plane, N  is the number of electrons with spin down with respect to the scattering 

plane, and P is the polarisation of the electron beam. Two methods have been used to 

determine the polarisation of the electron beam, Mott scattering and comparison with 

a known Sherman function in spin-polarised electron scattering from xenon. Both of 

these  methods  will  be  discussed  in  more  detail  below.  Typical  electron  beam 

polarisations range between 20% to 35%, for this work.

3.5.1 Mott Scattering

3.5.1.0 Mott Scattering: The Background
Mott  scattering  was  first  theoretically  investigated  by  Mott  (1929,  1932).  Mott 

suggested that on scattering an unpolarised high energy electron beam at a large angle 

from a heavy target, the subsequently scattered electron beam would become spin- 

polarised.  A second  scattering  event  on  this  now  polarised  electron  beam would 

enable one to determine the polarisation of the electron beam produced by the first 

scattering  event,  via  the  difference  in  the  numbers  of  electrons  detected  at  fixed 

scattering angles to the left and to the right of the scattering centre. Mott scattering 

from thin  gold  foils  has  been  used  as  a  method  to  determine  the  electron  beam 

polarisation in this work.

111

A2=
1
P

N −N 
N N 



Physically, Mott scattering is a manifestation of the spin-orbit interaction. During the 

collision process, the electrons see the nucleus with charge +Z moving in their frame 

of reference. This relativistic movement of the nucleus in the frame of reference of the 

electron gives rise to an effective magnetic field experienced by the incident electron 

during the collision process. This effective magnetic field gives rise to a coupling 

between the orbital angular momentum of the electron during the collision process 

and  its  own spin  angular  momentum;  the  net  result  is  a  spin  dependence  in  the 

differential  cross  section.  Such  spin  dependence  manifests  itself  in  a  left-right 

scattering asymmetry for  electrons that  scatter  to  the left  and to the right  at  high 

angles from heavy targets. This effect can be used to polarise an initially unpolarised 

electron beam via a first scattering process, and then the polarisation induced by the 

first scattering process may be determined by a second scattering process. One may 

define the left-right scattering asymmetry, A2 , as:

(3.11) 

(Gellrich and Kessler (1991)). It can be shown that A2 may be given by:

(3.12)

(Gay and Dunning (1992)),  where  P is  the polarisation induced in  an unpolarised 

electron  beam  due  to  the  scattering  process,  S is  the  Sherman  function  that 

characterises the analysing and polarising power of a particular scattering medium, 

1 is the scattering angle of the first scattering process and 2 is the scattering 

angle of the second scattering event. Assuming the Sherman function S is known for 

the heavy target  of interest,  a  measurement  of the left-right  asymmetry yields the 

polarisation of the electron beam. The Mott scattering process is illustrated in figure 

3.13 below.
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Figure 3.13. Illustration of Mott scattering, demonstrating how an initially unpolarised beam may be polarised after scattering 
with a heavy target. A second scattering event will result in asymmetric scattering to the left and right of the interaction region at 
particular scattering angles, θ. With an initially polarised electron beam and a known Sherman function, one needs to undertake 
the second scattering process to determine the polarisation. 

3.5.1.1 Problems with Mott Scattering
There are a number of practical concerns when using Mott scattering to determine the 

electron beam polarisation. The formula A= PS is only strictly valid for perfectly 

aligned elastic scattering from heavy nuclei. A number of spurious asymmetries may 

occur in conducting a Mott scattering experiment, and these must be eliminated or 

taken into account. Such errors include multiple and plural scattering in the target, 

misalignment  of  the  electron  beam,  background  electrons,  inelastic  scattering  and 

differences  in  detector  efficiency  (Kessler  (1985)).  Some  of  these  problems  are 

discussed in more detail below. 

Kessler (1985) showed that instrumental  asymmetries,  such as beam misalignment 

and  detector  efficiencies  could  be  accounted  for  if  the  beam polarisation  can  be 

reversed. Under these circumstances, the asymmetry A is given by:
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(3.13),

where L is given by  L  R  and R is given by  R  L  , due to the reversal of the 

beam polarisation (Gellrich, Jost and Kessler (1990)). L  is the number of electrons 

incident on the left detector with the beam in spin up orientation, R  is the number 

of electrons incident on the right detector with the beam in spin up orientation, L   

is the number of electrons incident on the left detector with the beam in spin down 

orientation and R  is the number of electrons incident on the right detector with the 

beam in spin down orientation. 

The  possibility  of  interaction  with  more  than  one  target  atom  exists  in  Mott 

polarimeters,  except  low vapour mercury polarimeters  (Gay and Dunning (1992)). 

One may treat these events in two regimes, multiple scattering (large number of small 

angle scatterers) and plural scattering (small number of large angle scatterers) (Gay 

and Dunning (1992)). These are due to the finite thickness of the scattering medium 

used in most Mott polarimeters, typically thin metallic foils of Gold, which were used 

in this work. Ideal Mott scattering involves electrons scattering at high energy from a 

single atom. The effect of multiple and plural scattering is to reduce the Sherman 

function from that  calculated theoretically,  since the effects  of the initial  collision 

event are washed out by subsequent collisions. To take into account this  problem, 

measurements of the effective Sherman function,  Seff are taken for a variety of foil 

thicknesses. The effective Sherman function is determined by taking a measurement 

of the left-right asymmetry for a variety of target thickness's and extrapolating to zero 

thickness, which corresponds to single atom scattering. Determination of Seff for gold 

foil  for  a  variety  of  thickness's  and  scattering  parameters  with  a  high  degree  of 

accuracy has been undertaken by Gellrich and Kessler (1991).

3.5.1.2 Description of the Mott Detector
The Mott apparatus is housed inside a stainless steel chamber, as indicated in figure 

3.1. Electrons enter the Mott detector via an aperture connecting the Mott chamber to 

a  69.85mm  port  on  the  scattering  chamber.  These  electrons  are  accelerated  to 

80-100keV using a Spellman SL-10 high voltage power supply. A carousel exists in 
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the Mott chamber, and gold foils of several thickness's are mounted on the carousel. 

The  carousel  thus  allows  the  choice  of  gold  foil  of  particular  thickness  for  Mott 

scattering.  After  acceleration,  the  electrons  collide  with  a  gold  foil  of  particular 

thickness in the centre of the Mott chamber.

After colliding with the gold foil, scattered electrons are detected by two EG&G Ortec 

surface  barrier  detectors.  Power  is  supplied  to  the  surface  barrier  detectors  by  a 

Tennelec TC 953 dual HV power supply. The surface barrier detectors are set at 120° 

to the left and to the right of the Mott interaction region, an arrangement identical to 

that indicated for the second scattering process in figure 3.13. Electrical pulses from 

the surface barrier detectors are amplified by two Tennelec pre-amplifiers, powered by 

two Tennelec TC 246 integrated AMP/SCA units. The discriminated pulses are then 

converted to light pulses and carried via optical fibre to an instrument rack external to 

the Mott scattering chamber, where they are again converted into electrical pulses. 

The number of counts on the left and right surface barrier detectors is recorded on two 

EG&G Ortec 773 counters. In line with the arguments of Kessler (1985) and Gellrich, 

Jost  and  Kessler  (1990),  the  direction  of  the  polarisation  is  varied  such  that 

instrumental  asymmetries  are  eliminated  in  the  determination  of  the  beam 

polarisation.  Once  the  left-right  asymmetry  has  been  determined,  the  beam 

polarisation may be determined via A= PS , where the effective Sherman function 

for the gold foil of interest is known (see table in appendix B). The polarisation of the 

electron  beam  was  determined  in  this  manner  for  the  very  first  asymmetry 

measurements of this work.

3.5.2 Sherman Function from Xenon 
For later measurements, it became apparent that there were difficulties in determining 

the  polarisation  of  the  electron  beam  by  the  Mott  detector,  most  likely  due  to 

difficulties in fine tuning the electron beam correctly into the Mott chamber. To test 

this, some xenon was obtained, and an elastic spin up-spin down asymmetry measured 

for a variety of angles. For measurement purposes, this is identical to taking a left 

right asymmetry without varying the beam polarisation. This allows a measurement of 

the  polarisation  to  be  determined  via  the  relation A= PS described  above.  For 
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xenon, the Sherman function has been determined accurately by Müller and Kessler 

(1994) and Dorn et al  (1998). Once the asymmetry has been taken, it  is merely a 

matter of normalising the polarisation of the electron beam such that the measured 

asymmetry matches  that  determined previously.  Results  from the elastic scattering 

from  xenon  confirmed  the  difficulties  with  the  Mott  polarimeter.  As  taking  an 

asymmetry from elastic scattering from xenon was considerably easier than using the 

Mott polarimeter, this method was adopted as the standard for determining the beam 

polarisation for later measurements.

3.6 Laser System

3.6.0 Overview
Two lasers were employed for the stepwise enhancement process as a preliminary to 

observing  CPDAD. The  primary  pump laser  is  a  Coherent  899  single  mode  CW 

titanium-sapphire ring laser. The titanium-sapphire laser is tuned such that it pumps 

the 5s 2S1/2 F =3 → 5p 2P3/2 F = 4 hyperfine transition in the 85Rb D2 line, at 780.24nm. 

The hyperfine structure of rubidium is such that the ground state is split  into two 

hyperfine states separated by just over 3GHz in frequency. This means that a dark 

state  exists  that  cannot  be  pumped  by  the  single  mode  titanium-sapphire  laser, 

reducing  the  excited  state  population  and  the  efficiency  of  the  experiment.  To 

overcome this an infrared diode laser is employed to pump the 5s 2S1/2 F = 2 ground 

state to the 5p 2P3/2 F = 3 excited state. From this excited state atoms can relax via the 

selection rules into the F = 3 ground state, and as such are available for pumping by 

the titanium-sapphire laser. All optical components are mounted on an optical bench 

adjacent to the other experimental apparatus. The titanium-sapphire beam is deflected 

by mirrors  on  the  optical  bench until  the  laser  spot  is  directed  into  a  fibre  optic 

coupler. Before the laser beam is coupled into the optical fibre, a small amount of the 

beam is deflected at 90º to the main beam via a polarising beam splitter (PBS). The 

deflected beam continues through a neutral density filter, a beam splitter and then a 

glass cell containing rubidium vapour. The beam passes through the cell and is retro-

reflected via  a  movable mirror  back through the rubidium vapour  cell.  The retro-

reflected beam is collinear and runs anti-parallel to the incident beam, thus setting up 

the necessary conditions  for  saturated absorption spectroscopy.  After  passing back 
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through the cell, the retro-reflected beam continues back through the glass slide and 

into a photodiode. The photodiode output is viewed as a function of laser frequency 

scanning on a CRO, thus allowing a saturated absorption spectrum (SAS) to be taken. 

Magnetic dithering of the vapour cell allows the hyperfine transition of interest to be 

identified without altering the laser frequency. Identification of the desired SAS peak 

allows the titanium-sapphire laser to be locked to the transition of interest (Tsuchida et 

al (1982)).

After  the  main  beam  is  coupled  into  the  optic  fibre  it  travels  via  total  internal 

reflection down the fibre to the top of the scattering chamber. The laser beam exits the 

fibre via another optic fibre coupler on top of the chamber. The beam then passes 

through  a  polarising  beam  splitter.  The  polarising  beam  splitter  ensures  linear 

polarisation of the beam and also allows the combination of the titanium-sapphire and 

infrared  diode  laser  beams.  After  the  polarising  beam splitter,  the  beam enters  a 

quarter wave plate where it suffers either quarter or three quarter wave retardation 

depending on the orientation of the wave plate. Thus after exiting the quarter wave 

plate, the beam is either left hand or right hand circularly polarised from the frame of 

reference of  the  interaction region.  A view port  on top of  the  scattering  chamber 

allows entry of the beam to the chamber and into the interaction region. 

An identical arrangement to that described above for the titanium-sapphire laser exists 

for  the  diode  laser.  The  diode  laser  has  its  own  coupler  and  optic  fibre,  and  is 

combined with the titanium-sapphire beam via the polarising beam splitter mounted 

on the top of the scattering chamber, as discussed above.

3.6.1 Titanium-Sapphire Laser 
The Coherent titanium sapphire ring laser is a single mode lockable laser, capable of 

lasing  between  700nm and  1000nm.  The  lasing  medium is  provided  by  Ti3+  ions 

embedded in an Al2O3 crystal. The unpaired electron spin of the Ti3+ ion in the crystal 

field of the Al2O3  results in a widely spaced vibronic energy level structure, leading to 

the wide range of possible frequencies noted above (Albers, Stark and Huber (1986)). 

All  parts  are  mounted  on  a  50.8mm  invar  bar,  which  has  a  low  coefficient  of 

expansion. Active frequency control means that the bandwidth may be reduced to 500 
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kHz RMS (Coherent manual). In normal operation, 6W are injected into the titanium-

sapphire cavity from the argon ion laser, resulting in an output of around 300mW at 

780.24 nm, the wavelength of the D2 line for  85Rb.  External  locking of  the laser 

frequency is achieved via magnetic dithering of the rubidium vapour cell.

