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Abstract
This thesis describes an experimental investigation into the process of ionization of
gaseous targets by the impact of positrons. The cross-sections (a /) for direct, single
ionization of He,

and Ar have been measured for incident positron energies (E) in the

range O-lOOOeV, with particular attention given to the energy dependence of cr.^ in the
vicinity of the direct ionization threshold (£'.).

An experimental apparatus has been developed

and used to

determine

a/

close-to-threshold with unprecedented accuracy and detail. In this system, a magnetically
confined positron beam is crossed with a gas jet and resultant ions are detected in a
time-of-fUght technique which distinguishes ions of different specific charge. The electric
field extracting the ions is triggered by the arrival of scattered positrons at an
end-of-beamline detector. Thus the field is pulsed on after the collision in order to prevent
perturbations. The apparatus has been used to measure

up to IkeV incident positron

energy for He, Ar and H^. Some differences between these results and existing data are
evident and possible causes of discrepancy are discussed. Comparison with theory is made
where possible.

Near-threshold studies of He and H^ have been performed and have revealed that

has a

different energy dependence from the single ionization cross-section for electron impact,
o)‘. Differences have also been found between these results and earlier experimental
determinations.

As predicted,

undercuts cr.' in the first few electronvolts above

threshold. This is thought to be a result of the direct ionization channel in the positron

impact case being suppressed by positronium formation, the dominant ionization process
close to E..

The energy dependence of <
j ^ has been analysed in terms of existing,

conflicting theories, and has been found to be in qualitative agreement \vith the classical
theory of Wannier (1953) and its extensions.
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1
INTRODUCTION

1.1

Historical Background

The positron (e^) is the antimatter counterpart to the electron (e ), having the same mass
and spin, but opposite charge and magnetic moment. Dirac (1930a) predicted its existence
after formahsing the relativistically invariant Schrodinger equation describing the
wavefimction of ftree electrons in an electromagnetic field. This equation yielded solutions
corresponding to electrons with negative total energies, as a consequence of Einstein's
equation for the total energy (E) of a particle of rest mass

and momentum p\

where c is the speed of light in vacuum.

Dirac's physical interpretation of this result was that the vacuum consists of an infinite sea
of electrons occupying all negative energy states below

The Pauli exclusion

principle would prevent the transition of free electrons from positive energy states to the
occupied negative energy states. If an electron is excited from a negative to a positive
energy state, a hole would appear in the sea of negative energy electrons which would
appear to behave as a positively charged particle. Dirac initially suggested that these holes
were protons, the only positively charged elementary particles known at the time. It was

19

demonstrated by Weyl (1931), however, that the new particle had to have the same mass
as an electron. This particle was named the positron.

The existence of the positron was first verified in the cloud chamber experiments of
Anderson (1932a, b, 1933), although at the time the observed tracks were ascribed to
protons. Using a similar technique, Blackett and Occhialini (1933) showed that these
tracks were in fact characteristic of a particle with the same mass as an electron but equal
and opposite charge - the positron.

The attractive Coulomb interaction between a positron and an electron may result in a
high degree of correlation between these particles when firee and the formation of a
quasi-stable bound state called positronium (Ps). The existence of Ps was predicted by
Mohorovicic (1934) and later verified experimentally by Deutsch (1951) while measuring
positron lifetimes in gases. As a simple, purely leptonic system, Ps has since provided
stringent tests of the accuracy of Quantum ElectroDynamics (QED) calculations (e.g.
Wheeler 1946, Fulton and Martin 1954, Müls 1992).

Since its discovery, the positron has become an important probe of many physical
phenomena. The possibility of annihilation with an electron has enabled investigations of
not only the matter-antimatter annihilation process itself, but also of the bulk and surface
properties of condensed matter via the detection of the decay photons. The development
of even more intense beams of tunable, quasi-monoenergetic positrons has also made
tractable, to ever increasing detail, the study of positron interactions with individual atoms
or molecules. Data of this kind are complementary to electron scattering studies in that

20

the masses of both projectiles are equal but the charges are opposite. Comparisons of
cross-sections for the scattering of electrons, positrons and other particle/antiparticle pairs
may therefore elucidate the roles of projectile charge sign and mass, exchange effects and
electron capture. The present work has concerned the measurement of cross-sections for
the ionization of atomic and molecular targets by positron impact.

This chapter presents a brief discussion of the fimdamental properties of the positron and
Ps and reviews several of the experimental techniques employed in positron physics.
Some of the important advances in the production of slow positron beams are recounted
and the subsequent measurements of positron scattering cross-sections summarised.

1.2

Basic Properties of the Positron and Positronium

The positron is stable in vacuum, with a lifetime in excess of 2x10^^ years (Bellotti et al
1983). Positron-electron pairs, on the other hand, rapidly annihilate, usually with the
emission of photons. If the positron and electron are at rest on annihilation, the photons
will have a total energy equal to the sum of the positron and electron rest masses
(~1.022MeV). The number of photons emitted is determined by conservation of charge
parity, P^. A single photon has P^=-l and a system of n photons P={-Vf. Yang (1950)
showed that a system consisting of one electron and one positron hasP^=(-l)^^^, where L
and S are, respectively, the total orbital angular momentum and spin of the system.
Conservation of charge parity therefore leads to the selection rule

( - 1 )” = ( - 1)"^^

21

( 1 . 1)

for positron annihilation into n photons.

Selection rule (1.1) predicts several allowed annihilation modes for a positron-electron
pair in a given state, but some modes are favoured over others.

The probabihty of

annihilation occurring with the emission of n photons can be deduced from the Feynman
diagram for that decay mode. The Feynman diagrams for annihilation into one to four
photons are displayed in figure 1.1. The probability of a positron-electron pair annihilating
in a given mode is approximately equal to oT, where a is the fine structure constant
(«1/137) and m is the number of vertices on the Feynman diagram, that is the number of

Figure 1.1

Feynman diagrams for annihilation with the emission of one to four

photons.

points where photons interact with other particles. Annihilation with the emission of two
photons is the most favoured mode of those shown in figure 1.1, as the appropriate
diagram contains the least number of vertices. The one and three photon annihilation
modes both have /w=3, but because the former mode requires the presence of a third body

22

to conserve momentum, it is in fact suppressed by a factor of about d relative to the three
photon process. Single photon annihilation has, nevertheless, been recently observed by
Palathingal et al (1991).

The least probable mode shown in figure 1.1 is that for

annihilation with the emission of four photons, although this process is still observable, as
shown recently by Adachi et al (1990).

A fiirther possible mode is radiationless

annihilation, in which a positron annihilates with a bound electron, the accompanying
release of energy causing another bound electron to escape from the atom. Radiationless
annihilation was first predicted by Brunings (1934), and the probability of it occurring was
calculated more accurately by Massey and Burhop (1938) and Mikhailov and Porsev
(1992), the latter predicting a cross-section of the order of lO'^^cm^ for the process.

According to the predictions of Dirac (1930b), the cross-section for the annihilation of a
non-relativistic, fiee positron-electron pair with the emission of two photons is given by

where v is the positron velocity relative to the electron, c is the speed of hght and
rQ=e^/(47iG(/MQC^) is the classical electron radius,

being the permittivity of free space and

Wq the electron mass. This equation has been extended (e.g. Heyland et al 1982) to give
the cross-section for positrons annihilating via the two photon mode in an atomic (or
molecular) gas:
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is the effective number of electrons per atom seen by an incoming positron with
velocity v. This number can be greater than the atomic number, Z, for small positron
energies due to the polarization of the electron cloud by the approaching positively
charged projectile and to the positron De Broghe wavelength increasing with decreasing
energy. Thus it can be shown that, for incident energies typical of positron scattering
experiments, the cross-section for annihilation into two photons is of the order of lO'^W.
The second most probable annihilation mode, that of three photon annihilation, has a
cross-section smaller than this by a factor of about 378 (Ore and Powell 1949). Direct
positron annihilation is therefore generally considered negligible compared to the other
positron scattering channels.

Ps formation, on the other hand, is an important reaction for impact energies up to a few
hundred electronvolts. Ps can be formed in two ground states which are distinguished by
the relative spins of the constituent particles. Ortho-positronium (o-Ps) consists of an
electron and a positron with parallel spins and therefore has a total angular momentum of
J=L+S=\. o-Ps therefore exists in three sub states with magnetic quantum numbers m=0,
±1.

Electron and positron spins are anti-parallel in para-positronium (p-Ps), which

therefore has J=L+S^O and only one magnetic substate (w=0). As a consequence of the
relative numbers of sub states available to each of the two ground states, the ratio of the
cross-section for o-Ps formation to that for p-Ps formation is 3:1.

Ps has a finite lifetime which is determined by the annihilation mode of the
electron-positron pair. This in turn is also governed by the selection rule (1.1). For
ground state o-Ps, Z,+*S'=1 and annihilation must proceed via the emission of an odd
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number of photons. According to the Feynman diagram arguments made above, o-Ps
most commonly decays by way of the three photon mode.

The photons are emitted

coplanarly and with energies given by the distribution shown in figure 1.2, Wiich was
calculated by Ore and Powell (1949) and observed by Change/ al (1985). Since ground
state p-Ps has zero total angular momentum, it can decay via the two photon annihilation
mode. In this case the photons are emitted at a mutual angle of 180° and with equal
energies («51IkeV) when observed in the centre-of-mass reference fiame. If the o-Ps is
not at rest on annihilation, the mutual angle deviates fiom 180° and Doppler shifts fiom
511keV photon energy are evident when the annihilation radiation is detected in the
laboratory fiame. Experiments utilising these effects are discussed in §1.3.
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Figure 1.2

The energy distribution of the three photons emitted in the annihilation of

o-Ps (Chang et al 1985).
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As discussed above, the annihilation of a positron-electron pair into two photons is
favoured over the decay into three photons. Consequently, p-Ps has a shorter lifetime
than o-Ps: Harris and Brown (1957) calculated the self-annihilation rate for p-Ps to be
(7.9852)ns'^ and the corresponding decay rate for o-Ps was predicted to be
(7.03830±0.00007)|xs'^ by Adkins (1983). Measurements of the decay rate of p-Ps are
difficult due to its short lifetime («125ps) but such measurements have been made by
Gidley et al (1982) on a mixture of p-Ps and o-Ps /w=0 substates produced m a magnetic
field by the Zeeman effect.

The annihilation rate for p-Ps was found to be

(7.994±0.011)ns\ in agreement with theory. Discrepancies between observations and
calculations of the annihilation rate of o-Ps were recently resolved by Asai et al (1995),
who measured the annihilation rate to be 7.0398±0.0029.

1.3

Experimental Techniques

1.3.1

Early Experiments

The earhest experiments using positronic projectiles were swarm-type experiments. These
involved implanting fast positrons (y^) fiom the decay of radionuclides into sohds, hquids
and gases and observing the annihilation photons. Two commonly used radioisotopes
were ^^Na and ^*Co, both of which are still employed as primary sources of positrons in
modem experiments. The decay schemes and branching ratios for these radionuclides are
shown in figure 1.3. Experiments of this type led to the first observations of Ps, and
yielded measurements of both positron and Ps lifetimes in various media. Lifetime and
annihilation spectroscopy techniques have permitted the investigation of e.g. crystal
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structures, ruaguetism and electronic structures. The techniques employed are discussed
in greater detail below.

'Co

'Na-

x,/=70.5 days
E.G. 85%
P" 15%

Te

x,/=2.60 years
E.G. 10%
p" 90%

'Ne*
(1.28MeV)
'Ne
Figure 1.3

Decay schemes for “Na and ^*Co, two radioisotopes commonly used as

positron sources.

(1)

Angular Correlation of Annihilation Radiation (ACAR)

The momenta distributions of positron-electron pairs in sohds, hquids and gases have been
studied by observing the angular distribution of the annihilation photons. In the centre of
mass frame, an electron-positron pan annihilating via two photon emission results in the
;^rays being emitted at 180° to each other. In the laboratory frame, the trajectories of the
two photons deviate from cohnearity, as a consequence of conservation of the centre of
mass momentum of the electron-positron pair. Measurements of the deviation from 180°
therefore provide information on the momentum distribution of the electron-positron pair.
Furthermore, since on average the positron thermalizes long before annihilating (e.g.
Kubica and Stewart 1975), the measured momentum distribution is almost entirely
attributable to the electron momentum.

Figure 1.4 depicts the two-dimensional ACAR spectra observed for p-Ps annihilating in a
single crystal of quartz (Manuel 1981) and for positrons in single-crystal Cu (Haghgooie
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al 1978).

The former spectra, shown in figure 1.4(a), is sharply peaked because the

electrons in quartz have near-zero momenta. The broader distribution in figure 1.4(b)
reflects the presence of more energetic electrons in the Cu crystal.

[O IO ] ^ n

Figure 1.4

me • id *

2D ACAR spectra for positrons annihilating in (a) single crystal quartz

(Manuel 1981) and (b) copper (Haghgooie et al 1978).

(11)

The Doppler Broadening Technique

Another technique which has been used to study the momentum distributions of electrons
in matter involves measuring the Doppler broadening of the annihilation photons. The
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centre-of-mass kinetic energy of an annihilating electron-positron pair is translated to a
shift (AÆ) in the energy of the annihilation photons from 51 IkeV according to

A £= ^x511keV ,

where v is the centre-of-mass velocity of the annihilating pair and c is the speed of light.
The Doppler shift causes broadening in the energy distribution of the photons, which is
measured using detectors of high resolution, such as GeLi detectors. The breadth of the
energy distribution can then be related to the electron momentum distribution.

The Doppler broadening technique has found applications other than the study of the
annihilation process in solids.

For instance. Mills (1981) employed the technique to

investigate the in-flight annihilation of p-Ps and to confirm the existence of the
positronium-electron bound state, Ps . The Doppler broadening technique was used by
Brown (1986) to study the formation of approximately monoenergetic Ps in charge
exchange reactions between positrons and He.

(iii)

The Lifetime Technique

An experimental technique originally developed by Shearer and Deutch (1949) permits the
study of positron lifetimes in solids, liquids and gases. The technique relies on detecting
the 1.28MeV photon accompanying the emission of a

particle from the source, usually

with a fast scintillator and photomultiplier tube. This provides a start pulse for a timing
sequence which is subsequently stopped on detection of an annihilation photon at a second
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detector. Many measurements of this kind can be made to build up a lifetime spectrum
providing a picture of the annihilation processes occuring in the sample.

A typical experimental setup (Coleman et al 1975) is shown in figure 1.5(a). A lifetime
spectrum obtained in this experiment is shown in figure 1.5(b) for the case of positrons
annihilatmg in Ar. In this spectrum, the abscissa represents time increasing fi-om left to
right. The points denoted by (b) in this figure represent the lifetime spectrum after the
subtraction of the background. The sharp "prompt peak" at small lifetimes represents the
decay of p-Ps and positrons annihilating in the source and the chamber walls.

The

shoulder at slightly higher lifetimes signifies the annihilation of fi*ee positrons before
thermalization. Beyond the shoulder, the spectrum is composed of two exponential forms.
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(a) The positron lifetime apparatus of Coleman et al (1975). (b) A lifetime

spectrum for positrons annihilating in Ar.
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forms. One is due to the annihilation of free, thermalized positrons in the gas, the second,
slower component is a result of the slower decay of o-Ps.

In this way, the lifetime

technique has provided information regarding positron and Ps interactions with various
media via positron thermalization times, positron lifetimes and the formation probabihties
and lifetimes of Ps in various media.

1.3.2 The Development of Slow Positron Beams
The techniques described above have provided valuable insights into the interactions of
positrons and Ps with matter.

These experimental methods are, however, ultimately

limited by the broad energy and angular distributions of the incident positrons.

The

development of energy tunable beams of approximately monoenergetic positrons has led
to rapid advances in the study of positron-matter interactions. Fast positrons from the
decay of a radionuchde or from the production of an electron-positron pair by
bremptrahlung radiation are slowed down to near-thermal energies in a solid state
moderator.

The processes by which positrons lose energy in moderators include the

excitation of core- and valence-electrons, plasmons and phonons (e.g. Schultz and Lynn
1988). Figure 1.6 shows the energy distribution of

emitted by a ^*Co source compared

to that of a slow positron beam emerging from a W(llO) moderator.

The flux of

quasi-monoenergetic positrons obtained in the moderation process is several orders of
magnitude greater than that which could be attained by velocity selection.

The abovementioned technique of creating energy tunable beams of slow positrons was
first suggested by Madansky and Rasetti (1950). In addition it was proposed that the
efficiency of such a moderation process should be equal to the ratio of the positron
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division length to the average implantation depth in the solid. To test the hypothesis,
Madansky and Rasetti (1950) performed an experiment in which a selection of samples,
Wiich included Pt, glass and mica, were implanted with

particles from a 10-30mCi ^Cu

source. Positrons were detected by the annihilation photons from an Al plate positioned
80cm from the sample. A magnetic field was present to transport the positrons from the
sample to the Al plate. Despite predicted moderation efficiencies of about 10'^ for the
materials used in this experiment, no moderated positrons were observed. However, this
result has since been attributed to poor sample qualities and experimental resolution.

MODERATED

EMITTED POSITRON SPECTRUM FOR C o -5 8

.-6

.-9

ln[E(eV)]
Figure 1.6

The energy distribution for

emerging from a ’®Co source compared to

that for positrons emitted by a W( 110) moderator.

Cherry (1958) made the first observation of energy-moderated positrons. A sample of
Cr-coated mica was exposed to p" radiation from a ^ a source and positrons of energy
less than lOeV were found to emerge from the moderator with an efficiency of 10 *. The
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moderation efBciency is defined here as the moderated positron emission rate divided by
the incident

flux.

Madey (1969) obtained a similar result using a polyethylene

moderator and Groce et al (1968) produced positrons of a few eV energy fi*om a Au
moderator. The latter work was refined by Costello et al (1972a), who measured the
times of flight of positrons moderated by a 200 À layer of Au deposited on Al, mica and
CsBr substrates. Observing a slow positron energy distribution which peaked between
0.75 and 2.90eV, Costello et al (1972a) suggested that the kinetic energy of the
moderated positrons was due to a negative positron work fimction for the Au surface,
meaning that the transfer of a positron inside the Au surface to a point well outside that
surface is an exothermic process.

This is discussed in greater detail below.

The

moderators developed by Costello et al (1972a) permitted them to make the first
measurements of total cross-sections for positron-atom scattering (Costello et al 1972b)
and these are reviewed in §1.4.

The electron work fimction,

of a solid is the minimum energy required to transfer an

electron fi’om a point inside the bulk to a point outside. Lang and Kohn (1971) define (f)_
for a metal as

(j>= A(p-n_

where jj,_ is the bulk chemical potential of the electrons relative to the mean electrostatic
potential in the metal and Acp is the surface dipole, the rise in the mean electrostatic
potential across the metal-vacuum interface (going fi*om vacuum to metal). The surface
dipole is a consequence of the negatively charged electron gas Jfrom the bulk spilling out
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into the vacuum and the positive ion-core potential. The ion-core potential is represented
by a uniform potential throughout the sohd, given by the average interstitial potential
according to the jelhum model. In this way the surface dipole serves to bind electrons to
the sohd.

Tong (1972) proposed that in the case of positrons, the surface dipole should be of equal
magnitude to AçhvX of opposite sign and the positron work function should be

(

where

j

)

^

=

-

A

(

p

-

( 1. 1)

is the bulk chemical potential of positrons in the sohd and consists mainly of

contributions from the ion-core potential and correlations with the electron gas.

The

reversal of the sign oïA ç'm the positron case means it tends to cancel //+ or even make
negative, resulting in the ejection of slow positrons from the surface. Figure 1.7 ihustrates
the potentials experienced by a single, thermalized positron near the surface of a metal.

Employing this model, Tong (1972) predicted positron work functions for Al, Mg, Cu and
Au which were negative by a few eV. The simulations of Nieminen and Hodges (1976),
however, showed Au to have a positive (f)^. The slow positrons observed emerging from a
Au moderator by CosteUo et al (1972a) are now understood to have been the result of
either epithermal positron emission or perhaps the presence of surface impurities on the
moderator, resulting in a negative workftmction. The latter hypothesis is supported by the
experimental study of Canter et al (1972) into the positron moderation efficiency of Au
vanes coated with MgO. Using this configuration, the efficiency was increased by a factor
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of 300 to approximately 3x10 ’, yielding a positron beam of 3eV energy spread. This
beam was employed to measure the total cross-section for positrons scattering from He
and these measurements are discussed in § 1.4.

e
JeLLium background

z
electrons ^

^

vacuum

X
energy

vacuum LeveL

e*energy

vacuum Level

Figure 1.7

The potentials experienced by a positron near the surface of a metal.

For the purpose of making similar total positron-scattering cross-section measurements,
Stein et al (1974) developed a self-moderating positron source. “C was produced by the
impact of 4.75MeV protons from a Van de Graaf generator on a B target in the reaction
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p + “B ^ “C + n.

^ are emitted according to the decay process

“ C ^ “B +

The pt thermalize in the B target with an efficiency of about 10’^. Employing this method,
Kauppila et al (1976) produced a slow positron beam with an energy spread of about
O.leV and made measurements of sufficient detail to observe, for the first time, the
Ramsauer-Townsend minimum in the total cross-section for positron-atom scattering.
These findings are discussed in §1.4.

Considerable effort has been made to improve the understanding of the moderation
process and consequently increase the efficiency of positron moderators. For instance,
Pendyala et al (1976) studied the moderation process in several polycrystalline solids and
found the efficiency to increase after heat treatment. However, insight into the physics of
positron moderation was impeded by the fact that the moderators were of unknown
structure and purity. Understanding was greatly improved by Mills et al (1978) who
studied, for the first time, the moderation properties of clean, single crystal surfaces of
known crystal orientations with positrons of known energies. Mills et al (1978) studied
crystals of Al, Cr and Si with positrons of 0. l-3.0keV energy obtained firom a ^*Co source
and Pt moderator. Photons fi'om the annihilations of positrons in the single-crystal targets
were detected as a fimction of a negative potential applied to the targets to investigate the
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energy distributions of the emitted positrons. Energy distributions for target temperatures
of up to about 800K were measured. This investigation led to the following model for the
positron energy moderation process:

particles of energy less than several MeV are slowed to energies of just a few eV in a
time of the order of 0 . Ips (Nieminen and Ohva 1980) via inelastic collision processes such
as core excitation, plasmon emission and electron-positron pair production.

Phonon

scattering in the lattice then reduces the positron energy to near-thermal energies in about
Ips (Perkins and Carbotte 1970). In the time the positron takes to thermalize, on average
it diffirses 30À. According to MiUs et al (1978), positrons of keV energies typically
penetrate to a depth in the sohd of about 100A. The penetration depth is therefore large
compared to the difihision length and most of the positrons which difihise back to the
surface wiU be thermalized. At the surface, slow positrons may either form Ps, become
trapped in a surface state, be reflected into the interior of the sohd or, if (f)^ is negative, be
ejected into the vacuum.

The positron moderation model discussed in this section is supported by the experimental
results of, among others, Murray and MiUs (1980). In this experiment, the moderation
efficiencies of Cu and Al were measured as a fimction of the positron work function, (J)^.
The work function was varied by altering the crystal orientation, the surface coverage of S
atoms and the temperature of the sample. The results, which are reproduced in figure 1.8,
ihustrate the importance of a negative positron work fimction in the moderation process
with the slow positron yield increasing as (j)^ becomes more negative.
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The influence of defects in the crystal structure on the moderator efficiency was
demonstrated by Dale et al (1980) by measuring the efficiency for samples with varied
structural characteristics. The highest efficiency was about 7x10^ for polycrystalline W
vanes which had been cleaned by chemical etching and heated to 2200°C. It was found
that the efficiency was most strongly dependent on the heat treatment because annealing
removes many of the structural defects which can act as traps for slow positrons. Dalee/
al (1980) also discovered that the annealing process removes almost all adsorbed O from a
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The dependence of the slow positron yield from a Cu surfece on the

positron work function (Murray and Mills 1980).
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a W surface and subsequent exposure of the W to air results in a maximum adsorbtion of
only around two layers of O. This inertness has contributed in making W a common
moderator material, particularly for experiments performed under non-UHV conditions.

Vehanen and Makinen (1985) have made predictions of the maximum attainable
moderation efficiency with a clean single crystal of W. Vehanen et al (1983) achieved an
efficiency of 3x10’^ for such a moderator, a value equal to 75% of the theoretical limit

Of great importance in maximizing the overall moderator efficiency is the geometry of the
source/moderator arrangement. Several examples of the geometries thus far employed are
shown schematically in figure 1.9.

With the backscattering arrangement shown in figure 1.9(a) a single crystal is usually
employed as a moderator. If the crystal surface is clean, the moderated positrons are
emitted approximately normally to that surface, with a small transverse component of
velocity due to the positron thermal energy. This geometry is generally used with
sources of high specific activity, such as ^*Co, to minimize the spatial dimensions of the
source and therefore reduce the shadowing effect it has on the slow positron beam.

