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Abstract

In this work, a magnetically confined e+ beam was crossed with a gas jet to study 

ionisation o f Ne, Kr and Xe atoms. Ions produced in the overlap of the beams were 

detected in coincidence with the scattered projectile, so as to discriminate against 

ionisation events involving positronium (Ps) formation. The single ionisation cross 

section (a*) and the ratio of the double to single ionisation cross sections (R2) were 

measured for each target from near threshold to IkeV. By multiplying the R2 values by 

the appropriate ctj+, double ionisation cross section (cij2+) data were also obtained.

Comparisons were made with existing data for He and Ar and for e‘, p+ and p' 

impact, to investigate the effects of the projectile mass and charge and the target atomic 

number (Z). The ratio between crj+ maxima for e+ and e' was generally found to be lower 

for targets with higher Z, whereas no such effect was observed for p+ and p \ This might 

be due to the deflection of the light projectiles by the target nucleus. In contrast to the 

charge dependence exhibited by low Z targets, R2(e+) and R2(e‘) for Xe were found to 

have merged at high velocities. This is thought to be due to the increasing importance of 

inner-shell ionisation followed by Auger decay for heavier atoms.

An atomic hydrogen source was incorporated into the system for the 

investigation of e+ impact ionisation o f H. The total ionisation cross section (g t +), 

including contributions from both direct ionisation and Ps formation, was measured by 

extracting ions randomly. The Ps formation cross section (aps) of H was then 

determined from these measurements by subtraction o f Oj+ data. Two recent theoretical 

calculations, generally considered to be the most reliable thus far, are found to be in 

agreement with the results for aps over the entire energy range investigated. The present 

measurements also differentiate between two prior conflicting measurements o f Gps, 

thus providing a degree o f consensus amongst experimental data.
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Introduction

Chapter 1

1.1 Historical Background

The positron is the antiparticle o f the electron. Its existence was first predicted 

by Dirac in 1928, who formulated a relativistic wave equation describing the motion of 

free electrons in an electromagnetic field. Solutions of this equation corresponding to 

negative, as well as positive, total relativistic energies led Dirac (1930a) to propose his 

“hole theory”. According to this model, the vacuum consists o f negative energy levels 

which are normally fully occupied by electrons, such that transitions from positive to 

negative energy states are forbidden, in accordance with the Pauli exclusion principle. 

However, electrons in negative energy states can be excited to vacant positive levels. 

The resultant “holes” in the distribution of negative energy electrons would appear to 

behave as electrons of charge +e. Dirac initially assumed such holes to be protons until 

Weyl (1931) demonstrated that these holes necessarily had to have the same mass as 

electrons. “Positively charged electrons”, or positrons, were first observed in cloud 

chamber photographs obtained in the course of studies of cosmic showers (Anderson 

1932ab,1933 and Blackett and Occhialini 1933).

Every particle in nature is now known to have an associated antiparticle (apart 

from self-conjugate particles, such as the photon, which are their own antiparticle). In 

“Feynman diagrams”, which were developed in the 1940’s in the course of developing 

Quantum Electro-Dynamics (QED), antiparticles are represented as particles moving 

backwards in time.

13



Chapter 1 Introduction

1.2 Properties of Positrons

_i_ 22
The positron (e ) is stable in vacuum, with a lifetime greater than 2x10 years 

(Bellotti et al, 1983). It has the same mass and spin as an electron (e‘), but opposite 

charge and hence magnetic moment. A positron can annihilate with an electron which, 

in terms of “hole theory”, is equivalent to an electron in a positive energy state falling 

into a vacancy in a negative energy level. This results in the emission of photons, of 

total energy equal to the total rest mass energy of the annihilating e+-e’ pair (1.022MeV) 

in the centre-of-mass frame. The number o f photons emitted is governed by the charge 

parity (Pc) of the initial system, which must be conserved in the annihilation process. 

According to Yang (1950), the e+-e' system has PC=(-1)L+S, where L is the total orbital 

angular momentum and S the total spin. A system of n photons has Pc=(-l)n. An odd or 

even number of photons is therefore emitted as a result of annihilation, depending on the 

total angular momentum o f the e+-e' pair. The cross section for annihilation is directly 

proportional to a m where a  is the fine structure constant (=e2/2sohc «1/137, where e, £o, 

h and c are respectively the elementary charge, the vacuum permittivity, Planck’s 

constant and the speed o f light) and m is the number of vertices in the representative 

Feynman diagram, corresponding to the number of photon interactions. In figure 1.1, the 

Feynman diagrams for annihilation resulting in the emission of one, two and three 

photons are shown.

Time ----->

Figure 1.1: The Feynman diagrams for (a) one, (b) two and (c) three photon annihilation of a 

e+-e‘ pair.
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Chapter 1 Introduction

From figure 1.1 it is evident that, with only two vertices, two photon annihilation (if 

allowed) is the most probable decay mode. One and three photon decay both have m=3, 

but the former process can only occur in the presence o f a third body (for energy and 

momentum conservation). As a consequence, its probability is suppressed with respect 

to the latter process, by a factor o f the order of a 3.

The cross section for two photon annihilation o f a non-relativistic e+ with a free 

e' (Dirac 1930b) is given by equation 1.1, which has been adapted for annihilation in an 

atomic or molecular gas as shown by equation 1.2.

v

ro is the classical electron radius (= e2/47T£omoc2, mo being the electron rest mass), v is 

the velocity of the e+ with respect to the e' and Zef/v )  is the effective number of e' per 

atom, as seen by the e+. The probability of direct e+ annihilation has generally been 

considered negligible in comparison to the other reaction channels found in e+ scattering 

in gases (Bransden 1969, Ore and Powell 1949). However, a semi-empirical model 

recently developed by Laricchia and Wilkin (1997), predicts a pronounced enhancement 

of the annihilation probability in the vicinity o f inelastic collision energy thresholds. 

This is attributed to the increasing significance o f virtual processes (as the e+ energy 

approaches that of the threshold), which leave the e+ quasi-stationary near the target and 

thereby in a region of higher than average e' density. Van Reeth and Humberston (1998) 

and Humberston and Van Reeth (1998) have performed elaborate variational 

calculations for H and He respectively, which qualitatively confirm this enhanced 

annihilation probability at the Ps formation threshold.
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Chapter 1 Introduction

Positronium Formation

The existence of a quasi-stable bound state of the e+ and e', arising from the 

attractive Coulomb interaction between the two particles, was originally predicted by 

Mohorovicic (1934). This system was later named positronium (Ps) (Ruark 1945) and 

the first experimental verification of its existence occurred during measurements of e+ 

lifetimes in gases by Deutsch (1951) (see section 1.3). Ps is structurally equivalent to H, 

however it has twice the Bohr radius and hence half the binding energy (6.8eV). 

Depending on the relative spin orientation of its constituent particles, Ps is formed in 

one of two ground states. These states are defined in table 1.1, which also summarises 

some of their respective properties. As o-Ps is a triplet state, its formation is statistically 

three times more likely than that o f the singlet state, p-Ps.

Orthodox (ortho-) 

positronium

Paradox (para-) 

positronium

Symbol o-Ps p-Ps

Total spin of system (S) 1 0

Ground state i3s, l 'So

Predominant ground state decay mode emission of 3 photons emission of 2 photons

Unperturbed vacuum lifetime 142ns 125ps

Table 1.1: A summary of the main properties of the two ground states of positronium.

Ps is a purely leptonic system and is consequently free of hadronic interaction 

effects, making it an ideal system for testing QED. The self-annihilation rates o f o-Ps 

and p-Ps have been calculated by Adkins and Lymberopoulos (1995) and Khriplovich 

and Yelkhovsky (1990) respectively. They are in agreement with the values determined 

experimentally by Asai et al (1995) for o-Ps and Gidley et al (1982) for p-Ps (or more 

recently Al-Ramadhan and Gidley 1994), to within 0.02%. The energy levels of Ps have 

also been accurately determined by Fulton and Martin (1954), using a relativistic two- 

body equation.
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Chapter I Introduction

1.3 Early Experiments

Prior to the development o f slow e+ beams, “swarm experiments” were used to 

obtain information on the properties o f e+ and Ps, and their interactions in various
•  •  22 58 •media. Typically in these experiments, a radioactive source such as Na or Co, is 

embedded into the medium under investigation. p+ particles are thereby implanted 

directly into the sample and the annihilation y-rays subsequently produced are detected. 

The techniques traditionally used can be divided into three main categories: lifetime 

spectroscopy, angular correlation o f annihilation radiation or “ACAR” and Doppler 

broadening spectroscopy.

The lifetime technique was pioneered by Shearer and Deutsch (1949) and, as the 

name implies, it involves monitoring the time interval between creation and annihilation
I 22

of e . If a Na source is used, the timing sequence can be initiated on detection o f a 

1.28MeV photon (which is emitted within «10ps of p+ emission) and stopped on 

detection of a 0.511MeV annihilation photon. Through the measurement o f numerous 

such coincidences, a lifetime spectrum is obtained, which illustrates the distribution of 

e+ lifetimes in the sample. Decay rates for thermalised and non-thermalised free e+, as 

well as o-Ps, are obtained from such spectra, which in turn provide information on the 

respective values of Zefr for these processes.

As discussed in section 1.2, the decay of a e+-e' pair is most likely to result in the 

emission of two collinear photons, each with energy equal to 51 IkeV if the annihilating 

pair is at rest. Deviations from collinearity of the photons reflect the centre-of-mass 

momentum of the annihilating pair. This effect was first observed by DeBenedetti et al 

(1949) and is studied with ACAR, where the number o f coincidences between two y-ray 

detectors is measured as a function o f the angle between them. Another measure o f the 

momentum of the annihilating pair may be obtained from the Doppler shift, or 

broadening, o f the energy distribution of the annihilation quanta about the 51 IkeV peak. 

As most e+ thermalise prior to annihilation (Kubica and Stewart 1975), the momentum 

of the annihilating pair predominantly comes from the e". ACAR and Doppler 

broadening spectroscopy can hence be used to measure the momentum distribution o f e‘ 

in a sample (see, for example, the 2D ACAR studies of Manuel 1981 and Haghgooie et

17



Chapter I Introduction

al, 1978 with quartz and copper samples respectively) and have applications in the study 

of bulk and surface defects (Schultz and Lynn 1988 and references therein). Iwata et al 

(1997) have also recently used the Doppler broadening technique to determine the most 

probable sites for e+ annihilation on a variety o f molecules.

1.4 The Development of Slow Positron Beams

From ACAR studies in Au, it was noted that “once thermalised, e+ diffuse 

randomly through the metal without any further energy gain or loss on the average, and 

are eventually annihilated” (DeBenedetti et al, 1950). Madansky and Rasetti (1950) 

consequently attempted to detect thermal energy e+ diffusing through, and out of, 

different materials. Despite implanting a variety o f samples (such as Pt, K, glass) with 

fast p+ particles from a 64Cu source, no thermalised e+ were ever detected. The emission 

of slow e+, with energies below lOeV, was first witnessed by Cherry in 1958, from a Cr- 

plated mica window. A decade later, similar observations were made by Groce et al 

(1968) and Madey (1969), using Au and polyethylene samples respectively. The narrow 

energy distribution observed for the moderated e+ was associated with the e+ work 

function (<J>+) of a surface by Costello et al (1972a). They tested a variety o f moderators 

coated in Au and obtained e+ with an energy distribution which peaked between 0.75- 

2.90eV. This energy was believed to be a result o f a “negative” value of ®+ for Au, 

causing thermalised e+ at the surface to be ejected from the moderator with a kinetic 

energy equivalent to I ®+1.

Tong (1972) proposed that the e+ work function could be defined in a manner 

similar to that employed by Lang and Kohn (1971) for the e' work function of a metal. 

In their representation, an e' cloud fills the interior of the metal and the lattice of 

positive ions is replaced by a rigid uniform positive jelly. Slight spillage of the e' gas 

into the vacuum, and the resultant excess positive background, creates a surface dipole 

which attracts an e’ near the surface, but repels a e+.

18
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▲ Potential

A0

Total Potential

!  Image Potential

Metal \ r Vacuum

 Vacuum level

Figure 1.2: Single-particle potential for a thermalised e" near a metal surface, where Vcorr is due 

to the conduction e" and V0 is due to the ion cores (after Schultz and Lynn 1988).

The m inim um  energy required to transfer a e+ from a point inside to one ju st outside the 

surface, is hence given by

(1.3)

where -A<f> is the lowering o f  the m ean electrostatic potential across the metal surface 

(this is equal but opposite in m agnitude for the e" work function). p+ is the bulk 

chem ical potential o f  the e+ in the metal interior relative to the m ean electrostatic 

potential, and includes contributions from correlations with the e' gas and repulsion 

from  the ion cores (see figure 1.2). A lthough Tong (1972) calculated that 0 +  for Au 

should be negative, N iem inen and H odges (1976) later dem onstrated that it was actually 

positive. The slow  e+ observed by Costello et al (1972a) are therefore now  attributed to 

epitherm al e+ em ission, or changes in 0+  due to surface impurities.

The developm ent o f  quasi-m onoenergetic e+ beam s has been based on this 

principle o f  m oderating fast (3+ particles, w ith energies in the order o f  M eV, to near 

therm al energies by im plantation into a solid. The efficiency o f  m oderator-produced 

beam s is several orders o f  m agnitude greater than that which could be achieved using a 

velocity selector. Subsequent progress in e+ beam production has been centred on
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improving (3+ sources and moderators. p+ particles are obtained from the decay of 

radioactive isotopes, such as those listed in table 1.2, or from pair production by 

bremsstrahlung radiation (see Ley 1997).

Nuclide Half-life p+ Fraction (%) Maximum Specific Activity (C ig1)

58Co 71 days 15 16.6

22Na 2.6 years 90 1.25

nC 20 minutes 99 -

64Cu 12.8 hours 19 600

Table 1.2: Properties of some p+ producing radioactive isotopes (from Dupasquier and Zecca 

1985).

A self-moderating source was pioneered by Stein et al (1974), in which protons from a 

Van de Graaff accelerator are fired into a boron target and p+ particles, produced by 

reaction 1.4, thermalise in the target.

p ++I}B -* ljC  + n->IjB  + /F  + u e_ (1.4)

Improvements in radioactive sources have resulted in reduced self-absorption, increased 

specific activity and smaller physical dimensions. Depending on the geometry of the 

moderator, this latter quantity is an important consideration. In figure 1.3, some typical 

geometries and their relative merits are presented.
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r, 55>

/

(a) Back scattering

Single crystals are generally used and, if  clean, e are emitted with a small 
transverse velocity component (arising from the thennal energy o f the e ). 
The source dimensions are critical and are kept to a minimum to reduce 
the shadowing effect on the beam. High specific activity sources are 
therefore used e.g. *Co.

(b) Vane

This geometry can be constructed to intercept most incident P , thereby 
maximising the slow e flux and minimising the P in the beam.

(c) Grid

Compared with the vane geometry, this is easier to manufacture. 
However, it transmits more P into the slow e beam, which must 
be filtered out or accounted for in the experiment.

(d) Transmission

If accurately positioned perpendicular to the guiding B field, 
emitted e have a narrow angular distribution.
Transmission o f P may occur due to pinholes or other crystal 
defects.

(e) Cone

This geometry is rugged and easy to manufacture.
Higher moderation efficiencies can be obtained compared to single-crystal 
foils, but the longitudinal energy distribution o f the resultant beam is 
broader.

(f) Cup

This is generally used with rare gas solids (RGS), to create the most 
efficient moderators to date.
It requires an expensive cooling system.

RGS

Figure 1.3: Some typical source and moderator geometries.
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Mills et al (1978) were the first to study the moderation properties of well-characterised, 

high purity samples using a monoenergetic e+ beam. They measured slow e+ yields as a 

function of temperature and incident e+ energy, and found that the emission o f non- 

thermalised e+ increased as the incident e+ energy was decreased. This and other such 

studies with materials of known structure and purity helped to elucidate the physical 

mechanisms involved in the moderation process. These are illustrated in figure 1.4 and 

discussed below.

On implantation in a moderator, fast p+ particles with energies greater than 

several MeV predominantly lose energy via radiative processes. p+ particles with initial 

energies of the order of lOOkeV (as typically obtained from radioactive sources) lose 

energy via excitation and ionisation of the core and valence e \ The energy o f the p+ 

particles is reduced from a few MeV to a few eV in times of the order o f 0.1 ps (Perkins 

and Carbotte 1970). Near thermal energies are then achieved in ~lps, by phonon 

scattering in the lattice. The implantation depth of a p+ particle is defined as the 

geometrical distance from its point o f entry at the surface to its “stopping point” (i.e. the

point at which its motion becomes temperature dependent). For p+ particles from, for
00example, a Na source stopping in Al, typical implantation depths are o f the order of 

lO^m (Dupasquier and Zecca 1985). Once a e+ has thermalised, it moves randomly 

throughout the moderator and may annihilate, become trapped in a defect or reach the 

surface. The characteristic distance travelled by a thermalised e+, prior to annihilation or 

trapping, is known as its diffusion length (L+) and is typically of the order o f 10'7m 

(Dupasquier and Zecca 1985). This is much smaller than the implantation depth given 

above, hence, the majority of e+ which actually reach the surface are thermalised. Once 

there, they may participate in various processes including trapping, reflection into the 

interior o f the solid and Ps formation. Spontaneous emission of thermalised e+ is only 

energetically feasible if the surface has a negative 0+ and, as 0+ becomes more 

negative, the yield of slow e+ has been observed to increase (Murray and Mills 1980).
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(a) First Encounter: (XT^IO15 sec

Energy Loss:
- Core excitation

Scattering
Diffraction

e ’ Beam
Channeling

Secondary electrons ̂

(b) Attaining Equilibrium: 0<Ti£l0 12 sec

Energy loss:

- Plasmons
- Electron/hole pairs
- Phonons

e‘ Beam

Ps*
Fast

Non-thermal positrons

(c) Equilibrium: 0<T<T0 '° sec

Diffusion
Surface e

Annihilation
e* Beam

Energetic Ps 
•*---------Slow e

(d) Longer Times: 0<T< 10 sec

Surface Annihilation^1

Annihilation

e Beam

Slow eT 
(Stable)

o-Ps Decay (-10 sec)

Figure 1.4: The interaction o f a e beam (E<100keV) with the near-surface region
o f a solid (Schultz and Lynn 1988)
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Improvements in both source and moderator technologies have resulted in 

moderator efficiencies (e) which are now several orders o f magnitude greater than that 

achieved by Cherry (1958). An increase in s was observed by Dale et al (1980), after 

subjecting W samples to a simple annealing treatment. This procedure reduces structural 

defects and surface adsorbates which can act as e+ traps (see chapter 3.3 for a 

description of the annealing technique used in this work) and thereby increases L+. The 

most efficient moderators to date are the rare gas solids (RGS), which were pioneered 

by Mills and Gullikson (1986) (see figure 1.3f for a typical source and moderator 

arrangement). These moderators, however, have a positive 0+ and their moderation 

mechanism can be explained in terms of a “hot e+ model” (Gullikson and Mills 1986). 

Implanted P+ particles are thought to participate in the usual processes, until their energy 

falls below the threshold for inelastic collisions. This is high in RGS, due to their large 

band gap. Subsequent energy loss is slow, as it can only occur via phonon excitation. 

Most e+ therefore reach the surface before thermalising and can overcome the positive 

work function, to be emitted into the vacuum with epithermal energies.

Some of the major advances in the development o f slow e+ moderators, along 

with the corresponding increases in e obtained, are summarised in table 1.3 overleaf.
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Researcher(s) Moderator Details 8

Energy spread 

AE (eV)

Cherry 1958 Cr plated mica (transmission mode) 3.0 xlO'8 ~

Costello et al 1972a Au coated mica (transmission mode) 10‘7 2.00

Canter et al 1972 MgO coated Au vanes 

(backscattering mode)

3.0 x 10'5 2.30

Stein et al 1974 Self-moderating B source 10‘7 0.15

Mills et al 1978 annealed Al(100) (backscattering mode) 3.0 xlO ’5 0.16

Mills et al 1980 Cu(l 11) + H2S sputtered & annealed in 

situ (backscattering mode)

1.5 x 10"3 0.60

Dale et al 1980 W vanes cleaned by chemical etching & 

heated to 2200°C (backscattering mode)

7.0 x 10-4 1.30

Vehanen et al 1983 W(110) annealed in 0 2 

(backscattering mode)

3.0 x 10‘3 0.70

Chen et al 1985 W(100) annealed in 0 2, then in vacuum 

(transmission & backscattering mode)

~10‘3 0.74

Mills & Gullikson 1986 

(first RGS moderator)

Solid Ne cooled on Cu cylinder 

(predominately backscattering mode)

7.0 x 10'3 0.58

Gramsch et al 1987 W(100) & Ni(100) annealed with an e' 

gun (transmission mode)

9.1 x 10-4 

6.6 x \0A
4.00

Lynn et al 1989 W & Ni cone

(transmission & backscattering mode)

1.5 x 10'3 

1.0 x 10'3

7.00

Jacobsen et al 1990 W(100) laser annealed in 0 2, then in 

vacuum (transmission mode)

0.2

Merrison et al 1992 Ar, Kr cooled on Cu cup, with charged 

0 2 overlayer (field-assisted emission)

6 x  10'3 4.00

Table 1.3: A summary of some of the major advances in e+ moderator development.
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1.5 Positron Scattering Cross Sections

Improvements in experimental techniques and the availability of beams of 

increasingly higher intensity and resolution, have allowed studies to progress from 

measurements of total scattering to those of partial, and even differential, cross sections. 

This work is reviewed in the following sections.

1.5.1 Total scattering

Total scattering cross sections (g t ) reflect the total probability of a given 

projectile interacting with a given target, g t  hence encompasses all partial cross sections 

for elastic and inelastic processes which, for a e+, include excitation, ionisation, 

annihilation and Ps formation. For a beam of incident intensity Io, travelling a distance I 

through a target of number density n, g j  is defined by the Beer-Lambert law as

where I  represents the transmitted or unscattered beam intensity, g t  can hence be 

measured by simply determining the attenuation (i.e. loll) of a beam through a target gas 

filled scattering cell. However, there are several possible sources of systematic error: n 

can vary along the length of the scattering cell and e+ spiralling can introduce an energy 

dependence in /. Errors in both n and / can arise from scattering cell end effects, 

whereby the gas is present over other parts of the apparatus and the pressure is not 

uniform. I  can be overestimated by the detection of e+ which scatter elastically at small 

angles. This is a particular problem for systems with a magnetically transported beam, 

but scattered e+ can be discriminated against, by using retarding grids or apertures and 

by measuring e+ flight-times (e.g. Stein et al 1978, Coleman et al 1979). A full 

discussion of the systematic errors inherent in the total cross section data o f various 

groups can be found in the review of Charlton (1985).

(1.5)
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ax(He) was the first cross section to be measured for e+ impact (Costello et al, 

1972b) and the noble atoms were generally amongst the first targets to be investigated 

because they are gaseous at room temperature. Theoretical calculations (e.g. Wadehra et 

al 1981, Amusia et al 1976) are generally in good agreement with each other and 

experiment for He, but fewer calculations have been carried out for the heavier targets 

(e.g. McEachran et al 1979,1980). In figure 1.5, the e+ and e‘ total scattering cross 

sections for the noble gases, He to Xe, are compared. In general, ox(e") can be seen to 

exceed tfx(e+) for each target, as both the static and polarisation interactions are 

attractive for e‘ and exchange is also important at low energies. For e+, the static 

interaction is repulsive and thus tends to cancel the effects of the attractive polarisation 

interaction. However, as polarisation and exchange effects become negligible at high 

energies, the static interaction becomes increasingly dominant for both projectiles and 

their cross sections consequently merge. The importance of Ps formation in low energy 

e+ scattering, is demonstrated by the pronounced increase in <Tx(e+) o f each target after 

the opening of this channel (the energy threshold for which is marked by an arrow). In 

contrast, <7x(e") generally varies smoothly with energy, despite the opening o f various 

inelastic channels. Ramsauer-Townsend minima are present in ax(e') for Ar, Kr and Xe 

at low energies. These occur as a result o f the strength of the attractive potential at low 

energies (whenever the s-wave function o f the incident e’ experiences a phase shift equal 

to an integral multiple of tt) (see e.g. McDaniel 1989, Raith 1998). In e+ scattering, such 

minima arise when the polarisation interaction dominates, resulting in a net attractive 

e+-atom interaction. They are evident in crx(e+) for He and Ne at around 2eV and 0.6eV 

respectively. For the heavier inert atoms, the appearance of Ramsauer-Townsend 

minima should be evident at higher energies because of their greater polarisability, but 

they are masked by increases in other partial cross sections (Raith 1998).

Total cross section measurements have since been made for a variety o f atomic 

and molecular targets. For the simplest atom, H, ax(e+) has been measured several times 

by Zhou et al (1993, 1994a, 1995, 1997) and the most recent results exhibit good 

agreement with theory at all but the lowest energies investigated. Although ax(e+) for 

molecules such as H2 , CO2 and CH4 , are influenced by the presence of additional 

inelastic channels, they generally display structure akin to that observed for the noble
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gases (for a review see Kauppila and Stein 1990). This is not the case for alkali atoms 

such as K, Na and Rb, which have a large polarisability and exothermic Ps formation. 