3.6.2 Infrared Diode Laser
Diode lasers are a type of solid state laser. A p type semiconductor and an n type 

semiconductor are brought together to create a p-n junction. Electrons diffuse towards 

the electron deficient p side while holes move towards the electron rich n side of the 

junction. The electric field created by this movement generally stops the charge flow 

at some point. By the application of a strong potential across the junction, the charge 

flow can continue, leading to a situation where there is an excess of electrons in the 

conduction  band  and  an  excess  of  holes  in  the  valence  band  of  the  p-n  junction 

(Ghafouri-Shiraz (2004)). Stimulated emission of the electrons in the conduction band 

results in the production of laser light. The diode laser used as the re-pump laser for 

the stepwise enhancement process was a Mitsubishi model ML60114R laser diode. 

This diode is capable of lasing between  770nm and 800nm, at up to 60mW power 

CW. A Tui Optics DL 100 laser system is used to control and lock the diode laser to a 

transition of interest. Typical spectral resolution of the diode laser is around 1Mhz.

3.7 Data Collection and Control Apparatus

3.7.1 Data Collection Control
The spin asymmetry,  autoionisation  and attempted  CPDAD measurements  involve 

computer control of the entire data acquisition process. Programs written in Pascal 

control  the  movement  of  the  stepper  motors,  LCR  voltage,  gate  the  timers  and 

counters  when  required  and  record  the  data  taken  in  a  text  file.  The  main  data 

collection  program  was  written  by  Went,  as  outlined  in  Went  (2003),  and  was 

implemented in an identical fashion for this work with only very minor alterations for 

the spin asymmetry measurements. A flow chart of the software is shown in figure 

3.14.
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Figure.  3.14.  Flowchart  illustrating  how  the  Pascal  program controls  the  data  collection  process  for  the  spin  asymmetry 
measurements. The program for the CPDAD measurements works in a similar manner, except the quarter  wave plate setting is 
adjusted instead of LCR setting, and the MCA ramp is gated before counting begins and after  counting stops. 
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3.7.2 Data Collection Apparatus
Scattered or ejected electrons are energy selected by the electrostatic analyser. Once 

through  the  analyser  the  electrons  are  imaged  onto  the  entrance  aperture  of  the 

channeltron.  Electrons  entering  the  channeltron  cause  the  secondary  emission  of 

electrons from the walls of the channeltron as described in section 3.5. In this manner, 

electrons from a feature of interest are amplified into electrical pulses at the positive 

terminal  of  the  channeltron.  These  pulses  are  processed  by  the  data  acquisition 

system.

The first element of the data acquisition system is an EG&G Ortec model 9301 fast 

pre-amplifier.  Current  pulses  enter  the  pre-amplifier  via  50Ω coaxial  cable  and  a 

capacitor. The capacitor forms part of the pickoff circuit which serves to supply the 

channeltron with high voltage, while isolating the high voltage from the pre-amplifier 

as demonstrated in figure 3.15.  The 9301 is  a current sensitive pre-amplifier;  this 

means that current pulses from the capacitor in the pickoff circuit are converted to 

voltage pulses at the pre-amplifier output. A factor of 10 voltage gain is obtained with 

the pre-amplifier, enhancing the signal from the channeltron. Voltage pulses from the 

pre-amplifier then flow via 50Ω coaxial cable to an EG&G Ortec model 473A fast 

timing discriminator. The 473A is capable of running in leading edge, slow rise time 

or constant fraction discrimination modes (CFD). For the measurements described in 

this  thesis,  the 473A was run in CFD mode,  as this  mode reduces the “walk”,  or 

timing  variation  between  pulses  of  different  amplitudes  (EG&G  Ortec  manual). 

Noise can be reduced on the 473A by altering the discrimination level, though this 

comes at the expense of signal, so a compromise must be made to obtain the best 

signal to noise ratio. The 473A turns the analogue input pulses from the pre-amplifier 

into standard logic pulses, which may then be read on a rate-meter. Counts per second 

are read on an EG&G Ortec model 541 rate-meter. From here the signal may be fed 

into an EG&G Ortec 996 dual timer and counter,  or  into a  multichannel  analyser 

(MCA). The MCA is used for taking energy loss spectra when energy calibration is 

desired, or for data collection for the autoionisation measurements.
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Figure 3.15. Pickoff circuit used to transport current pulses to the pre-amplifier, also showing the power supply for the channeltron. All electrical connections are coaxial cable, with the centre conductor connections 
shown on the diagram. The outer conductor of each connection is earthed.



3.8. Experimental Calibration

3.8.1 Angular Calibration
Both the  rubidium A2 asymmetry and autoionisation  measurements  involve  taking 

angle differential cross sections. As such it is of vital importance in determining the 

reliability of data that the angular position of the analyser is accurately known. In 

order to ensure correct angular calibration, a differential cross section is taken from a 

particular  species  and this  cross  section compared to benchmark results  published 

previously. The energy of the DCS taken for calibration purposes is usually chosen to 

coincide with the energy of a known cross section with distinct features such as strong 

peaks or troughs in the cross section. The angular difference between the features in 

the observed cross section and that of the benchmark cross section allow absolute 

determination of the angular position of the analyser. Given the existence of a gas 

needle from prior measurements in the apparatus (Went (2003)), angular calibration is 

completed via an argon or xenon elastic differential cross section. Examples of these 

cross sections are given in appendix C.

3.8.2 Energy Calibration
The cross sections discussed above are also energy dependent. As such, the absolute 

energy scale of the analyser must be determined. While the effective pass energy of 

the analyser is determined by the requisite float supply, there is no guarantee that the 

pass energy corresponds exactly to that  indicated on the supply.  Uncertainties can 

come  about  via  contact  potentials  between  lenses  and  supply  leads.  It  has  been 

observed that such float potentials  may drift  slowly over time, most likely due to 

rubidium deposition on surfaces inside the scattering chamber. In order to determine 

any  analyser  energy  offset,  a  rubidium  autoionisation  spectrum  is  taken  via  a 

multichannel  analyser  for  ejected  electron  energies  of  10  to  20eV.  Dozens  of 

autoionising  lines  exist  in  this  energy  regime  for  electron  impact  excitation  of 

rubidium, and several of these are very distinct. The energies of autoionised electrons 

are absolute within the bounds of the uncertainty principle, since the ejected electrons 

carry away energy from a transitory state. Previous work (Pejčev et al (1977a)) has 

determined the absolute energy value for each of these lines. As such, comparison 

between the measured energy value for a particular line and the accepted value allow 
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an absolute determination of the analyser detection energy.

Determining the energy resolution of the apparatus is also important for estimating the 

ability  to  energetically  resolve  different  features  of  interest.  For  the  rubidium 

asymmetry measurements,  it  is  necessary to  be  able  to  energetically  separate  the 

inelastic processes from the elastic peak if such inelastic processes are to be studied. 

A simple energy loss spectrum as given in  figure 3.16  indicates that the 5S  → 5P 

transition is clearly resolved from the elastic peak,  whilst  using the spin-polarised 

source. For the autoionisation measurements, the energy resolution is only limited by 

the  resolution  of  the  analyser,  since  the  energy spread  of  the  ejected  electrons  is 

essentially limited by the uncertainty principle. As such, the energy resolution for the 

autoionisation  measurements  may  be  determined  by  an  autoionisation  spectrum, 

examples of which can be seen in chapter four.

Figure 3.16. Energy loss spectrum for rubidium at 20eV incident energy, at a scattering angle of 17º. The spectrum clearly shows 
that the analyser and spin-polarised source energy resolution is sufficient to resolve the 5S to 5P transition from the elastic peak. 
The second peak represents  the combined 5S to 4D and 5S to 6S transitions.

3.8.3 Laser Considerations
While CPDAD measurements did not take place, the degree of circular polarisation of 

the laser light was still determined. Although the stepwise process can be undertaken 

with linearly polarised light, the excitation probability of the D2 line is comparatively 
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greater using circularly polarised light (Metcalf and van der Straten (1999)), so the 

laser  light  for  the  stepwise  process  was  prepared  circularly  polarised.  One  can 

consider the polarisation state of the light after a quarter wave plate to be a mixture of 

linear  and  circularly  polarised  light,  that  is,  elliptically  polarised.  The  degree  of 

circular polarisation of the light after it passes through the quarter wave plate in figure 

3.3 can be determined by using a linear polariser after the quarter wave plate. The 

degree of linear polarisation is given by (Hecht (1998)),

(3.14),

where Imax is  the  maximum intensity,  Imin is  the  minimum intensity  as  the  linear 

polariser  is  rotated  and  Plinear is  the  degree  of  linear  polarisation.  Given  that  the 

titanium-sapphire is a single mode laser, one may assume that the light emitting from 

the  laser  is  totally  polarised.  Thus,  one  may  determine  that Pcirc
2 P linear

2 =1 . 

Rearranging the previous equations, one may determine that the degree of circular 

polarisation after the quarter wave plate is given by:

(3.15).

Using this method to measure the degree of circular polarisation, it was determined 

that the quarter wave plate prior to the interaction region produced 99.49% circularly 

polarised light. 

The principal axis of the quarter wave plate is determined by passing the light through 

a linear polariser, then the wave plate and retro-reflecting the light back through this 

apparatus to a power meter. The quarter wave plate is rotated until the intensity of the 

light as measured by the power meter is a minimum; at this point one has quarter or 

three quarter wave retardation, and the principal axis of the quarter wave plate is at 

45º to the incident linearly polarised light.

124

P linear=
 I max− I min 
 I max I min 

Pcirc=2  I max I min

 I max I min 
2



3.9. Measurement Procedures

3.9.1 Spin Asymmetry Measurements
In order to obtain an atomic beam of rubidium, the oven is heated in several stages 

until  operating  temperatures  are  achieved.  Heating  of  the  upper  part  of  the  oven 

proceeds first, initially at a current of 0.3A or 0.5A, depending on how recently the 

scattering chamber has been opened. The current for the top half is then adjusted in 

stages of 0.2A or 0.3A to around 1.5A. The lower half of the oven is heated in 0.1A 

steps up to around 0.5A, with the stages for the lower half of the oven kept one step 

behind those of the upper half. At least ten minutes is left between each heating stage 

to help bring the oven into thermal equilibrium and to protect the fragile tungsten 

heating wire. As soon as oven heating begins, the liquid nitrogen trap is filled in order 

to minimise rubidium deposition inside the scattering chamber as much as possible. 

Electrons from the spin-polarised electron source collide with the rubidium atoms in 

the  interaction  region  and  are  detected  by  the  analyser.  Current  from  the  spin-

polarised source is first  optimised into the Faraday cups using the electron optics. 

Once a suitable current is obtained in the Faraday cups (usually several microamps), 

the scattered electron signal as viewed on a rate-meter is optimised using the latter 

stages of the electron optics and the analyser voltage settings. Usually an inelastic 

peak is used for this procedure as tuning to the elastic peak may lead to enhancement 

of spurious signal from surfaces inside the scattering chamber. Once one is satisfied 

with the signal, the energy of the analyser is changed, if necessary, to the energy of 

the feature of interest. A spin asymmetry measurement can now be conducted. 

At each detected scattering angle, the analyser counts for ten seconds at a particular 

electron polarisation. After ten seconds counting is stopped and the LCR reverses the 

electron polarisation. Counting then begins for another ten seconds at the new electron 

polarisation. Computer control ensures that the tally for each spin orientation is kept 

separate. Generally ten of these polarisation switches are conducted at each scattering 

angle. After ten polarisation swaps are completed, the Pascal program writes the tally 

for spin up and spin down orientation with respect to the scattering plane, to a text 
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file. The analyser then moves to the next angle, where the above process is repeated. 

A single scan entails completing the above in the angular range of 30°-110º, in 5º 

steps, giving a total of seventeen angles for each scan. To obtain favourable statistics, 

up to 100 of these scans may be taken at a particular incident energy.

3.9.2 Autoionisation Measurements
The oven is heated in a similar manner to that described above for the spin asymmetry 

measurements. A small nominal current is passed through the electron gun filament as 

soon as oven heating begins in order to minimise rubidium deposition around the gun 

filament. Analyser and gun settings are adjusted to maximise the signal of a strong 

autoionisation line close to the centre of the scan width. Once all equipment has been 

optimised, the MCA is set to scan its entire energy range (10eV) at the desired angle. 

The Norland 5700 MCA used for these measurements has a total of 4096 channels. 

Time per  channel  is  set  to  100ms,  meaning that  a  full  10eV scan takes  around 7 

minutes. Up to 15 such scans are taken in order to suitably resolve the autoionisation 

lines  from the  background noise.  This  process  is  then  repeated  for  each  different 

ejected electron angle of interest, allowing study of the angular variation of particular 

autoionisation lines.