Figures 1.9(b) and 1.9(c) show the vane geometry mentioned above and the grid geometry
employed in this work. In both cases, slow positrons are extracted on the side of the
moderator opposite the /T source, thereby making the dimensions of the source a less
critical consideration.

The advantage of the vane system is that it can be carefidly

constructed to intercept most of the /T particles emitted in its direction. The flux of slow
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(a) BACKSCATTERING

(b) VANES

(c) MESH

(d) TRANSMISSION

(t) CUP

(c) SELF-MODERATING
Figure 1.9

Schematic illustration of several source/moderator geometries

positrons is therefore maximized and the number o f fast p ' present in the beam reduced.
The main disadvantage with this geometry is the difficulty o f its manufacture.

Grid

moderators, on the other hand, are relatively easy to make but transmit more fast /?'
particles which have to be either filtered out or accounted for in positron scattering
experiments.

The transmission geometi^ depicted in figure 1.9(d) employs clean, single-ciystal
moderators a few tenths o f one micron thick.
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For instance, Chen et al (1985) used

single-crystal W(IOO) films which were grown epitaxially on a MgO/Mo substrate. The
substrates were then removed using chemical etching and the remaining films annealed to
remove defects and surface contaminants.

As with the backscattering geometry, the

advantages of using a clean, single crystal in this way are the narrow distributions of
positron energies and ejection angles it provides: Chen et al (1985) reported an energy
spread of less than 0.5eV for the yield of slow positrons Jfrom their moderator. Zafar et al
(1989) obtained an energy spread of 0.33eV firom a single-crystal Ni(100) moderator.

Figure 1.9(e) shows the self-moderating positron source developed by Stein et al (1974).
This and the arrangements shown in figures 1.9(a) to 1.9(d) utilize moderators of negative
(j>^.

MiUs and Gullikson (1986) have recently pioneered a more efficient means of

generating slow positrons by the use of rare gas soUd (RGS) moderators, which have
positive work fimctions. Ne, Ar, Kr and Xe were each condensed in a cup containing a
^^Na source, as iUustrated in figure 1.9(f).

Ne was the most effective moderator,

producing slow positrons with an energy distribution 0.6eV wide and with an eJBficiency of
7x10'^. The moderation process in RGS moderators is explained in terms of the "hot
positron" model, in which positrons are emitted epithermaUy.

implanted in the RGS

lose energy by inelastic coUisions with electrons untU the positron energy faUs below the
threshold for such processes.

Below this threshold, the only energy loss mechanism

avaUable to the positron is phonon excitation. Because the maximum energy loss in a
phonon coUision is very smaU (e.g. 8.3meV for Ar (Schwentner et al 1975)) and the
threshold energy for inelastic coUisions with electrons is high in a RGS, many positrons do
not thermalize before reaching the surface. Consequently some of these positrons are able
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to overcome a positive work fimction and are therefore emitted into the vacuum with
epithermal energies.

Merrison et al (1992) found that the efficiency of Ar and Kr solid moderators could be
trebled by coating them with a thin layer of

and charging this layer by bombarding it

with low energy electrons. This enhancement has been attributed to the effect of the
electric field arising fiom the charged

layer on the bulk diffiision and surface properties

of the moderator.

In addition to maximizing moderator efficiencies, the intensities of slow positron beams
have also been increased by the development of more intense sources of /T radiation.
Such developments include the generation of /T by pair production and the synthesis of
radionuchdes of high specific activity, such as ^Cu, in high neutron flux reactors. Beams
of up to 10^^ slow positrons per second are expected fiom these sources. A discussion of
past, present and future developments is given by Lynn and Jacobsen (1994).

As well as high intensities, modem experimental techniques such as positron re-emission
microscopy (e.g. Brandes et al 1988a) require positron beams of high brightness, that is
narrow beams of small angular divergence. The transport of slow positrons fiom the
moderator to the target is usually achieved with magnetic and/or electric fields. Liouville's
theorem states that under the influence of conservative fields such as these, the volume of
a collection of particles in phase space is constant. This theorem is expressed in terms of
the brightness per unit energy, B{E\ as
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B{E) = -----—

= constant,

where E is the beam energy, I the intensity, d the diameter and 0 the angular divergence.
Thus for a given beam energy and intensity, the diameter of the beam may only be
decreased at the cost of increasing the angular divergence and vice versa.

However, Mills (1980), realised that Liouville's theorem would not apply to the
moderation process because it is non-conservative. It is therefore possible to focus the
beam onto successively smaller areas in successive remoderation stages, thereby
ultimately reducing the beam diameter without increasing the angular divergence. In this
way it has been possible to increase the brightness of the beam by several orders of
magnitude for a relatively small loss in intensity.

For example. Frieze et al (1985)

increased B{E^ by a factor of about 30 with an accompanying loss in intensity of 80%.
Brandes et al (1988b) achieved a 500-fold brightness increase and a beam diameter of the
order of microns. Subsequently they developed a scanning positron microbeam and by
monitoring the intensity of annihilation radiation as the beam was scanned over a test grid,
they were able to reconstruct a 1-D image of the grid.

1.4

Measurements of Positron Scattering Cross-Sections

Since the first measurements of Costello et al (1972b), considerable attention has been
given to the determination of positron scattering cross-sections. In addition to improving
the quality of the total scattering cross-section (o;) measurements, experimentahsts have
measured partial cross-sections such as cr, (elastic), cr^ (excitation), (jp^ (Ps formation)
and cr.^ (direct single ionization). Advances in experimental techniques and the qualities of
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positron beams bave also enabled differential studies of such processes (e.g. daJdQ,
cta^IdEdQ) and detailed near-threshold investigations.

This section contains a brief

review of some of these experimental studies.

1.4.1

Total Positron Scattering Cross-Sections

Total scattering cross-sections for a given target are measured by determining the intensity
(/) of positrons, out of an incident beam of flux 7^, which are transmitted by the target.
The cross-section is then given by

where n is the number density of the target and / the distance travelled by the projectile in
the target gas. In the various experiments, I has been determined either by measuring 7/7^,
which is simply related to the fraction of the incident beam attenuated by the target gas in
a scattering cell (e.g. Stein et al 1978), or by distinguishing those positrons which have not
been scattered by measuring positron times-of-flight (e.g. Canter et al 1972, Costello et al
1972b, Coleman et al 1979). The main systematic errors encountered in these techniques
arise from difficulties in measuring n, I and 7. The errors on n derive from uncertainties in
the measurements of the target gas pressure and temperature from which n is calculated.
In addition, it is difficult to account for variations in n along the length of the scattering
cell. The path length, /, of the positron in the target gas presents uncertainties when the
positrons are spiralling and / consequently becomes energy dependent. Scattering cell end
effects also contribute to the total error on /. Finally, the accurate measurement of 7 can
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be impeded by positrons which scatter elastically at small angles and can therefore be
mistaken for unscattered projectiles.

The first targets to be studied were the noble atoms because they are gaseous at room
temperature and inert and therefore straightforward to use.

Figure 1.10 displays the

results of several measurements of o; for He for incident energies up to about 30eV. The
shape of o; for He is representative of that for all the inert gases.

The

Ramsauer-T ownsend minimum at about 2eV incident energy was first observed for
positron scattering in the detailed measurements of Stein et al (1978).

The

Ramsauer-T ownsend minimum observed in the total electron scattering cross-section
(Ramsauer 1921, 1923, Townsend and Bailey 1922, Ramsauer and Kollath 1929) is
quantum mechanical in origin, arising where the phase shift for the /=0 partial wave is a
multiple of 7i.

In the positron scattering case, the minimum is caused by the near
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Measurements and calculations of the total positron scattering

cross-section (o;) for He.
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cancellation of the opposing static and polarization interactions. The shaip rise in o; at
17.8eV is due to Ps formation becoming energetically allowed and highlights the
importance of this process in positron scattering at low energies.

The results of several calculations of o; are also shown in figure 1.10. The many-body
random phase approximation calculations of Amusia et al (1976) find very good
agreement with the latest experiments. Wadehra et al (1981) calculated o; from the partial
wave phaseshifts of Humberston (1979), Humberston and Campeanu (1980), Drachman
(1966) and O'Malley et al (1961) and are also in good agreement with the measurements.
The polarized-orbital approximation calculations of McEachran et al (1977) yield results
which are greater than the measured cross-sections at the lowest energies and smaller for
energies in excess of about 5eV.

The results of various measurements of o; at intermediate energies (e.g. Coleman et al
1979, Kauppila et al 1981) are in agreement with each other to within about 10%. Figure
1.11 therefore shows a representative average of the data of Stein et al (1978) and
Kauppila et al (1981). Also present are the electron impact data of Kauppila et al (1981)
to highlight the differences between the two projectiles. As mentioned above, o; rises
abruptly at Ep^ and peaks at an energy of about 50-60eV. In contrast, the total electron
scattering cross-section falls smoothly from a value almost two orders of magnitude
greater than o; at the positron Ramsauer minimum and merges with o; at about 200eV.
The differences in the electron and positron impact cross-sections at low energies is
thought to he due to the static interaction being attractive for the former projectile and
repulsive for the latter. The polarization interaction is, on the other hand, attractive for
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both projectiles. Hence the static and polarization interactions cancel in the positron case
but add in the electron case, leading to a greater total scattering cross-section for
electrons. In addition, the electron scattering total cross-section is further augmented by
the exchange interaction. At higher energies, however, the polarization and exchange
interactions become negligible compared to the static interaction and the cross-sections
merge.
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Figure 1.11

Smoothed total scattering cross-sections for positron and electron impact

on He (Kauppila et al 1981).

In addition to atomic systems, room temperature molecular gases such as I^,

O^, CO^,

CH4 and CO have been studied. The total positron scattering cross-sections for systems
such as these generally behave similarly to the data for the inert gases and for this reason
are not reviewed here. La some cases, however, differences are evident which are ascribed
to, for example, the presence of inelastic channels such as dissociation for the molecular
targets.

Reviews of the available results in this area can be found in, for example,

Kauppila and Stein (1982), Stein and Kauppila (1982) and Charlton et al (1983a).
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More recently, studies of o; have been extended to unstable target gases such as the alkabs
and atomic hydrogen. Stem et al (1985) pioneered the alkab experiments by observing the
attenuation of a positron beam passmg through an oven contaming the target gas. In this
way Stein et al (1985) made the first measurements of o; for K in the impact energy range
5-49eV. Subsequent studies have extended this energy range to l-102eV for K, Na and
Rb targets (Kwan et al 1991, Parikb et al 1993). More recently, Jiang et al (1995)
reported the first preliminary measurements for Mg. In contrast to the inert gases, Stein et
al (1985) found the total scattering cross-sections for electron and positron impact on K
were the same to within about 25%. Indeed for K, Na and Rb, o; and the corresponding
electron cross-section were found to merge for energies greater than only 40eV. This
result is in accord with the total electron scattering cross-sections calculated (Stein et al
1990) fi-om available partial cross-sections (Walters 1976, Phelps et al 1979 and Phelps
and Lin 1981) and the o; calculations of Ward et al (1988, 1989). It was suggested (Stein
et al 1985) that the similarity of the electron and positron cross-sections is a result of the
high polarizabihty of the alkali atoms and the consequent dominance of the polarization
interaction over the static interaction. The difference between the cross-sections, which is
ascribed to differences between the static interaction for the electron and positron
projectiles, is therefore small.

Kwan et al (1991) showed the total electron scattering cross-section to be smaller than o;
below about 40eV impact energy for both K and Na targets. This is the reverse of the
situation found for most room-temperature gases. Kwan et al (1991) proposed that the
presence of inelastic scattering channels at low energies for K and Na may be the origin of
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this diËference. In particular, positron impact excitation of K and Na may enhance o;
considerably as the predicted excitation cross-sections (Sarkar et al 1988, S J Ward et al
1988 and S J Ward et al 1989) greatly exceed those measured for electron impact
excitation of K and Na (Phelps et al 1979 and Phelps and Lin 1981).

Paiikh et al (1993) observed unexpected features in their measurements of o; for K and
Rb. In contrast to the findings for the room-temperature gases and also for Na, it was
found that o; peaks at about 6 eV incident energy and decreases at lower energies. It was
noted that this structure could, in part, be due to incomplete discrimination against elastic
scattering to smaU angles and the increasing importance of elastic scattering for decreasing
energy. However, the five-state close coupling approximation calculations of McEachran
et al (1991), which take these considerations into account, predict that, instead of peaking
at 6 eV, o; continues to rise as the positron energy decreases. Paiikh et al (1993) therefore
conclude that the observed structure is not wholly attributable to systematic effects and
suggest that it may be evidence of coupling effects between the Ps formation channel,
which is open for all positron incident energies, and the elastic and excitation channels
below lOeV.

Measurements of <jp^, the Ps formation cross-section, for the alkalis have since been
performed (Zhou et al 1994b, Surdutovich et al 1995) in order to investigate channel
coupling effects.

The results exhibit good agreement with the close coupling

approximation (CCA) calculations of Hewitt et al (1993) which take such channel
coupling effects into account. In the case of K, Hewitt et al (1993) find that o; exhibits a
maximum at about 6 eV impact energy when the Ps formation channel is included in the
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calculations. This effect has been attributed to reductions in the elastic and excitation
cross-sections due to coupling between these channels and that of Ps formation. The
magnitudes of the reductions in the elastic and excitation cross-sections are sufficient to
overcompensate for the additional contribution of Ps formation and cause

to fall for

energies less than about 6 eV. This results in a peak in o; for K in the vicinity of 6 eV. In
contrast, for Na the presence of the Ps formation channel in the CCA calculations results
in an increase in the elastic cross-section for energies less than about 7eV. The combined
effect of this and the contribution from Ps formation means that or continues to rise with
decreasing energy for Na.

The jSrst measurements of o; for atomic hydrogen were performed by Zhou et al (1993,
1994a) in the incident energy range 5-302eV, usmg a beam transmission technique and a rf
discharge H source. Relative o; measurements for positron and electron impact on H and
Hj were made and normalized to an earlier absolute measurement of the electron-H^ total
cross-section at lOOeV (HofBnan et al 1982). The measurements find good agreement
with the calculations of Winick and Reinhardt (1978) and Walters (1988). To check these
results against existmg partial cross-section data, Stein et al (1993) summed Gp^ (Sperber
et al 1992), cr.^ (Spicher et al 1990), and the elastic and excitation (ls-2s and ls-2p)
cross-sections of Walters (1988). In comparison with preliminary direct measurements of
o; (Zhou et al 1993), the resulting sum was found to be higher at all energies studied. The
experiment of Zhou et al (1993) has since been repeated and the results reaffirmed (Zhou
et al 1994a, 1995). The discrepancies highlighted by Stein et al (1993) therefore imply
inaccuracies in one or more of the partial positron-H cross-sections. It should be noted
that Jones et al (1993) have also made measurements of g^ for H and have found them to
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be smaller than the cross-sections of Spicher et al (1990) for most incident energies
between about 10 and lOOOeV. These results may account partially for the discrepancies
encountered by Stein et al (1993). The measurements of

for H are discussed in §1.4.4.

1.4.2 Elastic Scattering
The total (angle-integrated) elastic cross-section (a^,) for positron scattering is equal to the
total cross-section (a ) below the threshold for Ps formation (Ep^), the first inelastic
positron scattering channel to open.

The behaviour of <j^, below Ep^ for many

room-temperature gases is therefore discussed in the above sub-section.

Attention has recently turned to the behaviour of cr ^in the vicinity of Ep^. In his R-matrix
theory, Wigner (1948) proposed that a cross-section may contain structure in the form of
a cusp or a rounded step at the energy corresponding to the threshold for an inelastic
reaction. Evidence of such channel-coupling effects has been observed in nuclear physics,
for which the threshold theory of Wigner (1948) was first intended.

For instance,

Mahnberg (1956) studied the scattering of protons firom Li and found cusp-like structures
in the differential elastic scattering cross-section (d a jd fl) peaked at 1.88MeV, the
threshold for neutron emission. Evidence of threshold effects has also been found in
atomic physics. Measurements of daJdQ for electron-alkali scattering (Andrick et al
1972, Gehenn and Reichert 1972 and Eyb and Hoffman 1975) have revealed cusp-like
peaks and dips around thresholds for excitation processes. The origin of this structure is
not certain, however, as Moores (1976) has predicted that Wigner cusps should be the
order of meV wide in such systems and therefore would not have been resolved by the
abovementioned experiments.
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Ps formation in the inert gases is an ideal testground for the Wigner (1948) threshold
theory because Ps formation is the first inelastic channel to open and Ps is neutrally
charged so there are no long-range Coulomb forces present in the final state system. In
partitioning the positron-He total cross-section, Campeanu et al (1987b) found evidence
of a pronounced cusp-like structure in cr, at Ep^, with a fall in cr, of about 20 % between
Ep^ and the first-excitation energy, E^. The results are shown in figure 1.12. Campeanu et
al (1987b) were careful to consider the combined effect of uncertainties in the
cross-section data (Fromme et al 1988, Stein et al 1978) used in the partitioning analysis.
It was concluded that the cusp was indeed present but that its exact shape could not be
predicted due to, for example, inaccuracies in the various energy scale cahbrations and a
lack of detailed data close-to-threshold.
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Figure 1.12

The cusp in the elastic e-He scattering cross-section at the Ps formation

threshold energy, Ep,, deduced by Campeanu et al (1987b).
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Coleman et al ( 1992) were able to avoid some of the uncertainties arising from the analysis
of Campeanu et at (1987b) by measuring o; and

for He using a single experimental

apparatus. Relative values of (cr,+ 0 -^+0 ;^), wWch is equal to cr^ at energies below
were then deduced by calculating the difference
normalized to o; (Stein et at 1978) below

The results, \\4iich were

are displayed in figure 1.13. Within the

statistical errors, cr, is flat across the Ps formation threshold suggesting that if a cusp is
present, it is not as pronounced as that found by Campeanu et al (1987b).
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The direct measurements by Coleman et al (1992) of the e-He elastic

scattering cross-section (<rj in the vicinity of the Ps formation threshold {EpX

Moxom et al (1993) recently reported new values of cr^ for He, H^ and Ar. Measuring the
yield of ions created in a combined scattering cell/ion extractor (Moxome/ al 1992) by the
impact of a pulsed positron beam of 0.8eV energy resolution, Moxom

al (1993) were

able to make detailed measurements of the total ionization cross-section (cr/) in the
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vicinity of the Ps formation threshold. Subtracting the a / results from existing o; data
(Kauppila et al 1976, Stein et al 1978, HofBnan et al 1982, Charlton et al 1983a, 1984
and Mizogawa et al 1985), Moxom et al (1993) deduced (cT/+o;J, which is equal to
below

for the gases studied. In accord with the findings of Coleman et al (1992),

cusps of the size predicted by Campeanu et al (1987b) were not present hi the deduced
values of o;, for He, H^ and Ar. However, carefid analysis of the results did reveal
significant drops in o;, between Ep^ and E^^, which may be the results of channel coupling
effects. Further studies of channel coupling effects (Laiicchia et al 1993, Moxom et al
1994) are discussed in §1.4.4.

The first angular-resolved studies of positron scattering were concerned with the
measurement of the differential elastic scattering cross-section, dcjJdQ. Jaduszhwer and
Paul (1973, 1974) counted the number of positrons transmitted by a scattering cell as a
fimction of the strength of the guiding magnetic field. As the strength of the field was
increased, the positron count rate mcreased, the magnitude of this effect depending on the
positron scattering angle, 6. Values of d u j d fl for He, Ne and Ar were derived from
these measurements.

However, poor agreement between the angle-integrated elastic

cross-sections deduced from these measurements and the He data of Canter et al (1972)
and Campeanu and Humberston (1977) has cast some doubt on the rehabihty of the
former results.

Coleman and McNutt (1979) and Coleman et al (1980) measured the positron-Ar elastic
scattering cross-section as a fimction of scattering angle, 0, at fixed energies up to 8.7eV.
In these experiments, fiigbt-times of positrons transmitted by a gas cell and transported to
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a detector by a 140G magnetic field were measured. TOP spectra were obtained with and
without gas present, the difference between the two spectra representing the TOP spectra
for scattered positrons. The positron fiight-times are dependent on 9 and so the difference
spectra were employed to derive

as a fimction of 9 {doJdB) and subsequently dcjJdQ

(={l7i:às\.G)'^daJd9). The results at four incident energies are shown in figure 1.14. Good
agreement is found with the results of the polarized orbital calculations by McEachran et
al (1979) and the polarization potential method of Schrader (1979). The same apparatus
has also been employed to make corresponding electron-Ar measurements and the results
were found to be in good agreement with existing electron impact data (Williams 1979).
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Figure 1.14

e^-Ar elastic scattering cross-sections as a function of e"" scattering angle

at four different incident energies. Experiment: hollow and filled circles, Coleman
and McNutt (1979). Theory: full curve, Schrader (1979); dashed curve, McEachran et al
(1979).

55

Measurements o f d a J d Q extending to higher incident energies and to greater angular
ranges have accompanied the development o f crossed positron/gas beam experiments. For
instance, Hyder et a l (1986) used an electrostatically transported positron beam to study
positrons scattering from Ar at angles between 30° and 135° and for incident energies in
the range 100-300eV. The apparatus o f Hyder et al (1986) is shown in figure 1.15. The
primary beam was monitored with channeltron detector #1, while the rotatable second
detector counted the scattered particles with an angular resolution o f ±8°.

Projectiles

which had scattered inelastically were discriminated against by a retarding electrode
preceding this detector. The measurements for Ar at energies o f lOOeV and 200eV are
shown in figure 1.16. The apparatus o f Hyder et al (1986) was also capable o f measuring
the corresponding electron impact cross-sections and these are also shown for the same
two impact energies.

The electron results compare well with the existing experimental

results o f Srivastava (1981) and Dubois and Rudd ( 1975) at angles greater than 60°. The
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Figure 1.15

3cm

Tlie apparatus used by Hyder et al (1986) to measure differential elastic

scattering cross-sections.

56

discrepancy between the experiments at smaller scattering angles has been attributed to a
divergent gas beam in the experiment of Hyder et al (1986).

The positron results in

figures 1.16(b) and 1.16(d) diverge fiom the available theoretical data in a similar way:
agreement with the calculated cross-sections of McEachran and Stauffer (1986) and Nahar
and Wadehra et al (1987) is good for ^ 6 0 °, but below 60° the measurements exceed the
theoretical fines.
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Figure 1.16

e*-Ar differential elastic scattering cross-sections at lOOeV and 200eV

incident energies, (a) e'-Ar at lOOeV. Experiment: hollow circles, Hyder et al (1986);
dots, Srivastava et a/ (1981). (b) e^-Ar at lOOeV. Experiment: filled circles, Hyder et al
(1986). Theory: full curve, McEachran and Stauffer (1986); dotted curve, Nahar and
Wadehra (1987); dashed curve, Joachain and Potvliege (1987). (c) e-Ar at 200eV.
Experiment: hollow circles, Hyder et al (1986); dots, DuBois and Rudd (1975). (d)
e -Ar at 200eV. Legend as (b).
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Joachain and Potvliege (1987) have suggested that the structure predicted by McEachran
and StaufTer (1986) at small scattering angles is a result of not accounting for the effect of
inelastic channels. Joachain (1987) has argued that the optical model of Joachain and
Potvliege (1987) should yield more accurate results as it takes full account of the inelastic
channels. Experimental tests of these theories are more feasible at lower impact energies,
where the structure is seen to move to larger angles. Floeder et al (1988) and Smith et al
(1989) have measured doJdQ for Ar at low impact energies.

Floeder et al (1988)

employed a technique similar to that of Hyder e/ al (1986) to make relative measurements
of d a J d Q at 8.5eV and 30eV. Smith et al (1989) made similar measurements at 8.7eV
and 30eV using the same apparatus as Hyder et al (1986). In figure 1.17 the experimental
results are compared to the theories. At 30eV the measurements find best agreement with
the optical model of Bartschat et al (1988) and the structure predicted by theories ignoring
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Figure 1.17

e'^-Ar differential elastic scattering cross-sections at 30eV and 8.7eV

incident energies, (a) 30eV. Experiment: squares, Floeder et al (1988); circles. Smith
et al (1989). Theory: dashed curve, Bartschat et al (1988); full curve, McEachran and
Stauffer (1986). (b) 8.7eV. Experiment: squares, Floeder et al (1988); circles. Smith et
al (1989); crosses, Coleman and McNutt (1979). Theory: full curve, McEachran and
Stauffer (1986); dashed curve, Montgomery and LaBahn (1970).
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inelastic channels (McEachran and Stauffer 1986, Nakanishi and Schrader 1986, Nahar
and Wadehra 1987) is not reproduced experimentally. For scattering angles greater than
60° the data of Smith et al (1989) are in disagreement with all theories.

