Theoretical Studies of Positronium
Formation in Positron Collisions
with Lithium and Hydrogen Atoms

Martin Stephen Thomas Watts

A thesis submitted for the
degree of Doctor of Philosophy

at the University of London

University College London, 1994



ProQuest Number: 10045757

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

Pro(Quest.
/ \

ProQuest 10045757
Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.
Microform Edition © ProQuest LLC.

ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, Ml 48106-1346



Abstract

The Kohn variational method has been used to study elastic scattering and positro-
nium (Ps) formation in positron collisions with atomic hydrogen and lithium, in the
energy region where only these two channels are open.

In common with other alkali metals, lithium is interesting in that its valence elec-
tron is sufficiently weakly bound that positronium formation is exothermic, and hence
an open channel for incident positrons of zero energy. For such a process, Wigner’s
threshold theory predicts an s-wave cross section which has an inverse dependence on
the wavenumber, k, of the projectile as k — 0.

Using a model potential and very elaborate trial functions, a detailed investigation of
s- and p-wave positron-lithium scattering has been made in the energy range 0-1.84eV,
and preliminary results have also been obtained for d-wave scattering. The s-wave Ps
formation cross section, as calculated variationally, appears to be in accordance with
the Wigner theory, although this partial wave contributes negligibly to the Ps channel
across most of the energy range considered. The p and d partial waves make a much
more substantial contribution to the rearrangement process.

New cross sections for positron-hydrogen scattering have been calculated for the
energy region close to the positronium formation threshold, and results have been com-

pared with the predictions of R-matrix threshold theory.
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Chapter 1

Introduction

1.1 The Positron

1.1.1 Prediction and Observation

It was as a consequence of the publication of Dirac’s highly successful paper on the
relativistic theory of the electron (1928) that the existence of the positron was first
theoretically postulated. The relativistic wave equation contained in this publication
explained several hitherto inexplicable quantum mechanical phenomena, including fine-
structure effects in atomic hydrogen and electron spin, but had the apparent drawback

of predicting states corresponding to negative solutions of the energy equation

E = /p*c* + mict (1.1)

for which no physical explanation could initially be found. It was not understood why,
when there existed an infinite number of these states into which an electron could fall,
no such transitions from positive states had actually been observed to occur.

In an effort to account for the lack of any experimental evidence for the negative
energy states, Dirac proposed his ‘sea of electrons’ theory, where it was supposed that
free space was, in fact, composed of an infinite density of electrons occupying all the
states of negative energy. Transitions from positive to negative states would thus be

forbidden by the Pauli exclusion principle, although there still remained the possibility



of the reverse process, which would leave the ‘sea’ with a hole in it. It was quickly
realised that such a hole would have the characteristics of a particle with a charge equal
to that of the electron, but with opposite sign, although the firm prediction of a new
type of elementary particle did not immediately follow—at a time when the proton and
electron were the only known sub-atomic particles, and inextricably connected with the
concepts of positive and negative charge, there was considerable opposition to the idea
of the existence of a positive electron, and much effort was devoted to demonstrating
that the holes would actually behave like protons. It was Weyl (1931) who conclusively
refuted this latter interpretation, leading Dirac (1931) to identify the negative energy
solutions with an ‘anti-electron’, or positron, remarking incidentally that there ought
also to exist anti-protons, possessing a negative charge, corresponding to holes in a
similar negative energy sea of protons.

The first experimental observation of the positron was made, completely indepen-
dently of Dirac, by Anderson (1932), who photographed an anomalous ionisation track
in a cloud chamber whilst investigating cosmic radiation. The range of the ionisation
was that of an electron, but the curvature of the track, brought about by a magnetic field
applied across the chamber, was in the opposite sense, leading Anderson to conclude
that what had been witnessed was genuinely a positive electron. Not being conversant
with Dirac’s theory of the positron, however, Anderson was unable immediately to make
the connection between prediction and observation, and it remained for Blackett and
Occhialini (1933), who recorded many more occurrences of positrons in a cloud chamber
using more sophisticated techniques, to link the two. This confirmation, rejecting as it
did the idea that protons and electrons were the sole constituents of matter, marked
the beginning of modern elementary particle physics.

The positron and the electron possess equal charges of opposite sign, and conse-

quently opposite magnetic dipole moments, but in all other respects they resemble each



other. This fundamental difference between them, however, gives rise to some interest-
ing differences in their behaviour in the presence of matter. The distinguishability of
the electron and positron also means that they are not subject to the Pauli exclusion

principle when interacting with one another.

1.1.2 Positron Interactions with Matter

In a vacuum, the positron is a stable particle with an infinite lifetime, but in the
presence of atoms and molecules, where there is a high concentration of electrons, it is
always prone to annihilate (the electron falling into the ‘hole’ of Dirac’s sea theory),
resulting in the emission of electromagnetic radiation. When the positron and electron
have parallel spins, triplet annihilation produces three gamma ray quanta with energies
totalling 1022keV, the sum of the rest mass energies of the two particles. If the spins
are anti-parallel, singlet annihilation may take place via the production of two gamma
photons, each with an energy of 511keV. In each case, the number of photons emitted
on annihilation is determined by the necessity for conservation of both momentum and
angular momentum.

In positron scattering from atoms and molecules the cross section for direct anni-
hilation is extremely small in comparison with that for other collision processes to the
extent that it can effectively be disregarded in calculations of cross sections. Where
energetically viable, it is much more likely that annihilation will take place via the
formation of the bound state of a positron and an electron known as positronium (Ps).
This purely leptonic ‘atom’ has a reduced mass almost exactly one half that of the
hydrogen atom, so that, neglecting fine structure effects, its energy eigenvalues are one
half those of the corresponding hydrogenic eigenstates. The ground state thus has an
energy of —6.8eV, although some fine structure splitting occurs between the singlet and
triplet eigenstates, referred to as para- and ortho-positronium respectively. The most

significant difference between these two types is in their mean lifetimes. Each decays



according to the exponential form
P ~ exp-t/T, (1.2)

where for para-Ps, which decays via two gamma photons, 7 = 1.25 x 1071%ec. Ortho-
Ps, decaying with the emission of three photons, has a much longer lifetime of 7 =
1.41 x 10~ "sec, making experimental observation of its behaviour rather easier.

The characteristic decay rates for the two forms of Ps facilitate the investigation of
positron behaviour in gases by means of lifetime studies, one of the earliest experimental
techniques in positron physics. The lifetime of a positron is determined by detecting the
gamma radiation given off on emission of the positron from a source (typically Na??)
immersed in the gas, and also that emitted on annihilation, the two types of radiation
being distinguishable by their differing energies. By collecting data for many such
events, a lifetime spectrum is built up, from which information can be extracted about
the fraction of positrons annihilating freely, or via positronium formation, by a process
of fitting and subtracting exponentials corresponding to the various components.

Despite the very small cross section for free annihilation, lifetime spectra usually
exhibit a substantial component due to this process because some positrons slow down
from the high energies with which they are emitted, by means of elastic and inelastic
collisions, to energies where positronium formation is not possible. The Ps formation
threshold, Ey;,, is the difference between the binding energy of the positronium in its

ground state, Eps, and that of the atom or molecule under investigation, Ep, that is
Ethr = EPS - EB. (1-3)

Positrons with energies between zero and Ei,, cannot form Ps, and must therefore
ultimately annihilate freely. Such a region of the energy spectrum exists for many
atoms with the notable exception of the alkalis, for which the atomic valence electron

is less tightly bound than Ps, giving a negative value for Ey,,. This is an interesting
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feature of the present work on e*-Li scattering, since it means that Ps formation is
an open channel even for positrons of zero energy. Connected with the weak binding
energy of the lithium atom is its very high polarisability, which gives rise to a complex
set of correlations and distortions when situated in the field of the positron, and the
complicated nature of the positron-atom interaction thus provides a severe challenge
for theoretical approximation methods.

For many atoms and molecules, the positronium formation threshold lies below the
first excitation threshold, producing a region, known as the Ore gap, where Ps formation
is the only possible inelastic process. This part of the energy spectrum is of particular
interest for the studies reported here of both e*-H and e*-Li scattering.

Although lifetime experiments were previously an important tool for investigating
positron behaviour in gases, the development of moderators capable of producing well
collimated beams of positrons has enabled direct measurements of scattering cross sec-
tions to be obtained, and most experimental interest now tends to focus on this latter
method. Recently, Stein et al. (1985, 1988, 1990) have measured total cross sections
for positron scattering from alkali metals, and this has, in part, provided the stimulus
for the present theoretical investigations of positron-lithium scattering.

Total cross sections for positron scattering from a given atom or molecule at low
energies tend to be smaller than for the corresponding case of electron scattering, owing
to the cancellation, in the former case, of the static and polarization terms in the
interaction potential, which are repulsive and attractive respectively. For electrons, the
two components are both attractive, and combine to increase the overall strength of
the interaction. The alkalis are again peculiar here, in that positron total cross sections
are higher at low energies than in electron scattering and this is almost certainly due
to the presence of the open positronium channel at all energies.

Electron and positron total cross sections are compared in figures 1.1 and 1.2, for a

11
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Figure 1.1: Comparison of positron-heiium and electron-helium total cross sections,
obtained from Kauppila et al. (1981).
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Figure 1.2: Comparison of positron-sodium and electron-sodium total cross sections,
taken from Kauppila and Stein (1990).
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noble gas atom and for an alkali. Note that the two cross sections converge at higher
energies, as the polarization and exchange components in the interaction become less

significant.

1.2 Variational Methods
1.2.1 Introduction

The work presented in this thesis has made extensive use of two variational techniques:
the Rayleigh-Ritz method, for treating bound state problems, and the Kohn method
for the calculation of scattering cross sections. The methods have in common that they

each make use of stationary properties arrived at by considering how the functional
I = <V|H-E|V> (1.4)

changes with respect to variations in the trial wavefunction ¥, when ¥ approaches the
correct solution of the Schrédinger equation.

The Rayleigh-Ritz variational principle considers the case where ¥ tends to zero
at infinity rapidly enough that it is normalisable, and the stationary property here
is associated with the energy eigenvalues, E,, of the Hamiltonian. The Rayleigh-Ritz
method is particularly powerful since, in addition to the stationary feature, it also yields
a rigorous upper bound on these eigenvalues.

The Kohn method, on the other hand, considers the case where the trial function
1s not normalisable, but has a given asymptotic form at long ranges. The stationary
quantities here are the tangent of the phase shift, for purely elastic scattering, or the
elements of the reactance matrix, K, for the multi-channel case. Except in the special
limiting case of collisions at zero energy, the Kohn method gives no rigorous bound in
the way that the Rayleigh-Ritz method does, since the stationary feature can, in general,
be a maximum, minimum or point of inflection. In practice, though, a well-behaved

set of results will often exhibit a local maximum for the tangent of the phase shift,
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or the diagonal elements of the K-matrix, under certain recognisable circumstances,
producing what might be termed at least an ‘empirical’ lower bound. For reasons to
be discussed, it is usually necessary to treat the results of a Kohn calculation with
more caution than those of a Rayleigh-Ritz problem, although the method is capable

of yielding cross sections of very high accuracy when used correctly.