For  measurements  attempting  to  observe  an  enhancement  using  the  stepwise 

laser/electron  impact  technique  (as  a  prelude  to  a  CPDAD  experiment),  the 

preparation is similar to above, though the laser apparatus must now be optimised as 

well.  Both  the  titanium-sapphire  laser  and  the  diode  laser  are  optimised  for 

measurements while oven heating takes place. The titanium-sapphire laser is peaked 

to maximum power, and the wavelength checked using SAS. Centre offset and scan 

width are adjusted such that the 5s 2S1/2 F =3 → 5p 2P3/2 F = ' transitions are visible. 

Once this transition is visible, magnetic dithering of the rubidium vapour cell isolates 

the 5s 2S1/2 F =3 → 5p 2P3/2 F = 4 transition from the other hyperfine transitions. The 

signal from the photodiode is  then fed into an external computer  control program 

which generates an error signal. The error signal is fed into the 899 control box, which 

drives the servo loop such that the 899 is locked to the desired transition. The diode 

laser wavelength is also checked by SAS and the diode laser is locked to the 5s 2S1/2 F 
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= 2 → 5p 2P3/2 F = 3 transition. 

Once the oven has reached thermal equilibrium (as determined by a thermocouple), a 

determination of the stepwise enhancement process may begin. A number of scans 

between 50º and 130º are  taken in a  similar  manner  to  the autoionisation angular 

distribution measurements above, except that alternate laser/no laser scans are taken. 

Up to five scans at 100ms a channel were taken for each laser on/off variation, at a 

variety of incident energies and angles. Any variation in the relative intensity of the 

autoionisation lines between laser on/laser off scans should be due to the stepwise 

process. 

3.10 Failure of the Spin-Polarised Source
During 2005, it  became apparent that  there were problems with the spin-polarised 

source. Considerable effort was invested in attempting to bring the source back into 

operation, including the use of six different GaAs crystals; however all activations 

after this time were failures. Although a decision was finally made to move to the use 

of a conventional electron gun for the autoionisation measurements, it  is useful to 

summarise  the  tests  and  investigations  which  were  undertaken  in  an  attempt  to 

identify and rectify the problems with the spin-polarised electron source. A discussion 

which summarises the possible causes of source failure is presented below.

Shortly  before  the  first  failed  activation,  the  front  caesium  dispenser  current 

spontaneously dropped. Attempts to bring the current back to normal resulted in a 

pressure increase.  The electrical  connections of the front  caesium dispensers were 

inspected on venting the chamber with a DVM, but nothing untoward could be found, 

and in addition all supply contacts were cleaned. A different power source was also 

trialled, and a nominal current was passed thorough the old caesium dispensers for 

some time, but no drop in current was observed. Despite repeated attempts to identify 

and rectify this issue, this problem reoccurred, usually after extended operation. This 

problem also occurred with subsequent crystals and new caesium dispensers, and in 

association with excessive outgassing of H2O, CO and CO2.  Attempted activations 

without the front caesium dispenser installed also failed, however, and the excessive 
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outgassing of unwanted gasses was still apparent.

Other  factors  or  apparatus  which  could  impact  on  the  performance  of  the  spin- 

polarised electron source were also checked for proper functioning at this time. This 

includes the diode laser, the thermocouple used to determine the temperature of the 

crystal, and the source of oxygen. None of the above proved troublesome, except the 

oxygen supply which appeared to be contaminated, and perhaps caused the excessive 

outgassing of H2O, CO and CO2   associated with the activations of this period. The 

diagnosis of this was frustrated by the failure of the RGA, but was remedied as fresh 

O2 was obtained and as such should no longer be a factor in determination of the 

actual cause of the failure of the spin-polarised electron source. Severe outgassing was 

still observed after the contaminated oxygen was replaced, however.

It is not known for certain what caused the failure of the spin-polarised source. The 

most likely candidate is  crystal  poisoning due to problems with the front caesium 

dispenser,  especially  given  that  the  source  failed  at  exactly  the  same  time  that 

problems with the front  caesium dispenser first  occurred.  A definite  conclusion is 

frustrated  by  the  appearance  of  confounding  factors,  such  as  the  apparent 

contamination of the oxygen supply, and the persistence of the poisoning gases even 

after the front caesium dispenser was turned off. In addition to this, several activations 

failed even when the front caesium dispenser was turned off, or not even installed. 

The erratic and intractable behaviour of the front caesium dispenser is most likely 

caused by an increase in the resistance of the circuit, on the circuit being heated by the 

current  flowing through it.  It  may also be possible  that  short  circuits  to  NA1 are 

occurring when the heating phenomena takes place. Such shorts would most likely be 

erratic and could cause other areas to be heated that would not normally be so. This 

could partly account for the outgassing observed. Attempts to revive the source were 

finally  abandoned  as  it  became  apparent  that  the  investment  of  further  time  and 

resources would not be feasible at this stage of the candidature.
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Chapter Four: Results and Discussion

4.0 Overview
This chapter presents the results of the experimental work of this thesis; the A2 spin 

asymmetry,  the  angular  distribution  of  autoionised  electrons  and  the  attempted 

enhancement  of  autoionisation  resonances  by  stepwise  laser/electron  impact 

excitation,  as a prelude to observing CPDAD. All  of these were studied by using 

electron impact on rubidium atoms. The results for the A2 asymmetry are presented 

first, along with a discussion of these results. Results for the angular distribution of 

the autoionised electrons, induced by electron impact excitation are presented along 

with a discussion of those results.  The chapter concludes with a discussion of the 

results  of  the  stepwise  enhancement  process.  Experimental  aspects  of  the  results 

presented have been dealt with in chapter three.

4.1. The A2 Asymmetry for Elastic and Inelastic Scattering 
from Rubidium

4.1.0 Introduction
Section 4.1 presents results of the A2 spin asymmetry,  measured in the elastic and 

inelastic  scattering  of  spin-polarised  electrons  from rubidium atoms.  As  noted  in 

chapter  one,  measurements  of  this  spin asymmetry in  conjunction with other  spin 

asymmetries, such as the A1 and Ann spin asymmetries (equations 1.1, 1.2 and 1.3) are 

part  of a  recent  experimental  and theoretical  push to  better  understand and model 

relativistic effects in electron-atom collisions. In particular the A2 spin asymmetry is 

due to the spin-orbit effect for the continuum electron during the collision process and 

is identically zero in the absence of this effect. Comprehensive measurements of these 

three spin asymmetries have recently been undertaken by Baum et al (1999, 2002, 

2004) for both elastic and inelastic scattering from caesium. The A2 spin asymmetry 

measurements for both elastic and inelastic scattering from rubidium presented here 

provide  comparison  to  the  A2 results  from  caesium.  They  also  help  further  test 

sophisticated  theoretical  approaches  that  attempt  to  model  relativistic  effects  in 

electron-atom collisions.  Such models  include  the  semi-relativistic  Breit-  Pauli  R-
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matrix approach and the relativistic distorted wave formalism.

4.1.1 Results and Discussion of the A2 Spin Asymmetry
Figures  4.1  to  4.9  present  the  results  for  the  A2 spin  asymmetry  for  elastic  and 

inelastic  (5S  to  5P  excitation  where  the  fine  structure  is  not  resolved)  electron 

scattering from atomic rubidium at incident energies of 15, 20, 30, 50 and 80eV. The 

differential cross section was too small at 80eV to permit a reliable measurement of 

the scattering asymmetry for inelastic scattering. The angular range for each of these 

measurements was 30° to 110°. The first thing to note about the results in figures 4.1 

to  4.9  is  that  there  are  significant  non-zero  asymmetries  at  all  incident  energies 

observed for both elastic and inelastic scattering. This clearly indicates the influence 

of the spin-orbit effect for the continuum electron in the scattering process at these 

kinematics. It is instructive to note that the largest asymmetries observed here occur 

near minima in the differential cross section. Such a phenomenon is to be expected 

and is due to the weakness of the spin-orbit effect in comparison to other processes 

that contribute to the differential cross section (Kessler (1985)). The differential cross 

sections associated with each of the asymmetry measurements indicated above are 

included in appendix D of this thesis. Appendix E contains complete tables of the 

asymmetry data published previously in Guinea et al (2005). Some discussion of error 

analysis in the calculation of the A2 spin asymmetry is given in appendix F.

Table 4.1 below will assist in analysing the magnitude of the asymmetries observed 

for both the elastic and inelastic cases. For the elastic case there appears to be little 

variation in the largest asymmetry observed at progressively higher incident energies. 

The smallest observed asymmetry is 4.11% at 80eV, while the largest is 5.77% at 

20eV. The large value at 20eV could be explained by the apparent scatter in the data 

for this set. If the somewhat larger 20eV result can be attributed to scattering in the 

data, it is more likely that there is a range of between 4% to 5%. No consistent trend 

can be gleaned as to the magnitude of the asymmetry expected for elastic scattering 

over the energy range observed here. For the 5S to 5P excitation there appear to be 

larger  asymmetries  at  higher  incident  energies.  While  there  is  no  experimental 

evidence to suggest it, the 10.56% asymmetry at 30eV appears to be too large, given 
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Figure 4.1. A2 spin asymmetry for the elastic scattering of electrons from rubidium at 15eV incident energy. From Guinea et al (2005).
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Figure 4.2. A2 spin asymmetry for 5S to 5P electron impact excitation at an incident energy of 15eV. From Guinea et al (2005).
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Figure 4.3. A2 spin asymmetry for the elastic scattering of electrons from rubidium at 20eV incident energy. From Guinea et al (2005).
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Figure 4.4. A2 spin asymmetry for 5S to 5P electron impact excitation at an incident energy of 20eV. From Guinea et al (2005).
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Figure 4.5. A2 spin asymmetry for the elastic scattering of electrons from rubidium at 30eV incident energy. From Guinea et al (2005).
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Figure 4.6. A2 spin asymmetry for 5S to 5P electron impact excitation at an incident energy of 30eV. From Guinea et al (2005).
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Figure 4.7. A2 spin asymmetry for the elastic scattering of electrons from rubidium at 50eV incident energy. From Guinea et al (2005).
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Figure 4.8. A2 spin asymmetry for 5S to 5P electron impact excitation at an incident energy of 50eV. From Guinea et al (2005).
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Figure 4.9. A2 spin asymmetry for the elastic scattering of electrons from rubidium at 80eV incident energy. From Guinea et al (2005).
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the ability of both the RMPS and RDW theories to estimate the magnitude of the 

asymmetry remarkably well  at  all  other angles at  this  incident energy.  It  could be 

suggested that these results either reflect an unexpected sharp change in the relative 

spin up and spin down cross sections or is caused by scatter in the data. It could be 

tentatively suggested that perhaps there is a trend for larger asymmetries at higher 

incident energies for the inelastic process, though further results would be needed to 

confirm this.

Incident Energy (eV) Elastic (largest %, angle) Inelastic (largest %, angle)

15 4.25%, 75° 3.98%, 110°

20 5.77%, 105° 4.05%, 90°

30 4.91%, 80° 10.56%, 80°

50 5.38%, 57.5° 8.20%, 60°

80 4.11%, 105° N/A
Table 4.1. Largest observed asymmetries at 15, 20, 30, 50 and 80eV incident energies, for both elastic and inelastic scattering. 
The angle at which the largest asymmetry was observed is also recorded.

It  may  be  more  enlightening  to  investigate  the  magnitude  and  position  of  the 

individual structures in the A2 asymmetry results presented here. To this end tables 4.2 

and 4.3 below present the position and magnitude of the positive and negative peaks 

observed from the results in figures 4.1 to 4.9 for both elastic and inelastic scattering. 

Of general interest for both the elastic and inelastic case are differences in the overall 

trends of the data between low and high incident energies. The lower incident energies 

generally begin with a near zero asymmetry at low scattering angles and then rise to a 

positive peak before dropping sharply through zero to a negative peak, and then rising 

again  towards  zero.  The  15eV  and  30eV  elastic  and  inelastic  results  are  prime 

examples of this trend. As the incident energy is increased however, the positions of 

the first positive peak move progressively to lower and lower angles, a trend evident 

from tables 4.2 and 4.3.  For the 80eV result  the first  positive peak is  completely 

missing, while further structure is seen with a second negative peak at this incident 

energy. This trend may be explained by the fact that the minima in the differential 

cross section will occur at progressively lower scattering angles as the incident energy 

increases; see Vušković, Trajmar and Register (1984) for specific reference for energy 

trends  in  the  differential  cross  section  of  rubidium.  The  first  positive  peak  then 
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continues  to  move  to  lower  scattering  angles  as  the  incident  energy  increases. 

Eventually the minimum in the cross section has moved to a scattering angle whereby 

the spin-orbit effect results in electrons of the opposite spin orientation dominating 

and hence a negative peak is encountered. A similar trend can be seen for the first 

negative peak, with the only break in the trend being the 20eV elastic result. There 

appears to be some scatter in the data however, and this perhaps may explain why the 

first negative peak occurs at such a large scattering angle for this result. It may be 

possible also, if the trend is correct, that the dip of the first negative peak has not been 

seen yet for this result, though this would seem unlikely given comparison to other 

results. 

