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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

20



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).
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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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Figure 1.3. A schematic diagram of the n = 1 and n

of H and Ps.
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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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significantly higher energy because of the effect that the
Pauli exclusion principle has on the sea of electrons in the
sample. The range of values of 6 is therefore almost entirely
due to the momentum distribution of the electrons. Figure 1.4
shows a schematic diagram of a typical ACAR apparatus. A
positron source (e.g “Na) is placed directly adjacent, or
immersed in, the sample so as to maximise the fraction of
implanted particles. In most solids the positrons achieve
near thermal equilibrium in a few ps and eventually
annihilate with an electron with lifetimes typically of the
order of 10's. In ACAR experiments the annihilation radiation
is monitored by two detectors placed a few metres away. One
of the detectors is rotated about the sample, in order to
measure the coincidence rate between the two detectors as a
function of 6. In this way an ACAR spectrum is acquired. The
angular resolution of such an apparatus is mainly determined
by geometric factors such as the angular acceptance of the
detectors and the dimensions of the source and sample. Figure
1.5a) shows the two dimensional (2D) ACAR spectra for p-Ps
annihilating in quartz. The very 1low momentum of the
annihilating pair is reflected in the sharp peak, unlike the
2D-ACAR distribution for single crystal Cu shown in figure
1.5b). Here the distribution is much broader, due to the fact

that the positrons annihilate with more energetic electrons.
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Figure 1.4. A schematic diagram of a typical ACAR apparatus.
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Figure 1.5. 2-D ACAR spectra of positrons annihilating in a) single

crystal quartz (Manuel 1981) and b) Cu (Haghgooie et ai 1978).

1.3.2 The Doppler Broadening Technique

The Doppler broadening technique may also yield information
about the momentum distribution of electrons in a solid. It
relies on the measurement of the Doppler shift of the energy
of the annihilation photons, caused by the motion of the
annihilating pair. The c.m. kinetic energy of the
annihilating pair (E,”) in the lab frame is related to the

shift hAi* by

(1.6)
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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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Figure 1.7. a) The apparatus used by Coleman et al (1975) to measure
positron lifetimes in gases and b) a lifetime spectrum for positrons

annihilating in Ar (Coleman et al 1975).
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information complementary to that obtained using ACAR and

Doppler-broadening technigues.

1.4 The Development of Slow Positron Beams

The techniques mentioned above are constrained by the broad
energy and angular distribution of the incident positrons. A
significant advance in the field of experimental positron
physics came with the development of tunable, nearly mono-
energetic beams of low energy positrons. Such beams are
produced by slowing down particles, from a radioactive
source or pair production by bremsstrahlung radiation, to
near thermal energies using a solid state moderator. Figure
1.8 shows the differential yield of re-emitted positrons from
W(11l0) in comparison with the normalised spectrum from ~*Co
(from Schultz and Lynn 1988). This demonstrates that at low
energies, moderation 1is several orders of magnitude more
efficient than energy selection as a method for obtaining

slow positrons.

MODERATED

10"\
10"\

EMITTED POSITRON SPECTRUM FOR Co-58

In[E(eV)]

Figure 1.8. Comparison of the slow positron yield from a W(IOO) moderator

with the P spectrum from a “8Co source.
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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
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et al (1979), Canter et al (1972) and Wilson (1978)
(corrected by Sinapius et al 1980) , attenuations were derived
from TOF spectra. An important feature of this cross-section
is the Ramsauer-Townsend minimum around 2eV, first observed
in positron scattering by Stein et al (1978). A similar
effect has been observed in Q, for Ne (e.g. Stein et al 1978)
and, to a lesser extent, in Ar (e.g. Kauppila et al 1976)
The importance of Ps formation can also be seen, with its
threshold (EpJ at 17.78eV, around which energy the cross-
section is seen to rise abruptly. This rise in Q, is typical
of all the inert and many molecular gases.

The Ramsauer-Townsend minimum was first observed in ¢,
for electron scattering (Ramsauer 1921,1923, Townsend and

Bailey 1922 and Ramsauer and Kollath 1929). It is a quantum
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Figure 1.12. Q, for positron-He scattering: Stein et al (1978), O;
Mizogawa et ai (1985), e¢; Canter et ai (1972), v; Sinapius et ai (1980),
V¥; Coleman et ai (1979), O; Amusia et ai (1976), dashed line; Wadhera et
ai (1981), solid line; McEachran et ai (1978) dotted line.
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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
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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.
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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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Figure 1.15. da®i/d0 for positron-Ar scattering. Experiment: Coleman and
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Figure 1.16. A schematic diagram of the apparatus used by Hyder et al
(1986) to measure da®,/dfi.
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energies from 100eV to 300eV. This apparatus is shown in
figure 1.16. The primary beam was monitored using channeltron
1 whilst elastically scattered particles could be detected by
channeltron 2. This detector had an angular acceptance of
around *8°and a retarding element was used to discriminate
against inelastically scattered projectiles. Some of the
results for positron and electron scattering at 100eV and
200eV are shown in figure 1.17. All the data were normalised
at 90°. The positron results were normalised to the
theoretical values of da,,/dn calculated by McEachran and
Stauffer (1986) and Nahar and Wadhera (1987), which are

almost identical at angles above 30° and the electron results
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Figure 1.17. for positron/electron-Ar scattering: Hyder et ai

(1986), # G; Srivastava et ai (1981), e; McEachran and Stauffer (1986),
solid line; Joachain and Potvliege (1987), dashed line; Nahar and Wadhera
(1987), dotted 1line.
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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
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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.

53



ol —
° s -
':‘O
r_ —
- —
o l‘ ' i il 1 LlJ_Ll 1 A L I_Lllll - y
0.1 0.2 0.5 1 2 5 10 20

E (MeV amu’)

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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Figure 2.3. A schematic diagram of the source and moderator holder showing

a) the "“Na source and b) the **Co source (not drawn to scale).
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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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Figure 2.5. A schematic diagram showing a) the ion extractor and scattering
cell and b) the network used to derive suitable potentials for the ion

extractor electrodes.
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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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Figure 2.6. A computer simulation of ion trajectories through the ion

extractor.

of preventing secondary electrons ejected from the grid and
lens elements in front of C2 from passing back through the
extraction hole and into the interaction region.

In order to asses the effect of the random thermal motion
of the ions on their extraction efficiency, trajectories were
simulated for Ar* and with kinetic energies of 35meV, the
approximate mean thermal energy at room temperature. The
trajectories were started from wvarious points in the
interaction region, with initial velocity vectors incremented
over 471. No significant de-focusing was noted and it was
concluded that the thermal motion of the ions would not cause

the extraction efficiency to be reduced.
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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

70



beam, since was small in comparison with the beam energy.

At this energy the contribution to the ion-yield from Ps
formation was expected to be negligible in comparison with the
single ionisation cross-section (Qj*) . This may be inferred by
extrapolation of the Ps formation cross-section (QpJ measured
by Fornari et al (1983) to higher impact energies. The value of
Q" of Ar, measured by Knudsen et al (1990) was then used to
estimate the ion production rate. The contribution, albeit
small, from double ionisation of around3.5% (Charlton et al
1989) was also included. The measured value of was (82%11)%.
The uncertainty is that associated with the value of Qj* from
Knudsen et al (1990) and does not include systematic effects
such as the wuncertainty in the areal gas density or the
detection efficiency of C2.

The ion count rate is plotted as a function of gas

pressure in figure 2.7. The ion count rate rises almost
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Figure 2.7. The variation of the ion-yield with gas pressure in the

scattering cell.
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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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distributions shown in figure 2.10 for He, Ar and H2. The

vertical axes of three distributions have been arbitrarily

normalised to each other for comparison. In each case the
intensity rapidly rises to a maximum, before gradually
decreasing to around zero. The maximum ion lifetimes were

around ISO”s, VO”s and 40/xs for Ar, He and H, respectively, in
broad agreement with the expected m'"* dependence, where m is the

ion mass.
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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.
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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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humps when plotted against E. The humps occurred around
energies for which = Vp. Following a suggestion by Oldham
(1967), it was proposed that this was due to electrons being
carried along in a continuum state of the protons.

Salin (1969) wused the more elaborate distorted-wave
Born-approximation to calculate d*a/dEdO for 300keV proton
impact on H. Here correlation was accounted for by a Coulomb
distortion of the final state wave function. The forward
enhancement in d*a/dEdn observed by Rudd et al (1966) for v*
~ Vp, was successfully reproduced, however a quantitative
comparison with the experimental results was not possible due

to the different targets employed by the two groups.
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Figure 3.1. Cross-section for electrons ejected from He at 0°by BOOkeV
protons (Macek 1970), dash-dot 1line; 1.4° Macek (1970), dotted 1line; 0°
(Crooks and Rudd 1970), dashed 1line.
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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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calculate whether a trajectory will pass through the exit
aperture of the scattering cell and reach the active area of
the detector, since the position and radius of both are
known.

A computer code was written to perform this task for
around 32x10* trajectories for each different value of E and
6. The starting points of the trajectories were equally
spaced over the region of overlap between the beam and target
gas, inside the scattering cell, and were incremented in
steps of 5mm along the z-axis and 1lmm along the x and y-axes
whilst T was varied over 360° in steps of 10°. The number of
trajectories that passed through the exit aperture of the
scattering cell and reached the detector were counted and the
ratio between this number and the total number of

trajectories was taken to be the transmission probability for

o
%
?
©
angle m degrees’
Figure 3.7. The estimated transmission probability function, T(E,0), of

the apparatus.
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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
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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.

94



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
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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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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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be a statistical fluctuation. Such an enhancement in the
distribution resembles the structure predicted by Schultz and
Reinhold (1990).

Figures 3.14 a) and b) are electron energy spectra
obtained from TOF measurements at impact energies of 150eV
and 50eV. The probability of a 150eV positron being scattered
in a single traversal of the interaction region, is around 8%
(Kauppila et al 1981) and approximately 6% of the ECC
electrons, if they were to traverse the half the length of
the scattering cell in a straight line, would be subsequently
scattered (Golden and Bandel 1966). The effects of multiple
scattering and electron scattering are therefore estimated to
be small.

The count rate falls rapidly with increasing emission

energy and is close to zero by around 90eV. One point at 60eV
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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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Figure 4.1. A schematic diagram of the apparatus used by Fromme et al
(1986,1988) to measure Q, and Q/ .

Fromine et al (1986,1988) measured Q" for He and H2 using the
apparatus shown in figure 4.1. A longitudinal magnetic field
was employed to guide the beam through a long differentially
pumped scattering tube, from which ions could be extracted
and detected. By measuring the total ion-yield and the number
of positron-ion coincidences in ion-TOF spectra, both (, and
Qi* were measured simultaneously. The results for @, in He
agree well with those of Fornari et al (1983) , below 80eV,
but do not contain the structure noted by Diana et al (1986)
at higher energies.

The experimental results for He, referred to above, are
shown in figure 4.2 along with the results of a polarised-
orbital calculation by Khan et al (1985), the distorted-wave
calculation of Mandai et al (1979) and the first-order
exchange calculation by Roy et al (1984). Below around 30eV
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Figure 4.2. @, in He. Experiment: Charlton et al (1983),#; Fornari et ai
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(1985), solid line; Mandai et ai (1979), dash-dot 1line; Roy et ai (1984)
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Figure 4.3. @, in H*. Experiment: Charlton et ai (1983),*; Fornari et ai
(1983) ,0;, Diana et ai (1986),0 Fromme et ai (1988),a. Theory: Ray et ai
(1980), dashed 1line; Sural and Mukherjee (1970), solid line; Bussard et
ai (1979), dash-dot 1line.
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the theoretical results lie above the experimental data and
reach their maximum values around 10eV lower. The magnitudes
of the maxima are in accord with experiment within the
statistical scatter, but the theoretical results fall
significantly below experiment by around 50% at 100eV. The
results of the first-order exchange calculations of Roy et al
(1984) for energies between 100eV and 300eV also lie well
below the experimental results.

The results of Khan et al (1985) include contributions
from ground state (Khan and Ghosh 1983) and first excited
state Ps formation, the results of Mandal et al (1979) only
contain contributions from Ps formed in its ground state,
while the results of Roy et al (1984) include contributions
from the first five excited states. The experimental results
contain contributions from all excited states, however it is
unlikely that the reason for the discrepancy between the
experimental and theoretical values of Q, can be attributed
to the neglect of excited state Ps, since above around 50eV,
these contributions are expected to fall off as n? where n is
the principle quantum number of the Ps formed (Mandal et al
1980 and Khan et al 1984,1985).

In a CTMC calculation (not shown) Schultz and Olson
(1988) found that the values of Q, should fall with energy
(E), approximately as E?° above around 100eV. These authors
point out that the experimental results fall as E' to E!9
whereas most of the theoretical cross-sections decay as E? to
E® and suggest that the discrepancy may be due to incomplete
confinement of the scattered positrons in the experiments.
Results of a more recent experiment by Overton et al (1993)
exhibit an energy dependence in better agreement with
theoretical expectations.

Comparison between theory and experiment may also be
made in the case of H,, as shown in figure 4.3. Ray et al
(1980) used a Jackson-Schiff approximation for energies above
50eV, obtaining results that are almost identical to those of
a Born approximation calculation by Sural and Mukherjee
(1970). Both of these are slightly 1lower than the
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experimental values obtained by Fornari et al (1983), Diana
et al (1986) and Fromme et al (1988) which are, as already
mentioned, in reasonably good agreement with each other.
Bussard et al (1979) estimated Q,, semi-empirically at low
energies and used the results of Sural and Mukherjee (1970)
at high energies, resulting in an estimate of Qp that
exceeded experiment by around 30% at the maxima in the cross-
section.