The measurements of daJdQ made at energies below Ep=^.9oW, the first inelastic
threshold energy for Ar, are shown in figure 1.17(b). The data of Smith et al (1989) taken
at 8.7eV and those of Floeder et al (1988) measured at 8.5eV are shown together, the
latter having been normalized to the 8.7eV data of Coleman and McNutt (1979) for
comparison. In this case, with no inelastic channels open, the experimental data are in
good agreement with the theory of McEachran and Stauffer (1986).

The apparatus of Hyder et al (1986) has been recently employed to measure d a J d Q ïa i
Ar (Dou et al 1992a), Kr (Dou et al 1992b) and Ne (Dou et al 1993) as a function of
impact energy at fixed scattering angle. Resonance-hke structure in the form of sharp
drops in the differential cross-sections were reported at 55-60eV for Ar, 25 and 200eV for
Kr and 100-200eV for Ne. The results for Ar at 60° and 90° scattering angles are shown
in figure 1.18. It was tentatively suggested (Dou et al 1992a, b) that these structures were
examples of the coupled-channel shape resonance predicted by Higgins and Burke (1991)
for positron-H scattering, thought to arise from complex coupling between the elastic and
ionization channels. Structures resembling that predicted by Higgins and Burke (1991)
were also found in the calculations of, for example, Hewitt et al (1991), Sarkar et al
(1993), Mitroy (1993), McAlinden et al (1994) and Mitroy and Stelbovics (1994).
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However, extending the coupled-state method to the inclusion of 18 final states,
Kemoghan et al (1994, 1995) found that the resonance structure predicted by the 6 -state
calculations of Higgins and Burke (1991) was not physical, but merely a consequence of
neglecting ionization channels in the calculations. More recently, the measurements of
Dou et al (1992a) for Ar have been repeated by Przybyla et al (1995) using the same
apparatus. The results of the latter study are also shown in figure 1.18 and show that the
structure observed previously has not been reproduced. The origins of the discrepancy
between the two sets of measurements are not yet known. The preliminary results of an
independent study of daJdQ ïox Ar by Finch et al (1995) qualitatively support the results
of Przybyla et al (1995), finding no pronounced structure between 55 and 60eV at a
scattering angle of 60°. Finch et al (1995) stress, however, that the poor angular and
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The measurements by Przybyla et al (1995) of the differential elastic

e"^-Ar scattering cross-section as a function of scattering energy.
measurements of Dou et al (1992a, b) are also shown.
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The earlier

energy resolution (±9.5° and 3eV respectively) o f their experiment may obscure shaip
stmctures o f the form observed by Dou et al (1992a, 1992b, 1993).

1.4.3

Excitation

The first inelastic positron scattering channel to be studied experimentally was that o f
excitation. In a TOP technique similar to that employed for differential elastic scattering
measurements (e.g. Coleman and McNutt 1979), Coleman and Hutton (1980) measured
cross-sections for positron impact excitation o f He.

The results suggested that the

cross-section, cr^, was dominated by excitation o f the 2^S state in the first lOeV above the
first excitation (2*S) threshold at 20.6eV.

In addition, it was found that the positrons

typically scatter through angles less than 20°, a result supported by the distorted wave
approximation calculations o f Parcell et a! (1983).

The angle-integrated cross-sections

obtained for positron impact excitation o f He are shown in figure 1.19.
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Cross-sections (cr^) for positron impact excitation of He.
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The energy range studied by Coleman and Hutton (1980) was limited by increasing
difiSculiy in resolving the two peaks in the TOP spectra due to 2^S excitation and single
direct bnization for increasing excess energies. Sueoka (1982) overcame this restriction
by employing essentially the same technique, but with the addition of an electrode which
could le biased to discrhninate against positrons which had ionized the target.

This

retardirg potential time-of-flight (RP-TOF) technique enabled Sueoka (1982) to measure
the cross-section for 2^S excitation of He up to 120eV impact energy. More recently
Sueoka (1989) has made new measurements of the sum of the 1^S-2^S and PS-2 ^P
cross-sections, allowing for the effects of positron double scattering. Figure 1.19 displays
these neasurements and the summed partial excitation cross-sections predicted by several
theorie;. The distorted-wave approximation calculations of Parcell et al (1983, 1987)
predict cross-sections which are smaller than the measurements at aU but the highest
energis studied. The random phase approximation approach of Varracchio and Parcell
(1992) finds better agreement with experiment at lower energies, but the calculated
cross-actions are greater than the measured values at most energies. The close-coupling
approxmation results of Hewitt et al (1992) are in accord with experiment below about
40eV ncident energy, but at higher energies the predicted data are greater than the
observed values by a factor of nearly two.

1.4.4 Ionization
The pDcesses of direct ionization and Ps formation are the dominant inelastic channels for
positroi scattering at intermediate energies and have received considerable experimental
and tboretical attention.

In this section, some results of experimental studies of Ps
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formation, total ionization and direct ionization are reviewed and comparisons with
available theories are made where possible.

(1)

Ps Formation

Direct measurements of the absolute, angle-integrated cross-section

for Ps formation

were &st performed by Charlton et al (1980, 1983b). Measurements of Gp^ were made
for all the inert gases up to 150eV positron impact energy by counting coincidences of the
three photons from the annihilation of o-Ps. It quickly became apparent, however, that
these measurements had suffered from serious systematic errors when an independent
study by Fomari et al (1983) gave results for He, Ar and H^ which were up to frve-times
greater than the cross-sections measured by Charlton et al (1980, 1983b). The errors have
since been attributed to, for example, loss of o-Ps due to collisions with the scattering cell
walls (Clark 1984).

Fomari et al (1983) measured Gp^ up to 80eV incident energy by counting aU positrons
which do not form Ps on passing through a gas cell. The numbers of positrons exiting the
cell were counted with and without target gas present to deduce the fraction of positrons
lost to Ps formation. This work was subsequently extended to higher incident energies
and to the remaining inert gases by Diana et al (1985, 1986a, 1986b, 1987, 1989).

Fromme et al (1986, 1988) employed the apparatus shown in figure 1.20 to make
simultaneous measurements of the total ion yield and of positron-ion coincidences. From
these measurements they determined Gp^ and g^ for He and H^. With reference to figure
1.20, scattered positrons are confined magnetically and counted by detector 1. Ions are
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The apparatus employed by Fromme et al (1986, 1988) for the

measurement of cross-sections for Ps formation (o>,) and direct ionization by positron
impact (o;/).

accelerated tow ards an ExB mass spectrometer by a 20V/m DC electric field and deflected
into detector 2. The He results fiom this experiment and the others discussed above are
shown in figure 1.21. The data o f Fromme e/ al (1986) find good agreement with those of
Fomari et al (1983) and Diana et al (1986a) below about 80eV. At higher energies the
structure observed by Diana et al (1986a) has not been reproduced by Fromme et al
(1986), but otherwise agreement between these experiments is good.

The results o f several

predictions are also plotted in figure 1.21. The distorted wave

approximation calcidations o f Mandai et al (1980) produce results which are consistent
with experiment below about 30eV. However, the cross-sections predicted by this theory
and the classical trajectory Monte Carlo calculations o f Schultz e/ al (1989) peak at
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energies 10-20eV lower and with gieater magnitude than the measured values. For higlier
energies, all theories fall approximately as K '', where 3<a<5 (Schultz et al 1989), whereas
the measurements discussed above are consistent with l<a<1.5.
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Cross-sections for Ps formation from He.

Schultz and Olsen (1988) have suggested that the discrepancy between these experimental
results and theory is due to the inefficient collection o f positrons scattered to large angles
following ionization.

Recently Overton et al (1993) made measurements o f

using a gas cell transmission method.

for He

The guiding magnetic field strength was set to

ensure radial confinement o f all scattered positrons and this field was retuned at each
energy studied to eliminate the effects o f energy dependent beam deflections. The results,
which are shown in figure 1.21, were found to be in much better agreement with the
predicted energy dependencies at the higher energies.
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The first measurements of

for atomic hydrogen gas have recently been achieved by

Sperber et al (1992) using the apparatus shown in figure 1.22. A positron beam was
crossed with a target beam consisting of H and
discharge tube (Slevin and Stirling 1981).

emerging fi-om a Slevin-type rf

Scattered positrons were transported

electrostatically to the positron detector and a DC electric field deflected ions into a
quadrupole mass analyzer (QMA) which distinguished between protons and ¥L^^. As in the
experiments of Fromme et al (1986, 1988) the total ion (proton) yield and positron-ion
coincidences were monitored, thus providing relative measurements of (o ;+ 0 },^) and o;*
respectively.

Relative values of Gp^ were obtained by subtraction and absolute

cross-sections were attained by normalization to earlier measurements of electron and
positron impact ionization cross-sections (Spicher et al 1990, Shah et al 1987). Finally
corrections were applied to the data to account for large-angle positron scattering
following ionization.

H

The apparatus had an angular acceptance of 30° and so any
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A schematic illustration of the apparatus employed by Sperber et al

(1992) for the measurement of the Ps formation cross-section for atomic hydrogen.
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positrons scattering to wider angles in direct ionization events will cause <j^' to be
underestimated and consequently Gp^ to be overestimated. The magnitude of this effect
and the necessary corrections were obtained by calculating the differential ionization
cross-section using the first Bom approximation. The results of Sperber et al (1992) have
recently been revised by the remeasurements and reanalysis of Weberer al (1994). The
results published by Weber et al (1994) are reproduced in figure 1.23.
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Positronium formation cross-sections for atomic hydrogen. Experiment:

circles, Weber et al (1994). Theory: dotted curve, Straton (1987); dashed curve, Massey
and Mohr (1954); full curve, Humberston (1986); full curve with triangles, Hewitt et al
(1990); full curve with dots, Khan and Ghosh (1983b).

No other measurements of Gp^ for H currently exist, although many theoretical results are
available for comparison. The first Bom approximation calculations of Massey and Mohr
(1954) and the Fock-Tani calculations of Straton (1987) predict cross-sections which peak
at an energy 5eV lower than the measurements and with magnitudes greater by about 35%
and 50% respectively. The close-coupling method of Hewitt et al (1990) reproduces the
observed cross-sections well at most energies studied. The polarized orbital approach of
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Khan and Ghosh (1983) underestimates the cross-section for incident energies in the range
20-60eV. The accurate Kohn variational calculations of Humberston (1986) are restricted
to incident energies lower than those studied experimentally, but Weber et al (1994) note
that the extrapolation o f these predictions to liiglier energies does not appear inconsistent
with the size and energy location o f the observed maximum in Op^.

As mentioned in §1.4.2, Moxom et al (1993, 1994), Laricchia and Moxom (1993) and
Laricchia et al (1993) have made measurements o f the total ionization cross-section (cr )
for all the inert atoms and some molecular gases in the energy range 2-300eV. Below the
first ionization energy, E., cr is simply equal to <jp^ and these experiments have provided
the most detailed and precise direct measurements to date o f

in the vicinity o f the Ps

fonnation threshold energy, Ep^. The layout o f the apparatus used is shown schematically
in figure 1.24. The positron beam and ion extractor were pulsed out-of-phase with each
other to avoid perturbations during the collision. The energy spread o f the positron beam
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Figure 1.24

A schematic diagram of the apparatus used by Moxom (1993) to measure

cross-sections for total ionization by positron impact (cr/).
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was narrowed to approximately 0.8eV fuil-width at half-maximum with a suitable potential
applied to repeller R2. As a systematic check, the same apparatus was used to measure
the total electron impact ionization cross-sections for He, Ar and

Agreement with

existing electron data was good, lending credibility to this technique (Moxom 1993,
Moxom et al 1994). The relative measurements obtained for positron impact ionization
were normalized, where possible, to existing absolute positron data (e.g. Fomari et al
1983, Diana et al 1986a, Fromme et al 1986, 1988 and Knudsen et al 1990) in the vicinity
of the a / maxima.

The measured values of

for all the inert gases (Moxom et al 1994) are shown in figure

1.25. The lines plotted on these graphs are the results of fits to the expected threshold
dependence (Wigner 1948)
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Ne, (c) Ar, (d) Kr and (e) Xe measured by Moxom et al (1994).
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10'

where E ' is the excess energy and V is the outgoing Ps angular momentum with respect to
the scattering centre. As figure 1.25 shows, <jp^ for Ne, Xe, Kr and Ar is dominated
between

by the /-O (s-wave) partial wave, with Kr and possibly Ar

requiring small /- 1 (p-wave) admixtures. The results for He, on the other hand, are best
fitted by a pure p-wave. This latter result would explain the absence of a cusp at Ep^ in the
measurements of cr, for He (Coleman et al 1992, Moxom et al 1993). Wigner (1948)
predicts a threshold cusp will be most prominent in cases where the cross-section for the
opening inelastic channel has an infinite slope at threshold, which according to equation
(1.4) requires a dominant s-wave contribution to dp^. The threshold analysis performed by
Moxom et al (1994) also revealed that the positron incoming orbital angular momentum,
/, is dominated by /=1 for Ps formation fiom all the inert gases. This result has also been
predicted for a H target (Brown and Humberston 1985, Higgins and Burke 1993), but has
not yet been explained.

Laricchia et al (1993) have also reported the first direct evidence of channel coupling
effects in positron scattering. Measurements of cr/ for

displayed structure in the form

of a broad minimum centred around ll-12eV impact energy, as shown in figure 1.26.
Also shown is the measured cross-section for excitation to the Schumann-Runge
continuum, cr^ (Katayama et al 1987). The dip in cr/ can be seen to centre on the same
energy as the maximum for cj^. Furthermore,

starts to fall around the first ionization

energy, E=12.1eV, where the direct ionization channel opens and (t/ starts to increase
again. The apparently correlated behaviour of a / and

has therefore been attributed to

coupling between the Ps formation, excitation and direct ionization channels.
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Figure 1.26

The cross-section for total ionization of

measured by Laricchia et al (1993).

by positron impact (cr/)

The cross-section for excitation to the

Schumann-Runge continuum (q^) is also plotted.

(ii)

Direct Ionization

The retarding potential TOP technique employed by Sueoka (1982) to measme cr^ has
also yielded measmements of the direct single ionization cross-section, cr.^, (Sueoka 1982,
Mori and Sueoka 1984) for He, Ne and Ar targets up to about 120eV incident energy. It
was found that at most of the energies studied,

was slightly smaller than the

corresponding cross-section for electron impact, cr.". This result is not consistent with the
results of other experiments, discussed below, nor with subsequent measurements by
Sueoka (1989). The results of recent measurements by Sueoka et al (1995) of
vicinity of the ionization threshold energy, E., are discussed in §2.3.
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in the

As mentioned above, Fromme et al (1986, 1988) made relative measurements of a~ as
well as (Jp^ for He and

An energy dependent ion extraction efficiency was corrected

for by also measuring the cross-section for electron impact ionization and comparing the
results to those of Montague et al (1984). Absolute cross-sections were then determined
by normalizing to the Montague et al (1984) results at energies above 750eV, wiiere the
two cross-sections are expected to merge according to the first Bom approximation.

More recently, Knudsen et al (1990) have also measured cr/ for He, Ne, Ar and H^
targets, using the apparatus shown in figure 1.27. Positrons scattering in the gas cell were
transported magnetically to the positron detector, the signal from which triggered the ion
extractor/detector system adjacent to the interaction region.

Detecting positron-ion

coincidences in this way discriminated against the majority of ions produced by Ps

M ODERATOR
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EARTH GRID
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Figure 1.27

TUBE
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DIFF PUM P

The apparatus of Knudsen et al (1990) used to measure cross-sections for

direct ionization by positron impact ( a*).
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formation.

However, the measured coincidence rate still contained a significant

contribution due to ions, resultmg predominantly from Ps formation, being detected in
coincidence with uncorrelated positrons.

This random coincidence background was

estimated by comparing the measured coincidence rate in the energy range Ep<E<E. to
available

data and was subsequently subtracted fiom the signal. Ions were detected in

a time-of-flight technique to distinguish between different charge-mass ratios.

Jacobsen et al (1995a, b) later improved this technique by measuring positron-ion
coincidences as a fimction of the ion extractor pulsing frequency.

The random

coincidence background discussed above is proportional to this frequency and so by
extrapolating the observed ion yield back to zero pulse frequency, Jacobsen et al (1995a,
b) were able to account for this background. The relative measurements of cr.^ deduced in
this way were then normalized to the electron impact data of Krishnakumar and Srivastava
(1988) at high energies. The resulting absolute cross-sections were observed to be smaller
than those of Knudsen et al (1990) below approximately 100-200eV incident energy for
H^, He, Ne and Ar. These discrepancies have been attributed to inaccurate background
corrections in the latter work.

The various measurements of cr.^ for He are shown in figure 1.28. Also shown are the
data of Diana et al (1985), who measured

by observing the electrons ejected in the

direct ionization process. All the experiments find good agreement with each other for
most of the impact energies studied. The largest discrepancies are around the maximum in
cr.^, with the cross-section measured by Jacobsen et al (1995b) greater than that observed
by Fromme et al (1986) by about 10%. Prior to the present work, the data of Jacobsen et
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al (1995b) and Sueoka et al (1995) represented the best available measurements o f cr
near-threshold. The information to be gained from determining the energy dependence o f
a; close-to-threshold is discussed in chapter 2. It shall be shown that the existing data
may lack the precision and resolution to accurately probe this energy region.
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Figure 1.28

Measured and calculated cross-sections for the direct ionization of He by

positron impact.

The results o f several calculations o f a. are plotted in figure 1.28. The experimental data
are in good agreement with the predictions o f Golden and McGuire (1976), which are
effectively calculations o f the electron impact ionization cross-section without the
exchange channel. The theories of Basu et al (1985) and Campeanu et al (1987a, 1995)
account for distortion and screening effects in the initial and final channels and find good
agreement with the other theories and the experimental data.
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The C7.^ measurements are also compared to the electron impact ionization data of
Montague et al (1984) in figure 1.28. At intermediate energies, the measurements of cr/
are greater than those of cr‘ by up to 30-40%. Considering the predictions of Golden and
McGuire (1976) and Peach and McDowell (1983), Fromme et at (1986) and Raith and
Sinapius (1989) have suggested that this difference might be due the presence of the
exchange channel in the electron impact case.

However, Ps formation and the opposing projectile charge signs represent fiirther
important differences between the cases of positron and electron impact ionization. The
importance of the charge capture channel for impact energies less than about lOOeV serves
to suppress the direct ionization channel in the positron impact case. This is evident in the
cross-sections of Jacobsen et al (1995b) shown in figure 1.28, where cr/ is lower than cr.‘
below 50eV. This effect decreases in importance as the impact energy increases, however,
because the velocity vectors of the positron and electron become increasingly different and
capture becomes less probable.

Comparisons of the electron and positron data with corresponding measurements for
antiproton and proton impact have provided insight into the effect of projectile charge on
the ionization process. The predictions of Fainstein et al (1987) and the measurements of
Andersen et al (1990) showed the cross-sections for single ionization of He by proton
impact to be about 30% larger than those for antiproton impact at the cross-section
maximum, behaviour analogous to that of the equivalent positron/electron data.

This

result and the absence of the exchange channel in proton/antiproton scattering suggest
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that, in contrast to the conclusions of Fromme et al (1986) and Raith and Sinapius (1989),
the opposing projectile charge signs are responsible for the differences between the
cross-sections for electron and positron impact ionization.

The polarization interaction has been proposed as one possible cause of the differences
between

and cr' at intermediate energies. Polarization of the target electron cloud by

the incoming projectile serves to increase the ionization cross-section in the case of
positively charged particles (e.g. e^ and p^) and decrease it for negatively charged particles
(e.g. e" and p ). Another possible mechanism is that of saddle-point ionization (Olson et al
1987), whereby the positive target ion core and the positron projectile serve to create a
region of reduced binding for the atomic electron, which can then be pulled away from the
ion by the outgoing positron.

The opposite would be true in the case of a negative

projectile and would therefore lead to an increase in cr/ relative to <jj.

Information regarding the correlations between scattered positrons and ejected electrons in
the final state has been provided by studying ejected electron energy distributions.
Brauner and Briggs (1986, 1991) predicted a cusp in the ejected electron energy centred
on (E-E)/2, where E is the incident positron energy and E. the ionization threshold energy.
This is due to the Coulomb interaction between the scattered positron and ejected electron
causing the particles to escape with almost equal velocities. The electron can therefore be
considered to be in a continuum state of the positron and this process is known as electron
capture to the continuum (EGG). The equal masses of the two particles results in the
excess energy (E-E^) being shared approximately equally, hence the predicted cusp at
{E-E)I2.

Schultz and Reinhold (1990) employed a classical trajectory Monte Carlo
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technique to obtain double differential cross-sections for positron scattering, but predicted
a ridge rather than a cusp due to ECC. Recently Moxom et al (1992) and Kôvér et al
(1993) measured ejected electron energy spectra for positrons scattering from Ar with
several impact energies. Small ridges consistent in shape and energy location with the
ECC predictions of Schultz and Reinhold (1990) were observed by Moxom et al (1992) at
lOOeV and 150eV incident energies and it was concluded that ECC makes a minor
contribution at any one angle to positron impact ionization.

Measurements of cr.^ were first extended to atomic hydrogen by Spicher et al (1990) using
the apparatus later employed by Sperber et al (1992) to measure Up^. This apparatus is
displayed in figure 1.22. As discussed above, relative values of

and cr/ were

deduced from measurements of the total ion yield and positron-ion coincidences and
normalized to the electron impact data of Shah et al (1987). Further data was recently
collected with the same experimental arrangement by Weber et al (1994).

Jones et al (1993) have also measured o;/ for H. A slow positron beam was crossed with
a gas jet comprising of H and

emerging from a Slevin-type rf discharge tube (Slevin and

Stirling 1981), as in the experiment of Spicher et al (1990). In contrast to the latter,
however, a magnetic field was used to confine the scattered positrons, ensuring that the
majority were detected. Ions were detected in a time-of-flight technique to distinguish
between protons and

. The apparatus is shown schematically in figure 1.29.

The results of Weber et al (1994) and of Jones et al (1993) are displayed in figure 1.30,
along with a representative selection of the available theoretical results.
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cross-sections measured by Jones et al (1993) are, on average, about 30% smaller than
those determined by Spicher et al (1990); the cause of this discrepancy is not yet
understood. The majority of the theoretical approaches are in reasonable agreement with
the results of Jones et al (1993). These include the classical trajectory Monte Carlo
calculations of Ohsaki et al (1985) and Wetmore and Olson (1986) and the distorted-wave
polarized orbital approximation calculations of GSiosh et al (1985) and Mukheijee et al
(1989). The distorted-wave polarized orbital approach recently employed by Acacia et al
(1993), on the other hand, finds better agreement with the experiments of Spicher et al
(1990) and Weber et al (1994).

Improvements in the intensity and quality of slow positron beams in recent years have
made possible measurements of doubly differential cross-sections (DDCS), (fa^ldEdQ,
and consequently provided further insights into the dynamics of the ionization process.
Figure 1.31 shows dtu^idEdQ as a fimction of ejected electron angle for a fixed ejected
electron energy of 15eV for the impact of lOOeV electrons and positrons on Ar (Schmitt
et al 1994). The positron impact cross-section is approximately an order of magnitude
greater than that for electron impact at small ejection angles, a result analogous to that
seen in the single differential cross-section (DCS) for He (Olson and Gay 1988 and
references therein). The reason for this difference in the DCS for electron and positron
impact has been interpreted as follows: scattered positive projectiles tend to drag the
ejected electron out with it to forward angles, whereas a scattered electron repels the
ejected electron to larger angles. Measurements (Shyn 1992) and calculations (Berakdar
and Klar 1993) of cto^ldEdQ for H are additionally displayed in figure 1.31. The Ar
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measurements are in qualitative accord with the theoretical predictions but not with the
measurements for H.
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The doubly differential cross-section as a function of ejection angle for

ejected electrons of energy 15eV following the impact of lOOeV positrons (squares) and
electrons (circles) on Ar (Schmitt et al 1994). Measurements and predictions for an
atomic hydrogen target are also shown for comparison - Experiment: triangles, e-H
(Shyn 1992). Theory (Berakdar and Klar 1993): full curve, e^-H; dashed line, e-H;
dotted curve. Born approximation.

Kovér et al (1994) have also measured c^a. ldEdfl for the impact of lOOeV positrons on
Ar but instead as a function of ejected electron and scattered positron energies at a fixed
angle. The results at 30° are displayed in figure 1.32. Differences are evident between the
scattered positron measurements at high energy and the results of the CTMC calculations
of Sparrow and Olson (1994), which are also shown. In addition, Kôvér et al (1994)
measured cross-sections for electron impact, the results finding good agreement with the
existing data of DuBois and Rudd (1978). Comparing their electron and positron data at
15eV ejection energy, Kôvér et al (1994) foimd the DDCS for the latter projectile to
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exceed that for the former by a factor of about two, in contrast with the order of
magnitude difference found by Schmitt et al (1994). This discrepancy has not yet been
accoimted for, but efforts are being made to improve the quality and quantity of available
differential data of this kind.
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Figure 1.32

Doubly differential cross-sections for lOOeV positrons incident on Ar as

functions of scattered positron and ejected electron energies.