1.2.2 The Rayleigh-Ritz Variational Method

Consider a Hamiltonian H with eigenvalues E, corresponding to the orthonormal set

of eigenfunctions ¢,, i.e. Hp, = E,¢,, and let I be the functional
I = <& |H-E,|®., >, (1.5)

where ®!, is a trial function which differs from an exact eigenfunction ¢, by an amount

6¢ such that
@; = ¢n+ 0. (1.6)
The above integral (1.5) can thus be written

I =<¢.+6p|H—E, | ¢p+6é>
= <o |H—FEp|¢pn>42<6¢|H—Ep|bn>+<6¢|H—E,|6¢>(L7)

where we have exploited the Hermiticity of the Hamiltonian operator. The first two
terms on the right hand side are both zero, and so equating (1.5) and (1.7) the resulting

identity is
<O |H-E,|® > = <bé¢|H—-E,|b¢> (1.8)

and hence the exact energy eigenvalue is given by

<O |H|®, >—<b¢|H|b¢>

E,
<PL|PL>—<b4| 6>

14



Dropping the terms < §¢ | H | §¢ > and < 8¢ | ¢ >, which are of second order in 4,

gives the well-known Rayleigh-Ritz functional:

v <®!|H|P >

= 1.10
n < L[ > (1.10)

Hence, we have a variational estimate of the energy of the system, E?, which differs from
the exact energy F,, by an amount which has a second order dependence on é¢, and thus
has the required stationary property. A further useful property of the functional (1.10)
is that it provides a rigorous upper bound on the lowest eigenvalue, Fy, of H; that is to
say, regardless of ®!, E¥ > Fy. This may be demonstrated by expanding ®! in terms

of the complete set of orthonormal eigenfunctions of H:
o, = > aj¢;. (1.11)
J

The functional (1.10) therefore has the form

<Yiai¢; | H|¥;a;¢; >
<Yiaigi | ;a0 >

i Eiaja; < @i | 65 > 1.12
Yiiaiai < ¢i| ¢i> (1.12)

Ey =

But < ¢; | ¢;j >= b;j, so

E = =247 (1.13)
;e
Subtracting Ey from both sides gives
a(E; —
B - = X a;(E; _ Eo) (1.14)

i%
By definition E; > E,, and the coeflicients a; are real, so it follows that E — Ep > 0.
A Rayleigh-Ritz calculation, then, consists of selecting a form for the trial func-
tion and varying its parameters in an attempt to obtain the lowest possible value for

the functional (1.10). Increasing the number of parameters on which a given form of
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function depends allows a closer fit to the exact eigenfunction to be attained, and con-
sequently a more accurate approximation to the exact eigenvalue to be found. A study
of the rate of convergence of the eigenvalue estimates with respect to such systematic
improvements can then provide information on how accurate the results are.

The form used for the trial function obviously depends to a great extent on the
problem being solved, and should ideally contain as much previously known information
as possible about the system under study—the better the general form, the fewer the
number of variational parameters required to obtain satisfactory convergence. In the
case of a Rayleigh-Ritz calculation, however, it is at least possible to say that the
required eigenvalue lies below the one computed, no matter how bad the trial function.
For the Kohn variational method, on the other hand, no such rigorous bound exists
and a sensible choice of trial function is important in order that useful information can

be extracted.

1.2.3 The Kohn Variational Method

Rigorous bounded variational methods do exist in scattering theory, but their theo-
retical complexity makes them less attractive for practical purposes than the Kohn
variational method (Kohn, 1948). Although unable to provide a bound on any param-
eter in the sense in which the Rayleigh-Ritz method does, the Kohn method appears to
produce a localised lower bound on the diagonal elements of the K -matrix under cer-
tain recognisable circumstances, and has been shown to yield results of high accuracy
in a number of cases. In this section the one channel Kohn functional is derived by
consideration of the asymptotic form of a wavefunction describing the elastic scattering
of a monoenergetic beam of particles by a central potential.

Consider the case of particles, wavenumber k, travelling in the positive z-direction

encountering a potential, V, spherically symmetric with respect to the origin of coor-

16



dinates. The time-independent Schrédinger equation for such a system is
(=V24+2V(r)¥(r) = Kk*¥(r). (1.15)

Exploitation of the axial symmetry of the system allows the total wavefunction to be
expanded in terms of the complete orthonormal set of Legendre polynomials, P;(cos 6),
s0
U(r) = Y Ri(k,r)Pcosb) (1.16)
=0
where each term individually is a solution of (1.15). In spherical polar coordinates, the

Laplacian operator is given by

2 _ 10 (,0 1 9. .0 1
= —— (rP 2 (sinbe ) + g s 1
v 250 \" ar ) T rranane 0% ) T aanzs 542’ (1.17)

where the second and third terms may conveniently be abbreviated as —L?/r?, L being
the total angular momentum operator. Since the Legendre polynomials, Pi(cos ), are
eigenfunctions of L? with eigenvalues /(I 4+ 1) the Schrodinger equation is reducible to

the radially dependent equation

(_ii (’"2%) L ’(’; D, QV(T)) Rlkr) = RR(En (118

r2 dr

which may be further reduced, via the substitution w;(k,r) = rRi(k,r), to

dr? r2

( & +l(l+1)+2V(r)) w(k,r) = Kulk,r). (1.19)

In order that R;(k,r) be finite everywhere, it is necessary that w;(k,r) — 0 as r — 0.
Provided that V(r) tends towards zero faster than 1/r as r — oo, asymptotic solutions

to the above equation are of the form
w(k,r) = Ni(k)kr [ji(kr) — tanm ni(kr))] (1.20)

where j;(kr) and n;(kr) are the spherical Bessel and Neumann functions, and #; is the

phase shift for the [th partial wave. Using the asymptotic forms of j;(kr) and n;(kr)
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the above expression becomes

l
w(k,r) ol Ni(k) lsin (kr — %r) + tan n; cos (lcr - g)} . (1.21)

In order to derive the Kohn functional, we consider a trial function ®}(k,r) which is
an approximation to u;(k,r) and necessarily has the same form of asymptotic boundary
conditions i.e.

®i(k,0) = 0 (1.22)
l l
ik, r) o Ni(k) [sin (kr - g) + tan 5} cos (kr - g)l , (1.23)

where 7! is the trial phase shift. If the difference, §¢, between ®} and u; is such that
‘I)f = u+6¢ (124)
then the asymptotic conditions require that
é(k,0) = 0 (1.25)
: Ir
b¢(k,r) o~ Ni(k) (tan n; — tan m) cos | kr — 5 | (1.26)

By analogy with the derivation of the Rayleigh-Ritz functional, consider now the func-

tional
I = <0 |H-E|® >, (1.27)

where H = 1[-d*/dr? +1(1+1)/r*] 4+ V(r) and E = k*/2. Using (1.24) this may

alternatively be written

I = <u1+5¢|H—E|u1+5¢>
= <w|H-E|ép>+<ép|H—-E|b¢> (1.28)
where we have used (H — E)u; = 0. Integrating by parts, twice, we have
o (P d 1% o du; d
— = — — ——b¢d
/0 U gy b0dr [“’ dr6¢]0 /0 ar a0
d du; . 17 o d%y

= —0¢ — — b¢p——d 1.29
[“‘d#w ar ‘%L +/0 e (1.29)

18



which could also be obtained by use of Green’s theorem. Thus

1 d du; *®
<w|H—-E|ép> = <6¢]H—E|u1>—-2—[u1$6¢-376¢]0. (1.30)

The first term on the right hand side is zero, and substituting the asymptotic forms of

u; and 6¢ into the second we obtain

; !
<wy|H-E|éfp> = %—I:sin (kr—%) +tanmcos(kr——-§)]

l
X (tan nf — tan 771) k sin (kr — g)

N? Ir : Ir
2 kr— o) — _7
+ 5 k[cos( T 2) tan 7; sin (kr 2)]
I
X (tan n — tan m) cos (kr - ?)
N? '
= —?k (ta,n 7, — tan 771) (1.31)
whereupon
N2
I = TIk(tann,‘—ta.nm)-{-<5¢|H—E|6¢>. (1.32)
Equating (1.32) with (1.27) gives an expression for the exact phase shift:
N? _ N ¢ t t _
—2—ktanm = —2—ktan77,— <O |H—-E|® >+<bé¢|H—-—E|b¢>.(133)
This result is known as the Kato identity and is analogous to equation (1.9), used in

the derivation of the Rayleigh-Ritz functional. Similarly here, we drop the final term,

of second order in 6¢, to obtain our variational estimate, so
Nlktann} = NPktann —2<® |H—-E|®} >. (1.34)

This is a general form for the Kohn functional, where the normalisation of the wave-
function may be chosen according to convenience. The more usual form, and the one

most appropriate to the later generalisation to a K-matrix formulation, is obtained by

selecting N; = 1/\/%, thus
tann! = tannm —2<®]|H-—FE|®} >. (1.35)

19



As in the bound-state case, the error in the variational estimate has a second order
dependence on the error in the trial function, §¢, and thus has the required stationary
property. Here, however, no further bound property can be found associated with
the functional for £ > 0, although the Kohn functional can be shown (Spruch and
Rosenberg, 1960) to give a rigorous upper bound on the scattering length «, which is

defined by

(1.36)

By considering exact and trial wavefunctions with the asymptotic forms

ui(k,r)  ~  Ni(k) (cot n1 sin (kr - %r) + cos (kr - %T)) . (1.37)

T—00

and

®(k,r) L~ Ni(k) (cot ni sin (kr - l—;) + cos (kr — %T)) , (1.38)

which differ from (1.21) and (1.23) only by a phase factor, it is possible, by means of a

similar derivation, to obtain the Inverse Kohn functional:
cotn = cotnf+2<®|H—-E|®} > (1.39)

which has a similar stationary property. Both functional forms have been used in the
present work. There in fact exists a limitless number of forms for the Kohn functional,
since the way in which the phaseshift is included in the asymptotic forms is arbitrary,
provided the multiplying factors for the Neumann and Bessel functions are in the ratio
tanm;. This fact proves useful in avoiding some of the problems presented by the
irregular behaviour which is an inevitable feature of the Kohn method, described further
in section 1.2.4.

As in the case of a Rayleigh-Ritz bound state calculation, the trial function for a vari-

ational scattering calculation is chosen carefully according to physical considerations.
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Clearly, at points in space far removed from the scattering centre, the wavefunction
must be of the form (1.23), to within an overall phase factor, so this determines the
long-range structure. At short ranges, however, there are no strict constraints on the
form of the wavefunction, and the usual procedure is to expand in terms of some flex-
ible set of basis functions ¢;, which become negligible as r — oo, so that the overall
structure of the wavefunction for a particular partial wave would be
N
U= D+ adi (1.40)
i=1

where, for the s-wave case (I = 0), the long-range component is

1 [sinkr ,cos kr
= —|— 1.41
¢ = o | e ) (14)
which can be conveniently abbreviated as
® = S+tanp'C. (1.42)

The function f(r) is a shielding factor which is included to prevent the wavefunction
becoming singular at r = 0.

From (1.35) the variational phase shift is thus given by

N N
tan 7]” = tan nt - Z C,‘CJ‘Mij - 22 CiRi - (S’ LS)
i=1

1,7=1
—tan (S, LC) — tann'(C, LS) — tan® n*(C, LC), (1.43)
where
M;; = M = (¢, Lé;), (1.44)
R, = (¢i,L9), (1.45)

and L = 2(H — FE), the brackets in (1.43), (1.44), and (1.45) signifying integrations

over all space. The condition that tan " is stationary with respect to variations in the
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trial phase shift and the linear parameters c; then yields the set of linear simultaneous

equations
(C,LC) ... (C,L¢;) ... tan n (C,LS)
(60 10) ... (L8 o | = | euas | 0
By expressing this as
AX = -B (1.47)
it is clear that the variational parameters are given by
X = —-A"'B, (1.48)

and from here it is a straightforward matter to evaluate the variational phase shift by
substituting the linear parameters contained in X back into (1.43). In general, the short-
range basis functions will also contain non-linear parameters, which require optimisation
for well converged results to be obtained. For the variation of these parameters, the

whole calculation requires repeating.

1.2.4 Schwartz Singularities

Problems can arise, however, in the variational scattering calculation, owing to the
nature of the eigenstates of the operator L. Since the Hamiltonian has a continuous
energy spectrum, in which the total energy F is embedded, it is evident that L =
2(H — E) also has a continuous set of eigenvalues which actually pass through zero.
Although the matrix A is, in practice, always of finite rank with only N + 1 eigenvalues,
it is possible for it to possess an eigenvalue very close to zero, making its inverse ill-
defined. When this occurs, the variational parameters contained in X also become
badly behaved, and the tangent of the variational phase shift, instead of being in error

by only a small amount, can actually lie anywhere in the region —oo to 4oo.