Qp, in H has recently been measured by Sperber et al
(1992) using a technique similar to that of Fromme et al
(1986,1988). The apparatus is shown in figure 4.4. An
electrostatically guided positron beam was crossed with a
beam containing H, obtained from a Slevin type discharge tube
(Slevin and Stirling 1981). Due to the 1limited angular
acceptance of the positron detection system, wide angle
scattering corrections were necessary. These were estimated
by using the first Born approximation to calculate the
fraction of ionising positrons scattered outside the angular
range of acceptance of the detector (30°). Contributions from
dissociative ionisation of the residual H, in the gas jet and
Ps detection by the positron detector were found to be
negligible. A mass analyzer (QMA) was used to distinguish
between protons and H, ions. The values obtained for Q,, are
shown in figure 4.5 where they are compared with theory. A
large number of calculations have been performed for this
simple system, but for clarity only a few representative
examples are shown.

The first Born approximation calculation of Massey and
Mohr (1954) predicts a cross-section with a maximum value
close to that of the experiment, it does however occur at a
slightly lower energy. However this approximation is not well
suited to such a reaction and Sperber et al (1992) point out
that the good agreement may be fortuitus. Other calculations
which yield maximum values consistent with the experiment
include the first-order exchange calculations of Mandal and
Guha (1979) (not shown), the distorted wave approximation of
Mandal et al (1979) (not shown) and the Fock-Tani calculation
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of Straton (1987), who extended an earlier calculation by
Ficocelli-Varracchio and Girardeau (1983). Other theories
predict cross-sections with maxima that are significantly
lower than experiment. These include the Fock-Tani
calculation by Lo and Girardeau (1990), a close coupling
calculation by Hewitt et al (1990), a distorted wave Born
approximation by Shakeshaft and Wadhera (1980) (not shown),
an R-matrix calculation by Higgins and Burke (1991) (not
shown) and the CTMC calculations by Ohsaki et al (1985) and
Wetmore and Olson (1986) (neither of which are shown). The
position of the maxima in most of these calculations are
however closer to that obtained experimentally. Sperber et al
(1992) point out that the Kohn-variational calculations of
Brown and Humberston (1984) could be extrapolated above
10.2eV, the highest energy covered by the calculation, to
give a cross-section consistent with the experiment.

4.1.2 Single Ionisation Cross-Sections

Single (direct) ionisation by positron impact occurs by the

following reaction

e*+A(M) - e* +A* (M) +e” (4.2)

The threshold for this process is at E; and at higher energies
the ion may be left in an excited state.

Sueoka (1982) and Mori and Sueoka (1984), using a TOF
technique in conjunction with a retarding electric field,
have measured Q,* for He, Ne and Ar at low to intermediate
energies. They obtained values of Q;* that are slightly lower
than the corresponding electron results, a finding that has
not been corroborated by subsequent measurements, including
those of Sueoka (1989). The latter are discussed below.

Fromme et al (1986,1988) measured Q,;, simultaneously
with Q,, for He and H,, using the apparatus shown in figure
4.1. The values of Q' were determined by integrating the
background-subtracted TOF spectra, 1in order to detect
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transmitted positrons in time correlation with ions. By
measuring the electron single ionisation cross-section (Q:)
with the same apparatus, and by comparing these results with
those of Montague et al (1984), they were able to make
corrections for the energy dependence of the ion extraction
efficiency. The positron results were normalised to the
electron data above 750eV, where the positron and electron
cross-sections were found to have the same energy dependence
and were assumed to have merged. They found QT to be
significantly larger than Qf at intermediate energies, as
shown in figure 4.6 together with other experimental and
theoretical estimates of . This figure does not include the
later measurements of QT made by Knudsen et al (1990) which
are shown for He, in figure 4.8. The experimental data of
Fromme et al (1986), Diana et al (1985) and Sueoka (1989) are

all in good accord with each other and with the results of

06 I 1
HELIUM
02
0,0
100 200 300 500
Energy (eV)
Figure 4.6. for positron-He scattering. Experiment: Fromme et al

(1986) ,#; Diana et al (1985),v; Sueoka (1989),+. Theory: Campeanu et al
(1987b), dashed line; Golden and McGuire (1976), dotted 1line; Peach and
McDowell (1983), dash-dot line; Basu et al (1985), dash-dot-dot 1line. Q:
for He (Montague et al 1984), solid 1line.
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the distorted-wave Born approximation calculations by Basu et
al (1985) and Campeanu et al (1987a), as shown in figure 4.6.
Good agreement is also found between the experimental results
for positrons and the theoretical electron cross-section,
when calculated without exchange, by Golden and McGuire
(1976) and Peach and McDowell (1983). This led Fromme et al
(1986) and Raith and Sinapius (1989) to suggest that the
exchange interaction 1is responsible for the difference
between Q; and Q; at intermediate energies. A similar effect
is manifest in the single ionisation cross-section for proton
impact, which was found to exceed that for anti-proton impact
at intermediate collision velocities both theoretically
(Fainstien et al 1987) and experimentally (Andersen et al
1987). This suggests that the enhanced cross-section for the
positive projectile might be due to charge effects and not
the absence of the exchange interaction. From low to
intermediate energies, target polarisation may enhance the
ionisation cross-section for a positively charged projectile
which pulls the target electrons towards itself, unlike the
case of electron and anti-proton impact.

More recently, Q,* has been measured by Knudsen et al
(1990) for He, Ne, Ar and H,, using the apparatus shown in
figure 4.7. In this experiment, a positron beam was
magnetically guided through a target chamber from which ions
could be extracted and detected. The ion extractor was pulsed
for short periods, by signals from the positron detector,
thus preventing deflection of the positrons by the electric
field. By measuring the time difference between the detection
of transmitted positrons and remnant ions it was possible to
discriminate between different ionic charge states, by virtue
of their differing flight times. After background subtraction
and corrections for contributions arising from Ps formation,
relative values of Q* were obtained.

In figure 4.8 the results of Knudsen et al (1990) for He
are compared with those of Fromme et al (1986). Also shown
are values of Q measured by Krishnakumar and Srivastava
(1988) and Montague et al 1984. In He, the results of Knudsen
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et al (1990) are around 15% larger than those of Fromme et al
(1986) around the maxima, whilst for H, (not shown) the
results of Knudsen et al (1990) are around 10% smaller than
those of Fromme et al (1988). The results of Knudsen et al
(1990) merge with those of Fromme et al (1986) by around
600eV and were normalised to Q; (Rapp and Englander-Golden
1965) at 1keV. In figure 4.8 it is apparent that Q" < Q@ at
the lowest energies. This might be due to competition between
the single ionisation and Ps formation channels and "anti-
binding" effects between the atomic electrons and negatively
charged projectiles (Knudsen and Reading 1992).

The values of Q* for H, shown in figure 4.9, were
obtained by Spicher et al (1990), using an apparatus similar
to that of Sperber et al (1992). This is shown in figure 4.4.
The same crossed beam geometry was employed and positrons
were again detected in delayed coincidence with ions.
Measurements of Q were carried out with the same apparatus
and were found to be in reasonable agreement with those of
Shah et al (1987). The results of Shah et al (1987) were
combined with those of Fite and Brackmann (1958) and used for
normalisation of the positron data.

The resulting values of Q,* are significantly higher than
most theoretical predictions. Ghosh et al (1985) used a
distorted-wave polarized-orbital approximation and obtained
results around 20% lower than those obtained by Spicher et al
(1990). The results of a similar calculation by Mukherjee et
al (1989) lie slightly below those of Ghosh et al (1985), as
do the CTMC results of Ohsaki et al (1985) and Wetmore and
Olson (1986), with the results of Ohsaki et al (1985) around
50% lower than those of Spicher et al (1990) at most
energies. As well as being smaller in magnitude, most of the
theoretical data reach a maximum value around (20-30)eV below
the experiment. In contrast, the results of a more recent
distorted-wave polarised-orbital calculation by Acacia et al
(1993) are in good agreement with Spicher et al (1990).

A similar experiment has recently been performed by
Jones et al (1993). The H target was obtained from a Slevin
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Figure 4.9. Q/ for H. Experiment: Spicher et al {1990),0; Jones et al
(1993) ,#. Theory: Ghosh et ai (1985),Ci Mukherjee et ai (1989),v; Ohsaki
et ai (1985),v; Wetmore and Oison (1986),#% Acacia et ai (1993),a.

type discharge tube, however, in contrast with the experiment
of Spicher et ai (1990), the positron beam was magnetically
confined through the interaction region, thereby increasing
the collection efficiency of positrons scattered to wider
angles. The results were normalised to Q: (Shah et al 1987)
at 700evV. The results Jones et ai (1993) are also shown in
figure 4.9. The values obtained for g4 are significantly
lower than those obtained by Spicher et ai (1990) and are in
reasonable agreement with most theoretical expectations, with

the exception of the data of Acacia et ai (1993).
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4.1.3 Total Ionisation Cross-Sections and the Present Work

At least part of the difficulty in measuring Q,, and Q;* (for
example in the work of Fromme et al 1986, 1988) is caused by
the problem of discriminating between reactions (4.1) and
(4.2), both of which result in an ion in the final state.
Another useful quantity, which is easier to measure, is the

total ionisation cross-section (Q,") defined as

Q¢ =0ptQi +Y HO (4.3)

where YHo 1is the sum of all higher order processes
contributing to ionisation (e.g. multiple ionisation) and is
usually relatively small.

Even though Q* contains contributions from more than one
reaction, it may still yield much important information.
Neglecting annihilation, Ps formation is the first ionising
channel to open. Therefore, below E;, Q' = Qp and a knowledge
of Q" can be used to investigate the near threshold behaviour
of Qp,. At higher impact energies the Ps formation cross-
section becomes vanishingly small and, if higher order
processes are negligible, Q* becomes approximately equal to
Q,*. Hence, Q' may be used to study the merging of Q" and Q,
in accordance with the first Born approximation. As direct
ionisation cross-sections become increasingly well known, it
may be easier to determine Q,, by subtracting Q* from Q*,
instead of measuring Q,, directly. There is some evidence that
Qp, might contain structure (e.g. Diana et al 1986, McAlinden
and Walters 1992) and this might be manifest in Q.
Additionally, it has been suggested that Q, may contain
Wigner cusps, around E,;, caused by the rapid onset of Ps
formation (e.g. Campeanu et al 1987, Fromme et al 1988). The
behaviour of Q,, in this energy region, may be deduced by
subtracting Q,* from Q,, since the latter has been accurately
determined for a number of targets.

In the present work, Q,* has been measured, in detail and

with high precision, for a variety of atomic and molecular
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targets. The experimental apparatus used to make these
measurements is described in the remainder of this chapter,
along with its principles of operation and the systematic
checks that were carried out.

The apparatus described in chapter 2 was modified to
produce a pulsed beam of slow positrons, allowing the beam
and ion-extractor to be pulsed on and off in anti-phase. This
prevented the ion extractor from deflecting the positrons in
the interaction region. The ion-yield was measured as a
function of the beam energy as described below and, where
possible, existing data have been used for normalisation to
obtain values for Q*.

As a systematic check, the total electron impact
ionisation cross-section (Q;) was measured using the same

technique. Here Q; is defined as

Qi =Y On; (4.4)

where Q, is the cross-section for ionisation to the n® charge
state and the summation is over all energetically accessible
n values. The results of these measurements were compared
with values of Q obtained from literature and used to verify
that the ion extraction technique had no significant energy

dependence.

4.2 Experimental Details

Figure 4.10 is a schematic diagram of the apparatus used to
measure ion-yields. The apparatus of figure 3.6 was modified
for this purpose by incorporating a Wien filter and two
repeller tubes prior to the scattering cell. The flight tube,
the repeller grid after the scattering cell and the beam
tagger were removed. The Wien filter and repeller tubes were
used to improve the quality of the positron beam by removing
fast components and reducing its energy spread as described

below.
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A beam of slow positrons with an intensity of around 2x103%s’!
was obtained by the moderation of (* particles emitted from
a 10mCi **Co radioisotope in conjunction with an annealed W
mesh moderator. The source and moderator arrangement are
described in chapter 2. A beam of electrons with an intensity
of around 10°s!, was obtained from the secondary electrons
liberated from the moderator meshes by radiation from the
source. By applying a negative potential to the moderator,

electrons were accelerated to kinetic energies (E) given by

E = e|V,|+AE (4.5)

where AE is the kinetic energy with which an electron leaves
the moderator. The energy distribution of the electron beam
was measured as described iﬁ section 4.3, and AE was found to
take values up to around 15eV, whilst in the case of a
positron beam, AE given by equation 2.1 was found to take a
maximum value of around 2.8eV. This is due to the different
physical mechanism responsible for positron and electron
emission from a metal surface (e.g. Schultz and Lynn 1988).

The source grid shown in figure 2.3 was removed since
positrons or electrons emitted from it would have had a
higher mean energy that the main beam, due to the potential
difference between this grid and the moderator and its use
would have broadened the beam energy distribution.

Two brass repeller tubes (Rl and R2) were inserted
inside the bent solenoid, as shown in figure 4.10. When using
a positron beam Rl was held at around -150V to remove
secondary electrons from the beam. These electrons came from
metal surfaces, such as the moderator holder and associated
grids, by radiation from the positron source and, if not
removed, may have caused ionisation in the interaction
region. When using an electron beam R1 was grounded. A
retarding potential (V,) was applied to R2 in order to bias
off a low energy portion of the beam, thereby reducing its
energy spread. The effects of V, on the energy distribution
and intensities of beams of positrons and electrons are

described in section 4.3.
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Before entering the interaction region the beam passed
through a Wien filter. This acted as a broad band velocity
filter, causing the separation of the slow positrons from the
background of fast particles in the beam and also allowed the
beam to be modulated (chopped). A Wien filter works by
creating an electric field perpendicular to the guiding
magnetic field. The resulting forces acting on a charged
particle, initially travelling with a velocity (v) parallel
to the magnetic field, will cause the particle to be
deflected a distance (d) such that

1 ExB
v B2

d « (4.6)

where E and B are the electric and magnetic field vectors.
Since d is inversely proportional to v, this effect may be
used, in conjunction with suitable collimating apertures, to
produce a velocity filter. Cylindrical deflection plates have
been used in this apparatus following Hutchins et al (1986),
who demonstrated that the distortion of a beam caused by
planar deflection plates (e.g. Mills 1980), may be reduced by
such a geometry. The Wien filter used in the present work
comprised two parallel 120mm long, part cylindrical
deflection plates, separated by 10mm and having 6émm
collimating apertures at each end. The average radii of the
cylinders was around 20cm. When the unit was used as a
velocity filter, the axes of the collimating apertures and of
the beam-line before and after the filter were laterally
offset by 10mm. The beam was deflected through the offset
apertures by the application of suitable potentials to the
plates and the beam was chopped by periodically grounding the
deflection plates.

