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Abstract

A magnetically guided beam of nearly-monoenergetic slow
positrons has been used to study positron impact ionisation
phenomena in gases. A novel hemispherical scattering cell
incorporating an efficient ion extraction and detection
system has been developed and has been utilised throughout
this work.

The energy spectra for the electrons ejected around 0°
relative to the incident beam, following positron impact
ionisation of Ar, have been measured by a time-of-flight
method and a retarding electric field analyzer. The angular
acceptance of the electron detection system has been
estimated and used to compare the measured spectra with the
double differential cross-sections calculated by Mandal et al
(1986), Sil et al (1991) and Schultz and Reinhold (1990). The
importance of the electron-capture-to-the-continuum process
is discussed in this context and found to be minor at small
forward angles, in contrast to the case of heavy positively
charged projectiles.

The apparatus was modified to produce a pulsed beam of
slow positrons and utilised to measure in detail the total
ionisation cross-section (Q*) for a variety of atomic and
molecular targets. For Ar, He and H,, Q' which includes
contributions from Ps formation, has been subtracted from
corresponding total cross-sections, in order to deduce the
behaviour of the elastic scattering cross-section (Q,) in the
vicinity of the Ps formation threshold (E;). Here a small
change in the gradient of Q, has been found.

The energy dependencies of the Q,* for He, Ne and Ar,
close to E, have been interpreted in terms of threshold
theory. In the case of Ar the outgoing Ps appears to be
predominantly s-wave in character. For He and Ne the analysis
suggests that the Ps contains significant contributions from
a number of partial waves.

In the case of 0,, structure in @, has been found, which
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is attributed to coupling between two inelastic channels,
namely Ps formation and excitation to the Schuman-Runge

continuum.
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CHAPTER 1

INTRODUCTION

1.1 Historical Background

The existence of anti-matter was first predicted by Dirac
(1930a), following his formulation of the relativistically
invariant Schrodinger equation for free electrons in an
electromagnetic field. Solutions were obtained which
corresponded to states of the particles with negative
energies. These arise as a direct consequence of Einstein’s
equation for the total energy (E) of a particle of rest mass

(my) and momentum (p)

E?=mic*+p3c? (1.1)

where c is the speed of light, in wvacuum.

Dirac proposed that the vacuum should be considered to
consist of an infinite and uniform sea of electrons occupying
all the negative energy states below -myc?, the Pauli
exclusion principle forbidding the transition of free
electrons from positive energy states to the occupied
negative states. An electron may, however, be excited from a
negative to a positive energy level, leaving behind a "hole".
This hole, in an otherwise filled sea of electrons, would
appear to possess the properties of a particle with positive
mass and charge.

At the time of Dirac’s work, the only known positively
charged elementary particle was the proton. Dirac proposed
that the holes in the negative energy states were protons and
that the differences between the masses of the proton and
electron were due to interactions between the electrons.
However, Weyl (1931) showed that the hole had to correspond
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to a new particle with the same mass as an electron and this
particle (or anti-electron) was named the positron.

Positrons were first observed by Anderson (1932) in a
cloud chamber study of cosmic rays. The tracks produced by
these particles were initially attributed to protons.
However, Blackett and Occhialini (1933), using a similar
experimental technique, showed that the observed particles
had the same mass as an electron. The existence of the
positron was thus confirmed.

It was suggested by Mohorovicic (1934) that a quasi-
stable hydrogenic bound state of a positron and electron may
exist. This bound state was named positronium (Ps) by Ruark
(1945) and soon received considerable theoretical attention
(e.g. Wheeler 1946 and Fulton and Martin 1954). Its existence
was experimentally verified by Deutch (1951) whilst measuring
positron lifetimes in gases.

The positron is intrinsically of great interest as a
readily available example of anti-matter. Positrons can be
obtained from the decay of certain radionuclides and have
become powerful probes of a wide range of physical phenomena.
The possibility of annihilation of a positron with its anti-
particle, the electron, has made possible the investigation
of such phenomena by a number of experimental techniques
which rely on the detection of the annihilation photons.
These are discussed in § 1.3.

Positrons may be formed into nearly mono-energetic beams
and these have been used, among other things, to study the
interaction of positrons with single atoms(molecules) at well
defined energies. This has provided unique information of a
complementary nature to that available from electron
scattering. The complementarity arises because, as a
projectile the positron has the same mass but opposite charge
sign to an electron. Thus, a comparison of collision cross-
sections for positron and electron projectiles may highlight
the effects of the projectile charge sign, correlation and
exchange on collision processes. A channel unique to positron
scattering is Ps formation. This and other aspects of
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positron-atom(molecule) collisions, resulting in target
ionisation have been investigated during the course of the
work presented in this thesis.

In this chapter a discussion of the physical properties
of positrons and Ps is followed by a brief review of some of
the experimental techniques used in positron physics. This is
followed by a summary of some of the available data for
positron collision cross-sections, with emphasis on those

which are particularly relevant to the present work.

1.2 Basic Properties of Positrons and Ps

The annihilation of a low energy positron with an electron
will almost always result in the emission of a number of y-
ray photons. If the two particles annihilate from rest, the
total energy of the photons will be equal to the sum of the
rest mass energies of the annihilating pair, 2mc?. This is
approximately 1.022MeV. The number of photons emitted is
dictated by the conservation of charge parity (P.). A single
photon has P, = -1, so for a system of n photons

P,=(-1)" (1.2)

Yang (1950) showed that the selection rule for positron
annihilation into n photons is

(-1)7=(-1)&*s (1.3)

where L and S are the total angular momentum and spin of the
positron-electron system.

Figure 1.1 shows the Feynman diagrams for positron
annihilation into up to four photons. The probability of
annihilation by each of these processes is approximately
proportional to o™, where m 1is the number of vertices
representing a photon interaction on the Feynman diagram and
a is the fine structure constant (®1/137). The most probable
annihilation mode is that resulting in the emission of two
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Figure 1.1. Feynman diagrams for positron annihilation into 1-4 photons.

photons. One and three photon emission both have m = 3,
however single photon annihilation is less likely by a factor
of around o®, since it requires the presence of a third body
to conserve momentum. Annihilation into four photons is the
least probable annihilation mode shown, but has recently been
observed by Adachi et al (1990) who measured the branching
ratio for 4y to 2y decay as (1.30%0.31)x10° in accord with
theory (e.g. McCoyd 1965,Billoire et al 1978). Radiationless
annihilation is also possible and is an Auger-like process,
in which a positron annihilates with a bound electron, the
excess energy causing an inner-shell electron to be ejected
from the atom. This process was first predicted by Brunings
(1934). Its branching ratio was calculated by Massey and
Burhop (1938) and more recently by Mikhailov and Porsev
(1992), who estimated a cross-section for this process of the
order of 10%cm?.

Ps can be formed in two different ground states,
depending on the relative spin orientation of its
constituents. If the particles have anti-parallel spins then
para-positronium (p-Ps) is formed; if the spin orientations
are parallel, ortho-positronium (o-Ps) results. The total
angular momentum (J = L + S) of ground state o-Ps is 1,
giving rise to three sub-states with magnetic quantum numbers
m= -1, 0, 1, whereas for p-Ps, the total angular momentum is
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zero and hence m = 0. The ratio of the cross sections for o-
Ps to p-Ps formation therefore are 3:1. According to the
above arguments and equation 1.3, o-Ps will decay
predominantly into three photons and p-Ps into two. In the
latter case, the two photons, as viewed from the centre of
mass (c.m.) frame, are emitted at 180° to each other and have
equal energies (®511keV). Measurements of the photon energy
and deviation from co-linearity in the lab-frame, may be used
to obtain information about the momentum of the annihilating
pair, as discussed in section 1.3. The three photons from the
decay of o-Ps are emitted co-planarly with an energy
distribution which was calculated by Ore and Powell (1949)
and has been measured by Chang Tian-Bao et al (1985). Both

sets of results are shown in figure 1.2.

Dashed Curve : Ore - Powell phose-space prediction
o~ Linear spectrum: Adkins phase-space prediction
= 03} Real curve: QED spectrum with O (a) correction /
2 ¢ Our experimental points
o
Z / — — Va )
~ ~
3 e N
& 0.2t yd h
v d
& e
U A
=
—
< Ol}
W
[0 =
7
e
~
-
100 200 300 400 500

PHOTON ENERGY (keV)

Figure 1.2. The 3-y energy distribution from the decay of o-Ps measured
by Chang Tian-Bao et al (1985) compared with theory (see text).

21



Dirac (1930b) calculated the cross section for two photon
annihilation (o,,) of a non-relativistic, free electron-

positron pair as

2
T IlcC
v

g, (e7) = (1.4)

where v is the relative velocity of the positron and electron
and r,=e’/(4mem,c?) is the classical electron radius.

For positrons in a gas this equation has been modified
(e.g. Heyland et al 1982) to

T I3 CZoss (V) (1.5)
v

0., (A)

where Z4(v) 1is an empirical dgquantity representing the
effective number of electrons per atom seen by a positron
with velocity v. It may be significantly greater than the
atomic number due to 1long range interactions. At the
collision velocities typically encountered in positron beam
experiments, o, (A) is of the order of 10%m’ for Z, = 1. Since
the 3-y decay mode is around 376 times less likely (from the
spin averaged decay rate ratio), direct annihilation has a
negligible cross-section in comparison with most other atomic
collision processes, at these energies.

Ps is purely leptonic, making it an ideal system with
which to study the bound state aspects of quantum
electrodynamics. Structurally, Ps is similar to a hydrogen
atom, with approximately half its reduced mass, twice its
Bohr radius (1.058) and a binding energy, in a state of
principal quantum number n, given by (6.8/n?)eV. Figure 1.3
shows a comparison of the n = 1 and n = 2 energy levels of H
and Ps. The magnetic moment of a positron is around 667 times
that of the proton, making the spin-orbit and spin-spin
interactions comparable in magnitude, thus removing the
distinction between fine and hyperfine structure evident in
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H.

The vacuum annihilation rate of p-Ps (A,) has been
calculated to be 7.9852ns! by Harris and Brown (1957) and the
most recently calculated value of the decay rate for o-Ps
(A,) 1is (7.03830+0.00007)us? (Adkins 1983). kp has been
measured by Gidley et al (1982) who employed a magnetic field
to mix p-Ps with the m = 0 sub-state of o-Ps. A value for A,
of (7.994%0.011)ns"! was obtained, in agreement with theory.

However, discrepancies exist between theory and
experiment in the case of A,. Here, the most recent
measurement is (7.0482%0.0016)ns! (Nico et al 1991) and is
around 6.2 of its standard deviations above the theoretical
value. Nico and co-workers have considered carefully the
possibility that this discrepancy might be due to systematic
effects, but having attempted to eliminate possible sources
of error, have suggested that higher order terms are

necessary in the calculation.

1.3 Experimental Techniques

Positrons with a broad distribution of velocities may be
obtained from the (* decay of radionuclides. Two commonly
used sources are *Na and ¥Co, the decay schemes and branching
ratios of which are shown in figure 2.1. In the early swarm-
type experiments, these positrons were injected directly into
the sample under investigation and information about their
interactions with the medium was obtained by observation of
the annihilation <vy-rays. Over the years, much useful
information has been gained from these types of experiments
and among their major achievements are the observation of Ps
and the measurement of its lifetimes.

Additionally, the positron has proved to be a sensitive
probe with which to study defects in crystal structures. A
missing ion core may create a potential well in the periodic
lattice potential. Such a defect may extend over a region
sufficiently largé in comparison with the de Broglie
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wavelength of a thermalised positron and result in the
localisation of the positron wave-function at the defect
site. When a positron becomes trapped at a vacancy defect,
the overlap of its wave-function with that of the more
energetic core electrons decreases, relative to the less
tightly bound conduction electrons. For reasons explained
below, this may lead to an observable reduction in the
deviation from co-linearity and Doppler-shift of the
annihilation +vy-rays. There is also a reduction in the
electron density at a vacancy site resulting in an increase
in the mean positron lifetime. These effects may be used to
estimate the defect concentration in the sample as well as
the type of defects present. The ability of thermally
activated vacancies to trap positrons in this way was first
demonstrated by MacKenzie et al (1967) and has subsequently
been extensively studied (e.g. see review by Schultz and Lynn
1988).

1.3.1 Two-Photon Angular Correlation Measurements

The technique involving the measurement of the angular
correlation of annihilation radiation (ACAR) has been widely
used to study the annihilation of positrons in solids,
liquids and gases. If a positron annihilates via the two
photon decay mode then, in the c.m. frame, the two photons
will be emitted co-linearly, as already mentioned. In the
lab-frame a deviation of the photons from co-linearity (#6)
may be used to deduce the c.m. momentum of the positron-
electron pair at the moment of annihilation. In ACAR
experiments it is this angular deviation that is measured.