22



¢ 3x3
o 13x13
A22x22
20 6003
radians
-24
#
0.5 2.0 2.5 3.0 4.0

K

Figure 1.3: Variation of tan 77YA: with respect to &k for s-wave e~-H elastic scattering,
where k£ = 0.8. The different lines correspond to different sizes of basis set. Taken from
Schwartz (1961a).

This type of behaviour, which is a very common feature of unbounded Kohn calcula-
tions, was first considered by Schwartz (1961a). who observed such irregularities (now
referred to as Schwartz singularities) in a variational treatment of electron-hydrogen
elastic scattering. In these investigations, he studied the variation of the phase shift
with respect to a non-variational scaling parameter, ac, in the wavefunction. in order to
map out the occurrences of singularities, and also experimented with varying the total
number of linear variational parameters, N. Some of the results of this analysis arc
shown graphically in figure 1.3.

The important empirical conclusions to be drawn from Schwartz's work are that as
N increases, so, in general, do the number of singular points in a given range of the
scaling parameter /c, but their region of influence, as a function of « or as a function
of energy, appears to decrease; and also, that as the size of the basis set is increased,

the average value of the tangent of the phase shift between singularities tends to flatten
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out. This latter observation is very significant, since it means that the singularities
become increasingly easier to distinguish as the size of the matrix A grows.

Schwartz singularities are an important feature of this type of variational calculation,
and the studies of Schwartz himself generated considerable interest in the subject. Fuller
treatments are given by, for example, Nesbet (1968,1969), Brownstein and McKinley
(1968), or Harris and Michels (1971). The irregularities are generally avoidable if results
are obtained for various different values of some non-variational parameter, and the
above considerations born in mind. Armour has successfully used a generalised form
of the Kohn functional (see Armour and Humberston, 1991) which introduces a phase

parameter 7, such that
tan(n’ — 1) = tan(p'—71)— < ¥|L|¥* >. (1.49)

By selecting various different values of 7, and discarding results which lie markedly out
of line, the problem of Schwartz singularities is thus reduced considerably. The ordinary
forms for the Kohn and Inverse Kohn functionals, (1.35) and (1.39), are reproducible
within this formalism by selecting 7 = 0 and 37 respectively. For the present studies
of positron-hydrogen and positron-lithium scattering, it has been found sufficient to
consider only the Kohn and Inverse Kohn methods since, for a large enough basis set,
it proves very unlikely that irregular behaviour will be encountered for both methods

at the same energy.

1.2.5 The Multi-channel Kohn Method

The single channel formalism discussed above can readily be extended to treat situations
where more than one scattering process is possible, by selecting appropriate asymptotic
forms for the wavefunction. The stationary property here is associated with the elements
of the K-matrix, which is the natural generalisation of the tangent of the phase shift

for the multi-channel case.
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For the purposes of the research presented here, a two channel formulation of the
Kohn method is suitable, since at most two scattering processes are considered. The
positron-atom collisions which have been investigated result either in elastic scattering,

or in positronium (Ps) formation, that is

A+et = A+et (1.50)

— A% +Ps. (1.51)

The total wavefunction for the system, however, is required to represent not only these
reactions, but all energetically possible scattering processes associated with the system.

Thus the additional reactions

At +Ps — At +Ps (1.52)

— A+et (1.53)

must also be taken into account.

It is therefore convenient to express the total wavefunction in the two component

)

where U, represents the reactions (1.50) and (1.51), and ¥, describes (1.52) and (1.53).

form

Defining the coordinate p to be the separation of the centres of mass of the positive

ion, A*, and the positronium atom, the asymptotic forms of the two components are

given by

Uy~ Yio(8,9)VEda [ji(kr) — Kin(kr)]

p:oo —Y;,O(gm¢p)\/§;¢l’s]{2lnl(ﬁp), (154)
Uy~ Yio(8h, &) V2kdps [ii(kp) = Kaamu(sp)]
~ =Yio(8,8)VEpaK1om(kr), (1.55)

25



where ¢4 and ¢ps are the wavefunctions for the target and positronium atoms, and « is
the wavenumber of the positronium atom, obtained by a simple consideration of energy
conservation: if the binding energies of the target atom and positronium are E4 and

Ep, respectively, then we require

k2 k2
L = 5 1 E. 1.
5 + E4 1 + Ep (1.56)

The K-matrix elements K;; (¢,j = 1,2) enable the cross sections for scattering between
all combinations of the positron-atom and positronium-ion channels to be calculated.

For scattering from channel v into channel v/, the cross section o, is given b
b

_ 4(21+1)l( K )
- T &2 1=K/,

y (1.57)

Tyt

where, if subscripts 1 and 2 refer to the positron-atom and positronium-ion channels
respectively, then k; = k and k; = . If k and & are in units of ag', the units of the
cross section thus evaluated are ra2.

By taking trial functions with the correct asymptotic forms, but with trial values
substituted for the various K-matrix elements, a process of reasoning similar to that
used in section 1.2.3 leads to a two channel version of the Kohn functional (Humberston,

1982):

[I{;a Kfz} _ [Kjl 1{{:]_[(@5&%) (U4, L%) 1) 5y
K3 Ky K3 K (5, LY]) (35, L75)

All variational K-matrix elements K;; now have the required stationary property with
respect to variations in trial functions ¥¢ and Wi. If the trial functions are again ex-
panded in terms of a flexible set of basis functions, as in the one channel case, the
requirement that each of the elements K}; is stationary with respect to all linear varia-
tional parameters in U and U leads to a set of linear simultaneous equations analogous
to (1.46). Once these have been solved it is a simple matter to evaluate K.

The form of the two channel Kohn functional ensures that the variational K-matrix

is symmetric, providing the trial functions possess the correct asymptotic forms, al-
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though in general the trial K-matrix is not. In solving a two channel Kohn problem
using a computer, therefore, any discrepancy between K7, and K3, is a consequence
of numerical (or programming) errors, which provides a useful check on the accuracy
of the calculation. The technicalities of the two channel Kohn method are discussed

further in chapter 2, in the context of the positron-hydrogen problem.
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Chapter 2

Positron-Hydrogen Scattering

2.1 Introduction

Because the lithium atom in the present work is represented as a hydrogenic model,
the positron-lithium problem has been formulated in a very similar way to the previous
work on positron-hydrogen scattering, the main differences being the use, in the case of
Li, of a more complicated target wavefunction and interaction potential. In view of this
similarity, and also of the greater simplicity of the e*-H system, it seems appropriate
first to discuss the Kohn method applied to the positron-hydrogen problem in some
detail, making reference to the e*-Li system where appropriate, before introducing the
modifications required for the latter, more complicated, problem in chapter 5.

The Kohn variational method was first applied to the positron-hydrogen problem
by Schwartz (1961b), using quite a flexible trial function to calculate s-wave scattering
phaseshifts at energies below the Ps formation threshold. With rather more sophis-
ticated computational resources available, Humberston and Wallace (1972) were able
to improve on these investigations using more elaborate trial functions. The results
of these later studies compared very favourably with those obtained by Bhatia et al.
(1971), which are believed to be the most accurate available in this energy region, and
demonstrated the suitability of the Kohn method for this type of problem.

The theory was successfully modified for the positron-helium problem (Humberston
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1973, 1979, Campeanu 1977) and, later, further extended to enable the determination
of both elastic scattering and Ps formation cross sections for energies up to the first
excitation threshold of the hydrogen atom (Humberston 1982, 1986, Brown and Hum-
berston 1984, 1985). The energy region between the Ps formation and first excitation
thresholds, where elastic scattering and Ps formation are the only possible scattering
processes, is known as the Ore gap which, for hydrogen, extends from 6.8 to 10.2eV.
The present work on positron-lithium scattering has been developed from this later
positron-hydrogen theory; the existence of the Ps formation channel at all energies of
the incident positron makes its inclusion necessary for any complete theoretical treat-
ment of positron-alkali atom collisions.

The following section describes the two-channel Kohn method as applied to et-H
scattering, and introduces some typical features of such a calculation. In chapter 3,
some results are presented of new investigations of the e*-H system, undertaken in the

light of recent interest in threshold phenomena.

2.2 Positron-Hydrogen s-wave Scattering

2.2.1 Trial Functions

The two-channel Kohn functional, as discussed in chapter 1, takes the form:-

Ky Kn ) _ [ Ky KL [ (0,L8) (0,L,) @.1)
Ky K, Kl K (W, LU;) (U2, L) '

where the trial functions, ¥; and ¥,, between them represent all possible scattering
processes associated with the three-body system: ¥, represents positron-hydrogen scat-
tering, resulting either in elastic collisions or in Ps formation; ¥, represents positronium-
proton collisions, resulting in elastic scattering or in the formation of atomic hydrogen.
The only strict constraints to be imposed on the trial functions are that they possess

the correct asymptotic form, and remain finite at the origin of coordinates.
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follows:-

v,

v,

y<

Figure 2.1: The positron-hydrogen system

For s-wave (I = 0) positron-hydrogen scattering the trial functions devised were as

Yoo(01, 61)@n(r2)VE {jo(kr1) — Kfyno(kr1) [1 — exp(—Ar)]}

—Yoo(0,» 85)@ps(ra) V2K K}y [no(kp) + exp(—pp)(1 + ap + bp®)/ )

N
+Yoo(64, ¢1)‘I>H(7‘2) exp (‘(07'1 + Bra +7r3)) E Ci"f""lzir?‘ (2.2)

Yoo(6» ¢,)®ps(rs)V2r {jo(wp) — K3 [no(p) + exp(—up)(1 + ap + bp') )] }
—Yoo(61, ¢1)(I)H(7'2)\/’;Iq2n0(k7'1) [1 — exp(—Ary)]

N
+Y00(01, $1)Pu(r2) exp (—(ar1 + Bra +973)) Z djrij;jT:Tj, (2.3)

J=1

where k and « are the positron and positronium wavenumbers respectively. The coor-

dinate nomenclature is illustrated in figure 2.1. The | = 0 spherical harmonic is simply
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given by

ol 6) = = (2.4)

and the zero order spherical Bessel and Neumann functions have the damped sinusoidal

forms

sin kr

Jo(kr) = = (2.5)
k

no(kr) = _cozr iy (2.6)

Abbreviating the long-range components as
S1 = Yoo(01,¢1)®u(r2)Vkjo(kr1) (2.7)
Ci = —Yoo(bh, ¢1)¢H(7‘2)\/En0(k7"1) (1 — exp(—Ary)] (2.8)
Sy = Yoo(0,, ¢‘p)q)PS(7°3)\/§;j0(’cp) (2.9)
Co = —Yoo(0s, $,)®pa(r3)V2k [no(kp) + exp(—pp)(1 + ap + bp®)/xp] , (2.10)

and each short-range correlation term as

¢i = Yoo(b1,$1)@u(r2)riiryry” exp(—(ary + Bra +7r3)), (2.11)

leads to a more manageable form of notation for the trial functions:

N

U, = S+ K0+ K5HCo+ ) cids (2.12)
=1
N

U, = S+ K3,Co+ K{,C1+ ) d;d;. (2.13)
i=1

The forms of the S and C terms ensure that the structure of the wavefunction is
correct asymptotically, and the exponential factors contained in C; and C; shield the
singularity in the Neumann functions at the origin. The forms for the shielding factors
are determined by the requirements that the overall wavefunction behaves like r! as

r1 — 0, and like p' as p — 0. The differences between the C; and C, shielding terms
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are due to that fact that, as p — 0 there is no particle at the origin of coordinates, and
thus the potential remains finite. This condition means that the second derivative of
(2 must also remain finite as p — 0, a constraint which does not exist for C; as r; — 0
(see Brown, 1986).

The Hylleraas functions ¢; constitute the short-range components of the wavefunc-
tion, and represent the complicated distortions arising from the various polarization
and correlation effects which occur when the three particles are in close proximity. The
representation is improved accordingly as the number of such terms in the summation,
N, is increased. The exponential factor which multiplies the polynomial expansion
causes the short-range functions to vanish in the limit as r;, ro or r3 tends towards
infinity. The non-linear parameters a, 8 and v determine how fast these functions are
killed off, and are chosen so as to provide the best possible convergence of the scattering
calculation.