The use of the Wien filter made it difficult to
transport the beam through the apparatus without severe
attenuation when its mean energy was automatically ramped
over a wide range (e.g 2-300eV). When making measurements
over this range of impact energies, the collimating apertures

were placed on the same axis and the deflection plates were
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grounded. The unit did not then act as a velocity filter and
in this case the beam was interrupted by applying potentials
of +180V to the deflection plates.

The pulsed beam traversed the scattering cell described
in chapter 2, and was monitored at the end of the beam-line
using Cl. The diameter of the beam apertures in the
scattering cell were increased from 8mm to 12mm to reduce the
probability of intersecting the beam, since scattered
particles and secondary electrons may have resulted in
ionisation of the target gases, resulting in overestimates of

ion-yields.

4.3 Beam Characterisation

The energy distribution and intensities of the positron and
electron beams were measured as successive portions of the
beams were biased off. This allowed the energy spread of the
beam to be estimated and a compromise between intensity and
energy resolution to be reached. Each beam was biased off by
the application of a retarding potential (V,) to R2. The beam
energy distribution was measured with V, held constant for
different values of the potential difference between R2 and
the moderator (V,~V,). V., was set using the floating battery
and potential divider shown in figure 4.11.

The beams were characterised at the end of the beam-line
using a retarding electric field set up using the analyzer
grid in front of Cl. The circuit used for this purpose is
shown in figure 4.12. The potential applied to the retarding
grid was ramped while pulses from Cl were counted on the MCS.
The ramp generator provided a channel advance signal for the
MCS every 10s whilst simultaneously incrementing the
retarding potential by 0.5V. This allowed the count rate of
Cl to be measured as a function of the retarding potential.
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In order to obtain the beam energy distributions, the
retarding field profiles were differentiated with respect to
the retarding potential. The results are shown in figure
4.13. This shows the energy distributions of beams of
electrons and positrons obtained with |V,| = 10V for
different values of V,. These data were used to estimate the
full width half maximum (FWHM) of the beam, where the FWHM is
defined as the width of the distribution at half its maximum
intensity.

Figure 4.13a) shows the energy distributions of a beam
of electrons. The distributions are clearly asymmetric, with
a high energy tail extending above 25eV. With V., = 10V (i.e.
the full beam) the distribution rises from zero at around
10eV to a maximum around 12eV and then falls to half this
value by around 16eV. As a result of the high energy tail the
change in shape of the distribution as V, is increased causes
the FWHM to increase.

The FWHM of the positron beam was measured for values of
V., in the range 10-12V and is shown in figure 4.13b). The
energy distribution is approximately symmetric about its mean
value and extends from around V, to 12.8eV. As V, was
increased both the energy spread and FWHM of the energy
distribution were reduced.

The intensities and FWHM of the beams are summarised for
different values of (V,-V_,) in table 4.1. In the case of a
positron beam the reduction in intensity, as (V,-V,) was
increased, was accompanied by a reduction in the FWHM of the
energy distribution as expected. Reducing the FWHM from its
intrinsic value of 1.6eV to 0.8eV, the value used in
measurements described below, resulted in a reduction in
intensity of around 33%. It was not feasible to reduce the
FWHM of the electron beam in the same way, due to the high
energy tail of the energy distribution.
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Beam type (V-v,) in Vv FWHM in eV Intensity in
particles s’
e 0 4.5 10x10*
-3.0 5.2 41x10°
-6.0 6.1 18x10?
e* 0 1.6 21x10?
0.5 1.5 19x10?
1.0 1.1 13x10?2
1.5 0.8 7x10?
2.0 0.4 2x10?

Table 4.1 A table showing the variation in intensity and FWHM of beams

of positrons and electrons, as V, is varied with respect to V.

4.4 The Electronics

Figure 4.14 shows the electronic circuit used to measure ion-
yields. This allowed data to be collected on an MCS whilst
ramping V,. It also provided high voltage pulses for the ion
extractor and suitable potentials to allow the Wien filter to
transmit and chop the beam as its energy was ramped. The same
circuit was used to measure both the ion count rates and beam
intensities as a function of the mean beam energy. The two
signals were of course measured in separate runs.

Data were collected on an Ortec 916 MCS card installed
in a personal computer. The MCS was operated in a multiple
sweep mode with a dwell time of 10s per channel. Channel
advance signals were derived from a digital ramp generator,
the analogue output of which was used as the reference
voltage used to control a high voltage power supply which
provided V,. This was operated in its externally controlled
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Figure 4.14. A schematic diagram of the electronic circuit used to measure ion-yields.



mode and the output gain of the ramp generator was adjusted
so that V, increased in steps of 0.5V. At the end of each
pass the ramp was automatically reset to zero, thus
initiating another sweep. This allowed data to be collected
in long runs in multiple sweeps thus minimising the effects
of instrumental drift and gas pressure fluctuations.

When the Wien filter was used as a velocity selector, it
was necessary to vary the potentials applied to the
deflection plates in step with V,. This was done
automatically by the device that will be referred to as the
beam chopper. The beam chopper produced two variable output
voltages (V) of equal magnitude but opposite polarity for
the two deflection plates, given by

Vy = t(a.V,+b) (4.7)

where a and b are constants, chosen to minimise the energy
dependence of the beam intensity emerging from the filter.
Since the deflection of the beam is proportional to v! (see
equation 4.6), and hence to E!Y, this is only an
approximation to the required potential. However due to the
broad velocity ©pass-band of the Wien filter, the
approximation was sufficiently good to allow the beam to be
transmitted over a range of energies, for example, from (10-
50)eV with a variation of intensity of typically only around
25%. The gain and the offset (a and b in equation 4.7) of the
beam chopper were adjusted so as to minimise the energy
dependence of the beam intensity in the following way. V, was
set to the minimum value required for a run (usually zero)
and the offset was adjusted to maximise the beam intensity.
V, was then set close to the maximum value required and the
gain was adjusted to maximise the beam intensity. By
repeating these steps and by manipulation of the magnetic
coils around the Wien filter, it was possible to arrive at
values of a and b that allowed the beam to be transported
through the filter over the required range of energies. As
already mentioned, the beam was pulsed by periodically
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grounding the plates of the Wien filter in response to a
pulse train applied to the blocking input of the beanm
chopper. The blocking pulses were derived from a signal
generator running at a frequency of 20kHz. The pulses from
the signal generator were widened to 10us and presented to
the blocking input of the beam chopper, causing the positron
beam to be interrupted for 10us every 50us. These pulses are
shown in figure 4.15.

The output from the signal generator was also used to
trigger the ion-extractor. This was done by delaying the
pulses for 1lus, then widening them to 5us before they
triggered the high voltage pulse amplifier so that pulses
with a duration of 5us and an amplitude of -180V were applied
to the ion-extractor 1us after the beam was interrupted. This
was done to allow positrons that were between the Wien filter
and the scattering cell, when the beam was chopped, to pass
through the scattering cell before the ion-extractor was
pulsed on, thus ensuring that no positrons were in the
interaction region at this time. These pulses, together with
their time relationship with the pulses from the beam chopper
are also shown schematically in figure 4.15.

Returning to figure 4.14, signal pulses from the ion
detector, C2, were amplified by a pre-amp and used to trigger
a constant fraction discriminator (CFD). The CFD threshold
was set to reject noise and pulses caused by stray coupling
between the ion extraction pulses and the signal line. The
output from the CFD was presented to an AND gate before being
stored on the MCS. The other input of the AND gate was
derived from the pulses that were used to trigger the pulse
amplifier for the ion extractor. This caused data to only be
acquired during the periods when the ion extractor was pulsed
on, thus reducing the background signal caused by detector
dark counts. This was particularly useful for He since it has
the smallest ionisation cross-section of the targets studied.
When measuring ion-yields for the heavier targets the AND
gate was disabled, since the longer flight times of the ions
meant that some of them arrived at C2 after the extraction
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pulse had been terminated. When measuring the beam intensity
the AND gate was disabled and pulses from the CFD were
presented directly to the MCS.

To test the operation of the beam chopper, the beam
intensity was measured as a function of time by also using
the pulse train triggering the beam chopper to start a TAC.
The stop pulses were provided by C1 and the output of the TAC
was monitored on a MCA. This circuit is shown in figure 4.16
whilst the variation of beam intensity with time is shown in
figure 4.17. This data was obtained during preliminary
measurements and the pulse length and frequency are slightly
different from those used in the final data acquisition. It
does, however, serve to illustrate the operation of the beam

chopper.

4.5 Data Collection and Restoration

The results presented in this chapter were collected in three

set of runs:

1) Electron ion-yields were measured for He, Ar and H, from
below E,, to around 300eV, with the mean beam energy ramped in
steps of 2eV. The energy dependencies of these ion-yields
were compared with Q7, given by equation 4.4, in order to
ascertain whether the ion extraction technique was energy
independent as demanded. He and Ar were studied because they
are the lightest and heaviest of the atomic targets used in
this work and H, was chosen to assess the possible effects of
molecular dissociation. These measurements were made with
electrons because the ionisation cross-sections are well
known and the high beam intensity, compared to that
obtainable with positrons, made run times considerably
shorter. These measurements were made with the Wien filter

used only to chop the beam.
2) Positron ion-yields were measured for He, Ar and H,, over
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the same range of impact energies as above, with the beam
also ramped in steps of 2eV. However, the total ionisation
cross-sections are not so well known for positrons and
include contributions from Ps formation, making comparisons
a little more difficult. These measurements were also made

with the Wien filter just acting as a chopper.

3) Positron ion-yields were obtained for He, Ar and H, in an
enerqgy range from below E, to some tens of eV above E,,. These
measurements were made in detail with the mean beam energy
ramped in steps of 0.5eV and the energy spread of the beam
reduced to around 0.8eV FWHM. These results are analysed in

detail in chapter 5.

Due to the differing beam characteristics, slightly different
procedures were adopted in each case to subtract background
contributions and to derive ion-yields from the data. These

procedures are described in the next three sections.

4.5.1 Electron Ion-Yields

As pointed out in section 4.3, the electron beam was found to
possess a wide energy spread with a high energy tail
extending up to more than 15eV above the energy at which the
maximum intensity occurred. In order to effectively improve
the characteristics of the beam, ion count rate and beam
intensity spectra were measured in pairs with different
portions of the beam biased off. Then by taking the
difference between pairs of spectra it was possible to
simulate the effect of an electron beam with a narrower
energy spread than that obtained directly from the moderator.
In this case, ion-yields (Y;) were calculated from
- N;(-3)-N;(-6)

Y = 3 N, (6) (4.8)

where N;(-3) and N;(-6) were the ion count rate spectra
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measured with (V,-V_ ) = -3V and (V,-V_,) = -6V respectively, and
N.(-3) and N._(-6) were the corresponding beam intensity
spectra. Equation (4.8) was applied to each set of four of
spectra, channel by channel, to obtain the energy defence of
the ion yields. By calculating ion-yields in this way, the
contribution from those electrons with energies in the range
(|Vy|+3)ev to (|V,|+6)eV were obtained, thus simulating an
electron beam with an energy spread of around 3eV, similar to
the intrinsic energy spread of the positron beam. This also
subtracted background contributions which were common to both
pairs of spectra.

During preliminary measurements some spiralling of the
incident electrons was evident. The ion-yields obtained using
pairs of spectra obtained with (V,-V_,) = 0 and -3V were found
to exceed those obtained in the manner described above, i.e.
with (v,-v,) = -3V and -6V. In such cases the energy
dependence of the measured ion-yields was found to be
distorted resulting in an enhancement at low energies. Since
the electrons may be emitted from the moderator surface over
4m, with energies up to 15eV this can result in a wide range
of pitch angles at 1low beam energies. The transverse
component of velocity may be-expected to remain approximately
constant, hence, as the beam is accelerated to higher
energies, the ratio between 1longitudinal and transverse
components of the beam energy distribution will increase thus
reducing the pitch angles of particles in the beam. This
effect may then have caused the average path length of the
projectiles traversing the interaction region to become
energy dependent and have resulted in the observed distortion
of the ion-yields. By measuring ion-yields according to
equation 4.8, the spiralling particles, which would have a
reduced longitudinal component of energy, were preferentially
biased off, thus reducing this effect.
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4.5.2 Positron Ion-Yields (2-300eV)

Due to the narrower intrinsic energy spread of the positron
beam, measurements were made in pairs, with the full beam and
with the beam completely biased off. The spectra obtained
with the beam biased off were subtracted from the signal
spectra in order to remove the background. Ion-yields (Y;*)
for positron impact over this range of impact energies were

obtained using

. N, (0)-N, (6)

Yi_Ne.(O)—Ne.(G) (4.9)

where N,(0) and N, (0) are, respectively, the ion count rate
and beam intensity spectra with (V,-V,) = 0, i.e. the full
beam. N;(6) and N, (6) correspond to the ion and beam count
rates respectively with (V,-V,) = 6V, i.e with the beam biased
off. By applying equation 4.9 to corresponding spectra,
channel by channel, an enerqgy dependent ion-yield was

obtained and the background was subtracted.

4.5.3 Low Energy Positron Ion-Yields

For these measurements, the axes of the beam-line were offset
by 10mm and the Wien filter used as a velocity selector. As
a result these spectra contained a significantly reduced
background in comparison with those described in § 4.5.2. The
ion-yields (Y;,) were calculated from

N.-Bk
y, =21 259 (4.10)
N,.
where N; and N,, were the ion count rate and beam intensity
spectra respectively. The background (Bkg) was determined by

averaging number of counts in that part of the ion count rate
spectra below the Ps formation threshold (Ep). Ion count rate
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spectra were accumulated in runs lasting around 6x10%s and
beam intensities in runs lasting around 10’s. In all cases
the beam intensities were measured with no target gas in the
scattering cell.