Energy (eV) 1st +ve (A2, angle) 1st -ve (A2, angle) 2nd +ve (A2, angle) 2nd -ve (A2, angle)

15 4.25%, 75° 2.87%, 95° N/A N/A

20 5.44%, 65° 5.77%, 105° N/A N/A

30 4.14%, 50° 4.91%, 80° N/A N/A

50 2.14%, 40° 5.38%, 57.5° N/A N/A

80 N/A 3.95%, 45° N/A 4.11%, 105°
Table 4.2. Position and percentage size of the peaks observed in measurements of the A2 asymmetry  presented here, for elastic 
scattering. The N/A label indicates that the peak was not present in the results. A 1st +ve label refers to the first positive peak 
observed in the data, 1st -ve the first negative peak and so on.

Energy (eV) 1st +ve (A2, angle) 1st -ve (A2, angle) 2nd  +ve (A2, angle)

15 2.68%, 80° 3.98%, 110° N/A

20 2.52%, 65° 4.05%, 90° N/A

30 3.45%, 60° 10.56%, 80° N/A

50 1.58%, 45° 8.20%, 60° 1.88%, 105°
Table 4.3. Position and percentage size of the peaks observed in measurements of the A2 asymmetry presented here, for 5S to 5P 
excitation. The N/A label indicates that the peak was not present in the results. A 1st +ve label refers to the first positive peak 
observed in the data, 1st -ve the first negative peak and so on.

Tables  4.2  and  4.3  may  be  used  to  compare  the  features  observed  for  the  A2 

asymmetry in elastic scattering to those observed for 5S to 5P excitation. Interestingly 

the first positive peak does not occur at lower scattering angles for 5S to 5P excitation 

compared to the elastic case for all incident energies observed here. In fact in most 

cases  the  inelastic  A2 positive  peak  occurs  at  larger  scattering  angles.  This  is 

surprising as the inelastic cross section would be expected to drop off faster than the 

elastic  cross  section,  and  thus  the  inelastic  minima  move  to  comparatively  lower 
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scattering angles at comparatively lower energies. This trend perhaps suggests that the 

nature  of  the  excitation  process  may  be  affecting  the  observed  asymmetry.  No 

consistent trend exists for the relative positioning of the first negative peak. Perhaps 

this is due to the fact that those electrons have scattered at comparably higher angles 

and thus have interacted more strongly with the target; it could be expected that in this 

case the asymmetry may be highly sensitive to other processes contributing to the 

differential  cross  section  at  these  scattering  angles.  Not  enough  data  exists  for  a 

meaningful analysis of the higher peak positions.

In general there is not a great deal of difference between the magnitude of the first 

positive  peak  in  comparing  elastic  and  inelastic  scattering.  The  largest  difference 

occurs at 20eV, the asymmetry is 5.44% for the elastic case as opposed to 2.52% for 

the inelastic case. There is evidence of some scatter in the data for the 20eV elastic 

result,  so this  may help explain the discrepancy. It  was suggested in Guinea et  al 

(2005)  that  the  similarity  in  the  asymmetries  observed  for  elastic  and  inelastic 

scattering is due to the one electron spin-orbit effect being the dominant effect for the 

incident electron; while also assuming that the inelastic process is a two step process, 

and that the field of the excited state atom is not appreciably different to that of the 

ground state atom. It could be expected that such a situation would result in similar 

scattering potentials for both elastic and inelastic scattering. Naturally this assumption 

would breakdown at lower energies as the incident electron lingers in the field of the 

target for a comparatively longer period, and the target structure is more likely to be 

affected by post collision interactions. Some of the difference then at 20eV incident 

energy could perhaps be due to this, and it would appear that this certainly accounts 

for the difference between the 15eV results of 2.68% and 4.25% for inelastic and 

elastic scattering respectively. A similar trend was also observed on comparing the 

elastic and inelastic results from caesium in Baum et al (2002) and Baum et al (2004).

It is also instructive to compare these A2 results to those obtained from caesium by 

Baum et al  (2002, 2004). A comparison of the elastic results at the same incident 

energies of 20eV and 30eV reveals that the results for caesium are between two and 

three times greater than those presented here for rubidium. A direct comparison for 
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S→ P excitation where the fine structure is not resolved is not possible as the highest 

incident  energy with  a  full  data  set  presented  by  Baum et  al  (2004)  is  at  10eV. 

However, on comparing the largest asymmetry from Baum et al (2004) at 10eV to the 

rubidium results at 15eV, then it is found that the largest caesium result is 2.7 times 

greater  than  the  largest  rubidium  result.  The  differences  in  the  size  of  the  A2 

asymmetry for caesium and rubidium is to be expected. The magnitude of the spin-

orbit  effect  experienced by the  continuum electron during the collision  process  is 

proportional to the size of the nuclear charge; hence it can be expected that scattering 

from heavier nuclei should result in a larger spin-orbit effect and thus comparatively 

larger magnitudes of the A2 asymmetry.

On comparing the trends observed for the A2 asymmetry for scattering from rubidium 

to scattering from caesium, it is seen that there is more structure in the caesium results 

at similar energies. This is most obvious when comparing the 15eV and 20eV caesium 

and rubidium results. The caesium results of Baum et al (2002) show a number of 

positive and negative peaks, rather than merely the single positive and negative peaks 

of the rubidium results presented here. Of interest is the fact that the 8-13eV results of 

Baum et  al  (2002)  bear  more  resemblance  to  the  general  trend  observed  for  the 

rubidium results between 15 to 30eV presented here. There are perhaps two reasons 

for this. Firstly the lower ionisation potential of caesium means that the 8-13eV range 

is a comparatively higher incident energy for caesium than for rubidium, so perhaps it 

can  be  expected  that  comparable  trends  for  scattering  from caesium  to  occur  at 

somewhat lower energies, as previously observed. Another possibility is the fact that 

the caesium target is considerably larger than the rubidium target and hence it is to be 

expected that diffraction effects leading to cross section minima to be different for 

different  energies  on  comparison  to  rubidium.  This  may  be  a  more  plausible 

explanation than the former solution, as the differences in the caesium and rubidium 

ionisation potentials is rather small; 4.18eV for rubidium as opposed to 3.89eV for 

caesium. A meaningful discussion of the comparative inelastic trends is difficult given 

that the energy regimes do not overlap at all between the data sets, as well as the 

limited  angular  range  for  most  of  the  data  presented  in  Baum et  al  (2004).  Two 

theoretical  calculations  are  available  for  comparison  with  the  experimental  results 
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given here. A semi-relativistic Breit-Pauli R-matrix calculation (Guinea et al, 2005) is 

available  for  comparison  with  all  the  results  presented  here.  This  calculation  is 

presented to several varying degrees of sophistication, depending on the number of 

states included in the R-matrix expansion. Hence the BP5, BP12, BP19 and BP37 

indicate the number of states included in the R-matrix expansion for the appropriate 

theoretical calculation. Both the BP19 and BP37 calculations include pseudo-states in 

the CC expansion. Only the 5 state calculation is included for 50 and 80eV incident 

energies due to computational difficulties (Guinea et al (2005)).

When comparing the R-matrix calculations with the elastic A2 results here, it is seen 

that the general trend of the data is well modelled by even the five state calculation. 

However,  there  appears  to  be  a  consistent  angular  shift  between  the  R-matrix 

calculations and the results. Considerable differences are also evident in the predicted 

magnitude of the asymmetry, especially for the 50 and 80eV incident energies. This 

could be due to the small number of states included in the close coupling expansion 

for these calculations. However it is of interest to note that for the lower scattering 

energies  of  15eV and 20eV the BP5 calculation performs better  in  predicting  the 

magnitude  of  the  asymmetry  than  the  more  sophisticated  models.  Only  at  30eV 

incident  energy  does  the  BP37  calculation  fare  better  than  the  other  R-matrix 

calculations,  predicting  the  magnitude  and  trend  of  A2 very well,  though a  small 

angular shift in the peak placement is still obvious.

Similar trends can be seen for the inelastic results. The general trend of the asymmetry 

is modelled well by all versions of the R-matrix theory, though an angular shift in the 

peak positions can again be seen most prominently for the 15 and 20eV results. There 

are  again  discrepancies  between  theory  and  experiment  at  these  energies  in  the 

magnitude of the asymmetry. At 15eV and 20eV the BP12 calculation appears to fare 

the  best,  while  the  BP37  calculation  is  the  worst  in  predicting  the  size  of  the 

asymmetry at these energies. An angular shift is also apparent for the BP5 calculation 

at 50eV and there are some discrepancies in the magnitude of the asymmetry as well. 

Of particular interest, however, is the performance of the BP37 calculation at 30eV for 

5S to 5P excitation. If it can be assumed that the extreme asymmetry at 80° is due to 
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scatter  in  the  data,  then  the  BP37  calculation  performs  remarkably  well.  The 

performance of the BP19 calculation is also good for these results. 

The angular  shift  observed here for the R-matrix  calculations for both elastic and 

inelastic results is most likely due to positioning of the cross section minima. These 

calculations  are  built  up  from separate  cross  sections  for  spin  up  and spin  down 

electrons; as such the positioning of peaks and troughs in the A2 calculation will be 

extremely sensitive to the relative positions of the individual spin cross sections. The 

convergence  of  each  R-matrix  calculation  then  would  need  to  be  assured  for  the 

individual  spin  cross  sections  to  ensure  the  correct  positioning  of  the  asymmetry 

extrema.

Similar  arguments  may  be  made  for  the  discrepancies  in  the  magnitude  of  the 

asymmetry as predicted by the R-matrix calculations. An angular convolution of the 

theoretical calculation with the experimental resolution has been performed for the 

calculations presented here, so the angular resolution of the experimental apparatus 

cannot  explain  the  discrepancy.  The  R-matrix  calculations  appear  to  work  best  at 

30eV for both elastic and inelastic scattering. The inclusion of extra states in the CC 

expansion appears to have made the calculation progressively worse at 15 and 20eV, 

for elastic scattering. For inelastic scattering at these energies, the increase from 5 to 

12 states appears to have improved the calculation somewhat, while increasing to 19 

and 37 states has made agreement between experiment and theory worse perhaps than 

the 12 state calculation. It could be suggested that at these energies the calculation has 

not converged and that the inclusion of extra states in the CC expansion above the 37 

state  calculation  may  result  in  better  agreement  between  theory  and  experiment. 

Indeed, such an argument is supported by the 30eV elastic and inelastic results where 

the convergence of the calculation appears to have improved markedly on reaching 

the 37 state calculation. As such, a more extensive calculation for the 15eV and 20eV 

results would be useful in determining if this is the case. 

For the inelastic results at 20, 50 and 50eV incident energy, there is also available for 
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comparison a relativistic distorted wave (RDW) calculation of Stauffer (2003). Good 

agreement  is  seen  between  the  experimental  results  and  the  RDW  calculation, 

especially for the 20 and 30eV results. For the 20eV result the RDW calculation is in 

excellent  agreement  with the experimental  data,  except  for those scattering angles 

greater than 100°. Agreement between the RDW calculation and experiment at 20eV 

is considerably better than for all the R-matrix calculations. At 30eV the performance 

of the RDW and 37 state R-matrix calculations are both in excellent agreement with 

experiment,  though the RDW calculation  appears  to  be marginally better.  For  the 

50eV result, agreement between experiment and RDW is somewhat poorer, while the 

RDW calculation is similar to the 5 state R-matrix calculation for this result. Again 

the  RDW calculation  appears  to  be  marginally  better  at  50eV than  the  R-matrix 

calculation,  though  both  show  an  angular  shift  between  experiment.  The  large 

structures  predicted at  scattering angles  greater  than 120° by the 5 state  R-matrix 

calculation are not evident in the RDW result. It is unfortunate that the experimental 

angular  range does not extend to this  region to  test  the validity of the theoretical 

calculations at this incident energy. The comparatively good performance of the RDW 

calculation at 20 and 30eV incident energy suggests that post collision interactions 

and/or target distortion may be considerable at these energies. This is perhaps further 

reinforced by the comparatively worse performance of the RDW calculation at the 

higher incident energy of 50eV. It would be of some interest in light of this to obtain 

an RDW calculation for the 15eV inelastic result, if feasible.

4.2 The Angular Distribution of Autoionised Electrons from 
Rubidium and Enhancement by Stepwise Excitation 
Processes

4.2.1 The Angular Distribution of Autoionised Electrons from Rubidium 
Excited by Electron Impact

4.2.1.0 Introduction
This  section  presents  results  of  a  detailed  study  into  the  angular  distribution  of 

electrons ejected from autoionisation resonances excited by electron impact of atomic 

rubidium.  As  noted  in  chapter  one,  any  anisotropy in  the  angular  distribution  of 
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electrons ejected from an autoionisation resonance of the alkalis with J > 1/2 can be 

directly attributed to alignment in the transitory autoionisation resonance. While the 

leading doublet autoionisation resonances of the alkalis present a rare opportunity to 

study alignment  effects  alone,  up  to  date  experimental  data  is  only  available  for 

sodium and potassium, with most theoretical efforts focussing on these elements as 

well. Sufficient motivation then existed to undertake a detailed study of the angular 

distribution  of  the  rubidium autoionisation  resonances  excited  by electron  impact. 