Due to the dominance of the polarisation interaction, their e+ and e' gt are relatively 

similar and, unlike most of the other room temperature gases which have been 

investigated, G i( e +)  exceeds G x (e ')  prior to merging at energies above «40eV. gt for 

these atoms are displayed in figure 1.8, and structure in the total cross sections o f K and 

Rb is discussed in section 1.5.4, where it is linked to Ps formation.

1.5.2 Elastic scattering

At incident energies below the first inelastic threshold (which is the Ps formation 

threshold for the inert and many other atoms), o j  is equivalent to the elastic scattering 

cross section (Gei) as long as annihilation is negligible. This fact has been exploited in 

many experiments, which have indirectly determined Gei by subtracting measurements 

of various partial cross sections from Gj. For example, Coleman et al (1992) measured 

g t  and the Ps formation cross section ( g p s)  for He, taking the difference between the two 

to be equal to Gei below the first excitation threshold (Eex). Similarly, Moxom et al 

(1993) made detailed measurements of the total ionisation cross section for He, Ar and 

H2 , which they subtracted from existing g t  data to obtain Gei+Gex (where Gex is the e+ 

impact excitation cross section). Campeanu et al (1987b) had previously calculated Gei 

for He from a comparison o f the available experimental data, and found a cusp at the 

threshold for Ps formation (Eps). However, neither of the aforementioned measurements 

observed a cusp in Gei at Eps, at least, not of the magnitude obtained by Campeanu et al 

(1987b). Moxom et al (1993) did observe a small decrease in oei between Eps and Eex 

(less than 8%) which, it was noted, could indicate some degree of coupling between the 

Ps formation and elastic scattering channels above Eps. Through a near threshold partial- 

wave analysis o f the experimental data for Gps(He), Moxom et al (1994) later concluded 

that the absence o f a cusp feature in oei was a result o f a dominant p-wave contribution 

to Gps. However, Van Reeth and Humberston (1997) calculated the s-, p- and d-wave 

contributions to Gps in the Ore gap, and found that the contributions from all partial
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waves fortuitously combine to give the experimentally observed energy dependence. 

The partial-wave analysis o f Moxom et al (1994) did not therefore, reflect the true 

complexity of contributions to aps in this energy region.

Differential elastic scattering cross section (dcyei/dQ) measurements have also 

been made for the inert gases, predominantly Ar. In early studies (e.g. Coleman and 

McNutt 1979), dae]/d0 was actually measured (where 0 is the e+ scattering angle), by 

fixing the incident energy and monitoring e+ flight times with and without the target gas 

present. d<rei/dQ was subsequently obtained using d aei/dQ=(27isin0)'1 dae|/d0. Later 

investigations employed systems with an electrostatically transported beam and rotatable 

detectors to measure daei/dQ directly (Hyder et al, 1986). Using the latter apparatus, 

Dou et al (1992ab and 1993) found resonance-like structure in daei/dQ for Ar, Kr and 

Ne respectively. They suggested this could be attributed to the effects of complex 

coupling between the elastic and ionisation channels, in light of similar features found in 

various calculations available at that time (Higgins and Burke 1991, Hewitt et al 1991). 

However, further experimental results by the same group (Przybyla et al, 1995) and, 

independently by Finch et al (1996ab), failed to reproduce this structure. More extensive 

calculations by Kemoghan et al (1994) have also shown that such features are artificial, 

and a result o f the neglect or inadequate representation of ionisation channels.

Przybyla et al (1997) recently measured quasielastic differential cross sections 

for CH4 , as they were unable to discriminate against rotational and vibrational 

excitations with the large energy width o f their projectile beam. Comparisons of the e+ 

and e‘ cross sections obtained for CH4  with those for Ar, appeared to indicate that 

diffraction effects were related to the sign of the net interaction potential and the degree 

o f spherical symmetry of the target.

1.5.3 Excitation

Although e+ impact excitation was one of the first inelastic processes to be 

studied experimentally, data in this area are still lacking, in part due to the small cross 

sections involved. Investigations have generally employed time-of-flight (TOF) 

techniques, which are unable to distinguish between energy loss and angular deflection.
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The com paratively broad energy distribution o f  e+ beam s also m akes it difficult to 

separate out individual transitions. The e+ im pact excitation cross section ( a ex) o f  He 

was first investigated by Colem an and Hutton (1980). Their m easurem ents were 

confined to incident e+ energies o f  up to lOeV above Eex, because o f  difficulties in 

distinguishing betw een the excitation and ionisation peaks in the spectra at higher 

energies. The dom inant contribution to a ex in this region was found to be excitation o f  

the 2 1S state. However, as only forward scattered e+ were accounted for in this study, the 

cross section obtained represents a lower lim it on the true value o f  a ex.

•  Coleman et al (1982) 
o Sueoka et al (1989)

Parcell et al (1987)

 Varracchio & Parcell (1992)

 Hewitt et al (1992)

0.2

CN

O 2 S+2 P

b

0.0

50 150100 200
Energy (eV)

Figure 1.6: Positron impact excitation cross sections for He.

Sueoka (1982) later refined the TOF m ethod o f  Colem an and Hutton (1980), by 

using a retarding potential to separate excitation and ionisation events. This allowed the 

energy range over which data was taken to be increased and, in figure 1.6, the sum m ed 

cross section for excitation o f  the 2 1S and 2 1P states o f  He (Sueoka 1989) is displayed. 

Also shown for com parison are the results o f  various theoretical calculations. 

M easurem ents o f  a ex have since been extended to Ne and A r targets by Colem an et al 

(1982) and Mori and Sueoka (1994). Katayam a et al (1987) have investigated e+ impact 

excitation o f  O 2 to the Schum ann-Runge continuum  and, by com paring these results
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with their corresponding total ionisation cross section measurements, Laricchia et al

(1993) have observed correlated behaviour attributed to coupling between the Ps 

formation, excitation and direct ionisation channels.

1.5.4 Ionisation

At intermediate energies, the dominant inelastic processes which occur for e+ 

scattering are direct ionisation and Ps formation, as represented by reactions 1.6 and 1.7 

respectively.

These processes have been the focus of many experimental and theoretical 

investigations and there follows a summary of this work. A more detailed account of 

previous studies of Ps formation from H, and direct ionisation of H and the noble gases, 

can be found in chapter 2.

Ps Formation

Prior to direct measurements, Ps formation cross sections (aps) were estimated 

from lifetime spectra of e+ in gases (Charlton et al, 1979) or, by subtracting extrapolated 

values of a ei from ox, for energies below Eex (Griffith and Heyland 1978). The first 

direct measurements of Gps were obtained for the inert atoms (Charlton et al, 1983) and 

some molecules (Griffith 1983), by counting three photon coincidences from the self- 

annihilation o f o-Ps. However, this investigation was later found to suffer from serious 

systematic errors (Charlton and Laricchia 1990), arising from the anisotropic 

distribution of o-Ps upon formation and its loss via quenching collisions with gas cell 

walls. Different techniques were employed by later experiments to determine G ps. 

Fomari et al (1983) and, more recently, Stein et al (1996) measured the fraction of 

scattered e+ lost from a magnetically confined beam. Assuming negligible losses

e+ + A —>An+ + e+ + ne (n = 1,2,3..) 

e+ + A —>A+ + Ps

( 1.6)

(1.7)
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through direct e+ annihilation, this fraction was attributed to Ps formation. Stein et al 

(1996) considered the cross section obtained in this manner to be an upper limit on the 

true value of aps, as it may include contributions from backward scattered e+. They 

additionally measured two photon coincidences, from the self-annihilation of p-Ps and 

quenched o-Ps, to obtain a lower limit on <jps. Fromme et al (1986) simultaneously 

measured both the total ion yield and the number of e+-ion coincidences, and obtained 

Gps from the difference between the two. Alternatively, measurements of the total ion 

yield below the ionisation threshold (Ej), have been taken as equivalent to Gps (e.g. 

Moxom et al, 1993).

Ps formation cross sections have now been experimentally determined for all 

inert atoms (Overton et al 1993, Diana et al 1985a, Zhou et al 1994b and Stein et al 

1998 for He, Ne, Ar and Kr and Xe respectively), H (Zhou et al, 1997), the alkali atoms 

Na to Rb (Stein et al, 1996) and various molecules such as H2 (Zhou et al, 1997), CO2  

and CH4  (Kwan et al, 1998). The data for atomic and molecular H will be discussed in 

chapter 2. For the inert atoms, ops is observed to increase with the target atomic number 

(Z) and the cross section maxima become narrower and shift to lower incident e+ 

energies. This is in accordance with the Massey Criterion, which states that charge 

transfer is maximised when the speed o f the projectile is approximately equal to the 

quasi-classical speed of the target e*. Stein et al (1998) also believe that structure in their 

cross sections for Ar and Kr, may be related to Ps formation via capture of e" from inner 

subshells.

Theorists have predominantly studied Gps for He and, in figure 1.7, the results of 

several calculations are compared with experimental data. At higher energies, the data 

o f Overton et al (1993) are in much better agreement with theory than the previous 

measurements. The discrepancy between theory and the results of the earlier 

experiments has been attributed (Schultz and Olson 1988) to the insufficient collection 

o f e+ scattered to large angles which, especially at energies where the cross section is 

small, can lead to significant overestimates of ops. Overton et al (1993) carefully retuned 

the guiding magnetic field o f their system at each energy studied, to ensure radial 

confinement o f all scattered e+ and to eliminate the effects o f energy dependent beam 

deflections.
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Figure 1.7: Cross sections for Ps formation from He.

Ps form ation and total scattering cross sections for the alkali atom s Na, K and 

Rb (from Stein et al, 1996) are displayed in figure 1.8. As noted in section 1.5.1, Eps for 

the alkalis lies below  OeV, hence the cross section for Ps form ation in the ground state 

tends to infinity as the incident e  ̂ energy approaches zero (W atts and H um berston 

1992). This behaviour is observed in aps for Na, but the cross sections for K and Rb are 

approxim ately 50% lower at leV , prior to peaking at around 8eV. These peaks appear to 

give rise to corresponding structure in a r  for K and Rb and, through com parisons with 

theory (H ew itt et al 1993, K em oghan et al 1996b), have been attributed to excited state 

Ps form ation. Such structure is not observed for Na, for which ground state Ps form ation 

still dom inates. Excited state Ps form ation is believed to becom e increasingly im portant 

for the heavier alkali atom s (see e.g. W alters et al, 1995). Theoretical calculations which 

include the Ps form ation channel are consequently found to be m ore consistent with 

experim ent (see Stein et al, 1996 and references therein), particularly in the case o f  K 

and Rb.

Experim entally determ ined aps do not generally distinguish betw een Ps 

form ation in the ground and excited states. However, Laricchia et al (1985) m easured 

excited state Ps form ation in Ne, Ar and H 2 by detecting the 5.1eV L ym an-a photon,

A Fom an et al (1983)
□ Fromme et al (1986)
O Diana et al (1986)
•  Overton et al (1993)

Mandal et al (1979)
 Khan et al (1985)

—  -  Sarkar et al (1992)

 Hewitt et al (1992)

McAlinden & Walters (1992)
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from the (2P-1S) transition, in delayed coincidence with an annihilation photon. The 

highest yield was obtained for H2 , but no cross sections could be derived because this 

contribution was still only a small percentage (at maximum 6%) of the e+ stopped in the 

gas.
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Figure 1.8: Total e+ scattering and Ps formation cross sections for the alkali atoms (from Stein 

et al, 1996).

Theoretical calculations, such as those of Mandal et al (1979) and Brown and 

Humberston (1985), predicted that Ps formed by charge transfer in e+-atom/molecule 

collisions predominantly emerges in the forward direction. Measurements of differential 

Ps formation cross sections (daps/dQ) were originally made at small forward angles to 

investigate such claims, with a view to developing Ps beams (see Laricchia 1995c, for a 

review o f the progress in this field). More recently, daps/dQ have been studied at larger 

scattering angles by measuring Ps-ion coincidence rates. Finch et al (1996b) determined 

daps/dQ for Ar at 60° as a function of e+ impact energy, whereas Falke et al (1997) 

measured dcjps/dQ at fixed incident e+ energies, for Ar and Kr, from 0°-120°. In the 

latter investigation, the angular dependence o f transfer ionisation (whereby double 

ionisation o f the target ion occurs via the simultaneous ejection of an e’ and the 

formation o f Ps) was also determined. Disagreements have been found between the
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results of both of these experiments and the calculations of McAlinden and Walters

(1994).

Direct Ionisation

Direct single ionisation cross sections (cjj+) were first obtained in conjunction 

with (Tex, in the time-of-flight experiment of Coleman et al (1982), for He, Ne and Ar 

targets. A technique which is now more commonly used is the measurement of e+-ion 

coincidences and, to a lesser extent, the measurement of ejected e‘-ion coincidences (see 

e.g. Moxom et al 1996 and Falke et al 1997 respectively). a *  have been determined for 

most o f the noble gases, H and some molecules and the various experiments are 

described in chapter 2. In addition to their use in partitioning total cross sections, 

comparisons o f a f  from these investigations with those obtained for equivelocity e', 

proton (p+) and antiproton (p’) impact, have provided insights into the dynamics of the 

collision process and elucidated the roles of projectile mass and charge.

Further information on collision dynamics can be gleaned through differential 

measurements and single (SDCS), double (DDCS) and even triple (TDCS) differential 

cross sections have recently been determined. Such studies have been limited to targets 

which have a reasonably large cross section, due to the low e+ beam intensities 

available. d<7j+/dQ for Ar and, both dafVdQ and d(Tj2+/dQ for Ar and Kr, were obtained 

by Finch et al (1996b) and Falke et al (1997) respectively, in conjunction with their 

investigations o f daps/dQ. Moxom et al (1992) obtained the first DDCS for e+ impact 

ionisation o f Ar, by measuring the energy distribution of e' ejected about 0° with a TOF 

technique. Subsequent measurements were made with an electrostatic system by Kover 

et al (1993,1997), where a parallel plate analyser was used to determine the energy of 

the projectiles scattered at 0° and 30° respectively. Kover et al (1994) employed a 

retarding field analyser to measure the energy spectra o f both the scattered projectiles 

and the ejected e', at 30° and 45°. Their DDCS data, for single ionisation o f Ar by a 

lOOeV incident e+ beam, are displayed in figure 1.9 overleaf. Also shown are the 

calculations of Sparrow and Olson (1994), which are in good agreement with the ejected 

e' energy spectra, but exceed the scattered e+ data at higher energies. This discrepancy
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has been found to increase w ith the e+ scattering angle and may be related to the 

growing im portance o f  close collisions, in which the e+ transfers m ost o f  its energy and 

m om entum  to the bound e‘ (K over et al, 1997).
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Figure 1.9: Energy distribution o f  ejected e‘ (open sym bols) and scattered e' (filled circles) at 

30°, from lOOeV e impact ionisation o f  Ar (from Kover et al, 1994), with the calculations 

(solid lines) o f  Sparrow and Olson (1994).

Contrary to the predictions o f  M andal et al (1986), no cusp structure was found 

in any o f  the aforem entioned DDCS m easurem ents, which w ould have indicated the 

phenom enon o f  e ' capture to a low lying continuum  state o f  the e+ (ECC). However, this 

result is in accord with classical trajectory M onte Carlo calculations (e.g. Schultz and 

Reinhold 1990, Sparrow  and Olson 1994), which predicted that a ridge-like feature 

instead o f  a sharp cusp should occur, due to deflection o f  the light e+ projectile through a 

wide range o f  angles. Experim ental evidence for ECC has recently been observed in the 

first TDCS m easurem ents o f  e" im pact ionisation, by K over and Laricchia (1998). These 

were obtained for a H 2 target, by detecting the scattered e+ and ejected e" (which was 

energy analysed) in coincidence around 0°. A small broad peak was observed in the 

ejected e' energy spectra and attributed to ECC, a conclusion consistent with the recent 

calculations o f  Berakdar (1998).
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1.6 Aims of the Present Work

In this chapter, a general background to the study of e+ and their interactions in 

various media has been given. The aim of the present investigation was to measure the 

single ionisation cross section and the ratio of the double to single ionisation cross 

sections o f Ne, Kr and Xe, using the experimental arrangement of Ashley (1996). 

Following suitable modifications, this apparatus was also used to measure the total and 

direct e+ impact ionisation cross sections o f H, from which the Ps formation cross 

section could be deduced. In chapter 2, previous studies o f e+ impact ionisation o f the 

noble gases and of atomic and molecular hydrogen are described and outstanding 

problems, which provide the motivation for this work, are highlighted.



Chapter 2

Positron Impact Ionisation and 

Positronium Formation

The processes of direct ionisation and Ps formation for e+ scattering have been 

briefly discussed in chapter 1. In the following chapter, the available experimental and 

theoretical data for direct ionisation of the inert atoms and ionisation of atomic and 

molecular hydrogen (whether directly or via Ps formation) will be reviewed. 

Comparisons will also be made to corresponding equivelocity e', p+ and p" studies where 

appropriate, which have led to the development of a picture o f atomic collision 

dynamics.

2.1 Direct Ionisation of the Inert Atoms

2.1.1 Review of experimental work

As noted in section 1.5.4, combined cross sections for e+ impact ionisation (Gj+) 

and excitation (aex) of He, Ne and Ar were obtained by Coleman et al (1982), using 

time-of-flight (TOF) spectroscopy. However, the first direct ionisation cross sections for 

these targets were determined by Sueoka (1982) and Mori and Sueoka (1984), with their 

retarding-potential TOF technique. They also measured (G j++ G ex) ,  but in addition 

obtained G ex alone, by setting a retarding potential sufficient to prevent all e+ which have 

participated in ionisation from reaching the e+ detector. Gj+ were subsequently obtained 

by subtraction of G ex from (G j++ G ex) .  Their results for e+ impact were similar to those for 

e’ impact over most of the energy range investigated, but these measurements
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were later found to have suffered from large systematic errors, arising from the effects 

of multiple e+ scattering. They were therefore superseded by data obtained with a 

modified experimental arrangement (Sueoka 1989, Mori and Sueoka 1994). A retarding 

potential was not employed in the latter study, as it was found to be too difficult to fully 

correct for its effects (Mori and Sueoka 1994). Contributions to the e+ TOF spectra from 

ionisation and excitation events were instead separated purely by the difference in axial 

velocity. Inelastic cross sections (ainei) were calculated using equation 2.1

® in e l
' inel (2.1)

where Iscatt represents the number of e+ undergoing any form of scattering and Iinei the 

number participating in the inelastic process in question. Absolute total cross section 

(ctj) values were obtained from the literature.
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Figure 2.1: A schematic of the apparatus employed by Diana et al (1985b).

Measurements of aj+(He) were also made by Diana et al (1985b), using the same 

apparatus and a similar technique to that employed by Fomari et al (1983) to study Ps
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formation. Their apparatus is shown in figure 2.1 and basically consisted o f a e+ beam 

which was magnetically guided down a 2.3m long flight tube, from the source region to 

a channeltron detector. Gas was leaked into the system at the source end and the entire 

apparatus was used as a scattering cell. <7j+ was calculated using equation 2.1, as in the 

experiment o f Mori and Sueoka (1994). Although in this case, the number o f incident e+ 

that produce ions (Iinei) was determined by monitoring e' count rates and ISCatt was 

determined by monitoring the decrease in beam intensity, with the retarding field 

analyser set to only allow the passage o f unscattered e+.

A more direct measurement of a *  for e+ impact on He and H2 targets, was made 

by Fromme et al (1986,1988) using the apparatus shown in figure 2.2.

Gas
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ExB mass  s p e c t r o m e t e rM o d e r a t o r

Figure 2.2: A schematic of the apparatus employed by Fromme et al (1986,1988).

The scattering cell in this experiment consisted o f a long glass tube lined with a W 

helix. A longitudinal electric field, created by drawing a current through this wire, was 

used to extract ions and all scattered and unscattered e+, except those which are 

elastically backscattered or lost through Ps formation. An ExB field was then employed 

to separate the ions from the e+ and to deflect the particles to their respective detectors. 

Positron and ion count rates were monitored individually and in coincidence, to
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simultaneously obtain relative total and direct ionisation cross sections respectively. The 

effects o f an energy dependent ion extraction efficiency were accounted for by 

comparing measurements o f c ij+( e ' ) ,  made using secondary e' from the moderator, with 

accepted values and assuming that the differential cross sections for e+ and e' impact 

were the same. Absolute cross sections were then obtained by normalising Oi+(e+) to 

existing e' data (of Montague et al 1984 for He, and Rapp and Englander-Golden 1965, 

for H2) at high energies, where there were indications that the cross sections for the two 

projectiles had converged.

Further data on e+ impact ionisation o f He, H2 , Ne and Ar has been obtained by 

the Aarhus group (Charlton et al 1988,1989, Knudsen et al 1990, Jacobsen et al 

1995ab), as part o f a series o f investigations in which data was also collected on single 

and multiple ionisation by e', p+, p’ and heavy ion impact (see Knudsen and Reading 

1992 and references therein). Their investigations o f multiple ionisation by e+ impact 

will be detailed later in this section, whilst in section 2.1.3, a comparison o f the cross 

sections obtained for particle-antiparticle impact will be made.

MODERATOR

EARTH GRID

DTP PUMPDFF PUMP t UBE DTP PUMP

S  0  B  0 3  1 3 3  e g g  casa

Figure 2.3: A schematic of the apparatus employed by Knudsen et al (1990).

In figure 2.3, the experimental set-up employed by Knudsen et al (1990) is 

schematically illustrated. A e+ beam was magnetically confined for the length of the 

apparatus and was detected at the end of the beam line by a pair of microchannel plates 

(MCP). An ion extraction field was triggered by the arrival o f e+ at the MCP detector, in
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order to avoid the effects of energy dependent beam deflections. This field accelerated 

ions out of the gas cell and towards a ceratron detector. As in the experiment of Fromme 

et al (1986,1988), ions were monitored in coincidence with the scattered e+, in an 

attempt to discriminate against those formed via Ps formation. However, Knudsen et al 

(1990) applied additional corrections to their data, in order to account for random 

coincidences between uncorrelated e+ and ions formed by fast particle ionisation or Ps 

formation. The former process was found to result in a small constant contribution to the 

cross section, which was observable for incident energies below the Ps formation 

threshold. Contributions from the latter process amounted to aap s, where a  was 

empirically determined from the cross section values obtained in the energy range 

Eps<E<Ej (Eps and Ej being the thresholds for Ps formation and ionisation respectively) 

and aps was estimated from a “universal Ps formation cross section”, deduced from 

existing data. Their results were then normalised at IkeV to the e' data of Rapp and 

Englander-Golden (1965), which had been adjusted for contributions from multiple and, 

in the case of H2 , dissociative ionisation.

Jacobsen et al (1995ab) repeated the measurements o f Knudsen et al (1990) with 

an improved version o f their apparatus and data collection technique. They installed a 

Wien filter in front of the gas cell, which deflected the slow e+ beam off axis and thus 

removed most of the fast particle background. A weak electric field was also 

permanently applied across the gas cell, to reduce ion lifetimes and thereby minimise the 

background contribution to the ion signal from random coincidences. Such coincidences 

are related to the count rate of the beam detector ( R d )  and, in the limit that this rate 

tends to zero, they also become zero. Ionisation measurements were hence made for a 

variety o f impact energies as a function of Rd, by biasing off different fractions of the 

beam. The “true” direct ionisation cross section values were then obtained by 

extrapolating these results to zero beam intensities. Finally, the relative cross sections 

were put on an absolute scale by normalising to the e' results of Kossman et al (1990) 

for H2 and those of Krishnakumar and Srivastava (1988) for He, Ne and Ar, above 

1.6keV and at IkeV respectively.

The most recent measurements o f direct ionisation are those of Moxom et al 

(1996) for He, Ar, Kr and H2 up to IkeV, in conjunction with detailed near threshold 

measurements for He and H2 (Ashley et al, 1996). Their apparatus was used in the
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present investigation and will be described in detail in chapter 3. It basically consisted of 

a magnetically confined e+ beam which was crossed with a jet of the target gas. As in 

previous studies at Aarhus, an ion extraction field was pulsed on by the detection of e+ 

at the end o f the flight path, and ions were detected in coincidence with the delayed e+ 

signal. However, the contribution from random coincidences was explicitly determined, 

by measuring particle-ion coincidences whilst preventing any e+ which had participated 

in ionisation from reaching the detector. A narrow longitudinal beam energy spread, of 

0.5eV FWHM, was achieved by electrostatically biasing off the low energy portion of 

the beam. This is essential for measurements o f near threshold ionisation, as is an 

accurate calibration of the incident projectile energy. The energy o f the e+ beam was 

determined by measuring the onset of <jps for Ar, Kr and Xe and then fitting the data to 

the s-wave energy dependence of (E-Epg)1/2, which had been found to dominate for a few 

eV above threshold for these targets (Moxom et al, 1994). For the noble gas targets, 

absolute cross sections were obtained through normalisation to aj+ for e' impact 

(Krishnakumar and Srivastava 1988), between 600-1000eV. The H2 data were 

normalised to the total (i.e. including contributions from dissociative ionisation) e' 

impact ionisation cross section of Rapp and Englander-Golden (1965) over a similar 

energy range.