Some ions were detected in preliminary measurements,
even at beam energies below E,. This was found to be caused
by energetic secondary electrons ejected from the cone of Ci
passing back through the interaction region. To eliminate
this effect, the ion count rates were measured with the beam
guidance coils at the end of the beam-line and the potentials

applied to Cl1 turned off.

4.6 Results and Discussion

Since the areal target density, the ion-extraction
efficiencies and the beam transport and detection
efficiencies were unknown, absolute scales were assigned to
ion-yields by normalising the data to values of Q' and Q
derived from partial cross-sections obtained from literature.
Measurements were first made over the range of impact
energies from 2eV to 300eV using both electrons and positrons
as projectiles. These measurements were made primarily as a
systematic check of the apparatus and technique. More precise
measurements were then made for the low energy part of the
cross-sections using positrons.

The results presented in the next three sub-sections are
arranged according to the type of projectile and impact
energy range. In each case, the cross-sections used for
normalisation and comparison with the present results are
also shown and the degree of agreement is discussed. The
error bars represent one statistical standard deviation.

4.6.1 Electron Results
The electron results for He, Ar and H, are shown in figure
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4.18. The ion-yields were normalised to Q;/ in all cases at
around 300eV, the highest energy investigated. Normalisation
was carried out at this energy, because the path length
corrections due to pitch ahgle effects were believed to be
smallest at the highest beam energies for the reasons
discussed above.

Figure 4.18a) shows the present values of Q for
electron impact on He. These results were obtained by
normalising the ion-yield to Q; measured by Krishnakumar and
Srivastava (1988). These values of Q; contain contributions,
albeit small, from double ionisation and are therefore
directly comparable with the present results. Of the gases
studied, Q has the broadest maximum in He, rising from zero
around threshold at 24.6eV to its maximum value around 100eV.
Between 50eV and 100eV the results of Krishnakumar and
Srivastava (1988) are up to around 8% lower than the present
results, with the maximum discrepancy occurring around 80eV.
Above 130eV the two results converge and are in agreement up
to 300eV, where the data were normalised. The difference at
low energies may be caused by spiralling of the bean,
resulting 1in an overestimate of the ion-yields at 1low
energies.

The results for Ar are shown in figure 4.18b). The
values of Q were obtained by normalising ion-yields to the
sum of Q; and the double ionisation cross-section (Q,), both
measured by Krishnakumar and Srivastava (1988). Higher order
processes, the most significant being triple ionisation, have
been neglected in the comparison. The contribution from
triple ionisation is less than 0.3% that of Q;, over this
range of energies, according to Krishnakumar and Srivastava
(1988) and are therefore negligible in the present
measurements. Q rises from close to threshold at 15.7eV, to
its maximum value around 80eV. The present values of Q/
exceed (Q;+Q,’) by up to approximately 10%, between 30eV and
120eV, before converging above 130eV. The small discrepancy
at low energies is again attributed to spiralling effects.

The present values of Q£ for H, were obtained by
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normalising the ion-yield to @ measured by Rapp and
Englander-Golden (1965). Both cross-sections shown in figure
4.18c) include contributions from dissociation. Q, increases
rapidly above threshold at 15.4eV to its maximum value by
around 30eV. It has the narrowest maxima of the gases
studied. The present results are in good agreement with those
of Rapp and Englander-Golden (1965), within the statistical
scatter of the present data, at all energies studied.

4.6.2 Positron Results (2-300eV)

The present values of Q* for He, H, and Ar, over an energy
range of (2-300)eV, are shown in figure 4.19. Also shown are
the estimated values of Q,* used for normalisation. Q' was
obtained by summing appropriate partial cross-sections from
literature. For consistency, the positron data was normalised
around the maxima in the cross-sections, since in the case of
Ar it is difficult to estimate the values of Q* above 76eV,
the highest energy investigated by Fornari et al (1983): the
results of Diana et al (1986a) contain unexplained structures
at higher energies. For He and H, it was possible to obtain
accurate values of Q' from Fromme et al (1986,1988) by
summing Q,, and Q*, since they measured the total ion-yield
which was then partitioned into these two cross-sections.

The present values of Q* for He were obtained by
normalising the ion-yield to the sum of Q, and Q" (Fromme et
al 1986). These are shown in figure 4.19a). The contribution
to Q" from double ionisation is expected to be less than 0.4%
(Charlton et al 1988) and is negligible within the precision
of the present measurements. Within the statistical scatter
of the data, the agreement between the present results and
Qp+Q,* 1is excellent over the entire range of energies
investigated.

The results for Ar are shown in figure 4.19b), along
with the estimated values of Q* that were used for

normalisation. Q' was estimated by summing Q,, measured by
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Fornari et al (1983) with Q%' measured by Knudsen et al
(1990). Where the two measurements were made at slightly
different energies, the data were interpolated in order to
perform the summation. The contribution to Q* from double
ionisation, measured by Charlton et al (1989), 1is not
expected to exceed (5.210.5)% the value of Q," over this range
of energies, with the maximum reported value of Q,*/Q*
occurring at around 100eV.

The present values of Q' rise steeply from around
threshold at 8.9eV to a maximum value at around 60evV. Q,*
falls below Q,+Q,” by up to around 20% between 20eV and 40eV.
Above 60eV QF decreases smoothly, within the statistical
scatter of the data up to 300ev, the highest energy
investigated. There is no evidence of any structure in Q' of
the kind reported by Diana et al (1986a) in Q,,. The present
value of Q' at 300eV is around 10% smaller than Q;* measured
by Knudsen et al (1990). The reason for the discrepancy is
unknown. However, if the present results are reliable, it may
be caused by inconsistencies between the absolute values of
Qp, and Q;*, which were obtained by different groups using
different techniques. This could have resulted in an
inaccurate energy dependence when the two cross-sections were
summed.

The H, results are shown in figure 4.19c). The values of
Q," used to normalise the present results, were estimated by
summing Q,, and Q,, both measured by Fromme et al (1988), who
found the contribution from dissociative ionisation to be
negligible. Q' rises from around threshold at 8.6eV to reach
a maximum value at around 40eV. Of the gases studied, Q' for
H, reaches its maximum value at the lowest impact energy, and
is most peaked around this energy. Above the maximum Q* falls
rapidly and smoothly, up to 300eV, the highest energy
studied. There is good agreement with the present results,

except near threshold, as discussed below.
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4.6.3 Low Energy Positron Results

Figures 4.20 and 4.21 show the present values of Q' from
threshold to intermediate impact energies for He, H,, Ar and
Ne. As already mentioned, these measurements were made using
a beam with a FWHM of around 0.8eV with its mean energy
incremented in steps of 0.5eV. The values of Q% used for
normalisation are also shown. These were estimated by summing
partial cross-sections in the manner discussed above.

A few points deviate from a smooth energy dependence by
a statistically significant amount. This behaviour was not
reproduced in other runs obtained under similar conditions
and hence no physical significance is attached to this
behaviour. '

The measured cross-sections rise from around zero, close
to E, for each gas. The small rise just below E; is
attributed to the energy spread of the positron beam. The
accuracy of the beam energy determination is verified by the
position of the onset of the ion-yields, which, when the
energy spread of the beam is accounted for, are in good
agreement with the known values of E, for all the gases
studied.

The values of Q% for He, shown in figure 4.20a), were
normalised using values of Q* estimated by summing Q, and Q*
measured by Fromme et al (1986). At all energies investigated
Qp+Q* and the present values of Q% are 1in excellent
agreement. Q' rises from close to threshold at 17.8eV, and
increases smoothly, before levelling off by 60eV, the highest
energy studied in this run. Of the gases studied, the
increase in Q. is most gradual in He. The polarised orbital
results for the sum of Ps formation in ground (Khan and Ghosh
1983) and first excited (Khan et al 1985) states agree with
the experimental results below around 22eV, but exceed the
latter by up to around 25% between 22eV and 35eV. The
experimental results also include contributions from single
ionisation with its threshold at 24.6eV. The distorted wave

calculation values of Q, by Mandal et al (1979) are slightly
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higher than the experimental values of Q* up to around 28eV.
The reason for the discrepancies are not clear, however,
these calculations are not expected to be very accurate at
low energies.

In the case of H,, Q' was normalised to Q,+Q," measured
by Fromme et al (1988) and both cross-sections are shown in
figure 4.20b). Q* rises steeply from close to threshold, at
8.6eV, up to around 16eV before beginning to level off. Q*
appears to reach a maximum value around (25-30)eV. The
present data was normalised to coincide with the
corresponding measurement made over 2-300eV. However the
agreement below 25eV 1is somewhat poorer, with the 3 points
representing Q,+Q, between 14eV and 18eV lying more than one
standard deviation below the present values of Q' and the two
points below 12eV lying significantly higher.

The present values of Q' for Ar are presented in figure
4.21la). These values of Q' were obtained by normalising the
ion-yield to Q, measured by Fornari et al (1983) plus Q*
measured by Knudsen et al (1990) at around 40eV. Below 15.7eV
where the contribution from direct ionisation is zero Q' is
in good accord with Q (Fornari et al 1983). Q rises very
steeply close to E; at 8.9eV before levelling off by around
16eV. Q, then begins another gradual increase at around 22eV
and is still rising at 42eV, the highest energy covered by
this run. The reason for the second increase in Q,* beginning
at around 22eV is at present unknown.

In the case of Ne, values of QF were obtained by
normalising the ion-yield to Q,, measured by Diana et al
(1985a) plus Q' measured by Knudsen et al (1990) at 50eV.
Normalising the data in this way gives values of Q,* that are
up to around 2 times greater than Q, (Diana et al 1985) below
E;. Conversely, if the present data were normalised to Q
below E;, the value of Q* would be around half that of the
quoted value of (Q,+Q;*) at 50eV. Therefore, the absolute
values of Q* have a normalisation uncertainty of the order of
*25%. The results are shown in figure 4.21b). Q' rises from

around E, at 14.8eV and continues to do so up to 50eV, the
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highest energy investigated for this gas. Q' appears to be

close to its maximum value by 50eV.

4.7 Summary

A pulsed slow positron beam has been developed and used to
obtain values of Q' for He, Ne, Ar, H,. These results have
been discussed, with particular attention to the degree of
agreement between the present measurements and the data used
for normalisation. The energy dependence of ion-yields for
He, Ar and H,, over the range of impact energies from close
to threshold to around 300eV, has been compared with that
obtained from summed partial cross-sections from literature
and found to be in good agreement for both positron and
electron impact.

The ion-yields have been measured in detail for He, Ne,
Ar and H, from low to intermediate energies. Absolute values
of Q' have been obtained by normalising ion-yields to summed
partial cross-sections. The results obtained for He are in
excellent agreement with the measurements of Fromme et al
(1986) at all the energies studied. For H, the present values
of Q' are also in good agreement with the results of Fromme
et al (1988) above 25eV. For Ar and Ne values of Q were
obtained by normalising the ion-yields to summed partial
cross-sections measured in different labs using different
techniques. Here, a greater uncertainty exists in the present

absolute values of Q,*, particularly for Ne.
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CHAPTER 5

THRESHOLD EFFECTS AND CHANNEL COUPLING
IN POSITRON COLLISION CROSS-SECTIONS

5.1 Introduction

Threshold effects are an example of the more general
phenomena of channel coupling effects. These are due,
essentially, to competition for projectile flux between
different scattering channels and may be manifested as
structures in the cross-sections for the competing processes.
These effects have been observed and studied in a number of
fields in physics.

It was first shown by Wigner (1948), in the context of
nuclear reactions, that a cross-section may contain
structure, in the form of cusps or rounded steps at the
threshold for a new reaction. Wigner (1948) derived
expressions for the energy dependence of an inelastic cross-
section, close to its threshold, using R-matrix theory and
showed that, for an endothermic reaction with no long range
Coulomb forces, the s-wave contribution to the cross-section
should have an 1infinite slope at threshold. From flux
conservation considerations, this may result in a sharp drop
in an existing cross-section, Jjust above the reaction
threshold. Below this threshold, the uncertainty principle
allows virtual transitions into the inelastic channel, with
increasing probability as the threshold is approached. This
may result in a cusp or rounded step in the cross-section for
the existing channel, centred on the inelastic threshold.

Malmberg (1956) found that dQ,/dN for protons scattering
from 'Li contained cusp-like structures peaked at 1.88MeV,
the threshold for neutron emission. The cusp was attributed
to a threshold effect, caused by the opening of the reaction

channel. The cross-section for the emission of 478keV gamma
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rays was also found to have a similar structure at the same
threshold by Newson et al (1957). They also measured the
neutron emission cross-section and demonstrated that its
energy dependence, close to threshold, could be fitted by the
R-matrix theory of Wigner (1948).

Simple formulae for these threshold effects were derived
by Baz (1958) by using the unitarity of the scattering matrix
and its analytic continuation across the reaction threshold.
It was pointed out by Baz (1958), that useful information
such as the elastic scattering phase-~shift could be obtained
from experimental data by analysis of the threshold effects.
The theory of threshold effects has subsequently been
extended by Newton (1959) and Meyerhof (1963) and reviewed by
Fonda (1961).

Evidence of similar threshold effects has also been
obtained 1in atomic physics. For electron~alkali atom
scattering, structures in dQ,/dfl have been observed in the
vicinity of E., (Andrick et al 1972, Eyb and Hofmann 1975,
Gehenn and Reichert 1972). These structures take the form of
cusp-like peaks or dips, and were ascribed to the presence of
the inelastic threshold. However, some doubt remains as to
the origin of the structure, since Moores (1976) calculated
that the threshold behaviour should only exist over a region
of around *107%V from the threshold, and should not have been
resolved in the experiments.