The full curve is the

classical trajectory Monte Carlo result of Sparrow and Olson (1994).

1.5

Motivation for the Present Work

Cross-sections for positrons scattering from atoms and molecules provide insight into the
physics underlying atomic collisions. In conjimction with corresponding electron impact
results, such data can yield information on the effects of projectile charge, exchange and Ps
formation.

Furthermore, comparison of the electron/positron data with that for other

particle/antiparticle pairs, such as protons and antiprotons, can elucidate the effects of
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projectile mass on collision processes. It has been the general aim of the present work to
extend the study of positron collisions resulting in ionization, an area where many
problems remain outstanding in atomic physics in general.

An experimental system and technique has been developed and used to measure cr.^ for
several targets. At intermediate energies these measurements may help resolve some of
the discrepancies between existing data (e.g. Fromme et al 1988, Jacobsen et al 1995a).
Additionally, the present work has addressed the dearth of cross-section data available for
direct positron impact ionization close to the ionization threshold energy, E..

Considerable experimental attention has been given to the measurement of the
near-threshold energy dependencies of cross-sections for electron impact and
photoionization in order to test theoretical approximations to the solution of few-body
Coulomb problems.

Experimental and theoretical efforts in this area are reviewed in

chapter 2 . The effects of correlations between the escaping particles due to the Coulomb
interaction are expected to be particularly important close-to-threshold, where the
particles escape with very little energy, but may also be significant at higher energies due
to the long-range nature of the Coulomb interaction.

Reliable data for near-threshold positron impact ionization, in which a scattered positron
and ejected electron escape a positive ion core, would complement the results for the
electron impact ionization and photoionization processes in which two electrons escape
the positive core.

Data of this kind could also be compared directly to threshold

ionization theories, which have been extended to the positron impact case. Measurements
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of <
j I close-to-threshold are made difficult, however, by the intrinsic energy spread of
slow positron beams and large backgrounds resulting from the dominance of the Ps
formation channel in the vicinity of E^. The present experimental technique has achieved
considerable improvements in positron beam energy resolution, the determination of the
mean beam energy, the extraction of very slow positrons and the elimination of effects
due to Ps formation, allowing the near-threshold energy dependence of <
j ^ to be
determined accurately.

It is hoped that the results of this work will provide useful insights into the ionization
process and contribute to the understanding of three body interactions in general.
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2
NEAR THRESHOLD IONIZATION
BY POSITRON IMPACT

2.1

Introduction

This chapter reviews recent studies of positron impact ionization close to the threshold for
single direct ionization (E.). Interest in near-threshold ionization by positron impact has
followed investigations of the processes of electron impact ionization and photoionization.
The theories predicting near-threshold angle-integrated cross-sections for photo-, electron
and positron impact ionization are reviewed and the predictions compared to the
corresponding experimental data.

2.2

Theories of Near-Threshold Ionization

In this section, a brief review of several theoretical descriptions of near-threshold
ionization wiU be given, covering classical, semi-classical and quantum-mechanical
approaches to the problem.

2.2.1

The W annier Threshold Law

In 1948 Wigner derived a general threshold law describing the dependence on projectile
energy of the cross-section for any reaction in which two particles are present in the final
state. Wigner's theory was based on the assumption that the form of the cross-section
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depends only on the asymptotic interactions between the product particles and that
detailed knowledge of the reaction mechanism in the early stages of the process, when the
particles are within a small "inner" zone, is not required.

Wannier (1953) extended

Wigner's analysis to the double electron escape process, similarly arguing that the
near-threshold behaviour of the cross-section was dependent only on the asymptotic
configuration of the system in the final state. He was therefore able to employ a purely
classical treatment of the problem, avoiding the difficulties associated with the quantum
mechanical analysis of three bodies interacting via long-range Coulomb forces.

Wannier assumed the remnant ion to be stationary and restricted his analysis to a final
state of zero total orbital angular momentum (Z,=0 ) and zero spin (S=0) in the expectation
that this state represents the dominant contribution near threshold (extension of the theory
to states of higher Z-values will be discussed later in this chapter). This simplification
made it possible to describe the system entirely with two vectors
the outgoing electrons relative to the ion) and the angle,

and

(the positions of

between these two vectors, as

illustrated in figure 2 . 1.

e •
+Zg
Figure 2.1

Schematic representation of the coordinate system Wannier used in his

analysis of two electrons escaping from an ion of charge +Ze.

Wannier's classical approach to the problem can be justified by considering the coUinear
system in which the two outgoing electrons move in opposite directions (0 i2=ti) away
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from the ion of charge +Ze. Such a system may evolve into a final state where both
electrons are free (ionization) or where only one escapes and the other remains bound to
the ion (excitation). For a final state of total energy, E \ Wannier showed that, in the
vicinity of h e threshold, ionization occurs only for a system starting in, or close to, the
symmetric condition defined by r\ = -r^ =r and ri = - r ^. The Coulomb energy of such a
system is given in atomic units by

(2.1)

The total kiaetic energy of the two electrons is

K = E '- V

( 2 .2 )

and each electron has the de Broglie wavelength

(2.3)

A, =

In order to illustrate the behaviour of the evolving system, it is convenient to define a
quantity caLed the "critical" radius,

rr. = 2

as

(z-l)

(2.4)

E'

Manipulaticn of equations (2.1) to (2.4) then yields

V
E'

1
rlr.

(2.5)
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k =

--------- — ------r r

(2.7)

1

The physical interpretation of (2.5) and (2 .6 ) is that

separates the "Coulomb" zone, in

which K and F have similar magnitudes, from the "outer" zone in which K dominates over
V and the two electrons are effectively free. Equation (2.7) shows that for sufficiently
small E', X « r for

For this reason the electron can be treated as a classical particle,

its wavelength being much smaller than the distance over which the forces acting on it
vary appreciably. The above condition can be expressed more accurately as

A » ï(z-\

( 2 . 8)

The Coulomb zone is defined to extend from the minimum value of r for which (2.8) is
satisfied,

up to r^. The three divisions in "r-space" are represented schematically in

figure 2 .2 .

Electrons in the Coulomb and outer zones therefore behave classically and, if
spin-dependent effects can be ignored, the behaviour of the system in these zones is
determined for small E ' by integrating the classical equations of motion. This, however,
relies on knowledge of the initial conditions at the boundary between the Coulomb zone
and the inner zone. Wannier circumvented this requirement by making the quasi-ergodic
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The three regions of r-space through which the system passes as it evolves.

assumption, derived from the earlier work of Wigner, which states that no strong
singularities exist in the distribution of the representative points of phase space leading to
double escape and that the density of such points is approximately uniform.

For convenience Wannier described the system in terms of the hyperspherical coordinates
defined by

R = [r\ +^ 2) \

012 = cos Mt, .r

(2.9)

a = tan

These coordinates define the geometry of the triangle formed by the vectors

and

shown in figure 2.1. The restriction of this analysis to systems in the isotropic S-state
obviates the need for coordinates describing the orientation of this triangle in space and
therefore greatly simplifies the problem.
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The Coulomb energy of the system in terms of these hyperspherical coordinates is

(2. 10)

where

The shape of C(a,

plotted as a function of a and cosG^^ in figure 2.3 (after Fano and

Lin 1975), helps to understand the expected behaviour of the system.

C is symmetrical about the point 8 ^2=% and a= 7i/4 , which is known as the Wannier point
(for clarity C is not shown for

between n and 2n) and represents the two electrons

escaping in opposite directions and at equal distances fiom the ion. The Wannier point has
saddle structure, being stable along 8 ^^ about 8 i2=7t and unstable in the direction of a about
a=n/4.

The region centred on 8 ^2^0 and a=n/4 represents the physically inaccessible

situation in which the two electrons escape the nucleus on identical trajectories, and the
valleys at a=G (^2= 8 ) or n il (r^=G) correspond to one of the electrons remaining bound in
the potential well of the ion (i.e. excitation). It can be seen fiom this that a system
originating at the Wannier point will remain there as R increases, ultimately leading to an
ionization event.

This can also occur for a system deviating fiom the Wannier point

providing the system stays in the vicinity of the saddle point long enough for both
electrons to reach the outer zone, where they are essentially fiee. If the deviation fiom
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the Wanner point is too large, however, the system will become trapped in one o f the two
valleys ard ionization will not occur.

0 ^ -1

Figure 2.3

The Coulomb energy function C as a function of a and cos0 ,2, showing

cleirly the saddle structure of the Wannier point (0 ,2=7i, a= 7r/4 ).

By sobing the classical Hamiltonian for this system, Wannier deduced the equations o f
motion fo' trajectories leading to double escape and found that

a7 cc {E 'Y

where
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,

( 2 . 12)

The Wannier law has been re-derived semi-classicaUy and quantum-mechanicaUy.
Peterkop (1971, 1977) used a semi-classical wavefimction,

to describe a system with a

final state of 3ero total angular momentum. Following Wigner's hypothesis, Peterkop did
not provide i wavefimction explicitly describing the system hi the irmer zone.

By

assuming the hner zone wavefimction to be approximately independent of E ' for small E',
and matching wavefimctions at the boundary between the inner and Coulomb zones and
between the Coulomb and outer zones, Peterkop derived an expression for the differential
cross-section for a final state of coordinates a and

a(a,Q u)oc(E')^-2.

(2.13)

It can be shown (Vinkalns and Gailitis 1967) that the range of values of G^j leading to
ionization varies as {E')'''\ giving a corresponding solid angle proportional to (E Y\
Integration of the differential cross-section with respect to a yields no dependence on E'.
Hence this semi-classical treatment leads to Wannier's result of an angle-integrated
ionization cross-section proportional to (E y.

Similarly Rau (1971) started with an L=0 wavefimction and by substituting it into the
Schrodinger equation found that, in the Coulomb zone, it can be expressed approximately
by a single-])article Coulomb wavefimction for zero energy.

By matching this

wavefimction across the Coulomb and outer zone boundary, Rau (1971) derived the
Wannier threshold law.
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Klar (1981b) extended the Wannier theory to include the case of ionization by positron
impact in a treatment analogous to those of Peterkop and Rau. First the potential energy
fimction was redefined, in atomic units, as

(2.14)

In this case r_^. is the positron-ion length, r_ the electron-ion length and

the separation

between electron and positron, as shown in figure 2.4.

•e

+Ze
Figure 2.4

A schematic representation of the coordinates used by Klar in his

treatment of positron impact ionization.

Again the threshold law is assumed to be dominated by the L=0 final state.
convenience the vectors

For

and r are again expressed in terms of a hyperradius

R = \r i+ r l
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(2.15)

and quasi-angles \|/ and (p

cos Vj/cos
r+ = R

(2,16)
ini(<p ± f )
sin Y sin

Klar showed that in analogy with the Wannier theory the Coulomb energy fimction
Cj^\l/,(p) has a stationary point at

vpo = 0

(po = cos

.1 3Z-[Z(4+Z)]

2 Z -1

(2.17)

with

By expanding the fimction

(p) about this point and differentiating twice with respect

to v|/ and (p, Klar identified it as a saddle point. Motion in the v|/ coordinate is stable
around v|/o=0 , which physically represents the electron, positron, and ion system in a
coUinear configuration. In contrast, motion along cp in the vicinity of (p^ is unstable, (p^
describes the situation where the electron is between the positron and the ion. As cp -> tt/2
the electron approaches the ion and ultimately remains bound to it, resulting in an
excitation event. As cp—>0 the electron approaches the positron and Ps formation results.
For Z=l, (po«40.18°, corresponding to

r+
r-

^l + sin<p„y ^ 2,15372
Vl

- sincpoV
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(2.18)

Thus in analogy to electron impact ionization only occurring for small deviations Jfrom the
Wannier point as the system evolves, direct ionization in the case of positron impact only
results from increasing R accompanied by small deviations of v|/ from

a^id of (p from

(p= (Po.

The derivation of the ionization cross-section from this point mirrors the treatment of
Peterkop. First a classical wavefimction is defined m terms of amplitude, A, and phase, S:

^ = Ae^^.

(2.19)

A and S are expanded about the saddle point and the resultant expressions substituted into
the Schrodinger equation. This reveals an exponentially decreasing wavefimction for R
00 and M/T^O, emphasizing that the positron and electron are expected to escape in the same

direction, and one of modulus independent of radial correlation, predicting uniform energy
sharing between the two escaping particles. Manipulating this wavefimction ultimately led
to the result

a (£ )o c (E O 2-4,

(2.20)

with p/2-l/4=2.6511 (Klar 1984) for Z=l. Klar also predicted that for Z>1, \i should
increase monotonically up to the limit

lim p = ( 8 Z ) 2 + o f z " 0
Z—>00

^
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^

(2.21)

therefore decreasing the ionization probabihty in the threshold region. A similar result was
obtained in the classical analysis of Grujic (1982). The physical interpretation of this
suppression of the direct ionization channel for increasing Z can be seen by combining
(2.17) and (2.18) to give

( 2 .22)
Z—>00

thus as Z increases, the electron-positron separation decreases and the Ps formation
process is favoured over that of direct ionization.

The vahdity of this treatment is in theory restricted to small E' as it applies only to large
e^-ion separations for which the dominant interactions are pure Coulomb potentials.
Closer to the ion this potential is perturbed by the screening fimction provided by electrons
bound to the ion. However Klar (1981a) has shown that the Wannier theory is hardly
affected by screening at small distances, providing the screening fimction does not vary
too rapidly. Furthermore Klar (1981a) predicted that the threshold law (2.20) should
apply for a few eV above threshold and that screening should extend the validity range of
the Wannier theory even further in the case of inner-sheU ionization by electron impact.

Wetmore and Olson (1986) performed classical trajectory Monte Carlo (CTMC)
calculations for both positron and electron impact ionization of H and He^. The results
corroborate the radial and angular configurations of the system which were predicted by
Wannier (1953) and Klar (1981a, b, 1984) to lead to double escape. In the cases of
electron impact on H and He^ and positron impact on He , the data of Wetmore and Olson
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(1986) are also consistent with the threshold laws predicted by Wannier (1953) and Grujic
(1982). The CTMC method produced a power law for positron impact on H, but with an
exponent greater than the 2.651 predicted by Klar (1984). In this case, however, the
technique was incapable of calculating the ionization cross-section for excess energies less
than about 5eV, due to the dominance of the Ps formation channel close to the direct
ionization threshold, and therefore may not have probed the energy region for which the
Wannier theory is valid.

2.2.2

The Coulomb-Dipole Theory

The treatment of the threshold ionization problem by Temkin (1982a, b) differs from the
theories reviewed above in both its initial assumptions and its conclusions.

Temkin

estimated that the threshold law should be dominated by final state configurations in
which the escaping particles have very different energies (Temkin 1966, Temkin et al
1968, Temkin and Hahn 1974). The slower, inner particle therefore sees the ionic charge
directly while the faster, outer particle experiences the dipole potential formed by the inner
particle and the ion. This situation is represented schematically in figure 2.5.

Figure 2.5

The physical representation adopted in the Coulomb-dipole treatment of

Temkin.
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Threshold laws have been derived for ionization by electron impact (Temkin 1982b) and
positron impact (Temkin 1982a), and both have been predicted to assume the form of a
modulated quasi-linear dependence.

Temkin expressed the cross-section for double electron escape as

=

where

and

-k \-k \)< P ki(P k 2 ,

(2.23)

represent the momenta of the escaping particles and the matrix element M

is given by

M = {^f\V i\^ i).

(2.24)

The Coulomb-dipole theory was derived for the case of S-wave (Z,=0) scattering from
atomic hydrogen. Therefore in the initial state wavefimction O., the hydrogen atom is in
its ground state. In atomic units, the potential energy is

v,= - ^ +

^
r\+V2
(2.25)

s-%
r

r,> 2 r

As in the other treatments of threshold ionization, the form of the threshold law is
dependent purely on the system in the final state. This is described by the wave fimction
, which consists of the product of a zero-energy Coulomb wave describing the inner
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electron and a dipole wave describing the outer electron.

Taking the dipole moment

experienced by the outer electron to be equal to the distance,
electron from the ion, Temkin obtained

(a.u.), of the inner

and substituted it into (2.24) in order to derive

M, subsequently yielding the result

aT(E') oc £ ' ( l n £ 0 ‘^[1 +

C sm(a(«)InÆ ' + n)]

(2,26)

where a{R) is related to the dipole moment and

a{R) = C -^= R ^,

(2.27)

R being a length characteristic of the system. Temkin (1982b) notes that the form of this
threshold law is identical for any partial wave, predicting the following generalized law for
double escape:

a:(E /)oc^/(ln^/) -2 1 + S C^sin(aflnE^ + \i£)
L

where

cll =

Cl =R,

A similar analysis for the positron impact case (Temkin 1982a) was also found to result in
a threshold law of this form. It can be seen that this quasi-linear law is in conflict with the
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semi-classical power law derived by Klar (1981a, b, 1984). However, Temkin (1982a)
emphasized that the attraction between the escaping positron and electron may in addition
make important those configurations in which the two particles escape at similar angles
and with similar energies (positronium formation to the continuum).

Within the

framework of his argument, Temkin therefore calculated the form of the contribution
these configurations would make to the cross-section and found

aps oc E ' ”Mps{E')

« > 1,

where Mp^ is a modulation factor similar to that in equation (2.26).

(2.28)

He therefore

suggested that the process described by this modulated power law is equivalent to that
considered by Klar, who considered only trajectories of strong angular correlation.
Temkin proposed however that the number of configurations leading to positronium
formation to the continuum would be outweighed by those described in the
Coulomb-dipole analysis and therefore that the threshold law should be dominated by the
modulated quasi-linear law of equation (2.26).

It should be noted that the

Coulomb-dipole theory is expected (Temkin 1984) to exhibit a smaller energy range of
validity than the several eV predicted to hold for Klar's (1981b) analysis.

The results of the Coulomb-dipole calculations are in conflict with the findings of
Wannier-type descriptions and also with an independent study of threshold ionization by
Geltman (1983), who predicted that they should differ significantly for the two projectiles.
The results of Geltman and others are summarized in table 2 . 1.
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Table 2.1

Predictions o f near-threshold ionization cross-sections.

Author

Prediction

Wannier (1953)

(7-(E/)oc(Ey

f 100Z-9V - 1
V 4Z -1

Peterkop (1971)
Ran (1971)

Klar (1981a, b, 1984)

a+(5') oc (E/)2-4

^ - ^ = 2.6511 f or Z= l
See text for Z > 1

Temkin (1982a, b)

G f(F ')ocF '(ln E 'y^

1 + Z C'Lsin(ailn£’' + pi)
L

Geltman (1983)

g T(F') ocE'

crt( E ^ ) oc

2.3

exp j^-7c(2/x) z~^dx

Experimental Studies of Near-Threshold Ionization

The theoretical attention to near-threshold ionization has been accompanied by
considerable experimental effort in the cases of electron and photon projectiles, and most
of these experimental studies have yielded results in support of the Wannier threshold law.
One of the earliest experiments sufficiently sensitive to investigate ionization in the
near-threshold region was the work of McGowan and Clarke (1968). The electron impact
ionization cross-section for atomic hydrogen was measured and was found to follow a
power law with exponent «=1.13±0.03 for the first 0.4eV above threshold, in agreement
with Wannier's prediction. The experimental data approached a linear law after 0.4eV
excess energy, signifying that above this energy the correlations between the escaping
electrons wfdch bring about the non-linear form of the Wannier law become negligible.
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Marchand et al (1969) studied electron impact ionization of helium and observed a power
law which supported the classically derived exponent to within 3% and persisted over
about leV above threshold, beyond which the exponent decreased, approaching unity at
about 12eV excess energy.

Cvejanovic and Read (1974b) determined the Wannier

exponent indirectly by measuring the yield of slow electrons following the impact of
electrons on helium and hence obtaining the differential ionization cross-section, d(s'JdE.
They then employed an extension of the Wannier theory undertaken by Vinkalns and
Gailitis (1967) to describe in detail the asymptotic energy sharing between the escaping
particles and their mutual angular distribution. It was shown that the width of the angular
distribution about 8 ^2=7: should vary as

and that the energy distribution fonction

should be uniform. Assuming the latter result to be true suggests that

oc ^ m ' Y ] = (£')"■'=i E T ,

allowing a/(£’') to be deduced from a direct measurement of d^'.ldE'. The results of
Cvejanovic and Read (1974b) were approximately consistent with a uniform energy
distribution ftmction for excess energies between 0.2 and 0.8eV and an angular correlation
fonction of width proportional to

It was found that dçs^/dE' could be fitted to a

power law of exponent /w=0.131±0.019 in the excess energy range 0.2 to 1.7eV, implying
a power law of exponent 1.131±0.019 for

and therefore exhibiting consistency with

the Wannier theory. Pichou et at (1978) similarly studied the energetical and angular
distribution of two electrons escaping from a He^ ion. The energy distribution fimction
was found to be uniform up to 3.6eV but the distribution of electrons was found to be
isotropic up to only 0.8eV excess energy, hence proposing an upper limit for the vahdity

101

of the assumption that only L=0 states contribute to the threshold problem. Up to 3.6eV,
the results of Pichou et al find good agreement with the quantal theory of Crothers
(1986), which has yielded the first calculations of an absolute near-threshold ionization
cross-section.

Recent experimental advances have provided much more information

concerning the angle and energy distributions of escaping electrons in the processes of
electron impact ionization and, in particular, double photoionization.

Differential

cross-section measurements (e.g. King et al 1988, Lablanquie et al 1990, Mazeau et al
1991, WehJitz et al 1991, Hall et al 1992, Rôder et al 1993, Schwarzkopf et al 1993,
Waymel et al 1993, Dawber et al 1995) bave provided evidence in support of the Wannier
theory and information regarding its validity range. Features of this data unexplained by
Wannier have prompted further extensions of his classical theory (e.g. Huetz et al 1991,
Kazansky and Ostrovsky 1993, 1994, Feagin 1995) and new theoretical approaches (e.g.
Maulbetsch and Briggs 1992, Pan and Starace 1992, 1993).

Hink et al (1981) investigated the K-shell ionization of neon by electron impact and found
the cross-section to obey

up to almost lOOeV excess energy. The K-shell of argon

and the L3-sheU of xenon were ionized by electron impact in the experiment of Hippier et
al (1983).

The Ar cross-section was fitted to a power law yielding «=1.10±0.04 for

excess energy between about 7 and 50eV, therefore agreeing with the prediction of Klar
(1981a) that screening of the nuclear charge by atomic electrons should increase the
vahdity range of the Wannier law. The Xe data on the other hand was found to foUow a
linear law fi’om about 10 to 200eV, measurements below lOeV being hindered by the
dominance of the brem(3trahlung cross-section for Xe. It has been argued (Hippier et al
1983), however, that the latter result is not inconsistent with the Wannier theory because
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within the framework of Klar's (1981a) arguments on screening, the validity range in the
case of Xe would extend no more than lOeV above threshold. More recently Kamm et al
(1994) reinvestigated the inner-sheU ionization of Ne by electron impact and found that
within experimental errors the Wannier power law was valid from 10 to 50eV above
threshold, hence lending further support to Klar's analysis. The wider validity range of
about lOOeV observed by Hink et al (1981) has been attributed to systematic uncertainties
in this earlier experiment.

Evidence in favour of the Wannier theory has also been provided for the case of two
electrons escaping from a doubly charged ion, for which the predicted exponent is
Kossman et al (1988) measured the

«=1.056 according to equation (2.12).

double-photoionization cross-section in helium and found it to obey a power of exponent
«=1.05±0.02 for excess energies up to approximately 2eV.

Recently Gerdom et al (1994) have made measurements of the cross-sections for three
electron escape from Ar^'^ and

and four electron escape from

to test the

predictions (Klar and Schlecht 1976, Grujic 1983a, b) for the general case of many slow
electrons escaping the field of an ion. In the case of A î^^ and

formation, the predicted

exponent «=2.27 (Klar and Schlecht 1976, Grujic 1983a) was found to fit the
experimental data well up to 4-5eV excess energy. However, the cross-section data for
triple ionization were found to fit exponents smaller than the 3.525 predicted by Grujic
(1983b). The reason for this discrepancy is not yet understood.
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The most precise measurement of a near-threshold ionization cross-section is that of
Donahue et al (1982, 1984) for double photodetachment of the H ion. A beam energy
resolution of O.OOTeV FWHM allowed sensitive measurements in the first SOOmeV above
threshold.