The e+ impact ionisation cross sections, obtained for He, Ne and Ar targets by 

the various investigations detailed above, are compared in figure 2.4. Within the 

associated large uncertainties, the data of Mori and Sueoka (1994) are reasonably 

consistent with the other measurements for each target. The results o f Diana et al 

(1985b), for He, also suffer from poor statistical uncertainties and were only obtained 

over a limited energy range, from 100-200eV. The four most recent measurements of 

cjj+(He) are in fair agreement from near threshold to IkeV. However, the peak in the 

cross section of Fromme et al (1986) is smaller than that o f e.g. Moxom et al (1996), by 

20%. In addition, from 30-60eV, the data of Fromme et al (1986) exceed the later 

measurements (Moxom et al 1996, Jacobsen et al 1995b) and this difference is o f the 

order of 47% at 35eV. This could be attributed to the improved discrimination against 

Ps formation in the later measurements. In the case of Ne and Ar, the improved 

measurements from the Aarhus group (Jacobsen et al, 1995b) are systematically smaller 

than the earlier ones (Knudsen et al, 1990) at low and intermediate energies.
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Figure 2.4: Cross sections for single ionisation o f He, Ne and Ar by e impact.
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There is good agreement between the data o f Moxom et al (1996) and Jacobsen et al 

(1995b) for Ar.

The single ionisation measurements of Ashley et al (1996), for He and H2 , are 

generally considered to be the most accurate in the near threshold region. These data 

were found to rise more slowly from threshold than the corresponding cross section for 

e' impact. This is in qualitative agreement with the Wannier theory (Wannier 1953), 

which predicts that at impact energies just above the ionisation threshold

a? oc(Ey (2.2)

where E’ is the final-state kinetic energy of the system and n is predicted to be equal to 

1.127 and 2.651, for e' and e+ (Klar 1981) impact respectively. However, Ashley et al 

(1996) obtained lower values of n than predicted, which they believe may indicate that 

the range of validity of the theory is smaller than expected.

Multiple ionisation by e+ impact has generally been investigated through 

measurement of the ratio of the relevant cross section to that for single ionisation. This 

value is independent of variations in the beam intensity and the target gas pressure, and 

is therefore easier to determine experimentally. The ratio o f the double to single 

ionisation cross sections (R2) was first measured from threshold to 5keV by Charlton et 

al (1988,1989), for e+ and e' impact on He, Ne and Ar. Their experimental arrangement 

was essentially the same as that later employed by Knudsen et al (1990), but in this 

study the e+ beam intensity was measured with a Nal detector, which monitored the y- 

rays produced by e+ annihilation on an Al target at the end of the scattering cell. It was 

assumed that e+ which had caused single or double ionisation were detected with equal 

efficiency and the influence of Ps forming processes was ignored. R2 values were 

calculated from TOF spectra using

R2 = a f V a t  = £+N2W +N* (2.3)

where N+ and N2+ are the numbers o f singly and doubly charged ions respectively and 

e+, e2+ represent their corresponding detection efficiencies by a ceratron. These depend 

only on the ion impact velocity and were deduced by comparing the R2 values obtained
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for e' impact with existing data (Rudd et al, 1985). Charlton et al (1988,1989) employed 

a constant ion extraction field in their experiment and measurements o f R2 for Ne and 

Ar, at incident e+ energies below 500eV, were found to be dependent on this field. 

These data may therefore have been systematically underestimated by approximately 

10% in this energy region. The R2 (e+) data of Charlton et al (1988,1989) for He and Ar 

targets are displayed in section 2.1.3, along with corresponding data for e", p+ and p' 

impact.

Measurements o f both R2 and R3 (the ratio of the triple to single ionisation cross 

sections), were made for e+ and e" impact on Xe by Kruse et al (1991). They essentially 

employed the same apparatus and technique as Fromme et al (1986,1988). In addition, 

they strengthened the magnetic field around the interaction region using a water-cooled 

coil, in order to reduce the loss of ions due to wall collisions. Their e' measurements 

were normalised to the data of Krishnakumar and Srivastava (1988). The constants thus 

obtained were then used to correct their e+ data, for the effects of an energy dependent 

ion extraction efficiency and the varying detection efficiency for ions o f different charge 

states.

Helms et al (1994ab,1995) investigated multiple ionisation o f Ar, Kr and Xe 

targets by e+ impact. They measured the ratio of the cross sections for double to single 

and triple to single total ionisation, from threshold to IkeV. As this includes Ps 

formation, these values will be denoted by R2 ,tot and R3)tot respectively. They also 

determined R2 ,t0t values for Ne at a few energies. As illustrated in figure 2.5, their 

experimental arrangement comprised a target chamber connected to a TOF mass 

spectrometer, and was coupled to an e" linear accelerator based slow e+ source. A 

magnetic field was used to guide the e+ beam, but the interaction region and mass 

spectrometer were screened by p-metal shielding. The gas target was pulsed and ions 

were extracted from the interaction region by a small electric field. The relative yields of 

ions of different charge states were determined from TOF spectra and, as in previous 

experiments, corresponding e' measurements (normalised to the data o f Syage 1992) 

were used to correct for the relative ion detection efficiencies. By multiplication of these 

R2 ,tot and R3 ,tot values with known cross sections for single ionisation and Ps formation, 

absolute cross sections for double and triple total ionisation o f Ar respectively, were 

additionally obtained by Hippier et al (1996).
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Figure 2.5: A schematic of the apparatus employed by Helms et al (1994ab,1995).

2.1.2 Review of theoretical work

Theoretical calculations for direct ionisation of the inert atoms are scarce, and 

have predominantly been restricted to the e+-He system. The results of some o f these 

calculations are compared in figure 2.6, along with the experimental data of Moxom et 

al (1996). The first direct quantum mechanical calculations o f a j+(H e) were made by 

Basu et al (1985). They performed four separate calculations, in which the incoming e+ 

was represented by either a plane or distorted wave, in combination with either an 

unscreened or a completely screened final state. The choice o f the incident wave 

function was found to have little effect on their results, which were instead sensitive to 

the representation of the final state. In figure 2.6, their DW2 results, consisting of a 

distorted wave in the initial state and a screened final state, are shown. They tend to 

exceed the experimental data at low energies and predict a cross section maximum 

which is both smaller in magnitude and shifted to lower energies. This may be a result 

o f employing too simple a H e ground state wave function, as suggested by Basu et al 

(1985) and/or, the fact that their summation over partial waves had not converged at 

higher energies (Campeanu et al, 1987).
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Figure 2.6: A comparison of theoretical and experimental data for the single ionisation cross 

section of Fie by e impact.

Follow ing Basu et al (1985), Cam peanu et al (1987) also calculated Gj+(He) 

w ithin a distorted wave form alism , but used a m ore accurate He ground state wave 

function. The incident e+ wave function was represented by a sim ple plane wave and the 

effects o f  screening and distortion in the final state were studied in detail. Only m odels 

which included com plete screening o f  the residual ion were able to reproduce the shape 

o f  the experim ental data, and distortion effects were found to increase Gj+ overall, 

irrespective o f  the model employed. The DCPE3 model o f  C am peanu et al (1987) 

allows the energy o f  the ejected e" to be less than or greater than that o f  the scattered e+. 

For the first scenario, DCPE3 incorporates the screening o f  the residual ion by the 

ejected e", exchange effects and the polarisation distortion o f  H e+. For the second 

scenario, distorted wave functions were not included, because the polarisation distortion 

and exchange are considered to have little im portance in the e '-(e+He+) scattering 

channel. The results o f  this m odel were extrapolated from incident e+ energies o f  150eV 

to 500eV by Cam peanu et al (1996). These data are shown in figure 2.6 and are in better 

agreem ent with the experim ental data than the calculations o f  Basu et al (1985), 

although slight discrepancies do exist at low and interm ediate energies. Cam peanu et al
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(1996) also calculated a *  for Ne and Ar targets, using a simpler model (CPE) in which 

distortion effects were neglected. These calculations included ionisation of all shells but, 

possibly as a result of the simple representations of the final state wave functions, were 

found to overestimate experimental results below 50eV (Campeanu et al, 1996).

Schultz and Olson (1988) calculated both direct ionisation and charge transfer 

cross sections for e+ and p+ impact on He, using the three-body, three-dimensional 

classical trajectory Monte Carlo (CTMC) technique. The three bodies consisted o f the 

projectile, the target core (He+) and the active target e \ All classical forces between 

these bodies were included, but target e‘-e‘ interactions were neglected. The one e' 

transition probabilities obtained with this method were adjusted using the independent e* 

model, to account for the fact that there are two e' present in reality. As illustrated in 

figure 2.6, these CTMC calculations are in accord with experiment at low energies. In 

contrast to the DW calculations described above, they tend to reproduce the magnitude 

o f the cross section maximum, but not its position. At higher energies, the CTMC 

results fall below the experimental and other theoretical data.

Ratnavelu (1991) used the continuum optical potential model (COM) to obtain 

cii+(e+) for H and He. They performed a close coupling calculation, in which the effect of 

the target continuum was described by an optical potential. The incident e+ was 

represented by a plane wave and the extreme screening approximation (McCarthy and 

Stelbovics 1983) was employed, in which a plane wave was approximated for the “fast” 

(with respect to the scattered e+) ejected e'. When moving slower than the scattered e+, 

the ejected e' was represented by a Coulomb wave. The results of Ratnavelu (1991) are 

in fair agreement with experiment over the entire energy range investigated.

Chen and Msezane (1994) performed coupled state calculations to evaluate e+ 

and p+ impact ionisation cross sections for He. The nucleus o f the target was assumed to 

be stationary at the origin throughout the entire collision process. Nine radial 

pseudostates were included for each s, p, d and f  angular momentum, to represent the 

continuum states. One target e' was “frozen” during the collision, leaving only one 

active e‘ (as in the CTMC calculations of Schultz and Olson 1988) which can be 

ionised. The fact that there are actually two e" present in the atom, was accounted for by 

having a factor of two in the final cross section. Although the results of Chen and
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Msezane (1994) generally exceed the data of Moxom et al (1996), they can be seen to 

reproduce the energy dependence of the experimental data very well from 60-1000eV.

The most recent calculations shown in figure 2.6 are those of Campbell et al 

(1998), who performed a proper two-electron treatment of the e+-He system, in the 

coupled state approximation. They used a large basis set of 27 atom and Ps pseudostates 

and incorporated the effects of Ps formation and exchange. These calculations also 

included a dielectronic term and its e+ counterpart to describe respectively, the 

interaction of the target e' with each other and with the e+, through polarisation o f the 

ionic core. At low energies and in the region of the cross section maximum, their results 

are in fair agreement with the experimental and the other theoretical data displayed, 

undercutting them by at most «13%.

2.1.3 Comparisons to e", p+ and p‘

As noted in section 2.1.1, a series o f investigations o f single and multiple 

ionisation by the impact o f particle-antiparticle pairs: e+ and e‘, p+ and p', was originally 

initiated by the Aarhus group. By using essentially the same apparatus and technique for 

each investigation, comparisons between the cross sections obtained for each projectile 

were facilitated and less likely to be affected by systematic errors. Such studies (for a 

review, see e.g. Knudsen and Reading 1992) have helped to identify many effects 

related to the charge and mass of the projectile, and have generally increased our 

understanding of the dynamics o f ionisation.

In figure 2.7, the cross sections for single ionisation of He by e+, e', p+ and p* 

impact are compared on an equivelocity scale. Above approximately IMeV/amu, the 

projectile velocity (vp) is much greater than that o f the target e' (ve), and the four cross 

sections are observed to have the same energy dependence, a *  is therefore independent 

of both the sign o f the charge (q) and mass of the projectile in this region, and the 

interaction is assumed to be adequately described by the First Bom approximation 

(FBA), which predicts

(j,+ ocq2Vp2lnvp (vp» v e) (2.4)
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This approximation is valid at high projectile velocities, where the collision times are 

short and the target wavefunction remains unaltered during the first part o f the collision. 

As vp is reduced, collision times increase and the cross sections for the positively 

charged particles can be seen to exceed those o f their negatively charged counterparts. 

This has been attributed to polarisation o f the target e' cloud during the first part of the 

collision and final-state correlation effects (Knudsen et al 1990, Campeanu et al 1987, 

Schultz et al 1991). The e+ and e‘ impact ionisation cross sections at intermediate 

velocities are also lower than those for equivelocity p+ and p' impact respectively, due to 

the lower kinetic energy (by a factor o f 1836) o f the light projectiles.
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Figure 2.7: A comparison of the cross sections for single ionisation of He by e+ (Moxom et al, 

1996), e' (Krishnakumar and Srivastava 1988), p+ (dash-dot curve, Shah et al 1989; dash-double 

dot curve, Shah and Gilbody 1985) and p’ (circles, Andersen et al 1990; triangles, Hvelplund et 

al 1994) impact.

At the lowest velocities investigated, the Coulomb interaction between a 

projectile and the target nucleus, will tend to accelerate negatively charged particles 

towards high e' densities. The combination of this deflection and velocity enhancement 

will tend to increase cr* for p' and e \ In contrast, a *  for p+ and e+ will be reduced, 

because the positively charged particles will tend to be decelerated and repelled from the
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target. These “trajectory effects” are expected to be more pronounced for the light 

particles, which are easier to deflect and for whom (due to their lower kinetic energy) 

changes in velocity would be more significant. In addition, the target e' will experience 

an increased or decreased binding if, respectively, a positively or negatively charged 

projectile penetrates their orbit. As the projectile velocity approaches that of the target e' 

(V p*ve) , exchange and e' capture become significant for e" projectiles and p+/e+ impact 

respectively. Overall, the combination of trajectory effects, binding/antibinding and e' 

capture, result in lower cross sections for positive projectiles with respect to their 

negatively charged counterparts. It should be noted that such processes will persist in 

influencing the cross sections for the light projectiles, which have comparatively less 

kinetic energy, to a higher velocity than for the heavier projectiles, erf (e+) and Oj+(e‘) fall 

to zero (around 0.05MeV/amu) much faster than aj+(p+) and <Ti+(p’), as the kinetic 

energy o f the e+ and e' projectiles approaches the threshold for ionisation of the target.

Prior to the present investigation, this picture of the dynamics of the single 

ionisation process was thought to apply to all targets. However, Moxom et al (1996) 

noted in their study of He, Ar, Kr and H2 , that the ratio of the e+ to e' single ionisation 

cross section maxima appeared to decrease with increasing target atomic number (Z). As 

mentioned previously, the greater effectiveness of e+ impact ionisation at intermediate 

energies had been partly attributed to polarisation effects. Target polarisability increases 

with Z and hence this trend was rather unexpected. A further investigation of this effect 

was part o f the motivation for the present work, as will be discussed in section 2.3.

The ratio o f the double to single ionisation cross sections (R2) of He for 

equivelocity e+, e', p+ and p' impact are shown in figure 2.8. The relationship between 

the four sets of data is in marked contrast to that observed for single ionisation. At low 

incident velocities, the e' data display a similar velocity dependence to the e+ data and 

the p+ and p' data are also similar. This behaviour is thought to predominantly reflect the 

mass differences between the two sets of particle-antiparticle pairs. As the double 

ionisation threshold is approached, R2 values for the light projectiles decrease rapidly. 

The low kinetic energy of these particles causes a reduction in the number of accessible 

He2+ final states and hence, a drop in R2(e+) and R2 (e'). In contrast, low velocity p+ and 

p ' still have sufficient energy to cause ionisation.
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Figure 2.8: A comparison of the ratio of the double to single ionisation cross sections of He for 

e+, e', p+ and p' impact (after Knudsen and Reading 1992).

Towards high incident velocities, charge dependent behaviour is apparent as R2 

values for p+ and p* impact merge with those for e+ and e' impact respectively. Gj+ for all 

four projectiles are identical above «lMeV/amu, hence any differences observed above 

this energy amongst the R2 data can be attributed to double ionisation processes. Double 

ionisation o f an atom is thought to occur by one of the following mechanisms: 

interaction between a projectile and one e', which thereby gains sufficient energy to be 

able to liberate a second e‘; interaction between the projectile and two atomic e‘ or; 

interaction between a projectile and a single e‘ followed by ionic relaxation or “shake- 

o ff’. The first two mechanisms are both two-step processes, which respectively involve 

one and two projectile-electron interactions. They are therefore denoted by TS-1 and 

TS-2 respectively, whilst the third mechanism, which also involves only one projectile- 

electron interaction, is simply denoted by SO.

SO and TS-1 are believed to be the dominant double ionisation mechanisms at 

high incident velocities, where collision times are short and the probability for double 

encounters is low (McGuire et al, 1995). In SO, the first e' is removed too quickly for 

the second e' to adjust to the new unscreened nucleus. There is a finite probability that
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when the second e' relaxes its wave function onto the orbitals of the target ion, it will 

end up in the continuum. This corresponds to single ionisation followed by final-state 

rearrangement (McGuire 1982). The probability of the latter process is a constant and 

does not depend on how the e' was removed (McGuire et al, 1995). The cross section for 

SO is therefore simply proportional to a *  and, hence, to q2v p2lnvp. The cross section for 

the TS-1 mechanism also follows this velocity dependence, because the recoil velocity 

o f the primary e‘ is nearly independent o f the incident projectile energy (Andersen et al, 

1987). Contributions from the TS-2 mechanism are expected to increase with decreasing 

velocity. This process is equivalent to two consecutive single ionisation events and its 

cross section is thus proportional to (a ;+ ) 2 and hence, to (q/vp)4. The logarithmic term in 

equation 2.4 accounts for the high velocity dependence o f aj+, and can be omitted in this 

case as TS-2 predominantly occurs at low velocities (McGuire 1982).

The cross sections for each of the double ionisation mechanisms noted above are 

independent o f the sign o f the projectile charge. However, the charge dependence 

observed in R.2(He) above IMeV/amu is believed to arise from interference between the 

scattering amplitudes for one and two projectile-atom interactions. As demonstrated by 

equation 2.5 (Knudsen and Reading 1992), a 2+ is obtained by adding the probability 

amplitudes for each type of interaction (respectively ai and an) and this results in a term 

in the cross section proportional to q3.

cr2+ ac \a I + aII | 2  = q2 gj + q4<jn - 2qs<jmt (2.5)

ai and an are the corresponding cross sections for double ionisation via one and two 

projectile-atom interactions respectively, and CTjnt represents the contribution to the cross 

section from interference between them. As only mechanisms occurring at the same 

impact parameter may interfere, this interference is thought to predominantly occur 

between TS-1 and TS-2 (Knudsen and Reading 1992). R2 values obtained for p' and e‘ 

impact have generally been found to exceed those for p+ and e+ impact at high velocities 

(Paludan 1997b), indicating that for negatively charged particles the last two terms in 

equation 2.5 tend to add, whereas for positively charged particles they subtract. 

Additionally there are some plausible physical explanations of this trend, which
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incorporate the projectile-electron and electron-electron interactions. According to 

Reading and Ford (1987), p' and e' may be more efficient at causing double ionisation 

via the TS-1 mechanism, as a negatively charged particle can repel two e‘ towards each 

other, thus increasing the chances of the primary e' intercepting the secondary e \ 

However, a positively charged projectile will attract the first e' away from the second, 

thereby lowering the probability for double ionisation. At very high velocities (>30MeV 

for He), as TS-2 becomes negligible, interference effects cease and aj2+ becomes 

independent of the sign of q.
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Figure 2.9: A comparison of the ratio of the double to single ionisation cross sections of Ar for 

e+, e', p+ and p' impact (after Knudsen and Reading 1992).

Due to the presence of more than one e* shell, double ionisation o f heavy targets 

such as Ne and Ar can occur by additional mechanisms to those discussed for He. If an 

inner-shell e' is initially removed, an outer-shell e' may fill the vacancy and the target 

ion can de-excite by emitting a second e \ This mechanism is known as inner-shell 

ionisation followed by Auger decay, and is similar to SO except that the two ejected e' 

originate from different subshells. Electron correlations appear to be less important for 

Auger decay than for SO and the process is fairly independent of the way in which the 

initial e' was removed, whether by p+, p', e' or photon impact, especially at high energies
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(Andersen et al, 1987). Despite this additional mechanism, R.2(Ne) data for equivelocity 

p+, p', e+ and e' impact display similar trends to the He data, indicating that double 

ionisation of Ne is dominated by outer-shell processes (Knudsen and Reading 1992). 

However, in the case of Ar, charge dependent behaviour is not as pronounced. In fact, 

the data for all four projectiles appear to increase at high incident velocities, nearly 

merging at «10MeV/amu. These effects, illustrated in figure 2.9, are believed to be 

related to increasing contributions from L-shell ionisation followed by Auger decay 

(Knudsen and Reading 1992). As this process involves only one projectile-electron 

interaction, its cross section is independent o f the sign o f the projectile charge, and its 

dominance with respect to the other double ionisation mechanisms reduces interference 

effects. Contributions from inner-shell ionisation would appear to be much smaller at 

lower incident velocities, where charge dependencies similar to those observed for He 

and Ne can be seen.

2.2 Ionisation of Atomic and Molecular Hydrogen

2.2.1 Review of experimental work

Most of the experimental techniques used for investigating e+ impact ionisation 

of H2 (Fomari et al 1983, Diana et al 1986, Fromme et al 1988, Knudsen et al 1990, 

Jacobsen et al 1995a, Moxom et al 1996) have already been described in sections 1.5.4 

and 2.1.1. The results of these investigations will be discussed in section 2.2.2, in 

comparison to some theoretical predictions.

Until 1990, no corresponding studies of the e+-H system had been made, despite 

the considerable theoretical interest in this system. The experiments had been impeded 

by the low e+ beam intensities available and the difficulties in obtaining a sufficiently 

dense atomic gas target. Gj+(H ) was first measured for e+ and e' impact by the Bielefeld 

group (Spicher et al, 1990), in a crossed beam experiment. As illustrated schematically 

in figure 2 .1 0 , their e+ beam was electrostatically transported to the scattering region, 

where it intersected a jet of the target gas. This emerged from a Slevin-type H source 

(Slevin and Stirling 1981), full details of which are given in chapter 5.
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Figure 2.10: A schematic of the apparatus employed by Spicher et al (1990).

The gas target consisted of a mixture of H and undissociated H2 . Any ions formed were 

extracted by a weak electric field and detected in delayed coincidence with the scattered 

projectile. As H+ and H2+ were distinguished by their different flight times, cii+(H2) was 

also simultaneously measured. Contributions to the H+ signal from dissociative 

ionisation were found to be negligible, because the ions produced by this process have a 

higher kinetic energy and would have been collected with a lower efficiency. 

Corrections were applied to the data in order to account for the limited angular 

acceptance of the apparatus. Spicher et al (1990) compared their e' results with literature 

values and assumed, at energies where agreement was found between the two, that the 

differences in angular dependence between e+ and e' scattering were negligible. They 

subsequently used the FBA to obtain a differential ionisation cross section for electronic 

projectile impact, from which the percentage of ionising e+ scattered through angles 

greater than 30° was calculated. Absolute cross sections were finally determined by 

normalising the relative cross sections for e‘ impact to existing data (Fite and 

Brackmann 1958, Shah et al 1987 for H and, Rapp and Englander-Golden 1965 for H2 ), 

between 200-600eV. The factors thus obtained were then used to adjust the e+ data also.

The experiment of Spicher et al (1990) was limited by a very low signal rate, 

because o f the low e+ beam intensity and the fact that most of the count rate at the ion
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detector was due to photons and charged particles from the H source. The apparatus was 

therefore moved to the High-Intensity Positron Beam Facility at Brookhaven National 

Laboratory, where the first measurement o f aps(H) was performed (Sperber et al, 1992). 

For this investigation, as in the previous work o f Fromme et al (1988), e+-ion 

coincidences were measured in conjunction with a total ion rate, from which a *  and ctt+ 

respectively were determined. Data could not be simultaneously obtained for H2 because 

a quadrupole mass analyser was installed before the ion detector, and this would only 

transmit ions o f a selected mass. Systematic errors, arising from dissociative processes 

and Ps detection by the e+ detector, were found to be negligible. However, as before, 

corrections for the loss o f ionising e+ through wide angle scattering were applied. Above 

75eV, the ratio o f the total ion rate to the correlated ion rate was found to be constant, 

indicating that aps is negligible in this region and that both rates were proportional to 

<7 i+. Therefore, after correcting for the relative efficiencies o f the two signals, crps was 

obtained by subtracting the correlated rate from the total ion rate. These data were put 

on an absolute scale by comparing the data obtained for cij+(e+) in this study with those 

o f Spicher et al (1990), which had been renormalised by fitting their e' measurements to 

the data o f Shah et al (1987), between 50-600eV.