More recently, interest has turned to the possibility of
threshold effects in positron scattering. The threshold
theories mentioned above, have their simplest form if the
reaction considered is the first inelastic channel to open
and has no long range Coulomb forces. They are therefore
suitable for the analysis of the energy dependence of Q, and
its effect on Q, for positron scattering from inert gases,
since a Ps atom is neutral and this is the first inelastic
channel to open. The possibility of annihilation may be
neglected since its cross-section has a v!' dependence
(equation 1.5) and is negligibly small at the energies

considered here.
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The first calculation of a threshold anomaly for
positron scattering was obtained by Brown and Humberston
(1985) who used a Kohn variational technique to calculate the
d-wave contribution to Q, and Q, for positron~H scattering.
These were combined with earlier results for the s- and p-
wave contributions (Humberston 1982, Brown and Humberston
1984) to obtain values for Q, and Q. The calculation was
carried out over a range of impact energies from below E,; to

around E, and the result is shown in figure 5.1.
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Figure 5.1. The results of Brown and Humberston (1985) showing A, Q,; B,

Q.+tQp; C, a linear extrapolation of Q, from below E.

The elastic cross-section was found to contain a slight
discontinuity across E, which was attributed to either a
"narrow cusp-like feature" in Q, or to a calculational
artefact, since the values of the cross-section were not
calculated to the same accuracy above and below E,. In
addition, the calculated value of Q, was around 20% smaller

at E, than the value obtained by a linear extrapolation from
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below E,. The change in gradient in Q, around E, indicated
that the reduction in Q, was caused by the Ps formation
channel.

The first experimental evidence of a threshold effect in
Q, for positron scattering, was obtained by Campeanu et al
(1987) who made a detailed analysis of the available
experimental data for He, in an attempt to partition Q.
Campeanu et al (1987) subtracted Q, and @, measured by Fromme
et al (1988) from Q, obtained by Stein et al (1978) to deduce
the "total cross-section without ionisation", namely Qu+Q..
Below E, this is obviously equal to Q,. A smooth curve
passing through zero at E, was drawn through Q,+Q,* and this
was then subtracted from Q,. The result is shown in figure
5.2.

The resulting estimate of Q, was found to exhibit a

o o o o o o
N w =~ wn o pX]
I [ i T I ]

Partial Positron Cross Sections O'(naoz)

©
I

10 15 20 25 30 40 50
Energy (eV)

Figure 5.2. Cusp feature in Q, for positron-He scattering, as obtained by

Campeanu et al (1987).
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pronounced cusp-like feature peaked at E,, followed by a
decrease of approximately 20% between E, and E.

A similar study was performed by Fromme et al (1988)
after measuring Q,, and Q;* for H,, which they subtracted from
Q, measured by Hoffman et al (1982). Again, the analysis
provided evidence of a pronounced cusp in Q, at E;, followed
by a reduction of up to around 50% in the value of Q, between
Ep, and E.

In both the analysis by Campeanu et al (1987) and by
Fromme et al (1988) a high degree of interpolation was
necessary, due to the dearth of data for Qp close to
threshold. As pointed out by Campeanu et al (1987), the
cross-sections used 1in the analyses were obtained by
different groups under different conditions and the inferred
threshold effects could have been exaggerated by differences
in beam energy determination and the absolute values of the
cross-sections.

These problems were circumvented by Coleman et al (1992)
by measuring Q, and Q,, for He using the same apparatus. The
technique allowed all the measurements to be made by merely
changing the potentials appiied to two grids, thereby
minimising systematic errors. Q, was then subtracted from Q
in order to determine (Q,+Q.,+Q,"). This equals Q,, up to E, at
20.6eV and the results are shown in figure 5.3. Due to the
unknown areal target density, these measurements were
normalised to the Q, values of Stein et al (1978) below E,
where Q, and Q, are equal since E, is, in this case, the first
inelastic threshold. Within the statistical uncertainties
(around 10% in Q,), the elastic cross-section was found to be
flat up to E, suggesting that, if a threshold effect is
present, it 1is not as pronounced as that predicted by
Campeanu et al (1987). Above E,, (Q,+Q,+Q") rises as
expected, with the onset of excitation and ionisation.

In this chapter, new values for Q, are derived, for He,
Ar and H, using the present values of Q% and published data
for Q,. In § 5.2 the energy dependencies of Q, are examined in

the vicinity of E,, in order to search for a threshold effect
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Stein et al (1978); dashed line, Q,+Q, from Campeanu et al (1987).

in Q,. In § 5.3 the present values of Q% for He, Ne and Ar
are analyzed using threshold formulae derived from R-matrix
theory. In § 5.4 the present values for QF and the phase-
shifts calculated by McEachran et al (1979) are used to
predict the nature and magnitude of the threshold effects in
Q, for Ar. This is then compared with experiment. In § 5.5
evidence of channel coupling in Q' and Q, for O, is

discussed.

5.2 The Energy Dependence of Q,, Close to Ej

The partial cross-sections that comprise Q, and Q*, for an
atomic target, are shown in table 5.1. The right hand column
shows the difference between Q, and Q,*, in different energy
ranges from zero to above E;. Any threshold effects, caused

by the onset of Ps formation, would be expected to be
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confined to a small range of impact energies around E, and

here Q-Q* is equal to Q,.

Energy range Q = QF = Q-9+t =
E<E,, Qu 0 Q.

Ep <E<E,, Qe+ Qps Qs Q.
E..<E<E, QutQp+Q., Qps QutQex
E<E Qu+Qp+Qex tQ; " Qp+Q;" Qe+ Qex

Table 5.1. A table showing the partial cross-sections that contribute to
Q, Q" and Q-Q*, for an atomic target.

The gases that were studied are He, Ar and H,. The cross-

sections and thresholds shown in table 5.1 are for rare

gases. However, 1in the case of H,, Q also contains
contributions from molecular rotation and vibrational
excitation, and dissociation. These contributions are

expected to be small in the range of energies of interest and
are not expected to affect the present analysis. In the case
of Ne a relatively large normalisation uncertainty exists in
the absolute values of Q' and the Ne data was not analyzed in
this way. For Ar, He and H,, the values of Q' were subtracted
from two published measurements of Q,, in order to obtain the
5.5 and 5.6. Where

necessary, the values of Q, were interpolated before making

difference curves shown in figure 5.4,

the subtraction.
For all ch+ch
within the resolution of the measurements. As

three targets continues across Ep
smoothly,
already mentioned, Q,* was measured with a beam energy spread
of around 0.8eV FWHM and a cusp of the magnitude predicted by
Campeanu et al (1987) should therefore be easily resolved.
The uncertainties in Q-~-Q* are typically around 5%. Above E,
there is a small decrease in the values of Q,+Q., between E,

and E, for all three gases. None of the deduced Q, contains
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Figure 5.6. The present values of Qg for positron-Hj scattering, =*; Q
(Hoffman et al 1982), Q Q, (Charlton et ai 1983), V; Q,(Hoffman et al
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a pronounced cusp-like feature peaked at Ep, of the magnitude
predicted by Campeanu et al (1987).

The behaviour of Q and Qj,, close to Ep,, was then studied
more closely. The values of Q' in the energy range between B
and BEx are shown in figures 5.7, 5.8 and 5.9, along with the
values of Q over a similar range of energies below Hp,. Ey is
an energy, the same distance below H, as E“™ is above, i.e. Ey
= Ep3~ (E,"-EpJ .

It is of interest that, in all cases, the energy
dependencies of Qt appear to have a positive slope just above
Fog. In some cases there is a discontinuity between Q, and @',
across K. This is due to the small non-zero values of QOt*,
just below HEpg, caused by the beam energy spread and has no
pPhysical significance. 1In order to obtain a quantitative
estimate of the rise in Q, below Ep,, and the fall in Q% above

Bs, a linear least squares fit was made on the values of Q

162



0.2:

o 0.20
v
0.18 h
T
\"
al
Y
g 0.16
CJ 'PS ] ex
0.14 1
4 16 18 20 22

Impact energy in eV

Figure 5.7. For positron-He scattering: Q (Mizogawa et ai 1985), o; Q
(Stein et al 1978), =+; Q,(Mizogawa et ai 1985)-Qp, v; Q (Stein et ai
1978), V. The solid lines are least squares fits to the data.

(0]
0
2
[ 5
a
w
(o]
o Ps ex
2.0
6 7 8 9 10 12

Impact energy in eV

Figure 5.8. For positron-Ar scattering: Q, (Charlton et ai 1984), =«; Q
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Figure 5.9. For positron-H, scattering: Q, (Hoffman et al 1982), wv; Q

(Charlton et al 1983), e¢; Q,(Hoffman et ai 1982 )-Q,', Q Q, (Charlton et ai
1983)—Q,*, V. The solid lines are least squares fits to the data.

in the energy range Ey to B, and on @, in the interval from Hp,
to . The fitted lines are also shown in figures 5.7, 5.8
and 5.9. The changes in Q (AQJ and @, @*,) are defined as

follows

1.5.a
20, = ( )

1.5.b
20el = Gel Qel ( )

The values of AQ, and A)*j were obtained from the fit and are

summarised in table 5.2.
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Gas | Q, used to AQ, in 107'%cm? AQ, in 10'%cm?
derive AQ, and
AQel

Ar Charlton et al 0.08 + 0.11 -0.15 + 0.15
(1984)

Ar Kauppila et al 0.13 + 0.26 -0.22 * 0.15
(1976)

He Mizogawa et al 0.013 * 0.005 -0.023 £ 0.016
(1985)

He Stein et al 0.0087 + 0.0043 -0.030 £ 0.010
(1978)

H, Charlton et al 0.15 + 0.075 -0.029 * 0.18
(1983)

H, Hoffman et al 0.13 +* 0.03 -0.22 £ 0.08
(1982)

Table 5.2. A table showing the values of AQ and AQ,.

In each case the fitted line has a positive slope below E
and a negative slope above, indicating a small threshold
effect due to Ps formation. Firm conclusions are inhibited by
the large uncertainties in Q-Q,* and, to a lesser extent, the
energy calibration and resolution. The values of AQ, in He
are smaller than predicted by Campeanu et al (1987), being
around 5% in the present analysis.

In addition to the analysis of Q,, the values of Q-Q*
have been used to estimate Q, of He. This was done by
subtracting the average values of Q-Q° (=Q,) Jjust below E,
from the values of Q-Q* (=Q,+Q.) above E,. The result is
shown in figure 5.10 compared with values of Q, measured by
Coleman et al (1982) and Sueoka (1989) and the theoretical
predictions by Hewitt et al (1992) (2S,2P) and Ficocelli-
Varracchio and Parcell (1992) (2S,2P,3P). The present results
for Q, are those derived from values of Q, obtained by Stein
et al (1978).

The present values of Q, remain close to zero from
threshold, at 20.6eV, up to around 23eV. The reason for the
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Figure 5.10. The present values of for positron-He scattering, o; 0*
(Sueocka 1989), »«; (Coleman et al 1982), v; (Hewitt et ai 1992), a;
(Ficocelli-Varraccio and Parcell 1992), solid 1line.
apparently zero values of below 23eV 1is at present

unknown, but may be due to uncertainties in Q*-Q/. As already
mentioned, the energy calibration of the present data was
confirmed by observing the position of the threshold in Q/.
Above 23eV rises and continues to do so up to 30eV, the
highest energy for which was estimated. The present values
of Qx are significantly greater than previous estimates.
However the present results must be viewed with caution, due

to the indirect manner in which they have been derived.

5.3 The Energy Dependence of Q" Close to Threshold

The R-matrix threshold theory may be used to derive an
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expression for Q, (Moxom et al 1993a). For a single incoming

and outgoing angular momentum, 1 and 1’

Ops = 25 (21+1) . PO(kR) . PUI(KR) L 21 (5.2)

where k and k’ are the wave-numbers of the positron and Ps
atom respectively and R is the radius of the R-matrix sphere,
outside of which the wave-functions of the incoming and
outgoing particles are unaffected by the scattering centre.
P®» and P" are penetration factors, and the last term is a
ratio of the R-matrix elements coupling the elastic and
inelastic channels and is only weakly dependent on E. The
first two terms are functions of k and are therefore also
expected to vary slowly with E, close to E,. Hence, close to
the reaction threshold, the main energy dependence of the
cross-section is determined by the second penetration factor

P" and Q, may be written

Ops = @ P (k'R) (5.3)

where (a) is a constant of proportionality. Since there are
no long range Coulomb forces in the final channel, P" has the

following form (Lane and Thomas 1958)

) (k'R) 211

(5.4)

l+(k/R) 21/

Then, if k’R<<1l, equation 5.4 becomes
P(l’)z(klR) 217+1 (5.5)

If R is of the order of an atomic radius, the inequality
condition is satisfied over a range of a few eV above E,. If
E’ is the kinetic energy of the Ps atom then equation 5.3 can

be written

Ops = a (E/) 1712 (5.6)

If more than one partial'wave contributes to the cross-
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section this expression must be summed over all the relevant
angular momenta. If the measured values of Q, can be fitted
to a curve of this form, the value of 1’ may be deduced. The
values of 1 that couple to the Ps formation channel are

dictated by conservation of angular momentum

l1=1  +1/ (5.7)

= =ion

and conservation of parity

(-1)1 = (_l)lim*ll (5.8)

Here 1, is the angular momentum of the ion, which for a rare
gas is equal to the angular momentum of the electron captured
to form Ps. This information may then be used to analyze the
threshold effects in Q, or Q, as described in § 5.4.

To analyze Q,, in this way, the present results for Q7
(Q" = Qp, up to E;) were least squares fitted to a curve of the

form

Ops = @, (E)Po+a, (B (5.9)

which assumes that only two partial waves, e.g. 1’/ = 0 and 1’
= 1, can contribute to Q. Initially, to test whether the
data could be fitted by a single partial wave, the fit was
performed with a, = 0 and using a, and b, as fitting
parameters. The results are shown in figure 5.7, plotted
logarithmicly, so that such a curve will yield a straight
line with a gradient equal to b,.

For Ne and Ar, the data were well fitted in this way up
to several eV above threshold, indicating that close to
threshold the cross-sections are dominated by single partial
waves. The He data could not be fitted in this way,
indicating that the cross-section contains significant
contributions from more than one partial wave.