Theoretical  Born  approximation  (Pangantiwar  and  Srivastava  (1987))  and  RDW 

(Kaur and Srivastava (1999)) calculations are also available for comparison with the 

experimental data. 

Some discussion of the assignment of the rubidium autoionisation resonances should 

also be undertaken before the results are presented and discussed. Assignment of the 

autoionising resonances in an appropriate coupling scheme appears to be problematic. 

Except for the leading doublet (peaks 1 and 2 in this work, see below), Connerade 

(1970) has assigned the rest of the resonances according to references to series limits, 

which  are  given  in  his  paper  on  VUV absorption  measurements  of  the  rubidium 

autoionisation  resonances.  These  series  limits  were  based  on the  energy levels  of 

singly  ionised  rubidium,  since  Connerade  believed  the  excitation  scheme  for 

resonances beyond the leading doublet to be of the form 4p6 5s 2S1/2 → 4p5 5s ns or 

nd; restrictions being placed on the allowed configurations due to the optical selection 

rules. Connerade's work also demonstrated that the limits on which the autoionisation 

resonances  are  built  (the  Rb  II  energy  levels)  are  strongly  perturbed  by  the 

configuration  interaction,  such  that  the  4p5 5s  levels  of  Rb  II  contain  a  strong 

admixture of the 4p5 4d configuration. This has since been confirmed in the work of 

Reader (1975), who made a detailed study of the energy levels of Rb II, which has 

since become the definitive work on the Rb II energy levels (Sansonetti (2006)). 

Membership of a particular resonance feature to a particular series was determined by 

Connerade's  VUV  absorption  study  of  the  resonances.  Connerade  then  made 

assignments in a from of Racah notation, with reference to the requisite series limit. 

The energy levels of Rb II on which Connerade undertook his analysis were obtained 
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by Laporte, Miller and Sawyer (1931). Reader's (1975) work confirmed seven of the 

twelve levels as used by Connerade, in addition to discovering five new levels. While 

Connerade's general approach to determining the assignments of the autoionisation 

lines is considered correct (see for example, Mansfield (1973)), a complete revision of 

his  work  would  be  necessary  to  accurately  assign  each  of  the  autoionisation 

resonances beyond the leading doublet. To date, no such undertaking has been found 

in the literature; indeed the last detailed study of the autoionisation lines of rubidium 

by Pejčev et al (1977a) still  lists the autoionisation lines according to Connerade's 

(1970) assignments. Assignments below have been given in Connerade's scheme, for 

comparison purposes, but must be considered to be of nominal rather than physical 

significance. 

4.2.1.1 Results and Discussion
A number of rubidium autoionisation spectra induced by electron impact excitation 

are given in figures 4.10 to 4.22, in the energy range of 8 to 18eV, at an incident 

electron  energy of  1keV.  Collectively figures  4.10  to  4.22  cover  the  30°  to  130° 

angular range in at least 10° steps, the purpose being to observe (if such variation 

exists) the angular variation in the autoionisation spectrum. Data in all cases is raw, 

except at 130° where a large background has been subtracted. Data in all cases has not 

been  normalised  for  energy  purposes;  the  lowest  lying  autoionisation  resonance 

corresponds to 11.136eV in energy. Good quality autoionisation spectra are observed 

in the 50° to 120° angular range, while little or no structure above the background 

noise is observed at angles of 30° and 40°. A background subtraction was required at 

130°.  Besides  the  lack  of  autoionisation  resonances  at  30°  and  40°  there  are  no 

obvious variations in the autoionisation spectra as a  function of angle,  in  the raw 

spectra presented here.

Some  analysis  of  the  raw  spectra  is  needed  to  determine  what,  if  any,  angular 

dependence  of  the  observed  autoionisation  resonances  exists.  To  more  accurately 

compare the variations in the autoionisation resonances, it was felt that a comparison 

of the peak areas, rather than the peak heights would more effectively indicate the 

relative strengths of the resonances. Peak heights are more susceptible to sudden 
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Figure 4.10. Autoionisation spectrum via electron impact of rubidium, for electrons ejected at 30°. 
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Figure 4.11. Autoionisation spectrum via electron impact of rubidium, for electrons ejected at 40°. 
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Figure 4.12. Autoionisation spectrum via electron impact of rubidium, for electrons ejected at 50°. 

8 10 12 14 16 18
20

40

60

80

100

120

140 Angle = 50 Degrees

C
ou

nt
s 

(A
rb

itr
ar

y 
U

ni
ts

)

Energy (eV)



Figure 4.13. Autoionisation spectrum via electron impact of rubidium, for electrons ejected at 60°. 
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Figure 4.14. Autoionisation spectrum via electron impact of rubidium, for electrons ejected at 70°. 
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Figure 4.15. Autoionisation spectrum via electron impact of rubidium, for electrons ejected at 75°. 
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Figure 4.16. Autoionisation spectrum via electron impact of rubidium, for electrons ejected at 80°. 
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Figure 4.17. Autoionisation spectrum via electron impact of rubidium, for electrons ejected at 85°. 
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Figure 4.18. Autoionisation spectrum via electron impact of rubidium, for electrons ejected at 90°. 
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Figure 4.19. Autoionisation spectrum via electron impact of rubidium, for electrons ejected at 100°. 
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Figure 4.20. Autoionisation spectrum via electron impact of rubidium, for electrons ejected at 110°. 
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Figure 4.21. Autoionisation spectrum via electron impact of rubidium, for electrons ejected at 120°. 
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Figure 4.22. Autoionisation spectrum via electron impact of rubidium, for electrons ejected at 130°. 
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random changes in background or incident flux, which may not be removed by the 

normalisation procedure discussed below, whereas the area under each peak would be 

affected by a smaller degree since it represents an integration across the resonance. 

For each of the spectra obtained between 50° and 130°, a multipeak Gaussian fit was 

obtained in Origin. Twelve principal peaks representing autoionising resonances were 

observable  in individual spectra at  each angle.  Origin allows for variation or user 

determination of the peak position, width and area. In most cases these parameters 

were left variable in the curve fitting process which minimises the sum of the squares 

of the residuals between the fit and the data. In some cases it was necessary to fix 

either the peak position or width to prevent unphysical modelling defects to occur, for 

example peak widths of the order of some electron volts in energy. Errors obtained for 

the peak areas are statistical and are from the modelling process. Each peak has been 

identified for convenience as peak 1, peak 2 etc., while the energy of the peak position 

is given to help identify each structure or collection of structures as the case may be.

As  these  measurements  are  relative,  it  was  decided  to  use  the  second  principal 

resonance in the autoionisation series at 11.985 eV for normalisation purposes. This 

line is one of only two resonances in the spectra taken with the apparatus described in 

chapter three that is uniquely resolved from other resonances in the energy regime 

observed,  the other  being the resonance at  11.136 eV.  The second resonance was 

chosen for normalisation purposes as this resonance is strong at all observation angles 

and thus should be less affected by spurious background noise. This resonance should 

also be intrinsically isotropic since J = 1/2, further making it ideal for normalisation 

purposes. Normalisation was then achieved by scaling the area obtained for peak 2 

from the fitting procedure above at all angles to the area obtained for this particular 

resonance  feature  (i.e.  at  11.985eV)  at  80°.  The  scale  factors  obtained  from this 

process were then used to scale all peaks at all other angles. The result at 80° was 

chosen as the basis for normalisation as this spectra lies near the centre of the angular 

range studied and is an example of a spectrum with little background interference. 

The normalised spectra  can then be used to  study variations  in  the autoionisation 

resonances due to angular variations, rather than differences in electron, target flux or 

background noise.  No further  adjustment  of the data  was  required except  at  130° 
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where a large background was apparent at lower energies, which can be seen in figure 

4.22. This background was removed by linear subtraction before curve fitting to the 

130° spectrum. Peaks 1 and 2 correspond to the first two resonances observed in the 

spectrum of Pejčev et al (1977a). The peak energies are obtained by averaging the 

peak positions from the Gaussian fit across all the angles observed. Importantly the 

average peak position of the first two principal peaks corresponds within a tiny error 

(0.008eV in both cases) with that of Pejčev et  al (1977a), so it is certain that  the 

energy normalisation is correct, even after the fitting process.

Of some difficulty in this discussion of the angular distribution is the fact that the 

energy resolution (120meV) of the experimental apparatus is not sufficient to isolate 

any of the resonances lying higher than peak 2. This means that peaks 3 to 12 consist 

of several overlapping autoionisation resonances rather than a single resonance. Table 

4.4  below  lists  the  principal  autoionisation  resonances,  as  given  by  Pejčev  et  al 

(1977a) that  contribute to the peaks listed here,  based on an experimental  angular 

resolution of 120meV. Autoionisation lines that do not appear in the 400eV spectrum 

of Pejčev et al (1977a) have been eliminated from table 4.4, as well as those lines that 

are weak; such lines are presumably dipole forbidden from the ground state and could 

be expected to be even weaker at an incident electron energy of 1keV. 

This discussion is also limited to those peaks or collections of resonances that are 

consistently distinct and where there is confidence that the precise details of the fitting 

process has not unduly affected the strength (area) of the peak obtained. Peaks 1, 2, 5, 

6, 7, 8, 9 and 10 fit into this criteria. Peaks 3, 4, 11 and 12 are sensitive to the nature 

of the fitting process and at some angles are so weak as to be barely discernible above 

the background noise. In such cases the fitting procedure may be fitting to a structure 

that is largely background noise rather than genuine signal, and it is therefore difficult 

to make meaningful conclusions about the angular variation of these structures. While 

the variation in the raw peak areas could be presented as a function of angle, the data 

has not been corrected for volume effects. As such presented below is the apparent 

strength of each peak with respect to peak 2. Such an analysis should remove any 

volume effects that may be present in the data.
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Peak Energy (eV)
(This Work)

Lines From Pejčev et 
al (1977a) with 
energy (eV)

Assignments
Connerade 
(1970)

Strength Pejčev 
et al (1977a)

1 11.128 1 11.136 4p5 5s2 2P3/2 ext strong
2 11.977 2 11.985 4p5 5s2 2P1/2 very strong

3 13.108 11
12

13.135
13.180

-
(22) 6s[2]3/2

medium
medium

4 13.643
15
17
18

13.560
13.645
13.695

-
-
-

medium
medium
medium

5 13.929
20
21
22

13.870
13.930
13.955

(32) 6s[2]3/2

(41) 6s[1]
-

strong
very strong
strong

6 14.296 25
26

14.250
14.285

(52) 6s[2]3/2

-

medium
very strong

7 14.702
31
32
33

14.645
14.715
14.800

(60) 6s[0]1/2

(71) 6s[1]
(71) 6s[1]

very strong
very strong
medium

8 15.256
41
43
44

15.210
15.295
15.385

(101) 6s[1]
(101) 6s[1]
(112) 6s[2]3/2

strong
medium
medium

9 15.546 46
47

15.480
15.560

(121) 6s[1]
(121) 6s[1]

very strong
very strong

10 15.847 52
56

15.785
15.940

(52) 7s[2]3/2

(92) 4d
strong
medium

11 16.117 58
60

16.040
16.200

(92) 4d
(71) 7s[1]

medium
medium

12 16.410 63
64

16.360
16.410

(80) 7s[0]1/2

(41) 10s[1]
medium
medium

Table  4.4.  Energies of  the  peak structures  observed in  the  autoionisation spectrum of  rubidium, along with the constituent 
autoionisation lines from Pejčev et al (1977a).  The relative strength of the lines as they appear in the 400eV incident energy 
spectrum of Pejčev et al (1977a) has been recorded as well. Those lines from Pejčev et al (1977a) that were weak or not visible 
have been omitted from the table above. Assignments are nominal and are due to Connerade (1970).
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With the  above in  mind,  figure  4.23 shows the  ratio  of  each  peak  structure  with 

respect to peak 2 as a function of angle. If no relative change occurs with respect to 

peak 2, then one would expect that the ratios in figure 4.23 to approximate horizontal 

lines. This does not occur for any of the ratios presented, though the peak 2 to peak 1 

ratio does appear to stay flat within error over a wide angular range. The fact that the 

ratios  are  not  constant  is  indicative  of  variation in  the angular  distribution of  the 

structures  observed.  Some  comparative  trends  in  particular  are  noticeable  on 

comparing the different  ratios.  The peak 5 and peak 6 ratios  appear  to  have near 

identical trends. Similarly peaks 7, 8 and 9 seem to also have related trends, though 

the  relationship  between  these  three  lines  does  not  seem to  be  as  strong  as  that 

between peaks 5 and 6.