When a thermalised positron annihilates in a solid it
contributes very 1little to the c.m. momentum of the
annihilating pair, since, on average, there is only one
positron in the sample at any time. It can therefore continue
to loose energy until it occupies a level near the bottom of

its own band. The electron however, is 1likely to posses
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The Doppler shift of the two-y annihilation radiation may
cause the corresponding photo-peak in the energy spectrum to
become broadened. The degree of broadening may then be
related to the momentum distribution of the electrons.

The energy of the annihilation radiation is usually
monitored using high resolution detectors [e.g. Ge(Li)] with

a set-up of the type shown in figure 1.6.

High Amplifier Baised Multi-
Source resolution amplifier channel-
and detector 5 > analyser

sample

Figure 1.6. A typical arrangement for measuring Doppler broadening

spectra.

As well as studying the annihilation of positrons in solids,
the technique has been used to monitor the in flight
annihilation of p-Ps and to observe the formation of Ps’,
(Mills 1981) the bound state of a positron and two electrons,
the existence of which was predicted by Wheeler (1946). The
technique has also been used to monitor the formation of
approximately mono-energetic Ps in charge exchange reactions
of positrons with He (Brown 1986).

1.3.3 The Lifetime Technique

The positron lifetime technique was pioneered by Shearer and
Deutch (1949) who obtained lifetime spectra of positrons
annihilating in various gases. Lifetime experiments have
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since been applied to study interactions of positrons with
liquids and solids. Although the associated instrumentation
has improved, the basic principle of lifetime measurements
has remained the same. A typical apparatus used to measure
positron lifetimes in gases is that of Coleman et al (1975),
shown in figure 1.70a). A 1.28MeV +y-ray follows the emission
of a positron from the »Na source within around 10's and is
detected by a fast plastic scintillator, optically coupled to
a photo-multiplier tube. This is used to generate a start
pulse for the timing system. A second detector is used to
generate stop pulses from the annihilation +vy-rays of
positrons diffusing through the gas. A lifetime spectrum is
built up from a large number of such events. A lifetime
spectrum obtained in this way by Coleman et al (1975) for Ar
gas at 297K and a gas pressure of 6.3 amagats is shown in
figure 1.7b).

After background subtraction the spectrum can be divided
into three regions. The prompt peak at the left hand side of
the spectrum is caused by the decay of p-Ps and annihilation
of positrons in the source and chamber walls. This 1is
followed by a shoulder region which 1is due to the
annihilation of free positrons before thermalisation. The
remainder of the spectrum is the sum of two exponential decay
curves, corresponding to the annihilation of thermalised
positrons and o-Ps. The two components are separated by
fitting an exponential to the slower o-Ps component and
subtracting this from the spectrum to obtain the free
positron component. This spectrum is typical of those
obtained for most gases although, in general, molecular gases
have no resolvable shoulder region. This is due to the rapid
thermalisation of the free positrons caused by the existence
of vibrational and excitational energy levels extending down
to thermal energies. This type of analysis has resulted in
the extraction of information about the slowing down of
positrons, their 1lifetimes in the media, the formation
probability of Ps and its lifetime in the media.

In solids, the lifetime technique has yielded
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The possibility that positrons with near thermal energies
could be obtained by implanting (* particles from a
radioactive source into a solid was first suggested by
Madansky and Rasetti (1950). They estimated that the
efficiency of such a moderator would be determined by the
ratio between the positron diffusion 1length and the mean
implantation depth of the incident (% particles. This they
calculated to be of the order of 103 for the samples used in
their experiment. Here, a %Cu positron source with an
activity of (10-30)mCi was used to irradiate various samples
including Pt, glass and mica. The slow positrons were to be
confined by a magnetic field and detected by observing y-rays
from their annihilation on an Al foil, around 80cm from the
sample. Unfortunately, Madansky and Rasetti (1950) were
unable to detect any low energy positrons, probably due to
the low sensitivity of their apparatus and defective samples.
They did however, attribute the zero yield to positron
trapping in the samples and Ps formation; two processes that
have subsequently been shown to be of great importance.

The first observation of slow positron emission from a
metal surface was made by Cherry (1958). Positrons were found
to be emitted with energies of less than 10eV from Cr plated
mica when irradiated with 8* particles from a *Na source. The
ratio between the number of slow positrons to fast g%
particles was found to be around 10°%.

The importance of this result was largely unappreciated
until 1969, when Madey (1969) performed a similar experiment
with polyethylene and Groce et al (1969) reported that a slow
positron flux with energies of a few eV had been obtained
from Au. Here an Au surface was bombarded with fast positrons
obtained from pair production in a Ta converter by the
bremsstrahlung radiation produced by a 55MeV beam of
electrons from a linear accelerator. This work was extended
by Costello et al (1972) who measured the energy
distributions of slow positrons emitted from an approximately
2008 thick layer of Au, deposited on mica, CsBr and Al
substrates. The energy distributions were measured using a
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time of flight technique and were found to peak between 0.75
and 2.90eV. It was proposed for the first time that this
energy was due to a negative positron work function of the
surface. Costello et al (1972a) went on to use this flux of
slow positrons to make the first positron-atom total
scattering cross section measurements. This work is discussed
in § 1.5.

A positron work function (¢,) may be defined, in an
analogous way to the electron work function (¢.) as the
minimum energy required to move a positron from a point well
inside the surface to a point :well outside. If ¢, is
negative, positrons are ejected from the surface with kinetic
energies approximately equal to ¢,.

Lang and Kohn (1971) defined ¢.  as

d. = Ap-p_ (1.7)

where u. is the bulk chemical potential of the electrons,
relative to the mean electrostatic potential in the metal
interior and A¢ is the rise in mean electrostatic potential
across the surface. The surface dipole, Ag¢, is caused by the
electron gas from the metal interior, spilling out beyond the
last atomic layer and into the vacuum. This is shown in
figure 1.9. Here the ion-core potential is represented by a
uniform background, equal to the average interstitial
potential, according to the jellium model. The combined
effect of this and the electron gas, which as already
mentioned, spills out of the surface, creates a dipole moment
across the surface and tends to bind electrons to the solid.

Tong (1972) proposed that the surface dipole
contribution to ¢, should have an equal magnitude but

opposite sign to Ay and hence

¢, = -Ag -, (1.8)

where u, 1is the bulk chemical potential of a positron,
relative to the mean electrostatic potential in the metal
interior. Since the surface dipole has the opposite sign for

a positron, this will tend to make positrons escape from the
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surface. It is the cancellation between u, and Ay that causes
¢, to be close to zero, or negative in many cases. The
potentials a positron or electron sees close to a metal
surface are represented in figure 1.9. This shows that for a
positron there is an attractive potential well just outside
the surface. This is due to the image potential seen by the
positron at large distances and the correlation with the
electron gas spilling out of the metal surface at small
distances.

Tong (1972) predicted negative values of ¢, of a few
electron-Volts for Al, Mg, Cu and Au. The work function of Au
has since been experimentally measured to be positive
(Nieminen and Hodges 1976, Lynn 1980 [unpublished]). The
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Figure 1.9. The potentials seen by a positron and an electron near the
surface of a metal.
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results of Costello et al (1972) may therefore be ascribed to
epithermal positron emission or sample impurities causing ¢,
to become negative.

A 300-fold improvement in moderation efficiency was
achieved by Canter et al (1972) from an Au moderator
consisting of vanes arranged in the form of a venetian blind
coated with MgO. This was bombarded with fast positrons from
2Na to obtain a flux of slow positrons. The energy spread of
the slow positrons was around 3eV and the moderation
efficiency was approximately 3x10°. This was used to measure
the total cross-section of He as discussed in § 1.5.

An alternative method of slow positron beam production
was developed by Stein et al (1974). A B target was bombarded
with 4.75MeV protons from a Van de Graff generator to produce
positrons from the decay of !'C, produced by the reaction
B(p,n)!!c. The B target also acted as the moderator and
positrons emitted from the surface were extracted
electrostatically, with an energy spread of around 0.1leV. The
efficiency of this type of moderator was estimated to be
around 107. These slow positrons were used to make the first
observation of a Ramsauer-Townsend minimum in positron
elastic scattering cross-sections, as discussed in § 1.5.

Further study of the moderation properties of various
poly-crystalline moderators was carried out by Pendyala et al
(1976) . An 1increase in slow positron yields after heat
treatment was reported, with the highest yield obtained from
Cu after baking at 450K for several hours.

Until the work of Mills et al (1978), all investigations
had been performed with samples of unknown structure and
purity. This had hindered progress in the understanding of
the moderation process. Mills et al (1978) investigated
positron emission from clean single crystal surfaces of Al,
Cr and Si, with known crystal orientations, bombarded with
positrons of known energies. A *Co source and Pt moderator
was used to produce a flux of slow positrons of variable mean
energy, which were used to bombard targets with energies from
(0.1-3.0)keV. The annihilation of positrons at the target was
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measured by detection of the annihilation +y-rays and the
energy spectrum of the slow positrons was determined by
recording the annihilation rate as a function of a negative
potential applied to the target. The energy distributions
were measured for different target temperatures up to 500°C.
Mills et al (1978) proposed the following mechanism for the
thermalisation, diffusion and emission of positrons from
metals.

After implantation in a moderator material, 8* particles
with energies less than a few MeV may initially lose kinetic
energy to electrons in the bulk of the solid by inelastic
processes such as core excitation, plasmon emission and
electron-hole pair creation. Nieminen and O0liva (1980)
estimated that such positrons would have reached energies of
a few eV after around 108s. After this, near-thermal
equilibrium with the lattice is achieved, predominantly by
phonon scattering in around 10'’)s (Perkins and Carbotte 1970).
A typical non-thermal positron will diffuse about 30A in this
time. Therefore, positrons impacting the surface with
energies in the keV range, will thermalise before reaching
the surface, since the mean implantation depth will be of the
order of 100A (Mills et al 1978). At the surface the
surviving positrons may form Ps, become trapped in a surface
state, be reflected or, if the surface has a negative ¢,, be
ejected into the vacuun.

Murray and Mills (1980) measured the moderation
efficiency of Cu and Al as a function of ¢, by varying the
crystal orientation and the amount of S on the surface. The
result for Cu is shown in figure 1.10, showing an increase in
efficiency as ¢, is made more negative.

Dale et al (1980) then measured the slow positron yield
from a variety of samples with different structural
characteristics. The highest moderation efficiency was around
7X10* from poly-crystalline W vanes that had been chemically
etched and heated to 2200°C. Dale et al (1980) showed that
the heat treatment was a more important factor than surface

cleanliness in determining moderator efficiency, since
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Figure 1.10. The slow positron yield from a Cu surface as a function of
¢, (Murray and Mills 1980).

annealing increases the degree of atomic order in the
moderator. This causes there to be fewer defects which may
act as positron traps (as mentioned in § 1.3).

Using a clean, single crystal W sample, Vehanen et al
(1983) obtained a moderation efficiency of around 3x103,
which is around 75% the maximum possible efficiency, as
calculated by Vehanen and Makinen (1985).

Some of the different source-moderator geometries that
have been employed are shown in figure 1.11. Figure 1.11la)
shows the back-scattering configuration in which 8* particles
are implanted onto a flat, usually single crystal, material
and slow positrons are extracted from the same surface. If

this is clean, positrons are emitted almost normally with
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Figure 1.11. Typical source/moderator arrangements showing a)

backscattering b) vane c) grid and d) transmission configurations.

only a small transverse component due to thermal energies. A
disadvantage of this arrangement is that the source obscures
part of the moderator and so this geometry is only suitable
for small sources with high specific activities e.g. 3co
deposited on a needle or ribbon. Figures 1.11b) and c) show
vane and grid arrangements. Here the positrons emerge from
the same surface as that entered by the % particles but are
extracted from the side opposite the source. With this
geometry the size of the source holder is unimportant and
commercially obtained *Na sources may be employed. The vane
arrangement may be arranged to intercept the majority of the
incident flux emitted in its direction, however the grid
system has the advantage of ease of fabrication, although the
partial transparency may result in the transmission of some
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of the (B* flux. Figure 1.11d) shows the transmission mode
geometry in which positrons diffuse through moderators of
thickness of a few thousand A. This configuration results in
narrow energy and angular distributions and simplifies
electron optics since the input and output may be
electrically screened.

All the moderation techniques described above use
negative work function materials. However, new high
efficiency moderators have been developed based on materials
possessing positive values of ¢,, these are the solid rare
gas (RGS) and field assisted (FA) RGS moderators.

Mills and Gullikson (1986) condensed Ne, Ar, Kr and Xe
onto a cup type moderator and measured the yield of slow
positrons. Ne was found to be the most efficient moderator at
around 7x103. In this case, the energy distribution of the
re-emitted positrons was around 0.58eV FWHM. The high
efficiency is attributed to the wide band gap, in terms of
the "hot positron" model. Here an implanted positron may lose
kinetic energy by inelastic processes, until reaching the
band gap. Then the only means of energy loss is via phonon
excitation. Since the maximum energy for phonon excitation is
small (e.g. 83x102%V for Ar, Schwentner et al 1975) the
diffusion length before thermalisation is increased. Hence,
a significant number may reach the surface with energies in
excess of ¢, and be re-emitted into the wvacuum.