In Ar, the data could be fitted up to ~4eV above E, with
b, = 0.51%0.01. Comparison with equation (5.6) indicates
therefore that predominantly 1’ = 0. For Ar, close to E,, a
positron must pick up a 3p electron to form a Ps atom and so,
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Figure 5.11. Present values of Qp for He, v; Ne, O and Ar, . The solid

lines are least squares fits to the data.

from equation (5.7) the most 1likely value of the incoming
angular momentum that couples to the Ps channel is 1 = 1.
In the case of Ne the data may be fitted for up to ~6eV
above FEp*, by bg = 0.6610.01. Here the situation is not quite
as clear as for Ar, but suggests that the outgoing Ps is
predominantly s-wave in character.
The He data was fitted by setting bg = 1/2 and b; = 3/2,

i.e. assuming contributions from s- and p-waves. Then ag and
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a, were used as fitting parameters. The fit was extended to
around E’ = 6eV yielding a, = 0.031+0.003 and a; = 0.011+0.001
where the cross-section is in units of 10'cm’? and E’ is in
eV. The point at 0.12eV lies above the fitted curve. This is
attributed to the 0.8eV FWHM energy spread of the bean,
causing the measured values of Q' this close to threshold to
appear too high. Therefore this point was not included in the
fit.

5.4 Threshold Effects in Positron-Ar Scattering

The cross-section in which a threshold effect occurs (Q, or

Q,) may be decomposed in the following way

Qel,t(E) = Qo(E) +AQ91’5(EI E/) (5'10)

where AQ, (AQ,) is the "threshold effect" in Q, or Q,. These

effects are related by

(5.11.a)
AQ.=AQ.;+0ps (E> Epg)
AQtzAQel (E<Eps) (Scllcb)
AQ,=AQ,;=0 <E=EPS) (5.11.c¢c)
and the cross-section Q, is given by
g, = A% (21+1) sin?%d 5.12
0 kz ; 1 ( . )

where §, is the elastic phase shift of the incident positron
that couples to the Ps formation channel, calculated with the
Ps formation channel hypothetically suppressed.

By definition, the threshold effects are =zero at
threshold and so at Ep
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Qo (EPS) = QC(EPS) = Qel(Eps) (5'13)

By considering the unitarity of the scattering matrix, and
its analytic continuation across the threshold, the following
formulae may be derived (Meyerhof 1963).

-1+cos 29, (E>Ep,) (5.14.a)

Ag., =0
PO (c1)7%1 sin 28, (E<Ep,) (5.14.b)
cos 20, (E>Epg) (5.14.c)

Ag, =0
- Fe (-1)1*1gin 20, (E<Ep,) (5.14.4)

As before, if more than one partial wave contributes to Q,,
the expressions must be summed over all the relevant angular
momenta.

In order to evaluate the threshold effects in Q, or Q,
it is first necessary to know 1’, Q, and §,. By analysing the
energy dependencies of Qp, as described in the previous
section, the appropriate values of 1’ to be used in the
analysis may be determined. Then, using theoretical phase
shifts (e.g. McEachran et al 1979), the present values of Q
may be used to calculate the magnitude and shape of the
threshold effect in Q, and Q,. These may then be compared with
experiment. This was done for Ar, since, according to the
analysis of § 5.3, only one outgoing angular momenta
contributes significantly to Q, close to E,. This is the s-
wave indicating that 1 = 1. Thus the p-wave elastic phase
shifts of McEachran et al (1979) must be used to calculate
the threshold effects and Q,. Close to threshold, these phase

shifts are small and positive. Therefore, according to
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equation (5.14.b), the threshold effects in Q, are small and
negative both above and below E, and are expected to lead to
a small cusp in Q,. In order to smooth out statistical
fluctuations, the values of Q, used in this analysis are
those obtained by fitting the data to a curve, as described
in § 5.3.

In order to proceed with the analysis, the values of Q,
obtained from the p-wave elastic phase shifts of McEachran et
al (1979) must be fitted, so that equation 5.13 is satisfied.
One way to do this is to multiply the theoretical values of
Q, by a constant (f). Figure 5.12 shows the Q, values of
Charlton et al (1984), Kauppila et al (1976) and Coleman et
al (1980). This figure also shows Q, from McEachran et al
(1979) fitted to Q with f = 1.1 and the predicted behaviour
of Q, and Q, from equations (5.14.a-d) and 5.10. Above E,, the
derived Q, is in good agreement with the data of Charlton et
al (1984), however, the values of Q, measured by Kauppila et
al (1976) and Coleman et al (1980) are slightly smaller.
Below E;; all three measurements lie above the derived Q,. This
indicates that the phase shifts of McEachran et al (1979) may
be too large. If they are arbifrarily halved, the agreement
for E < E, 1is generally improved, as shown. Above E; the
threshold effect is small and relatively insensitive to
changes in the value of §,, since it follows the cosine
dependence given by equations (5.14.a) and (5.14.c). Hence,
above E,, doubling the phase shift makes very 1little
difference to AQ,, with the prediction remaining in good
agreement with the results of Charlton et al (1984).

A similar analysis in the case of He is complicated by
the fact that more than one partial wave seems to contribute

significantly to Q.

5.5 Near Threshold Effects in Positron O, Scattering

Evidence of another form of channel coupling effect has been

observed in the case of 0,. Here a broad dip in Q* has been
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found, corresponding to a broad maximum in the cross-section
for excitation to the Schuman-Runge continuum (Qg), as
measured by Katayama et al (1987).

At the time these measurements were made the gain of the
ion detector (C2) had greatly deteriorated due to ageing.
This resulted in output pulses that were small in comparison
with the noise on the ion signal line due to stray coupling
with the high voltage pulses from the ion extractor. It was
therefore not possible to pulse the ion-extractor and
instead, a d.c. potential of a few volts was applied in
conjunction with a d.c. beam. The effect of this potential on
the ion-yield was investigated and no effect on the energy
dependence of the ion-yield or on the beam intensity was
observed when measurements were made with V., less than 2V. The
ion count rates and beam intensities were measured in the
same way as before, with V, ramped in steps of 0.5V. These
measurements were made with a beam with a FWHM of around
l.1leV.

Figure 5.13 shows an ion-yield obtained for O,. This
data was obtained by averaging 4 runs lasting around (8-
24x10*)s. The values of Q" used for normalisation were
estimated by averaging Q, measured by Charlton et al (1983)
below E, (between 2 and 4eV) and subtracting this value from
Q, above E,. The ion-yield was then normalised to these values
between 5 and 7eV to obtain an estimate of Q.

Q," rises very steeply from close to E, at 5.3eV and
continues to rise up to around 8eV. This is followed by a
decrease in Q' of around 12% at around 12eV, above which Q*
begins a more gradual rise over the remainder of the energies
investigated. This energy dependence 1is significantly
different from that observed in all the other gases studied
(He, Ne, Ar and H,). In these gases Q" was found to increase
smoothly with impact energy. Also shown in figure 5.13 is Qg
measured by Katayama et al (1987). This cross-section has a
broad maximum around 12eV which corresponds to the dip in Q,*.
It is interesting to note that the decrease in Qg begins

close to E; at 12.1eV, around which Q* begins to rise again.
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Figure 5.13. Present values of Qp for positron-O, scattering A and Qsr

from Katayama et ai (1987) .

This correlation indicates that there is coupling between the
channels, similar to that between @, and Q" for He, Ar and H2.
However in the case of 02 the effect seems to be more
pronounced and the cross-section containing the effect (Q/)

has been observed directly.

5.6 Summary
The energy dependencies of for positron scattering in He,

Ar and H2 have been derived from the present values of Q/.

There is no evidence of a Wigner cusp at Hp, of the magnitude
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expected by Campeanu et al (1987), however a small change in
the slope of Q, is apparent in the vicinity of E,, suggesting
that there is a small threshold effect caused by coupling
between the Ps formation and elastic scattering channels.

The energy dependencies of Q, have been analyzed for He,
Ne Ar and H, and the dominant partial waves that contribute
to Qp, have been deduced. In the case of Ar, the Ps appears to
be almost entirely s-wave in character. This information has
been used to predict the threshold effects in Q,, using the
elastic scattering phase shifts calculated by McEachran et al
(1979). The expected behaviour has been compared with
experiment and this indicates that the true phases shifts are
smaller than estimated by McEachran et al (1979). The small
phase shifts are in qualitative accord with the hypothesis
that, for positron scattering, the interaction potential is
weak due to a partial cancelation of the static and
polarisation interactions.

Q,"* has been measured for 0,. Structure has been observed
in Q* for this target, which is not present in the other
gases studied and this is ascribed to coupling between the Ps
formation and excitation to the Schuman Runge continuum

channels as suggested by Laricchia and Moxom (1993).
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CHAPTER 6

CONCLUSIONS

The work presented in this thesis concerns experimental
investigations of positron impact ionisation phenomena. The
phenomenon of electron capture to the continuum (ECC) was
studied and the total ionisation cross-sections measured for
a variety of atomic and molecular targets. In the latter
case, the energy dependence of the Ps formation cross-
section, <close to its threshold, and channel coupling
phenomena received particular attention.

ECC arises if a high degree of correlation exists
between a scattered positively charged projectile and an
ejected electron. It has been shown that, in collisions
involving protons and positive ions as projectiles, ECC may
give rise to cusp-like peaks in the ejected electron energy
spectra (e.g. Crooks and Rudd 1970, Rodbro and Andersen
1979). It has also been suggested that ECC may result in
structures in the double and triple differential cross-
sections in the case of positron-atom(molecule) scattering.
However, theoretical results (Schultz and Reinhold 1990,
Mandal et al 1986, Sil et al 1991, Brauner and Briggs 1986)
disagree as to the magnitude and shape of such structures.

In the present work, the significance of ECC in
positron-Ar scattering has been assessed by measuring the
ejected electron energy spectra. This was done using two
different methods involving TOF and retarding potential
measurements. A novel ion extractor was developed and
employed to allow the detection of ions formed in a long
scattering cell. In both cases the remnant ion was detected
and used to gate the data acquisition system, in order to

discriminate between electrons originating from the target
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gas and background electrons originating from metal surfaces
in the apparatus.

No major cusp-like structures of the type predicted by
Mandal et al (1986) and Sil et al (1991) were found, however
some spectra showed evidence of minor structures at energies
compatible with ECC. The shape of this structure resembles
the small ridge predicted by Schultz and Reinhold (1990) in
the case of positron-H scattering. Its magnitude suggests
that, in the case of a light positively charged projectile,
ECC makes a minor contribution to ionisation at small forward
emission angles. The absence of any major structures in these
spectra have now been confirmed by Kover et al (1993) using
an electrostatically transported positron beam which enabled
an angular resolution of *6° and an energy resolution of 4%
to be achieved.

The total ionisation cross-section (Q,*), including
contributions from Ps formation, was measured for a range of
atomic and molecular gases. Values of Q' were derived from
ion-yields obtained by a particle counting technique. These
were measured for He, Ar and H,, over the range of impact
energies from below threshold to around 300eV, using a
technique involving pulsed electron or positron beams with a
narrow energy spread. The beam and ion extractor were pulsed
on and off in anti-phase, in order to avoid deflection of the
beam during the collision. The energy dependence of the ion-
yields obtained by electron impact have been compared with
total ionisation cross-sections obtained by summing partial
cross-sections available in the 1literature, in order to
verify that the ion extraction technique had no significant
energy dependence. Ion-yields have been obtained for positron
impact over a similar energy range and, furthermore, the near
threshold behaviour for He, Ne, Ar and H, has been examined
in greater detail.

Absolute cross-sections were deduced from the ion-yields
by normalisation to existing data. These values of Q" were
used to derive new estimates of Q,, close to E, for He, H, and

Ar. No evidence was found of a Wigner-like cusp around E; of
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the magnitude suggested by Campeanu et al (1987). A small
threshold effect, however, appears to be present in Q,. This
is believed to be consistent with the weak interaction
between a positron and an atom, resulting from the partial
cancellation between the static and polarisation potentials.

Below E, the energy dependencies of Q' for He, Ne and Ar
were analyzed using formulae derived using R-matrix theory
(Wigner 1948) and the dominant partial waves 1in the Ps
formation channel close to threshold deduced. Additionally,
the magnitude of the threshold effects in Q, and Q, for Ar
were computed using the present results for Q* together with
the purely elastic scattering cross-sections calculated by
McEachran et al (1978). Comparison with available
measurements of Q, suggests that the phase shifts of McEachran
et al (1979) might be too large.

In the near threshold behaviour of Q* for 0,, structure
was found in the form of a minimum in Q,* which coincides with
a maximum in the cross section for excitation to the Schuman-
Runge continuum. This is attributed to coupling between the
two inelastic channels.

It is planned to make more precise measurements of Q°
and to extended this work to a wider range of targets. By
extending measurements to higher energies, where Q' is
expected to equal Q;, it is hoped that absolute values of Q7
may be obtained at low energies without having to normalise
to existing positron data.

In order to deduce the behaviour of Q, across E;,
measurements of total cross-sections, wusing the same
apparatus as that employed to measure Q' would be highly
valuable. It is also expected that the investigation of
threshold effects may soon be extended to differential
measurements, where a higher degree of sensitivity is
expected.

With the availability of positron beams of ever
increasing intensity and quality, experiments will be
performed with significantly higher precision and resolution.

Interesting results in this field are anticipated.
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Abstract. Total positron impact ionization cross sections, including contributions from
positronium formation, have been measured for He, Hj and Ar from below the positronium
formation threshold, Ep®, up to 60 eV, 31 eV and 41 eV respectively. These cross sections
have been subtracted from corresponding total cross section measurements and a small
decrease in the elastic cross section between Ep” and the threshold for excitation has been
deduced for all three targets.

Brown and Humberston (1985) calculated the elastic scattering cross section ((»ei) and
the positronium (Ps) formation cross section (gps) for positron (e”) scattering from
atomic hydrogen over a range of impact energies up to the excitation threshold (Hex)
at 10.2 eV. A slight discontinuity was found in the calculated value of ge\ across Ep,.
It was thought that this may have been due to a ‘narrow cusp-like feature’ in Qei in
the vicinity of Ep*, or a calculational artefact, since above Ep* was not evaluated
with the same accuracy as below that energy. Additionally, above Ep, the calculated
values of were smaller than the values obtained by a linear extrapolation from
below Eps, with the difference being nearly 20% at 10.2 eV.