A  further measurement o f cii+(H ), for e+ and e ' impact, was later made by the 

University College London group (Jones et al, 1993) using the apparatus shown 

schematically in figure 2.11. A  magnetic transport system was employed in this 

experiment, which allows e+ to be collected from a wider angular range than with an 

electrostatic system. The ion extraction field was pulsed, using the arrival of e+ at the 

end-of-beam-line detector as a trigger signal. Ions were detected in coincidence with the 

scattered projectile. An e' beam was produced from the secondary e‘ created at the 

moderator, and its intensity was reduced to a value comparable to that o f the e+ beam by 

a retarding element. Relative ion yields for e+ and e‘ impact were separately normalised, 

at 700eV, to the absolute e' cross section o f Shah et al (1987).

The results o f Jones et al (1993) were consistently lower than those o f Spicher et 

al (1990) above 30eV, by at least 30% and, at some points, by as much as 80%. 

However, they displayed better convergence with the e' data used for normalisation 

above approximately 200eV, and were generally more consistent with theoretical 

calculations (see section 2.2.2) than the Bielefeld data. Further support for the UCL
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measurements was provided by Stein et al (1994), who made comparisons between their 

experimentally determined total cross section for e+ scattering from H, with that 

obtained by summing all the partial cross sections from the literature. The summation 

which included the a *  of Jones et al (1993) was found to be more consistent with their 

ot results than that obtained with the <jj+ o f Spicher et al (1990).

Kowbte 
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■  Pb Elding NOT TO SCALE

Figure 2.11: A schematic of the experimental apparatus employed by Jones et al (1993).

The data of Spicher et al (1990) and Sperber et al (1992), were later re-evaluated 

by Weber et al (1994) and incorporated with further measurements o f both G\+ and aps. 

Their analysis procedure accounted for dead time effects of the detection electronics and 

included a more comprehensive assessment of the experimental uncertainties. The 

revised results for direct ionisation did not differ significantly from the initial data 

(Spicher et al, 1990). However, the maximum of the revised aps was about 30% lower, 

although the same general energy dependence remained. This was a result o f the new 

analysis and a redetermination of the ratio between the total and correlated ion rate 

(Weber et al, 1994). Somewhat surprisingly, given the discrepancy between their <7 j+ and 

calculations, their Gps data were in fair agreement with the theoretical predictions 

available at that time.
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The validity of the Bielefeld direct ionisation data was further questioned when 

Knudsen et al (1995) measured the corresponding cross section for p' impact. At high 

velocities, cjj+ for e+ and p" impact are expected to merge (as noted in section 2.1.3) and 

such behaviour was found to be supported by the cjj+(e+) of Jones et al (1993). 

According to Hofmann et al (1997), these discrepancies suggested an error in the 

normalisation procedure o f the Bielefeld group, in which the e' measurements of Spicher 

et al (1990) were used. These measurements were consequently repeated by Hofmann et 

al (1997), with an improved version of the earlier experiment, employing a modified 

apparatus and different e+ and e' beams. Their e' beam was produced by a thermionic 

cathode and its intensity was set to be comparable to that o f the e+ beam. A rotatable 

detector unit, shown in figure 2 .1 2 , was used to measure the angular divergence o f each 

beam and these were found to be very similar. This confirmed that the effective target 

density was the same for measurements with either projectile. As in previous 

investigations, both a total ion rate and a correlated ion rate were determined.

Target beam
Discharge tubeProjectile beam

Aperture

Primary 
and forward 
scatteredRotatable 

detector unit

Figure 2.12: A schematic of the experimental apparatus employed by Hofmann et al (1997).

A correction, based on the calculations o f Acacia and Stauffer (1996), still had to be 

applied to the correlated ion rate to account for the effects o f large angle scattering. 

Finally, the data were normalised to the absolute data of Shah et al (1987). The results 

o f Hofmann et al (1997) for direct e+ impact ionisation of H are displayed with the 

previous data o f Weber et al (1994), and those o f Jones et al (1993), in figure 2.13.
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Figure 2.13: A comparison of the most recent experimental data for the direct e+ impact 

ionisation cross section of H.

In comparison to their earlier results, these latest measurements from the Bielefeld 

group are approximately 30% lower overall and are now consistent with the data of 

Jones et al (1993), within the statistical uncertainties. Hofmann et al (1997) believe the 

earlier data were overestimated in the normalisation process, possibly because of a 

mismatch in the phase space of the e+ and e‘ beams in the previous experimental 

arrangement. However, they found that the ratio o f their Ps formation to direct 

ionisation cross sections was the same as that obtained by Weber et al (1994). Given the 

common normalisation procedure, their new aps was therefore also approximately 30% 

lower and this destroyed the former agreement with theory.

The only other measurement of aps(H) has been made by the Detroit group 

(Zhou et al, 1997), in conjunction with measurements of the total scattering cross 

section. In this investigation, the e+ beam was transported to an aluminium scattering 

cell, filled with target gas from an adjacent H source. The cell was cooled by liquid 

nitrogen in order to minimise recombination o f H. aps was determined by detecting 

coincidences o f the 511keV annihilation y-rays, produced by the decay of p-Ps and by 

the interaction o f o-Ps with the walls of the scattering cell. As illustrated in figure 2.14,
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two photomultiplier tubes attached to Nal scintillators, were situated on opposite sides 

o f the scattering cell for this measurement. A strong axial magnetic field was used to 

prevent scattered e+ from annihilating on the cell walls and thus contributing to the 

coincidence signal. In the energy range investigated, contributions from direct e+ 

annihilation in the target gas are also believed to be negligible.
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Figure 2.14: A schematic of the experimental apparatus employed by Zhou et al (1997).

This technique has also been used by the Detroit group to investigate Ps formation from 

inert (Stein et al, 1998) and alkali atoms (Stein et al, 1996), as outlined in section 1.5.4. 

However, in those experiments, the measurement of two photon coincidences was taken 

as a lower limit on the true value of aps and a corresponding upper limit was obtained by 

performing a beam transmission measurement. The latter measurement was not possible 

in this experiment because o f large uncertainties arising from the mixture o f H and H2 in 

the scattering cell. Zhou et al (1997) also could not distinguish between Ps formed in e+- 

H or e+-H2 collisions in their experiment. They therefore formulated an expression 

relating aps(H) to absolute values o f c t t ( H ) ,  aps(H2) and c t t ( H 2) ,  which they measured 

separately. Their results for aps(H) are displayed in figure 2.15, along with the data of 

Weber et al (1994) and Hofmann et al (1997). The older data o f Weber et al (1994) can 

be seen to be in reasonable accord with the measurements o f Zhou et al (1997). In 

contrast, the two most recent measurements are in significant disagreement, with the
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results of Zhou et al (1997) exceeding those of Hofmann et al (1997) by as much as 37% 

in the region of the cross section maximum.
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Figure 2.15: A comparison of recent experimental data for the Ps formation cross section of H.

2.2.2 Review of theoretical work

There have been many theoretical studies o f e+ scattering from H, as this is one 

o f the simplest three-body systems in atomic collision physics and H is the only atom 

whose wave function is known exactly. In comparison to e" scattering, calculations of 

low energy e+ scattering parameters are also more sensitive to the details o f the trial 

function and the method o f approximation being used (Humberston 1994), thereby 

providing a more stringent test o f the theory.

In figure 2.16, the direct ionisation data of Jones et al (1993) and Hofmann et al 

(1997) are displayed with the results of some of the more recent theoretical 

investigations. The results o f Ohsaki et al (1985) were obtained using the CTMC 

method. They are in good agreement with the data of Jones et al (1993) above 60eV, but 

tend to decrease more sharply below this energy. This low energy behaviour also differs 

from that of the other theoretical calculations, but appears to closely match the energy
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dependence o f  the data o f  Hofm ann et al (1997). M ukherjee et al (1989) used the 

distorted wave approxim ation (after Cam peanu et al 1987, see section 2.1.2) to obtain 

Gi+(H) for incident e+ energies from 20eV to 70eV. Their results, show n in figure 2.16, 

were calculated by using the DCPE model o f  Cam peanu et al (1987). However, 

M ukherjee et al (1989) also incorporated the distortion o f  the wave function o f  the 

incident e+, by the polarisation potential and the static potential o f  the target. W ithin the 

experim ental uncertainties, their results are in agreem ent with the data o f  Jones et al 

(1993) at all but the lowest energies investigated.

The continuum  optical potential m odel (COM ) calculations o f  Ratnavelu (1991) 

have been discussed previously in section 2.1.2, w ith respect to e+-He scattering. Their 

results for a ,+(H) exceed the data o f  Jones et al (1993) and Hofm ann et ai (1997) at low 

incident energies, by up to 55%  at 20eV. How ever, they are m uch m ore consistent with 

the experim ental data at and above the cross section m axim um . Indeed, given the 

approxim ations em ployed in these calculations, one w ould expect them  to be more 

suitable for high incident e+ energies.
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Figure 2.16: A comparison of recent experimental and theoretical data for the direct e* impact 

ionisation cross section of H.
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The best agreement between theory and experiment can be found between the 

results of Mitroy (1996) and Jones et al (1993) respectively, from near threshold to 

lOOeV. Mitroy (1996) performed close coupling calculations, using a large L2 basis of 

e+-H channels (28 states including some pseudostates) and the Ps(ls), Ps(2s) and Ps(2p) 

channels, to obtain ap s as well as cij+. The latter cross section was computed from the 

manifold of e+-H channels and the large L2 basis was needed for an adequate description 

of the e+-H ionisation continuum.

The close coupling calculations of Kemoghan et al (1996) are also in fair 

agreement with the experimental data, from threshold to lOOeV, although their cross 

section maximum is slightly greater than most of the other calculations and appears to 

be somewhat narrower. They employed a 33-state approximation, which consisted of the 

Is, 2s and 2p eigenstates of H and Ps, and 27 H pseudostates. By using such a large 

pseudostate basis, their results were almost free o f the pseudostructure which had been 

observed in their earlier 18-state calculation (Kemoghan et al, 1995). In this later study, 

Kemoghan et al (1996) also eliminated the possibility o f double counting (between the 

Ps and H pseudostates) when extracting the ionisation cross section, by using 

pseudostates on only one scattering centre. In addition to calculating Gj+, they obtained a 

cross section for Ps formation from H, which will be discussed later in this section.

Janev and Solov’ev (1998) have applied the hidden crossing theory (HCT) to 

calculate <Tj+ and ap s for low energy e+ scattering off H. Using the adiabatic 

approximation, they constructed potential energy curves for the states of the (p+, e', e+) 

system. The “avoided” crossings o f these curves indicate the existence of real crossings 

of the corresponding potential energy surfaces in the complex plane o f the slowly 

vaiying inter-particle distance (hidden crossings). The results of the HCT, although only 

obtained over a limited energy region, are in good agreement with the data o f Jones et al

(1993), except near threshold. Overall, there appears to be a reasonable degree of accord 

between theory and experiment for Gi+(H ).

Experimental data (Zhou et al, 1997 and Hofmann et al, 1997) and theoretical 

results for aps(H) are compared in figure 2.17. In comparison to figure 2.16, there is a 

high degree of consistency amongst the various calculations. They all display 

approximately the same energy dependence, and are in agreement as to the magnitude of
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the cross section m axim um . It is also clear that the data o f  Zhou et al (1997) are more 

consistent with theory than those o f  Hofm ann et al (1997).

In the region o f  the Ore Gap, the m ost accurate calculations are believed to be 

those o f  Brown and H um berston (1985 and references therein), who used the two 

channel Kohn variational m ethod with very elaborate trial functions, containing m any 

variational param eters. crps was obtained by sum m ing the calculated s-, p- and d-wave 

contributions and adding this to the sum o f  cross sections for / > 2, which was calculated 

by O m idvar (1976) using the Bom  approxim ation (Brown 1986). The results o f  Brown 

and H um berston (1985) start to differ from  those o f  Zhou et al (1997) below 

approxim ately 8eV. However, the HCT calculations o f  Janev and Solov’ev (1998) are in 

close agreem ent with the data o f  Zhou et al (1997), from below  threshold (6eV) to 

approxim ately 15eV. Janev and Solov’ev (1998) believe this may be associated with the 

form ation o f  the (p+, e', e ) molecule. Hofm ann et al (1997) have no data points below 

1 OeV for com parison.
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Figure 2.17: A comparison of recent experimental and theoretical data for the Ps formation 

cross section of H.
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The close coupling calculations shown in figure 2.17 encompass a broad energy 

range, and their agreement with the predictions o f Brown and Humberston (1985) at low 

energies may be taken as an indication o f their validity. The calculations o f Mitroy 

(1996) and Kemoghan et al (1996) have already been described. Both sets o f data have 

included contributions from Ps formation into states with ri>3, by using the n 3 scaling 

rule. Between 10-12eV and 20-40eV, these calculations tend to exceed the data of Zhou 

et al (1997). The calculations of Higgins and Burke (1993) and Igarashi and Toshima

(1994) are both for ground state Ps formation only, and are in better agreement with the 

data of Zhou et al (1997) above 20eV, being consistently lower than Mitroy (1996) and 

Kemoghan et al (1996). Higgins and Burke (1993) employed the R-matrix method in a 

6 -state close coupling approximation, which included the ground state and (2 s, 2 p) 

pseudostates o f H and Ps. The final cross section was obtained by summing the seven 

lowest partial wave contributions. Igarashi and Toshima (1994) employed a 

hyperspherical coordinate representation, in which the coordinates of dual three- 

dimensional spaces are unified into a six-dimensional spherical space. The diabatic-by- 

sector method (Light and Walker 1976) was then used to solve the coupled equations, 

by expanding the scattering wave function in terms of sector adiabatic states, associated 

with H(n=l,2,3) and Ps(n=l,2) in the separated atom limit.

Experimental data for e+ impact ionisation of H2 are displayed in figure 2.18, 

along with the corresponding e‘ data of Rapp and Englander-Golden (1965), which have 

been used to normalise all the e+ results except those of Jacobsen et al (1995a). The data 

of Fromme et al (1988), Knudsen et al (1990) and Moxom et al (1996) are in reasonable 

accord overall, but the data of Moxom et al (1996) tend to exceed the earlier results 

above the cross section maximum and undercut them below it. The latter effect may be 

related to the improved discrimination against Ps formation in the experiment of 

Moxom et al (1996). A more significant discrepancy is evident between the results of 

Jacobsen et al (1995a) and the other experimental data. These results are in good 

agreement with the data o f Moxom et al (1996) below 40eV, but are subsequently 

consistently lower (by «30% at the cross section maximum) than all other 

measurements, until the merging of the cross sections at IkeV. The general differences 

between the data of Knudsen et al (1990) and Jacobsen et al (1995a) were discussed in 

section 2.1.1, but Jacobsen et al (1995a) offer no explanation for the discrepancy
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betw een their results and those o f  From m e et al (1988). It should be noted, however, 

that the absolute m agnitude o f  the various cross sections is dependent on the 

norm alisation procedure employed.

O  Moxom et al (1996)
□  Jacobsen et al (1995a)
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A  Fromme et al (1988)

  Chen et al (1992)

• ■ • ■ e , Rapp & Englander- 
Golden (1965)

£o
©

b

0 q>

10 100 1000

Energy (eV)

Figure 2.18: A comparison o f  experimental and theoretical data for the single ionisation cross 

section o f  H2.

Also shown in figure 2.18, are the data o f  Chen et al (1992) which are the only 

theoretical results available for com parison. Theoretical studies o f  the e+-H 2 system are 

generally hindered by having to incorporate the random  orientations o f  the internuclear 

axis and three-centred integrals. Chen et al (1992) overcam e the first problem  by 

freezing the internuclear axis and rotating the direction o f  the m om entum  o f  the incident 

particle instead. An analytic integration was subsequently perform ed over these 

directions. The second problem  was solved by using a M ulliken type approxim ation 

(M ulliken 1949), which reduces the three-centred integrals to tw o-centred ones, after 

Sural and M ukherjee (1970). a j+(H 2 ) was calculated using the CPT m odel o f  Cam peanu 

et al (1987). This is a truncated form o f  the CPE model discussed in section 2.1.2, which 

does not account for the case o f  the ejected e" m oving faster than the scattered e+. The
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results o f  Chen et al (1992) are in agreem ent with the data o f  Jacobsen et al (1995a) 

above 80eV, and with the other experim ental data below  50eV. The position and 

m agnitude o f  the predicted cross section m axim um  differs from that o f  all the 

experim entally determ ined cross sections.

Experim ental and theoretical cross sections for Ps form ation from H2 are 

com pared in figure 2.19. The results o f  the early experim ents (Fom ari et al 1983, Diana 

et al 1986, From m e et al 1988) are reasonably consistent, w ithin the large statistical 

uncertainties, and the upper (UL) and lower lim its (LL) o f  <7ps(H2) recently determ ined 

by Zhou et al (1997) effectively bracket these results. It should be rem em bered that the 

UL values o f  Zhou et al (1997) and the data o f  Fom ari et al (1983) and Diana et al 

(1986), were obtained using essentially the same beam  transm ission technique and were 

not corrected for contributions from  dissociative processes. The theoretical data shown 

in figure 2.19 do not include such contributions and, with the exception o f  the data o f  

Biswas et al (1991b), are for ground state Ps form ation only.

E 2o

i
a

Zhou et al (1997) LL 
Zhou et al ( 1997) UL 
Fromme et al (1988)
Diana et al (1986)
Fomari et al (1983)

-  Biswas et al (1991b) 
Biswas et al (1997)

-  Sural & Mukherjee (1970)
-  Ray et al (1980)
• Bussard et al (1979)

O O a  O ■°S

10
Energy (eV)

100

Figure 2.19: A comparison o f experimental and theoretical data for the Ps formation cross 

section o f H2.
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Sural and Mukherjee (1970) actually calculated the cross section for p-Ps formation, 

using the FBA, and this was multiplied by four to obtain the cross section shown in 

figure 2.19. As noted previously, they converted their three-dimensional integrals into 

two-dimensional ones which could be evaluated numerically. In addition, instead of 

integrating over all possible orientations of the intemucleus axis, they simply averaged 

over three mutually perpendicular positions of this axis. Ray et al (1980) also employed 

the FBA, but neglected certain terms (representing e' capture from one of the atoms as a 

result o f the interaction between the incoming e+ and the other atom) to effectively 

obtain a one-dimensional integral. The results o f both of these calculations are slightly 

lower than the experimental data (except for the LL values of Zhou et al, 1997) below 

1 OOeV, but otherwise give a fair account of the observed energy dependence. However, 

according to Biswas et al (1991a), because of the various approximations employed, the 

results o f Sural and Mukherjee (1970) are not valid at any energy and those of Ray et al 

(1980) are not valid below 200eV. Biswas et al (199lab) used the FBA, without any 

further approximations, to obtain cross sections for Ps formation in the (n=l,2) states. In 

their later calculation (Biswas et al, 1997), they obtained aps(n=l) using a simplified 

second-order perturbative Bom series (SBA). As Ps formation is at least a two-step 

process, this type of calculation should provide a more accurate estimate of aps than 

first-order calculations. In the energy range investigated, the SBA results are in better 

agreement with the experimental data than the FBA results, which tend to increasingly 

overestimate cjps(H2) with decreasing impact energy. The data of Bussard et al (1979) 

also appear to overestimate aps(H2) in the region of the cross section maximum, but are 

more consistent with experiment at low energies and above «35eV. Bussard et al (1979) 

obtained aps(H2) by calculating the difference between measured ax (Kauppila et al, 

1977) and predicted a ei (Hara 1974) values below Eex, and then joining this curve to that 

of Sural and Mukherjee (1970). This technique resulted in an overestimate of <jps at low 

energies, as contributions from rotational and vibrational processes were not accounted 

for (Fromme et al, 1988).
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2.3 Motivation for the Present Work

In this chapter, the general status of studies of direct e+ impact ionisation o f the 

noble gases and of direct ionisation and Ps formation from atomic and molecular 

hydrogen, prior to this investigation, has been described. Outstanding problems have 

also been highlighted, and the present work was undertaken in order to address some of 

these issues. In particular, indications that cjj+(e+)/(Tj+(e ') decreases with the atomic 

number of the target (Moxom et al, 1996) were investigated, by extending 

measurements of <jj+(e+) to the remaining inert gases N e and X e. In the case of Kr, 

measurements were carried out in an attempt to improve the accuracy of earlier 

determinations. The same experimental set-up was also used to obtain new data for the 

double ionisation cross sections o f these targets. These measurements add to the existing 

body o f work, and have also stimulated comparative work with p' projectiles (Paludan et 

al, 1997a).

Using a modified experimental arrangement, measurements o f the total ionisation 

cross section (c t t +) of H have also been made. <7 ps was subsequently calculated by 

subtraction of the direct ionisation cross section from this measurement, i.e. aps = ctt+ - 

cii+. This study was motivated by the discrepancy between the two existing measurements 

of ctps(H), which differ by as much as 37%, with one set (Zhou et al, 1997) confirming 

and the other (Hofmann et al, 1997) disputing most calculations (e.g. Kemoghan et al 

1996, Mitroy 1996). Details of this investigation are given in chapter 5, whilst the 

experimental system and the study of the noble gases are described in chapters 3 and 4 

respectively.
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Chapter 3 

The Experimental Apparatus

In this chapter, the experimental apparatus used to study the direct e+ impact 

ionisation cross sections of Ne, Kr and Xe is outlined. A more detailed description of the 

system, earlier used by Ashley et al (1996) to study near threshold ionisation, can be found 

in Ashley (1996). Modifications to the system, made in order to investigate e+ impact 

ionisation of H, are detailed in chapter 5. Data collection procedures for the inert atom and 

H studies can be found in chapters 4 and 5 respectively.

3.1 Overview

The general layout of the experimental apparatus is shown schematically in figure 

3.1. Fast P+ particles, emitted by a radioactive source, were first moderated by a set of 

annealed W meshes and then collimated to produce a slow e+ beam. The beam energy was 

varied by adjusting the potential applied to the moderator and the beam was magnetically 

confined for the length of the apparatus by a series of Helmholtz coils (not shown). Most 

of the background of residual fast particles and y-rays was separated from the slow e+ by a 

trochoidal velocity selector, and a retarding field analyser could be used to improve the 

beam energy resolution.

In the interaction region, the e+ beam intersected a jet of the target gas at 90° and 

detection of any ions thus formed was initiated by the application of an electric field, 

perpendicular to both beams. Ions were focused through a hole in one of the extraction 

plates onto the cone of a ceratron detector by a two element electrostatic lens system. On 

leaving the interaction chamber, scattered and unscattered e+ were accelerated to the end of 

the beam line by a pair o f cylindrical electrodes, where they were detected by a pair of 

microchannel plates.

The arrangement is described in greater detail in the following sections.
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Chapter 3 The Experimental Apparatus

3.2 The Vacuum System

An arrangement of three water cooled Edwards vapour diffusion pumps, each 

backed by a rotary pump, was used to maintain the system at a base pressure of «10"6 Torr. 

This pressure was measured using an ionisation gauge, mounted on a flange on top o f the 

interaction chamber. As illustrated in figure 3.1, the diffusion pumps were roughly 

equispaced along the beam line. If necessary, the system could be isolated from the rotary 

pumps by closing the magnetic and/or manually operated valves between each diffusion 

and rotary pump.

As well as backing the diffusion pumps, the rotary pumps were needed to evacuate 

the system from atmospheric levels to a pressure of «10 '2 Torr, which was required before 

the diffusion pumps could be started. Pirani gauges were used to monitor the pressure in 

the backing lines between each diffusion and rotary pump. If the levels on these gauges 

were to rise much above wlO’ 1 Torr, due to the failure of a backing pump for example, a 

system protection device would be triggered. This would cut the power to all diffusion 

pumps and high voltage supplies, as well as closing the magnetic valves. The trip 

mechanism would also be activated if there was a failure in the flow of cooling water to 

the diffusion pumps.

3.3 Positron Beam Production

The two radioactive isotopes used, at different times, to produce the e+ beam were 

58Co and 22Na. Their decay schemes are shown in figure 3.2(a) and (b) respectively. Both 

isotopes are available commercially and three sources were used over the course of this 

study. The first of these, a lmCi 22Na source from Amersham International, consisted o f a 

4mm diameter spot of 22Na deposited on a Pt disc and sealed with a 10pm Ti window. The
C O

second, a 133mCi Co source from DuPont, was deposited at the centre of a Rh disc to 

give an active area approximately 3mm in diameter. However, this type of source had 

previously been found to disintegrate and flake off, creating electrical shorts and 

contamination problems. A Ti capsule was therefore designed to accommodate the Rh disc
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(see figure 3.4), complete with a 6pm  Ti foil w indow to ensure the source was entirely 

sealed.

(b)
22N a ______________ T/2= 2 6 years

e" Capture = 10%
3+ Emission = 90%

22Ne*____________________

y = 1.28 MeV

22N e____________________

Figure 3.2: The decay schemes of (a) s8Co and (b) 22Na.