Merrison et al (1992) increased the efficiency of solid
Ar and Kr moderators by a factor of around 3, by covering the
RGS with a thin layer of 0, and charging the surface by low
energy electron bombardment. The enhanced yield was ascribed
to the effect of the electric field on bulk diffusion and
surface properties.

Extraction and transport of slow positrons from the
moderator is usually achieved by a system of electric and
magnetic fields. Under the influence of conservative forces,
Liouville’s theorem states that the volume of an ensemble of
particles in phase space is constant. This can be expressed

as
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B(E) = ——<
d? Esin?6

= constant (1.9)
where B(E) is the brightness per unit enerqgy and E, I, d and
0 are the energy, intensity, diameter and angular divergence
of the beam respectively. Hence, for a constant beam energy
and intensity, d may only be reduced by increasing 6§ and
vice-versa. Mills (1980) pointed out that the constraints of
equation 1.9 do not apply to the moderation process since it
is non-conservative and that by focusing a beam onto smaller
areas in successive stages of re-moderation, B(E) may be
increased several orders of magnitude, with relatively small
loss in intensity.

The first brightness enhanced beam was constructed by
Frieze et al (1985) who succeeded 1in increasing the
brightness of a positron beam by around 30 times, with a loss
in intensity of around 80%. A more recent apparatus
implemented by Brandes et al (1988) has increased B(E) by a
factor of 500 and was used to produce a scanning positron
micro-beam. This beam was focused to dimensions of around (10
X 50)um and was scanned across a test grid while monitoring
the intensity of annihilation radiation. This intensity,
measured as a function of beam position, was used to generate
a 1-D image of the grid.

1.5 Positron-Atom(Molecule) Cross-Sections

With the advent of tunable beams of low energy positrons it
soon became possible to investigate positron-atom(molecule)
interactions under single collision regimes and at specified
energies. Today these studies include partial cross-sections
for a number of scattering channels, some differential
investigations of elastic scattering and ionisation

processes.
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1.5.1 Total Cross-Sections

The first positron-atom(molecule) cross-sections to be
measured were total cross-sections (Q,). Experiments to
measure Q, usually involve measuring the attenuation of a beam
of particles of well defined energies, passing through a
region containing the target gas. Under ideal conditions, Q,

can be obtained from the Beer-Lambert expression

1 I0
- 1 1.10
O ol o I ( )

where I and I; are the transmitted (unscattered) and incident
beam fluxes respectively and n is the number density of the
gas along an interaction region of length 1.

The most significant systematic errors are usually those
involved in determining n, 1 and I, since n depends on the
target gas temperature and pressure and may vary along the
interaction region, 1 may be difficult to determine due to
spiralling and end effects and I may be difficult to
determine because of positrons elastically scattered through
small angles. In most Q, measurements with positrons, the
attenuation (I/I;) is either measured directly or inferred
from time of flight (TOF) measurements.

The first positron Q, measurement was made for He by
Costello et al (1972a) using a TOF technique. With improved
beam fluxes, values of Q, have now been measured with higher
precision, for a wide range of atomic and molecular gases.
The first to be studied were the noble gases, since these
exist in atomic form at room temperature. These targets have
been extensively studied over a wide range of impact energies
and the level of agreement between the various experiments is
in general, reasonably good.

Figure 1.12 shows most of the experimental values of Q
for positron-He scattering in the range (0-30)eV along with
a selection of theoretical data. In the experiment of Stein
et al (1978) the attenuations were obtained by measuring beam
currents, whilst in those of Mizogawa et al (1985), Coleman

41



[#$?2%2- | I#$?92 Cc [#$?202

/ 3 #3$0+2 -
) &
&) ! 9 E-
3 [#$7202
5- c 3 #$202
- - / M #$212
) - 1
/: #?2 20 E- : &
) 5-
) 4 &) 5-
/4 HSOH#-#$9%- )
A #$99 4 M #$9%2 < B
&
(
J+
)*
t
3 3 9 3 33 3
6 & < 5
7 # #9 5- &8 I 3 I#$?202- "J
. I#$30@2- KJ ! /#$?792- J 3 [#$0+2-
TJ ! [#$?2%2- ./ I#$?212- J C
I#HSO0H#2- J : /#$7?202



mechanical effect and occurs when the s-wave phase shift
becomes approximately equal to an integral multiple of w,
causing the cross-section to become small. For positron
scattering the effect arises in a slightly different way.
Here, the cancellation between the static and polarisation
interactions may become almost complete at certain energies,
causing the phase shift to become close to zero. This then
causes a minimum in the cross-section.

The Ramsauer-Townsend minimum is also evident in all of
the theoretical results shown in figure 1.12, although there
are small discrepancies as to its magnitude and position.
Values of Q, were derived by Wadhera et al (1981) by summing
contribution from s-, p-, and d-wave phase shifts calculated
by Humberston (1979), Humberston and Campeanu (1980) and
Drachman (1966) respectively. Higher order partial wave
contributions obtained by 0O’Malley et al (1961) in a Born
approximation calculation were also included. These results
agree well with experiment above the minima, but are slightly
greater at lower energies. Also shown are the results of the
polarised-orbital calculation by McEachran et al (1978) and
the random-phase approximation calculation of Amusia et al
(1976). The results of McEachran et al (1978) are
significantly in excess of the experimental values at low
energies, but fall below the measured values at higher
energies, by around 11% at E,. The results of Amusia et al
(1976) agree well with the experimental values at all
energies studied. This may however be fortuitous since the
variational calculations of Humberston (1979) and Humberston
and Campeanu (1980) are believed to be more accurate.

At low energies the values of Q, for electron scattering
from the inert gases dgreatly exceeds that for positron
scattering, in the case of He, by up to two orders of
magnitude around the Ramsauer-Townsend minimum at 2eV. This
is illustrated in figure 1.13, which shows the smoothed
values of Q for positron scattering (Stein et al 1978,
Kauppila et al 1981) and electron scattering (Kauppila et al

1981) . The positron and electron cross-sections are found to
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Figure 1.13. Q in He for positrons (Stein et al 1978, Kauppila et al
1981) and electrons (Kauppila et al 1981).

merge, at around 200eV, an energy considerably lower than
expected from theory (e.g. Dewangan and Walters 1977, who
predict the cross-sections will merge at around 2keV). The
merging of the cross-sections may be qualitatively understood
as follows.

The static interaction between the projectile and the
Coulomb field of the target is attractive for the electron
and repulsive for the positron. However, the polarisation
interaction, caused by the distortion of the charge
distribution of the target by the projectile, is always
attractive. Thus, at low energies, there is an addition of
the two interactions in the case of electron scattering, and
a cancellation for positron scattering, resulting in larger
values of Q, for electrons scattering. As the energy of the

projectile is increased, the target polarisation interaction

44



diminishes, and eventually becomes negligible in comparison
with the static interaction, which has the same magnitude for
both projectiles. This causes the two cross-sections to merge
at high energies.

Recently the investigation of Q, has been extended to
unstable targets, namely the alkali atoms and atomic H. Stein
et al (1985) reported the first measurements of Q, for
positron scattering from K over the energy range from 5eV to
49eV. This experiment was performed by measuring the
attenuation of a projectile beam, passing through an oven
containing the target gas. Both the electron and positron
cross-sections were found to be similar, to within around
25%, over the entire energy range, unlike all the room
temperature gases previously studied. It was suggested by
Stein et al (1985) that the similarity was due to the high
polarizability of K causing the polarisation interaction to
overwhelmingly dominate the static interaction, thus causing
the strength of the interactions to be approximately equal
for the two projectiles. This work was extended to K and Na
over a wider range of energies (3-102)eV by Kwan et al
(1991). The similarity between the electron and positron
results was also noted for Na and the cross-sections for the
two projectiles were found to merge at the unusually low
energy of around 40eV, below which the electron cross-section
was smaller than the corresponding positron cross-section, in
qualitative agreement with theory (Ward et al 1989, Walters
1976, Phelps and Lin 1981).

Following a closer examination of the low energy part of
the cross-sections, Parikh et al (1993) have found evidence
of unexpected behaviour in Q, for K and Rb. For both targets,
Q, for positron scattering, was found to contain broad maxima
around 6eV. Below this energy Q, was found to decrease, with
decreasing impact energy down to 1leV the 1lowest energy
studied. This contrasted with the results of 5-state close-
coupling calculations by Ward et al (1989) and McEachran et
al (1991), which continue to rise at low energies. Parikh et
al (1993) point out that this structure may be artificial and
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due to incomplete discrimination against forward scattering,
but showed that these effects could not fully account for the
discrepancy between theory and experiment.

Zhou et al (1993) have recently reported preliminary
measurements of Q, for electron and positron scattering from
H. This experiment was performed by measuring the attenuation
of a projectile beam passing through a chamber filled with a
mixture of H and H, obtained from an r.f. discharge tube.
Absolute values of Q were obtained by normalising the
electron results to the results of de Heer et al (1977) and
applying the same normalisation constant to the positron
data. They obtained reasonable agreement with the
calculations of Winick and Reinhardt (1978) and Walters
(1988). As a consistency check, Stein et al (1993) estimated
Q, by summing the elastic (Walters 1988), Ps formation
(Sperber et al 1992) and single ionisation (Spicher et al
1990) cross-sections. The result of the summation is
significantly in excess of the values of @, measured by Zhou
et al (1993), implying some inconsistencies between the

values for the various cross-sections.

1.5.2 Excitation Cross-Sections

The first inelastic positron scattering cross-section to be
investigated experimentally was that of excitation (Q.).
Coleman and Hutton (1980) and Coleman et al (1982) first
measured Q, for He for energies up to 10eV above threshold
using a TOF method. Positrons were guided by a uniform
magnetic field and timed over a flight path which included a
short scattering cell. The TOF spectra for impact energies up
to 10eV above the first excitation threshold (E,) at 20.6eV
contained a peak corresponding to positron scattering at
small angles with an energy loss of 20.6eV, attributed to the
1!'s-2!s transition. From this the values for Q, for the 1!s-2!s
transition shown in figure 1.14 were obtained.
Sueoka (1982,1989) used a similar technique, with an
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Figure 1.14. Q, for positron-He scattering: Sueoka (1989), 0; Coleman et
al (1982), +; Parcell et al (1983,1987) (1S-2S and 1S-2P), dashed line.

additional retarding element to discriminate against
ionisation events and obtained values for Q, in He, up to
120eV. These measurements which are thought to comprise the
1's-12s and 1!s-2'P transitions, are shown along with those of
Coleman et al (1982) in figure 1.14. Comparison with the
results of a distorted-wave approximation calculation by
Parcell et al (1983,1987) shows the experimental results
being higher at low energies although the data of Sueoka et
al (1989) are in good agreement with theory above 60eV.
Values of Q, been calculated more recently by Hewitt et al
(1992) and Ficocelli-Varracchio and Parcell (1992). These are
compared with experiment and discussed in the context of the

present work in § 5.2.

47



1.5.3 Elastic Scattering Cross-Sections.

Below the Ps formation threshold, the angle integrated
elastic scattering cross-section (Q,) is equal to Q,. However,
interest has recently turned to the behaviour of Q, at
energies just above E,. This has followed from the suggestion
that there may be threshold effects in the form of Wigner-
like cusps around E, by Campeanu et al (1987) and Fromme et
al (1988). More recently however, the experimental data of
Coleman et al (1992) and Moxom et al (1993) indicate that the
magnitude of the effect may be very much smaller than
expected. This work is discussed fully in chapter 5.

The first attempt to obtain angular information about
positron-atom scattering was made by Jaduszliwer and Paul
(1973,1974) . Here the number of scattered positrons reaching
a detector was measured as the strength of an axial magnetic
field was varied. From this, values of the differential
elastic scattering cross-sections (do,/dn) for He, Ne and Ar
were derived. However, these early measurements have
subsequently been superseded.

A TOF technique was employed by Coleman and McNutt
(1979) to obtain do,/dfl. They studied Ar at impact energies
up to 8.7eV and obtained values for do,/dfl at angles between
20° and 60°. Positrons were passed through a 10mm long
scattering cell, guided by a strong (140G) magnetic field and
timed over a flight path of around 25cm. The forward
scattered positrons arrived at the detector with delayed
flight times, due to the increased distances travelled and
the angular distribution was derived from these flight times.
There is good accord between these and the normalised results
of a polarised-orbital calculation by McEachran et al (1979)
and a semi-empirical polarisation potential calculation by
Schrader (1979), as shown in figure 1.15.