The linear variational parameters are the trial K-matrix elements and the coeffi-
cients ¢i(¢ = 1,...,N) and dj(j = 1,..., N), and the requirement that the elements of
the variational K-matrix are each stationary with respect to variations in all these

parameters leads to the set of linear simultaneous equations

[ (Cl,Lcl) (C],LC2) (C1,L¢J') v ] r Kil I({z ] i (C],LS1) (01,L52) i
(02, LC]) (Cg, LCg) cee (Cg, Lgﬁ_,) AN [X'tl I{;z (02, LSl) (Cz, LSz)
(65 LC) ($oLCD) .. (guldy) .|| & (6:L5) (¢, LS2)

' o S (2.14)

Expressing this in the form
AX = -B, (2.15)

it is thus possible to obtain the variational parameters contained in X by formally in-

verting the matrix A and performing a matrix multiplication with B. The variationally
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determined K-matrix elements are then given (Armour and Humberston, 1991) by

K* = —|1I XT][(S’];'S) iTH)I(], (2.16)

where

(2.17)

(SI)LSI) (SI,LSZ)
(S,LS) = [(sz,le) (52,L52)]'

Arguments obtained by using Green’s theorem show that the matrices (S, LS) and A
are both symmetric (see Appendix B); this substantially reduces the number of matrix
elements which require explicit evaluation and, in turn, ensures that the matrix K is

symmetric, although the trial K-matrix, K*, in general is not.

2.2.2 Determination of the Matrix Elements

The main computational effort required in calculating the variational K-matrix lies
in the determination of the individual elements of the matrices A and B; the actual
matrix operations are comparatively trivial. The elements to be computed fall neatly
into three categories: long-range-long-range, long-range-short-range, and short-range—
short-range. Before they can be integrated, it is first necessary to operate on both the
short- and long-range terms with L. The fact that each term is expressed as a product
including either the hydrogen or positronium wavefunction simplifies this. Consider,

for example, the form of LS;. We have

LS, = 2(H - E)S

sin krq
b

2.1
o (218)

= —V? - Vg + 2 ( ————— ) - 2E0 - k‘z] }/Qoq)[{('rﬁ)\/z

where Fy is the ground state energy of the hydrogen atom. Since S; is separable into

functions of r; and r; only, the relationship

Vi(fg) = fVP9+2Vf-Vg+gVif (2.19)
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enables (2.18) to be reduced to

ink
LS, = (I)H(rz)\/z(_v';’+2 (i - l) _ kz) v, S0k

™ T3 kT‘l

+YpoVERATL (-vg _2_ 2E0) Bu(rs), (2.20)

kry T2
where the dot product term of (2.19) vanishes for both V# and V3. But the last term
of (2.20) is evidently zero, since ®y is an eigenfunction of —1V2 —r;' corresponding to
the eigenvalue Ey. Thus, the fact that S; is expressed in terms of a product involving
the hydrogen wavefunction enables us to express LS; in a form which ignores the nature

of the hydrogenic Hamiltonian and its eigenvalues. Hence, we have

LS, = ouvk (_vf +2 (l _ l) - k2) PRLLLEY (2.21)

T3 krq

Since there is no angular dependence in Ygo, the derivatives with respect to the angular

variables in V% vanish, and we find that

sinkr; 12 sin krq

—_ = 2.22
le k?"l ’ ( )

—V?

and thus (2.21) reduces to simply

LS, = ®yVF (3 _ 3) Yoo Sm ks (2.23)

T r3 krl

The form for LC; can be simplified in a similar way, but here the presence of the

shielding factor makes the operation of V? rather more complicated. We find that
g p 1

LC, = YQ()@H(TZ)\/E%- [e"’\” (2k)\ sin kry + A2 cos krl)
1

+ (E - 3) cos kr; (1 - e"’\”)] : (2.24)

T T3
When considering the operation of L on S; and C, it is convenient to use the

alternative form for the Hamiltonian,

H= -Vi-_Vijp - __ (2.25)



and to specify the total energy, E, in terms of the positronium binding energy, Eps, and
wavenumber, k. Consideration of conservation of energy shows that these are related

to Fo and k by

k? Kk?
> +Ey = T + Eps. (2.26)
For example, for LS; we have
1 1 1 1 K2
_ |_owv2_to2 oLt L2 _ 1 _ _ Kk
L% = [ 2Vs 2v”+2(r1 Ty 7"3) 2Ep, 2]
X Yoops(ra) V2 su’::p, (2.27)
which, by a process of vector algebra similar to that used above, leads to
1 1 1 2 i
LS, = ®py(ra)V2r [—2V2+2 (— - —) _ By Smae
2 ™ T2 2 Kp
i 2
+YooS”;:” NeT: (—2v§ -=- zEps) By (r3). (2.28)
3

Since ~V2 — r3! is just the Hamiltonian operator for the positronium atom, and Eps
is the eigenvalue corresponding to ®ps, the last term again vanishes. Also, S; is easily

shown to be an eigenfunction of —V2, with eigenvalue «?, so we are left with

LS, = ®pu(rs)V2r (3——2-) Yoo SR5P (2.29)

L T2 Kp

The form for LC, is again complicated by the presence of the shielding factor, but

derivable by means of a similar procedure to give

-Ap
LC: = Yootps(rs) i {“" 5 [p(X\a — 42b + ax?) + p?(\b + £2b)]  (2.30)
Kp

+2 (—1— - —l) [cos kp—e (1 +ap+ bp2)] } . (2.31)

T2
Making use of the symmetry properties of the integrals discussed in Appendix B,
we now have all the information required to form the integrands for the long-range-

long-range and short-range-long-range matrix elements. In order to compute the short-

range-short-range elements, we consider the action of L on ¢;. Writing

¢i = ¢H(T2)X§(T1,T2,T3,01,¢1), (232)
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where
Xi(r1,7r2,73,01,01) = Yoo(bs, ¢1)7“1 ré r3 "’ exp[—(ary + Bro +9r3)],  (2.33)

we have

Lé; = [ VI_Vii2 (l L. —) . 2E0} . (2.34)

™ T2 r3

Then, using (2.19), we get

Lé:i = —¢uVixi — ouVaxi — xiVidu — 2(V2du-Vax:)

2 2 2
+ (— ————— k? — QEo) PuXi
1 T2 3
2 2
= "'¢H(T2)(V? + v%)Xi —2V0u-Vaoxi + (-— - —— k2> PHX, (2.35)

™ T9
having again used the fact that (—V2 — r;! — 2E;)éu(r2) = 0. The form for a short-

range-short-range integral is thus

(8 L8) = [xitu{[~(V3+ VD] b - 29260 Vax, (2.36)
+ (2= 2= #) xion ar.

In order to obtain a more convenient expression, we consider alone the term involving

in the Laplacian operators V2 and V2, and integrate by parts, thus

/Xi¢H [—(Vf + Vg)Xj] pudr = / [Vl(Xﬁﬁf{)‘VlXj + VZ(Xi¢12-1)'V2Xj] dr
= / [d)f{(VlXi'VlXj + VaxiVax;) (2.37)

+ 26uxi(Vidu-Vix; + Vagu-Vax;)| dr

Substituting this form back into (2.36), and using the fact that V¢ = 0, we find that

(¢i,Lé;) = /¢§1 [(VlXi'VIXj + Vaxi'Vax;) + (3 2 kz) X1X1] dr.(2.38)

T2
In this form, it is immediately obvious that interchanging ¢ and j has no effect on
the value of the integral, and thus the short-range-short-range matrix elements are

evidently symmetric in these two variables.
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Figure 2.2: The internal variables of the positron-hydrogen system.

2.2.3 Angular Integration

Since the spherical harmonics, Ygo, have no azimuthal or polar dependence on the
external angles which specify the orientation of the system, the angular integrations

are very simple for s-wave scattering. The general form for an s-wave integral is

I = //f(rl,rg,m)dndrg, (2.39)

where the integration is performed over all space for both the positron and electron. If
spherical polar coordinates are used with the original set of axes for both integrations,
the situation is complicated by the dependence of the integrand on the positron-electron
separation, rs. Taking the ry vector as the z-axis for the ra integration (or vice versa)
simplifies things, however, since r3 has no azimuthal dependence in this coordinate

system (see figure 2.2). Performing this azimuthal integration to give 27, and using the
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original axes for the ry integration, the form of the integral becomes

co ™ 2 oo T
I = 271'/0 rfdrl/o sin91d91/0 d¢1/0 rgdm/(; sin 012d0y, f (11,72, 73), (2.40)

where 6;, is the angle between the r1 and ra vectors. The angular dependence for the
ri integration is also trivial, yielding a further factor of 47, whereupon the integral

becomes
I = 8r? /:o ridry /Ooo rgdrz /07r sin 012d012f (11, 72,73), (2.41)

and the remaining integration is over only the internal coordinates of the system. Since
the integrand is expressed as a function of the three interparticle distances, it is appro-
priate to change variables so as to integrate over r3 rather than 6;,. From the cosine

rule we find that

7‘3d7‘3 = m™Mra sin 912d012 (242)
and hence
o] oo T14+72
I = 87!'2 / 'I’1d7‘1 / 7‘2d7'2 [ | 7‘3d7"3f(7‘1, ra2, 7'3). (243)
0 0 T1—-7T2

2.2.4 Numerical Integration

Because of the simplicity of the hydrogen 1s wavefunction and the zero-order spherical
Bessel and Neumann functions, it is often convenient to evaluate the s-wave long-range-
long-range elements analytically. For the remaining two categories it is much easier to
use numerical integration techniques, such as Gauss-Laguerre quadrature. Here, the
integral is reduced to a sum of weighted values of the integrand, evaluated at certain

values of the integrating variable, such that

[ rmear = iw,-f(r,-) (2.44)
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or, more generally,

n

fo T fr)erdr = é; w; f (%) : (2.45)
where the weights, w;, and abscissae, r;, can be calculated, or obtained from library
subroutines or books of tables. This procedure gives an exact result for the integration
providing the function f(r) is a polynomial of degree no higher than 2n — 1, and can
easily be generalised further to use for the multiple integrations required here.
Because the limits of the r3 integration in (2.43) are dependent on the other two
integrating variables, Gauss-Laguerre quadrature is not appropriate to this integral in
its existing form. Instead, it is convenient to make a transformation of the variables r,,

r2 and r3 into a set of coordinates where the limits on the integrating variables are all

independent of each other. The perimetric coordinates z, y and z are defined such that

T = r1+ry—r3 (246)

y = rot+r3—nm (2.47)

zZ = r34+r—ro (248)
and thus

rn = 3(z+2) (2.49)

ry = % (y + ) (2.50)

rs = 3(z+y). (2.51)

The Jacobian for the transformation is equal to 1, so the integral (2.43) can be rewritten
812 fo oo oo

1 = & / / f(r, 79, ra)riraradzdydsz, (2.52)
4 =0 Jy=0 J2=0

which is now in a form for which three-dimensional Gauss-Laguerre quadrature is ap-

propriate.
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Aside from the exponential factor, the short-range-short-range elements are purely
polynomial in form, and can thus be evaluated exactly; the other types, being partly
sinusoidal, cannot, but it is still possible to obtain a very accurate estimate of the
exact value of the integral if a large enough number of weights and abscissae is used.
Providing that this is the case, the limits on the accuracy of the final variational K-
matrix elements are determined chiefly by the number of short-range linear parameters,
N, and the suitability of the non-linear parameters o, § and 7.

The number of matrix elements to be computed increases as approximately N(N +
1), so it is worthwhile to spend some time on optimising the non-linear parameters «,
B and « for a small N. The procedure for doing this is a matter of trial and error, to a
large extent, it being very difficult to predict, especially where positronium formation is
involved, what the exponential fall-off in each of the inter-particle coordinates is likely
to be. In the case of s-wave positron-lithium scattering, an attempt was made, with
some success, to devise a systematic method of optimisation and this is described more
fully in chapter 5. For the new investigations of positron-hydrogen scattering, the values

of a, B and v have been set to those used for the earlier work.