22A second Na source from Am ersham  International, with an initial activity o f  19mCi, was 

the last to be used and was also supplied within a Ti capsule. Each source was mounted in 

a different holder which also accom modated the moderator. The main design criteria for 

these holders were: to m inimise the distance between the source and m oderator and thus 

m axim ise the flux o f  fast (3+ particles incident on the m oderator; to have accurate 

positioning o f the m oderator normally to the longitudinal magnetic field and, to have a 

quick installation procedure, consequently limiting the exposure tim e o f  the experimenter 

to the source radiation. For each source, the assembly o f  the m oderator arrangement and 

the alignm ent o f  its holder with respect to a supporting flange were carried out prior to 

installation.
99

The holder in which the first N a source was m ounted is shown in section in 

figure 3.3. The source was screwed onto a piece o f  M2 studding at the end o f  a brass plug 

and a PTFE block, which holds the plug, was supported o ff a flange by two lengths o f  

studding. PTFE washers provided electrical isolation between the source-moderator and 

between the moderator-earth grid. A fuller description o f this arrangement can be found in 

the thesis o f Jones (1991).

(a)
58C o ______________ Th/2= 20.5 days

e" Capture = 85% 
(3+ Emission = 15%

58Fe*-

58Fe

y = 0.81 MeV
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Brass plug PTFE washers
\

Cylindrical 22Na source m
PTFE block on Pt disc

Annealed W 
moderator grids

Figure 3.3: A cutaway diagram of the first 22Na source and moderator holder used (Jones 1991).

In figure 3.4(a), the holder designed to accom modate the 58Co source is shown. It 

effectively consisted o f  a disc-shaped PTFE base, which supported the source, and a PTFE 

ring, on which the m oderator was mounted and which formed a tight fit with the base o f  

the source capsule. The holder was mounted o ff a 70mm diam eter flange by three lengths 

o f M3 studding and was accurately aligned parallel to this flange by adjusting the positions 

o f  three nuts, one on each piece o f  studding. The metal rings mounted on the PTFE ring 

were held in place using three lengths o f  nylon studding and the m oderator was 

sandwiched between the two lowest rings. The ring nearest the source was made thinner 

than the rest to minimise the distance between the source and moderator, whilst still 

keeping them electrically isolated. A single W mesh was held between the upper pair o f 

rings and used to form the earth grid. All electrical connections were made by solder tags, 

as illustrated in figure 3.4, and electrical isolation between the earth and m oderator grids 

was maintained by the nylon studding and spacers. The 28Co source capsule had a tapped 

M3 hole at its base, by which it was attached to the screw at the centre o f  the PTFE disc. 

The length o f  this exposed screw, approxim ately 2-3mm, was kept to a minimum in order 

to expedite the installation process. Flowever, it remained sufficient to hold the capsule 

firmly in place.

The holder designed for the second 22N a source (see figure 3.4b) was essentially 

identical to that used for the >8Co source, although alterations were made to account for
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the different dimensions o f the source capsule. For a more secure hold, a peg and bracket 

arrangement was also included, which connected the m oderator ring to the PTFE base.

Nylon Studding x 3
Earth
GridModerator

Grid
M4 Nut

o '
Solder Tag (to earth)

Brass Rings: 
1mm thick Nylon

Spacer

Copper Ring: 
0.5mm thick

Solder Tag 
(to Vm)

PTFE Moderator 
Holder

58Co Source 
Capsule

PTFE Source 
Holder

M3 Nut

M3 Screw Solder Tag (to Vs)

(b) Nylon Studding x 3
M4 NutEarth Grid

Moderator Grid
Solder Tag (to earth)

Brass Rings: 
1mm thick

Nylon Spacer

Solder Tag (to Vm)

Copper Ring: 
0.5mm thickNa Source 

CapsulePTFE Moderator 
Holder

M3 Nut

PTFE Source 
Holder

Brass Inserts
Solder Tag (to VsM3 Screw

Figure 3.4: The source and moderator arrangement designed for the (a) 58Co and (b) zzNa isotope22>
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In each of these arrangements, the moderator consisted of four or five 

superimposed layers of annealed 90% transmission W mesh, each piece measuring 

approximately 15mm square. The employment of W mesh as a moderation material has 

been discussed previously (see section 1.4) and the annealing process is described in detail 

by Zafar et al (1988,1989). It essentially involves resistive heating o f the W meshes which, 

in part, removes contaminants such as adsorbed oxygen and water from its surface and 

primarily relaxes its lattice structure. On cooling the W recrystallises into a more regular 

structure, thus reducing defects which can act as e+ traps.

A typical annealing “oven” was formed by clamping together two rectangular 

strips of W foil to create a small pocket in which the W meshes were placed. The meshes 

were then heated in a vacuum of approximately 4x1 O'2 Torr by passing a current through 

the foils. At first, the temperature was kept at constant low levels until the pressure, which 

initially rises predominantly due to the evaporation of water from the meshes and oven, 

approximately returned to the base level. There then followed a period of heating at 

increasingly higher temperatures, but only in short bursts, lasting a few seconds at a time 

(a process referred to as “flashing”). As before, the process of heating the W to greater 

temperatures resulted in an increase in pressure, as further contaminants were removed. 

Care was taken to ensure that the pressure never rose above 8x10' Torr throughout the 

heating period. The temperature was gradually incremented until the meshes could be 

“flashed” at temperatures of approximately 2000°C, without any appreciable increase in 

pressure. The meshes were then allowed to cool, before being assembled in air in the 

moderator holder and returned to the vacuum conditions of the experimental system as 

quickly as possible.

The potential applied to the W moderator (Vm) determined the energy (Eef) of the 

slow e+ emerging from it, according to

Ee+=eVm+SE (3 .1 )

where 8 E is o f the order o f a few eV and arises from the e+ work function of the 

moderator. For a clean W surface, 8 E equals 2.8eV (Jacobsen et al, 1990). In order to
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improve the e+ beam intensity, the source was biased to approximately 9V above Vm, thus 

reflecting e+ emitted backwards.

3.4 Positron Beam Transport and Detection

The e+ beam was magnetically confined for the length of the apparatus by a series 

of eighteen Helmholtz coils. The intensity o f the magnetic field provided by these coils 

was set to vary, from approximately 135 Gauss at the source end to about 80 Gauss near 

the interaction region, rising again to 110 Gauss at the end of the beam line. The magnetic 

field gradient between the moderator and the interaction chamber produced a more parallel 

beam in the latter region, since the pitch angle (a) of the e+ trajectories varies with 

magnetic field strength (B) according to

B, sin a ,
—  <x---- 3— -
B, sin a

(3 .2 )

An increase in the magnetic field after the interaction region served to maximise the 

confinement of scattered e+ reaching the microchannel plates.

Optimisation of beam transport was achieved by varying the current applied to the 

Helmholtz coils and by slight adjustments to their positions along the beam axis. A pair of 

6.5mm diameter apertures, mounted on a linear manipulator arm and positioned 30mm 

before and after the scattering region, was always inserted during the optimisation process 

in order to accurately locate the beam through this region. Several turns of wire were 

wrapped around the frame supporting the experimental system. On application of a 

suitable current, this coil provided a transverse magnetic field of approximately 0.4 Gauss, 

which corrected for the vertical component of the earth’s magnetic field.

The e+ beam was initially collimated by the two stainless steel cylinders, of 

approximately 10mm internal diameter, used to shield the source region (see figure 3.1). 

Secondary e', which might have been created by fast particle collisions with the source and 

moderator or other internal surfaces, were then repelled by R l, to which a voltage of -lkV  

was applied. Slow e+ were subsequently deflected off axis, and thereby separated from
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residual fast particles, by a trochoidal velocity selector. This consisted of a parallel pair of 

copper plates which were curved and flared at the ends, in order to prevent spatial 

distortion of the beam spot and to minimise fringe effects respectively (Hutchins et al, 

1986). They were set to equal and opposite voltages of approximately 3Vvm. The 

combination of orthogonal electric and magnetic fields (i.e. ExB) deflects charged 

particles in a third orthogonal direction, with a displacement (d) given by

d = ExB ( L1. Tft; UJ

where L is the length of the plates and vb the initial velocity of the particle along B.

A 10mm internal diameter lead collimator was situated directly after the velocity 

selector, to provide shielding from y-rays from the source region and from fast p+ 

annihilating there. The e+ beam then passed through a cylindrical retarding field analyser 

(RFA), indicated in figure 3.1 and shown in more detail in figure 3.5.

Stainless steel rod

Stainless
steel
nuts

Figure 3.5: A section through the retarding field analyser (Ashley 1996).

The application o f a voltage to the central cylinder of the RFA resulted in a potential at its 

centre equal to the voltage applied. However, this potential fell uniformly to zero (with 

respect to the chamber earth) at either end of the RFA because of the brass ring resistor
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chain. Fringe effects and other problems usually associated with analyser grids, such as 

non-unitary transmission efficiency and the emission of secondary e', were therefore 

avoided. For the noble gas measurements, the RFA was held at a potential of 0.9Vm, 

primarily to redirect e+ scattered at backward angles towards the detector at the end of the 

beam line. Nonetheless, it also served to improve the energy resolution of the beam, by 

biasing off e+ in the low energy part of the beam energy distribution.

The interaction chamber was situated directly after the RFA and details o f the 

target gas supply and ion extraction system located in this chamber can be found in section 

3.5. On leaving the interaction chamber, scattered and unscattered e+ passed through a 

series o f three cylindrical electrodes. The first o f these was grounded, whilst the second 

(R2) and third (R3) were held at -300V and -600V respectively, to accelerate e+. The 

inclusion of a grounded tube prevented the potential on R2 from disturbing the field at the 

interaction region. At the end of the beam line, e+ were detected by a microchannel plate 

arrangement.

A section through the e+ detector arrangement is shown in figure 3.6. As illustrated 

by this figure, four 90% transmission W grids, each dagged onto separate Al rings, were 

held in front of a pair of microchannel plate detectors (MCPs). The first of these (gl), i.e. 

the grid held furthest away from the plates, was permanently grounded in order to prevent 

leakage of the electrostatic field from the detector. Secondary e", created from e+ impact on 

this grid, were repelled by the negative potential on R3 and were thus prevented from 

travelling back to the interaction region. The two subsequent grids (g2) were connected 

and also grounded, except during measurements of the beam background and the 

background present in the ion signal, when they were held at a retarding potential. The 

value of the retarding potential set for each of these measurements is discussed fully in 

section 4.2. The final grid (g3) was held at approximately -100V with respect to the 

potential on the front of the first plate, in order to repel any secondary e' released from its 

surface.

The MCPs (model number: G25-25DT/13 from Philips) were impedance matched 

and placed in a chevron configuration, in order to optimise the gain and reduce ionic 

feedback. The front of the first MCP and the back of the second MCP were typically held 

at -300V and 2.8kV respectively. A potential divider network then provided approximately
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Stainless steel 
studding
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(1.18k V) 
Back (2.8kV)
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PTFE block

Cu screen

Stainless steel 
nuts

Cu spacer
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elates

-^g >
g2 (0 or VRET)
g3 (-400V)

Front (-300V) 
(1.3kV)
Screen (3.1kV)

Cu contact

Al block

PTFE plug

Figure 3.6: A section through the e" detector arrangement (Ashley 1996).

1.18kV to the back o f  the first plate and 1.3kV to the front o f  the second. These voltages, 

indicated in figure 3.6, were applied to each face o f  the plates via a set o f Cu rings and a 

PTFE ring isolated the two adjacent plate faces. A Cu screen, positioned behind the 

second M CP, was biased to a greater positive potential (3.1 kV) than the rear o f  this plate 

and used to collect secondary e~ showers. These pulses were decoupled from the dc 

voltage by a 1 nF capacitor, to provide the e+ signal.

3.5  T h e  I n te ra c t io n  R eg ion

3.5.1 The target gas supply

The interaction chamber, as depicted in figure 3.1, was connected at its base to one 

o f the Edw ards vapour diffusion pumps and a series o f  mini-flanges were attached to the 

flange used to seal the top o f  the chamber. One o f  these mini-flanges supported the 

ionisation gauge and another supported a linear m anipulator arm, which was needed for 

the insertion o f  a pair o f apertures when optim ising the beam. The target gas entered the 

interaction cham ber via a length o f  1/4" pipe inserted through the central mini-flange. A
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brass sleeve, into which a section of microchannel plate had been glued, was connected to 

the end of the pipe to form the target gas nozzle. This emerged between the two parallel 

plates used for ion extraction. The channels in the MCP were wlOpm in diameter and 

helped to increase the target gas density in the interaction region by collimating the gas jet. 

The pressure behind the capillary array, typically of the order of a few Torr, was directly 

monitored by a heated capacitance manometer (Type 127MKS Baratron). The gas supply 

was regulated by a needle valve, located in the line between the nozzle and target gas 

bottle. Two additional taps were situated in the gas line, one either side of the needle 

valve, which allowed the gas flow to be stopped without any adjustments to the needle 

valve position. If this setting remained fixed, a relatively constant drive pressure could be 

maintained between runs, which simplified the comparison of data taken over different 

runs. The gas pressure set for each target was adjusted to give a maximum beam 

attenuation of approximately 5%, in order to attain a negligible probability of multiple 

scattering.

3.5.2 The ion detection system

Any ions created in the interaction chamber were extracted, at 90° to both the e+ 

beam and target gas jet, by the application of ± 150V to a parallel pair of square extraction 

plates. These were situated on either side o f the interaction region. The positive extraction 

plate was mounted from the flange on top of the interaction chamber. The negative 

extraction plate was part of the ion detection system, illustrated in figure 3.7. This 

arrangement was housed within a brass tube bolted onto one face o f the chamber, 

orthogonal to the beam axis.

The ion extraction field was pulsed (the trigger signal being dependent on the 

extraction method used) in order to avoid deflection and/or distortion o f the e+ beam by 

the plate potentials. Upon pulsing o f the field, positive ions were deflected through a mesh 

covered hole in the centre of the negative extraction plate and focused onto the cone of a 

ceramic channel electron multiplier (a ceratron EMW-6081), by a cylindrical two element 

electrostatic lens. Typical voltages applied to each element o f the lens, the front and back 

of the ceratron and the final secondary e' collecting plate are indicated in figure 3.7. Also
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Figure 3.7: The ion detection system (Ashley 1996).

shown is a W grid, which was held in front o f  the ceratron to prevent the escape o f 

secondary e' from the cone surface. Shielding o f  the ceratron was achieved by earthing the 

surrounding Al cylinder. The diam eter o f  the outer Al holder was such that the whole 

arrangement fitted snugly into the external brass tube support.



Chapter 4 

Positron Impact Ionisation of 

Ne, Kr and Xe

Having outlined the experimental apparatus in chapter 3, this section now 

describes the technique used to collect data on e+ impact ionisation o f Ne, Kr and Xe, 

and the analysis employed to obtain the final cross sections. There follows a discussion 

of these results and an assessment of the experimental technique, as well as comparisons 

to existing data and corresponding measurements with equivelocity e', p+ and p \

4.1 Overview

For e+ scattering from each of the aforementioned targets, measurements o f the 

single (<Ti+)  and the ratio o f the double to single (R2) ionisation cross sections were 

made. A positron beam was crossed with a jet of the target gas and ion extraction was 

initiated by the detection o f a e+ at the microchannel plates (MCPs) at the end o f the 

beam line. Target ions were detected in coincidence with these projectiles, in order to 

discriminate against those created through Ps formation. Ions of varying charge to mass 

ratio were distinguished by their different flight times to a ceratron detector. 

Background and random coincidences (between fast particles, unscattered e+ and ions) 

were explicitly measured by monitoring the particle-ion coincidence rate with a 

retarding potential, just sufficient to stop all e+ which had participated in ionisation, 

applied to the analyser grids in front of the MCPs.
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4.2 D a ta  A c q u is it io n

A schem atic illustration o f  the tim ing electronics em ployed is displayed in figure 

4.1. Pulses from the M CPs were am plified by a factor o f  10 before being fed to a 

constant fraction discrim inator (CFD). A pulse w idener/inverter was then used to 

convert the tim ing output from the discrim inator into positive square pulses, 

approxim ately 2ps in width. These were used to initiate the extraction o f  ions, by 

triggering the application o f  ±150V to the extractor plates for the duration o f  the trigger 

pulse. The output signal from the ion detector (ceratron) was also am plified and filtered, 

before being fed into the “start” input o f  a tim e-to-am plitude converter (TAC).

+ 150V

-150 V

PHA SCA

Delay
Pulser

Detector

Ion
Detector

Ion Extraction 
Plates

Pulse 
Widener 

& Inverter

Multichannel
Analyser

Multichannel
Scaler

Pre-
Amplifier

xlO

Pre-
Amplifier

xlO

Ortec 584 
Constant 
Fraction 

Discriminator

Ortec 584 
Constant 
Fraction 

Discriminator

Ortec 567 
Time-to- 

Amplitude 
Converter

>  Start 
Stop<C

Figure 4.1: A schematic illustration o f  the ion detection sequence and timing electronics 

employed for the study o f  e impact ionisation o f  N e, Kr and Xe.
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The “stop’' signal to the TAC was provided by the suitably delayed e+ signal. This 

inversion o f  the flight tim e m easurem ent helped to reduce the dead tim e o f  the system , 

as the e+ count rate was approxim ately four orders o f  m agnitude greater than that o f  the 

ions. The PHA (pulse height analyser) output from the TAC was fed into a PC based 

m ultichannel analyser (M CA), which records the num ber o f  signal pulses occurring at 

different pulse heights. A typical M CA spectrum , obtained for 700eV e+ incident on a 

Xe target, is shown in figure 4.2. Each peak in the spectrum  corresponds to ions o f  the 

sam e charge to m ass ratio (q/m ), and peaks corresponding to singly, doubly and triply 

charged Xe ions are clearly visible.

Xe+ Xe2+ Xe3+ Xe4+ Xe5+ H ,0 +

<D
X>r->c3

1400 1500 1600 1700 1900
Channel Number

Figure 4.2: An ion tim e-of-flight spectrum, obtained for the impact o f  700eV e on Xe.

For the single ionisation m easurem ents, a TOF region o f  interest was set on the 

tim ing spectrum  corresponding to target ions o f  the desired q/m. The num ber o f  counts 

in this tim e w indow  was m onitored on a m ultichannel scaler (M CS), using the single 

channel analyser (SC A) output o f  the TAC. Channel advance pulses from the M CS were 

used to trigger a voltage ram p, whose dc output externally controlled the voltage supply 

to the m oderator (Vm), and thereby linearly increm ented V m for consecutive channels. 

An ion count rate could thus be m easured as a function o f  the incident beam energy in 

one pass o f  the M CS. The voltages applied to the source, velocity selector, RFA and 

analyser grids were varied synchronously as Vm was ramped.
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Data were collected in several runs consisting of repeated passes of the MCS, 

with alternating background measurements. In order to measure the background 

contribution to e+-ion coincidences, a retarding potential (V ret) was applied to the grids 

(g2) preceding the MCPs. The value of V ret was set by

Vre, = a V m- E l + 3V  (4.1)

where Ej represents the ionisation potential o f the target. At low energies (~10eV), it 

was found that Vm+3V was required to bias off the beam. This 3V shift arises from the 

work function of the W moderator and contact potential effects. However, at high 

energies («lkeV), it was found that Vm+9V was required due to the energy resolution of 

the analyser grids. The constant a , which accounts for this effect, was thereby 

determined to be equal to 1.006. The mid-pass output of the MCS was used to trigger a 

relay circuit which would switch the potential applied to g2 between 0V and V ret. A 

dwell time of 300s was included after each pass to allow capacitance effects to dissipate. 

At the beginning and end of each run, the variation in beam intensity with energy was 

measured in vacuum. The e+ count rate was monitored on the MCS by connecting the 

timing output of the e+ discriminator to the NIM input o f the MCS. For measurements of 

the beam background, consisting mainly of fast particles transmitted by the velocity 

filter, a potential of Vm+9V was applied to g2.

Ion yields (Y) were calculated by subtracting the summed signal and background 

passes and then normalising to the incident beam intensity and target gas pressure, 

according to equation 4.2.

Ni and N e+ represent the rates of e+-ion coincidences and incident e+ respectively. P 

represents the target gas drive pressure and the bracketed values indicate the voltage 

applied to g2 for each measurement. As the background contribution to Nj is 

proportional to the frequency with which ion extraction is initiated, N j(V ret) was
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multiplied by a correction factor, the pulser ratio (b). This is the ratio between Ne+ 

measured with OV and Vret applied to g2 , with gas added to the interaction region.

< « >

b was measured as a function of Vm, before and after a run, and the average was taken. 

The ion yields are directly proportional to the single ionisation cross section. Absolute 

values for cr* were obtained by performing a least squares fit of Y to the e' data of 

Krishnakumar and Srivastava (1988), between 800-1000eV. At these high energies, the 

cross sections for each projectile were found to have the same energy dependence and 

were assumed to have merged, in accordance with the first Bom approximation (FBA). 

The resultant cross sections are presented in section 4.4.

Data on the ratio o f the double to single ionisation cross sections o f each target 

were obtained directly from TOF spectra, collected on the MCA. These measurements 

were only made at a few energies, due to the comparatively low count rate associated 

with the smaller cross sections for double ionisation. Instead of being ramped, Vm was 

set manually. At each energy, a separate signal and background ion TOF spectrum was 

collected by applying OV and Vret respectively to the analyser grids. The value of Vret 

was unaltered from that used in the single ionisation measurements, as it was more than 

sufficient to stop e+ which had participated in double ionisation. Background spectra 

were corrected for the pulser ratio as before and, if  necessary, normalised for run times, 

before being subtracted from corresponding signal spectra. R2 values were then 

calculated by dividing the peak area in each spectrum for doubly charged target ions by 

that for singly charged ions.

4.3 Systematic Effects

Prior to investigating e+ impact ionisation of Ne, Kr and Xe, measurements of 

a *  for He and Ar were made. These were compared with the cross sections previously

90



Chapter 4 Positron Impact Ionisation of'Ne , Kr and Xe

obtained on the experimental system by Moxom et al (1996). The two sets of 

measurements were in agreement within statistical uncertainties, demonstrating the 

reliable performance of the system. Nevertheless, a number of further systematic checks 

were made over the course of this investigation and these will now be discussed.

4.3.1 Determination of the mean e+ beam energy

As noted in section 3.3, the energy of e+ (Ee+) emerging from the moderator is 

given by

E „ = e V m+SE (4.4)

where 8 E arises from the e+ work function of the moderator and contact potential 

effects. In order to determine E ^, a retarding field analysis was performed using the 

grids in front of the MCPs. A beam energy profile, obtained with Vm=100V applied to 

the moderator, is displayed in figure 4.3. The distribution o f e+ energies has a full width

60000 V =100V
\ 5E=1.5eV

50000

40000 

o  30000

V 20000
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— i------------------1-------------------1------------------1____________i___________ i___________ i___________ i____________ i________~ i f ' '  i_____________ i___________
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Vret-dVre/2 (V)

Figure 4.3: The e+ beam energy profile, at lOOeV.
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at half maximum (FWHM) of «3.3eV. However, it should be noted that this spread 

incorporates the energy resolution o f the retarder grids and the angular distribution of e+ 

velocities. The rather large low energy tail of the beam profile is attributed to spiralling 

o f the beam (despite tunings aimed at reducing this), which would result in measured e+ 

energies lower than the true values. The mean e+ impact energy was determined by the 

position of the peak in the beam profile. With Vm=100V, Ee+ was found to equal 

approximately 101.5eV. Hence, in general, Ee+ = (eVm + 1.5)eV.

4.3.2 Detection of e+-ion coincidences

The detection efficiency for measuring e+-ion coincidences was improved by a 

weak electrostatic field, which was produced by the cylindrical electrode R2. This 

reduced e+ flight times to the MCP detector, and thus allowed ion extraction to be 

initiated before the target ions could drift away. Ashley (1996) found that for a e+ 

scattering with excess energy (E') greater than leV, the probability o f reaching the 

MCPs within the effective lifetime o f a He target ion (i.e. within the time the ion 

remained in a region from which it could be extracted) was unity. The target ions in the 

present study had longer lifetimes and E' was always >leV , as no near threshold 

measurements were made. The efficiency for detecting e+-ion coincidences was 

therefore expected to be independent of the incident e+ energy.

Positrons scattered to angles greater than 90° in this experiment were reflected 

back towards the MCPs by the positive potential applied to the RFA. Following Ashley 

(1996), it was calculated that all e+ scattered in the angular range 0-90° would be 

detected for final e+ energies up to 130eV. The acceptance angle ( 0 acc) for detection of 

scattered e+ decreases for higher energies, however, the differential ionisation cross 

section becomes increasingly forward-peaked with energy. Using the calculations of 

Schultz et al (1989) for dai+(Kr)/dQ, it was calculated that c ij+ would be underestimated 

by, at most, 3% at 200eV due to e+ scattering in the range 0aCc<0^9Oo. As an additional 

check that no e+ were being lost through wide angle scattering, ion yields for Xe were 

remeasured with the magnetic field strength increased from 85 Gauss to 125 Gauss after
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the interaction region. This increased the acceptance angle for detection o f scattered e+ 

by approximately 35% at high incident energies. Within the experimental uncertainties 

(« 1 0 %), no increase in ion yields was observed.