A crossed beam technique, similar to that commonly used
in electron scattering experiments, was employed by Hyder et
al (1986) to measure do,/d? for electron and positron

scattering in Ar, in the range 30°-135° and for impact
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were normalised to existing experimental data (Srivastava et
al 1981 and Dubois and Rudd 1975). Data for both projectiles
were found to be in good accord with that used for
normalisation, at all but the 1lowest energies. This
discrepancy is attributed to geometric factors by Hyder et al
(1986) . Also shown in figure 1.17 are the results of Joachain
and Potvliege (1987) which are significantly lower than those
of McEachran and Stauffer (1986) and Nahar and Wadhera (1987)
above 30°. If the experimental data were normalised to these
results at 90°, they would still lie slightly above theory at
small angles.

Smith et al (1989) extended the work of Hyder et al
(1986) to lower energies as shown in figure 1.18. This figure

a) et-Ar 30eV b) e*-Ar 8.7eV
)
c
3
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Figure 1.18. do,/dQ for positron-Ar scattering. a) 30eV. Experiment:
Floeder et al (1988),[} Smith et al (1989),@®. Theory: Bartschat et al
(1988), dashed line; McEachran and Stauffer (1986), solid line. b) 8.7eV.
Experiment: Floeder et al (1988),[} smith et al (1989),0®; Coleman and
McNutt (1979),+. Theory: McEachran and Stauffer (1986), solid line;
Montgomery and LaBahn (1970), dashed line.
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also shows the results of a similar crossed beam experiment,
performed by Floeder et al (1988), for positron scattering
off Ar, in the angular range 26°-65° and at energies of 8.5eV
and 30eV. At 30eV, the theoretical results of McEachran and
Stauffer (1986) contain a minimum around 20°. There is no
evidence of this in the experimental data of Floeder et al
(1988), or Smith et al (1989) and in addition, the data of
Smith et al (1989) display a significantly different shape at
larger angles. The minimum at 20° is not present in the
optical-potential calculation of Bartschat et al (1988),
which is in good accord with experiment below 60°. At 8.7eV
(figure 1.18b) the experimental results of Floeder et al
(1988) and Coleman and McNutt (1979) exhibit a deep minimum
at around 40°, in good agreement with McEachran and Stauffer
(1986) . The results of Smith et al (1989) are in qualitative
agreement, however the minimum is significantly shallower.
Dou et al (1992) measured do,/dN as a function of impact
energy at a fixed angle. This was accomplished using the
technique and apparatus of Hyder et al (1986). Shown in
figure 1.19 are their results for positron scattering in Ar
at 90° for energies in the rangé (12-300)eV. The structure
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Figure 1.19. do,/dQ for Ar at 90°, plotted as a function of impact energy
(Dou et al 1992).
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takes the form of a drop in do,/dQ of around a factor of 2
between 55eV and 60eV. Other measurements taken at 60° and
120° show similar structure at around the same energy. Its
origin is not yet fully understood, but it was suggested by
Dou (1991) that it may be related to the coupled-channel
shape-resonance found by Higgins and Burke (1991) in the Ps
formation cross-section in positron-H collisions. These
structures appear around energies where the ionisation cross-
section reaches its maximum value and may be caused by

complex channel coupling effects.

1.5.4 Ionisation

The processes of single ionisation and Ps formation have been
the subject of extensive investigation and are reviewed in
the context of the present work in chapter 4. Charlton et al
(1988,1989) have studied the phenomenon of double ionisation
and defined the quantity R® as the ratio of the double to
single ionisation cross-sections. This was measured in He, Ne
and Ar up to 5keV using the apparatus of Knudsen et al
(1990), shown in figure 4.6. Values of R® for positron impact
on He are shown in figure 1.20, where they are compared with
R® for electrons, protons and anti-protons (Charlton et al
1988,1989, Andersen et al 1987). The positron curve merges
with that for protons at energies in excess of 2MeV/amu,
where both are significantly smaller than those for the
negatively charged projectiles. This is predominantly due to
differences in Q2*, since at these velocities the single
ionisation cross-sections merge, in accord with the first
Born approximation. This shows that the effect is due to Q2*
being smaller for the positively charged particles and that
the differences in Q?* at high energies are caused by the
projectile charge and not its mass. Charlton et al
(1988,1989) ascribe the difference between the positron and
proton results at lower energies, to the lower kinetic

energies of the lighter particles.
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Figure 1.20. R® for positrons, electrons, protons and anti-protons.
(Charlton et al 1988, 1989, Andersen et al 1987).

1.6 The Aims and Motivation for the Present Work

The motivation of the present work has been to further the
study of positron interactions with gases. In particular,
those processes which result in ionisation namely, Ps
formation, direct ionisation and a special case of ionisation
known as electron capture to the continuum (ECC).

It has been suggested that positron impact ionisation of
gases may lead to structures at characteristic energies in
the doubly and triple differential cross-sections, caused by
ECC. This process is due to correlation between scattered
positively charged projectiles and ejected electrons and is
well Kknown from collisions involving protons and heavy
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positively charged ions (e.g. Crooks and Rudd 1970, Rodbro
and Andersen 1979, Knudsen et al 1986). It has been proposed
that this effect may also be manifest in the energy spectra
of electrons ejected following positron impact ionisation.
However discrepancies exist among the available theoretical
results. Brauner and Briggs (1986), Mandal et al (1986) and
Sil et al (1991) predict a pronounced cusp in such spectra,
while Schultz and Reinhold (1990) expect a small ridge. The
aim of the work described in chapter 3 has been to asses the
significance of this process in positron-Ar collisions and to
provide guidance for theory.

Another important positron impact ionisation processes
is Ps formation. In the work described in chapter 4, the
combined cross-section for this and direct ionisation (i.e.
the total ionisation cross-section, Q) has been measured, in
detail for a number of gases. This work was performed in
order to study the energy dependence of Q*, which is entirely
due to Ps formation close to its threshold (E;), and to
derive new values for Q, in the vicinity of E,, since here, as
already mentioned, Wigner cusps may exist in Q, (e.g.
Campeanu et al 1987, Fromme et al 1988).

The aim of this work is therefore to add to the body of
knowledge concerning the interactions of charged particles
with atoms and molecules, thereby aiding the understanding of

some of the most fundamental aspects of atomic physics.
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CHAPTER 2

THE EXPERIMENTAL APPARATUS

2.1 The General Layout of the Apparatus

The positron beam used throughout this work was obtained by the
moderation of (% particles emitted from commercially obtained
radioisotopes. These fast positrons were moderated in energy
using annealed W meshes and were formed into a beam using
simple electrostatic optics. The positron beam was guided along
an evacuated beam-line by a longitudinal magnetic field and
traversed an interaction region consisting of a differentially
pumped gas scattering cell, incorporating a novel ion
extraction system. The beam-line was terminated by a charged
particle detector.

For the measurement of ejected electron energy spectra
described in chapter 3, a device (tagger) was used, which
enabled positrons to be timed as they traversed the interaction
region. The beam tagger and its principles of operation are
described in § 3.3. For the measurement of total ionisation
cross-sections, a Wien filter was placed between the source and
interaction region to reduce the background contributions from
fast particles in the beam. This, and other modifications that
were carried out to improve the beam characteristics, are
discussed in chapter 4.

The parts of the apparatus that were common to both types
of experiment are discussed in this chapter and include the
source and moderator assembly, the beam transport and vacuum

systems, and the scattering cell and ion extractor.
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2.2 The §* Source and Moderator

The radio-isotopes that were used as positron sources in this
work were ?Na and®Co. The decay schemes and branching ratios
for B* and electron capture (E.C.) for these isotopes are shown

in figure 2.1.

ZNa —9.
“Co T, = 70.5 days Ty = 2.60 yr8
E.C. 10%

E.C. 85% B 90%

ZNei
“Ne

Figure 2.1. The decay schemes and branching ratios of ®Na and *co.

The two *Na sources were supplied by Amersham International and
came in the form of a 4mm spot deposited on a 4mm thick Pt disc
with a diameter of 18mm. The sources were sealed with a 10um Ti
window. This was estimated to allow around 41% of the fB*
particles emitted by the source to escape in the forward
direction (Massoumi et al 1988). »Na has a half life of
approximately 2.6 years and the activities of these sources
were around 4mCi and 70mCi at the time of the experiments
described below. The *Co source was electroplated onto a small
area in the centre of a copper foil and was supplied in this
form by Dupont Ltd. The half life of **Co is around 71 days and
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the activity of this source was around 10mCi at the time of
use.

The wvacuum chamber housing the source and moderator
assembly is shown in figure 2.2. This chamber consisted of two
concentric stainless steel cylinders, with axis perpendicular
to that of the beam-line. The source and moderator were located
in the centre of these cylinders. The source was mounted on the
end of a retractable manipulator shaft, which enabled the
source to be withdrawn from the moderator and the central
cylinder to be rotated, to allow the safe removal of the
central lead plug, on which the moderator was mounted. The high
level of radiation in the source region was shielded by
partially filling the central cylinder with 1lead and
surrounding the outer cylinder with lead bricks. The ?Na
sources were attached to the source holder, as shown in figure
2.3a). The *®Co source was retained underneath a brass cap, with
a 6mm hole in its centre, as shown in figure 2.3b). In both
cases the source holder was attached to the end of the
manipulator shaft by an M8 thread.

The moderator, shown in figure 2.3a), typically consisted
of four or five superimposed, 90% transmission annealed W
meshes, with an diameter of around 14mm. The annealing process,
described in detail by Zafar et al (1988,1989), was carried out
in a W oven formed by two strips of W foil, between which the
moderator meshes were placed. The oven was heated by passing a
current through the foils. The annealing cycle consisted of
repeatedly raising the moderator temperature to around 2000°C
for a few seconds, in a pressure of less than 10! torr. The
heating process was initially accompanied by an increase in the
pressure in the vacuum chamber, caused by emission of surface
contaminants from the moderator and oven. The annealing cycle
was repeated for up to several hours, and was continued until
the oven could be raised to this temperature without causing

the pressure in the vacuum chamber to rise appreciably.
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The moderator meshes and grids were held in the grid holder
shown in figure 2.3a). The grid holder consisted of a 9mm long
brass sleeve with an internal diameter of 17mm, into which were
inserted the annular PTFE insulators used to support the grids.
The grids and moderator were held in position by brass rings,
press fitted into the recesses of the PTFE insulators.
Electrical connections were made to the grids via the brass
rings. An unannealed 90% transmission W grid, placed around 2mm
in front of the moderator, was grounded. By applying a positive
potential (V,) to the moderator, positrons which were re-emitted
from its surface were accelerated in the forward direction.

These slow positrons had kinetic energies (E) given by

E=eV +AE (2.1)

where AE is the kinetic energy with which a positron left the
moderator. As mentioned in chapter 1, most of these positrons

will thermalise before being re-emitted, and since a positron
may scatter from contaminants on the moderator surface, AE can
have any value up to around |¢,|, where ¢, is the negative
positron work function of the moderator surface. The value of
¢, therefore determines the maximum intrinsic energy spread of
the positron beam. This was measured for the W mesh moderators
used in this work, in the manner described in § 4.3, to be
around (2.8t0.25)eV, in agreement with the value of ¢, for clean
W surfaces, annealed in-situ under UHV conditions (Jacobsen et
al 1990).

A second 90% transmission W grid placed immediately behind
the moderator was held at a slightly more positive potential,
sufficient to cause positrons emitted from the rear of the
moderator to be reflected back towards the meshes. Some of
these positrons passed through the moderator, resulting in an

approximate two-fold increase in the beam intensity.
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2.3 The Beam Transport and Vacuum System

The beam transport and vacuum system are shown schematically in
figure 2.4. A vacuum of the order of 10° torr was maintained in
all parts of the apparatus, except the scattering cell, by four
0il vapour diffusion pumps, backed by three mechanical rotary
pumps. The source and moderator chamber was evacuated by an
Edwards EO02 diffusion pump backed by an Edwards ED50 rotary
pump. The regions either side of the scattering cell, and the
chamber housing the ion detector, were evacuated by two
Edwards EO04 diffusion pumps. The diffusion pump prior to the
scattering cell was backed by an Edwards ED250 rotary pump. The
diffusion pumps for the ion detector chamber and the region
after the scattering cell were backed by a single Edwards two
stage rotary pump.