2.2.5 Convergence Tests

In the case of positron-hydrogen scattering, where the formulation contains a complete
description of the three-body system, there is no theoretical limit to the accuracy of the
variational K-matrix, and it is possible to increase the number of linear parameters,
obtaining continually better estimates, until the point where numerical precision leads
to a breakdown in the calculation. In practice, however, considerations of time and
expense involved in computation are also limiting factors, and therefore it is important
to be able to determine how well converged the variational K-matrix is, in order to
know whether it is worth increasing N further.

A systematic way of improving the trial functions ¥; and V¥, is arrived at by defining
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a parameter w, which is a non-negative integer, and then including all Hylleraas terms

in the short-range expansions of (2.2) and (2.3) which satisfy the condition
ki+ 6 +m; < w, (2.53)

ki, l; and m; also being non-negative integers. In this way, the highest power of any of
the three inter-particle coordinates is equal to w, and there is a relationship between w
and N,

1

N=1+ %w +w?+ 6w3 (2.54)

such that w =0,1,2,3,4,5,6,... corresponds to NV = 1,4, 10,20, 35, 56,84,.. ..

In regions of the non-linear parameter space in which the diagonal elements of the
variational K-matrix exhibit stability, they tend to converge upwards with respect to
increasing w, in accordance with the empirical lower bound principle. Even where
Schwartz singularities intrude, it is usually still possible to see a convergence trend
when Kohn and Inverse Kohn results are considered together, because in practice the
Schwartz singularities only affect one or other of the results, but not both.

A useful procedure for assessing the level of convergence in this type of calculation
is to plot K7}, and K3, as a function of w™", where n is chosen (positive) by a process
of trial and error, such that the elements lie as close as possible to a straight line—the
better the convergence, the higher the value of n required to provide such a fit. An
estimate of their fully converged values, corresponding to w = oo, can then be obtained
by extrapolating back to the intercept of the straight line with the y-axis. This may be

expressed mathematically as
K,-;(w) = I(,‘,’(OO) + u% (255)

It is not really possible to evaluate fully converged cross sections using this method,
since they depend on all of the K-matrix elements, including the off-diagonals for which

no empirical bound principle exists. The value of the method is therefore in determining
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Figure 2.3: K}, plotted as a function of w™3* at k = 0.8 for s-wave positron-hydrogen
scattering. The numbers adjacent to the crosses are the values of w. The fully converged
value of K1, obtained by extrapolating back to the y-axis, is estimated here at —0.103+
0.001.

the error margins within which the results lie, rather than in attempting to predict an
exact result. An example of a typical convergence characteristic for s-wave positron-

hydrogen scattering is illustrated in figure 2.3.

2.3 Extension to Higher Partial Waves

In the two channel case, where only elastic scattering and positronium formation are
considered, the collision energy is not sufficient to result in an overall change in the
orbital angular momentum of the target atom. Conservation of angular momentum
therefore means that the incident and outgoing positron or positronium atom must
have the same value of the orbital angular momentum quantum number, /. When
considering higher partial waves, therefore, the asymptotic components of the scattering

wavefunction are simply the appropriate higher order spherical Bessel and Neumann
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functions.

At short-ranges, however, the extra total angular momentum is distributed between
the positron and electron in a way which requires accounting for in the form of the
Hylleraas expansion. In principal, there exists an infinite number of ways in which the
individual angular momenta of the two particles, /; and l;, can be combined to yield a
given total angular momentum, /, but Schwartz (1961c) has shown that the summation
over all possible couplings is actually greatly reducible, so that an eigenstate of the

total orbital angular momentum may be expanded as

\I!(rl,rZ, l, m) = E¢(lls l2alam)ﬂllg(rl,r2ar3), (2'56)
l1712

where the summation only involves values of /; and I; such that
L+, = L (2.57)

In general, [ + 1 terms are required in the summation, so that {+ 1 different symmetries
of short-range term are needed in the Hylleraas expansion. For example, in considering
p-wave scattering (I = 1), two types of short-range correlation term are required, cor-
responding to (I; = 1,l; = 0) and (/; = 0,/ = 1); in order that the correct boundary
conditions are satisfied at the origin, it is also necessary that the wavefunction goes as

i and r? as rq,r; — 0. The function v is given by

¢(11,12ala m) = Z Yllml(ela ¢1)Y;2m2(923 ¢2) < llmll2m2|lm >, (258)

my,m2

where the summation is over all m;,m, subject to the conditions
mi+me=m (2.59)

and

- l,’ S m; S li. (260)

The terms < lymqlyms|lm > are Clebsch-Gordan coefficients, the forms for which can

easily be found in textbooks on angular momentum. It is a straightforward matter to
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show that, for p-wave scattering with the z component of the total angular momentum

set to zero, 1 reduces to one term for each of the | symmetries, since m; and m, can

only take on the value zero. The Clebsch-Gordan coefficients are thus conveniently

absorbed into the overall normalisation of the Hylleraas expansion,and need not be

explicitly evaluated.

A suitable form for a two component trial function for positron-hydrogen p-wave

scattering, and the one actually used, is thus

\Ill=

@u(r2)Yio(61, $1)VE {1 (kra) — Kfym(kry) [1 = exp(=Ar)]}

—®p,(r3)Yio(0p, 6,)V26K3n1(kp) [1 — exp(—pp)]°

M
+®y(r2) exp [~ (ary + Bra + vr3)] (Ym(el, $1)r1 ) a;ryryry”

=1

+Yi0(02, d2)r2 ) bj"f’ riry J) ,

7j=1

Bpa(r3)Yio(0,, 8,)V25 {1 (rp) — Kiyni(xp) [1 — exp(—pp)]°}

—®y(r2)Yio(01, 1) VEK: ny (kry) [1 — exp(—Ary)]?
N

+®u(r2) exp [—(ary + Bry + 473)] (Ym(()l, $1)r1 Y crfirgry”

i=1

N, ‘ .
+Y10(92,¢'2)7'2Zdjrfjréjr;nj) :

i=1

The first order spherical Bessel and Neumann functions are now

and

sinkr coskr

ja(kr) = (kr)z— kr

coskr sinkr

(kr)2 ~ kr

nl(kr) = -

and the relevant spherical harmonics, Y)o are given by

3
Yio(0,¢) = 17 O 9.
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In the case of d-wave (! = 2) scattering, three different symmetries of short-range
term are necessary, corresponding to (I; = 2,l, =0), (l; = 1,l; = 1) and ([ = 0,1 = 2).

For the first and third cases, we can only have m; = m, = 0, so we have

$(2,0,2,0) = Yo(61, b1)Yoo(82, é2) < 2,0,0,0[2,0 > (2.66)

¥(0,2,2,0) = Yoo(61, ¢1)Y20(02, 42) < 0,2,0,0{2,0 > . (2.67)

Again, the Clebsch-Gordan coefficients and the zero order spherical harmonics Ypo,
which are independent of angle, are conveniently absorbed into the variational param-

eters in the Hylleraas expansion. The second order spherical harmonics are of the form

Ya(0,¢) = \/;i; (g cos® § — %) : (2.68)

For the second ! symmetry (I; = 1,1, = 1) the situation is more complicated, as there

are three sets of values of m which satisfy (2.59) and (2.60); we thus have

ll)(la 1’270) = Yi,—l(ola ¢1)Yi,+1(02a ¢2) < 1, 1’ —1» +1|270 >
+},‘1.0(01’ ¢1)K.O(02a ¢2) < 11 1s 0, 0|210 >

+Y1,+1(01, ¢1)Y1__1(02, ¢2) <1,1,41, —1|2, 0> (269)

The Clebsch-Gordan coefficients required are

1
<1l,1,+1l,-1> = — 2.70
+ 7 (2.70)

1
<Ll-1,41> = — 2.7
+ 7 (2.71)

2
<1,1,0,0> = —, 2.72
v (2.72)

and the three ! = 1 spherical harmonics have the forms (2.65), for m = 0, plus

Yi+1(0,4) = —\/-B%Sinae"d’ (2.73)

Yi1(0,6) = -+ /8% sin fe=7*, (2.74)



The form of v for the second symmetry can thus be shown to be

1
¥(1,1,2,0) = 4%_— (3 cos 8 cos B, — cos by,) [%] : (2.75)

Since it is only necessary that the spherical harmonics are combined in the correct
ratios, it is again simpler to absorb the common factor 713 into the normalisation of the
linear variational parameters.

If, as in the s-wave case, the S and C notation is used for the Bessel and Neumann
terms respectively, the stationary condition for the higher partial wave trial functions
yields a matrix equation whose form is identical to (2.14). The short-range terms in the
matrices A and B are most conveniently ordered as they appear in the trial functions,
although this is quite arbitrary.

For partial waves higher than [ = 0, a centrifugal I({+1)/r? term arises from the ac-
tion of the kinetic energy operator in the Hamiltonian on the angular functions Yjo(6, ¢)
in the trial function, and this may be considered to represent an additional repulsive
component in the interaction potential. Indeed, as we move to higher partial waves, this
term becomes increasingly effective at keeping the positron away from the inner regions
of the atom, lessening the importance of the short-range correlations, and making the
Born approximation an increasingly good representation of the scattering process. In
the previous work of Humberston on positron-hydrogen scattering, predictions of cross
sections summed over all partial waves used the Born approximation for { > 3.

The greater complexity of the higher order spherical Bessel and Neumann functions
makes analytic integration of any of the matrix elements impractical, and numerical
techniques have been used throughout for partial waves higher than { = 0. The more
complicated angular dependence of the spherical harmonics Y}y makes integration over
the external angles more complicated too, but this is still simple enough to perform
analytically. The angular integration of a typical p-wave matrix element is described in

detail in Appendix C.
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Chapter 3

Threshold Effects in
Positron-Hydrogen Scattering

3.1 Introduction

In the previous Kohn variational calculations of positron-hydrogen scattering cross sec-
tions, the whole of the energy region below the first excitation threshold of hydrogen
(Eez = 10.2eV) was investigated in some detail, but it remained for behaviour in the
immediate vicinity of the positronium formation threshold (E;n, = 6.8eV) to be exam-
ined fully. This region is of particular interest, since it affords the opportunity of seeing
the effect of the new Ps formation channel on the elastic and total cross sections, and
of comparing results with the more general theories of threshold behaviour based on
the R-matrix analyses of Wigner (1948).

In theoretical studies of other atomic and nuclear collision processes (e.g. electron-
lithium scattering, see Norcross and Moores (1972)), cusps have been predicted to occur
in the elastic cross section when an inelastic collision process becomes energetically
viable, as a consequence of the inelastic cross section starting with an infinite slope with
respect to the wavenumber or kinetic energy in the incident channel. This situation
derives simply from the linear dependence of the s-wave inelastic cross section on the
wavenumber in the outgoing rearrangement channel.

In positron-hydrogen scattering the wavenumbers of the positron, k, and positron-
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ium, &, are related by

k.2 2
?+EH = %‘*‘EPs’ (31)

where Ey and Eps are the ground state energies of hydrogen and positronium respec-
tively. Wigner’s R-matrix threshold theory predicts that, for energies close to threshold,

the inelastic cross section for a given partial wave [ behaves like

ol o K241, (3.2)
and therefore
i
idq% oc (20 + 1)&%. (3.3)

The gradient of the cross section with respect to k is

dob,  dop, dx

dk = dn dk' (3:4)
and from (3.1) we have
de 2k
EE - ?3 (3‘5)
so consequently
da{’s 21-1
5 2k(20 + 1)r* 0. (3.6)

For s-wave scattering then, where [ = 0, the linear dependence on & of the inelastic
cross section leads to an infinite derivative with respect to k as & — 0, although for all
higher partial waves the slope is finite. The effect that the behaviour of the positronium
formation cross section has on the elastic cross section is discussed later, in the context
of the results obtained from these latest investigations.