4.3.3 Reduction of ion background levels

The effective lifetime ( x j )  of He+ ions in the interaction region, as defined above, 

was determined to be between 1 and 4ps by Ashley (1996). For Ar, Tj was found to be of 

the order of 15ps at maximum, and this is roughly consistent with the fact that Xj is 

proportional to the square root of the mass of the target ion. In initial measurements of 

e+ impact ionisation o f Kr and Xe, poor signal to background ratios were obtained 

because of the longevity of these target ions. They tended to linger in the interaction 

region and increase the probability o f measuring random coincidences. In order to sweep 

ions away from the interaction region and the ion detector, a ±2V d.c. offset was applied 

to the extraction plates. Subsequent measurements of <Ji+ and R2 , taken with and without 

a d.c. offset, were found to be in agreement. It was therefore concluded that the e+ and 

ions were negligibly perturbed by the resultant ExB field.

During background passes, e+ with insufficient longitudinal velocity are repelled 

by the retarding potential applied to the analyser grids. These e+ may be reflected back 

towards the interaction region with enough energy to ionise target atoms and thus 

increase the ion background. Total ion count rates were therefore measured using a d.c. 

extraction field and with OV and Vret applied to the analyser grids. The count rates 

obtained were identical to within 2 %, indicating a negligible contribution from ions 

created by e+ which multiply traverse the interaction region.

4.3.4 Determination of the relative detection efficiencies of singly and doubly 

charged ions

Measurements of the ratio of double to single ionisation had to be corrected for 

the relative detection efficiencies o f ions of different charge states. To this end, R2
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values were obtained for e' impact on each target. An e‘ beam was produced by applying 

a negative potential to the source and moderator and, by grounding most of the beam 

transport potentials. Exceptions were the velocity selector, which needed no adjustment, 

the REA, which was still used to retard off the low energy tail o f the beam distribution 

and R2, to which 300V was applied.

Ion extraction was initiated by a pulse generator and ions were detected in 

coincidence with this trigger pulse, instead of with the scattered e' projectile. This 

method was used because the free e’, produced by single and double ionisation, were 

found to trigger ion extraction in addition to the original e' projectile, thus altering the 

efficiency with which doubly and singly charged ions were detected. Signal and 

background TOF spectra were collected on the MCA, as before. However, the beam was 

entirely biased off during background measurements, by the application of Vm-10V to 

the RFA.

R2 data were obtained at a few impact energies for each target. These were then 

normalised to the values calculated from the absolute single and double ionisation cross 

sections of Krishnakumar and Srivastava (1988). Average normalisation factors of 1.05, 

1.12 and 1.30 were obtained for Ne, Kr and Xe respectively, and used to correct the data 

for e+ impact.

4.4 Results and Discussion

4.4.1 Single ionisation

The present results for single ionisation of Ne, Kr and Xe are shown in figures 

4.4, 4.5 and 4.7 respectively, along with existing experimental and theoretical data for e+ 

impact and with the e' data used for normalisation (Krishnakumar and Srivastava 1988, 

henceforth referred to as K&S). For Ne, the present results are generally in very good 

agreement with the data of Jacobsen et al (1995b), over the entire energy range 

investigated. The earlier measurements o f Knudsen et al (1990) tend to exceed these 

recent data at low and intermediate energies, and are up to 37% greater in the region of 

the cross section maximum. Jacobsen et al (1995b) attribute these differences to a
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residual background from Ps form ation in the older m easurem ents from Aarhus (see 

section 2.1.1). The data o f  M ori and Sueoka (1994) have been om itted from this 

com parison because o f  their large uncertainties.

♦  Present data
□ Knudsen et al (1990)
□ Jacobsen et al (1995b)
• • • e \  K&S (1988)
  Campeanu et al (1996)
  Moores (1998)

Ne -

6O A
o

b

0.4

100 1000
Energy ( eV )

Figure 4.4: Cross sections for single ionisation o f  N e by e and e' impact.

Also displayed in figure 4.4, are the results o f  the CPE model calculations o f 

Cam peanu et al (1996). These tend to overestim ate and underestim ate the present data at 

lower and higher energies respectively. The cross section m axim um  predicted by this 

calculation occurs at a few tens o f  eV below  that observed experim entally, but is o f  

approxim ately the same m agnitude. As discussed in section 2.1.2, CPE is a fairly sim ple 

model in which only plane and Coulom b w aves are em ployed and distortion effects are 

neglected. The discrepancies w ith experim ent may be a result o f  the sim ple 

representations o f  the final state wave functions (Cam peanu et al, 1996).

Apart from the calculations o f  M oores (1998), which were m otivated by the 

present investigation, there are no theoretical studies o f  a ,+(e+) o f  the heavier inert atom s 

for com parison with our m easurem ents. M oores (1998) em ployed a distorted wave 

m ethod with close-coupled target states, in which the incident and scattered particles
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were assum ed to m ove in the static potential o f  the ground state target atom. 

C ontributions from e" ejection from  both the outer ns and np shells were included. The 

results o f  these calculations for Ne are generally lower than the recent experim ental data 

above lOOeV, but by no m ore than «10% , and are in m uch better agreem ent with the 

present data than the results o f  Cam peanu et al (1996). Theory and experim ent differ 

increasingly for the heavier targets Kr and Xe. A lthough the results o f  M oores (1998) 

still peak at approxim ately the sam e energy as the experim ental data for these targets, 

they are generally higher, particularly in the region o f  the cross section m axim um . The 

difference between theory and the present data in this region is o f  the order o f  25%  and 

40% , for Kr and Xe respectively. A ccording to M oores (1998), his calculations are 

som ew hat lim ited by the om ission o f  polarisation effects and coupling to Ps channels.

K r  -5 £* Moxom et al (1996) 
♦  Present data 

■ • • ■ e \ K&S (1988) 
  Moores (1998)
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Figure 4.5: Cross sections for single ionisation of Kr by e and e' impact.

In figure 4.5, the present Qj+ for Kr is displayed with the data o f  M oxom  et al 

(1996), which are the only previous m easurem ents available. The latter have been 

m ultiplied by a factor o f  0.9 in order to com pare the overall shape o f  the two sets o f  

data. They generally follow  the sam e energy dependence and oscillations are apparent in
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both cross sections. Oscillatory structure can be seen, to a greater or lesser extent, in 

each o f  the single ionisation cross sections obtained in this work. For Ne, these 

oscillations are m inimal, appearing only at the highest energies investigated, and a 

sm ooth curve can easily be drawn through the m ajority o f  data points. For Xe, 

deviations from a smooth curve are discernible at a few energies, however, the spread o f  

the data (especially towards lower energies) does not allow  any firm conclusions to be 

drawn. M oxom  et al (1996) attributed the oscillatory structure in their m easurem ents to 

slight variations in the e+ transport efficiency with energy, and it was not thought to 

have any physical significance.
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Figure 4.6: Comparison o f  an ion yield, obtained for single ionisation o f  Kr, with the incident 

e' count rate used for normalisation.

In figure 4.6, an example o f  an ion yield obtained for Kr in the present study is shown, 

along with the incident e+ count rate used for norm alisation. In principle, any effect o f  

the oscillations in the beam intensity on the ion yield should be rem oved in the 

norm alisation process. In practice, it was found that this was not entirely effective, 

perhaps due to differences in the transport efficiency for e+ w hich have caused an 

ionisation event. Several attempts were therefore m ade to obtain a sm oother variation in 

e+ intensity with energy. However, some o f  this structure rem ains in the present 

m easurem ents, which have been perform ed under various beam transport conditions.
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Although any residual systematic effect on beam  transport cannot be entirely ruled out, 

it is noted, as indicated in figure 4.5, that the thresholds for 3d, 3p and 3s ionisation o f  

Kr are at 94eV, 2 M eV and 292eV respectively.

No prior m easurem ents o f  single ionisation o f  Xe by e+ im pact are available for 

com parison to the present results. However, an interesting feature to note in the 

corresponding e' im pact ionisation cross section, shown in figure 4.7, is the double peak 

around 55eV. A ccording to M athur and Badrinathan (1986,1987), the second peak 

centred at »95eV cannot be attributed to direct ‘knock-out’ ionisation o f  outer-shell e \  

nor to excitation-autoionisation processes. Instead the highly collective nature o f  the 4d 

orbital e" is thought to be responsible for intershell interactions, whereby excitation 

energy is transferred from the 4d to the 5p orbital, resulting in single ionisation. The 

present m easurem ents are not sufficiently detailed to determ ine w hether a sim ilar 

structure exists in (Tj+( e + )  in this energy region.
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Figure 4.7: Cross sections for single ionisation o f  Xe by e ’ and e‘ impact.

In general, the relationships betw een the cross sections for e+ and e' impact for 

each target are sim ilar to that described for He in section 2.1.3. At low incident energies,
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the present data for Xe are rather scarce, however, c ii+ ( e ' )  can clearly be seen to exceed 

the present c jj+( e +)  for Ne and Kr. For Ne, this situation is reversed above 50eV and for 

Xe, O i+ ( e +)  is greater than c jj+ ( e ' )  from about 30eV to the apparent merging of the cross 

sections at 800eV. In the case of Kr, t f i + ( e ' )  continues to exceed <3j+ ( e +)  until the peak in 

its cross section is reached. This occurs at a slightly lower energy than for e+ impact but, 

within the scatter of our data, the maxima of the two cross sections would appear to be 

of equal magnitude. For a more effective comparison of the ratio of the e+ to e' single 

ionisation cross section maxima [R* = a i + ( e +) /< j j+ ( e ' ) ] ,  a smooth curve was least squares 

fitted to the present data and used to estimate the peak value of a i + ( e +) .  This procedure 

was also applied to the single ionisation data of Moxom et al (1996) for He and Ar. In 

table 4.1, the resultant R* values for the range of noble gas atoms, from He to Xe, are 

compared. An obvious trend is not apparent, however as first noted by Moxom et al

(1996), R* does generally appear to be lower for the higher atomic number (Z) targets. 

This is contrary to what would be expected if the greater effectiveness of e+ impact 

ionisation at intermediate energies was attributable to target polarisation (e.g. Knudsen 

and Reading 1992) because, as table 4.1 illustrates, polarizability increases with Z.

He Ne Ar Kr Xe

R± 1.41 ±0.04 1.19 ± 0.01 1.18 + 0 . 0 2 0.93 ± 0.06 1.35 ±0.04

* Static electric 
dipole polariza
bility (10'24cm3)

0.295 0.396 1.641 2.48 4.04

Table 4.1: A comparison of the ratios (R*) of the e+ to e' single ionisation cross section maxima 

for the inert atoms with their polarizability (*from CRC Handbook of Chemistry and Physics).

This effect may be explained in terms of the static interaction between the Coulomb 

field of the undistorted target nucleus and the e+ projectile (Laricchia 1995a). As Z 

increases, this interaction becomes increasingly repulsive, consequently deflecting the 

light positive projectile to progressively larger impact parameters, where the influence 

of polarisation effects and final-state correlations on the ionisation probability are 

diminished. Evidence for this type o f trajectory effect has been obtained from
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differential ionisation studies where, as a result o f the final-state Coulomb interaction, a 

greater number o f ionised e‘ were found to be ejected at forward angles by e+ impact 

than by e‘ impact. However, there were fewer differences between the two projectiles for 

the higher Z atoms, possibly because o f broader deflections of the e+ by these targets 

(Laricchia 1995b). Studies of Ps formation have also revealed that a He target produces 

a more highly collimated Ps beam than the other inert atoms, which may be a reflection 

of the relatively weak static interaction between a e+ projectile and this atom (Laricchia 

1995b).

An important factor in the present study and, in other investigations of e+ impact 

ionisation, is the e' data used for normalisation. The accuracy o f these data and the 

normalisation procedure employed, determine the absolute magnitude of the final e+ 

cross sections and should therefore be taken into account when drawing any conclusions 

from the data. In the present study, our results were fitted to the e* data of K&S above 

800eV, and the calculations of Moores (1998) appear to confirm the validity of 

normalising in this energy region. The data o f K&S were used as they are available from 

threshold to IkeV for all the inert atoms, and they provide consistency with the 

measurements o f Moxom et al (1996). In addition, good agreement can be found 

between the results of K&S and those of Nagy et al (1980) for Ar and Kr, and the more 

recent results of Shah et al (1988) for Gj+(He). Nonetheless, there are significant 

discrepancies between the data of K&S and the data of Nagy et al (1980) and Schram et 

al (1965,1966ab) for He, Ne and Xe, and that of Gaudin and Hagemann (1967) for He 

and Ne. In particular, the high energy dependence o f the present Gj+(e+) for Xe and that 

of the corresponding cross section for p+ impact (Manson and DuBois 1987), appear to 

be more consistent with the results of Nagy et al (1980) than K&S (see section 4.4.3). 

This uncertainty in the absolute value of the e' cross section at higher energies, would 

introduce an uncertainty in the absolute e+ cross section of 20% and 15%, for Ne and Xe 

respectively. The effect o f this uncertainty on the values of R1  for these targets cannot be 

directly determined, as the data of Nagy et al (1980) do not extend to impact energies 

below 500eV.

In order to obtain an estimate of the possible difference between Gj+( e +) and 

G j+( e ‘)  at high energies, the total scattering cross sections ( g t )  of each target were 

compared. For He, Ne and Ar the data o f Kauppila et al (1981) were used and, for Kr
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and Xe, that of Dababneh et al (1982). These authors measured g t, using the same 

apparatus for both e+ and e' impact, up to incident energies o f 800eV. The two cross 

sections were not observed to merge for any o f the targets barring He, and the ratio of 

g t ( c + ) / o t ( c " )  at high energies was found to be less than unity in each case. Under the 

assumption that this difference in g t  at high energies was due solely to the contribution 

from direct single ionisation, the present e+ data (and that of Moxom et al 1996, for He 

and Ar) were multiplied by the appropriate value o f G T (e +) / o x ( e ' ) .  Although, of course, 

the relationship between the resultant O j+ ( e +)  and G j+ ( e ' )  of each target was altered in 

terms of absolute magnitudes, the overall trend in R* was found to persist.

By combining the low and high energy limits for Gj+, Rost and Pattard (1997) 

have recently developed a simple analytical formula for this cross section, which only 

depends on two parameters. These are the magnitude of the cross section maximum 

( g m ) and the energy at which this maximum occurs ( E m ). The values o f g m  and E m  can 

either be determined from theory or from experiment. According to Rost and Pattard

(1997), this parametrisation is valid for the ionisation of atoms by a variety of bare 

projectiles, irrespective of their charge and mass, because o f the inclusion of the 

threshold behaviour of the different collision systems. In addition, the cross sections for 

ionisation of different targets by the same projectile were found to have a common 

shape, if plotted in terms of the dimensionless variables E /E m  and o / g m  (where E  and 

Em are both excess energies above the ionisation threshold of the target). The present 

results for e+ impact ionisation of Ne, Kr and Xe are plotted in this manner in figure 

4.8(a), where Em and gm have been determined from a fit to the experimental data. 

Within the statistical uncertainties, and despite the oscillatory structure in the individual 

cross sections, the present data would appear to follow a common curve. This provides 

some degree of validation for the Rost-Pattard model. However, in figure 4.8(b), the 

present results for Ne are shown with the similarly scaled data o f Knudsen et al (1990) 

and Jacobsen et al (1995b). These cross sections also appear to have a common shape, 

but the consistency amongst the data-sets is surprising, given that the present results and 

those of Jacobsen et al (1995b) differ substantially from those o f Knudsen et al (1990) 

in absolute magnitude (by «37% in the region of the cross section maximum). This type
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o f  scaling does not, therefore, appear to be able to distinguish betw een the actual energy 

dependencies o f  the individual cross sections.
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Figure 4.8: Cross sections for single ionisation of (a) Ne, Kr and Xe and (b) Ne by e impact, 

which have been scaled to EM and a M following Rost and Pattard (1997).
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4.4.2 Double to single ionisation

V alues for the ratio o f the double to single ionisation cross sections o f  Ne, Kr 

and Xe are presented in figure 4.9(a)-(c) respectively. The present results for e im pact 

are displayed with the previous m easurem ents o f  Charlton et al (1989) for Ne, Helms et
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al (1995) for Kr and Xe, and Kruse et al (1991) for Xe only. Also shown are the 

corresponding data of K&S for e' impact. There is generally a fair degree of consensus 

amongst the e+ data, especially towards higher energies. For Ne, the present results are 

in agreement with those of Charlton et al (1989) around 700eV, but are much lower 

below this energy. Near lOOeV, the data of Charlton et al (1989) appear to merge with 

the e‘ data, whereas the present value for R.2(e+) is approximately 75% lower. This 

difference between the two sets of e+ data could partly be due to the improved 

discrimination against Ps formation in the present work. The data of Helms et al (1995), 

for Kr and Xe, explicitly include contributions from Ps formation and are in agreement 

with the present results at high energies, where such contributions are expected to be 

negligible. However towards lower energies, where Ps formation is not negligible, their 

data are higher than the present measurements and eventually exceed even the e' data. 

Kruse et al (1991) did discriminate against Ps formation, yet their results for Xe can still 

be seen to exceed the present data below 200eV. The reason for this disagreement is not 

known.

For all three targets presented here, R2 values for e' impact are generally larger 

than the present values for e+ impact. At high energies, where <7i+( e +)  is equal to O j+ ( e ' ) ,  

this can be attributed to charge dependent behaviour in the double ionisation cross 

sections, as discussed in section 2.1.3. R.2 (e+) and R-2(e') for Ne appear to vary smoothly 

with energy, although the present data for this target are rather scarce. For Kr, the e+ 

data appear to saturate in the vicinity of 150eV, whereas the e' data peak around lOOeV 

and then decrease to a plateau at about 400eV. The R.2(e’) data for Xe plateau and then 

peak at around 65eV and lOOeV respectively, as a result o f structure in the single and 

double ionisation cross sections, before slowly increasing from 250eV onwards. It 

cannot be determined whether the present data for Xe peak at about 90eV, in a similar 

manner to the data of Helms et al (1995). However, all three sets o f e+ data shown in 

figure 4.9(c) display an increase above 300eV, resulting in an eventual merger with the 

e' data between 800-1000eV.

The structure o f the data described above for Kr and Xe suggests the 

involvement of more than one ionisation process. Helms et al (1994b, 1995) attributed 

this high energy behaviour to contributions from inner-shell ionisation (possibly the Kr- 

M and the Xe-N shell, with thresholds at 93.8eV and 67.5eV respectively) followed by



R
2(

X
e)

 
R

2(K
r) 

R
,(

N
e)

Chapter 4 Posiiron Impact Ionisation of Sc. Kr and Xe

0.06

0.05

0.04

0.03

0.02

0.01

0.00

0.10

0.08

0.06

0.04

0.02

0.00 

0 16

0.12

0.08

0.04

♦  Present data
□  Charlton et al (1989) 

-  Predicted

• • ■ e', K&S (1988)

'  m
+ + -

O Helms et al (1995) 
♦  Present data 

• • ■ ■ e \  K&S (1988)
  e’ Inner-shell
  e ' Inner-shell
 Predicted

A  Kruse et al (1991)
♦  Present data
O Helms et al (1995)

  e Inner-shell

  e' Inner-shell

-  Predicted

• ■ • e \ K&S (1988)

100 Energy (eV) 1000

Figure 4.9: Ratio o f the double to single ionisation cross sections o f (a) Ne, (b) Kr and (c) Xe.



Chapter 4 Positron Impact Ionisation ofNe, Kr and Xe

Auger and Coster-Kronig decay. They estimated this contribution, for e+ and e‘ impact, 

by using a semi-empirical formula of Lotz (1967,1968) to calculate cross sections for 

ionisation of inner-subshells. The differences between e+ and e' impact inner-shell 

ionisation were predominantly thought to arise from the Coulomb interaction between 

the projectile and target nucleus (Schneider et al, 1993ab). To account for this effect, 

Helms et al (1995) replaced values of the incident e+ energy (E) in their Lotz formulae 

with values of (E-Ej), where Ej represents the binding energy o f the relevant subshell. 

These results were then combined with those o f Carlson et al (1966), for the fraction of 

multiply charged ions produced by inner-shell photoionisation, to obtain the curves 

shown in figure 4.9(b) and (c). At high energies, the estimated values appear to give a 

fair account of the energy dependence observed experimentally for Xe, and are 

consistent with the merging of the e+ and e' data in this region. For Kr, the agreement 

between the R2 data and the estimated inner-shell contribution to this ratio is poorer, 

possibly indicating that this process is not as dominant for Kr at these energies as for 

Xe. Helms et al (1995) note that the early merging of the e+ and e' data for Xe, may be a 

result o f the smaller binding energies of the inner and outer shells of this target.

Also plotted with the present data in figure 4.9, are predicted values for R2 , 

calculated from previous data for p+, p' and e' impact according to

( 4 5 )

This equation was first employed by Charlton et al (1988) in an attempt to separate mass 

and charge effects. In the present calculations, the e' data of K&S and the p' results of 

Paludan et al (1997a) were used, as well as the p+ data o f Andersen et al (1987) and 

DuBois et al (1984), DuBois and Manson (1987) and Manson and Dubois (1987) for 

Ne, Kr and Xe respectively. For Ne, the predicted curve appears to support the low 

energy dependence of the present results rather than those o f Charlton et al (1989). 

However, for Kr, between ~150-300eV the predicted values are in better agreement with 

the data of Helms et al (1995) than the present data. It should be noted that the predicted 

curve for Kr was obtained using renormalised values o f the p+ data (DuBois et al, 1984),
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due to a discrepancy between these results and the e' data at high energies (see section

4.4.3 for more details). Above 200eV, good agreement between prediction and 

experiment can also be observed for Xe but, below this energy, the predicted curve 

displays an increase which does not appear to concur with the present results. Overall, 

the predicted values for each target appear to be in surprisingly good agreement with the 

e+ data, over a broad energy range. The fact that kinetic energy and charge dependent 

effects can be separated out in this manner, despite the many differences between the 

individual cross sections, would appear to imply that the influence of e" exchange, 

polarisation and trajectory effects cancel in the ratio values and are therefore of similar 

importance in single and double ionisation.

The R.2 values measured for each target were also used to obtain new double 

ionisation cross section data. These are presented in section 4.4.3, where they are 

compared to similar data for p+, p' and e' impact.

4.4.3 Comparison to e~, p+ and p' data

In conjunction with the present study, new data on p* impact ionisation o f Ne, 

Ar, Kr and Xe were obtained by Paludan et al (1997a), thereby resulting in a complete 

set o f data for single and double ionisation of the inert atoms by e+, e‘, p+ and p' impact. 

A comparison of these data for each target can now be made, in order to ascertain if  the 

relationship between the cross sections o f the four projectiles is similar to that observed 

for He. <7 i+ for Ne, Ar, Kr and Xe are displayed in figure 4.10. For e+ and p‘ impact 

respectively, the present results (along with the data of Moxom et al, 1996 for Ar) and 

the data of Paludan et al (1997a) are shown. For e‘ impact, the data o f K&S are 

displayed with those of Nagy et al (1980), in order to illustrate the discrepancies 

between the two sets of measurements described in section 4.4.1. DuBois and Manson 

(1987) have measured (7j+(p+) for Ne, Ar and Kr targets, over a limited energy range. In 

addition, they estimated c jj+( p +)  from previous measurements (DuBois et al, 1984) of 

g t+ of these targets, by subtracting the appropriate capture cross sections. The latter 

were compiled from the literature. However, it was noted by Paludan et al (1997a), that 

the g t+ of DuBois et al (1984) for Kr differs from the e' data of K&S by as much as 65%
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at 1.8 MeV/amu, where the cross sections for the two projectiles are expected to be 

identical. The discrepancy is believed to be a result o f the different normalisation 

procedure employed by DuBois et al (1984). For consistency with the e+ and p‘ data, 

which have been normalised to the e' data of K&S, the measured a j +(p+) and estimated 

Gi+( p +)  shown for Kr have been renormalised (Paludan et al, 1997a). For single 

ionisation o f Xe by p+ impact, the low and high velocity measurements of Afrosimov et 

al (1969) and Manson and DuBois (1987) respectively are shown. There is a lack of data 

for p+ impact in the intermediate velocity region.

Gj+ of Kr for e+, e', p+ and p‘ impact all follow the same energy dependence at 

high incident velocities and, hence, appear to be well merged above 1 MeV/amu in 

figure 4.10. This trend is in accordance with the predictions of the FBA and was also 

observed for He, as discussed in section 2.1.3. The single ionisation cross section data 

for the other targets Ne, Ar and Xe generally display the same trend, but there are slight 

differences between the cross sections for some of the projectiles. For Ne, the data for 

all four projectiles are in good accord above «1.5MeV/amu, except for the e‘ data o f 

Nagy et al (1980), which are approximately 20% lower in absolute magnitude. The two 

sets of e‘ data are in agreement for Ar, but the cjt+( p +)  of DuBois et al (1984) is o f the 

order of 10% lower than the e" curve at 1 MeV/amu. As discussed above, this is thought 

to be a result o f the different normalisation procedures employed. There are also 

differences in energy dependence and absolute magnitude amongst the e' data for Xe 

above 1 MeV/amu, and (as noted in section 4.4.1) the present results, as well as the p+ 

data o f Manson and DuBois (1987), appear to be in better accord with the data of Nagy 

et al (1980).