The beam was guided through the apparatus by a
longitudinal magnetic field of up to around 100G. From the
tagging chamber to the end of the beam-line, this was produced
by a series of current carrying coils with internal diameters
of around 20cm, distributed along the beam-line as shown. Two
coils of around 30cm in diameter were placed around the source
and moderator chamber, and the beam was guided from here to the
tagging chamber by a magnetic field set up inside a 1m long
solenoid with a 15° bend. The bend in the solenoid reduced the
number of fast particles, such as energetic electrons and
positrons, in the beam and prevented a line-of-sight path from
the source to the interaction region. Additional shielding from
vy-rays emitted by the source was achieved by a lead collimator
at the source end of the solenocid, and lead bricks placed
around the bend. An additional coil was placed around each end
of the solenoid to reduce end effects. By varying the magnetic
field strength in various parts of the apparatus, the beam
transport characteristics could be optimised, for example, to
maximise  the incident  beam intensity or the
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Figure 2.4 A schematic diagram of the positron beam transport and vacuum
system (not drawn to scale). The solid black areas represent coil windings.
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confinement of scattered particles, or to parallelise the beam.

If a charged particle passes from one region in which the
magnitude of the guiding magnetic field is B,, to another region
in which the magnetic field strength is B,, then provided that
the magnetic field strength varies slowly, the pitch angles of
the particle, relative to the magnetic field, in the two
regions will be related by

B, sinfa,

= T (2.2)
B, sin?a,

where a, and o, are the pitch angles in the regions where the
magnetic field strengths are B, and B, respectively. Thus if B,
> B, it follows that @, > a,. Hence, if a positron beam passes
to a region of reduced magnetic field strength, its
distribution of pitch angles may be reduced. This technique may
be used to "parallelise" a positron beam as it traverses the
interaction region, if the magnetic field strength at the
interaction region is lower than that at the moderator.
However, the divergence of the magnetic field caused by the
field strength gradient and the increased Larmor radii, may
cause the beam diameter to increase. The low magnetic field
strength in the interaction region may also fail to confine
scattered particles. The magnetic field configurations were
chosen with these criteria in mind. In the experiment described
in chapter 3, the magnetic field strength around the scattering
cell was around 10G. This low magnetic field strength was
chosen in order to limit the confinement of scattered particles
to those with small pitch angles. The angular acceptance of the
beam transport in this case is discussed in § 3.2.1. In the
work described in chapter 4 the magnetic field strength in the
interaction region was increased to around 50G, in order to
transport the beam through the scattering cell without
colliding with the apertures.
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2.4 The Scattering Cell and Ion Extractor

The differentially pumped scattering cell and the ion extractor
are depicted in figure 2.5a). Ions were extracted from the
interaction region by a radial electric field. This enabled
ions to be extracted from anywhere within the scattering cell
and transported to an ion detector in a separate vacuum
chamber.

The scattering cell was hemispherical, with a diameter of
around 90mm. The hemispherical wall of the cell was machined
from a block of aluminium and was coated with graphite
to prevent surface oxidation from becoming electrically
charged. The graphite coating also reduced the secondary
electron emission coefficient of the cell surface from 2-9 for
Al0,, to around 1. This helped to reduce the probability of
secondary electrons being ejected into the interaction region
by stray charged particles. 8mm diameter entrance and exit
apertures in the sides of the cell allowed the beam to pass
through the scattering cell parallel to the base of the
hemisphere, such that the distance between the beam axis and
the planar surface of the scattering cell was 19.5mm. The base
of the cell comprised six concentric circular electrodes etched
onto a printed circuit board (PCB). By applying suitable
potentials to these electrodes a radial electric field was set
up inside the scattering cell. These potentials were derived
from the resistor chain shown in figure 2.5b). Capacitors were
incorporated into the circuit to neutralise the effects of
stray capacitance between the electrodes, allowing the ion
extractor to be pulsed on and off without the pulses suffering
distortion. The radial electric field caused ions to be focused
onto the centre of the electrode array where a 4mm diameter
hole enabled extraction. After passing through the hole ions
were focused onto the cone of a Ceratron detector (C2). This

device is a single~channel continuous-dynode, ceramic electron
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multiplier (type EMW-6081 supplied by Murata Ltd) and was
housed in a separate vacuum chamber under the low vacuum
conditions (<10° torr) necessary for its efficient operation.
The ion focusing was achieved using a two element electrostatic
lens. The first element was electrically connected to the
central electrode of the ion extractor, while the second
element was held at -3.1kV. The action of this lens caused ions
emerging from the extraction hole with widely divergent
trajectories to be focused onto the active area of C2.

The front cone of C2 was held at =-3kV causing ions to
strike its cone with sufficient kinetic energies to be
efficiently detected. For a similar type of detector,
manufactured by Phillips, the detection efficiency specified by
the manufacturers is around 50% for "protons or positive ions"
at this impact energy. No detection efficiency data is
available from Murata, however, it is expected to be similar.
The back of C2 was grounded and the collector was held at 200V.
The potential for the collector was supplied via a 10MQ series
resistor and signal pulses were extracted by means of a 1nF
decoupling capacitor. A 95% transmission Cu grid, in front of
C2, was held at -3.1kV. This grid caused secondary electrons to
be reflected back towards the cone of C2, thereby increasing
its detection efficiency.

The sample gases were leaked into the middle of the
scattering cell through an Edwards LV5 needle valve and the
pressure was measured, in the middle of the cell, using an MKS
220-1 Baratron capacitance manometer, with an accuracy of *5%,

as quoted by the manufacturers.

2.5 The Performance of the Ion Extractor

The performance of the ion-extractor was simulated using the
software package SIMION 4.0. This allowed the trajectories and
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flight times of ions passing through the ion extractor to be
predicted. The ion flight times and the ion extraction and
detection efficiencies, were measured and compared with the
results of the simulation, in order to verify that the device
was operating as expected. The ion lifetimes in the scattering
cell were also measured. Knowledge of these characteristics
allowed the operating parameters of the apparatus to be
optimised and background contributions to be estimated, as

discussed in chapters 3 and 4.

2.5.1 A Computer Simulation of the Ion Trajectories

The result of a computer simulation of trajectories of ions
through the ion-extractor is shown in figure 2.6. This shows
the trajectories of singly ionised Ar atoms (Ar*), the heaviest
ions to be encountered in this work. The ions begin their
trajectories with no kinetic energy and from starting points
spaced 5mm apart inside the scattering cell, along the central
axis of the beam-line. The simulation predicted that ions
originating from anywhere along this line could be extracted
from the interaction region and transported to C2. Trajectories
were also simulated for the same ions originating along lines
corresponding to the edges of the beam. The simulation
predicted that all such ions would be successfully transported
to C2 and indicated that ions would reach C2 from anywhere
within the overlap of the beam and the target gas, inside the
scattering cell. The focusing properties of the ion-extractor
were simulated in the same way for H, ions (H,"), the lightest
ions to be encountered. The ion trajectories were similar to
those of Ar*.

The magnetic field used to transport the beam, when
incorporated in the simulation, had no significant effect on
the ion trajectories. It did however have the beneficial effect
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2.5.2 The Ion Extraction Efficiency

The ion extraction efficiency (e€;) is defined as the ratio
between the ion production rate in the scattering cell and the
ion count rate at C2. ¢ was estimated by passing a beam of
positrons of a known intensity, through the scattering cell,
whilst measuring the count rate at C2. The cell was filled with
a target gas to a known pressure and the ion production rate
was estimated from a knowledge of its ionisation cross-section.
The mean energy of the beam was chosen such that contributions
from Ps formation would be negligible. The ion count rate was
also measured at different gas pressures to investigate the
effect of pressure on the extraction efficiency.

Pulses from C2 were used to trigger a constant fraction
discriminator and counted on a timed scaler. A positron beam
with a mean kinetic energy of around 620eV was passed through
the scattering cell, which was filled with Ar gas to pressures
of up to 4.4umHg, as measured on the Baratron. The bean
intensity was measured using the Ceratron detector (Cl) at the
end of the beam-line. This was also a Murata EMW 6081 device.
The potential on the cone of Cl1 was around 500V, resulting in
an impact energy of around 1.1keV. At this energy the positron
detection efficiency is around 80% (Sueoka 1982a). The count
rate at C2 was found to saturate at approximately 350s”! when the
potential applied to the central electrode of the ion-extractor
(V) reached around -5V. These measurements were made with a
d.c. extraction field, and not the pulsed field described
below, in order to measure the intrinsic extraction efficiency
of the radial electric field. €; was measured with a gas
pressure of approximately lumHg and V., = -5V. At this pressure,
around 8% of the beam was expected to be scattered (Kauppila et
al 1981) and multiple scattering effects were therefore
expected to be negligible. The electric field in the scattering

cell due to V, was not expected to significantly perturb the
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linearly, up to around 4.4umHg, the highest pressure
investigated. This shows that the ion extraction efficiency is
not greatly affected by the target gas pressure over this
range, indicating that the effects of ion scattering on their

journey to the detector are small.

2.5.3 The Ion Flight Times and their Lifetimes in the
Scattering Cell

An ion lifetime is the time elapsed between its formation in
the scattering cell and its recombination (probably by a
collision with the cell wall) in the absence of an electric
field in this region. This may occur due to thermal motion of
the ions in the scattering cell. The effect is therefore
expected to be dependent on the mass of the ions.

An ion flight time is the time taken for an ion to be
transported from its formation point in the interaction region
to C2 by the ion-extractor. This depends upon the ion charge-
to-mass ratio and the magnitude of the potential applied to the
ion-extractor.

These measurements were made using a beam of electrons
with an arbitrarily chosen mean energy of around 50eV and an
intensity of around 2000s’. The scattering cell was filled with
the target gas to a pressure of around 1lumHg. Signals from C1l
and C2 were converted into fast negative going logic pulses by
two constant fraction discriminators, CFD1 and CFD2, as shown
in figure 2.8. Following the detection of an electron by Cl a
pulse of -180V, with a duration of around 15us, was applied to
the ion-extractor, causing any ions present in the scattering
cell to begin their journey to C2. Ion flight times were
measured with the delay unit shown in figure 2.8 removed from
the circuit. The high voltage pulses for the ion extractor were
obtained from a MOSFET pulse amplifier. This unit was triggered
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by signals from CFD1l, which were inverted and widened to 15us.
The timing pulses from CFD1 and CFD2 were used as the start and
stop signals respectively, for a time to amplitude converter
(TAC) . Output pulses from the TAC were processed and stored on
a multi-channel-analyzer (MCA), thus generating an ion-flight-
time spectrum.

Ion TOF spectra were measured for Ar and H,, the heaviest
and lightest of the targets used in this work. These spectra
are shown in figure 2.9. In the case of Ar the distribution has
its onset at around 3.8us after the extraction field was pulsed
on. The intensity rises to a broad maximum between around 5us
and 7us and then gradually falls to zero by around 13us. For H,"
the distribution has its onset around 0.8us, reaches its
maximum value around l1l.4us and falls to close to zero by around
2.4us. The computer simulation predicted that flight times for
ions would range between 4.0us and 13.0us, for Ar* and between
0.9us and 2.7us for H,*, in good agreement with the measured
values.

Ion lifetimes were determined by delaying the onset of the
extraction pulses relative to the signals from Cl1l, using a
variable delay unit. The ion-yield was measured as a function
of this delay and used to obtain ion lifetime distributions.
The intrinsic propagation delay of the electronics of 220ns and
the times taken for the scattered electrons to reach Cl were
estimated to be negligible in comparison to the ion lifetimes
and flight times. Positive going pulses from the discriminators
were counted on two scalers, enabled by a digital electronic
timer, thus allowing the ion count rate (N;) and the beam
intensity (N,) to be determined. The TAC and MCA played no part
in the measurement of ion lifetimes.

The ion-yields (N;/N.,) fell from a maximum value with no
added delay, to a minimum value, caused by random extraction,
as the delay was increased. The ion yields were differentiated
with respect to the delay, to obtain the ion lifetime
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2.6 Summary

The main components of the apparatus used in this work have
been described, with particular attention to the features which
allow the system to be used to study ionisation phenomena. A
novel scattering cell, incorporating an efficient ion
extraction system, has been described along with the electronic

circuit employed to characterise its performance.

77



CHAPTER 3

EJECTED ELECTRON ENERGY SPECTRA IN LOW
ENERGY POSITRON-ATOM COLLISIONS

3.1 Introduction

Impact ionisation of an atomic target by a positively charged
projectile may take place by a number of different processes.
If an ejected electron 1is captured by the scattered
projectile, then charge transfer will have taken place. If an
electron leaves the target as a free particle, then direct
ionisation will have occurred. In this case the energy and
angular distributions of the ejected electrons may be
strongly influenced by post-collision interactions. 1In
particular, the Coulomb interaction between a scattered
projectile and an ejected electron may cause the two
particles to emerge from a collision with a high degree of
correlation. If the relative velocity of the outgoing
particles is close to zero, the ejected electron may be
considered to have been transferred to a continuum state of
the projectile. This process has been called electron capture
to the continuum (ECC) and may give rise to a cusp-like peak
in the ejected electron energy spectrum, having a maximum
when the velocities of the scattered projectiles (y,) and
ejected electrons (v.) are equal. The ECC peak is a well known
feature of the electronic energy spectra arising from the
ionisation by the impact of protons and positive ions of
gaseous targets (e.g. Crooks and Rudd 1970, Rodbro and
Andersen 1979, Knudsen et al 1986) and from thin foils
(Harrison and Lucas 1970). ECC is most likely to occur when
Vv, is comparable to that of the target electron involved
(Rodbro and Andersen 1979). At such velocities, these

projectiles are unlikely to be significantly deflected by an
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ionising collision, due to their relatively large mass.
Hence, the ECC electrons usually have a narrow angular
distribution around the direction of the incident beam.