Another stimulus to perform further calculations has been the recent experimental
interest in threshold effects in positron-atom scattering. This follows an analysis of
various e*-He scattering measurements by Campeanu et al. (1987), which suggested
the possibility of a cusp-like structure in the elastic cross section at the positronium

formation threshold. Coleman et al. (1992) have since made measurements of elastic
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cross sections for this system more directly, but failed to observe any such anomalous
feature. The negative findings here were also borne out by the investigations of Moxom
(1993), who measured Ps formation cross sections for the noble gases from He through
to Xe. The results of these latter investigations were fitted using R-matrix threshold
theory (Moxom et al., 1994), the fits then being used to predict the energy dependence
of the elastic cross sections for these atoms. Although no cusp was predicted for He
by this analysis, such structure was predicted to develop for the heavier atoms, as a
consequence of the increasing strength of the positron-atom interaction.

Further, more detailed theoretical investigations of positron-hydrogen scattering also
seem pertinent, in view of recent experimental advances in the study of this system.
Sperber et al. (1992) have now measured the total ionisation cross section, which, in
the Ore gap, reduces to the Ps formation cross section. These results appear to be in
reasonable accord with the theoretical predictions of Humberston (1986).

Positronium formation in positron-hydrogen scattering is possibly the simplest re-
arrangement process which can be considered in atomic physics and, as such, is an ideal
case for comparison with the predictions of threshold theory. In addition, the formula-
tion of the Kohn calculation described in chapter 2 is essentially ab initio, containing a
full description of the interactions between the three bodies comprising the system, and
thus should be able to reproduce any of the qualitative features predicted by theory,

providing sufficiently elaborate trial functions are used.

3.2 Results

Both the single- and two-channel versions of the Kohn formulation were used for calcu-
lating s-, p- and d-wave cross sections at very small energy intervals on either side of the
Ps formation threshold. The non-linear parameters were set to the values used for pre-

vious work, and the e*-H codes were used in essentially their original forms, although
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changes were made to allow larger matrices to be generated from more flexible trial
functions, this time containing up to 220 linear parameters of each symmetry (w = 9).

Because the formalism is not analytically continuous in going across the Ps formation
threshold (since the two-channel approach does not define imaginary values of « for
energies below threshold), it is important to ensure that any anomalous behaviour which
is observed to occur in the elastic cross section is not simply the result of differing levels
of convergence for the two formulations. In all partial waves, in fact, some sort of step
was observed in ¢!, when changing from the single- to two-channel calculation. One
factor which particularly has to be taken into account above threshold is the behaviour
of the long-range functions S; and C;, for very small values of k. The spherical Bessel-
type S; terms always decay to a finite value as k — 0, but the Neumann-type C;

functions have a behaviour close to the origin given by

lim n;(kp) o ! (3.7

Kp—0 (_5)_1’
and consequently become more singular as [ increases. In the present formulation, a
shielding factor is introduced into the C; terms to keep the wavefunction finite as p — 0,
but the problem remains of C; blowing up as k — 0 with resulting computational
difficulties which grow more acute for the higher partial waves. Although it is a simple
matter to introduce an energy dependent shielding factor which causes C; to vanish
smoothly as & — 0, this amounts effectively to uncoupling the positronium channe] at
low Ps energies, and diminishes the accuracy of the representation. At the very low
Ps energies encountered close to threshold, the range of the interaction also becomes
long, and it is very likely that the short-range Hylleraas terms alone may be insufficient
fully to represent the scattering process. For these reasons, convergence was studied
carefully for values of k extremely close to threshold on either side.
Cross sections for the energy region close to threshold are illustrated for the s, p

and d partial waves in figures 3.1, 3.2 and 3.3 respectively. In figures 3.4, 3.5 and
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Figure 3.1: Cross sections for elastic scattering and positronium formation in positron-
hydrogen s-wave scattering.
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Figure 3.2: Cross sections for elastic scattering and positronium formation in positron-
hydrogen p-wave scattering. Results obtained by Meyerhof (1994) using an R-matrix
fitting procedure are included as the dashed line.
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3.6, convergence of the cross sections is illustrated as a function of an inverse power
of w, using the method described in section 2.2.5. Below threshold the convergence
corresponds to k = 0.707106a5 "', and above threshold k& = 0.707107a;' has been used.
It was believed justifiable to extrapolate the elastic cross sections in this way, rather
than just the diagonal K-matrix elements, since K1, does not change sign in any partial
wave when the number of linear parameters is increased, and thus the cross sections
converge monotonically. Above threshold, it is true that K;; and K,; contribute to
the elastic cross section but, being extremely small, they have very little effect on the

convergence trend.

3.3 Threshold Theory

In considering the effect of the newly opened inelastic channel on the elastic cross

section, we follow Meyerhof (1962,1963) and work with the S-matrix, in terms of which

the partial wave cross sections are given by

T
ol = T+ 1)1 SLP, (38)
T
oh, = T2+ 1)ISh (3.9)
Conservation of flux requires that
1Su2 + 151 = 1, (3.10)

so the expression for the positronium formation cross section may alternatively be

written
i1
oh, = T2+ 1)(1 =[S P), (3.11)

whereupon the total cross section in a given partial wave is easily shown to be given by

m

k2

l _ l I _
Otot = Uel+UPs -

(20 +1)2(1 — ReS%)). (3.12)
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So long as we take care to keep the different partial waves separate, it avoids unnecessary
algebraic complexity to work in units of cross section 5(2/ + 1). Rearranging (3.11),

we thus have
ISul> = 1-o0p, (3.13)
and hence

, 1
Sto= (1 —af)2. (3.14)

At energies very close to threshold, where o, is still very small, we get a good approx-

imation by using a binomial expansion on (3.14) and neglecting terms of second order

and higher, so that

: 1
Sl o~ eth (1—§a{,s>. (3.15)

We make no assumptions yet about 8;, except to note that at threshold, where ops = 0,
the S-matrix is defined by

St = exp 2i6,, (3.16)
which means that when E = FEj,., 0, is simply the scattering phaseshift in the /th partial
wave. The expression for S!,, equation (3.15), can be made to apply below threshold, as
well as above, by replacing ob, by a purely imaginary quantity, o'(x), which is arrived
at by considering Wigner’s threshold relation (3.2) for £ < Ej,. In this energy region

we have k = i|«|, so if the constant of proportionality in (3.2) is C, we can write

Ql(ﬁ:) — Cﬁ:2l+l

Ci21+1lﬂ|21+1
= i(=1)ob(Ix]). (3.17)

It should be noted, however, that, since this attempt to find a quantity which is an

appropriate continuation of ops below threshold already makes use of Wigner’s threshold
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relation, it can only be taken to be strictly valid immediately below threshold. If we now
take ob, always to mean ob,(|x|), then a suitable expression for Si;, which is continuous
across threshold, is
; 1 1
S = (1 _5"{’5{ i(—1) ) (19
where the upper line refers to positron energies £ > Ey,, and the lower line to £ < Ey,.

If we abbreviate the term in brackets as Fj, then from (3.8) the elastic cross section is

given by
ail = ll — Flem‘l2
= (1 — Flem’) (1 — F,*e'm‘)
= 11— Ee?iﬂ; R Fl*e—2i0¢ n |ﬂ|2 (319)

Above threshold, where Fj is real, this becomes

o, = 1—2Fcos20, + F?

= 1-2F(1—2sin?0)) + F7, (3.20)

and it is soon found, substituting in the explicit expression for F; and dropping the

second order term in ob,, that

0!, = 4sin’@ — 2sin® O;0h,. (3.21)

el

Below threshold, on the other hand, we find that if we again ignore the term of second

order in ob, then
o, = 1—(cos20; +isin26;) (1 - —ops i(— 1)l>
— (cos 20, — isin 26;) (1 + O‘PS 1) +1
= 2—2co0s20; — ob(—1)"sin 26,
= 2—2(1 —2sin®6;) — ob,(—1)'sin 26;,
= 4sin? @ — ob (—1)'sin 26;. (3.22)

59



Combining (3.21) and (3.22), and reintroducing the factor 75(21 + 1), we thus get

4z 25sin® 4 E>E
1 _ + 2 R 1 = Lithr
T T R (21 +1)sin”6; — op, { (-1)'sin20, E < Eu,. (3.23)

3.4 Discussion

Predictions about the physical behaviour clése to threshold based on (3.23) clearly

depend on the interpretation of the parameter 8,. At E = E;,, we have

o, = %(21 + 1)sin? 4y, (3.24)

which is consistent with taking it to be the scattering phaseshift. Away from threshold,
however, the above derivation leaves 8, with a somewhat arbitrary energy dependence.
If we assume it to vary slowly enough with energy that it can be considered to remain
constant over the region close to threshold, then the energy dependence of the first
term in (3.23) is restricted to the k=2 factor, and the second term can be interpreted
as essentially a correction to the elastic cross section at threshold. It is immediately
obvious that such an interpretation requires o', to fall away immediately above threshold
for all partial waves, with the behaviour below threshold dependent upon the value of
the phaseshift at threshold and whether [/ is odd or even.

The elastic cross sections for the s, p and d partial waves in positron-hydrogen
scattering (figures 3.1-3.3), however, all appear to violate these predictions, by rising
immediately above threshold, and it therefore appears necessary to take account of the
energy dependence of §;, even for the purpose of making qualitative predictions. A
more rigorous derivation from R-matrix theory defines a phase parameter §;, in terms

of which the S-matrix is shown to be given by
: 1
Sil = 6215( (1 —_ Eall)s{ ;l ) ) (325)
for { =0, and

,. 1 1
52{1 = 62 i (1 +ZB[ - 50'1135{ 1’(_1)1 ) ’ (326)

60



for { > 1. The B; term is due to Breit (1957), and is given by

}21—210.1s 1
B = gm [11/(21!)2]13(21—1){ 1 (3.27)

where

R = ka, (3.28)

a being the radius of the R-matrix sphere, which defines the region of interaction outside
which the wavefunction is taken to assume its asymptotic form. Within the R-matrix
formalism, é; is defined to be the phaseshift with the inelastic channel uncoupled, which,
in the case of positron-hydrogen scattering, means a phase which has no component
corresponding to positronium formation, either real or virtual. This definition holds
for energies both above and below Ey,, and hence §; varies smoothly across threshold.
Since the S-matrix reduces to exp 2¢é; at threshold, we also have the result that, at this
particular energy, the uncoupled and fully coupled phases coincide.

In the Kohn formulation, it is impossible to calculate the uncoupled phase of the
R-matrix formalism, because the presence of virtual positronium is implicit in the form
of the total Hamiltonian for the system, and the trial functions will always attempt to
represent Ps, where it makes a contribution to the scattering process. Above threshold,
it is possible to uncouple the real outgoing positronium channel, as described in chap-
ter 5, but this does not suppress all reference to virtual Ps, as required by R-matrix
theory. In the absence of accurate R-matrix data for the quantity é; in the case of
positron-hydrogen scattering, we assume that at threshold it takes on the value of our
fully coupled estimate of the phaseshift, and varies only slowly with k.

For s-wave scattering, there is no Breit term, and thus the phase parameter &; of
equation (3.25) is equal to #; in equation (3.18)—hence the form of (3.23), which gives
the threshold effect in the elastic cross section, is unaltered. Since the positronium
formation cross section varies with infinite slope at threshold, and é¢ is assumed only

to vary slowly, we therefore expect the elastic cross section also to be varying with an
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infinite derivative. According to R-matrix theory, then, the s-wave elastic cross section
must fall immediately above threshold. If ¢ lies in the first or third quadrant, so that
sin 26, is positive, then we also expect ¢% to be falling below threshold, as we move
towards lower positron energies, giving rise to a distinct ‘Wigner cusp’. Otherwise, if
8o lies in the second or fourth quadrants, o3 rises below threshold.

In the Kohn variational investigations, we find that the s-wave phaseshift just
below threshold lies in the fourth quadrant (at £ = 0.7071, for w = 6 we have
80 = —0.055rads), and so we would expect a rise in o, with decreasing k below thresh-
old, rather than a fall. Referring to figure 3.1, we see that in the vicinity of the threshold
o3, reaches a maximum of approximately 0.004wa2, and hence the threshold effect in
the elastic cross section for E < Ej,, which is proportional to a3, sin 26, is of the order
of 4 x10~*ra?. Above threshold, the drop in ¢ as a consequence of the onset of the new
channel is expected to be an order of magnitude smaller still (o3, sin® 6, ~ 10~°7a?).
Such effects are much too small to be resolved within the accuracy of the present cal-
culation, and certainly likely to remain unobserved experimentally.