It was found that, within experimental errors, the near-threshold energy

dependence of the cross-section was consistent with both Wannier's and Temkin's theories
in this range. Bae and Peterson (1988) studied the double photoionization of K up to
250meV above threshold and similarly obtained results which could not discriminate
between the two theories. Friedman et al (1992) have carefiiUy reanalysed the data of
Donahue et al (1982, 1984) and Bae and Peterson (1988).

Using several statistical

techniques they conclude that the structure observed in the data are not random
fluctuations and therefore preclude the fit to a simple power law.

Further evidence

questioning the completeness of the Wannier theory has recently appeared in the
experiments of Crowe et al (1990) and Guo et al (1990).

Using crossed beams of

spin-polarized electrons and spin-polarized hydrogen atoms, the ionization rates for
antiparallel R (îl) and parallel 7?(TT) relative orientations between the spins of the incident
and atomic electrons were measured and fiom this the ionization asymmetry parameter,
Aj, calculated. Aj is defined as

.
o (T :)-o (T T )
Ai=
a(T4-) + 3 a (T t)’

where o (ti) and a(TT) are respectively the cross-sections for antiparallel and parallel spin
configurations, integrated over all outgoing electron angles and energies. It was found
(Guo et al 1990) that the ionization asymmetry exhibited structure within the first 1.7eV
above threshold and a positive slope with respect to increasing energy in the first 0.6eV
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excess energy. The dependence of the threshold law on spin (S), total orbital angular
momentum (L) and parity (P) was developed within the framework of Wannier's analysis
by Klar and Schlecht (1976) and Greene and Rau (1983).

The generalised threshold

partial cross-section is expressed by Guo and LubeU (1993) as

g(L,S,P)

= a(L,S,P)E^^ + b(L,S,P)E'^^

where a and b are positive and depend only on the quantum numbers L, S and P of the
system in the final state and n is the Wannier exponent given by equation (2.12).
Foumier-Lagarde et al (1984) have provided experimental evidence in support of this
extension of the Wannier theory in their study of the angular distribution of electrons
escaping from He^ foUowmg ionization. However, Guo and LubeU (1993) argue that this
threshold law cannot adequately account for the positive slope and structure observed in
the measurements of Aj and therefore that Wannier's description of the near-threshold
ionization process is incomplete.

It is expected that the study of near-threshold ionization by positron impact wUl aid the
understanding of the general problem of close-to-threshold ionization. Sensitive tests of
the theoretical descriptions of the problem have previously been inhibited by low beam
intensities, poor energy resolutions, perturbations of the coUision and the presence of the
Ps formation channel. For example, the accuracy of the experiments of Coleman et al
(1982) and Fromme et al (1986) were limited in the near-threshold region by the positron
incident energy distributions and, in the latter work, also by the presence of an
electrostatic field used to extract the ions from the interaction region. Knudsen et al
(1990) found their data for H^, He and Ne to be consistent with a power law of exponent

105

«=1.3, but a poor energy resolution and inaccurate background measurement cast some
doubt on this tentative conclusion. The measurements of

for He and Ar by Sueoka et

al (1995) were found to be consistent with power laws with exponents in the range
1.0-1.3, similarly contesting Klar's (1984) prediction.

However, this experiment was

limited by energy resolution and poor statistical accuracy and was unable to measure
for excess energies less than 1.6eV.

2.4

Conclusions

Recent advances in the investigation of near-threshold ionization have been reviewed.
Existing theoretical work has been discussed and compared to experimental observations,
serving to illustrate the current level of understanding of this important problem and
emphasize the need for further investigation. The dearth of reUable experimental data for
ionization by positron impact in the vicinity of the threshold has been highlighted.
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3
EXPERIMENTAL APPARATUS
AND TECHNIQUE

3.1

Introduction

In this chapter the apparatus and techniques employed in the measurement of
cross-sections for direct ionization by e^ impact are discussed. The general principle of the
experiment is presented in §3.2 and further details are given in the subsequent sections.

3.2

Overview

A schematic diagram of the experimental apparatus is shown in figure 3.1. Moderated e^
were magnetically confined and crossed with a target gas beam. Ions produced in this way
were detected and resolved according to their charge-to-mass ratio in a time-of-fiight
technique and in coincidence with scattered e^, with the ion extraction field being triggered
after the collision by the arrival of a e^ at the end-of-beamline detector. In this way
perturbations of the incident e^ were minimized and the majority of ions produced by Ps
formation were discriminated against. However, a non-negligible background was still
present due to random coincidences and to direct ionization by fast e^. The majority of
the random coincidences were the result of detecting ions produced by Ps formation in
coincidence with uncorrelated positrons. The background was measured by preventing
those e^ which had lost at least E. (eV) in a direct ionization event fi-om reaching the
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Figure 3.1
Schematic illustration o f the experimental arrangement showing the vacuum system and the positions o f the
Helmholtz coils. The source/moderator arrangement, RFA, ion detector and e^ detector are shown in greater detail in figures 3.3,
3.4, 3.6 and 3.7 respectively.

detector. This was achieved by applying a suitably positive potential to a pair of grids
(gl/g2) in front of the e^ detector.

The voltage supply to the moderator

controlled by a Multichannel Scaler (MCS).

was

The MCS was used to count ion

coincidences or e^ intensity as functions of beam energy. At the end of a pass, the MCS
switched the gl/g 2 voltage from its grounded state (for the gross signal measurement) to
the potential required for the background measurement, and vice versa.

Signal and

background passes were alternated in this way to reduce the effects of any long-term drifts
in the experimental conditions and allow the long data collection times necessary for
accurate measurements in the near-threshold energy region.

For the near-threshold

measurements the longitudinal beam energy width was reduced electrostatically.

The

transport of e^ left with little energy after an ionization event was aided by a weak
electrostatic field penetrating the interaction region.

3.3

The Source and Moderator

The positron sources used in the course of this project are ^*Co sources of 3.7GBq initial
activity and a 3.7MBq ^^Na source and were supplied by DuPont.

The ^^Na source

consists of a 4mm spot of ^^Na deposited on a 4mm thick Ft disc of diameter 18mm and
sealed with a 10pm Ti window.

This source was mounted in the source/moderator

arrangement used in the experiment of Jones et al (1993) and was used to set up and
characterise the e^ beam. For the near-threshold measurements a more intense positron
source was required to compensate for the high fraction of the beam discarded in reducing
its energy spread. The ^*Co sources each consist of a 3mm diameter, unsealed spot of
^*Co deposited on a Rh disc of diameter 10mm and thickness 1mm. A new source and
moderator holder was constructed for these sources for reasons discussed below.
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The fast positrons emerging from the sources were moderated by frve superimposed layers
of annealed 90% transmission W mesh. In this experiment, aU grids were composed of
90% transmission W mesh. The moderator grids were annealed in a manner similar to that
described by Zafar et al (1988, 1989).

This annealing technique involves heating the

meshes to a temperature of around 2000 °C in an oven consisting of two W foil strips,
while maintaining a pressure less than approximately 10 ^ Torr with a rotary backing
pump. The temperature is slowly increased by resistively heating the W strips until the
background pressure increases to nearly 10'^ Torr.

Before this limit is reached the

temperature is reduced to allow the backing pump to re-evacuate the chamber. Once the
pressure has fallen again to less than 10'^ Torr and stabiUsed, this process is repeated until
it is possible to increase the temperature to 2000 °C without an appreciable increase in
pressure.

The source/moderator holder used with the ^^Na sources is described briefly here and in
detail in the thesis of Jones (1991).

Figure 3.2 shows a section diagram of this

arrangement.

The platinum disc onto which the source is deposited has a M2 threaded hole allowing it
to be mounted on a piece of M2 studding mounted on one end of the brass plug. The plug
is externally threaded with a 20mm diameter and is screwed into a cylindrical PTFE block.
The PTFE is mounted on two lengths of stainless steel studding screwed into the face of a
70mm diameter stainless steel flange. A PTFE washer of internal diameter 10mm isolates
the source from two brass washers of similar dimensions between which the moderator
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"Na source
on Pt disc

Annealed W
moderator grids

A cutaway diagram of the source and moderator holder used in the

experiment of Jones et al (1993) and described in detail in the thesis of Jones (1991).

gilds are held. Holes are tapped around the edge o f these washers so that they may be
positioned by the steel rods and fixed in place with nuts.

Electrical contact to the

moderator is achieved with a wire soldered to one o f the brass washers and to a
feedthrough on the flange. A similar connection is also made to the brass plug by way o f
a solder tag fixed on the base o f the plug with a small screw. Tliis allowed the source to
be biased to a potential slightly higher than

to repel any positrons ejected in its

direction by the moderator. An earthed giid is positioned after the moderator to ensure
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the

accelerating field is not divergent.

Such a field could cause spiralling of the e^

trajectories as well as the loss of slow e^ emerging fiom the moderator. Again this mesh is
held between two brass washers fixed on the steel rods. These washers are electrically
isolated fiom the moderator by a further PTFE washer.

A new source/moderator holder has been constructed for the present measurements to
accommodate the ^*Co source foils. In designing the new arrangement, an effort was
made to ensure that the moderator and earth grids would be positioned normally to the
direction of the longitudinal magnetic field.

An additional aim was to minimize the

exposure time in fitting the source. A section through the new holder is shown in figure
3.3.

The moderator grids are clamped between two brass split rings each of 1mm thickness and
internal diameter 12mm. These rings are split so that they fit tightly into a PTFE holder.
Before the moderator is mounted, a 90% transmission W mesh of about

15mm

diameter is

positioned on the lip of a cylindrical aluminium block of diameter 32mm and fixed in place
by a further brass ring of

12mm

internal diameter. The PTFE moderator holder is then

pushed into place on top of the brass ring. The outer diameter of the holder is such that it
fits tightly into the upper aluminium block and so fixes itself in place. This block is then
positioned on 3 lengths of stainless steel M3 studding screwed into the face of a 70mm
diameter stainless steel flange and is held in place between stainless steel nuts. Electrical
contact to the moderator was made by soldering a wire onto one of the adjacent brass
rings and routing this through channels cut into the PTFE holder and the aluminium block
and down the side of the arrangement to a feedthrough in the flange.
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Section through the source and moderator holder designed for this experiment.

Below the moderator holder a second cylindrical Al block of diameter 32mm is held in
place on the studding. Accurate positioning of both blocks is achieved by adjusting the
nuts on the studding. Placing the source as close as possible to the moderator maximizes
the fast e^ incident on the moderator and therefore the slow e^ flux. It is, however,
necessary to leave a gap (« 1mm) between the blocks to electrically isolate them fi'om each
other. The source foil is positioned in the recess of the aluminium plunger which is then
screwed into the lower cylindrical block, into which several turns of M l 6 thread have
been cut. Only one or two turns of M16 thread are cut into the plunger and block to keep
the plunger travel to a minimum and therefore expedite installation of the source. The foil
is clamped in place between the plunger and a lip of 0.5mm thickness on the block.
Contact to the source is made with a wire and solder tag screwed to the base of the lower
block. The fi’ont grid is earthed through its contact with the upper Al block and the
studding. In this way, all electrical connections can be made prior to mounting the source
and these joints receive no stresses when the source is installed.

3.4

The Vacuum System

The vacuum system is represented schematically in figure 3.1. The experiment has been
performed at a background pressure of approximately 4x10'^. The source and moderator
holder sits in a 125mm long stainless steel tube of 37mm internal diameter which is bolted
onto a 300mm long stainless steel tube of internal diameter 50mm via an adaptor flange.
A stainless steel four-way piece of 50mm internal diameter and length 203mm couples the
300mm tube and the 500mm long brass tube of 95mm internal diameter which houses a
trochoidal velocity selector.

The pumping impedance introduced by the lead aperture
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placed after the ExB plates is compensated for by an Edwards E02 oü vapour dijBRision
pump bolted to the four-way. The E02 is backed by an Edwards E2M-18 rotary pump.
The brass tube is fixed to a stainless steel five-way of internal diameter 100mm and length
250mm along the beam axis. This is connected to an Edwards E04 difiusion pump backed
by a Varian SD300 rotary pump. Bolted on to the four-way via an adaptor flange is a
stainless steel tube of length 500mm and internal diameter 75mm in which the RFA sits.
Joining this tube to the target chamber is a brass tube of length 78mm and internal
diameter 75mm. The target chamber is constructed from a 152mm cubic aluminium block
with a vertical 127mm diameter central clearance hole. Into each of the four remaining
faces of the block, 75mm diameter clearance holes are cut. Coupled to the bottom face of
the target chamber is an Edwards E06 difihision pump and an Edwards ED500 rotary
backing pump. Orthogonal to the beam axis, a brass tube of length 150mm and internal
diameter 75mm is bolted to one face of the target chamber. This tube houses the ion
detector arrangement. The opposite face is sealed with a 140mm diameter brass flange
fitted with three electrical feedthroughs.

These feedthroughs provide the necessary

connections to the retarding field analyser (RFA) and the two ion deflection plates shown
in figure 3.1. Atop the chamber sits a 200 mm stainless steel flange on which are mounted
13 stainless steel mini-flanges of 34mm diameter. The target gas nozzle is fed through the
central mini-flange; two adjacent mini-flanges support an ionization gauge and a
manipulator arm for the insertion and removal of two apertures used to align the e^ beam.
To the remaining face of the target chamber, another 78mm long brass tube of 75mm
internal diameter is connected. This is joined to a stainless steel T-piece, of length 200mm
and internal diameter 60mm, which is bolted to an Al tube of internal diameter 95mm and

115

length 140mm. The 152mm diameter Al flange which seals the other end of this tube also
supports the positron detector arrangement.

Magnetic valves are included in the backing lines between each difiRision and backing
pump. The power to these valves and all the pumps is supplied by two vacuum control
units. The system is protected against high chamber pressures or a break in the supply of
water cooling the difiusion pumps: power to the diSusion pumps and all sensitive
electronics would be cut and the magnetic valves closed in such instances.

3.5

Beam Transport

Slow e^ emerging from the source and moderator arrangement are magnetically confined
and collimated by two lengths of stainless steel shielding of approximately 10mm internal
diameter. Slots are cut along their lengths to allow pumpmg of the source and moderator.
At this stage electrons and fast positrons are also present in the beam.

Secondary

electrons are released when fast particles strike the source, the moderator, and the
surrounding vacuum chamber. Most of these electrons are removed from the beam by
applying a potential of -lOOV to the brass repeller tube Rl. The majority of fast positrons
transmitted through the moderator meshes are removed from the beam by a trochoidal
velocity selector. This is of the cylindrical plate design of Hutchins et al (1986) to avoid
spatial distortion of the beam. The lead collimator shown in figure 3.1 consists of a lead
plug with a hole of diameter 10mm positioned so as to allow the passage only of e^ of
selected velocities. The e^ then move through the RFA and into the interaction region.
The purpose of the RFA is discussed in §3.6.

Scattered and unscattered e^ are then

accelerated by tubes R2 and R3 to the e^ detector at the end of the beamline.
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The longitudinal magnetic field confining the e^ beam varies in intensity fiom
approximately lôxlO^T at the source end to about 5xlO’^T at the interaction region. The
field is deliberately set higher at the source to reduce the pitch angles of the positron
trajectories at the interaction region according to the equation

Bl

where

oc

sin^a/.
sin a n

and a^j denote the pitch angles in the regions of low magnetic field strength,

and high magnetic field strength, B^j, respectively. This has the effect of reducing the
transverse component of the positron velocity. The magnetic field is provided by a series
of 18 coils each of an average diameter of about 250mm. Nearly all are positioned at the
Helmholtz separation but the dimensions of the target chamber separate the adjacent coils
by more than this ideal distance. The resulting weakness in the field at the interaction
region is in part compensated for by positioning two coils at zero separation just after the
target chamber. The resulting field is augmented by a high current through the single coil
preceding the chamber. The e^ transport efi&ciency of the system is discussed in §4.3.

The vertical component of the magnetic field of the earth is approximately cauceUed out
by passing a current through several turns of wire wrapped around the frame supporting
the vacuum system. This correction cod provides a field of about 7xlO‘^T.
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3.6

The Retarding Field Analyser

A higher beam energy resolution, as required for the detailed study of the threshold region
of the single ionization cross-section, is attained by biasing off positrons in the low energy
part of the beam energy distribution using a retarding field analyser (RFA). The RFA is
illustrated schematically in figure 3.4.

The RFA consists of a brass cylinder of internal diameter 22mm and length 130mm. This
length is sufficient to produce a potential at the centre of the tube equal to the applied
voltage. The cylinder is terminated at each end by a 1mm thick ring of 22mm internal and
50mm external diameter. Into this, on a pitch circle diameter (PCD) of 36mm, are cut
three equispaced clearance holes which fit tightly over three nylon rods of diameter 5mm.
These rods also support 20 brass guard rings at each end of the cylinder. Each ring is
1mm thick and of 22 mm internal diameter and is insulated fiom its neighbouring pieces by

1mm thick PTFE spacers. The spacers are cut to an internal diameter of 25mm so that
they are screened from the positrons passing along the axis of the REA.

The three nylon rods on which the cylinder and the guard rings are mounted are threaded
at both ends. At one end of the RFA the rods screw into three M4 holes tapped into a
circular aluminium ring of internal diameter 18mm and thickness 10mm. At the other end
of the RFA the rods pass through clearance holes in an otherwise identical aluminium
piece and the assembly is held together by nuts on the nylon rods at this end. Further
rigidity is provided by three stainless steel rods which pass through three equispaced holes
on a 66 mm PCD in both aluminium pieces. The steel rods are threaded at both ends and
M 6 nuts secure them in place.
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A section through the retarding field analyser (RFA) used to reduce the energy spread o f the e^ beam.
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The alimiimum end pieces are of an external diameter machined to fit snugly inside the
500mm stainless steel tube before the target chamber (see §3.4).

Thus the RFA is

automatically positioned coaxially with the e^ beam. Slots are cut into the face of each
end piece to reduce the pumping impedance introduced by the RFA.

The central tube is connected to the two adjacent guard rings via 220KH resistors. All
guard rings are connected to their two neighbouring pieces in an identical way and the
outermost rings are soldered to the end pieces also by way of a 220KD resistor. Hence by
earthing the end rings and applying a voltage to the cylinder, a potential barrier results
inside the cylinder which falls away, gradually and with a uniform gradient, to zero, with
respect to the chamber earth, at each end of the RFA.

This arrangement prevents

divergent electric fields at the ends of the RFA and circumvents the problems associated
with employing analyser grids, such as a non-unity transmission efi&ciency and the
emission of secondary electrons (or positrons).

3.7

The Interaction Region

3.7.1

The Target Gas Jet

The region in which the positron beam and the target gas jet intersect is presented
schematically in figure 3.5. The gas jet emerges from a length of Vi" stainless steel pipe
fed through a hole in a 34mm stainless steel mini-flange which is mounted centrally on the
200mm flange on top of the target chamber. A greased O-ring, clamped around the pipe
and against a chamfered vacuum surface on the top face of the mini-fiange, serves to seal
this interface between vacuum and atmosphere.
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WMesh
Moderator
"C o

Retarding Reid
Analyser (RFA)

Trochoidal
Velocity
Selector

Stainless
Steel
CoUimators

Electron
Repeller

Gas Jet
(into page

Lead
Cdlimator

M.C.P.
Detector

e' Accelerator
TubeR2

Ion Extraction
Plates

Earthed
Tube

e Repeller
TubeRT

Ceratron
Detector

Extraction
Held
Puiser

OV
V.±20.6V
V

Pre-

Retarder
Switch
Box

yAmplifii

PreAmplifier

High Voltage
Power Supply
Constant
Fraction
Discriminator

External
Contrd
MCS Channel
Adi'ance Pulse

Constant
Fraction
Discriminator

/ start

Ramp
Generator

MCS Card

J~l

MCA Card

_r _ TAC Output

SCA Output

Time to
Amplitude
Converter

stop

Delay

MCS Nfid-f
Output

Figure 3.5

Schematic diagiam o f the expeiimental anangement, illustrating the electronics. The ion detector is shown in more

detail in figure 3.6.

clamped between two Al blocks mounted on two pieces of studding screwed into the
miniflange. Nuts on either side of these blocks allow fine adjustment of the gas nozzle

height.

The stainless steel tube is connected to the target gas bottle via lengths of Va copper
piping interconnected with the appropriate Swagelock fittings. A needle valve in the gas
line allows regulation of the target gas flow. Either side of this valve, a tap is present in
the gas line; these are used to halt the flow of gas without changing the needle valve
setting in order to maintain constant drive pressures between runs. This constancy is not
essential, as long as the dependence of the ion yield on the target gas drive pressure is
known, and in this experiment the pressure was always set in the region in which it is
proportional to the yield. A constant drive pressure merely simplified the comparison and
summation of data taken over several runs. The drive pressure was directly monitored
with a Type 127 MKS Baratron heated capacitance manometer cahbrated to measure
pressures in the range 0-10 Torr. Flushing of the gas line was performed when necessary
by means of the Edwards E2M-18 rotary pump, connected via copper piping to a T-piece
in the gas line. Two taps are present in this length of piping to allow the gas line to be
isolated fi-om the backing pump when it is open to the gas cylinder.

A brass sleeve of approximately Va internal diameter is fixed with epoxy resin onto the
end of the stainless steel pipe on the vacuum side. A section of zero angle, uncoated
microchannel plate is glued into the end of the brass sleeve.

The microchannel plate

consists of an array of cylindrical channels of diameter of the order of 10pm made from
lead glass. This has been included to collimate the gas jet (after Angel and Giles 1972,
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Lucas 1972 and Beijerinck and Verster 1975) and so increase the target gas density in the
volume of intersection between jet and positron beam.

3.7.2

The Extraction and Detection of Ions

The principle of operation of the system which extracts ions from the interaction region
and detects them is described in the thesis of Jones (1991). Two modifications have been
made for this experiment and these are discussed where appropriate below. On receipt of
a trigger signal from the e^ detector a puiser circuit applies voltages of ± 150V to the two
50mm square plates 20mm apart on either side of the interaction region. The resultant
field deflects a positive ion through a hole of 20mm diameter cut into the face of the
negative plate. The hole was widened to 20mm from the 8mm used by Jones (1991) to
improve the extraction efficiency of ions formed near the ionization threshold. Positrons
scattered after such an event are left with httle energy and will be slow to reach the e^
detector, possibly allowing the ion to move past the hole before the deflection field can be
applied. A wider hole in the deflector plate increases the volume from which an ion can be
extracted and detected and therefore increases the time before the ion drifts out of this
extraction volume. This time is defined here as the effective lifetime of the ion. An
attempt to decrease the thne-of-flight of these slow e^ and hence further increase the ion
extraction efficiency is described in §3.8.

The hole in the negative deflection plate is covered with a mesh to maintain electric field
uniformity between the plates.

Once through the hole the ion is focused by two

cylindrical lenses of internal diameter 20mm onto the cone of a ceramic Ceratron
EMW-6081 channel electron multiplier. The cone, and a grid in front of it to prevent
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secondary electrons from the Ceratron surface leaving the detector, are held at a potential
of -2.5KV. A voltage of +1.24KV is apphed to the back of the Ceratron and a potential
of+1.28KV on the collector attracts the shower of secondary electrons.

The plates, lenses, and Ceratron are mounted differently to the system described by Jones
(1991). The positive ion plate is mounted from the 200mm flange on top of the target
chamber and the negative plate, the lenses, and the detector itself are arranged to allow
accurate positioning of the plate in situ. This is illustrated in figure 3.6.

The lenses and detector are fixed inside an earthed Al cylinder of length 179mm and
diameter 58mm in order to shield the Ceratron. This holder is suspended within another
Al cylinder of length 192mm. The inner cylinder is held in place by four equispaced M4
bolts at each end which are screwed through M4 holes in the outer cylinder. The diameter
of the outer tube is machined to just fit into the brass tube of internal diameter 75mm
bolted onto the side of the target chamber (see §3.4).

Hence the ion plate can be

positioned centrally before insertion of the detector arrangement. Small adjustments to its
position can be made in situ with the four M4 bolts at each end.

3.8

Slow

extraction and acceleration

Measuring the cross-section for ionization close-to-threshold relies on extracting from the
interaction region and detecting e^ lefi; with very little energy after the ionization event. In
analogy with the technique of Cvejanovic and Read (1974a), a weak electrostatic field
penetrating the interaction region is used in this experiment to improve the extraction of
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The ion detector arrangement.

positrons with near-zero energy. The effect of this field on the overall detection efficiency
of ions formed in the near-threshold region is discussed in §4.4.

The ion trajectory simulation package SEVHON (Dahl and Delmore 1988) has been
employed on a PC to predict the configuration of electrodes which produce the necessary
penetration field. It was calculated that applying a suitable potential to the brass cylinder
R2, of internal diameter 44mm, adjacent to the interaction region would introduce a field
at the interaction region which would accelerate quasi-stationary e^ towards the e^
detector. A further brass cylinder of internal diameter 44mm and length 12mm and which
is held at zero potential with respect to the chamber earth, has been positioned between
the interaction region and R2. This permits a potential of the order of hundreds of volts
on R2, which is required to accelerate the slow e^ to the detector quickly and therefore
trigger the ion extractor before a newly-formed ion can drift away, while restricting the
perturbing potential at the interaction region to the order of tens of millivolts.