It is difficult to determine from the trends which of peaks 7, 8 and 9 have the closest 

relationship of these three. Peaks 7 and 9 share a more similar trend up to around 80°, 

while peaks 8 and 9 have an almost identical trend above 90°. Peak 10 appears to be 

relatively unrelated to the other peaks, though the general trend for this peak is similar 

to peaks 7, 8 and 9. The peak 10 ratio exhibits more structure than either of these three 

peaks. The general variation of peaks 5 and 6 appears to be somewhat similar to those 

of peaks 7, 8 and 9 below 90°, suggesting some sort of relationship between all these 

peaks. There may also be a distant relationship between peak 2 and the peaks 5, 6 and 

peaks 7, 8 and 9 groupings, based on the trends observed.

Experimental factors could give rise to anisotropy in the angular distribution of the 

ejected electrons. These, such as unusually high background at particular angles or 

energies do not appear to be present in the spectra (for the one case where a large 

background is  evident  at  130°,  it  was  removed by subtraction).  Other  factors  that 

could possibly cause the anisotropy observed, such as unwanted electric or magnetic 

fields can be ignored since a variety of steps (see chapter three) have been taken to 

ensure their removal from the interaction region. What is apparent though, from the 

analysis below is that statistical scatter in the data is perhaps rather large.
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Figure 4.23. Ratios comparing all other peaks to peak 2. 
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Clearly the variation in the ratio of peak 1 to peak 2 is most likely due to alignment in 

the  4p5 5s2 2P3/2 autoionisation  resonance.  As  has  been  noted  in  chapter  one,  the 

experimental  determination  of  the  4p5 5s2 2P3/2:  4p5 5s2 2P1/2 ratio  allows  direct 

determination of the alignment parameter A20 via a fit of equation 1.7. Such a fit has 

been undertaken for the peak 1: peak 2 ratio using Origin. To ensure the validity of the 

fitting function, it was used to determine A20 and R0 from known values of R(E0, θ) for 

potassium from Matterstock et al (1995). Matterstock et al (1995) determined that R0 

= 1.915 ± 0.016 and A20 = -0.133 ± 0.036 at an incident energy of 31.4eV. The model 

used here gave R0 = 1.917 ± 0.011 and A20 = -0.131 ± 0.012. The models clearly agree 

to within the respective errors. 

Figure 4.24 below presents the ratio of peak 1 to peak 2 from figure 4.23, but this time 

with a fit to the data with equation 1.7. The fit gives A20 = 0.061 ± 0.189 and R0 = 

2.053 ± 0.133. These measurements represent the first ever determination of A20  and 

R0 for the leading autoionisation doublet of rubidium. Previous theoretical values of 

A20 are given as ~0.16 from the DWBA calculation of Pangantiwar and Srivastava 

(1987) and ~0.12 from the RDW calculation of Kaur and Srivastava (1999). The only 

R0 value available for comparison comes from Kaur and Srivastava (1999), and is 

around 2.5 at this incident energy. Theory and experiment are in agreement within the 

experimental  error.  However  the R0 values do not agree even within experimental 

error. Out of interest, it was decided that a Gaussian fit would be made to only that 

part of the spectrum that contained peaks 1 and 2. After this, the ratio peak 1: peak 2 

was again determined and a fit made using equation 1.7. The result of this process can 

be seen in figure 4.25. The values of A20 and R0 from figure 4.7 (0.123 ± 0.205 and 

2.390  ±  0.165)  agree  somewhat  better  with  the  calculated  values  of  Kaur  and 

Srivastava (1999).

With regards to the higher lying autoionisation resonances, the absence of an accurate 

coupling scheme prevents one from unambiguously selecting those resonances with J 

> 1/2. This prevents one from deducing the nature of the alignment induced in the 

electron impact excitation of those particular autoionisation resonances. The lack of 

an accurate assignment scheme also hinders the possibility to try to separate out the 

different contributions to a particular peak structure due to different autoionisation 
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Figure 4.24. Fit of equation 1.4. to the peak 1: peak 2 ratio in order to determine A20 and R0. The red line is the fit of equation 1.4 
to the data.

Figure 4.25. Same as figure 4.24, but with the ratio peak 1: peak 2 determined by a Gaussian fit to those particular structures 
only. Equation 1.4 was then fitted to this ratio to once again determine A20 and R0. The red line is the fit of equation 1.4 to the 
data.

168

40 60 80 100 120 140
1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

2.6

2.8

3.0

3.2

3.4

3.6 Ratio of Peak 1 to Peak 2 (All)

Chi^2 = 0.07805
R 2.05319 ±0.13262
A 0.06108 ±0.18865

R
(t
h
e
ta

)

Angle (Degrees)

40 60 80 100 120 140
1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

2.6

2.8

3.0

3.2

3.4

3.6 Ratio of Peak 1 to Peak 2

Chi^2 = 0.12115
R 2.39009 ±0.16523
A 0.1234 ±0.20529

R
(t
h
e
ta

)

Angle (Degrees)



lines, given energy resolution (120meV) of the apparatus. Beyond the leading doublet, 

it does not seem possible with the unknown assignments to identify the nature of the 

angular variation in the peak structures observed here; suffice to say that any angular 

variation is probably due to the alignment induced in the autoionisation resonance via 

the electron impact excitation process, at least for those resonances with J > 1/2 The 

angular  distribution  of  those  resonances  with J1/2 would  be  expected  to  be 

isotropic. An accurate coupling scheme may further assist analysis of these results.

If it can be assumed that resonances with similar assignments (in a particular coupling 

scheme) may have similar alignment characteristics as a function of angle, then it may 

be possible to gain some idea on the nature of the rubidium autoionisation resonances 

observed here. Given the trends in the autoionisation lines observed above for the 

results presented here, it may be possible to indicate which autoionisation lines or sets 

of lines should have similar assignments.  Connerade's (1970) assignments may be 

helpful  in  illustrating  this  point,  even  though  these  assignments  are  technically 

incorrect. Peak 5 and 6, perhaps the most closely related of the peaks presented here 

have an autoionisation line each with a 6s [2]3/2 assignment. Other apparently closely 

related  peaks  also  consist  of  autoionisation  lines  with  similar  assignments  under 

Connerade's  assignment  system.  Peaks  7,  8  and  9  all  have  two  autoionisation 

resonances with a 6s [1] assignment, while peak 5 also has an autoionisation line with 

a  6s  [1]  assignment.  Variation  between  the  similar  lines  may be  due  to  lines  of 

unknown assignment or of different assignment. Peaks 5 and 6 then could be expected 

to consist of lines of the same or similar assignments, which may even help determine 

the  assignments  of  those  autoionisation  lines  which  hitherto  were  of  unknown 

assignment. Clearly a full investigation of these arguments will have to wait until a 

complete  and valid  reassignment  of the autoionisation lines  based on Connerade's 

original work has been undertaken. It is noted for the moment that the relationships 

between some of the peak structures observed here and Connerade's assignments are 

suggestive. 
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4.2.2 Enhancement of Autoionising Resonances by Stepwise 
Laser/Electron Impact Excitation

4.2.2.0 Introduction
More recent studies on the autoionisation resonances have highlighted the stepwise 

laser/electron impact excitation method. This method is favourable for studying those 

resonances  dipole  forbidden  from  the  ground  state  (especially  at  higher  incident 

energies),  and  also  for  imparting  alignment  to  the  process  through  the  optically 

pumped intermediate state. Such alignment has been observed as an anisotropy in the 

angular  distribution  of  the  ejected  electrons  as  a  result  of  the  stepwise  excitation 

process (using linearly polarised laser light) from, for example sodium (Dorn et al, 

(1994)). Theoretical analysis of the stepwise process by Balashov, Grum-Grzhimailo 

and Kabachnik (1997) indicated that the use of circularly polarised laser light in the 

stepwise  excitation  of  autoionisation  resonances  should  result  in  an  angular 

distribution that is dependent on the helicity of the light used (CPDAD). To date, no 

measurement  of  CPDAD  exists,  so  a  measurement  of  CPDAD  in  the  stepwise 

excitation of the rubidium autoionisation resonances would be the first of its kind, and 

confirm the existence of this effect. 

This section deals with an attempt to measure CPDAD in the stepwise excitation of 

the  rubidium  autoionisation  resonances.  In  order  to  measure  CPDAD,  a  suitable 

autoionisation  resonance  must  be  found;  such  a  resonance  is  one  that  is  greatly 

enhanced  with  stepwise  excitation  scheme,  as  opposed  to  direct  electron  impact 

excitation. Such a resonance should be dipole forbidden from the ground state, but 

dipole  allowed  from the  first  excited  state  of  rubidium.  No  such  resonance  was 

discovered, so further discussion on aspects of CPDAD is not necessary. Instead, the 

results and discussion of this section focus on efforts which attempted to discover a 

suitable autoionisation resonance for studying CPDAD.

4.2.2.1 Results and Discussion
Figures 4.26 to 4.29 demonstrate efforts to discover an enhancement of any of the 

autoionisation resonances of rubidium by a stepwise laser/electron impact process, as 
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seen previously for the sodium autoionisation lines by Dorn et al (1994). A number of 

spectra were taken, alternating between electron impact excitation only, and then with 

resonant laser radiation to allow for the stepwise excitation process. To compare the 

laser on/laser off spectra, the signal from the stepwise process was normalised to the 

electron  impact  excitation  signal  of  the  4p5 5s2  2P3/2 autoionisation  resonance  at 

11.136eV. This resonance is strong at all energies observed here and is dipole allowed 

from the ground state, which means that the stepwise process should not affect the 

strength of this resonance. Energy scales have been normalised such that the 4p5 5s2 

2P3/2 resonance  feature  appears  at  the  accepted  energy  of  11.136eV.  No  further 

manipulation of the spectra has been undertaken.

As discussed in chapter one, the use of the stepwise process should greatly enhance 

those  autoionisation  resonances  that  are  dipole  forbidden  from  the  ground  state, 

especially at progressively higher energies as the electron excitation process becomes 

increasingly  similar  to  dipole  excitation.  Of  the  spectra  taken  here  none  show 

enhancement  of  the  autoionisation  resonances.  In  any  case,  such  insignificant 

differences  as  exist  are  most  likely due to  background variation and certainly the 

differences  observed  here  are  no  where  near  the  enhancement  of  sodium 

autoionisation lines observed by Dorn at  al  (1994).  This was despite  the fact  that 

incident energies used as part of this study matched or exceeded the incident energy 

where it is to be expected that those autoionisation resonances dipole forbidden from 

the  ground  state  would  be  entirely  suppressed  (Pejčev  et  al  (1977a)).  Some 

autoionisation  lines  in  the Pejčev et  al  (1977a)  study were  not  visible  at  incident 

energies as low as 40eV, with many not visible at incident energies of 400eV.
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Figure 4.26.. Comparison of the stepwise and electron only impact excitation of the rubidium autoionisation resonances, at an incident electron energy of 250eV.
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Figure 4.27. Comparison of the stepwise and electron impact excitation only of the rubidium autoionisation resonances, at an incident electron energy of 450eV.
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Figure 4.28. Comparison of the stepwise and electron impact excitation only of the rubidium autoionisation resonances, at an incident electron energy of 700eV.
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Figure 4.29. Comparison of the stepwise and electron impact excitation only of the rubidium autoionisation resonances, at an incident electron energy of 1000eV.
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Of  course,  no  enhancement  with  the  stepwise  process  would  be  observed  if  the 

excited state population is comparatively small. Such a situation could occur if the 

cross over volume between the atomic rubidium beam, the electron beam and the laser 

beam is not maximised. This has been carefully checked on numerous occasions while 

conducting measurements, and steps have been taken to ensure that the cross over 

volume  has  been  optimised.  In  particular,  the  alignment  of  the  laser  beam  was 

checked by ensuring that the laser beam 'spot' is centred on the gas jet just below the 

interaction region. Both the electron beam and the atomic rubidium beam are aligned 

such that they also pass directly over the gas jet.  The relative height of the oven 

nozzle and electron gun aperture are checked using a telescopic level to ensure they 

coincide in the scattering plane. The focus of the laser beam was altered such that the 

beam waist  was considerably larger than the electron beam size at  the interaction 

region.  The  power  density  at  the  interaction  region  after  this  still  considerably 

exceeded  the  saturation  intensity  of  the  strongest  transition  between  magnetic 

sublevels  for  rubidium  of  1.64  mW/cm2 (Metcalf  and  van  der  Straten  (1999)). 

Observations of the fluorescence via an infrared viewer confirmed the existence of a 

bright  spot  centred  on  the  interaction  region.  These  procedures  should  ensure  a 

sufficient  population of  excited atoms for the electron beam to interact  with.  The 

ultimate  test,  of  course,  would  be  to  measure  the  superelastic  cross  section. 

Unfortunately such an undertaking was simply not feasible at  these comparatively 

high  incident  energies,  and  given  the  energy resolution  of  the  electron  gun  used 

(which  cannot  resolve  the  inelastic  peaks  in  the  rubidium energy loss  spectrum). 