The slight structure in the s-wave Ps formation cross section, in the form of a
rounded maximum, had not been observed in the previous Kohn variational investiga-
tions of positron-hydrogen scattering. More structure has been noted in this energy
region in calculations using the reactive scattering method by Archer et al. (1990),
although they calculate o, to be approximately 15% smaller. Recent investigations by
Carbonell (1994) using the Fadeev technique, however, yield an s-wave Ps formation
cross section which is in excellent agreement with the present results for energy in the
Ore gap, suggesting that the Kohn results are probably very reliable.

The variationally calculated s-wave elastic cross section illustrated in figure 3.1
does exhibit a small downward step in going across threshold, which corresponds to the

change from the single- to the two-channel Kohn formulation, but this is not believed to
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be a real physical feature. The sense in which o9 converges, as illustrated in figure 3.4,
indicates that the results above threshold are rather more accurate than those obtained
below. This is probably because the presence of the positronium terms in the trial
function in the two-channel formulation allows a better representation of the long-range
interaction to be attained than do the Hylleraas terms alone.

For partial waves higher than [ = 0, it is possible for the Breit term to be absorbed
into the phase factor 6; of (3.18), so that (3.23) may still be used to obtain the threshold
effects, but it is easier to see how it affects the elastic cross section by using (3.26) as
it stands. It is then found that the appropriate expressions for the elastic cross section

above and below threshold are given by

4 2sin? §,
P 2t 2 : | l
T = 13 (21 + 1) sin® & + 2B, sin 26; — op, { (=1)!sin 26, (3.29)
For the partial waves of interest, the Breit term is given by
1
Ops 1
= _Ps .30
B, e { ~1 (3.30)
o3 1
B, = —Fs_ . 31
. { L (3:31)

Since ob, is proportional to x?*! close to threshold, the Breit term is always pro-
portional to k2, making it the dominant correction term in the immediate vicinity of
threshold. The energy range over which it dominates the third term is governed, for a
given partial wave, by the size of the R-matrix radius, a. The sign of the correction is
then given by the phase factor, §,—if §; lies in the first or the third quadrant, then the
Breit term makes a positive contribution to the elastic cross section above threshold,
and a negative contribution below. Otherwise, the reverse is true.

Assuming §; to remain constant in the region close to threshold allows a qualita-
tive matching of R-matrix theory with calculation. In the Kohn results for positron-
hydrogen p-wave scattering, the phaseshift lies well within the first quadrant for energies

close to threshold (at £ = 0.7071 and w = 6, the phaseshift is 0.181rads), and thus the
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Breit term is expected to cause a rise in the elastic scattering cross section for £ > Ey,
and a fall when E < E,. When || becomes sufficiently large, the third term in (3.29),
which is of the opposite sign both above and below threshold for [ = 1, overwhelms
the Breit term’s influence, and the trend ought to reverse. Both of these characteristics
seem to be borne out by the present investigations, as is illustrated well in figure 3.2.
The convergence plots in figure 3.5 show that the small discontinuity observed in going
across threshold is almost certainly the result of differing levels of convergence, with
results above threshold being marginally better converged. The small magnitude of
these differences, however, would appear to indicate that the non-linear parameters in
the wavefunction are well optimised.

Meyerhof (1994) has attempted to fit the above R-matrix theory to the present
Kohn elastic scattering data, and some of the results of his analysis are included in
figure 3.2. This fit has used an energy-independent R-matrix sphere radius, fixed at
a = 1.95a9. The energy dependence for the uncoupled phase, §;, has been estimated
from a fuller R-matrix treatment, which Meyerhof has used to investigate the influence
of the positronium formation channel over a wider energy range than is considered
here. By definition, §; is made to coincide with the Kohn estimate of the phaseshift at
E = F4,. It can be seen that above threshold the R-matrix theory fits the Kohn data
quite well, reproducing the distinctive hump in the elastic cross section, which is also,
incidentally, a feature of the recent positron-hydrogen calculations of Higgins and Burke
(1993). Below threshold, the trends of the Kohn and R-matrix data are in qualitative
agreement, but the energy dependences of the cross sections are very different. This
may be due to the fact that the form for the quantity o', which replaces the Ps formation
cross section below threshold (given by equation (3.17)), is only appropriate over a very
small energy range. The indications are, therefore, that the theory discussed above, for

a quantitative analysis, requires some modification for energies £ < Ejp,.
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In the case of d-wave scattering, the phaseshift again lies comfortably within the first
quadrant (0.0835radians at k¥ = 0.7071 and w = 6, converging upwards), suggesting that
the sign of the Breit term’s contribution to o should be the same as for the [ = 1 partial
wave. Below threshold, however, the third term in (3.29), for | = 2, acts to reduce o2,
reinforcing rather than cancelling the effect of the Breit term. Again assuming 6é; to
be approximately constant in the threshold region, the present results seem to be in
accord with these predictions.

Doubt must be cast, though, on the reliability of the Kohn d-wave results below
threshold by the unphysical step which appears in the elastic cross section in going
from the one- to the two-channel formulation. Although the convergence characteris-
tics illustrated in figure 3.6 individually appear quite respectable, the above and below
threshold cross sections seem to be converging to markedly different values. The scatter
of the lower energy cross sections, however, makes a reliable extrapolation rather diffi-
cult. The inverse power of w here is selected so that all the results lie as close as possible
to a straight line, whereas it may be that the results for the higher values of w should
be given more weight. Taking the points corresponding to the three highest values of
w below threshold, for example, would enable an extrapolation to a value closer to our
estimate of the cross section just above threshold.

A comparison with other work (for example, Register and Poe (1975)) shows that the
present results are indeed rather poorly converged below threshold, suggesting that the
non-linear parameters in the trial function are not very well optimised. Above threshold,
on the other hand, results are well in accord with those of recent hyperspherical close-
coupling investigations by both Zhou and Lin (1994) and Igarashi and Toshima (1994),
despite the fact that the same non-linear parameters have been used as in the one-
channel problem.

The reason for the inferior convergence is likely to be the same as for s-wave scat-
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tering, namely that the positronium terms are able better to represent the long-range
interaction than are the Hylleraas terms alone. The fact that the p-wave results are
in much better agreement above and below threshold, however, would seem to indi-
cate that the existing forms of trial function, with more suitably chosen non-linear
parameters, would be capable of improving convergence, and further study is clearly

warranted.
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Chapter 4
The Lithium Model Atom

4.1 Introduction

One of the major differences between the variational treatments of positron-hydrogen
and positron-lithium scattering is the use, in the latter case, of a model to describe
the system under investigation. In the positron-hydrogen work, the simplicity of the
situation makes an essentially complete representation possible—here there are three
distinguishable particles, and thus three inter-particle interactions to consider, where
the nature of the interactive forces is known completely. The distinguishability of the
electron, proton and positron means that no allowance is necessary for exchange effects
brought about by the Pauli exclusion principle, and the limits on the accuracy of the
final cross sections are governed by the flexibility and form of the trial functions and,
to some extent, computational precision.

In view of the completeness of the representation used for calculations of positron-
hydrogen scattering, assessments of the accuracy of the theoretical cross sections are
made on the basis of agreement between different techniques, and stability of results.
Experimental investigations of the positron-hydrogen system have not yet reached a
level of sophistication where a detailed comparison of low energy partial cross sections
is possible, although measurements of cross sections are now becoming available (for

example, Sperber et al. (1992), Zhou et al. (1994)). The theoretical results obtained
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using the Kohn method are very well converged and, below the Ps formation threshold,
agree to high precision with those of Bhatia et al. (1971,1974), thought to be the most
accurate available. Above threshold, the cross sections for both elastic scattering and
positronium formation are also very stable and, as discussed in chapter 3, are seen to
agree qualitatively with R-matrix threshold theory.

The complexity and number of inter-particle interactions associated with the positron-
atom system obviously increase as we move along the periodic table to higher atomic
numbers. For the second simplest atom, helium, a complete representation of the scat-
tering problem needs to account for six inter-particle interactions (treating the nucleus
as a point charge) with the further complication of exchange effects between the two
electrons. The results of positron-helium calculations so far using the Kohn method
(Humberston 1973, 1979 and Campeanu, 1977) have utilised the ‘method of models’
approach for the calculation of elastic scattering cross sections below the Ps formation
threshold. Here, an accurate, but not exact, target wavefunction was generated from
a Rayleigh-Ritz variational calculation, and then assumed to be an eigenfunction of a
very good approximation to the target Hamiltonian. Subsequently expressing all com-
ponents of the scattering trial function as products of this model target wavefunction
with appropriate other functions, simplified the formulation of the problem consider-
ably, enabling the nature of the electron-nucleus and electron-electron interactions to be
disregarded. (Further information on the method of models is contained in Appendix
A.)

The excellent agreement of experimental and theoretical data for elastic scattering
cross sections for the positron-helium system indicates the strength of this approach
for the one channel case. The treatment of Ps formation for energies above threshold,
however, necessitates the abandonment of the method of models if the resulting He*

ion is to be considered as having structure. Work is currently under way to investigate
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this more complicated problem.

A full representation of the positron-lithium system, effectively a five-body problem,
would require the consideration of ten inter-particle interactions, but the lithium atom’s
physical structure makes it particularly amenable to treatment as a hydrogenic atom,
and this is the approach which has been adopted. The tightly bound inner 1s shell
shields two units of nuclear charge very effectively from the 2s valence electron which
is consequently very loosely bound. Exchange forces between the two shells are thus
rendered very small, and a very good approximation to the real situation is obtained by
making the assumption of a point core in the field of which the valence electron moves.
The small influence of exchange effects is also convenient in that it allows the further
assumption that the various components of the positron-core potential have the same

form as for the electron.

4.2 The Lithium Model Potential

The potential used to represent the interaction between the electron and core is based

on a phenomenological one developed by Peach et al. (1988). The full form of the

Peach potential is

1 2
V() = -=- er (1+6r+6'r2)_§c%w2(ﬂr), (4.1)
where
2 n
n(e) = (), xale) =1- e 3 2
n=0 ""°

The first two terms represent the static component of the potential, and the third arises
due to the polarizability of the inner shell electrons, a4 being the dipole polarizability of
the core which has a value of 0.1925a3. The parameters v, § and &' are chosen so as to
provide a close fit to the observed energy spectrum of the lithium atom. Two different

sets of values have been found to yield excellent agreement with experiment, and both
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have been used for the scattering calculations. The one on which most attention has
been concentrated produces a 2s state, of the correct nodal structure, corresponding
to the ground state of the real atom, and energies for the first three s and p states
which are within 1% of experimental estimates. Inevitably, however, it also gives rise
to a very tightly bound 1s state which, of course, has no real existence. It has been
assumed that the very large energy separation of the 1s and 2s states of this potential
(Eys = —51.5€V), in comparison with the collision energies under investigation, renders
the former’s influence very small in the scattering problem.

As a check on this assumption, the second set of parameters causes the introduction
of a short-range repulsive component into the electron-core potential, which prevents the
formation of the tightly bound 1s pseudo-state, but instead produces a 1s state whose
energy is in good agreement with experimental estimates of the lithium ground state.
Although the energies of the higher eigenstates of this potential also correspond well
with experiment, it has a drawback when considering scattering in that the structure
of its eigenfunctions is unrealistic, since each has one less node than that which it is
supposed to represent physically. Even so, except at short ranges, the ground-state
eigenfunctions for the two different electron-core potentials seem to agree well, and it
was felt that both models could be plausible representations of the atom, although the
first type was clearly the more appealing. Henceforth, the two potentials are referred
to as A and B respectively. Their short range forms are shown graphically in figure 4.1.
The parameter values are given in Appendix D.