The electric field at the interaction region is augmented by the field leaking from the RFA,
which also serves to repel backscattered e^ towards the MCPs. The voltages and positions
of the electrodes employed to provide the penetration field as required are discussed in
greater detail in §4.4.

3.9

The

Detector

Detection of the positrons at the end of the beamline is achieved using a pair of
MicroChannel Plates, model number G25-25DT/13, supplied by Philips Photonics. These
were chosen for their large surface area to improve the detection efficiency of positrons
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experiencing large angle scattering.

Each plate is 27mm in diameter (with an active

diameter of 26.5mm), approximately 2mm thick, and consists of an array of channels of
diameter 25 pm made from lead glass. The channels have a high resistance coating which
has a coefficient for secondary electron emission greater than unity and are inclined at 13°
to the normal of the plate to ensure particles incident normally will strike its surface. Two
plates are used in cascade to increase the overall gain.

The MCP holder is illustrated in figure 3.7. Typical potentials apphed to the detector are
also shown.

The plates are orientated in the "chevron" configuration,

i.e. with the

channel axes at 154° to each other, to reduce ionic feedback and optimize the detector
gain by ensuring that secondary e‘ from the front plate, which on average will move along
the axis of the channels, strike the rear plate.

Positrons pass through four grids before reaching the MCPs. The first grid is earthed to
correctly terminate the electrostatic field from the detector. The next two grids, gl and
g2, are connected to each other and are used to apply a potential sufficient to repel only
positrons left with very httle energy after an ionization event for measurements of the
background contribution to the ion yield, as mentioned in §3.2.

The source of this

background is discussed in §3.10. The fourth grid (g3) is held at -400V in order to return
secondary e" from the closed surface of the MCPs. Cylindrical electrode R3 is held at
-500V to repel any secondary e emerging from g3. The front of the first channelplate is
biased at -300V to accelerate aU incident e^ to an energy range for which the MCP
detection efficiency is not critically dependent on impact energy. From there through to
the back of the second channelplate the potential increases continuously to a voltage of
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Section through the e^ detector holder. Typical operating voltages are shown.

=+3.15kV

+3KV to generate a secondary electron cascade.

This burst of electrons is finally

collected by a copper screen (diameter 27mm and thickness 5mm) at a potential of
+3.15KV. This pulse is decoupled fi*om the DC voltage by a InF capacitor connected to
the screen in order to provide the e^ signal.

The plates are mounted within a PTFE cylinder of 60mm diameter with slots cut mto the
sides to allow adequate pumping of the MCPs. Contact to each face of the plates is made
with a copper ring of internal diameter 25.6mm, each of which has two lugs on opposite
sides of the ring to allow a wire to be soldered to it. The lugs are of a size designed to fit
into the aforementioned pumping slots so that the wires from the lugs may be routed along
the outside of the PTFE cylinder to the feedthroughs on the 152mm A1 flange carrying
this arrangement. PTFE rings of the same diameter and thickness as the copper contacts
isolate adjacent faces of the MCPs. The MCPs, contacts, spacers and screen are held in
place between a copper ring of thickness 2mm and internal diameter 25.6mm bolted onto
the fi*ont end of the PTFE cylinder and a PTFE plug at the back which has a M20 external
thread and screws into an A1 block bolted onto the PTFE cylinder. Four equispaced M3
holes in the base of the A1 block allow it to be secured to an A1 plate of a larger diameter
which is then mounted on three lengths of stainless steel M3 rod screwed into the A1
flange.

3.10 Data Acquisition
An Ortec MCS-Plus card installed in a DEC 222 personal computer has been used to
count the ion coincidences and e"^ intensity required in the measurement of cr.^. The
channel advance pulse from the MCS ramps a voltage staircase generator which in turn
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controls

and the trochoidal deflector plate voltages. The voltages applied to the latter

are incremented via a square-root amplifier, which is described in §3.11.2. The outputs
from the e^ and the ion detectors are both fed into the MCS. It is therefore possible to
automatically measure ion counts or e^ intensity as flmctions of V^. The

range and

increment, channel dwell time and number of passes can aU be varied with the MCS
software interface.

The beam intensity and beam background, due to fast particles and dark counts, is
measured in vacuum at the start and end of each data run in order to normahse the net
number of ion coincidences to the number of incident e^ to obtain the ion yield. The beam
background is measured by applying a potential several volts higher than

to grids

gl/g2. For simplicity, this bias was provided by the reversed polarity state of the supply
used to apply the appropriate potential to gl/g2 for the ion background measurements.
For example, to make near-threshold measurements of cr/ for He, the voltages
Vg l/g
,, 2 =Vm -20.6V and Vg t'g
,, ^ =VM +20.6V were used to determine the ion and beam
backgrounds respectively. The magnitudes of these voltage settings were dependent on
the target and the incident e^ energy range being studied and were chosen according to
criteria described in §5.2 and §5.3.

After the initial beam measurements, the target gas is admitted to the system in order to
measure e^-ion coincidences. Gross coincidences are measured with the retarder grids
gl/g2 grounded to allow inelasticaUy scattered e^ to reach the detector. As mentioned
above, a background has to be subtracted from the gross counts before the absolute ion
yield, and ultimately the cross-section for direct ionization, can be deduced. The main
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contribution to this background arises from

triggering the extraction of an uncorrelated

ion originating from, for example, Ps formation. There is also a small contribution to this
background from fast particle ionization causing true coincidences. The total background
is measured by biasing grids gl/g2 at a potential sufficient only to repel e^ which have lost
at least E. volts in a direct ionization event. The appropriate retarder potentials and the
methods by which they were chosen are outlined in §5.2 and §5.3. It should be noted that
e^ undergoing processes such as excitation or large-angle elastic scattering may lose
sufficient longitudinal energy to be repelled back to the interaction region by the retarder
during the background measurements. Such e^ may possess sufficient energy to ionize
target particles on this return flight and subsequently lead to an overestimate in the
background.

The significance of such effects and the accuracy of the background

measurement are discussed together with the present results in chapter 5.

The MCS also controls a relay which switches the retarder voltage between the OV and
"ion background" states at the end of alternate passes.

The ion background bias is

achieved with batteries in series with the moderator power supply and a manual switch is
included in the circuit to allow the polarity of this bias to be reversed for the beam
background measurement.

The MCS software includes a facility enabling it to

automatically save each pass to a file on the PC before starting the next pass. Thus it is
possible to collect and save gross signal and background passes alternately and
automatically, allowing long cumulative collection times.

Manual input to the data

acquisition process is therefore only required at the end of a run when the gas supply has
to be halted and the retarder voltage supply polarity switched to measure the net incident
e^ intensity.
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3.11 Electronics
3.11.1 The Timing Electronics
The electronics required to provide correlated ion and e^ signals is depicted in figure 3.5.
The pulses fi’om the MCPs are fed to a fast pre-amplifier. Noise present on the output
from this pre-amp is rejected using an Ortec 584 constant fi-action discriminator (CFD).
The CFD timing output is fed to a pulse widener, which provides a positive square pulse
of variable width to trigger the puiser for the ion deflection plates, and to the stop input of
an Ortec 567 Time-to-Amphtude Converter (TAC)/Single Channel Analyser (SCA) via an
Ortec 416A delay generator. The puiser circuit is shown in figure 3.8.

The ion detector signal is similarly pre-amplified and the noise removed with an Ortec 583
CFD. The fast timing output of the CFD provides the start signal for the TAC. The TAC
and SCA signals are fed into an Ortec Maestro MCA card and the SCA input of the Ortec
MCS-Plus card, both mstalled in a DEC 222 personal computer. The MCA is used to set
the time window of the TAC for the ion to be studied and to monitor the ion time-of-flight
spectrum during data collection. Between runs of e^-ion coincidence measurements, the e^
intensity is measured as a fimction of energy with the MCS by applying the timing output
of the e^ signal CFD to the NFM input on the MCS card.

3.11.2 Other Electronics
A voltage staircase generator is incremented by the MCS channel advance pulse and reset
at the end of each pass by the MCS reset pulse. The voltage generator controls the Ortec
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The puiser circuit used to supply the ±150V pulses to the ion deflector plates. The IC used in this circuit was a

SN7406 hex inverter.

556 high voltage power supply which provides the moderator voltage,

The moderator

voltage in turn provides the control input to a square-root amplifier which provides two
equal and opposite outputs of magnitude proportional to the square root of the input and
is therefore used to ramp the trochoidal deflector plates with the beam energy with
optimum tuning reproduced at every energy. The square-root amplifier also includes a
variable offset to the input voltage in order to account for the moderator work fimction
and contact potential effects which cause the positron energy (E) to be slightly removed
from the moderator voltage. The circuit for the square root amplifier is shown in figure
3.9.

The RFA is biased to the required voltage above

with the insertion of a battery and

potentiometer circuit. The source bias {V^) can also be accurately tuned with a similar
arrangement. Moderated e^ are ejected from the mesh moderator in all directions so a
positive potential relative to

is applied to the source to reflect the majority of the e^

towards the interaction region. The voltage settings chosen for the RFA and the source
are discussed in greater detail in chapter 4.

3.12 Conclusions
The apparatus and technique used to measure the direct ionization cross-section for
energies ranging from threshold up to IkeV have been described. Details of systematic
properties such as beam transport and ion detection efi&ciencies, energy resolution and the
quality of background measurements are given iu chapters 4 and 5.
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The square-root amplifier circuit.

This amplifier outputs equal and opposite voltages,

proportional to the input voltage V^. The inset shows the fimction of the AD633 squaring IC in more detaü.
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4
EXPERIMENTAL SYSTEMATICS

4.1

Introduction

This chapter details the possible energy dependent systematic effects present in this
experiment. The influence of these effects on the measurement of the direct ionization
cross-section (o;.^) is described and the steps taken to control them are discussed.

4.2

The Positron Beam Energy Resolution

By definition, interest in near-threshold ionization is restricted to a very small range of
energies above the ionization threshold (E.) and the theories describing the problem are, in
most cases, only expected to be vaHd up to energies of no more than a few electronvolts in
excess of E.. The strong variation of cr.^ with impact energy in this range demands an
improvement in the energy resolution of the beam over that which is ordinarily available
from most positron moderators. For instance, a W mesh moderator of the type used in
this experiment yields slow positrons with an energy distribution of up to about 3eV
fiill-width at half-maximum (FWHM). The effect of an energy spread of this magnitude
on the observed energy dependence of <7^ is demonstrated in figure 4.1 which shows the
threshold law of Klar (1981b, 1984) convoluted with Gaussian functions (G(AE))
representing positron energy distributions of fiill-widths at half-maximum (Æ ) in the

136

range 0.5-2.8eV. It can be seen that an energy resolution o f 2.8eV would make difficult
the measurement o f such a threshold law.
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Figure 4 .1

The power law of Klar (1981b) convoluted with three Gaussian functions

(G(zl/i)) representing positron energy distributions of full-width half-niaxima 0.5, 1.0 ,
2.0 and 2 .8 eV to illustrate the effect of beam energy resolution.

In this experiment, the positron energy distribution was reduced electrostatically by
retarding positrons with energies in the low energy side o f the distribution.

This was

implemented with the retarding field analyser (RFA) described in §3.6. The effect o f this
retarder on the beam energy spread can be seen in figure 4.2, which shows the energy
distribution o f a positron beam obtained with a moderator voltage F =15.5V and two
different voltages on the RFA. These beam energy "profiles" were measured by applying
retarding potentials to the cylindrical electrode R l, shown in figure 3.1.

It should be

noted that the energy distributions measured m this work were done so in the presence o f
the longitudinal magnetic field. These distributions therefore represent upper limits on the
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tm e beam energy spread since they include contributions due to the angular distribution o f
positron velocities and the instrumental resolution. With the RFA grounded (f^,^f4=0V),
the distribution o f positron energies emerging fi om the W mesh moderator is observed to
have a full-width at half-maximum (FWHM) o f about 2.5eV, which is typical for a
moderator o f this type. Biasing the RFA to 2.0V above the moderator voltage decreases
the energy spread to less than 0.8eV FWHM. During the near-threshold measurements o f
cr , beam energy spreads as small as 0.5eV FWHM were attained with RFA potentials o f
up to F +2.3V. The positron flux through the interaction region was reduced by 95% in
increasing

from OV to F +2.3V.

Any further improvements in positron energy

resolution by this method were not practical due to the accompanying fall in signal rate.
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Figure 4.2

Effect of the retarding field analyser (REA) on the observed incident e’

energy distribution.

On installing a ^*^Co source, measurements o f the positron energy distribution revealed a
second small peak, slightly removed fi om the main peak representing positrons emerging
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from the moderator. The "secondary" peak is shown by the dashed line in figure 4.3 and
is the result o f fast positrons from the source theimalising in the annealed Rli foil substrate
onto which the ^*^Co has been electroplated. With equal potentials applied to the Rh foil
and the W moderator, the average energies o f moderated positrons emerging from each
material are not equal due to differences between the work fimctions and contact
potentials o f W and Rh. In this work, the source voltage, F, was adjusted so as to shift
the energy distribution o f the secondary beam such that the overall positron comit rate
was enlianced whilst retaining the desired energy resolution. For example, increasing the
source bias from

+0.5V to

+2.0V resulted in a rise o f more than 40% in the

positron intensity. This enhancement is also partly due to an increased efficiency for the
reflection o f themialized positrons emitted by the moderator in the direction o f the source.
After some expenmentation it was concluded that the optimum setting was given by
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Beam profiles with three different source biases (I]) to illustrate the

contribution to the slow positron beam of positrons moderated by the source foil.

139

V=V^+2.0Y and this bias was therefore employed for the subsequent measurements of

The energy distribution of the incident positron beam was measured for several positron
energies and was consistent for all low and dose-to-threshold energies studied. However,
at intermediate energies the distribution was found to become broader, the low-energy tail
falling off much more slowly with decreasing energy. For example, a beam of total
energy E=500eV exhibited an energy distribution with a full-width at half-maximum of up
to 10-15eV, about 3% o f E. One possible cause of such an energy-dependent spread is
spiralling of the positrons, as a result of divergences in the directions of the magnetic field
and the accelerating and/or retarding electric fields employed. A divergence of less than
10° would account for an energy profile of width equal to 3% of E. Attempts were made
to adjust the magnetic field so as to minimize the angular spread and distributions of about
5eV FWHM were attained for E=500eV, although some evidence of spiralling remained
evident in the low energy tail of the distributions. This would not reduce the accuracy of
the

measurements, however, because although spiralling may introduce an energy

dependence of the positron-gas beams overlap, this is negligible in the present system.

The finite resolution of the retarder, gl/g2, may also contribute to energy-dependent beam
energy distribution measurements. The measurements discussed above suggest that this
retarder has an energy resolution of no more than (5/500)xl00%=l%. A fiirther possible
cause of such an effect is a moderator which is not positioned normally to the confining
magnetic field. However, as discussed in §3.3, every effort was made to ensure that this
was not the case.
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4.3

Beam Transport

This section discusses two consequences of possible variations, with energy, of the
efficiency for the transport of positrons to the end-of-beamline detector. Firstly the effect
on the measurements of <j^ of large-angle positron scattering in ionizing collisions is
quantified.

Secondly, it is shown that oscillations may be introduced into the

measurements of (J^{E) at high energy as the result of an oscillatory positron transport
efficiency.

4.3.1

Large-Angle Scattering

Large-angle scattering of energetic positrons from a target gas wiU result in these
positrons acquiring large transverse velocities (v^), relative to the magnetic field, and
therefore large Larmor radii. Depending on the experimental conditions and geometry,
the probability of transporting and detecting positrons scattered at a given angle may
therefore faU with increasing energy and, depending on the variation oid<j^IdQ, this effect
may result in an underestimate in cr/ at high energies.

The importance of this effect for the present system has been considered by calculating the
acceptance angle 0^^^, the maximum angle at which a positron with a given energy may be
scattered and still strike the detector with 100% probability. This has been estimated by
using the expression for the Larmor radius, r, of the trajectory of a positron in a magnetic
field (SI units throughout):

, 4, „
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m is the positron mass,

the positron energy associated with the positron transverse

velocity (Vj^), e the elementary unit of charge and B the magnetic field strength, which was
measured to be 5xlO'^T in the vicinity of the interaction region and between the
interaction region and the positron detector. To calculate

it is also necessary to know

the maximum diameter of the incident positron beam, which in this system is expected to
be no more than about 8mm. This diameter was deduced in two ways. Firstly fiom the
insertion of two 6.5mm diameter apertures, primarily employed to align the positron beam
with the target gas jet. The apertures were placed on opposite sides of the interaction
region, each positioned about 30mm fiom the interaction region centre. On inserting the
apertures, the positron count rate measured by the MCP detector decreased by 30-40%.
Such a decrease is consistent with a beam of approximately 8mm diameter, assuming a
uniform distribution of positrons across the cross-section of the beam. This result was
corroborated by observing the tarnish produced on the copper screen of the MCP detector
by the impact of the electron showers resulting fiom positrons striking the MCP face. The
spot on the copper screen was approximately 8mm in diameter. The latter observation
provides a maximum estimate of the beam diameter at the positron detector due to the
beam possibly striking slightly different areas of the detector as the beam tuning was
varied.

The size of the beam at the positron detector should be similar to the beam

diameter at the interaction region due to similar magnetic field conditions at both
positions.

Figure 4.4 shows the positron beam of 8mm diameter projected onto the 26mm diameter
active surface of the positron detector. It also shows the projection of the trajectory of a
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Figure 4.4

The 8mm diameter incident positron beam projected onto the 26mm

diameter surface of the positron detector to illustrate the maximum allowed Larmor
radius of scattered positrons if all are to impinge on the positron detector.

positron scattered fiom the edge o f the incident beam by a target paiticle and hence
illustrates that the Lannor radius o f scattered positrons must be no more than 4.5mm if all
the positrons are to impinge on the positron detector. A maximum transverse velocity,
^iniax’ is thus imposed on the detected scattered positron. The positron energy associated
with this transverse velocity

follows fiom equation (4.1);

i-jnax

4.5 X 10"^ =

(4.2)

For a positron left with energy E ' after a collision, the angle, 6,^^, corresponding to a
transverse velocity o f

is

Iacc — arc Sin
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'Xjnax

E'

(4.3)

and thus, combining (4.2) and (4.3), the maximum acceptance angle

for detection is

given by

(

\

0 acc —arcsm 4.5 X 10-3—^

(4.4)

It has been assumed throughout this analysis that the electric fields introduced by
electrodes R2 and R3 accelerate positrons in the longitudinal direction only and do not,
therefore, affect the transverse velocities of the positrons.

Figure 4.5 displays 0,^^ as a fimction of final energy E ' and shows that for £''<40eV, all
positrons scattered at angles in the range 0-90° in an ionization event should hit the
positron detector. In the near-threshold work, any positrons scattered by 90° or more are
repelled towards the positron detector by the positive potential on the RFA. It is expected
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The acceptance angle for positrons scattered in the interaction region as a

function of the positron final energy (£").
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therefore that all scattered positrons strike the positron detector in the do se-to-threshold
studies of <
7 ^.

The remainder of this sub-section will deal with the effects of large-angle scattering on the
intermediate energy measurements of cr/. In quantifying such effects it is convenient to
divide the 180° range of aU possible scattering angles into three regions and consider each
separately. Firstly, positrons scattered to angles between 90° and 180° were not detected
because the RFA was grounded with respect to the chamber earth for these measurements.
This results in (j^ being underestimated. The importance of this effect has been estimated
by considering the CTMC calculations of Schultz et al (1989) for the differential positron
impact ionization cross-section {da^/dCl) of He. For example, at E=200eV Schultz et al
(1989) predict that 0.5% of positrons involved in direct ionization events wiU be scattered
to backwards angles.
underestimate in

Backscattered positrons would therefore lead to a 0.5%

at £'=200eV. A similar analysis has been performed at all the incident

energies considered by Schultz et al (1989) and the results are displayed in table 4.1.

Positrons scattering to angles smaller than

are detected with unity efficiency and do

not, therefore, lead to an underestimate in cr/. The third angular range to be considered is
from O^gg to 90°. In this case the scattered positron detection probability falls from unity,
resulting in an underestimate in cr/. The magnitude of this underestimate has again been
calculated by considering the results of Schultz et al (1989). For instance, in the case of
200eV positrons ionizing He, .E'«175eV and 6acc^30°, according to equation (4.4).
Schultz et al (1989) predict that of all the 200eV positrons participating in direct
ionization events, 5.2% scatter to the angular range 30-90°. The detection probabilities

145

for such positrons were then deduced by projecting the positron trajectory for a given
excess energy and scattering angle onto the face of the MCP detector, in a manner similar
to that depicted in figure 4.4. The circumference of this projection marks all possible
endpoints for the given trajectory and the probabihty of detecting a positron following
such a trajectory was estimated by calculating the fi'action of all the endpoints enclosed by
the MCP perimeter. The detection probability for a positron with a fixed final energy was
then deduced by averaging the detection probabihties for aU positrons with that energy and
with angles in the appropriate scattering angle range. Returning to the example discussed
above, positrons scattering to angles between 30° and 90° withE-175eV are predicted to
be detected with 50% probabihty, according to this analysis. Therefore, the underestimate
expected in the measurement of cr. (£) for He at £'=200eV from positrons scattering to
angles between 0^^^ and 90° is (1.0-0.5)x5.2%=2.6%. This brings the total cr.^(£'=200eV)
underestimate to (0.5+2.6)%=3.1%. The results of similar analyses at the other incident
energies investigated by Schultz et al (1989) are summarized in table 4.1.

Table 4.1

Predictions of the maximum underestimate in <j* arising from large angle scattering

of positrons following ionization of He in the intermediate energy study.

E(eV) E' (eV)

% e^ scattering to

% e"" scattering to

(j^ underestimate for

angles 6,,,<e<90°

angles >90°

P3^,=ov(%)

54.4

29.8

90

-

13

13

125

100

42

4.4

1.4

3.1

200

175

30

5.2

0.48

3.1

272

247

25

4.6

0.2

2.8

For E'=54.4eV, the acceptance angle is 90° and

is underestimated solely by the fraction

of scattering positrons ejected at 90° or more. The underestimate is 13% at E=54.4eV
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and is expected to increase to as much as 50% as the excess energy decreases to zero at
threshold and the positrons are scattered isotropicaUy.

The magnitude of the

underestimate falls rapidly to 3.1% at £'=125eV and continues to fall as the differential
ionization cross-section becomes more forward-peaked. For impact energies greater than
272eV, it is anticipated that this trend should continue and the fractional underestimate of
cr/ should decrease ftirther with increasing energy as conservation of the projectile
momentum makes

increasingly forward-peaked at higher energies.

Finally, it should be noted that the values presented in table 4.1 for £>125eV have been
calculated on the worst-case basis, namely that aU positrons scattering from He^ in direct
ionization events do so at the outer edge of the 8mm diameter positron beam (see figure
4.4). In practice the predicted underestimates should be smaller because the majority of
positrons would scatter from within this diameter and would therefore have a probabihty
of detection greater than those calculated above. For instance, a positron scattering from
He at the centre of the beam with a final energy of 175eV would have 0,cc^47°, according
to equation (4.4). It can be shown, using the analysis described above, that 2.7% of
175eV positrons scatter into the angular range 47°<0<9O° (Schultz et al 1989) and of
these 61% are detected in the present arrangement.

Taking into account the 0.5% of

positrons which are backscattered, this leads to an underestimate in the measurement of
<j^ of approximately 0.5%+(1.0-0.61)x2.7%=1.6%.

At £'=54.4eV, the predicted underestimate in cr/ is due entirely to the fraction of positrons
which backscatter according to the calculations of Schultz et al (1989). In this case the
underestimate is independent of the position at which the scattering event occurs. A
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possible future improvement to this experiment would be to apply a positive potential to
the RFA sufficient to return all backscattered positrons in the direction of the MCP
detector. In chapter 5, the intermediate energy measurements are compared to the low to
near-threshold energy results, for which large-angle scattering effects should not be
important. This comparison shows that the results of the two studies agree to within 7%
near-threshold and therefore suggests that the 13%

uncertainty predicted for

E=54.4eV is an overestimate.

4.3.2

Oscillations in the Measurements of

Measurements of

at Intermediate Energies

for positron impact energies (E) between OeV and lOOOeV

exhibited oscillations at the higher energies, possibly arising from oscillations in the
positron transport efficiency as a function of energy. An example of this behaviour is
shown for the He case by the frill curve in figure 4.6. Also presented in figure 4.6 is the
net incident positron beam, which was measured in vacuum and to which the e^-ion
coincidences were normalized.