Given the above, one can rule out an insufficient cross over volume and/or a lack of 

excited  atoms  as  explanations  for  the  lack  of  enhancement  observed.  The  use  of 

circularly polarised laser light to search for the enhancement process as opposed to 

linearly polarised light should not be a factor. The excitation probability of the first 

excited state in rubidium is slightly higher for circularly polarised as to opposed to 

linearly polarised light (Metcalf and van der Straten (1999)).

One experimental factor that may affect whether an enhancement is seen or not is the 

energy  resolution  of  the  apparatus.  To  resolve  many  of  the  autoionisation  lines 

individually would require an energy resolution similar to that obtained by Pejčev et 
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al (1977a) of around 20meV, rather than the 120meV of this work. Given that most of 

the  structures  observed  as  part  of  this  work  consist  of  several  unresolved 

autoionisation lines, it is possible that the enhancement process for several lines is 

being buried beneath several other features. This would especially be the case if the 

enhancement  process  is  intrinsically  much  weaker  for  rubidium than  for  sodium, 

where a very large enhancement of the dipole forbidden resonances was observed 

(Dorn et al, 1994). 

Another possibility, especially if the enhancement is comparatively small, is that one 

may need to count for longer times to observe a difference with the stepwise process. 

At the higher incident energies, the count rates for the autoionisation resonances are 

rather low (around 10Hz), and the measurements presented here are often the results 

of many hours work. If these results could be extended for longer periods, it may be 

possible to observe an enhancement. Such measurements would not be feasible with 

the current apparatus without greater use of automation.

The lack of enhancement of the autoionisation lines may be due to a combination of 

the energy resolution of the experimental apparatus, and perhaps due to an inherent 

weakness in the enhancement process for the rubidium autoionising resonances. If the 

enhancement was of a similar magnitude to that that has been observed in sodium, it 

would expected that such an enhancement should still be observed despite the energy 

resolution of this  apparatus.  The fact  that  no enhancement  is  visible,  suggests  the 

stepwise process in rubidium is rather weak, though perhaps an experiment with a 

smaller energy resolution may be able to detect such an enhancement. In the absence 

of  a  an  experimental  explanation  for  the  apparent  weakness  of  the  enhancement 

process,  it  could  be  suggested  that  the  weakness  is  due  to  the  complexity of  the 

rubidium autoionisation spectrum, where there are  comparatively more resonances 

and  the  coupling  schemes  are  clearly  more  complicated  than  the  sodium  case. 

Although it has been extensively studied experimentally via VUV absorption (Beutler 

(1934a),  Connerade  (1970))  and  by  electron  impact  excitation  (Ross  and  Ottley 

(1975), Pejčev et al (1977a)), little theoretical work has been conducted on rubidium 

autoionisation resonances to date. The only attempt to give the assignments of these 
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autoionisation resonances by Connerade (1970) has been subsequently shown to be 

incorrect, as noted earlier in this chapter. Detailed theoretical studies on the relative 

strengths  and assignments  of  the autoionisation resonances  studied here  would  be 

invaluable in determining if indeed the complex nature of the rubidium autoionisation 

spectrum  below  the  first  ionisation  potential  of  Rb  II  can  help  explain  the 

experimental work conducted here.
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Chapter Five: Conclusions and Future Directions

The A2 spin asymmetry has been measured for elastic scattering at incident energies of 

15, 20, 30, 50 and 80eV, and for 5S to 5P excitation at incident energies of 15, 20, 30 

and  50eV.  The  fine  structure  was  not  resolved  for  the  inelastic  results.  The 

experimental data obtained indicates that the spin-orbit (relativistic) effects are indeed 

measurable at these kinematics. Comparisons with measurements of A2 from caesium 

by Baum et al (1999, 2002, 2004) indicate the magnitude of the observed asymmetry 

from rubidium is around one third that of caesium. These results are expected given 

the mass difference between these two alkalis. 

With the results of this work, the A2 spin asymmetry has been extensively studied for 

both rubidium (this work) and caesium (Baum et al (1999, 2002, 2004)). It may be of 

interest to extend studies of A2 to the heaviest of the alkali's, francium, as a further 

comparison with the rubidium and caesium results.  Such experiments  may not  be 

feasible  given  the  nature  of  francium,  and  one  could  tentatively  suggest  that  the 

asymmetries expected from francium would be somewhat larger than those observed 

for caesium. As such this trend appears to be well predicted, and it may not be worth 

the experimental effort to extend measurements of A2 to francium.

Measurements of Ann, the exchange asymmetry, and A1 the interference asymmetry 

(see Baum et al (1999, 2002, 2004)) have also been conducted via electron scattering 

from caesium. No such results  exist  for either of these asymmetries for rubidium. 

Measurements of these two other spin asymmetries from rubidium would be of great 

interest, firstly to compare with the caesium results of Baum et al, but also as a further 

test of the relevant theory. Measurements of Ann and A1 would also give some idea on 

the  relative  strength  and interplay between the  spin-orbit  and  exchange effects  in 

electron scattering from rubidium. 

Studies  have  also  been  made  of  the  angular  distribution  and  thus  the  alignment 
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properties  of  the  rubidium  autoionisation  resonances  induced  by  electron  impact 

excitation.  Considerable  relative  variations  in  the  autoionisation  resonances  were 

observed  as  a  function  of  angle  at  an  incident  electron  energy  of  1keV.  These 

measurements  represent  the first  ever  determination of A20 and R0 for  the leading 

doublet of rubidium autoionisation resonances. Analysis of the alignment parameter is 

confounded somewhat by the lack of theoretical work on the rubidium autoionisation 

resonances. In particular, a revision of Connerade's work on the assignments of those 

resonances  visible  for  VUV absorption  would  be  useful.  Conducting  the  angular 

variations with an apparatus such that the individual autoionisation resonances are 

resolved would also be useful. It is noted that the value of the alignment parameter for 

the 4p6 5s2 2P3/2 resonance is not inconsistent with the available theory.

A search for  a  rubidium autoionisation resonance(s)  that  are  enhanced by using a 

stepwise laser/electron impact excitation process has been undertaken. Unlike the case 

for sodium, no distinct enhancement of any of the resonances observed was recorded. 

This was despite the fact that at the incident energies at which measurements were 

taken  are  high  enough  such  that  several  dipole  forbidden  resonances  should  be 

entirely suppressed. There does not appear to be any experimental explanation for this 

result.

Similar to the angular studies above, analysis of these results is hampered by the fact 

that  very  little  theoretical  work  has  been  done  on  rubidium.  Given  the  energy 

resolution of the apparatus, it may be possible that some small enhancement of the 

comparatively  weak  dipole  forbidden  lines  has  been  buried  underneath  the  much 

stronger  signal  of  the  dipole  allowed  transitions.  To  this  end,  a  repetition  of  the 

investigation of the enhancement process with apparatus of smaller energy resolution 

would be useful. Theoretical  studies into the level of enhancement to be expected 

would also be a useful guideline for experiment.
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Appendix A: Tables of Source Activation Parameters

A1.Tables of General Source Activation Parameters
Below are general parameters recorded for each attempted activation of each crystal 

used in this work. All parameters were recorded at the maximum current achieved 

during each particular activation process, except for the last three columns. These give 

respectively, the pressure at the start and finish of the bakeout and the whether the 

activation was successful or not. After the seventh crystal a new wafer of GaAs was 

used to supply the crystals.

Activation 
Number

Maximum 
Current 

(µA)

Temp
(ºC)

Caesium 
Current 

(Front/Rear 
Amps)

Oxygen
(Present)

Pressure
(x 10-10 Torr)

Pressure 
Start 

Bakeout (x 
10-10 Torr)

Pressure 
End 

Bakeout (x 
10-10 Torr)

Successful

1. 10 37 1.3/3.1 no 5.47 N/A N/A yes

2. 19 36 2.6/1.0 yes 12.2 N/A N/A yes

Table A1.1. Activation parameters for the first GaAs crystal used in this work.

Activation 
Number

Maximum 
Current 

(µA)

Temp
(ºC)

Caesium 
Current 

(Front/Rear 
Amps)

Oxygen
(Present)

Pressure
(x 10-10 Torr)

Pressure 
Start 

Bakeout (x 
10-10 Torr)

Pressure 
End 

Bakeout (x 
10-10 Torr)

Successful

1. 1.90 44 3.8/1.0 no 4.98 89.8 3.65 no

2. 0.094 (lamp) 43 3.5/0.0 no 4.27 N/A N/A no

3. 7.50 39 3.1/1.0 yes 1.68 x 105 

(?)
N/A N/A yes

4. 12.00 36 3.0/1.0 no 45.6 (?) N/A N/A yes

5. 4.50 34 3.2/1.0 no 3.39 N/A N/A yes

6. 3.45 39 3.2/1.0 yes 16.5 N/A N/A no (blackout)

7. 4.90 38 2.9/1.0 yes 8.58 12.3 4.36 no

8. 9.05 36 3.0/1.0 yes 9.40 N/A N/A yes

9. 6.00 35 3.1/1.0 no 3.55 N/A N/A yes

10. 8.10 37 3.2/1.0 no 3.46 N/A N/A yes

11. 6.40 38 3.1/1.0 yes 9.81 N/A N/A yes

12. 0.825 38 3.1/1.0 yes 9.12 N/A N/A yes

13. 12.50 39 3.2/1.0 no 3.22 N/A N/A yes

Table A1.2. Activation parameters for the second GaAs crystal of this work, before total failure of the source.

Activation 
Number

Maximum 
Current 

(nA)

Temp
(ºC)

Caesium 
Current 

(Front/Rear 
Amps)

Oxygen
(Present)

Pressure
(x 10-10 Torr)

Pressure 
Start 

Bakeout (x 
10-10 Torr)

Pressure 
End 

Bakeout (x 
10-10 Torr)

Successful

14. 360 (lamp) 41 0.0/3.7 no 3.40 N/A N/A no

15. 5 41 0.0/1.0 yes 26.5 N/A N/A no

16. 5.5 35 0.0/3.2 no 2.43 N/A N/A no

Table A1.3. Activation parameters for the second crystal of this work after total failure of the spin-polarised source.
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Activation 
Number

Maximum 
Current 

(nA)

Temp
(ºC)

Caesium 
Current 

(Front/Rear 
Amps)

Oxygen
(Present)

Pressure
(x 10-10 Torr)

Pressure 
Start 

Bakeout (x 
10-10 Torr)

Pressure 
End 

Bakeout (x 
10-10 Torr)

Successful

1. - - - - - 311 13.5 no

2. 8.3 36 0.0/3.4 no 3.25 N/A N/A no

Table A1.4. Activation parameters for the third crystal of this work.

Activation 
Number

Maximum 
Current 

(nA)

Temp
(ºC)

Caesium 
Current 

(Front/Rear 
Amps)

Oxygen
(Present)

Pressure
(x 10-10 Torr)

Pressure 
Start 

Bakeout (x 
10-10 Torr)

Pressure 
End 

Bakeout (x 
10-10 Torr)

Successful

1. 1.25 35 0.0/3.6 no 3.59 225 166 no

2. 16.5 39 0.0/3.7 no 3.96 N/A N/A no

3. 9.4 43 0.0/3.9 no 3.48 N/A N/A no

4. 35 39 0.0/3.4 no 5.34 N/A N/A no

5. 110 41 0.0/3.5 yes 3.36 N/A N/A no

6. 120 41 0.0/3.8 yes 7.92 N/A N/A no

7. 110 38 0.0/3.4 no 3.69 N/A N/A no

Table A1.5. Activation parameters for the fourth crystal of this work.

Activation 
Number

Maximum 
Current 

(nA)

Temp
(ºC)

Caesium 
Current 

(Front/Rear 
Amps)

Oxygen
(Present)

Pressure
(x 10-10 Torr)

Pressure 
Start 

Bakeout (x 
10-10 Torr)

Pressure 
End 

Bakeout (x 
10-10 Torr)

Successful

1. 0.1 33 3.7/1.0 no 2.98 109 7.78 no

2. 9 39 4.8/1.0 no 3.26 N/A N/A no

3. 17.5 32 3.9/1.0 no 2.64 N/A N/A no

Table A1.6. Activation parameters for the fifth crystal of this work.

Activation 
Number

Maximum 
Current 

(nA)

Temp
(ºC)

Caesium 
Current 

(Front/Rear 
Amps)

Oxygen
(Present)

Pressure
(x 10-10 Torr)

Pressure 
Start 

Bakeout (x 
10-10 Torr)

Pressure 
End 

Bakeout (x 
10-10 Torr)

Successful

1. 4 32 1.0/3.4 no 3.34 123 48 no

2. 1 30 3.0/1.0 no 3.85 N/A N/A no

3. 1.5 32 3.4/1.0 no 3.00 N/A N/A no

4. - - - - - N/A N/A no (blackout)

5. 7.4 39 no 5.73 N/A N/A no

6. - - - - - N/A N/A no (blackout)

7. 265 (lamp) 37 1.0/3.2 no 3.65 N/A N/A no

8. 11.5 37 0.0/3.8 yes 9.32 N/A N/A no

Table A1.7. Activation parameters for the sixth crystal of this work.