A comparison of experimental data on e”-helium scattering carried out by
Campeanu et a1 (1987) indicated that a cusp may be present in (-.i, at Ep”, followed
by a decrease of approximately 20% between Fp* and . The behaviour of Qei was
deduced by adding together gp~ and the single ionization cross section ot) of Fromme
et a1 (1986), fitting a curve to these points and then subtracting this from the total
cross section (QJ of Stein et a1 (1978). Fromme et a1 (1988) have also measured ot
and gps for e”-H: scattering and have subtracted these from ot of Hoffman et az
(1982). A similar behaviour in (z.i was deduced as in the case of e -He scattering,
with a reduction in of up to approximately 60% between Fp* and E*. In both
cases, however, the scarcity of available data for gp~ at low energies introduced a
significant uncertainty in the deduced behaviour of near Ep”

A recent experiment by Coleman et a1 (1992), in which both ¢i and gp* were
measured using the same apparatus, has produced no evidence of a cusp in at Fp*
for e”-helium scattering, of the magnitude found by Campeanu et a1 (1987). This
result is depicted in the inset of figure 1. was also found to be, within the uncertainty
of the measurements, flat up to E*". For He Ep" is at 17.8 eV and E™ is at 21.2 eV.

0953-4075/93/130367+06607.50 © 1993 IOP Publishing Ud L367
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In order to shed more light on the behaviour of ¢+\ in the vicinity of Eps, a more
detailed knowledge of Qps at low impact energies is needed. In the work described
here, the total ionization cross section has been measured, in detail, for He, H-:
and Ar for a range of impact energies from below =zp~ to 60 eV, 31 eV and 41 eV
respectively. The measured values of have been used to deduce Qei above Eps, by
subtraction from available oi data. Throughout this work is defined,

O = Qps-~QI-*1QL

where gp~ includes contributions from excited states and 2 gno is the sum of all higher
order processes. This final term is zero for He and Ar over the range of energies for
which data are presented here whilst, following Knudsen et a1 (1990), the dissociative
contribution for H: is expected to be small.

A magnetically guided positron beam of variable kinetic energy, with an intensity
of around 900s ', was passed through a differentially pumped gas scattering cell,
incorporating the ion extractor used by Moxom et a1 (1992). The energy spread of the
beam was reduced to around 0.8 eV fwhm by biasing off the low energy portion of
the beam. A Wien filter was employed, prior to the scattering cell, in order to remove
fast particles emitted by the radioisotope from which the positrons were obtained. To
prevent the positrons from being accelerated by the ion extractor, a random ion
extraction technique was used. The beam was pulsed off (i.e. chopped) and, shortly
after chopping the beam, the ion extraction field was pulsed on. This cycle was repeated
at a frequency of 20 kHz and ensured that no positrons were in the scattering cell
while the electric field was present. This technique benefited from the fact that the ion
lifetime in the scattering cell was long in comparison with the period of the pulse
cycle. Data were collected on a multichannel scaler (mcs), in multiple sweeps with
dwell time of 10 s per channel. Spectra were obtained by ramping the potential applied
to the moderator in steps of 0.5V, so that the data in each channel of the mcs
corresponded to the count rate with a different mean beam energy. lon count rates
and beam intensities were measured in separate runs and the ion count rate was divided
by the beam intensity channel by channel to obtain an ion yield. The beam intensity
was measured with no target gas in the scattering cell using a Ceratron detector. This
unit was switched off when the ion count rates were measured in order to prevent
electrons ejected from its cone from passing through the scattering cell.

A detailed description of the apparatus and the systematic checks which were
carried out will be given in a future publication (Moxom et a1 1993). Amongst these
checks, ion yields were measured over the range of impact energies between 2 eV and
300 eV in steps of 2 eV, using the full beam with an energy spread of 1.6 eV fwhm.
The energy dependence of the ion yields was in good agreement with existing data,
indicating that the ion extraction efficiency had no significant energy dependence over
a wide range of impact energies. Ion yields were compared with published cross sections
in order to obtain absolute values for o~. In the cases of He and H:, ion yields were
normalized to the sum of gp~ and ot, both of which have been measured by Fromme
et a1 (1986, 1988). Ion yields were normalized at energies at which gp~-+0t reached
its maximum value, by fitting the present data to gps~~+ot by eye. This procedure was
found to give good agreement, within the statistical scatter of the data, over the whole
range of impact energies for He and for all energies above 30 eV for H:. In the case
of Ar, the ion yields were normalized to measurements of gp+ by Fomari et a1 (1983)
below 15.7 eV, where the contribution from direct ionization was zero. The Ar data
were normalized in this way because of the uncertainty in ¢t at higher energies. This
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uncertainty arises from multiple ionization contributions and poor knowledge of ops
above 76 tV, the highest energy investigated by Fomari et a1 (1983).

More detailed measurements were then made for the three targets over a narrower
rang” of impact energies and it is these measurements which are reported here. The
cross sections, for the three gases are shown in figures 1, 2 and 3. The error bars
represent one standard deviation. These data were in fact based upon ion yields
obtained in a single run for each target and are typical of those found under different
conditions (e.g. gas pressure and pulse frequency). The energy scale was fixed by
measuring the beam energy with a retarding electric field set-up using a grid in front
of the Ceratron. Verification of the beam energy determination was obtained from the
position of the onset of the ion yields for the three targets.

The cross sections rise in each case, as expected, from an energy close to gp0~. The
small increase apparent just below this threshold (see for example Ar in figure 3) is
attributed to the energy spread of the e® beam. The data presented in figures 1-3 show
ot varying smoothly with energy. A few points, however, appear to deviate from this
behaviour by a statistically significant amount. No physical significance is attached to
these points, since this behaviour probably arose from noise on the ion signal line and
was not reproduced in runs taken under similar conditions. As mentioned above, the
data were obtained from a single run consisting of multiple sweeps of the e” energy.

Figure 1 shows that the onset of ot at gp~ is most gradual in He, in comparison
with Ar and Hj. The present data are in excellent agreement with gps~~ot of Fromme
et a1 (1986) at all energies for He. The agreement in the case of H: is poorer below
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Figure 1. Present values of Q29~/‘Qf of Fromme et al (1988) (0), Q*of Mizogawa
el al (1985) (V), (2, of Stein e/ al (1978) (V), the difference between Q, of Mizogawa el
al (1985) and Qt (m), the difference between Q*of Stein e/ al (1978) and Qt (1), Qc\ + Qex
of Coleman el al (1992) (Y) (inset). The lines that are drawn through some of the points
serve only to guide the eye.
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Figure 2. Present values of (f), Op*+Qt of Fromme et al (1988) (0), Qi of Hoffman
et al (1982) (o), Q" of Charlton et al (.1983) (T), the difference between of Hoffman
et al and Qt (A), the difference between <2, of Charlton e al/ (1983) and Qt (m)e The
lines that are drawn through some of the points serve only to guide the eye.

30 eV with the Qps+ Qt of Fromme et a1 (1988) between 14 eV and 24 eV lying around
15% below the present data and the two points below 12 eV lying significantly higher.
The onset at Ep*is more rapid than that for He with Qt becoming nearly constant at
its maximum value above around 20 eV e” energy. In the case of Ar, gp~ of Fornari
et a1 (1983) is in good accord with the present results below the single ionization
threshold at 15.7 eV.

Of the three gases studied here, Qt rises most rapidly from Ep* for Ar, with the
rise becoming much more gradual by approximately 14 eV. Around 22 eV a second,
gentle increase begins, with Qt still rising at the highest energy presented here (41 eV).

The total cross section without ionization, that is Cei+ Qex, was deduced by
subtracting Ot from the two most recent Qf measurements. For all three targets and
with all Qt used in the comparisons, the difference continues smoothly across Ep, with,
in most cases, a decrease in Q" between Ep" and Fe% For He the decrease appears to
be less than 8% and is significantly smaller than inferred by Campeanu et a1 (1987).
No evidence of a cusp in Qc at Ep* was found. For each of the three gases the inferred
value of Qci+ Qex begins to increase above Eex, as expected, with the onset of target
excitation. In order to estimate quantitatively the decrease in Q”, the mean values of
the three points nearest to Ep* and to E™ were calculated and the standard deviation
used to estimate the uncertainty. The change in Q* between Ep* and E™ is expressed,
as a percentage, in table 1, along with the source of Q, used to deduce Q*.

The inset of figure 1 compares, for e*-He collisions, the present derived values of
(Qex+Qei) with those measured by Coleman et a1 (1992). Between Ep* and Ec* both
experiments find Q" nearly unchanged from its value just below Ep”. Above E** the
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Figure 3. Present values of Q* (f) (some of the error bars are encompassed by the points),
Qps of Fomari et al (1983)+ of Knudsen et al (1990) (0), 0" of Charlton et al (1984)
(V), (?i of Kauppila et al (1976) (o), the difference between Q" of Charlton et al (1984)
and (m), the difference between of Kauppila et al (1976) and (A). The lines
that are drawn through some of the points serve only to guide the eye.

Table 1. Change in the deduced values of between Ep” and for each target gas,
expressed as a percentage, together with the source of <?, used to deduce

% change in deduced value

Target of (2ci between Ep”* and EM Source of (?, used to deduce Qg,
He -5.5% £5.0% Mizogawa et al (1985)

He -8.3% %2.6% Stein et al (1978)

Hz -14.9% *4.4% Hoffman et al (1982)

Hz -50% *24% Charlton et al (1983)

Ar +2.1% £4.2% Charlton et al (1984)

Ar -10.5% £6.4% Kauppila et al (1976)

two measurements do not agree, with the results of Coleman et a1 (1992) rising from
around 21-22 eV, whilst for the present (C*ei+Qex) data the increase is not apparent
until around 24 eV. The origin of this discrepancy is at present unknown.

An estimate of o~x in He was obtained by linearly extrapolating Qei+Qex from
below £ex to 30 eV. The difference between the extrapolated value of Qei and the
measured value of (?ei+ (?ex was between 1.7 x 10“’*em” and 2.1 x 10“'"* em* at 30 eV.
This range of values is about three times higher than the corresponding measurement
of Sueoka (1982), who employed a time-of-flight method to obtain energy-loss spectra.
These measurements are believed to represent a lower estimate of Qex since the
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collection of scattered positrons was restricted to forward angles. They do, however,
follow closely the (1S-2P) excitation cross section calculation of Ficocelli-Varrachio
(1990) at low energies. More recent calculations (Ficocelli-Varrachio and Parcell 1992)
suggest that inclusion of the (1S-2S) and (1S-3P) excitation channels would increase
the excitation cross section by about 50%, whilst Hewitt et a1 (1992) have found the
(1S-28, 2P) excitation cross sections to exceed the results of Ficocelli-Varrachio (1992)
in each case by factors of approximately two and three.

The apparent decrease in between zp~ and £ex indicates that there may be some
coupling between the Ps formation and elastic scattering channels above zp~. None
of the Qei deduced from this work exhibited a cusp at zp~ of the magnitude obtained
by Campeanu et a1 (1987) from the available data. A feature of the size indicated by
the calculations of Brown and Humberston (1985) would, however, not have been
observable in the present work and further investigations with improved energy resol-
ution are planned.

The authors wish to thank the Science and Engineering Research Council for supporting
this work under grant numbers GR/H41744 and GR/H25188 and for providing a
research studentship for JM.

Note added in proof. The values of presented above, were obtained after ssubtracting a constant
background from the ion count rates. The true background however, appears to contain a small energy
dependent contribution, resulting in non-zero values of below Ep” in the case of Ar, and the small
differences between the deduced values of Q,, and Q, below Ep”. The authors wish to thank Professor W
E Meyerhof for drawing our attention to this point.
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The total ion yield by positron impact on CO, has been measured, for the first time, in the range 3-20 ¢V incident energy. An
enhancement of this yield is observed at around 11 eV consistently with formation of positronium simultaneous to target excita-
tion. An estimate of the total ionization cross section is obtained.

The total cross section of CO, for positron (e*)
impact is typical of many atomic and molecular tar-
gets in that it shows a substantial increase close to
the threshold for positronium (Ps) formation, Ep,.
In CO,, however, an additional notable increase ex-
ists before the threshold for ionization, E;, at ap-
proximately 4-5 eV above Ep, [1,2]. This obser-
vation prompted the suggestion [3] that it might be
associated with the formation of Ps in the first ex-
cited state. As a consequence of this hypothesis, CO,
was expected to be a good target for the observation
that had eluded researchers for nearly thirty years,
namely the formation of n=2 Ps by scattering e* in
gaseous media. In the event, this process was first
observed with simpler atomic and molecular targets
[4], whilst CO, gave rise to unexpected results [5].
Summarizing, the technique employed a delayed co-
incidence circuit between a low energy photon de-
tector (sensitivity 600>4>200 nm) and an anni-
hilation photon counter. Detection of Lyman-o. (243
nm) photons from the de-excitation of Ps (2P) in
coincidence with one of the annihilation photons
from the resulting Ps (13S,) produced an exponen-
tial with the characteristic decay constant of ground-
state triplet Ps. Supplementary verification of Ps
(2P) detection was obtained by inserting a glass
shutter in front of the phototube to reduce its sen-
sitivity to (600>4>285 nm), thus blocking out the
Lyman-o. photons.

In CO,, however, signal levels consistent with a
cross section of the order of 10~'% cm? were ob-

served on both sides of the analyzer time-zero, im-
plying that at least some of the signal originated from
coincidences between an annihilation photon fol-
lowed, in time, by the low energy photon. Further-
more the signal persisted upon insertion of the shut-
ter. Subsequent studies and more extensive analysis
of the data identified the origin of the signal as Ps
formation simultaneous to the excitation of the rem-
nant ion [6]. From the attenuation by the shutter,
a photon energy of 3.5 eV was deduced and it was
suggested that it originated from the (*IT,~?I1,) tran-
sition of CO5 .