Towards lower velocities, the cross sections of the positively charged projectiles 

can generally be seen to exceed those o f their negatively charged counterparts, due to 

the effects of final state correlations and target polarisation. However, in the case o f Xe, 

the lack of p+ data between 0.05-0.2MeV/amu does not enable a proper comparison to 

be made. Again, with the exception of Xe, the decrease in the difference between the e+ 

and e‘ cross section maxima with Z is also apparent in figure 4.10. The corresponding 

ratio o f the p+ to p’ Gj+ maxima appears to be relatively unaffected as Z increases, 

indicating that the trajectory of the heavier p+ is less susceptible to deflection (by the 

repulsive static interaction with the target nucleus) than that o f the e+.
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At low incident projectile velocities, the cross sections for single ionisation o f 

He by positively charged particle impact have been observed to fall below those o f their 

negatively charged counterparts, due to the combination of trajectory effects, 

binding/antibinding and e' capture. For the heavier inert atoms, Ne, Ar and Kr, Gi+(e +) 

can also be seen to drop below the corresponding cross sections for e" impact (in the 

vicinity of 0.1 MeV/amu), and the velocity at which this occurs generally appears to 

increase with Z. The present data for Xe do not conform to this trend and there are 

insufficient points at low velocities, to ascertain whether Gj+(e+) does fall below <7i+(e'). 

Similarly, the p+ and p‘ data are not available at sufficiently low velocities to determine 

whether G j+ ( p +)  eventually falls below c jj+ ( p " )  for the heavier inert atoms. Finally, it is 

interesting to note the double peak structure in the Gi+(e ‘) of Ar, which is similar to that 

observed for Xe. However, according to Crowe et al (1972), in this case the peak around 

0.09MeV/amu is a result o f the autoionisation of the 3s3p64p and 3s3p63d states of Ar. 

The p' data for each target also display some form of double peak structure, but Paludan 

et al (1997a) were unable to determine whether they were of genuine origin or an 

experimental artefact.

The double ionisation cross sections of Ne, Ar, Kr and Xe by e+, e‘, p+ and p' 

impact are compared in figure 4.11. As in the previous figure, for e’ and p’ impact the 

data of K&S and Paludan et al (1997a) respectively are displayed. For e+ impact 

ionisation of Ne, Kr and Xe, g 2+ were calculated by multiplying the present R2 values 

by the appropriate single ionisation cross section results. In the case o f Ar, a 2+(e+) was 

obtained by multiplying the R2 values o f Charlton et al (1989) by the cij+ o f Moxom et al 

(1996). The total double ionisation cross sections ( g t 2 + )  of DuBois et al (1984) are 

shown for p+ impact ionisation o f Ne, Ar and Kr, along with estimates o f a 2+(p+) which 

were obtained by DuBois and Manson (1987) in the same manner as their estimates of 

a i (P+) (described previously). For double ionisation of Xe by p+ impact, the only 

measurements available are those of Manson and DuBois (1987), for incident energies 

above 200keV.

At low incident velocities, the ctt2+( p +)  for Ne, Ar and Kr are much larger than
2”F "F •<jj (p ). At approximately 0.1 MeV/amu, the two cross sections appear to begin to 

merge, as e‘ capture becomes less likely. In this low velocity region, the p' data generally
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lie between the total and direct double ionisation cross sections for p+ impact, and the 

cross sections for e+ and e' impact are much lower than all of these data, due to kinetic 

energy effects. For Ar and Kr, <jj2+( p +)  and <jj2+(p‘) are of comparable magnitude around 

0.08MeV/amu however, a 2+(p’) subsequently exceeds a j 2+(p+) at velocities above

0.2MeV/amu. It is difficult to draw any conclusions about the low velocity behaviour of
2+

<7 j (p') for Ne, given the large experimental uncertainties, but these data can clearly be 

seen to exceed ctt (p ) above 0.2MeV/amu also. This charge dependent behaviour was 

observed for He and is believed to arise from interference effects between the various 

double ionisation mechanisms, as described in section 2.1.3. Accordingly, the <j\ for e' 

impact on Ne, Ar and Kr are also greater than the e+ data over almost the entire energy 

range investigated, despite the fact that the interference model was only developed for 

high impact velocities, where the FBA is applicable. Due to the scarcity of the present 

data for Ne, it is difficult to ascertain the exact velocity at which the cross sections for e+ 

and p+ impact merge, however the e+ data-point above 1 MeV/amu is equivalent to 

c j t  (p ). ctj (e‘) and (p’) for Ne appear to be close to merging at approximately the 

same velocity.

For Ar, a 2+(e+) and cft2+( p +)  have already merged by «0.3MeV/amu and, by 

0.7MeV/amu, a 2+(p’) and a 2+(e') are also in close agreement. There are no p' data 

available for comparison above 1 MeV/amu but, with respect to the situation for He and 

Ne, the cross sections o f the three other projectiles appear to be close to convergence in 

this region. As discussed in section 2.1.3, this apparent loss o f charge dependency has 

been attributed (Knudsen and Reading 1992) to the increasing dominance of one 

process, inner-shell ionisation followed by Auger and Coster-Kronig decay, which 

reduces interference effects between the various double ionisation mechanisms. As for 

Kr and Xe, Helms et al (1994b, 1995) estimated the contribution to R2(Ar) from inner- 

shell ionisation (L-shell, threshold at «248eV) by e+ and e’ impact, and found good 

agreement with the experimental data at high energies. Similarly, DuBois and Manson
2+ _j_

(1987) found that ax (p ) was comparable in magnitude to the total L-shell ionisation 

cross section above several hundred keV.

For double ionisation of Kr, below 1 MeV/amu, the cross sections of the 

negatively charged projectiles exceed those o f their positively charged counterparts.

I l l
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However, merging of the e+ and p+, and the e’ and p' data does not occur. In addition, 

<jj2+( e ' )  and c jt 2+( p +)  are in close agreement above 0.3MeV/amu. Above 1 MeV/amu, the 

<t2+ for e+, e' and p+ impact appear to be fairly similar. These features do not allow a 

clear inference of either charge dependence or kinetic energy effects to be made. Studies 

of inner-shell ionisation by Helms et al (1995) and DuBois and Manson (1987), have 

indicated that M-shell ionisation followed by Auger decay makes an increasing 

contribution to a 2+(Kr) at high velocities, for e+, e" and p+ impact respectively. It is 

possible that this process is beginning to alter the relationship between the cross sections 

o f the four projectiles, which has been observed for the lighter targets.

Due to the scarcity o f e+ data, and the complete lack of p+ data, for double 

ionisation o f Xe at low velocities, few trends can be inferred from a comparison of the 

cross sections in this region. Around 0.1 MeV/amu, structure is visible in a j 2+( e ' )  in the 

form of a small shoulder, just before the beginning of the main peak in the cross section. 

According to K&S, this energy region matches the threshold for ejection of a 4d e*, and 

photoionisation data (Berkowitz 1979) reveal that such an ejection primarily results in 

the formation of Xe2+. A more detailed study of this energy region would be required 

before any conclusions concerning such inner-shell interactions could be drawn for e+ 

impact. In contrast to the cases of Ne and Ar, there is no indication o f charge 

dependence at higher velocities for Xe. However, kinetic energy effects would appear to 

persist to higher velocities, as a 2+( e " )  and a 2+( e +)  remain lower than cjj2+(p‘) and 

a 2+(p+) until approximately 1 MeV/amu. In fact, the cross sections for e+ and e' impact 

appear to have merged by 0.5MeV/amu, and those for p+ and p' impact are fairly similar 

above 0.7MeV/amu. Just below 2MeV/amu, a 2+ for e+, e' and p+ impact are identical. In 

view of the earlier comparison of R.2(Xe) values for e+ and e' impact, this behaviour is 

thought to be attributable to the dominance of N-shell ionisation for all four projectiles 

at high velocities. Support for such a conclusion is provided by the calculations of 

Manson and DuBois (1987) for direct double ionisation of Xe by p+ impact, via 

ionisation of a 4d e‘ followed by Auger decay. These were found to be in very good 

agreement with their experimental measurements of a 2+(p+) above 0.2MeV/amu, 

thereby illustrating the importance of this process. Overall, the high velocity behaviour
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2 j
of CTj would appear to increasingly reflect that o f the individual inner-shell ionisation 

cross sections.

4.5 Summary

In this chapter, the method and results of an investigation of e+ impact ionisation 

of Ne, Kr and Xe have been discussed. New data on single, double and the ratio of the 

double to single ionisation cross sections were presented and, where possible, compared 

to prior measurements and corresponding e', p+ and p' data.

Overall, the present results were generally in good agreement with previous e+ 

data, although some discrepancies have been found at low energies and attributed, 

possibly, to the improved discrimination against Ps formation in this work. Comparisons 

of the relationship between the single and double ionisation cross sections of the 

particle-antiparticle pairs, for the range of inert atoms, have revealed some interesting 

trends. In single ionisation, the ratio of the e+ to e* cross section maxima was generally 

found to be lower for the higher Z targets. However, no such trend was observed for the 

ratio of the corresponding p+ to p‘ single ionisation cross section maxima. It has been 

suggested that this effect may be related to the increasingly repulsive static interaction 

between the positive projectiles and the target nucleus. This appears to result in the 

deflection of the lighter e+ projectiles to large impact parameters, where the influence of 

polarisation and final-state correlation effects are diminished. In contrast, the trajectories 

o f the heavier p+ projectiles appear to be less susceptible to such deflections.

In double ionisation, the increasing influence of inner-shell ionisation for the 

heavier targets, has been found to disrupt the charge dependent behaviour observed at 

high velocities for lighter targets such as He and Ne. For Xe, inner-shell ionisation 

followed by Auger decay dominates to the extent that interference effects between the 

various double ionisation mechanisms (which are thought to be responsible for the 

charge dependency) appear to be negligible, and the first cross sections to merge are 

those for e+ and e‘ impact.



Chapter 5 

Positron Impact Ionisation of H

The study of positronium (Ps) formation from H is described in this chapter. 

Modifications to the experimental system and the data acquisition process are outlined 

in sections 5.2 and 5.3 respectively. Systematic effects are evaluated in section 5.4, 

before the final presentation and discussion of results in section 5.5.

5.1 Overview

The aim of this investigation was to measure the Ps formation cross section ( c t p s)  

of H. This was achieved first through measurement o f the total ionisation cross section 

( c t t + ) ,  which includes contributions from both direct ionisation and Ps formation. a p s 

was then obtained by subtraction o f the direct ionisation cross section (<7j+)  from these 

data, i.e.

CTPs = a T+ - CTi+ (5-J)

An atomic hydrogen source and a new ion detection system were installed on the 

e+ beam line. ax+ was measured using a crossed beam arrangement, employing a random 

ion extraction method similar to that previously used by Moxom et al (1993). Ion 

extraction was initiated by signals from a multi-pulser and ions were detected in delayed 

coincidence with this signal. Ions formed through both direct ionisation and Ps 

formation were thereby collected.
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5.2 Experimental Modifications

5.2.1 The H source

This consisted of a Slevin-type H source (Slevin and Stirling, 1981), comprising 

a water cooled discharge tube in which H2 is dissociated with a radio frequency (rf) 

electric field. The H source was mounted on top o f the interaction chamber of the 

system, as shown schematically in figure 5.1. Although not to scale, this figure 

illustrates the connecting gas supply network and the relative position of the ion 

extraction system.

The degree of dissociation obtained with the H source was dependent on a number 

of factors, such as the input pressure o f H2 , the rf power and the cleanliness o f the 

discharge tube. According to Slevin and Stirling (1981), H is predominantly lost through 

recombination on the walls of the discharge tube and the presence of as little as a 

monolayer of any impurity can drastically reduce the dissociation fraction obtained. To 

ensure the purity of the gas supply, a hot palladium leak valve (Viennet et al, 1973) was 

located between a H2 supply cylinder^ (intrinsic purity 99.9995%) and the discharge 

tube. The valve essentially consists of a Pd-Ag finger, whose temperature can be 

increased by resistive heating. Only H2 and its isotopes can diffuse through a Pd-Ag 

lattice, via dissociative chemisorption onto the Pd-Ag surface and subsequent migration 

through interstitial sites in the lattice. The rate of diffusion is known to be proportional 

to the temperature of the crystal (Wicke and Brodowsky 1978) and it was therefore 

controlled by varying the current applied to the Pd-Ag finger. A typical current of 

approximately 1.7A resulted in an input pressure to the source of about 0.09Torr, as 

measured by a Pirani gauge located after the palladium valve. During normal operation 

o f the source, the three needle valves marked A, B and C in figure 5.1 were kept closed, 

thereby ensuring that H2 could only enter the discharge tube via the palladium valve. 

However, when opening the system up to air, the apparatus was first filled to one 

atmosphere with dry nitrogen by switching off the current to the palladium valve and 

opening valves A and B. This procedure served to reduce surface condensation of

* To reduce the background from, for example H+ produced from water in the rest gas, D was 
used in this study instead of H.
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Chapter 5 Positron Impact Ionisation o f  H

impurities such as water in the discharge tube and, as the pressure here was always equal 

to or greater than that in the system, the likelihood of hydrocarbons and other 

contaminants diffusing back from the vacuum pumps.

The discharge tube was made of Pyrex and was held centrally within an rf cavity 

by an interlocking set o f aluminium rings. These also allowed the vertical alignment of 

the tube to be adjusted in situ. Further adjustments could be made to the tilt o f the 

discharge tube using the screws in the base flange, which supported the entire 

arrangement. The exit capillary o f the discharge emerged centrally between the two 

plates used for ion extraction. The capillary was covered by an aluminium nozzle which 

was coated in graphite and grounded. A continuous supply o f cooling water was fed 

through the outer jacket of the discharge tube, to reduce the temperature o f the discharge 

and inhibit recombination of H on the tube walls (Slevin and Stirling, 1981). In the 

event of a failure in the water supply, the rf  power was automatically switched off, thus 

preventing any damage to the source.

The rf  cavity consisted of a cylindrical copper shield enclosing two concentric 

helical conductors. Power from an rf generator was supplied to the cavity via a 50Q 

coaxial cable, connected to a BNC feedthrough. The rf electric field causes e‘ in the 

discharge to oscillate, however, their motion is damped through collisions with the gas 

molecules in the discharge. The e" consequently absorb a mean power from the field, 

which allows them to participate in inelastic processes such as ionisation. Although 

ionisation produces further free e', other processes such as ionic attachment, 

recombination and diffusion remove them. When the rate of e' production greatly exceeds 

that for e' removal, a sharp increase in conductivity can be observed and a net current 

flows through the gas. With a sufficient number density of e’, dissociation o f H2 can occur 

by one o f two mechanisms: excitation to the repulsive 3SU+ triplet state, with immediate 

dissociation into two atoms or excitation to the stable 3Eg+ triplet state, followed by
^  _j_

radiative decay into the Eu state which then immediately dissociates. The latter process 

generally predominates. Approximately 25W of rf at 28MHz were required for the initial 

excitation of the discharge. However, during normal operation of the source, the power 

was usually reduced to about 13W. This resulted in a typical voltage standing wave ratio 

of 1.3, indicating that 85% of the generator output was absorbed by the source.
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The target gas jet, consisting o f a mixture of atomic and molecular hydrogen, 

finally emerged from the nozzle of the discharge tube at low pressures (approximately
n

5x10’ Torr). However, photons were also emitted and these were found to be the major 

contributors to the background in the ion signal. This problem was to be expected, for it 

had arisen in a number of previous studies (e.g. Jones et al, 1993 and Weber et al, 1994). 

The exit capillary of the discharge tube had hence been designed to incorporate a small 

Pyrex disc, to block the path of photons leaving the tube. Nonetheless, further measures 

were required to counteract this problem, such as coating all exposed surfaces in the 

interaction region with a layer o f graphite and installing a narrow aperture in front of the 

ion detector (see section 5.2.2). In addition, maintaining the pressure o f H2 entering the 

discharge tube and the rf  power at the constant low levels mentioned previously (i.e. 

0.09Torr and 13 W respectively) was found to be conducive to high signal to background 

levels. A relatively stable dissociation rate was thus obtained and this was typically 

about 40-50%.

5.2.2 The ion detection system

A new ion detection system was designed for the H measurements, using the ion 

optics simulation programme Simlon 4.0 (Dahl and Delmore 1988). The ion detector 

was initially installed off-axis in order to prevent it being on a direct line-of-sight to the 

interaction region. However, no consistently reproducible yields could be obtained with 

this set-up. This was thought to be due to difficulties in collecting ions from all parts of 

the gas cell with equal efficiency. The detector was hence relocated on axis, and the 

resultant system is shown in section in figure 5.2. A 50mm square ion extraction plate 

was mounted off the lip of a PTFE cylinder. The hole in the centre of the plate was 

2 0 mm in diameter and was covered by a tungsten mesh, dagged onto the plate surface, 

to maintain the uniformity of the electric field between the extraction plates. Two lens 

elements, o f 28mm inner diameter, and an 8 mm diameter aperture were push fitted 

within the PTFE cylinder. As well as focusing ions of the same charge to mass ratio 

temporally, the lens system was designed to minimise the area o f the detector exposed to 

photons, by focusing ions through the narrow aperture. A 1mm thick PTFE ring
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Chapter 5 Positron Impact Ionisation of 'H

separated the two lens elem ents and this had a larger inner diam eter, so as not to distort 

the focusing lens field. The exposed surfaces o f  the lens and aperture were coated in 

graphite to prevent charging up and reflection o f  photons.

Ceratron detectors have been found to deteriorate after exposure to H and give 

rise to a high rate o f  dark counts (Paludan et al, 1997a). In order to avoid such problem s, 

a Philips Photonics single channel electron m ultiplier (X919BL channeltron) was 

installed in this system. The channeltron was held in a recess cut into a PTFE block and 

the block was m ounted o ff an L-shaped alum inium  piece. A tungsten grid was m ounted 

in front o f  the cone o f  the channeltron, to prevent the escape o f  secondary e". Electrical 

isolation betw een the cone and grid was m aintained by nylon spacers. The channeltron 

holder and the signal wire from the detector were both shielded to reduce r f  pick-up. 

The entire detection arrangem ent was housed w ithin an alum inium  cylinder, which 

fitted inside a brass tube connected to one side o f  the interaction cham ber. As the H 

source was m ounted from the top o f  the cham ber, the second ion extraction plate and a 

new 6m m  aperture (needed to centrally align the beam when tuning) were both m ounted 

o ff  the flange opposite the detection system (see figure 5.1).

Vr.Rin= -2.6kV

= -2.6kVCONE

V L2= -2.8kV
Vu = -150V

Assuming D ions 
formed within e4 beam 

diameter of 10mm

Figure 5.3: A Simlon 4.0 simulation of D ion trajectories to the cone of the detector.

120



Chapter 5 Positron Impact Ionisation o f H

Typical voltages applied to each component of the detection system are shown in 

figure 5.3, which also illustrates the trajectories of the target ions to the detector, as 

modelled using Simlon 4.0. In this simulation the detector is entirely on axis whereas, in 

reality, the channeltron was mounted «3mm off axis due to the restrictions of the 

surrounding aluminium cylinder. The effective cone diameter used in the simulation was 

hence reduced from 12mm to 6 mm. However, as illustrated in figure 5.3, the ion 

trajectories are well focused and all ions formed within a 5mm radius at the centre o f the 

interaction region are still detected. The flight times o f both atomic and molecular target 

ions to the channeltron were obtained through such simulations, when checking the time 

resolution of the system («9%).

5.2.3 Beam transport and detection

The transport of the e+ beam was unaltered from that described in chapter 3 for 

the Ne, Kr and Xe measurements up until the retarding field analyser (RFA). For this 

investigation, the RFA was held at -150V and primarily used to reduce the flight time of 

the e+ to the interaction chamber. This was necessary for the beam chopping sequence 

discussed in section 5.3.

After the interaction region, scattered and unscattered e+ were allowed to drift to 

the end of the beam line. The two brass cylinders, R2 and R3, en route were kept at 0V 

and -15V respectively. This was found to help minimise variations in the beam transport 

efficiency, at the relatively low energies o f interest in this experiment. At the end o f the 

beam line, e+ were detected by a channeltron, which replaced the microchannel plate 

arrangement due to problems with its detection efficiency. A schematic o f the new e+ 

detection arrangement is shown in figure 5.4. As before, a series of tungsten grids were 

mounted in front o f the e+ detector. The grid closest to the channeltron helped to prevent 

the escape of secondary e' and a subsequent grid could be used as an energy analyser. 

The outermost grid was in contact with a graphite coated aluminium disc which was 

permanently grounded. The outer diameter of the aluminium disc was comparable to the 

inner diameter o f the cylinder housing the e+ detection arrangement. It thus provided 

effective shielding of the field from the detector. Two lengths of copper wire were
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attached to the neck and end o f  the channeltron, using silver paint. The channeltron was 

then m ounted by soldering these wire connections to two term inals, as illustrated in 

figure 5.4. The brass plug, which supported the entire arrangem ent, w as m ounted o ff a 

flange by a length o f  M8 studding.

TO SCALE
Al Shield coated in graphite

KEY

M3 Nut 
Ceramic Hat 

Nylon Spacer 
W Grid

Figure 5.4: A schematic illustration o f  the e+ detection arrangement used in the H study.

5.3 Data Acquisition

In this study, the ion extraction field was pulsed random ly and the e+ beam  was 

chopped when the field was on, in order to avoid perturbing effects on e+-target 

interactions. A schem atic illustration o f  the beam chopping and random  ion extraction 

circuit em ployed, is shown in figure 5.5. The entire sequence was driven by a variable

Copper Wire

M2.5 Screw— >

M8 Studding

Brass Plug

Brass Rings

3 x M3 Studding Channeltron

Terminals
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Trochoidal Velocity Ion Extraction
Selector Plates

Gas Jet 
into page)

+ 150V

-150V

Delay
Cable
200ns

A

Delay
Cable
200ns

CFD

SCA

Square
Rooter

Pulser

Delay

MCA

MCS

Multi-
Pulser

Pulse
Widener

Pulse
Shaper

CFD

Pre-
Amplifier

xlO

CFD

Chopper

Variable
Frequency

Multi-
Pulser

Start < 
>Stop

TAC

Figure 5.5: A schematic illustration o f the beam chopping and random ion extraction circuit 

employed for the measurement of total e impact ionisation of H.

frequency m ulti-pulser, whose square wave output w as used to trigger a second multi- 

pulser, every 120ps (c.f. 8.3kHz). This second m ulti-pulser supplied the negative pulses 

needed for the constant fraction discrim inator (CFD) unit. The tim ing output from the 

CFD was then fed into a pulse shaper, which was set to produce pulses «5 .8ps in width.
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These were used to initiate the chopping o f the beam. The beam was chopped by 

grounding the velocity selector for the duration of this trigger pulse.

The timing output from the CFD was also used to trigger the ion extraction plate 

pulser, after a total delay of «1.2ps. This was generated by the combination of a 200ns 

delay cable, followed by a second CFD (which was used to regenerate the signal), a 

pulse widener (which set the duration, «3.4ps, of the extraction field) and finally 

another 200ns delay cable. In conjunction with the acceleration of e+ from the velocity 

selector to the target chamber using the RFA, this delay ensured that all e+ had cleared 

the interaction region before the onset of ion extraction.

Coincidences between the ion detector and the delayed pulse from the multi- 

pulser were counted. An ion time-of-flight (TOF) spectrum was produced with the same 

time-to-amplitude converter (TAC) and multichannel analyser (MCA) arrangement as 

described in chapter 4. A time window corresponding to the target ions was selected 

from the TAC range, and the number of counts in this window monitored on the 

multichannel scaler (MCS) as a function of beam energy. Measurements of a j + were 

made in stages, with different runs ramping over different, though overlapping, energy 

regions from near threshold to 800eV.

Background contributions to the ion signal, from processes such as dissociative 

ionisation of H2 or fast particle ionisation o f H, were assessed by measuring the amount 

of H+ produced under the conditions of beam on, r f  o ff  and beam o ff r f  on respectively. 

However, in both cases, such contributions were found to be negligible in comparison to 

the random photon background. In order to correct for this background, a TOF spectrum 

was collected on the MCA for the duration of each run on the MCS. A value for the 

average photon count rate in the H+ peak area was then determined from a “flat” region 

of this TOF spectrum (i.e. one which did not correspond to any other ion signals), 

according to equation 5.2.

s ,* =
VlH+

v A ph j
M CS (5.2)
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N Ph is the number of counts in the “flat” background area. A Ph and A h+ represent 

the channel intervals set on the MCA for this background region and the H+ ion peak 

respectively. tMCA is the total run time o f the MCA and tMcs the total live time over 

which data was actually collected, i.e. disregarding the dwell time between passes o f the 

MCS. Nmcs is the number of channels set on the MCS for the run. By scaling Nph in this 

way, a value for the average photon background per channel of the MCS (B Ph) was 

obtained, which could then be subtracted from the sum of the signal passes in the run. 