It has recently been proposed that ECC may also result
in structures in the ejected electron energy spectra arising
from positron impact ionisation. (Brauner and Briggs 1986,
Mandal et al 1986, Sil et al 1991, Schultz and Reinhold
1990) . Since a positron has the same mass as an electron, ECC
would result in all the available kinetic energy being shared
approximately equally between the two particles and the
process would be characterised by the emission of electrons
with a distribution of kinetic energies peaked at Eg. where

_E.-E;

Egec= > (3.1)

Here E, is the ionisation potential of the target and E, is
the mean kinetic energy of the incident positrons. However,
the ECC electrons may not necessarily be forwardly peaked,
since a positron may well be deflected to wide angles by such
a collision (e.g. Schultz and Olson 1988, Sil et al 1991).

3.1.1 ECC in Ionisation by Protons and Positive Ions

The first evidence of ECC was obtained by Rudd et al (1966),
while studying proton impact ionisation of He and H,. They
measured the doubly differential ionisation cross-sections
(d’c/dEdQ), differential in electron energy (E) and emission
angle, over a range of impact energies from 100keV to 300keV.
For electron emission at small angles, significant
discrepancies were found with the first order Born
approximation calculation of Oldham (1965). This calculation
did not account for correlation in the final state and
predicted that the electron energy distribution would fall
almost monotonically with energy as shown in figure 3.1. For
both targets Rudd et al (1966) found that d’c/dEdQ at 10°, the

smallest angle investigated, was found to contain ridges or
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Macek (1970) calculated d’c/dEdQ for He and H, bombarded by
300keV protons, using Fadeev’s three body scattering
formalism. The structures in d%c/dEdQ, noted by Rudd et al
(1966) for emission at 10° were accurately reproduced and the
results for both targets were found to be in reasonable
agreement with the experimental values. In addition, a
pronounced cusp in the ejected electron energy distribution
was predicted for electrons emitted at 0°, when v, = y,.

This was experimentally verified by Crooks and Rudd
(1970), who measured d?c/dEdQ, for electron emission around
0° for He bombarded by 100-300keV protons. The results for
300keV impact are shown in figure 3.1. Also shown are those
of Macek (1970) for electron emission at 0° and 1.4°. Both the
experimental and theoretical results contain a similar cusp-
like peak at around 163eV, the ejection energy corresponding
to v. = Vv,. The magnitude of the experimental peak lies
between the theoretical curves for 0° and 1.4°. This is
attributed to the *1.4° angular resolution of the apparatus.

Harrison and Lucas (1970) observed similar structures in
the energy spectra of secondary electrons ejected in the
forward direction, by proton and H, ions transmitted through
thin € and Au foils. The ejected electron energy
distributions were found to contain ECC peaks, over a range
of incident energies from 110keV to 320keV.

Experimental studies of this process have now been
extended to other targets (e.g. Ne and Ar, Rodbro and
Andersen 1979) and multiply charged projectiles (Knudsen et
al 1986). Rodbro and Andersen (1979) measured d’c/dEdN for
proton impact at energies in the range (15-1500)keV and found
the yield of ECC electrons to reach a maximum when y, ® 1.4y,
where v, is the orbital velocity of the target electron
involved. For increasing impact energies the ECC yield was
found to fall off in a similar way to that for capture to

bound states.
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3.1.2 ECC in Ionisation by Positrons

Some recent calculations (Brauner and Briggs 1986, Mandal et
al 1986, Sil et al 1991) predict that ECC may also result in
the presence of cusp-like structures in the ejected electron
energy spectra arising from positron impact ionisation. On
the other hand, a classical calculation by Schultz and
Reinhold (1990) indicates that ECC may only result in a
slight enhancement of the electron energy distribution, in
the form of a ridge around Eg. . Schultz and Reinhold (1990)
point out that the wide angular distribution of the scattered
positrons may cause the ECC electrons to be distributed over
a wide range of angles, diminishing the magnitude of any
structures in d%c/dEdQ. The results of Schultz and Reinhold
(1990), Mandal et al (1986) and Sil et al (1991) are shown in
figures 3.2 and those of Brauner and Briggs (1986) in figure
3.3.

4’G/dE d(cmP/eV Sr)

Eleectron Enersy (eV)

Figure 3.2. d%/dEdQ for electron emission from H by 100eV positrons.
Solid line, Sil et al (1991); dashed line, Schultz and Reinhold (1990);
dash-dot line, Mandal et al (1986) x0.1.
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Mandal et al (1986) used the three body Fadeev formalism to
calculate d’c/dEdQ for 100eV positron impact ionisation of H.
The result of their calculation, which was for electron
emission at 0° relative to the incident beam, is shown in
figure 3.2. The electron energy distribution was found to
contain a pronounced cusp, peaked at Eg, as given by equation
3.1.

By employing the same final state wave functions as
Brauner and Briggs (1986) (see below), Sil et al (1991)
calculated d’c/dEdn for 100eV positron impact on H. This
calculation was performed for a range of emission angles from
(0-60)° and predicted that there should be ECC cusps in
d?c/dEdQ, for all emission angles investigated. These results
are also shown in figure 3.2.

In a classical trajectory Monte-Carlo calculation,
Schultz and Reinhold (1990) obtained a different result for
the same system. The resulting variation of d?c/dEdQ with
electron energy 1is shown in figure 3.2, for a range of
emission angles from 2° to 120°. Also shown are the scaled

results of Mandal et al (1986) for comparison. In contrast
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Figure 3.3. Triple differential cross-section for electron emission from

H, at 0° by 1lkeV positrons (Brauner and Briggs 1986).
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with the findings of Mandal et al (1986) and Sil et al
(1991), the results of Schultz and Reinhold (19290) do not
contain the pronounced cusps, due to ECC. Instead, small
ridges are present around Eg., for ejection angles up to 30°.
Schultz and Reinhold (1990) attribute the near absence of a
cusp in their results to the scattering of positrons to wide
angles. Therefore, although ECC may occur, such electrons may
be distributed over a wide range of angles and the magnitude
of the peak in d%c/dEdN may be significantly reduced.

Brauner and Briggs (1986) calculated the triple
differential cross-section at 0°, as a function of the
electron emission energy. They used a first order Born-
approximation with an electron-positron Coulomb wave in the
final state. For collisions of 1keV positrons with H, a cusp
was predicted around Eg,, as shown in figure 3.3. These
authors also predicted the existence of a dip or anti-cusp in
the cross-section when the projectile is an electron.

Experimental evidence for the existence of this anti-
cusp was recently obtained by Guang-yan et al (1992) who
measured the triple differential cross-sections for electron
scattering from He and Ar over a range of incident energies
from 600eV to 1000eV. This complemented the work of Yamazaki
et al (1990) who measured the electron energy spectra, in the
forward direction, for electrons emitted from carbon foils by
anti-proton impact. These authors also found evidence of an
anti-cusp. However, the interpretation of their results is
complicated by effects of target thickness and a high
background of energetic secondary electrons.

3.1.3 Experimental Evidence of ECC in Positron-Atom
Collisions and the Present Work

In an experiment to measure the ionisation cross-section of
He, Coleman (1986) also measured retarding field spectra of
the ejected electrons. This was done by applying a variable
potential to a grid in front of the electron detector,
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causing only those electrons with kinetic energies greater
than a certain value to be detected. The results for 200eV
impact are shown in figure 3.4. This indicates that the vast
majority of electrons are ejected at velocities much smaller
than the scattered projectile.

The first evidence that electrons may be emitted with
energies close to Egwas obtained in a similar way by
Charlton et al (1987). Results are shown in figure 3.5 for
200eV positron impact on Ne, plotted as a function of a
reduced retarding voltage to facilitate comparison with the
theoretical results of Brauner and Briggs (1986) which are
shown integrated and normalised for comparison. When plotted
in this way, Egc corresponds to around 0.5V/eV. The electron
count rate appears to fall to a plateau, with values just
above zero, before falling to around zero by 0.5V/eV,
indicating that there is some electron emission around Eg.c.
However, the large statistical uncertainties of these results
inhibit a firm conclusion.

In order to determine the significance of ECC in
positron-atom collisions, and to provide some guidance for
theory, the present work has been carried out. The kinetic
energies of electrons, ejected in the forward direction from
an Ar target by positron impact have been measured and
compared with theoretical expectations. Ar was chosen as a
target because of its comparatively high ionisation cross-
section (Knudsen et al 1990). Two different approaches were
employed to measure the electron energies: a time-of-flight
(TOF) technique and a retarding electric field method. In
both cases the remnant ion was detected and used to gate the
data acquisition system, so that data was only recorded from
events associated with ionisation of the target. In this way
it was possible to discriminate between electrons ejected
from the target atoms and the large background of secondary
electrons ejected from other parts of the apparatus, such as

grids and apertures, by stray positrons and electrons.
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3.2 Experimental Details

The apparatus is shown schematically in figure 3.6, in the
configuration used to make TOF measurements. Its main
features are described in detail in chapter 2. In order to
measure electron flight-times, a beam tagger prior to the
scattering cell was employed and a flight tube and repeller
grid were incorporated after the scattering cell. The
retarding field profiles were measured, with the tagger
removed from the beam-line, using an analyzer grid in front
of the electron detector (C1l).

A primary positron beam was obtained by the moderation
of fB* particles emitted by radioactive positron sources,
using W meshes. The TOF measurements were made with a 4mCi
2Na source resulting in a primary beam with an intensity of
around 4x103s!. The beam was accelerated to a mean energy of
around 350eV before being guided to a second moderator (M2),
incorporated in the beam tagger. The operation of this device
is described in section 3.3. The retarding field measurements
were made with a beam with an intensity of around 3x10‘s’,
derived from a 70mCi *Na source. The beam was in this case
transported to the interaction region with the tagger
retracted from the beam-line.

The interaction region comprised the gas scattering cell
and ion extractor described in section 2.4. Following
positron impact ionisation of gas atoms, electrons ejected in
the forward direction were transported along a flight-tube of
around 1m in length by a uniform magnetic field set up inside
a solenoid. The electrons were detected at the end of the
beam-line using Cl1l, as shown in figure 3.6.

A repeller grid, between two earth grids approximately
omm apart, was placed just after the exit aperture of the
scattering cell. A potential of around 500V was applied to
this grid in order to prevent positrons from travelling
further along the beam-line and 1liberating secondary
electrons from grids near the electron detector, C1,
resulting in a distortion of the measured electron energy
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Figure 3.6 A schematic diagram of the apparatus used to measure ejected electron energy spectra (not drawn to scale).



spectra. The use of this grid did however cause positrons to
be reflected back through the interaction region. The effects
of multiple traversals are discussed below.

The magnetic field strength from the scattering cell
onwards was reduced to around 10G, in order to reduce the
pitch angles of the incident positrons and to 1limit the
angular acceptance of the electron detection system, so that
only those electrons ejected at small angles, relative to the
beam axis, would be confined by the magnetic field to reach
Cl. By limiting the detection system to accept only those
electrons with small transverse components of kinetic energy,
the measured longitudinal component was approximately equal
to the total kinetic energy. Additionally, according to
certain theories, the ECC electrons were expected to be

ejected at small angles in the forward direction.

3.2.1 The Transmission Probability Function

In order to estimate the angular acceptance of the electron
detection system, the transmission probability function,
T(E,f), of the apparatus was estimated. T(E,f) is defined as
the probability of an ejected electron passing through the
exit aperture of the scattering cell and reaching the active
area of the detector, as a function of emission energy (E)
and angle (f), relative to the incident beam. T(E,f0) was
estimated by solving the equations of motion for electrons
with a given E and # but with a large number of different
starting co-ordinates, equally spaced over the entire range
of possible starting points within the interaction region.
The ratio between the total number of trajectories and the
number of trajectories passing through the exit aperture of
the scattering cell and reaching the detector was then used
as an estimate of the transmission probability.

Throughout this derivation, the magnetic field strength
is assumed to be uniform and not time varying. In vector

notation, the equation of motion of a charged particle with
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velocity v, in a magnetic field B may be written

== =9 (yxB) (3.2)
m

where g and m are the charge and mass of the particle
respectively. If a cartesian co-ordinate system is chosen so
that the z-axis is parallel to B, equation (3.2) may be re-

written

88

=0, (v,R-v,9) (3.3)

where

=98 3.4
0= (3.4)

C

and v, and v, are the components of velocity in the directions
of the x and y axes. Solving equation (3.3), to find the
particles position (x,y,2) as a function of time, it can

easily be shown that

v v
x(t) =-—cos (0 t+n) +X,+—=Cos1 (3.5.a)
c [
v, . v, .
y(t)=—=sin(w_ t+n) +y,-—=sinn (3.5.b)
W, 0,
z(t)=vlt+z0 (3.5.c)

where (X,,Y0,29) are the starting co-ordinates of the
particle, n is the initial angle of its trajectory, relative
to the y axis and v, and v| are the components of velocity
parallel and perpendicular to B when t = 0.