In the present work, the total ion yield of CO, has
been measured, for the first time, in the range 3-20
eV positron impact energy. By “total ion yield” we
mean the yield of ions associated with and without
Ps formation. This was done in order to test the de-
ductions of Laricchia et al. [6] and verify their es-
timation of the cross section associated with the
process.

A magnetically guided beam of quasi-monoener-
getic positrons (AE~1.1 eV FWHM) was passed
through the hemispherical gas cell described in ref.
[7]. The base of the cell consisted of a set of con-
centric electrodes producing a radial field to extract
ions from all parts of the cell. Unlike Moxom et al.
[7] who used a pulsed extraction field, dc potentials
were applied to the electrodes, the most negative
being applied on the innermost. The perturbation on
the collision produced by the static extraction po-
tential was investigated by varying the magnitude of

0375-9601/93/$ 06.00 © 1993 Elsevier Science Publishers B.V. All rights reserved. 255
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the dc potential in the range 0.7-2.5 V. Within the
statistical uncertainties of the data and at the present
level of energy resolution, no effect due to the static
field was discerned below 2 V extraction voltage.
The (vacuum) positron beam rate and the (gas)
ion count rate versus beam energy were collected on
a multi-channel-scaler. This was controlled by an ex-
ternal ramp providing the advance pulse in syn-
chronism to increases in the voltage of the moder-
ator (0.5 V steps, in this case) and of the set of EXB
plates which separated the e* beam from the flux of
fast particles originating from the f* source. The
data, shown in fig. 1, represents the total ion yield,
namely the ion count rate divided by the e* rate, ob-
tained from a 90 mm long cell filled with CO, to a
pressure of 0.4 um of Hg. The spectrum was col-
lected over a ~60 ks period consisting of ~ 150
cycles. A constant background, originating primarily
from the ion detector dark counts, was determined
by averaging the counts in the first five channels and
subtracting it from the raw ion count rate. The cor-
rectness of this procedure was checked by collecting
a spectrum with the e* beam repelled just prior to
the EXB. The signal, at all energies, was found to

total ion yield
(arbitrary units)
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increase linearly with target pressure in the range
0.4-1 pm of Hg.

As can be seen in fig. 1, the variation of the total
ion yield with energy displays features similar to those
found in the total cross section [1,2]. The sharp ion
yield onset is notable at around 7 eV, the Ps for-
mation threshold. After rising for a couple of eV, the
yield appears to have a plateau for a further few eV
before starting to rise again approximately 3-4 eV
below the single ionization threshold. This behav-
iour was reproduced in all runs taken under different
conditions of gas pressure and ion extraction volt-
age, adding further statistical significance to the pla-
teau and subsequent rise in the ion yield. This en-
hancement is therefore associated with Ps formation.
Additionally its onset at 10-11 eV is in close agree-
ment with the signal threshold previously observed
[6] and it supports, by energy conservation consid-
erations, the deduction of 3.5 eV as the energy of the
photon involved. The postulated photon source, a
CO, ion, has now been directly observed.

It is interesting that the excitation of the product
ion apparently results in an increased Ps formation
probability. A recent calculation of low energy s-wave

total ionization
cross—section
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Fig. 1. The variation with impact energy of the total ion yield (Lh.s) and total ionization cross section (r.h.s) in positron-CO; scattering.
The vertical bars denote statistical errors whilst the horizontal bars serve to illustrate the energy width of the beam. The thresholds for
Ps formation in the ground (Ep,) and first excited state ( Eps+ ), Ps formation simultaneous to ionic excitation ( E,) and single ionization

(E;) are shown,
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positron-Li scattering employing the Kohn varia-
tional method has predicted a significant increase in
the Ps formation cross section just below the thresh-
old for target excitation [8]. This might be analo-
gous to the present case since we note that the C-state
of CO, lies at 10.56 eV above the ground-state, i.c.
only 60 meV above the threshold for Ps formation
simultaneous to ion excitation (see table 1). It seems
as if Ps formation proceeds via a quasi-excitation of
the molecule, followed by capture of the excited elec-
tron by a near-stationary positron, the remnant ion
absorbing the difference in binding energies. We in-
tend to test this conjecture by increasing our energy
resolution and extending these studies to other
targets.

An estimate of the absolute total ionization cross
section was obtained as follows. The total cross sec-
tion [1] between 5 and 7 eV was extrapolated lin-
early and subtracted from the values above the Ps
formation threshold. The ion yields were then nor-
malized to these values in the range 8-10 eV. The
absolute scale thus obtained is shown on the r.h.s.
vertical axis of fig. 1. It provides, to our knowledge,
the first measure of the total ionization cross section

Table 1
Energy thresholds for various processes in e*-CO, scattering.

Process Threshold (eV)
(X-A) target excitation 5.70
ground state Ps formation 6.98
(X-B) target excitation 8.99
Ps formation with ionic excitation 10.50
(X-C) target excitation 10.56
excited state Ps formation 12.08
ionization 13,78

PHYSICSLETTERS A
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of CO, by e* impact thus contributing to the data
library which now comprises Ps formation and ion-
ization cross sections by positron impact on inert at-
oms, molecular and, most notably, atomic hydrogen

[9].

It is a pleasure to acknowledge illuminating dis-
cussions with Drs. John Humberston and Jonathan
Tennyson. The Science and Engineering Research
Council is also gratefully acknowledged for support-
ing this work under grant number (GR/H/25188)
and for providing a research studentship to JM.

References

[1]1K.R. Hoffman, M.S. Dababneh, Y.-F. Hsieh, W.E. Kauppila,
V. Pol, J.H. Smart and T.S. Stein, Phys. Rev, A 25 (1982)
1393,

[2] M. Charlton, T.C. Griffith, G.R. Heyland and G.L. Wright,
J. Phys. B 16 (1983) 323,

[3] K.Ch. Kwan, Y.-F. Hsich, W.E, Kauppila, S.J. Smith, T.S.
Stein, M.N. Uddin and M.S. Dababneh, Phys. Rev. Lett. 52
(1984) 1417,

[4] G. Laricchia, M. Charlton, G, Clark and T.C. Griffith, Phys.
Lett. A 109 (1985) 97.

[5]M. Charlton and G. Laricchia, in; Proc. 3rd Positron
(electron)-gas scattering conference, eds. W.E. Kauppila, T.S.
Stein and J.M. Wadehra (World Scientific, Singapore, 1986)
pp. 73-84,

[6]1G. Laricchia, M, Chariton and T.C. Griffith, J, Phys, B 21
(1988) L227. '

[7]J. Moxom, G. Laricchia, M. Charlton, G. Jones and A, Kover,
Hyp. Int. 73 (1992) 217.

[8]1 M.S.T. Watts and J.W. Humberston, J. Phys. B (1992), in
press.

[9] M. Charlton and G. Laricchia, J. Phys, B 23 (1990) 1045,
W. Raith, Hyp. Int. 43 (1992) 3;

H. Knudsen and J.F. Reading, Phys. Rep. 212 (1992) 107.

257



VOLUME 70, NUMBER 21

PHYSICAL REVIEW LETTERS

24 MAY 1993

Near Threshold Effects in Positron-0, Scattering

G. Laricchia, J. Moxom, and M. Charlton

Department of Physics and Astronomy, University College London, Gower Street, London WCIE 6BT, United Kingdom
(Received 11 January 1993)

Structure has been observed in the total ionization cross section of O; above 8 eV positron impact en-
ergy. A comparison with available data on the excitation to the Schumann-Runge continuum indicates
that coupling effects between the positronium formation, excitation, and direct ionization channels may

be responsible.

PACS numbers: 34.80.Gs, 36.10.Dr

In atomic and nuclear physics, anomalous behavior in
the form of discontinuous energy derivatives of partial
cross sections, at the threshold for a new scattering chan-
nel, have been interpreted in terms of flux conservation
using essentially classical arguments, and quantum
mechanically according to virtual transitions allowed by
the uncertainty principle [1). Such interplay between
various (elastic and inelastic) scattering channels consti-
tutes one of the current topics of major interest in
positron-atom (molecule) collisions [2].

A reduction in the probability for elastic scattering just
above the positronium (Ps) formation threshold has been
predicted in e *-H collisions [3]. Some experimental evi-
dence of such a coupled-channel effect has been derived
from cross sections for e ¥ impact on He [4,5], Ar [5],
and H, [5,6]. More convincingly, structure has recently
been observed at intermediate energies in the differential
elastic scattering cross section when plotted at a fixed an-
gle versus the energy of positrons incident on an Ar target
(7). This structure is manifested by a decrease of a factor
of 2 at 60° occurring near the energy at which the ioniza-
tion cross section reaches a maximum and has been inter-
preted as a coupled-channel shape resonance between the
elastic scattering and the Ps formation and/or single-
ionization channels. Recent calculations have found fur-
ther evidence of such resonances in e*-H [8] and
e*-inert atom [9] collisions.

In this work, channel-coupling effects in e * scattering
have been observed directly, for the first time, in an in-
tegral partial cross section close to the threshold for a
new inelastic channel. This observation has resulted from
the measurement of the total ion yield from e * impacting
on molecular oxygen. This yield is directly proportional
to the total ionization cross section, o, which comprises
all allowed scattering channels resulting in at least one
ion in the final state and therefore may be represented by

ol =apstait + Lo,

where op, is the cross section for Ps formation in all al-
lowed quantum states, o/ is the single-ionization cross
section, and Yoy is the sum over higher-order processes
[10). Contributions from this latter term are expected to
be negligible, however, in the energy range investigated
here.

© 1993 The American Physical Society

A magnetically guided beam of quasimonoenergetic
positrons (AE = 1.0 eV FWHM) was passed through a
hemispherical gas cell [11]. Its base consisted of a set of
concentric electrodes producing a dc radial field used to
extract ions from all parts of the cell. The perturbation
on the collision produced by the static extraction poten-
tial was investigated by varying the magnitude of the dc
potential in the range 0.7-2.0 V, corresponding to max-
imum potentials at the beam position approximately an
order of magnitude lower. Within the statistical uncer-
tainties of the data and at the present level of energy
resolution, no effect due to the static field was discerned
across the whole voltage range.

The (vacuum) positron beam rate and the (gas) ion
count rate versus beam energy were collected on a mul-
tichannel scalar. This was driven by an external voltage
ramp generator which provided the advance pulse in
synchronism to -increases in the voltage of the g*
moderator (0.5 V above ground) and of the set of EXB
plates employed to separate the e * beam from the flux of
fast particles originating from the 8* source. The total
ion yield, namely, the ion count rate divided by the e *
rate, obtained from the 90 mm long cell filled with O, gas
at a given pressure was then calculated. The signal, at all
energies, was found to increase linearly with target pres-
sure in the range 0.07-0.13 Pa. Spectra were typically
collected over 1-3 day periods consisting of several hun-
dred ramp cycles. A constant background, originating
primarily from the ion detector dark counts, was deter-
mined by averaging the counts below 4 eV (i.e., in the
first four channels) and subtracting it from the raw ion
count rate. The validity of this procedure was checked by
comparison with a spectrum collected with the e * beam
repelled prior to the gas cell.

An estimate of the absolute total ionization cross sec-
tion was obtained as follows. An average of the total
cross section [12] was determined between 2-4 eV and
subtracted from the values above the Ps formation
threshold. The average values of four ion-yield measure-
ments were then normalized to these differences in the
range 5-7 eV. In these measurements, the maximum ion
extraction potential at the beam position was <0.15 V.
The results thus obtained are shown in Fig. 1 where the
total ionization cross section is seen to rise, as expected,
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FIG. I. Positron scattering from 0%: A, total ionization cross

section (present results); A, cross section for excitation to the
Schumann-Runge continuum [I41.

near the ttreshald for Ps fommation at 5.27 €V, before de—
aEasing above gooraximately 9 eV inpact enenyy.  After
reaching a minimum at around 11 &V, it isssen to dse
over the ramining range of energies imvestigated. This
erergy dependence is markedly different fram that cb-
served fir He, Ar, and H:  [5,6,13] where both oj and &~
are fard to vary smothly with pojectile energy, peak-
ing, regpectively, at gopraximately 3-4 times and twice
the first icnization poential of the tamget.  While the un-
certainty in the energy dependence of the ion yields isap-
prximately 3%, the sosolute smle assigned to the to-
tal iqizatbion ass sschHm isamsiderably less axrtain, its
wcertainty (g to £ 50%) arisirg primarily fram the un-
known erergy dependences, above the Ps fonmmation
thredhold, of the presxisting aross sectians, narely, those
for elastic sattering and excitation to tte A sate.
Also shown in Fig. 1 are the measurements of Kataya—
ma, Suecka, and Mori [14] fix the amoss sectHon G fix
ecitation, by positrn impact, t the Schumann-Runge
amtinum, ahbroad ghotoabsarption band in the ultravio-
e mgion. kis interesting torote thet the locatbion of the
dip in <fi gpgpears to correspand with the maximum indx
This correspandence is evidence of aapling between the
two darels. Indeed the increase of d/ isanested in the
vicinity of the thresold fixr the erxitatim
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— B"ZJ' at 6.2 eV while the decrease in dx gpears
dose to the thredhold fir single imization at 12.07 eV
arourd vhich energy d, begins to rissagin. This behav-
icr isgalitatively similar to that expected in the elastic
ass sschion in the vicinity of the Ps fommation thredhald
B. The diffiaily of extracting an acorate eeny
deperdence of a pEsxisting axss sscbion acoss the
threshald fixr a new sattering darel, as in te aase of
elastic sattEring (oer all sae) and Ps fonmmation
[4,15], does rot arise in the present shidy where tte
relevant chamel isdoserved diradtly.

In cxchsion, stnrchre has been doserved in the tial
ionization cross section in £4-0] satteringwhich =feds
aopling effects with the arss sscbHion frecitabion to the
Schumann-Runge contimum [14]. The energy depen-
dence of the Jatter is foud to carplement galitatiely
the present measuraments. FRurther irwestigations em-
Rloyirg a higher energy resolubion systam and other tar-
gets are plamed.

It is a pleasure o thank A. Kover, W. E. Meyerhof,
GRH25I88 and providing a ressarch sthdentship fx
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