It can be seen that the beam intensity also displays

oscillatory behaviour. This is thought to be the result of a beam focusing effect present at
the higher energies because the beam was optimized at low energy in preparation for the
near-threshold study. The observed oscillations in

which are of approximately

opposite phase to those in the positron count rate, may be due to the beam focusing effect
being introduced after the interaction region.

Normalising the net ion counts to the

positron count rate would therefore introduce artificial oscillations in the ion yield.

It has been found that the amplitude of the <J^{E) oscillations can be reduced by tuning the
positron beam at a high positron beam energy. This is demonstrated by the filled circles in
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Measurements of

for He performed with positron beams tuned at

E»50eV and E»10G0eV. The net incident positron beam is also shown in the E»50eV
case.

figure 4.6, which represent measurements of cr.^ made with a beam optimized at lOOOeV.
The data set shown by the full curve in figure 4.6 was measured with a beam optimized at
low energy (E»50eV) and despite the oscillations, appears to exhibit the same underlying
energy dependence.

To demonstrate this, figure 4.6 also shows the same data

"smoothed", which was achieved by grouping the data into bins with respect to the
positron energy and calculating the average of the <j^ measurements in each bin. After
smoothing, agreement between the results of measurements performed with beams tuned
at IkeV and 5OeV is very good. It is concluded, therefore, that the oscillations observed
in cr.^(E) are a systematic efifect which can be eliminated by smoothing the data at
intermediate energies. The intermediate energy data presented in chapter 5 are, therefore,
smoothed measurements using a beam tuned at low energy. This method was chosen in
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order to optimize the beam intensity for the near-threshold measurements and ensure
consistent absolute scale normalizations for the intermediate and near-threshold energy ion
yields.

4.4

Extraction of Ions and Slow Positrons from the Interaction Region

A weak electrostatic field penetrating the interaction region was used to expedite the
extraction of slow, scattered positrons. This technique was employed in an attempt to
trigger the ion extractor within the time it takes a remnant ion to drift far enough to escape
detection. This time is defined here as the effective ion lifetime,

In this work,

t ..

r.

has

been determined by measuring the yield of ions as a ftmction of a delay introduced in the
signal triggering the ion extraction field.

Figure 4.7 presents the results of such

measurements for He^. It was thus determined that l<z;<4p,s for He^. This result is in
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The He"^ ion yield measured as a function of delay added to the signal

triggering the ion extraction field.
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agreement with a computer simulation for the present ion extraction/detection system,
which predicted a lifetime of about 4|is for He^. These measurements and calculations
were made for a 10mm diameter hole in the face of the negative ion deflection plate.
Subsequently, this bole was widened to 20mm in an attempt to increase
consequently the ion extraction efficiency.

t.

and

The ion lifetime r;. has not since been

remeasured to monitor the effect of this modification, but measurements of the ion yield
revealed an order of magnitude increase on widening the bole. This is consistent with an
increase in z;., due to the ions having to drift farther in order to escape detection, as well as
an increase in the "observable" volume of intersection between the positron and gas
beams. The latter effect is not obvious when it is considered that the positron beam is of
8mm diameter and the gas jet emerges from a 6 mm diameter nozzle. If the gas jet exhibits

a similar geometry to that of the nozzle, both gas and positron beams are less than 10mm
wide and opening the ion detector entrance bole to a 20 mm diameter should not therefore
affect the observable volume of intersection. However, the geometry of the gas jet is not
known and it is possible that it is more than 10mm wide at the interaction region.

SEVUON (Dahl and Delmore 1988) has also been employed to devise the weak field
penetrating the interaction region to aid the extraction of very slow positrons.

The

computer model was first used to design a system of electrodes capable of introducing
such a field, resulting in the combination of R2, the RFA and the earthed cylindrical
electrode represented in figures 3.1 and 3.5. SBVUON was then used to study positron
flight-times as functions of the potential on R2 (F^) and the positions of R2, the RFA and
the earthed cylinder in order to determine the optimum arrangement.

A SIMION

simulation of the system devised by this theoretical study and the experimental
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observations discussed below is shown in figure 4.8. The electrostatic potential contours
in the diagram show that for F^=-300V, the potential at the interaction region is lOmV,
ensuring a negligible perturbation of the positron energy within the experimental resolution
of the present work. The trajectory of a positron with £'=35eV and E'=\QA qV, following
ionization of a He atom, is also shown.

The flight-times for positrons scattering with excess energies in the range O-lOeV and to
angles between 0 and 180° were calculated from the model depicted in figure 4.8 and
found to be between 0.03 and 1.34p,s. An estimate of the efi&ciency with which e^-ion
coincidences are measured, as a fimction of the excess energy, E', has been deduced by
comparison of positron flight-times with the measured ion lifetimes. The flight-times for
positrons scattering to all angles were calculated to be less than the minimum effective
He^ lifetime of Ips for £ ’'>leV, predicting a uniform, 100 % efficiency for the
measurement of e^-ion coincidences in this energy regime. For £ ’'<leV, however, not aU
scattered positrons are predicted to reach the positron detector within Ifis of the colhsion
event and the coincidence efficiency is less than unity. In such cases, the coincidence
efficiency for a positron following a given trajectory was deduced by comparing the flight
time for that trajectory with the dependence of the ion yield on the triggering signal delay
shown in figure 4.7. For example, a delay of 2.5p,s results in a 50% decrease in yield,
implying that for a 2.5|xs positron flight time, the probabihty of counting a e^-ion
coincidence is 50%. The coincidence detection probabihty was determined in this way for
positron trajectories with final energies between OeV and leV and scattering angles in the
range 0-180°. For a given excess energy, the overaU coincidence efficiency was then
deduced by calculating the average of the coincidence probabihties for ah the scattering
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A SIMION representation of the interaction region.

-300V

angles considered at that energy. The overall e-He^ coincidence efficiency is shown in
figure 4.9, illustrating that the efficiency falls by less than 3% below E -lo V . Although
this would result in an underestimate in

3% is negligible compared to the other

experimental errors which arise from the present system in the close-to-threshold
measurements.
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Experimental verification of the effect of the penetration field on the coincidence detection
efficiency is inherently difficult because

is very small near threshold. An attempt was

made, however, to validate the technique experimentally by measuring the ion yield as a
function of the potential on R2 within the limits -300V<F^<0V. An upper limit on the
magnitude of the accelerating potential of about 300V was imposed since voltages much
more negative than -300V were found to decrease the positron count rate.

Two

measurements of the ion yield for the direct ionization of H; for V ^= 0\ and F^=-150V
are shown in figure 4.10.

On applying -150V to R2, a significant increase in the ion

coincidence efficiency is apparent for energies more than about 0.5eV above the threshold
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energy, E., in accordance with expectations. An attempt to verify this enhancement more
accurately close-to-threshold has been made by measuring the ion yield at fixed energy as
a fimction of

These measurements, which were made with a He target and an incident

positron energy of 27.5eV, 2.9eV above threshold, are presented in figure 4.11. They
show that for F^<-200 V the yield is greater by a factor 2 .0± 1.0 than that measured with
F^>-100V, implymg a similar increase in the coincidence efficiency.
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Near-threshold ion yields for

showing the effect of

on the

efficiency of detecting e"^-ion coincidences.

Finally, it was necessary to ensure that the increased ion yield observed with F^=-300V
was not a consequence of the positron impact energy being perturbed by the penetration
field at the interaction region. This was achieved by measuring the total number of ions
created for a fixed impact energy as a fimction of
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Using a Hj target, the positron

energy was fixed at Æ=10eV, an energy at which (jp^ is rising rapidly (e.g. Fomari et al
1983, Moxom et al 1995) and perturbation of this energy at the interaction region would
result in a sharp increase in the number of ions created. To ensure that aU ions were
detected, a weak DC ion extraction field was employed by applying ±2V to the ion
deflector plates. For

in the range 0 to -400V, the total ion count was found to be

constant and it was therefore concluded that the weak electrostatic field penetrating the
interaction region was not perturbing the positron energy. This result is consistent with
the abovementioned computer simulation of the present system.

These calculations

predict that a potential of only -13mV with respect to the chamber earth is introduced at
the centre of the interaction region on applying -400V to R2.
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Figure 4.11

Ion yields for He measured at a fixed, close-to-threshold energy to show

in greater detail the enhancement in the coincidence efficiency as a function of V^.
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4.5

Determination of the Mean Positron Impact Energy

The negative positron work function for the moderator and contact potential effects result
in positrons reaching the interaction region with energies differing J&om eV^, where

is

the moderator potential and e the elementary unit of charge. The positron impact energy
is therefore given by E={V^+E^ qW, where E^ is the energy shift arising from the
cumulative effects of the positron work function and contact potentials. The positron
impact energy must be determined accurately in order to extract the true energy
dependence of
measuring

close-to-threshold. In the present work, this has been achieved by
the positronium (Ps) formation cross-section, in the vicinity of the Ps

formation threshold energy, Ep^.

As discussed in §1.4.4, Wigner (1948) derived the

near-threshold energy dependence of cross-sections for processes m which a single particle
escapes from a charge centre. Applied to the case of positronium formation, Wiguer’s
theory predicts that

where V is the angular momentum of the outgoing positronium atom with respect to the
scattering centre. Moxom et al (1994) have found that for Ne, Ar, Kr and Xe targets, Gp^
is dominantly proportional to {E-Ep^^^ for a few electronvolts above threshold, implying
that Ps escapes predominantly with /-0 . In the case of He, Moxom et al (1994) found o]Ps
to have a {E-Epj dependence near-threshold, which is consistent with a predominantly
p-wave ( / - I ) final state. For /-0 , the gradient of Gp^ is infinite at threshold, affording an
accurate means of pinpomting Ep^ against a scale of

and thus calibrating the positron

impact energy. Relative, near-threshold measurements of Gp^ as a fimction of
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have

therefore been made with the present apparatus for Ar, Kr and Xe targets.

These

measurements were achieved by randomly triggering the ion extraction system with a
pulse generator: between Ep^ and E., all ions result from Ps formation and ion yields
measured in this way are therefore proportional to <jp^.

The positron beam energy

distribution was narrowed to about 0.5eV FWHM by the application of F^+2.3V to the
RFA in order to attain the necessary energy resolution.

Least-squares fits to

{V^+E^-Ep^^^ have been performed on the resultant data, enabling the determination of
E^. The

fitting interval for each gas was chosen so that the incident positron energy

range was about 0.5eV above Ep^ and less than the first excitation energy for the target
atom, in order to exclude the possible effects of the finite beam energy spread and the
onset of a new reaction channel on the observed shape of o},^. The chosen energy ranges
were consistent with the intervals for which Moxom et al (1994) found the {E'f^
dependence to be valid. As an example, some of the present measurements of <jp^ for Xe
are shown m figure 4.12 together with the result of the corresponding least-squares fit.

Several measurements of the near-threshold energy dependence of cTp^ were made for each
of the three target gases and, within the errors, these yielded consistent values of E^. An
average of these determinations for all three gases was calculated to be

E^= 1.87±0.07eV.

This value was used to calibrate the positron energy, E, in the subsequent near-threshold
measurements of cr^ according to
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Æ=(F+1.87)eV.
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Summary and Conclusions

In this chapter, systematic effects which could introduce false energy dependences into the
measurements of o;.^ close-to-threshold and at intermediate energies have been discussed
and quantified where possible.

The steps taken to reduce the energy spread of the positron beam to about 0.5eV, in order
to permit the measurement of the energy dependence of
threshold, have been described.
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to within leV above

It has been shown that, in the near-threshold measurements of cr/, positrons are expected
to be transported from the interaction region to the positron detector with 100 %
efficiency. The positron transport efficiency should not therefore affect the measured
energy dependence of cr/ close-to-threshold.

For positron final energies greater than

about 3OeV, calculations suggest that the transport efficiency falls from unity and that
this could result in cr/ being underestimated by no more than about 3% in the intermediate
energy range (see table 4.1).

The effect of a weak electrostatic field devised to aid the extraction of slow positrons
from the interaction region has been discussed. Computer simulations predict that such a
field, while perturbing the incident positrons negligibly, is sufficient to provide an
efficiency for ion detection in coincidence with correlated scattered positrons which is
effectively independent of the positron final energy. Experimental tests support this result
by demonstrating an increase in the ion extraction efficiency near threshold arising from
the presence of the penetration field.

The positron energy was accurately calibrated for the near-threshold measurements.
Positron energy distributions were monitored periodically to check for possible alterations
to this calibration as a result of changes in the surface conditions of the moderator and
source and, where necessary, the cahbration was suitably adjusted.
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5

RESULTS AND DISCUSSION

5.1

Introduction

Li this chapter, the results of the measurements of cross-sections for direct single
ionization by positron impact (cr.^) are presented. The intermediate energy results for He,
H2 and Ar targets are contained in §5.2 while §5.3 describes the more detailed
measurements of cj^ for He and H^ in the first few electronvolts above threshold. The
present results are discussed in relation to other data and available theories and where
possible conclusions are drawn.

5.2

Ionization at Intermediate Energies

In this work, measurements of cross-sections for direct ionization by positron impact for
energies from threshold up to IkeV, in addition to their intrinsic interest, were performed
for a dual purpose. Firstly, comparisons with other, independent determinations (e.g.
Fromme et al 1986, 1988, Knudsen et al 1990, Jacobsen et al 1995a, b) served as a
diagnostic test on the performance of the experimental apparatus.

Secondly, absolute

cross-sections could be derived from the present ion yield measurements by JStting the
present ion yields to electron impact data for incident energies above about 600eV, where
the two cross-sections are expected to merge (Bethe 1930, Mott and Massey 1965).
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The data collection procedure followed the outline given in §3.2 and §3.10: the number of
direct ionization events was determined by measuring e^-ion coincidences, subtracting
from this the measured background and normalizing the net counts to incident positron
flux and target gas drive pressure in order to obtain the ion yield. The background was
predominantly due to random coincidences between ions and uncorrelated positrons
reaching the end-of-beamline detector. Measurement of the background was made with
grids gl/g2 (see figure 3.5) held at a potential

just sufi&cient to prevent the

detection of positrons which had lost at least an energy E=V. in an ionizing collision, V.
being the first ionization potential (in electronvolts) of the target. For the intermediate
energy measurements, the required retarder voltage was determined by measuring the
potential sufi&cient to retard the fiiU positron beam in vacuum and subtracting from this V..
For a positron beam of energy IkeV, a potential of

was sufi&cient to retard

the beam. This suggests an energy resolution of about (9/1000)xl00%«l% or less for the
grids gl/g2, which is consistent with the findings discussed in §4.2. Hence in the case of
H^, for which E=15.45eV, a potential equal to V^j/^/=V^+9-l5A5V « F^-6.4V would
retard all moderated positrons which had lost 15.45eV in ionizing

and this potential

was therefore used for the background measurements. The retarder potentials employed
for He and Ar were set in the same way and were

15.5V and F^-6 .8V respectively.

For the near-threshold measurements the retarder potentials were chosen in a similar way,
but in this case the potential sufi&cient to retard a low energy (~40eV) beam was
determined before subtracting the respective ionization potentials.
discussed in the context ofithe near-threshold study in §5.3.
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These settings are

For the purpose of normalizmg net coincidences to the number of moderated positrons
incident on the target per second, the positron count rate was first measured, without the
presence of target gas and with Vgi/gz^OY, as a function of positron energy.

The

contribution to this count rate from fast particles was determined by making a similar
measurement but with V^jy^=V^+9V in order to retard the moderated beam. The ion yield
was calculated using

Yield = ------

Niig, Vm +9- Vi)
_Ne+(g, Vm +9 - Vi)_
P X [JVg+(v, 0 ) —Ne+iy, Vm + 9)]
’

where N. represents the number of e^-ion coincidences counted per second,

the number

of positrons detected per second and P is the output, in volts, of the Baratron monitoring
the target gas drive pressure. The two terms in the round brackets following each N. or
describe the experimental conditions under which each count-rate measurement was
made; the first term denotes the presence (g) or absence (v) of the target gas; the second
term expresses the potential (in volts), with respect to the chamber earth, apphed to the
retarder grids gl/g2 preceding the positron detector.

For example Nj^g,V^+9-V^

represents the random coincidence background measurement - the number of e^-ion
coincidences measured with the presence of the target gas and a retarder setting of
^

^

retarder states

addition to measuring the e^-ion coincidences in gas for the two
and

F^+9- Fj.)V, the positron count rates were also

measured under these experimental conditions. This was necessary to account for the
difference in the rates at which the ion extraction field was triggered in each case. Such a
difference results in a discrepancy, of the order of a few percent, between the background
underlying A^(g,0 ) and the measured background A^(g,F^+9-F.) because the random
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coincidence background is proportional to the pulse frequency of the ion extraction field.
This effect was therefore corrected for by multiplymg the measured background by the
following factor:

_^e+(g, Vm+9 - Vi)_

The intermediate energy data for Ar,

and He are shown in figures 5.1, 5.2 and 5.3

respectively. The error bars were calculated from the statistical uncertainty on the net
number of ion-positron coincidences. In the present work,

was found to exhibit a

similar energy dependence to cr." for impact energies above about 600eV. It has therefore
been assumed that above this energy cr.^ and cr‘ merge according to the Bethe-Bom
approximation and an absolute scale has been determined for the present relative
measurements by least-squares fitting these data to cr' in the energy range 600-1000eV.
The present Ar and He data were normalized by fitting them, over 600-1000eV, to the
electron impact single ionization cross-sections measured by Krishnakumar and Srivastava
(1988) and Shah et al (1988) respectively. In the case of H^, the ion yields were similarly
fitted over 600-1000eV to the partial cross-section for the formation of H^^ by electron
impact.

This partial cross-section was determined by subtracting the dissociative

ionization cross-section measured by Rapp et al (1965) from the total ionization
cross-section measurements of Rapp and Engfander-Golden (1965) and is represented in
figure 5.2 by a solid line. The total errors on the absolute scales of the present data have
been estimated by combining the uncertainties arising from the present fitting procedure
and the errors on the absolute scales of the electron data. These errors are summarized in
table 5.1.
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Table 5.1

The errors on the absolute scales of the present cross-sections (o; ), arising

from the least-squares fits to the electron data. Uncertainties on the absolute scales of
the latter are also shown.
Target

Error on absolute scale (%)

Ar

He

Electron data

Fit to e' data

Present values of o;

±10

±4.3

±11

±4.5

±2.4

±5.1

±6

±2.4

±6.5

In figure 5.1 the Ar data is compared to the cr measurements o f Knudsen et al (1990) and
Jacobsen et al (1995b) and the data o f Krishnakumar and Srivastava (1988) for electron
impact single ionization.

The present measurements o f cr. rise from threshold more

slowly than cr.' and cross cr." at about 60eV.

The data peaks at around lOOeV energy.
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Single direct ionization cross-section for Ar by positron and electron

impact.
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1000

approximately 40eV higher than the maxima in o;' and with a magnitude greater by about
20 %.

No significance is at present attached to the small oscillations in <J^{E) at high

energies. As discussed in §4.3.2, these oscillations are believed to arise fiom a systematic
effect.

When compared to the previous measurements of Knudsen et al (1990), the

present results rise more slowly fiom threshold, peak at an energy 40eV higher, with a
magnitude smaller by 30%. Knudsen et al (1990) note that the accuracy of their data is
poor up to 5OeV positron impact energy due to large uncertainties in their background
estimation. This is one likely cause of discrepancy between the present results and those
of Knudsen et al (1990) at low energies. In addition, a discrepancy of about 14% arises
from the different normalization procedures used. Knudsen et al (1990) normalized their
data at high energies to the electron impact total ionization cross-section of Rapp and
Englander-Golden (1965), having first subtracted the partial cross-sections for multiple
ionization (Tawara et al 1985).

However, even after allowing for the different

normalizations used, the Ar data of Knudsen et al (1990) still exhibit a different shape to
the results of the present work.

In contrast, the agreement between the present results and those of Jacobsen et al (1995b)
is very good. Jacobsen et al (1995a,b) measured cr/ for He, Ne, Ar and H^ using an
apparatus and technique similar to those of Knudsen et al (1990).

In the former

experiment, however, the background was determined more accurately, as discussed in
§1.4.4. The magnitudes of the present values of o;/ should be directly comparable to
those of Jacobsen et al (1995b), who also normalized then He and Ar ion yields to the
electron data of Krishnakumar and Srivastava (1988).
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The present results for

shown in figure 5.2 are in reasonable agreement with the

experiments of Fromme et al (1986) and Knudsen et al (1990). <j^ peaks at about 70eV,
with the current data being about 4% larger than that of Knudsen et al (1990) and 6 %
smaller than that of Fromme et al (1986) at this energy. The measurements of Jacobsen et
al (1995a) are, on the other hand, in poor agreement with the results of the present work.
Though the positions of the peak in

are in good agreement between the latter two

experiments, Jacobsen et al (1995a) found cr.^ to be smaller by about 25% at this energy.
This discrepancy is in part due to the different normalization procedures used. Jacobsen et
al (1995a) employed the electron impact ionization cross-sections of Kossman et al
(1990), which, for £>600eV, are smaller by about 7% than the cross-sections (Rapp and
Englander-Golden 1965, Rapp et al 1965) used to normalize the present ion yield
measurements. The data of Jacobsen et al (1995a) have been fitted to the present results
for

in the energy range 600-1000eV to take into account the different normalization.

The results of this fit are shown by the hollow diamonds in figure 5.2. It can be seen that
the re-normahzed cross-sections of Jacobsen et al (1995a) are still smaller than the present
results by about 14% in the vicinity of the maximum.

The cause of this remaining

discrepancy is not at present known.

Beyond the maximum in

the present measurements decrease more slowly than the

results of the other experiments, but merge with the data of Knudsen et al (1990) around
400eV. In contrast to the Ar data, the measurements are consistent with Knudsen et al
(1990) above 400eV due to smaller differences for

between the electron data used for

normalization. Poor agreement is found between the measurements of cr/ and the results
of the CPT ("Coulomb wave-plane wave description with truncated treatment")
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calculations of Chen et al (1992), the latter peaking with a cross-section 20% smaller than
the observed maximum at an energy more than 20eV lower than experiment.

This

discrepancy may be a result of the truncated approach adopted by Chen et at (1992).
Such a treatment assumes that the ejected electron moves more slowly than the outgoing
positron, screening the positron from the residual ion. CPT therefore neglects all cases
where the electron escapes with a higher velocity than the positron and therefore
effectively sees a +2 charge due to the positron and the residual ion.

In the CPE

("Coulomb wave-plane wave description with effective screening") model, both outcomes
are considered. Campeanu et al (1987a) apphed both CPT and CPE models to He and
found that the cross-sections arising from the CPE calculations were greater than those
yielded by the truncated approach by up to about 4%.

As observed with Ar, cr.^ for

increases more slowly from threshold than cr‘. The

present measurements cross cr' about 12eV above threshold, peaking at an energy lOeV
higher than the cr' maximum and with a magnitude greater by about 80%.

The present results for He shown in figure 5.3 also exhibit good agreement with existing
data, particularly that of Jacobsen et al (1995b). The results of the present work are
consistent with the measurements of Knudsen et al (1990) to within 8 % at most of the
energies studied here. Above 500eV, the present results diverge from those of Knudsen et
al (1990) by approximately 8 % as a result of the different electron data used in
normalizing the respective ion yields. As mentioned above, the results of this work were
normalized at high energies to the direct measurements of He^ formation by electron
impact, whereas Knudsen et al (1990) normalized their data to the total ionization
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cross-sections of Rapp and Englander-Golden (1965) less the partial cross-section for
double ionization (Tawara et al 1985). The measurements of Fromme et al (1986) are
smaller than the present results by about 13% at the peak.

This discrepancy is not

attributable to differences in the normalization procedures: Fromme et al (1986)
normalized their results to the electron data of Montague et al (1984), which are hi good
agreement with the measurements of Shah et al (1988), which have been used to
normalize the present data.

In the present work, cr.^ peaks at £'«11 OeV, in good

agreement with the other positron impact experiments. The cr‘ measurements of Shah et
al (1988) also peak around the same energy. As with Ar and

o;/ rises more slowly

from threshold than cr.'. cr.^ then crosses cr* at about 5OeV and rises to a value greater
than cr' by about 40% at the peak. Several predictions of cr.^ for He are also shown in
figure 5.3. The results of the classical trajectory Monte Carlo calculations of Schultz and
Olson (1988) are in reasonable agreement with the present data below about lOOeV
impact energy, but fall more rapidly than the observed cross-section at higher energies.
For energies in the range 40-700eV, good agreement is found between the present results
and the cross-sections calculated by Ratnavelu (1991) according to a continuum optical
potential model. The main features of the present measurements of cr^ for He and the
other targets discussed above are summarised in table 5.2.