Using equations (3.5.a) to (3.5.c) the radial distance
of an ejected electron from the beam axis may be calculated
as a function of its distance along that axis. Thus, for a

given starting point and initial velocity, it is possible to
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that value of E and §. This was repeated for different values
of E and # to obtain the transmission probability function
illustrated in figure 3.7.

T(E,f) 1is strongly forward peaked around 0°, as
required, and falls to around zero between 10° and 20° for E
between 10eV and 80eV. For a given E, as f§ is increased from
zero, the Larmor radius of the particle will increase until
it is large in comparison with the radius of the exit
aperture, reducing its probability of passing through, thus
causing T(E,f) to be forwardly peaked. At larger emission
angles however, T(E,f) appears to contain a number of minor
peaks. If both the distance from the starting point of a
trajectory to the exit aperture of the cell and the distance
from this point to Cl1 are both integer multiples of the
particles pitch distance, then, even if the Larmor radius 1is
far greater than the radius of the aperture, the particle may
still pass through the aperture and reach C1. This is the
reason for the secondary peaks in T(E,f). However, this
method of estimating T(E,f#) is rather crude and its results
are not expected to be exact. The calculation was performed
under the assumptions of a parallel, uniform magnetic field,
uniform gas density throughout the interaction region and
uniform beam intensity across its diameter. These conditions
are unlikely to be met in an apparatus of this type and for
these reasons, no physical significance is attached to the
secondary peaks in T(E,f). However, the shape of the primary

peak around 0° is expected to be reasonably accurate.

3.3 The Beam Tagger

Positrons were time tagged following the method developed by
van House et al (1984) and Laricchia et al (1988). The beam
tagger comprised a W mesh re-moderator (M2) and an annular
set of (Galileo MCP10 48-208) micro-channel-plates (CEMA).
Secondary electrons ejected from M2, by bombardment from the
primary beam, were detected by CEMA and used to generate

92



timing signals. Re-emitted positrons were formed into a
secondary beam by the application of a positive potential to
M2.

The beam tagger is shown in figure 3.8. The primary
positron beam passed through a 10mm diameter hole in the
centre of CEMA1l before impinging on M2. This moderator
consisted of five, superimposed, 920% transmission W meshes
with an active area of around 15mm and was annealed in the
same manner as the primary moderator, described in section
2.2. Immediately adjacent to M2 was a 95% transmission Cu
earth grid (G1l). This and M2 were held in position between Al
apertures supported by nylon insulators. CEMA was mounted in
a recess, machined in a ceramic holder. The inner surface of
the hole through the ceramic holder was coated with graphite

and held at a negative potential (-V), in order divert

Beam tagger (CE.M.A.1)

<

INCIDENT ijﬂ TIMED
PRIMARY 0 REMODERATED
POSITRONS éf BEAM

<

. /J \61

W mesh remoderator
(M)

Figure 3.8. A schematic diagram of the beam tagger (not drawn to scale)
showing M2 and CEMA.
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electrons from M2 towards CEMA, thereby increasing the
tagging efficiency. The negative potential also served to
remove electrons from the primary beam, before reaching M2.
The front of CEMA was held at 300V, to accelerate secondary
electrons from M2 for detection. This potential also caused
some of the positrons emitted from the rear of M2 to be
reflected back through the meshes increasing the secondary
beam intensity. The rear of CEMA was held at 3.5kV. The
recess in the ceramic holder was coated with electrically
conducting paint to act as a charge collector for CEMA, and
held at 3.8kV. Signals were extracted from the charge
collector via a decoupling capacitor. The tagger assembly was
supported on a manipulator shaft, allowing the unit to be
rotated or moved up and down to find the optimum position, or
to be removed from the axis of the beam-line when not in use.

The performance of the beam tagger was measured using
the delayed coincidence timing circuit, shown in figure 3.9.
This comprised a TAC, MCA and associated pulse shaping
circuitry. To make these measurements, the magnetic field

strength from the scattering cell to Cl was increased to

Constant
Signals from C1 Fraction
Discriminator

AN
7

Time-to- Multi-
Amplitude- Channel-
Converter N Analyzer
TAC) 4 (MCA)
_ Constant
Signals from CEMA | Fraction ‘ g
> Discriminator

Figure 3.9. A schematic diagram of the circuit used to measure the

performance of the beam tagger.
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around 50G, 1in order to optimise the beam transport
efficiency. Signals from Cl1 and from CEMA were converted into
fast negative 1logic pulses by two constant-fraction
discriminators, and used as the start and stop signals
respectively for the TAC. Stop signals were delayed, so as to
arrive at the TAC after the corresponding start pulses, thus
generating an inverted TOF spectrum on the MCA. An inverted
timing sequence was employed to reduce the probability of
pulses from Cl1l arriving during the TAC dead time, due to the
high count rate from CEMA (~10*). The spectra contained a
peak, due to timed positrons, and a small background arising
from randomly correlated signals. By summing the counts in
the peak, the number of timed positrons was determined. This
was found to be up to around 36% of the re-moderated
positrons.

The use of the tagger resulted in a beam with two main
components: a re-moderated secondary beam and that part of
the primary beam that was transmitted through M2. The
relative intensities of these two components were determined
by measuring the count rate at Cl while biasing off the re-
moderated beam, by applying a potential of around 6V above
that applied to M2 to the analyzer grid in front of Cl (see
figure 3.6). By noting the reduction in the count rate at C1
when the secondary beam was biased off, and measuring the
primary beam intensity with the beam tagger removed, it was
estimated that the respective intensities of the transmitted
primary and secondary components were around 45% and 7%of that

of the primary beam.

3.4 The Electronics

TOF spectra were obtained by using signals from Cl1l and CEMA
to generate spectrum on a gated delayed coincidence
spectrometer. Retarding field measurements were obtained by
ramping a potential applied to the analyzer grid in front of
Cl, while measuring the count rate at Cl1. In both cases
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signals from the ion extractor were used to gate the system
so that data was only recorded when a residual ion was
detected.

Figure 3.10 is a block diagram of the electronic circuit
used to measure TOF spectra. During the experiment the count
rate at Cl was around 60s’ and the count rate at CEMA was of
the order of 10%!. Pulses from Cl1 and CEMA were processed by
two constant fraction discriminators, CFD1l and CFD2, and used
as the start and stop signals respectively for the TAC.
Pulses from CFD2 were delayed so that they would arrive at
the TAC after the corresponding start pulse from CFDl1l. This
was accomplished using a suitable delay cable. The TAC was
operated in its strobe mode, in which the output is stored
until a logic pulse is presented to the strobing input. This
allowed the system to be gated by signals from the ion
detector C2. The output of the TAC was fed through a normally
open linear gate to the MCA. Start pulses were delayed by
12us and then presented to one input of an OR gate. This
delay was sufficient to allow an ion to be extracted from the
interaction region and transported to C2. The output of the
OR gate was then shaped and used to strobe the TAC. This
signal was also used as a blocking pulse to inhibit the
linear gate, thus preventing the output of the TAC from
reaching the MCA. Hence, after 12us, if no signal had been
detected from C2, the TAC would automatically be strobed
while the linear gate was closed and its output would be
prevented from reaching the MCA. Signals from C2 were used to
trigger a third constant fraction discriminator, CFD3, the
output of which was presented to the other input of the OR
gate. Thus if an ion was detected, within 12us of the ion
extractor being pulsed on, the TAC would get strobed before
the blocking pulse was presented to the linear gate, and the
TAC output would reach the MCA.

The spectrometer was calibrated by timing a beam of
positrons with a known mean kinetic energy as it travelled
the accurately measured distance from M2 to Cl. The true
flight time was calculated and used to calibrate the

96



Multi-
channel-
analyser
(MCA)

Signals from
electron detector Constant-
(C1) pred fraction- A
—_— discriminator ), Start
amp (CFD1) T
Time to Linear
amplitude gate
. converter >
Signals from (TAC)
tagger
(CEMA1) Constant- 401ns -
fraction- delay e ¢ 51 Stop Gating
> pre- LN di L VN 7
> iscriminator pulses
am (CFD2) Strobe
input T
N
Pulse Pulse
widener widener
OR
gate A
12us T
dela
Y e
T
Signals from Constant- T
ion detector fraction-
(C2) pre- . |discriminator > C
> V 7 (CFD3)
-180V pulses
to ion extractor
Pulse Pulse
widener amplifier
> ]

Figure 3.10.
spectra.

A schematic diagram of the circuit

used to measure TOF

97



spectrometer. The spectrometer was operated with the TAC in
its normal (unstrobed) mode and the blocking input to the
linear gate disconnected. These measurements were made with
no target gas in the scattering cell and with the ion
extractor turned off. The resulting TOF spectra contained a
peak, corresponding to remoderated positrons of mean energy
E,. The channel number corresponding to the peak in such
spectra, ch(E,), was measured as a function of the mean beam
energy E,. The time per channel (1) and the channel
corresponding to time zero (ch,) were then obtained from the

following relationship.

ch(E,) =ch,- d (3.6)

1:2—eE'+
V m

where d is the distance between CEMAl and Cl, and e/m is the
charge to mass ratio of an electron. By plotting ch(E,) as a
function of E,'? a straight line was obtained from which 7
and ch, were found from the gradient and vertical intercept
respectively.

Retarding field measurements of the ejected electron
energies were made using the circuit shown in figure 3.11.
Data was collected on a 512 channel multi-channel-scaler
(MCS), operated in a single sweep mode with a dwell time of
100s per channel. Pulses from Cl were used to trigger a
constant fraction discriminator, CFD1, the output of which
was delayed for 4us and widened to 8us before being presented
to the input of an overlap coincidence unit. Pulses from C2
were shaped by a second constant fraction discriminator CFD2,
the output of which was presented to the other input of the
overlap coincidence gate. The output of this unit was fed to
the data input of a MCS. Thus, if an ion was detected by C2
between 4us and 12us (the range of flight times for Ar ions)
after an electron was detected by Cl1l, a count was recorded on

the MCS. Channel advance signals were derived from a ramp
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Figure 3.11. A schematic diagram of the circuit used to measure retarding
potential spectra.
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generator each time the output voltage increased. This
voltage was amplified and applied to the analyzer grid in
front of Cl. In this way a retarding field spectrum was
accumulated on the MCS, while data was gated by signals from
the ion detector.

In both cases, in order to prevent the electric field of
the ion extractor from deflecting the beam in the interaction
region, the potential applied to its electrodes was pulsed on
by signals from Cl. The positive going output from CFD1 was
widened and used to trigger the MOSFET pulse amplifier which
provided 12us long pulses of -180V for the ion extractor.

3.5 Data Restoration

Data was collected in the form of either TOF or retarding
field spectra. In order subtract background contributions and
derive ejected electron energy spectra, the following data

restoration procedures were employed.

3.5.1 Restoration of TOF Spectra

The TOF spectra contained background contributions arising
from random coincidences between signals from the three
detectors. The magnitude of these contributions were assessed
and where significant, corrected for. The background
contributions may be divided into two categories.

The first arose from un-correlated timing signals from
Cl and CEMA arriving in coincidence with a signal from C2.
This was expected to contribute a flat background to a TOF
spectrum, since the signals from C1 and CEMA were randomly
correlated in time. The magnitude of this background was
estimated by averaging counts over a number of channels in a
flat part of the TOF spectra where no signal was expected.
The portion of the spectra chosen for this purpose was that

corresponding to ejection energies in excess of (E,-E;). The
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average number of background counts per channel was then
subtracted from each TOF spectrum.

The second form of background was caused by uncorrelated
signals from C2 causing the system to time electrons not
associated with the creation of an ion, such as secondary
electrons ejected from grids or apertures by stray positrons.
In order to determine the magnitude of this form of
background, the ion signal was replaced by a pulse train from
a signal generator, thus gating the system randomly, whilst
timing electrons in the usual way. A spectrum taken in this
way was found to contain less than 5% of the number of counts
in a similar spectrum obtained when the system was gated the
same number of times by signals from the ion extractor. This
component of the background was considered negligible and was
not subtracted.