Activation 
Number

Maximum 
Current 

(nA)

Temp
(ºC)

Caesium 
Current 

(Front/Rear 
Amps)

Oxygen
(Present)

Pressure
(x 10-10 Torr)

Pressure 
Start 

Bakeout (x 
10-10 Torr)

Pressure 
End 

Bakeout (x 
10-10 Torr)

Successful

1. 0.0085 38 3.6/1.0 no 7.63 964 48.4 no

Table A1.8. Activation parameters for the seventh crystal of this work.
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Activation 
Number

Maximum 
Current 

(nA)

Temp
(ºC)

Caesium 
Current 

(Front/Rear 
Amps)

Oxygen
(Present)

Pressure
(x 10-10 Torr)

Pressure 
Start 

Bakeout (x 
10-10 Torr)

Pressure 
End 

Bakeout (x 
10-10 Torr)

Successful

1. - - - - - 358 45 no

2. 1 (Torch) 27 0.0/3.2 no 3.32 N/A N/A no

3. - - - - - N/A N/A no

Table A1.9. Activation parameters for the eighth and final crystal of this work.

A2. Maximum Activation Temperature Tables
The  tables  below  give  the  maximum  temperature  reached  during  the  activation 

process, as well as the pressure at this temperature, where recorded, and the time that 

the crystal was held at the maximum temperature.

Activation 
No

Max 
Temp
(ºC)

Pressure 
(x 10-10 

Torr)

Time 
(Min)

1. 660 - 1

2. 660 - 1
Table A2.1. Maximum temperature, time at maximum 
temperature and pressure at maximum pressure for the first 
crystal of this work.

Activation 
No

Max 
Temp
(ºC)

Pressure 
(x 10-10 

Torr)

Time 
(Min)

1. 660 11 1

2. 663 12.9 1

3. 660 6.62 1

4. 660 37.8 1

5. 660 7.72 1

6. 660 9.3 1

7. 646 10.7 1

8. 648 7.94 1

9. 670 10.1 1

10. 661 6.32 1

11. 660 11.1 1

12. 660 8.48 1

13. 660 - 1
Table A2.2. Maximum temperature, time at maximum 
temperature and pressure at maximum pressure for the second 
crystal of this work, for those activations prior to the failure of 
the source.

Activation 
No

Max 
Temp
(ºC)

Pressure 
(x 10-10 

Torr)

Time 
(Min)

14. 660 9.29 1

15. 660 6.06 1

16. 660 7.78 1
Table A2.3.  Maximum temperature, time at maximum 
temperature and pressure at maximum pressure for the second 
crystal of this work, after the failure of source.

Activation 
No

Max 
Temp
(ºC)

Pressure 
(x 10-10 

Torr)

Time 
(Min)

1. 660 89.8 1

2. 660 24.8 1
Table A2.4.  Maximum temperature, time at maximum 
temperature and pressure at maximum pressure for the third 
crystal of this work.

Activation 
No

Max 
Temp
(ºC)

Pressure 
(x 10-10 

Torr)

Time 
(Min)

1. 660 35.6 1

2. 660 23 1

3. 660 26.1 1

4. 660 16.3 1

5. 660 10.5 1

6. 660 18.6 1

7. 660 15..3 1
Table A2.5. Maximum temperature, time at maximum 
temperature and pressure at maximum pressure for the fourth 
crystal of this work.
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Activation 
No

Max 
Temp
(ºC)

Pressure 
(x 10-10 

Torr)

Time 
(Min)

1. 525 3.27 1

2. 561 5.24 1

3. 580 4.43 1
Table A2.6. Maximum temperature, time at maximum 
temperature and pressure at maximum pressure for the fifth 
crystal of this work.

Activation 
No

Max 
Temp
(ºC)

Pressure 
(x 10-10 

Torr)

Time 
(Min)

1. 464 6.56 1

2. 499 3.10 2880

3. 554 3.77 90

4. 592 4.68 1

5. 610 7.14 1

6. 662 14.2 1

7. 658 20.9 10

8. 652 8.66 1
Table A2.7. Maximum temperature, time at maximum 
temperature and pressure at maximum pressure for the sixth 
crystal of this work.

Activation 
No

Max 
Temp
(ºC)

Pressure 
(x 10-10 

Torr)

Time 
(Min)

1. 587 10.3 15
Table A2.8. Maximum temperature, time at maximum 
temperature and pressure at maximum pressure for the seventh 
crystal of this work.

Activation 
No

Max 
Temp
(ºC)

Pressure 
(x 10-10 

Torr)

Time 
(Min)

1. 550 4.25 10

2. 607 11.2 40

3. 556 3.95 1
Table A2.9. Maximum temperature, time at maximum 
temperature and pressure at maximum pressure for the eighth 
and final crystal of this work.
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Appendix B: Effective Sherman Function for the Gold 
Foils Used in this Experiment

Turntable Position Foil Thickness (nm) Effective Sherman 
Function Seff

8 19.2 ± 0.2 -0.336 ± 0.010
6 21.9 ± 0.2 -0.330 ± 0.010
7 38.3 ± 0.2 -0.319 ± 0.010
5 49.7 ± 0.2 -0.314 ± 0.010
1 76.1 ± 0.2 -0.288 ± 0.009
2 116.1 ± 0.2 -0.255 ± 0.009
4 139.8 ± 0.2 -0.232 ± 0.008

Table  B1.  Effective  Sherman functions  for  the  gold  foils  used  to  help  determine  the  electron  beam polarisation  via  Mott 
scattering. From Went (2003).
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Appendix C: Elastic Cross Sections Used for Angular 
Calibration

Angular  calibration  was  determined  by comparing  prominent  peaks  or  troughs  in 

benchmark  cross  sections  with  those  taken  with  the  present  apparatus.  For  the 

asymmetry measurements, angular calibration was determined against known cross 

sections from argon. Later this was changed to xenon since this gas was also used to 

determine the electron beam polarisation rather than by Mott scattering. An example 

of a xenon 60eV incident elastic differential cross section is given in figure C1. For 

the autoionisation measurements, argon was once again used for angular calibration 

purposes. An example of an argon 200eV elastic differential cross section is given on 

figure C2. Both the figures below present data of this work normalised to the requisite 

benchmark data.

Figure C1. Xenon elastic differential cross section taken at 60eV incident energy. The presented data (black squares) has been 
normalised to the 35° value of Ester and Kessler (1994) (red circles). The angular discrepancy here indicates that the presented 
data was shifted by 3° with respect to that of Ester and Kessler.
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Figure C2. Argon elastic differential cross section taken at 200eV incident energy. The presented data (black squares) has been 
normalised to the 60° value of Williams and Willis (1975)(red circles). The deep minimum at 110° indicates that the presented 
data is shifted by around 3° compared with that of Williams and Willis.
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Appendix D: Differential Cross Sections Associated 
with the A2 Asymmetry Measurements

Figure D1. Differential cross section (DCS) for elastic scattering from rubidium at an incident electron energy of 15eV.

Figure D2. Differential cross section for 5S to 5P excitation at an incident electron energy of 15eV.
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Figure D3. Differential cross section for elastic scattering from rubidium at an incident electron energy of 20eV.

Figure D4. Differential cross section for 5S to 5P excitation at an incident electron energy of 20eV.
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Figure D5. Differential cross section for elastic scattering from rubidium at an incident electron energy of 30eV.

Figure D6. Differential cross section for 5S to 5P excitation at an incident electron energy of 30eV.
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Figure D7. Differential cross section for elastic scattering from rubidium at an incident electron energy of 50eV.

Figure D8. Differential cross section for 5S to 5P excitation at an incident electron energy of 50eV.
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Figure D9. Differential cross section for elastic scattering from rubidium at an incident electron energy of 80eV.
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Appendix E: Tables of Published A2 Data for Electron 
Scattering from Rubidium (Compiled from Guinea et 
al (2005))

Angle (Degrees) A2

30 0.0007
35 0.0045
40 0.0100
45 0.0106
50 0.0137
55 0.0201
60 0.0310
65 0.0358
70 0.0420
75 0.0425
80 0.0241
85 0.0036
90 -0.0118
95 -0.0287
100 -0.0245
105 -0.0208
110 -0.0154

 Table E1. Asymmetry values for elastic scattering at an 
incident energy of 15eV.

Angle (Degrees) A2

30 -0.0030
35 0.0035
40 0.0068
45 0.0181
50 0.0133
55 0.0344
60 0.0389
65 0.0544
70 0.0401
75 0.0213
80 -0.0101
85 -0.0402
90 -0.0331
95 -0.0425
100 -0.0518
105 -0.0577
110 -0.0462

 Table E2. Asymmetry values for elastic scattering at an 
incident energy of 20eV.
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Angle (Degrees) A2

30 0.0057
35 0.0135
40 0.0233
45 0.0340
50 0.0414
55 0.0387
60 0.0345
65 0.0106
70 -0.0250
75 -0.0470
80 -0.0491
85 -0.0463
90 -0.0416
95 -0.0388
100 -0.0249
105 -0.0168
110 -0.0176

 Table E3. Asymmetry values for elastic scattering at an 
incident energy of 30eV.

Angle (Degrees) A2

30 0.0116
32.5 0.0136
35 0.0168

37.5 0.0192
40 0.0214

42.5 0.0196
45 0.0185

47.5 0.0152
50 -0.0018

52.5 -0.0257
55 -0.0521

57.5 -0.0538
60 -0.0482

62.5 -0.0534
65 -0.0494

67.5 -0.0428
70 -0.0371

72.5 -0.0358
75 -0.0378

77.5 -0.0297
80 -0.0276

82.5 -0.0281
85 -0.0261

87.5 -0.0263
90 -0.0259

92.5 -0.0198
95 -0.0198

97.5 -0.0178
100 -0.0114

102.5 -0.0068
105 -0.0074

107.5 -0.0024
110 0.0123

 Table E4. Asymmetry values for elastic scattering at an 
incident energy of 50eV.
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Angle (Degrees) A2

30 0.0091
35 0.0070
40 -0.0032
45 -0.0395
50 -0.0359
55 -0.0260
60 -0.0147
65 -0.0110
70 -0.0086
75 -0.0090
80 -0.0030
85 -0.0090
90 -0.0088
95 -0.0064
100 -0.0320
105 -0.0411
110 -0.020

 Table E5. Asymmetry values for elastic scattering at an 
incident energy of 80eV.

Angle (Degrees) A2

30 0.0000
35 0.0001
40 -0.0013
45 -0.0004
50 -0.0001
55 0.0089
60 0.0096
65 0.0179
70 0.0191
75 0.0255
80 0.0268
85 0.0135
90 -0.0017
95 -0.0221
100 -0.0287
105 -0.0171
110 -0.0398

 Table E6. Asymmetry values for 5S to 5P excitation at an 
incident energy of 15eV.
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Angle (Degrees) A2

30 0.0034
35 0.0034
40 0.0044
45 0.0070
50 0.0086
55 0.0158
60 0.0190
65 0.0252
70 0.0243
75 0.0116
80 -0.0092
85 -0.0300
90 -0.0405
95 -0.0397
100 -0.0368
105 -0.0267
110 -0.0229

Table E7. Asymmetry values for 5S to 5P excitation at an 
incident energy of 20eV.

Angle (Degrees) A2

30 0.0031
35 0.0061
40 0.0057
45 0.0102
50 0.0199
55 0.0291
60 0.0345
65 0.0229
70 -0.0011
75 -0.0580
80 -0.1056
85 -0.0659
90 -0.0606
95 -0.0569
100 -0.0463
105 -0.0595
110 -0.0518

Table E8. Asymmetry values for 5S to 5P excitation at an 
incident energy of 30eV.
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Angle (Degrees) A2

30 0.0040
35 0.0077
40 0.0118
45 0.0158
50 0.0070
55 -0.0466
60 -0.0820
65 -0.0628
70 -0.0461
75 -0.0372
80 -0.0301
85 -0.0210
90 -0.0059
95 -0.0013
100 0.0025
105 0.0188
110 0.0093

Table E9. Asymmetry values for 5S to 5P excitation at an incident energy of 50eV.
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Appendix F: Calculation of Errors For the Asymmetry 
Measurements

The determination of the error in the asymmetry measurements has been previously 

undertaken by Went (2003), where further details of this may be found. The formula 

obtained by Went for the determination of the error in the asymmetry measurements is 

given below. 

           

                                                                                                                                   (F1)

Where  A is  the  error  in  the  asymmetry,  P  is  the  electron  beam  polarisation, 

N  is the number of electrons with spin up with respect to the scattering plane and 

N  is the number of electrons with spin down with respect to the scattering plane.
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