The steps taken to ensure the accuracy of the measurements presented here have been
discussed in chapter 4. Several systematic effects were, however, difficult to eradicate
and the impact of these effects on the present results is therefore discussed below.
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Table 5 .2

The main features o f the present m easurem ents o f

g

-

for

He and Ar in

the energy range O-lOOOeV.

E,(eV)

Target

G-

crosses
at (eV):

g ,'

g/

peaks at

g;

peaks at

(eV):

(eV):

O''(peak)/
cjjXpeak)

o}' and

g;

m erge at

(eV):
15.45

33

70

60

1.8

600

He

24.58

50

110

110

1.4

600

Ar

15.75

60

100

60

1.2

500

The effect o f large-angle scatteiing o f positrons in ionization events has been discussed in
§4.3.1, predicting underestimates o f up to 13% for measurements o f cr. for He in the
incident energy range O-lOOOeV. Figure 5.4 shows the intermediate energy measurements
for He compared with those performed in the near-threshold study.

The latter

measurements should be independent of this systematic effect due to an acceptance angle
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Figure 5 .4
for He.

Results o f the intermediate energy and near-threshold m easurem ents o f

a-

The good agreem ent between the data suggests that large-angle scattering o f

positrons in ion izin g collision s produces a sm aller than expected underestimate in o; for
the intermediate energy study.
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of 90° and the RFA repelling backscattered positrons.

Despite large statistical

uncertainties the available data above threshold suggests that the intermediate energy
measurements are consistent with the near-threshold results to within 7%. This supports
the expectation that the uncertainties predicted in §4.3.1 are overestimates.

Another possible effect which could lead to an underestimate of cr^ close to its maximum
is multiple traversal of the interaction region by positrons. The positive potential apphed
to retarder grids gl/g 2 for the background measurements, in addition to retarding
positrons having lost E.oV in an ionization event, will also repel positrons which have lost
sufficient energy in the longitudinal direction after large-angle elastic scattering or
excitation events. Such positrons may therefore traverse the interaction region a second
time with sufhcient energy to ionize a target atom or molecule, resulting m the creation of
more ions per incident positron in the interaction region. This leads to an overestimate of
the random background and therefore causes

to be underestimated. The magnitude of

this effect has been calculated for the He case with reference to the partial excitation
cross-section predictions of Varracchio and Parcell (1992), the total cross-section
measurements of Kauppila et al (1981) and the total ionization cross-section data of
Moxom et al (1995). For the purpose of this analysis, it has been assumed that elastic
scattering is isotropic. The target gas pressure chosen for the present work was such that,
on admitting the gas to the vacuum system, the positron beam was attenuated (that is, it
fell) by no more than 5%. This figure and the abovementioned cross-section data have
been used to calculate that positrons repelled by the potential

should

cause an increase in the random background of no more than 1%, compared to the
background underlying the gross signal measurements made with V^j^^=OV.
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Positrons scattering before the interaction region as a result of a high target gas pressure
will affect the accuracy of the

measurements. Positrons of known incident energy will

lose energy via excitation or direct ionization, and the cross-section corresponding to the
reduced, unknown energy wiU be measured. Such multiple scattering events are unlikely
to have been important in the present work, however, because the target gas pressure was
set within the region where the ion yield depends linearly on pressure. Other experimental
observations confirm this effect to be negligible: the cross-section for He was measured in
the intermediate energy range for two target gas pressures, the first giving an attenuation
of 5%, the second an attenuation of about 25%; the results were identical to within the
statistical errors. It is therefore concluded that the probability of multiple scattering is
negligible in the present work.

To conclude, the present measurements of

for He are consistent with other

observations to within 13% at most energies studied. The Ar data agree, within the errors,
with the best (Jacobsen et al 1995b) of the two other available sets of measurements.
Possible reasons for the discrepancies between the other results (Knudsen et al 1990) and
the current Ar measurements have been discussed.

Allowing for differences in the

normalization procedures used, the present H^ data are in agreement with independent
measurements to within about 18%. Despite the remaining discrepancies, the degree of
agreement between existing experimental determinations of cr.^ and the new data presented
here indicates the reliable performance of the system over a wide range of incident
energies.
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5.3

Near-Threshold Ionization

The cross-section for single direct ionization by positron impact (cr.^) has been measured
in greater detail in the first few electronvolts above threshold for He and H^. Such studies
have been made viable by improvements in the energy resolution of the beam and the
exphcit and accurate measurement of the background close-to-threshold.

The data

collection procedure and the ion yield calculation for these measurements were similar to
the methods discussed above for the intermediate energy range study.

The only

differences were in the retarder settings used to measure the random coincidence
background and to determine the number of fast particles present in the positron beam. A
beam of energy approximately equal to 40eV was retarded by a potential of V^+4W
applied to gl/g2. The random coincidence background was therefore determined with
grids

gl/g 2

at

the

potentials

V^j/^=V^+4-l5A5V^V^-llAV

for

and

V^j/^=V^+4-24.5SW=V^-20.6V for He. The measured background was again normalized
to the ion extractor pulse rate, as discussed in §5.2. The fast component of the positron
beam was measured with the retarder at

and f^y/^2=k^+20 .6 V for Hj and

He respectively, using the same voltage source employed for the measurement of the
random coincidence background. In the case of He, for example, the near-threshold ion
yield was therefore calculated by

0)
N i{g,0)20 .6)
_Ne+{g, Vm -20.6)_
Yield = —
PX
0) -#,+(v, Vm +20.6)]
—

The measured cross-section, cr/, for single direct ionization of He close-to-threshold is
shown in figure 5.5. Figure 5.5(a) additionally shows the results of Sueoka et al (1995),
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Figure 5.5

(a) The near-threshold measurements of a/ for He. Existing data for a,'

and the electron impact data of Rapp and Englander-Golden (1965) are also shown, (b)
o;’ against excess energy on log-log axes to investigate any underlying power law
dependence. The

line with which Knudsen et al (1990) and Sueoka et al (1995)

found their data to be consistent is also shown, (c) Exponents resulting from fitting the
He data to a{Ey.
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Knudsen et al (1990) and Fromme et al (1986), thereby illustrating the improvements in
precision and detail attained in this experiment. The data points below the ionization
threshold energy, E=24.58eV, illustrate the accuracy with which the background has been
measured.

Also shown here are the dose-to-threshold o;.' data of Rapp and

Englander-Golden (1965) which at low energy are in good agreement with the data of
Shah et al (1988) and offer greater detail. As was suggested by the intermediate energy
measurements, cr.^ displays a markedly different energy dependence to that of cr". In
qualitative agreement with the predictions of Klar (1981b, 1984), cr/ increases from
threshold more slowly than cr.'. To analyse the present results in terms of this extension of
the Wannier theory, the cross-sections are plotted against excess energy {E^ on log-log
axes in figure 5.5(b) in order to investigate any underlying power law dependence in the
data. Figure 5.5(b) also shows the results of the previous measurements of cr/ and the
«=1.3 power law with which Knudsen et al (1990) and Sueoka et al (1995) found their
data to be consistent. The degree of linearity of the present results on this plot suggests
that <J^{E') may well follow a power law over several eV. Furthermore, the gradient of
these results is consistent with an exponent greater than the «=1.3 tentatively proposed by
Knudsen et al (1990) and Sueoka et al (1995).

The energy dependence of cr/ has been analysed in greater depth by performing
least-squares fits of the data to a power law of the form a{E y, where a and « are free
fitting parameters. Fits have been made for several intervals of excess energy, all of which
start from E'«1.3eV in order to avoid the significant distortions at lower E ' which are
introduced by the energy spread of the incident positron beam, as demonstrated in figure
4.1. The exponents are displayed in figure 5.5(c) as a fimction of the maximum excess

176

energy of the fitting interval. Below about 3eV, the present data are not inconsistent with
Klar's results. For 1.3^'<9.0eV, the fit yields the exponent «=2.20±0.09, smaller by
17% than the «=2.65 predicted by Klar (1981, 1984) for excess energies less than a few
electronvolts. This discrepancy might be due to the 1.3^'<9.0eV fitting interval differing
from the validity range of Klar's theory, in analogy with findings for near-threshold
ionization by electron impact. For example. Marchand et al (1969) found cr' for He to be
consistent with the power law of exponent 1.127 predicted by Wannier in the first
electronvolt above threshold.

For larger excess energies the exponent was found to

decrease as a consequence of the correlations between the outgoing electrons becoming
less important. The behaviour of n for the present measurements of <r^ may therefore be
evidence of weakening interactions between the outgoing positron and electron for
increasing excess energy.

Near-threshold measurements of

for

are shown in figure 5.6. The data are again

compared to previous observations (Fromme et al 1988, Knudsen et al 1990, Jacobsen et
al 1995a) and the electron impact data of Rapp and Englander-Golden (1965). As in the
case of He, cr.^ increases more slowly than cr.' do se-to-threshold, in accord with the
predictions of the Wannier theory. Figure 5.6(b) suggests that the present results are
consistent with a power law of exponent greater than that found by Knudsen et al (1990).
Quantitative investigation of this energy dependence has been carried out by fitting these
data to the power law a{Ey. Figure 5.6(c) shows the fitted exponents, «, as a function of
the maximum excess energy of the fitting interval.

The exponent is found to be

«=1.71±0.02 for 1.2^'<12.4eV, smaller than the exponent found to fit the He data in the
first 9eV above threshold as well as the predicted value of «=2.65.
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This result is.
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(a) The close-to-threshold measurements of cr/ for H, compared to the

existing data of Knudsen et al (1990) and Fromme et al (1988) and the o;'
measurements of Rapp and Englander-Golden (1965). (b) The same data on log-log
axes. The /7= 1.3 line of Knudsen et al is also shown, (c) The exponents, n, resulting
from fits of the

data to power laws of the form a(Ey.
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however, in reasonable agreement with the «=1.8 found by Jacobsen et al (1995a) for
excess energies between about 2eV and 20eV. For the present
approximately constant down to about

results, n remains

-4eV. Below this energy, the large errors on n

preclude accurate comparisons with theory, although the present data are not inconsistent
with the theory of Klar (1981b, 1984).

Close examination of the a;.^ results for He and

reveals non-zero ion yields within the

first electronvolt below threshold. The averages of the measured cross-sections in this
energy range are (l.l±0.2)xl0'^^cm^ and (4.6±3.6)xl0'^^cm^ for He and H^ respectively.
The quoted uncertainties are one standard deviation.

These non-zero values may be

statistical deviations from cr^=0 or the result of either effects due to the finite resolution
of the positron beam or inaccuracies m the background measurements.

The likelihood of convolution effects being responsible for these non-zero yields below
threshold has been investigated by convoluting the power laws resulting from the fits of
the data to a{E y with Gaussian profiles of various FWHM. For instance, the fimction
a{Ey^^, with which the H^ data were found to be consistent in the energy range
1.2^'<12.4eV, was convoluted with Gaussian fimctions of width 0.5eV, leV and 2eV.
Both the H^ and the He data were seen to best fit the power laws convoluted with profiles
of 2eV FWHM in the first two or three electronvolts above threshold. This was verified
statistically by least-squares fitting the convoluted fimctions to the observed
cross-sections.

It would appear, therefore, that convolution effects are not entirely

responsible for the high cross-sections in the vicinity of E., because the beam employed in
these measurements was of 0.5eV FWHM. However, within the errors, the present data
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were also consistent with the fimctions convoluted with a 0.5eV FWHM Gaussian and the
impact of this effect cannot be discarded completely.

As mentioned above, non-zero yields just below E. may also be evidence of a residual
background in the near-threshold data. This data has therefore been analysed fiirther in
order to estimate the effect such a background may have on the observed energy
dependence of cr/. This has been investigated by fitting the present data to a{E'f+c,
where c is an additional fitting parameter representing an energy independent residual
background. Values of n and c where determined as fimctions of the maximum E ’ of the
fitting interval. The results are displayed in figures 5.7 and 5.8.

Figure 5.7(b) shows that c is positive for all values of E ' studied for He. The average of
these points is c=6.7xl0'^°cm^, with a standard deviation of 4.5xl0‘^“cm^, and therefore
also implies the presence of a small residual background in the near-threshold
measurements of <j^ for He. In the case of H^ the values of c are distributed more evenly
about c=0 and the average of these is zero to within one standard deviation
(-1.7±11.7xl0'^^cm^). For both He and H^, n appears to be independent (within the errors)
of the fitting fimction employed.

If such a residual background in the He measurements is genuine, its origin is not obvious.
As discussed above, positrons scattering to large angles, either elastically or following
excitation of the target, may be repelled by F _ ^ in the background measurements,
resulting in an underestimate of the true background and therefore an overestimate in cr.^.
However, this effect should have been eliminated in the present work by the normalization
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(a) The exponents, n, resulting from fits of the near-threshold He

measurements to a{Ey+c.

The results of the fits to a {E y are also shown for

comparison, (b) The c parameters resulting from fits to a{Ey+c.

o f the measured background to the ion detector pulse rate. Considering the possibility that
this nonnalization procedure is not as effective as expected, further near-threshold
measurements were made for He with

a retarder potential

less positive than

-20.6V for the backgroimd passes. This would reduce the number o f positrons
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(a) The exponents, n, resulting from fits of the near-threshold
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comparison, (b) The c parameters resulting from fits to a{Ey+c.

repelled by gl/g2 following large-aiigle scatteiiiig after elastic and excitational collisions
and therefore decrease the importance o f the background normalization.
employed was

The potential

-22. IV. The results o f these measurements are plotted in figure

5.9(a), along with the data presented above for a backgromid retarder potential of
V^j^^=F^-20.6V. The two data sets are in agreement within the first electronvolt below E ,
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(a) Highlighting the effect on the measurements of cr/ for He of the

retarder potential used to measure the background, (b) and (c) The results of fitting the
data obtained with 1

',-22.1V to a(ET and a(Ey+c.
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but above threshold the cross-sections determined with V^^y^2=F^-2 2 . 1 V appear to be
lower, possibly suggesting a more accurate background measurement in this case. The
F^j/^2^V^-22.1V data have been fitted to a (E y and a(Ey+c and the resultant values of n
and c are shown in figures 5.9(b) and 5.9(c). Again, the exponents for He are distributed
about n=2. In this case, however, almost all values of c are zero, within the errors, again
implying a more accurate background measurement.

This evidence for the presence of a residual background is not conclusive, however.
Another mechanism exists which could be responsible for the lower cross-sections
obtained with the less positive "background" retarder potential: the potential barrier arismg
from this potential may not be sufficient to repel all positrons which have lost at least
24.58eV in ionizing a He atom. This would result in the subtraction of true coincidences
from the gross count rate and cr/ being underestimated. It is not therefore possible to
conclude that a residual background exists in the near-threshold data obtained with a
background retarder setting of V^j/^=V^-20.6V. The data collected using the T^-20.6V
retarder setting are therefore considered the most rehable in the present work since this
voltage was determined according to the potential required to repel the fiill beam in
vacuum and the ionization potential of the target, whereas the T^-22. IV setting was
chosen arbitrarily.

It is important to note, however, that the exponents («) resulting from the fits to both
a{E y and a{Ey-\-c appear to be the same, within the errors, for both values of
for the background measurements.

used

Whatever the causes of the unexpectedly high
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cross-sections observed in the vicinity of the thresholds, they appear to have little effect on
the measured energy dependence of cr/ given the present level of experimental precision.

Finally, it is necessary to consider the effect of the positron mean impact energy
uncertainty on the measured energy dependencies. In §4.5 it is shown that the mean
positron energy is known to an accuracy of ±0.07eV. To deduce the possible impact of
such an error on the beam energy, fits of the data to a{E y were repeated afi;er applying
shifi;s of ±0.07eV to the energy scales. The exponents resulting fi’om these fits were
consistent with those presented above, within the errors.

5.6

Conclusions

To summarize, cross-sections for direct single ionization by positron impact (cr.^) have
been measured in the incident energy range O-lOOOeV for H^, He and Ar targets.
Particular attention has been given to the near-threshold energy dependence of cr/ and
detailed measurements of cr/ have been made with unprecedented precision for

and He

in the first few eV above threshold.

The data in the intermediate energy range are in good agreement with existing
measurements for H^ and He, lending credibility to the present experimental technique. In
the case of Ar the present results are smaller than those observed by Knudsen et al (1990),
possibly as a consequence of inaccuracies in the background determination in the latter
work.

For all targets studied, cr.^ grows from threshold more slowly than cr', in

qualitative agreement with the Wannier theory.
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This is interpreted as a result of Ps

formation which suppresses the direct ionization channel in the positron impact case. The
present data also suggest that as the atomic number of the target increases, <j^ appears to
cross cr' at increasingly higher energies above threshold.

Around the peaks of

for the gases investigated in this work, the ratio oiVo;.' has been

found to decrease with increasing Z. This may be related to the variation of the repulsive
static interaction between the positron and the target nucleus (Laricchia 1995). This result
is in conflict with the suggestion (Knudsen and Reading 1992) that differences in the
magnitudes of cr/ and cr' at intermediate energies are due to an enhancement of cr^ due to
target polarisation.

Such an effect would be expected to become more important for

targets of higher Z and increased polarisabihty. For energies in excess of 500eV, o;/
exhibits a similar energy dependence to that of cr' for all targets studied. This is in accord
with the Bethe-Bom approximation which is invoked by the normalization procedure
apphed in the present work.

A technique which exphcitly measures the background close to the single direct ionization
threshold has been developed, resulting in near-threshold measurements of cr/ of
unprecedented accuracy. The near-threshold measurements of o;/ for

and He have

been shown to exhibit energy dependencies consistent with power laws up to excess
energies of about 9eV for He and 12eV for H^.

This agrees quahtatively with the

Classical Trajectory Monte Carlo (CTMC) calculations of Wetmore and Olson (1986),
which predict a power law dependence for H which holds for energies as high as SeV
above threshold. For He, the exponent is not inconsistent with the predictions of the
Wannier theory (Wannier 1953, Klar 1981b, 1984) for excess energies less than about
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3eV. For a fitting interval extending to FJ-9eV, the data yield the exponent «=2.20±0.09.
The dependence of n on E' may be evidence of weakening interactions between the
outgoing positron and electron for increasing excess energy. This exponent is also in
disagreement with the results of Wetmore and Olson (1986), who predict 3 ^ < 4 for a fit
extending to about SeV above threshold in the case of a H target. The

data fits

«=1.71±0.02 for 1.2:^'<12.4eV, and below E'»3eV n is not inconsistent with the
predictions of Klar (1981, 1984). The effects of several systematic uncertainties on the
energy dependencies of the cross-section have been considered and it is concluded that
within the current limits of experimental precision, these do not affect the fitting results.

No attempt has been made to analyse the present data in terms of the Coulomb dipole
model of Temkin (1966, 1982a, b, 1984) which, in the case of positrons, strongly
disagrees with the Wannier predictions within the first 0.1 eV (Temkin 1984) above
threshold. This energy region may remain experimentally inaccessible for some time but
work is continuing to further probe cr^(E^ in the first few electronvolts above threshold.
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6
CONCLUSIONS AND OUTLOOK

Measurements have been made of the energy dependence of cr.^, the cross-section for
direct single ionization by positron impact, for He, Ar and

targets. These investigations

have been carried out for positron impact energies {E) in the range O-lOOOeV. Particular
attention has been given to the first few electronvolts above the threshold (E.) for direct
ionization of He and H^ Absolute cross-sections have been obtained from the measured
ion yields by normalizing to available electron impact single ionization cross-sections (o; )
in the energy range 600-1000eV, where cr.^ and cr.' are expected to be equal according to
the Bethe-Bom approximation (e.g. Bethe 1930, Mott and Massey 1965).

These data, when compared with those for electron impact ionization and with data for
other particle-antiparticle pairs, can clarify the effects of projectile charge and mass on the
ionization process and advance the understanding of the importance of the exchange
interaction and the dynamics of electron capture. Near-threshold measurements of <j^
offer insights into the effects of correlations between charged escaping particles, and may
aid the development of accurate theoretical treatments of three-body problems in general.

In the case of positron impact, existing close-to-threshold measurements are scarce and
somewhat unrehable due to experimental inaccuracies arising from poor energy
resolutions and large ion backgrounds owing to Ps formation, the dominant
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ion-production channel in the vicinity of E.. The present work has specifically addressed
these problems, as well as some of the existing discrepancies between previous
measurements in the intermediate energy range (~0-1000eV) for He, Ar and

(Fromme

et al 1986, Knudsen et al 1990, Jacobsen et al 1995a, b).

For these purposes, an experimental apparatus capable of measuring o;.^ up to IkeV
incident energy has been developed. A slow positron beam is crossed with a gas jet and
the remnant ions detected in coincidence with the scattered positrons. This is achieved by
pulsing on the ion extraction field in the interaction region when a scattered positron is
detected at an end-of-beamline microchannel plate detector. This technique ensures that
perturbations are minimized and that the majority of ions resulting from Ps formation are
not detected. The ions are detected in a time-of-flight technique in order to count only
those of the desired charge-to-mass ratio.

For near-threshold measurements, the

longitudinal energy distribution of the positron beam was narrowed to about 0.5eV
FWHM by the application of an appropriate potential to a retarding field analyser (RFA)
preceding the interaction region and the mean beam energy was determined to within
0.1 eV by measuring Ps formation cross-sections close-to-threshold. hi order to extract
positrons left with very httle energy following a near-threshold ionization event, a weak
electrostatic field penetrating the interaction region has been devised and implemented.
The background owing to random coincidences between scattered or transmitted positrons
and ions resulting from, for example, Ps formation has been measured explicitly and
subtracted.
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In the intermediate energy range, the present results agree with existing data to within
about 13% for He and 18% for

The Ar results are in good agreement with the recent

measurements of Jacobsen et al (1995b), but exhibit a different energy dependence to that
observed by Knudsen et al (1990). Comparisons of the results of the present work with
existing measurements of cr' suggests that the ratio of cr^ to cr' at the respective maxima
of these cross-sections decreases with increasing atomic number, Z. It has been suggested
(Laricchia 1995) that this may be a consequence of the static interaction between positron
and nucleus becoming more repulsive as Z increases. For He, Ar and H^, cr/ has been
observed to increase more slowly from threshold than cr', a result which is in quahtatrve
agreement with the extensions by Klar (1981a, b, 1984) of the classical theory of Wannier
(1953). This is thought to be due to the presence of the Ps formation channel in the
positron impact case and the dominance of this channel for ionization in the vicinity oîE..

The present near-threshold measurements of

for He and H^ offer significant

improvements m accuracy and detail over previous data (e.g. Knudsen et al 1990, Sueoka
et al 1995, Jacobsen et al 1995a) and show

to have a different energy dependence to

cr', contrary to the earher tentative findings of Knudsen et al (1990) and Sueoka et al

(1995). The He and H^ data have been found to be consistent with power laws of the
form {E y, as predicted by the Wannier theory and its extensions (Klar 1981b, 1984), with
exponents «=2.20±0.09 and «=1.71±0.02 up to £"«9eV and £''«12eV respectively. This
agrees quahtatively with the CTMC calculations of Wetmore and Olson (1986), who
found cr/ for atomic hydrogen to obey a power law up to about 8eV above threshold,
although the present exponents are smaller than the 3<«<4 predicted by Wetmore and
Olson (1986) and the /z=2.651 derived by Klar (1981, 1984). The present findings are
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analogous to those for electron impact ionization (e.g. McGowan and Clarke 1968,
Marchand et al 1969) in that for sufficiently high excess energy, n was found to be smaller
than the 1.127 predicted by Wannier (1953), as a result of weakening correlations between
the escaping particles. It is noted, however, that between about 1 and 3eV excess energy
the present exponents are not inconsistent, within the experimental errors, with the
predictions of Klar (1981b, 1984). Investigations of the energy dependence of

below

about leV excess energy are currently impeded by the positron beam energy resolution.

Further measurements of cr.^ for other targets in the intermediate energy range would be
desirable. The investigation is to be extended to the remaining noble gases. Ne, Kr and
Xe, in order to investigate further the dependence of cr//cr." on Z. Attempts to improve the
accuracy of these measurements will be made by optimizing the beam tuning for this
energy regime and by applying an appropriate positive potential to the RFA in order to
ensure that all backscattered positrons are repelled towards the positron detector. The
existing apparatus is also suitable for investigations of direct ionization of molecular
systems and of multiple ionization for which data are presently scarce.

It would be

particularly interesting to extend the near-threshold measurements of positron impact to
double ionization cross-sections which, for electron impact, have been shown to foUow
the Wannier threshold law over a wider excess energy than cr' (Gerdom et al 1994).

More accurate measurements of

in the first few electronvolts above threshold are

required and such studies would benefit from a higher positron beam intensity.

In

addition, studies of the angular correlations between the escaping particles and of their
final energy distributions would be highly desirable as they would provide more stringent
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tests of the available threshold laws. It is hoped that such measurements will shortly
become possible with improvements in the intensities and quahties of positron beams.
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