After subtracting the background, TOF spectra were
converted into electron energy spectra by summing data into
bins corresponding to equal increments in electron energy.
The widths of the increments were 3, 5 and 7eV for impact
energies of 50, 100 and 150eV respectively. The bin widths
were chosen to be as wide as possible, to reduce statistical
uncertainties, and yet still be narrow enough to resolve any
structure in the spectra resembling that predicted by theory.
The kinetic energies (E) of the ejected electrons were

calculated from the measured flight times (T) using

d. (3.7)

where E is in eV, d, is the distance from M2 to the midpoint
of the scattering cell and d.  is the distance from this point
to C1.
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3.5.2 Restoration of Retarding Field Spectra

Retarding field spectra were converted into energy spectra by
summing the data in increments corresponding to 5eV and then
differentiating with respect to the retarding potential. The
summation was performed to reduce the statistical scatter of
the data and the bin width was chosen with the same criteria
as applied to the TOF spectra, i.e. to minimise statistical
scatter, without significant loss of energy resolution. The
spectrum was differentiated by subtracting the data in each
5eV increment from that in the preceding one.

The magnitude of the background contribution arising
from data acquired when the system was randomly gated by un-
correlated ion signals was estimated by replacing the ion
signal with pulses from a pulse generator. This contribution

was again found to be negligible.

3.6 Systematic Effects

The most significant sources of uncertainty affecting the
measurements, their consequences and the way they were
estimated, are discussed below.

Multiple scattering of incident positrons may have
resulted in ionising collisions involving positrons with
unknown impact energies and pitch angles. Electrons ejected
by such positrons would have lower energies than those
produced by unscattered positrons and would result in a
distortion of the energy spectra. The probability of multiple
scattering is difficult to estimate accurately, without
detailed knowledge of the differential cross-sections
involved. However, it 1is reasonable to assume that this
probability is significantly smaller than that of single
scattering and this may be estimated since the total
scattering cross-section of Ar is well known. Values of Q
were used to estimate beam attenuations, i.e. the fraction of
the incident beam that was scattered, and all the data
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presented below were obtained with small beam attenuations,
thus ensuring that multiple scattering effects were small.

The scattering of ejected electrons could also result in
the degradation of ejected electron energies and the
scattering of electrons into, or out of, the range of angular
acceptance of Cl, causing a distortion of the derived energy
spectra, increasing the number of counts at low energies and
reducing the magnitude of any observed structure caused by
ECC. The probability of an ECC electron being scattered was
estimated using the electron Q, and by assuming that, on
average, an ejected electron traverses half the scattering
cell, with a small pitch angle, since electrons with pitch
angles greater than around 15° were unlikely to reach the
detector as shown in section 3.2.1.

The repeller grid located after the scattering cell
caused unscattered positrons to pass back through the
interaction region. Such positrons would have sufficient
kinetic energies to pass through M2 and be reflected back
into the forward direction by the primary moderator. However,
the increased distance (=3m) would have resulted in flight
times that were outside the range covered by the TOF spectra.
This would also have no detrimental effect on the retarding
field measurements, since the incident energy of the
positrons would not be altered.

More significant was the effect of multiple traversals
of the cell by positrons that had undergone some form of
scattering and had a reduced longitudinal component of
momentum allowing them to be reflected back through the
scattering cell by M2. Any electrons ejected by these
positrons may also have arrived at Cl1l with apparently delayed
flight times. For example, if a 100eV positron lost a small
amount of energy and re-traversed the interaction region
after reflection from M2, an electron ejected with 37eV
(corresponding to Eg,) would appear in a TOF spectrum at a
time corresponding to around 16eV. However, at 37eV the
transmission probability was estimated to be almost zero for
pitch angles greater than around 15° and it is unlikely that
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a scattered positron would be able to pass through the
scattering cell apertures and re-traverse the cell. This
effect is therefore expected to be small.

The uncertainty in electron energy, measured by the TOF
method, was predominantly due to the uncertainty in starting
position along the length of the scattering cell (AE/E =
+10%), the uncertainty caused by the distribution of electron
pitch angles (AE/E = +6%), the timing resolution (AE/E =
+11%, for 50eV electrons) and the energy spread of the
positron beam (AE/E = *1.5%, for 100eV positrons). The net
effect of these independent errors in the uncertainty in the
measured electron energy is around *16%.

The energy uncertainty in the retarding field
measurements arose mainly from the incident beam energy
spread and the distribution of pitch angles of the ejected
electrons and was estimated to be around *6%. The error bars
on the results presented below all represent one statistical

standard deviation.

3.7 Results and Discussion

The ejected electron energy spectrum shown in figure 3.12a)
was derived from a retarding field spectrum measured at an
impact energy of 106eV. The target gas pressure was around
0.5umHg. From the value of the Q, for Ar (Kauppila et al
1981), the probability of a positron at this energy being
scattered in a single traversal of the scattering cell would
be around 5%. At this impact energy Eg, is around 45eV and
the probability that such an electron will be scattered, when
traversing half the interaction region, in a straight line,
is around 5% (Golden and Bandel 1966).

The electron energy spectrum contains a large number of
counts at low energies, rapidly decreasing in intensity with
increasing emission energy, as expected. The distribution
falls to close to zero by around 60eV. There is no evidence

of any structure in this spectrum. However it does provide
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evidence of electron emission with kinetic energies in excess
of Egc, since none of the systematic effects mentioned above
would increase the apparent energies of the electrons, as the
multiple positron scattering and electron scattering effects
would result in the degradation of electron energies. The
statistical uncertainties in this data would have obscured
any structure resembling that predicted by Schultz and
Reinhold (1990). These theoretical results have been
convoluted with the estimated transmission probability
function T(E,#) and are shown in figure 3.13 for comparison.
In contrast, any major structure, of the magnitude predicted
by Mandal et al (1986) or Sil et al (1991), would have been
resolved. The results of Sil et al (1991), convoluted with
T(E,f), are also shown in figure 3.13.

The remainder of the spectra presented here were
obtained from TOF measurements. Here the systematic effects
described above would cause the detection of electrons at
delayed flight times and degraded kinetic energies. This
would again lead to a distortion of the energy spectra, to
increase the numbers of counts at 1low energies. The
scattering of ECC electrons would have resulted in a
reduction in the magnitude of any structure due to this
process. Measurements were therefore made at pressures at
which the probability of multiple scattering was small.

Figure 3.12b) shows an electron energy spectrum derived
from a TOF spectrum measured with an impact energy of 100eV
and at a gas pressure of 0.5umHg. In this case Eg, is around
42eV. The general shape of this spectrum is similar to that
obtained from a retarding field profile, however the
statistical uncertainties are smaller. There is a broad
distribution of low energy electrons falling to close to zero
around 60eV. A pronounced cusp of the type predicted by
Mandal et al (1986) and Sil et al (1991) is not present.
There is however some evidence of structure at intermediate
emission energies, that is compatible with ECC. The point at
37eV lies around two standard deviations above a smooth line

drawn through the other points and is therefore unlikely to
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lies around two standard deviations higher than a smooth line
drawn through the other points. The ridge formed by this
deviation again resembles the ECC structure predicted by
Schultz and Reinhold (1990), and is close to Eg, at 67eV.
Again there is no evidence of a prominent cusp or peak in the
vicinity of Egc.

The spectrum obtained at an impact energy of 50eV was
measured at a gas pressure of 0.5umHg. At this pressure a
50eV positron would have a 6% probability of scattering in
the interaction region. At this impact energy Eg. is around
17eV. Around 7% of the ECC electrons were estimated to be
scattered before leaving the scattering cell (Golden and
Bandel 1966). This spectrum contains no structure and
decreases smoothly with increasing electron energy. The
electron count rate is close to zero by around 26eV. There is
no evidence of an ECC cusp.

All the spectra presented above were obtained in runs
lasting typically around 24 hours. Spectra were also measured
at higher gas pressures in order to increase signal rates,
however no significant structure was observed, suggesting
that the effects of multiple scattering and electron
scattering may be significant at higher pressures. Similarly,
there was no evidence of any structure in spectra obtained
with an increased magnetic field strength (25G) around the
interaction region. This may have been due to the reduced
energy resolution or to the emission of ECC electrons being
confined to small angles.

The small magnitude of the ECC structure in the measured
spectra, makes it difficult to determine the energy
dependence of the ECC yield. However, the contribution from
ECC, albeit small, does appear to be greater at 100eV and
150eV than at 50eV. In the case of proton impact ionisation
Rodbro and Andersen (1979) found that the yield of ECC
electrons followed an energy dependence similar to that for
capture to bound states and reached a maximum at projectile
velocities around 1.4 times the orbital velocity of the
captured electron. For a positron, this would occur at an
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impact energy of around 30eV. However, if the low yield of
ECC electrons in the forward direction 1is attributed to
positron scattering to wide angles (Schultz and Reinhold
1990), then the yield may be influenced by the differential
ionisation cross-section for the scattered positrons. This is
expected to become more forwardly peaked with increasing
impact energy (e.g. Schultz and Olson 1988) and may therefore
cause the ECC yield in the forward direction to increase with

impact energy, as observed.

3.8 Summary

The distribution of kinetic energies of electrons ejected in
the forward direction from an Ar target by positron impact
have been measured. These spectra have been compared with
theoretical doubly differential cross-sections (Schultz and
Reinhold 1990, Sil et al 1991, Brauner and Briggs 1986 and
Mandal et al 1986) in order to assess the magnitude of its
contribution to positron impact ionisation from ECC and
compare available conflicting theories.

Electron energies were determined by a TOF technique and
by a retarding electric field analyzer. In both cases the
residual ion was detected and used to gate the data
collection system, making it possible to discriminate between
electrons ejected from the target gas and secondary electrons
ejected from other parts of the apparatus.

None of the measured spectra contained any major cusp
structure predicted by the theories by Mandal et al (1986)
and Sil et al (1991). However, some of the spectra showed
evidence of a small ridge at energies compatible with ECC, in
qualitative agreement with the calculations of Schultz and
Reinhold (1990). The small magnitude of these structures and
the lack of a pronounced cusp suggests that ECC makes a
minor contribution to ionisation by a 1light positively
charged projectile for electron emission in the forward

direction.
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CHAPTER 4

TOTAL IONISATION CROSS-SECTIONS
IN POSITRON-GAS COLLISIONS

4.1 Introduction

The two most significant processes by which positron impact
may cause the ionisation of gaseous targets are direct
ionisation and Ps formation, the latter being unique to
positron scattering.

In this chapter, experimental values for the cross-
sections for single ionisation by positron impact (Q,*) and Ps
formation (Qp) are reviewed and compared with theoretical
expectations. Discrepancies are highlighted and the need for
more precise measurements is discussed. In the present work,
total ionisation cross-sections (Q,*) have been measured for
a variety of atomic and molecular gases. Q*, which includes
contributions from all ionisation channels (including Ps
formation) was determined by an ion-counting technique, using
a modified version of the apparatus described in chapters 2

and 3. This work is described below.

4.1.1 Ps Formation Cross-Sections

Ps may be formed when a positron (e*), of sufficient kinetic
energy collides with an atomic or molecular target, A(M).
This (capture) reaction may be expressed as

e*+A(M) -~ Ps+A* (M) (4.1)

where the Ps atom and/or the remnant ion may be left in an
excited state. Since the binding energy of Ps in its ground
state is 6.8eV, the threshold (E;) for reaction (4.1), is at
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(E,-6.8eV) where E; is the first ionisation potential of the
target.

The first direct measurements of the energy dependence
of Qp, were reported by Charlton et al (1980) for He, Ar, H,
and CH,, up to 12eV above E,. The cross-sections were
determined by measuring 37y coincidences from the decay of o-
Ps formed in a scattering cell. With an improved version of
the apparatus, the same group measured Q, for all the inert
gases up to 150eV (Charlton et al 1983) and several molecular
gases (Griffith 1983). However, the results were subsequently
shown to have been subject to serious systematic errors (e.g.
the loss of o-Ps to the walls of the scattering cell) and
were up to a factor of five smaller than values of Q
obtained in other experiments. These results will not be
included in the discussion below.

Using a complementary technique, Fornari et al (1983)
measured Qp, for He, Ar and H, up to around 80eV, by measuring
the fraction of an incident positron beam that was lost due
to Ps formation during its transmission through a scattering
cell. In this experiment, the transmitted beam intensity and
positron TOF spectra were measured simultaneously, with and
without gas added to the cell. The fraction of the beam that
underwent any kind of scattering (F) was determined by
observing the attenuation of the beam in the TOF spectra.
Almost all scattered positrons were constrained to reach the
detector by a strong (100G) axial magnetic field, so that the
fractional decrease in the beam count rate (f) was
approximately equal to the fraction of the positrons that had
formed Ps. After corrections for background and small angle
scattering, values of Q, were obtained from fQ/F, using
values of Q, available in the literature.

Measurements of Q, were extended to higher impact
energies by Diana et al (1986,1986a) and to the remaining
inert gases by Diana et al (1985,1987,1989). In the region of
overlap, these results agree with those of Fornari et al
(1983) but at higher impact energies they contain unexplained

structure.
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