For this calculation, it was assumed that random photon background levels were 

uniform across the TOF spectra. The assumption was verified experimentally, by 

collecting a TOF spectrum with the beam biased off and then comparing the number of 

counts in different regions of the spectrum. However, the subtraction o f BPh from data 

taken at energies below threshold was found to result in significantly negative values, 

implying an overestimation of B Ph. In order to quantify this, the ratio o f the ion signal 

below 4eV to BPh was calculated, and a weighted mean value o f 0.83 (±0.02) was 

obtained. B Ph values were hence multiplied by this factor in the determination of ion 

yields (Y), according to

y  e chnl ( N I  -  0 . 8 3 B ph)

~ N e+( s ) - N e+(bg)

where Nj represents the number of H+ ions and Ne+ the number of e+. The latter was 

measured in vacuum before and after each run, with -150V and Vm+9V (where Vm is the 

moderator potential) applied to the RFA for signal (s) and background (bg) passes 

respectively. An average value o f Ne* was then obtained for the yield calculation, which 

was corrected for the detection efficiency of the channeltron ( sChni) used to measure the 

beam. It was assumed that the pressure of H in the system was constant over the course 

o f one pass of the MCS (<1600 seconds) and hence, any minor fluctuations (observed to 

be of 0(3% )) in pressure would eventually average out through repeated passes.
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5.4 Systematic Checks

5.4.1 The beam chopping procedure

In order to ensure the beam  was being chopped correctly, e+ TOF spectra were 

obtained on the M CA. The TAC was started with the signal from the m ulti-pulser and 

stopped with the output from the e+ detector. Spectra were collected under the 

conditions o f  chopper on, ion extraction f ie ld  o f f  and vice versa, using a low  energy 

beam (V m=10V). The spectra are com pared in figure 5.6, which clearly illustrates that 

with the chopper on, a negligible num ber o f  e+ are present when the ion extraction field 

is initiated. At higher energies, e+ clear the interaction region even faster. It can also be 

seen that a sufficient delay has been included betw een sw itching o ff the extraction field 

and the chopper, which allows the extraction plate potentials to dissipate.

chopper on, ion extraction field off 
chopper off, ion extraction field on

0 1 2  3 4 5 6 7
Time (ps)

Figure 5.6: Positron time-of-flight spectra, illustrating the effect of the beam chopper and the 

ion extraction field.
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5.4.2 Measurement of the Ps formation cross section of H2

The performance of the system was tested by initially measuring the total 

ionisation cross section of H2 , from which aps was deduced. Over the course o f these 

measurements, a number of factors were varied in order to determine their effect on the 

ion yield, such as the beam transport conditions, the frequency and duration o f ion 

extraction and the voltages applied to the detection system. Despite the changes to the 

experimental set-up, the energy dependence of different data sets was found to be 

consistent.

Data were collected for incident e+ energies of up to «500eV. As the rf  power 

was switched off for these measurements, there was no background contribution from 

photons. The number of ions formed with the beam biased off (by applying Vm+9V to 

the RFA) was found to be negligible. Ion yields were hence calculated by normalising 

the averaged MCS signal passes to the incident e+ beam. They were then simultaneously 

scaled to one another, to correct for any variations («20%) in target gas pressure. The 

data were put on an absolute scale by normalising to the e' results of Krishnakumar and 

Srivastava (1994), above 300eV. gt+(H2) was finally obtained by taking the weighted 

mean o f points in energy bins of 0.5eV, leV, 3eV and 5eV over the energy regions 

E<40eV, 40<E<100eV, 100<E<300eV and E>300eV respectively. The present results 

were found to be in agreement with previous measurements of gt+(H2) (Fromme et al 

1988, Moxom et al 1995) below 30eV. However, from «30-150eV, the present cross 

section was found to undercut these data, by up to 35% at 70eV.

The available data for cjj+(H 2) have been compared in section 2.2 .2 . In view of 

the discrepancies among these measurements, three separate Ps formation cross 

sections, henceforth referred to as gps,m, g?s,f and Gps,j, have been calculated from the 

present g t +( H 2)  by subtracting the direct ionisation data of Moxom et al (1996), 

Fromme et al (1988) and Jacobsen et al (1995a) respectively. The latter set o f data were 

first renormalised to the e' data of Krishnakumar and Srivastava (1994), above 300eV, 

for consistency with the normalisation of our g t+. The resultant Ps formation cross 

sections are displayed in figure 5.7, in comparison to previous experimental data. From 

near threshold to «13eV, the present results are in good mutual agreement and are in
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Figure 5.7: A comparison o f  the cross sections obtained for Ps formation from H2 with prior 

experimental data.

close agreem ent with the lower lim it (LL) values o f  Zhou et al (1997). However, they 

are significantly lower than the earlier m easurem ents o f  Fromm e et al (1988), which 

agree with the upper lim it (UL) values o f  Zhou et al (1997) in this region. Between 

20eV and 30eV, the present data appear to lie betw een the UL and LL values, and are in 

good accord with the data o f  Fom ari et al (1983) and From m e et al (1988). Tow ards 

higher incident energies, differences am ongst the energy dependencies o f  the present 

cross sections can be observed. ctps,m decreases m ore rapidly with energy than earlier 

m easurem ents (e.g. Fom ari et al 1983, From m e et al 1988) and becom es negative above 

80eV. a PsF appears to decrease even faster above 40eV and also becom es negative 

betw een 70eV and 90eV, but it levels o ff  around zero above lOOeV. The high energy 

dependence o f  apsj  is consistent with the LL values o f  Zhou et al (1997) above 40eV 

and, within the experim ental uncertainties, w ith aps o f  Diana et al (1986) and From m e et 

al (1988), above 80eV. O verall, the present m easurem ents appear to be reasonably
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consistent with previous data for Ps formation from H2 , although it should be noted that 

some of the earlier experiments may have suffered from errors due to large angle e+ 

scattering (see e.g. Campbell et al, 1998 and the discussion of aps for He in section 

1.5.4).

5.4.3 Determination of the mean e+ beam energy

The source and moderator arrangement used in the prior investigation of the 

noble gas targets, was different to that employed for the H study (see chapter 3). In 

addition, more detailed measurements were made at relatively low energies in the latter 

study. The mean energy of the e+ beam (E^) therefore had to be redetermined, using a 

more accurate technique. This essentially involved measuring the beam energy profile 

by retarding field analysis, as before, and then fixing the upper limit of the energy 

distribution by performing a e+ TOF measurement. A grid, installed in the beam line 

after the velocity selector, was used for both of these measurements. All potentials 

between this grid and the e+ detector at the end of the beam line were grounded.

2 0 0 0

1500

3  1000

500

Vm= 8 V, TAC range 5jlis

C0 500 1000 1500 2000
Channel

Figure 5.8: Positron time-of-flight spectrum, used to determine the upper limit of the beam 

energy distribution.
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In the TOF study, the grid was usually held at Vm+9V in order to stop the beam. 

Signals from a pulse generator were used to trigger a rapid drop (in « 0 .2 ps) o f the grid 

potential, for a period of 2ps, and to start a TAC simultaneously. The TAC was 

subsequently stopped by the detection o f e+ at the end of the beam line. An example of a 

TOF spectrum obtained on the MCA in this manner, with Vm= 8 V, is shown in figure 

5.8. The channel (C) in which the signal begins to rise above the background level was 

assumed to represent the flight time (t) o f the fastest e+, moving in a straight line from 

the grid to the detector, where

, I m 14m  ..
t = L —  =   (5.4)

V 2 E  j 2 ( e V m + S )

E and m represent the energy and mass of the e+ respectively and 1 is the (unknown) 

length of the flight path. (eVm+8 ) is the upper limit o f the beam energy distribution, 

where 8  is to be determined. C is hence equivalent to

C -  a + /3t = a + J3
14m

= a +
yj2(eVm+S) [TV,

(5.5)
+ 1

where a and b are constants. By determining C for various values of Vm, and fitting the 

results to equation 5.5, 8  was found to equal (2.72±0.09)eV.

The beam energy profile was obtained through measurement o f the number o f e+ 

detected at the end of the beam line, N(Vg), as a function of the grid potential (Vg). For a 

beam energy distribution p(E) and grid transmission function T(E,Vg), this number was 

expressed as

[ . A E)T i E ’C dE (5-6>

A simple form was assumed for the transmission function, according to
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fl E > a V z
n E -V- ' -  0 E < a V .  ( !7 )

The beam energy profile was determined by calculating the derivative of N(Vg),

dN d  [ x P(E)T(E,Vg)dE 

d  [ f p ( E ) d E

dVg dVg

dV„

= 1; * j L p ( E ) d E  + p ( y m+ S ) - f P p ( y m + S ) - p ( a V s ) S L ( a V g) (5.8)

= 0 + 0 - a p ( a V g) 

= -ap (aV f )

from which it follows that

p(yo=- 1 dN
a  dV,

(VC
s \ a  j

(5.9)

dN
By definition p(Vm+6)=0 and, by denoting the Vg value at w h ich  was observed to

dV„

fall to zero Eq, a  was obtained from

a  =
V„+S

(5.10)

dN
p was subsequently calculated from the measured spectra, and the peak of the 

energy distribution was found at (2.4±0.1)eV above Vm. Hence, Ee+ = (eVm+2.4)eV.
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5.4.4 Measurement of the incident beam intensity

When measuring a* , ion extraction is triggered by the scattered projectile and 

hence, if  a scattered e+ is not detected, neither is the associated ion. If the detection 

efficiency for scattered and incident e+ is the same, the ion yield is independent of this 

efficiency. However, when measuring a j +, ions are extracted randomly and in this case 

the ion yield is dependent on the efficiency with which e+ are detected. In order to check 

that the energy variation o f the e+ beam intensity, as measured at the end o f the beam- 

line, was consistent with that incident on the target gas, measurements of the e+ beam 

intensity were made directly at the interaction region. A dagged aluminium plate was 

installed in the interaction region and a Nal detector, coupled to a photomultiplier tube, 

was used to detect the annihilation photons produced as e+ were stopped by the plate. 

The plate was biased to -lkV  with respect to an earthed mesh, in order to retain 

epithermal e+ re-emitted at low incident energies. Before being fed into an MCS, the 

output from the Nal detector was passed through a timing filter amplifier and a CFD. 

Measurements of the variation in e+ intensity were made as Vm was ramped from 5- 

800V, using both the Nal detector and the channeltron at the end of the beam line. After 

correcting for the detection efficiency o f the channeltron, the ratio of the count rates 

obtained with each detector (y/e+) was calculated. The count rate at the Nal detector was 

generally lower than that at the channeltron, partly due to the small solid angle available 

for the detection of annihilation photons. The y/e+ ratio, displayed in figure 5.9, has 

hence been multiplied by a factor of 50 for clarity.

For incident e+ energies from 15-500eV, y/e+ was found to be constant to within 

5%. However, the increase in y/e+ below 15eV (which is o f the order of 10% at 8 eV) 

revealed that low energy e+ were being lost after the interaction region. Above 500eV, 

y/e+ was seen to decrease, indicating that high energy e+ were transported to the end of 

the beam line with a greater efficiency than their low and intermediate energy 

counterparts. The H+ yields were therefore recalculated using the true incident beam 

intensity, as measured at the interaction region by the Nal detector. This renormalisation 

was only valid if the energy dependence of the e+ beam had not altered throughout the 

data collection period. In order to check this, measurements of the incident beam
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Figure 5.9: Variation in y/e with energy.

intensity, which had been obtained for each run using the channeltron, were com pared. 

As illustrated in figure 5.10, the various m easurem ents are fairly consistent but, a slight 

shift in beam energy dependence appears to have occurred m idway through the data 

collection period. The ion rates obtained in the runs collected before and after this shift 

were, however, found to be in alm ost exact agreem ent. This appeared to indicate that the 

observed shift was not related to changes in the incident beam, but may have stem m ed 

from a difference in the fraction o f  low energy e+ lost after the interaction region.

20000

15000

10000

5000

10 Energy (eV ) 100 1000

Figure 5.10: A comparison o f  the measurements o f  the incident e beam intensity, collected  

during the H study.
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5.5 Results and Discussion

5.5.1 Total ionisation of H

As for the H 2 data, the ion yields obtained for H were sim ultaneously scaled to 

one another to correct for any variations in target gas pressure, before being norm alised 

to the e‘ data o f  Shah et al (1987) above 200eV. The final total ionisation cross section, 

shown in figure 5.11, was obtained by taking the w eighted mean o f the data points in the 

m anner described in section 5.4.2. A lso displayed for com parison in figure 5.11 are the 

e ' data used for norm alisation, the experim ental results o f  Hofm ann et al (1997), and the 

theoretical predictions o f  K em oghan et al (1996) and M itroy (1996) (see section 2.2.2 

for details o f  these calculations). The latter were obtained by sim ply adding the 

individual Ps form ation and direct ionisation cross sections o f  these authors.

T 1---- 1----1— [ 1 1 1-----1— ["

0 j 1__ 1__1__i_L

O Hofmann et al (1997)
O  Present 

• • • • e \  Shah et al (1987)

  Mitroy (1996)
  Kemoghan et al (1996)

 I I 1 TJ I I I l _

10 100
Energy ( eV )

1000

Figure 5.11: Total ionisation cross sections for H.

A bove »70eV , the two experim entally determ ined gt+ are in good agreem ent 

and by 300eV, both appear to have m erged w ith the e‘ impact ionisation cross section o f  

Shah et al (1987). At this energy, contributions from Ps form ation are expected to be
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negligible and hence, the merging of the cross sections for e+ and e' impact is consistent 

with the predictions of the first Bom approximation for aj+. Towards lower energies, the 

e+ data rise above the e’ cross section as a result o f polarisation and final-state 

correlation effects, as well as the increasing importance of Ps formation with decreasing 

e+ impact energy. However the present <tt+ also starts to differ increasingly from that of 

Hofmann et al (1997), reaching a maximum of «3 .2x l0 '16cm2 around 13eV, whilst the 

latter cross section has a maximum value o f «1 .8x l0 '16cm2. The theoretical predictions 

shown in figure 5.11 are in very good accord and, within the experimental uncertainties, 

they clearly support the present results. We note a discrepancy, o f the order o f 10%, 

between our ctt+ and the predictions o f Kemoghan et al (1996) and Mitroy (1996) at 

12.5eV.

5.5.2 Direct ionisation of H

The direct e+ impact ionisation cross section of H was also determined in this 

investigation, as no previous experiment has measured Gi+(H) and ctps(H) on the same 

apparatus and obtained results which are, in both cases, consistent with previous data. 

The method employed was the same as that used previously to measure Gj+ o f Ne, Kr 

and Xe, as described in chapter 4. An absolute cross section was obtained by 

normalising to the e' data of Shah et al (1987) above 200eV. The present <jj+(H) and the 

corresponding cross section for e' impact are displayed in figure 5.12, along with the 

data of Jones et al (1993), Hofmann et al (1997) and the results of some of the more 

recent theoretical calculations (Kemoghan et al 1996, Mitroy 1996 and Janev and 

Solov’ev 1998). Within their associated uncertainties, the three sets of experimental 

results can be seen to be in good agreement over the entire energy range investigated. 

Above approximately 200eV, these data have the same energy dependence as the cross 

section for e' impact, thereby validating the normalisation o f the present g t+ in this 

region. Near threshold, the e+ data appear to undercut the e' results slightly, presumably 

as a result o f trajectory effects, binding/antibinding and e' capture processes (see section 

2.1.3).
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•  Jones et al (1993)
□ Hofmann et al (1997)
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Figure 5.12: Cross sections for direct ionisation of H by e and e~ impact.

The theoretical predictions shown in figure 5.12 are generally in fair accord 

below  30eV, although the results o f  Janev and Solov’ev (1998) are slightly lower than 

those o f  K em oghan et al (1996) and M itroy (1996) above 20eV, and agree better with 

the data o f  Jones et al (1993) in this region. The results o f  K em oghan et al (1996) and 

M itroy (1996) disagree as to the position and m agnitude (by «17% ) o f  the m axim um  o f  

a j +( H ) .  The experim ental data appear to favour the latter calculation.

The present O i +( H )  was com bined with that o f  Jones et al (1993) and a sm ooth 

curve was fitted to the resultant set o f  data (see inset o f  figure 5.12). This curve was 

subsequently subtracted from our m easurem ent o f  the total ionisation cross section, in 

order to obtain a Ps( H ) .
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5.5.3 Ps form ation from H

The present Gps(H) is com pared with the existing data o f  H ofm ann et al (1997) 

and Zhou et al (1997) in figure 5.13. From  approxim ately 70eV onw ards, as aps falls to 

zero, these experim ental results are in agreem ent. How ever, below  70eV, the Gps o f  

H ofm ann et al (1997) rises m uch m ore slowly than the other two cross sections, and has 

a m axim um  which is approxim ately 40%  lower in absolute m agnitude. The position o f  

this m axim um  would at least appear to be consistent with the peak in the present Gps and 

that o f  Zhou et al (1997), given the large uncertainties in the energy o f  the data points o f  

Hofm ann et al (1997). The present results and those o f  Zhou et al (1997) are generally in 

m uch better agreem ent. A lthough their cross section appears to undercut the present aps 

betw een 10-50eV, this difference is at m ost o f  the order o f  25%  around 30eV.

O Zhou et al (1997)
□ Hofmann et al (1997)

  Janev & Solov'ev (1998)
• • • • Higgins & Burke (1993)
  Igarashi & Toshima (1994)
  Mitroy (1996)
  Kemoghan et al (1996)

Brown & Humberston (1985) 
O  PresentCM

£o
o

Q~b

10010 Energy (eV)

Figure 5.13: Cross sections for Ps formation from H.

The results o f  several recent theoretical calculations, which were discussed in 

detail in section 2.2.2, are also show n in figure 5.13. These predictions are generally in 

good m utual agreem ent and support the present results and those o f  Zhou et al (1997),
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rather than the data of Hofmann et al (1997). It is interesting to note that the cross 

sections calculated by Kemoghan et al (1996) and Mitroy (1996), which include 

contributions from excited state Ps formation, appear to match the energy dependence of 

the present data more closely than the predictions o f Higgins and Burke (1993) and 

Igarashi and Toshima (1994), which are for ground state Ps formation only. However, 

the data of Zhou et al (1997) are more consistent with the results o f the two latter 

calculations, especially between 18eV and 35eV. The agreement between the present 

data for aps(H) and the predictions o f Kemoghan et al (1996) and Mitroy (1996) appears 

to be slightly worse than that observed for <tt+(H) at intermediate energies. This may 

reflect a slight underestimation of cij+ used to calculate <rps. The most significant 

differences between the present aps and the results of e.g. Mitroy (1996) occur at 

12.4eV, 24.6eV and 34.4eV, and are of the order o f 14%, 15% and 30% respectively. 

The origin o f these discrepancies is not known. Below 8 eV, the data of Zhou et al

(1997) follow the results of Janev and Solov'ev (1998), rather than the other theoretical 

predictions which fall to zero at threshold. As noted in section 2.2.2, Janev and Solov'ev

(1998) believe this behaviour may be associated with the detection of the (p+, e', e+) 

molecule in the experiment of Zhou et al (1997).

5.6 Summary

Modifications to the experimental system and the data acquisition technique 

employed for the measurement o f the total e+ impact ionisation cross section of H, have 

been described. Measurements of the direct e+ impact ionisation cross section of H have 

also been made, using the technique employed previously to obtain Oj+ of Ne, Kr and 

Xe. The present c?i+(H) was found to be in good accord with existing experimental 

(Jones et al 1993, Hofmann et al 1997) and theoretical (e.g. Kemoghan et al 1996, 

Mitroy 1996) results. It was subsequently combined with the data o f Jones et al (1993) 

and the resultant cross section subtracted from the present cft+(H), in order to obtain the 

cross section for Ps formation from H.



Chapter 3 Positron Impact Ionisation of H

The present cjps(H) was found to display fair agreement with the previous 

measurements of Zhou et al (1997), but exceeded the results of Hofmann et al (1997) by 

approximately 40% in the region o f the cross section maximum. The results of recent 

theoretical calculations were found to be in good overall agreement with the present 

cross section. Given the degree of accord which now exists between theory and 

experiment, previous major inconsistencies amongst the direct e+ impact ionisation and 

Ps formation cross sections o f H would appear to have been resolved, and the cross 

sections known to a fair degree of accuracy.
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Conclusions and Outlook

The aim o f this work was to investigate some of the outstanding problems in the 

field of e+-atom scattering and, in particular, to study the processes of e+ impact 

ionisation and Ps formation. To this end, the apparatus o f Ashley (1996) was used to 

measure both the single ionisation cross section (a*) and the ratio o f the double to 

single ionisation cross sections (R2) o f Ne, Kr and Xe by e+ impact. Following 

modifications to the experimental arrangement, measurements of a *  and the total (i.e. 

including contributions from Ps formation) ionisation cross section (ctt*) of H were also 

made.

In the case of Ne and Kr, the present gj+ results were found to be in good 

agreement with the previous data o f Jacobsen et al (1995b) and Moxom et al (1996) 

respectively, whilst for Xe, no prior measurements are available for comparison. The 

present R2 data generally displayed fair agreement with previous results for all targets, 

but some discrepancies have been found at low energies and may be attributable to the 

improved discrimination against Ps formation in this work. The double ionisation cross 

sections (ai2+) of Ne, Kr and Xe were additionally obtained by multiplying the R2 values 

for each target by the appropriate Gj+ results.

The relationship between the cross sections o f the particle-antiparticle pairs, e"-e+ 

and p+-p\ has been compared for both single and double ionisation o f the inert atoms, in 

order to investigate the effects o f the projectile mass and charge and the target atomic 

number (Z). The ratio o f the e+ to e' single ionisation cross section maxima was 

generally found to be lower for the higher Z targets. However, no such trend was 

observed for the ratio of the corresponding p+ to p' single ionisation cross section 

maxima. It has been suggested that this effect may be related to the increasingly 

repulsive static interaction between the positive projectiles and the target nucleus. This 

appears to result in the deflection of the lighter e+ projectiles to large impact
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parameters, where the influence of polarisation and final-state correlation effects are 

diminished. Evidence for this type o f trajectory effect has been obtained from studies of 

differential e+ impact ionisation and Ps formation (Laricchia 1995b). In contrast, the 

trajectories o f the heavier p+ projectiles appear to be less susceptible to such deflections.

In double ionisation, the charge dependent behaviour exhibited at high velocities 

by the cross sections of the lighter targets, such as He and Ne, was not observed for the 

heavier targets. This is believed to be a result o f the increasing influence o f inner-shell 

ionisation followed by Auger decay. For Xe, inner-shell ionisation dominates to the 

extent that interference effects between the various double ionisation mechanisms 

(which give rise to the charge dependent behaviour) appear to be negligible, and the first
^  | j

CTj to merge at high velocities are those for e and e" impact.

The present results for o f  o f H were found to be in good accord with existing 

experimental (Jones et al 1993, Hofmann et al 1997) and theoretical (e.g. Kemoghan et 

al 1996, Mitroy 1996) data, within the associated uncertainties. They were subsequently 

combined with the data of Jones et al (1993) and the resultant cross section subtracted 

from the present q t+(H), in order to obtain the cross section for Ps formation (aps) from 

H. The present aps(H) displayed fair agreement with the previous measurements of Zhou 

et al (1997), but was found to exceed the data o f Hofmann et al (1996) by approximately 

40% in the region of the cross section maximum. The results of recent theoretical 

calculations (e.g. Kemoghan et al 1996, Mitroy 1996) were found to be in very good 

agreement with the present cross section from near threshold to lOOeV. Given the 

degree of accord which now exists between theory and experiment for o f  and (jps of H, 

the prior inconsistencies amongst the data would appear to be resolved and the cross 

sections known to a fair degree of accuracy.

In future investigations, it would be interesting to study the near threshold region 

of cjj+(H ) and the single and double ionisation cross sections of the inert atoms Ne, Ar, 

Kr and X e, as a further test o f the Wannier theory and to determine the effect o f 

increasing target atomic number on final-state correlations. In addition, more detailed 

intermediate energy measurements o f Oj+(X e) would help to reveal whether structures, 

which have been observed for e' impact and are related to “intershell ionisation”, exist
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for e+ impact. New data on transfer ionisation and triple ionisation of the inert and other 

groups of atoms could also be obtained with the present system.

In the course of this work, various inconsistencies were found amongst the 

existing data for e+ impact ionisation o f H2 and it may be worthwhile to remeasure both 

g t+ and <*i+ for this target, from which a consistent value of Gps could be obtained. There 

remain many processes in e+-H scattering, for example excitation, for which no partial 

cross section measurements have ever been made. Differential studies of ionisation and 

Ps formation are also needed.
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