For the reasons mentioned above, exchange forces between the 2s valence electron
and the electrons in the 1s shell are taken to be very small. If this is the case, then
it is reasonable to assume that very little allowance is made for these effects in the
parameters of the model potential, and a very good approximation to the positron-

core interaction can be obtained simply by reversing the sign of the static terms, the
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Figure 4.1: The electron-core model potentials A and B.
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core polarization term remaining attractive. In doing this, the short-range repulsive
component of potential B becomes an attractive well for the positron, thus introducing
the possibility of unphysical positron-core bound states. At the low positron energies
considered here, however, tunnelling into this region is unlikely to exert much of an
influence on the scattering process, although it provides another reason to consider
potential A the more reliable of the two.

In the scattering problem the inclusion of the core polarization component in the
potential generates a slight complication, since the polarization of the core brought
about by the presence of the electron alters the effect experienced by the positron,
and vice versa; thus, for a fuil treatment, the problem requires the introduction of a

three-body term into the total interaction potential of the form

Vi(r,r) = r% cos B12\/w(Br1 )w(Brs), (4.2)

172
where r; and r, are the radial coordinates of the positron and electron respectively, and
01, the inter-particle angle at the origin. In addition to increasing the complexity of the
problem, the introduction of a term in the potential which is of the same sign for both
electron and positron destroys certain symmetry arguments which prove very useful
in checking on the numerical accuracy of the scattering calculation. The very small
polarizability of the lithium core, however, suggested that this complication might be
an avoidable one, and it was therefore decided to assess the effects on the energy level

structure and polarizability of dropping the core polarization term altogether.

4.3 The Energy Spectra of the Lithium Models

A Rayleigh-Ritz calculation was performed for both electron-core potentials, with and

without the core polarization term, using lithium wavefunctions of the form

1 N-1
i = = T
¢L1 ,—471’ ~
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The stationary condition yields the set of N linear simultaneous equations

N-1
Y. ci(< ¢ilH|g;i > —E < ¢il$;>) = 0 (4.4)
Jj=0
where
H = -iV*+V(r) (4.5)
and

1
¢i='—\/‘4=7;

The calculation thus reduces to the matrix eigenvalue problem

rieor. (4.6)

(A-AB)C = 0, (4.7)

the solutions to which can be obtained using any one of a number of ‘black box’ sub-
routines. In this case, one of the Numerical Algorithms Group (NAG) Library routines,
FO2AEF, was used for the purpose—this routine returns both the N solutions for the
eigenvalues E, and the corresponding sets of eigenvectors c;.

The eigenvalues and eigenvectors corresponding to the different energy levels of the
model atom were calculated for various N, and convergence was studied. The expo-
nential parameter o was varied separately in order to obtain the lowest possible value
for the ground state energy, Eo. Figures 4.2 and 4.3 show how the energy eigenvalues
for the 2s and 3s states of potential A converge with respect to increasing N. It is
interesting to note the pairing of the curves in these diagrams—in calculating the en-
ergy of the 2s eigenvalue, for example, it is found that at the optimum value of a for
an even N, the variational estimate is hardly improved at all by the inclusion of an
extra term in the expansion. Studying the eigenvectors of the expansion shows that the
stationary condition seems to force the last ¢; to be zero, if 7 is even, although the other
eigenvectors with even ¢ are non-zero. A similar situation arises in the calculation of

the 3s state, but here it is the final terms corresponding to odd ¢ that are killed off.
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Figure 4.3: Convergence of the 3s state of potential A with respect to increasing N.
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Potential A
N 28 3s 4s
a b a b a b
5 -0.189401 | -0.184340 | —-0.056594 | -0.054657 | 0.012296 | 0.014753
7 -0.197227 | -0.192986 | —0.071986 | —0.070905 | —0.031969 | —-0.031264
9 -0.197902 | -0.193767 | -0.073993 | —0.073064 | -0.037651 | —0.037235
11 -0.197950 | -0.193823 | -0.074206 | —0.073301 | —0.038501 | —0.038148
13 —0.197952 | -0.193826 | -0.074223 | -0.073320 | —0.038619 | —0.038279
15 —0.197952 | —0.193826 | -0.074224 | —-0.073322 | —0.038636 | —0.038300
17 -0.197952 | -0.193826 | —0.074224 | -0.073322 | -0.038639 | —-0.038304
19 -0.197952 | -0.193826 | —0.074224 | —0.073322 | -0.038640 | —0.038304
Exptl. -0.198158 -0.074188 -0.038618

Table 4.1: Convergence of [ = 0 states of the lithium model atom. The columns labelled
a include the core polarization term. Those labelled & exclude it. All energies are in

Hartree.

Potential A
N 2p 3p 4p
a b a b a b
5 -0.121288 | -0.118409 | -0.056240 | —0.055540 | —0.005833 | —0.004352
7 -0.128669 | -0.126337 | -0.057169 | -0.056518 | —0.026850 | —0.026288
9 -0.129984 | -0.127787 | -0.057232 | -0.056581 | —0.031031 | —0.030686
11 -0.130187 | -0.128019 | -0.057240 | -0.056588 | —0.031839 | —-0.031549
13 —-0.130214 | -0.128051 | -0.057241 | —0.056590 | —0.031963 | —0.031686
15 -0.130218 | -0.128055 | —0.057242 | -0.056591 | -0.031978 | -0.031703
17 -0.130218 | -0.128056 | -0.057242 { -0.056591 | —0.031979 | —-0.031704
19 -0.130218 | -0.128056 | —0.057242 | —0.056591 | -0.031979 | -0.031704
Exptl. -0.130245 -0.057239 -0.031976

Table 4.2: Convergence of [ = 1 states of the lithium model atom.
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Potential B

N

a b a b a b
5 -0.189486 | -0.186568 | -0.051279 | -0.050150 | —0.001962 | -0.000942
7 -0.197402 | -0.194904 | -0.071531 | —0.070901 | —0.033673 | -0.033312
9 -0.198110 | -0.195665 | —0.073929 | -0.073390 | -0.037949 | -0.037720
11 —0.198155 | -0.195715 | -0.074170 | —0.073645 | —0.038541 | —0.038342
13 —0.198158 | -0.195717 | -0.074187 | —0.073664 | —0.038607 | —0.038413
15 -0.198158 | -0.195718 | -0.074188 | -0.073665 | —0.038615 | —0.038422
17 -0.198158 | -0.195718 | -0.074188 | -0.073665 | -0.038617 | —0.038424
19 -0.198158 | -0.195718 | —0.074188 | —0.073665 | —0.038618 | —0.038424

Exptl. -0.198158 (2s) -0.074188 (3s) -0.038618 (4s)

Table 4.3: Convergence of [ = 0 states of the lithium model atom.
Potential B
N

a b a b a b
5 -0.097917 | -0.096854 | -0.050430 | —0.050177 | 0.010914 | 0.011395
7 -0.111117 | -0.110351 | —-0.051898 | -0.051698 | —0.021466 | -0.021272
9 -0.113944 | -0.113262 | —0.051996 | —0.051802 | —0.027960 | —0.027844
11 —0.114498 | -0.113837 | -0.052008 | -0.051815 | -0.029373 | —0.029281
13 -0.114592 | -0.113936 | -0.052012 | -0.051819 | -0.029638 | —0.029553
15 -0.114607 | -0.113951 | -0.052014 | -0.051821 | -0.029676 | —0.029593
17 ~0.114608 | -0.113953 | —-0.052015 | -0.051821 | -0.029680 | —0.029597
19 -0.114609 | -0.113954 | —-0.052015 | —-0.051821 | —-0.029680 | —0.029598

Exptl. -0.130245 -0.057239 -0.031976

Table 4.4: Convergence of [ = 1 states of the lithium model atom.
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Figure 4.4: The ‘ground’ state eigenfunctions of potentials A (solid) and B (dashed).

The Rayleigh-Ritz calculations of the energies of the first three s and p states of
each model, as shown in tables 4.1-4.4, yielded six figure accuracy for N = 19 and a
suitable choice of the non-linear parameter, . For the ground states a value of N =15
proved adequate for obtaining this level of convergence. Figure 4.4 shows the forms of
the ground state eigenfunctions for both potentials. Figure 4.5 indicates the extent to
which the form of the 2s eigenfunction of potential A is affected by the exclusion of
the core polarization term. Both sets of data, for the full form of the Peach potential,
and also that excluding the core polarization term, are seen to agree well with the

experimental estimates quoted, which are those of Johansson (1958). The exclusion
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Figure 4.5: The 2s eigenfunctions of potential A with (solid) and without (dashed) the
core polarization term.
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of the term has the effect of shifting the energy of the ground state of potential A by

about 2%, with its influence becoming smaller for higher states, as would be expected.

4.4 Determination of Polarizabilities

In addition to generating an energy spectrum which is in good agreement with experi-
ment, a further desirable property of the lithium core-electron model potentials is that
they should yield suitable values of the dipole polarizability, a4, for their respective
ground states. In order to determine ay, it is necessary to consider the atom situated

in a uniform electric field, ¢, so that the Hamiltonian for the system becomes
H = —3V?*4+V(r)—ercosé, (4.8)

the electric field being chosen, without loss of generality, to lie along the z-axis. Pertur-
bation theory shows that there is no first order correction to the unperturbed eigenvalues
of the atomic spectrum as a consequence of the presence of the field, but that second
order effects are important, so that for weak fields the correction, AE, is quadratic in
€, and is such as always to make the energies more negative. The dipole polarizability
is then given by

2AE

= (4.9)

Qg = —

To compute the perturbed energy spectrum of the lithium models in the presence of
a polarizing field, a further Rayleigh-Ritz calculation was performed using the Hamil-
tonian (4.8), and a new form of trial function. Since the electric field destroys the
spherical symmetry of the system, it is necessary to introduce an angular dependence,
in the form of a p-state character, into the polarized wavefunction. A suitable form for

the new trial function is thus
N-1  M-1
dpot = €7D air'+ Y bjricosf| . (4.10)
=0 =0
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Potential A Potential B
M Dipole polarizability, aqy M Dipole polarizability, a4
a b a b
5 160.91 171.86 5 120.05 124.28
6 164.75 176.50 6 133.38 138.91
7 165.16 177.07 7 136.93 142.91
8 165.29 177.23 8 138.16 144.30
9 165.29 177.24 9 138.38 144.56
10 165.29 177.24 10 138.44 144.63
11 165.29 177.24 11 138.45 144.65
12 165.29 177.24 12 138.45 144.65
Exptl. 163.98 Exptl. 163.98

Table 4.5: Convergence of polarizabilities of the lithium models, in a3, with respect to
increasing the flexibility of the polarized wavefunction. Again, the columns a and b
refer to the core polarization term being included and excluded respectively.

With the number of ‘s-type’ terms fixed at N = 15, and the electric field strength set
to € = 0.0001au, convergence of the polarizabilities of the 2s state of potential A and
the 1s state of potential B was studied with respect to increasing M, the number of
‘p-type’ terms. The results of these investigations are shown in table 4.5.

The experimental estimate for the dipole polarizability of lithium, quoted in the
tables, is that of Miller and Bederson (1977). In comparison with this, the Rayleigh-Ritz
estimate for the full form of potential A is in very good agreement, being rather less than
1% larger. Removing the core polarization term does have quite a pronounced effect,
however, and increases the overall polarizability, making the error on the experimental
estimate nearer to 8%.

Using potential B, the agreement between variational and experimental estimates
is much poorer, which is not surprising in view of the relatively poor representation of
the lithium p-states produced by this potential. With the full form, the Rayleigh-Ritz
value is too small by approximately 16%, although removal of the core polarization

term does have the effect of improving the agreement somewhat, yielding a value which
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is in error by about 12%.

On the strength of the variational calculations of the energies and polarizabilities of
the two lithium models, it was felt justifiable to proceed with the scattering calculation
omitting the core polarization term. Its exclusion in the forms for the electron- and
positron-core potentials, as mentioned earlier, simplifies the formulation of the scatter-
ing problem by preserving certain symmetry arguments, and dispensing with the need
for the inclusion of a further three-body interaction term. The discrepancy between the
theoretical and experimental estimates of a4, arising as a consequence of ignoring the
polarization of the core, is likely to affect very low energy scattering most markedly,
since polarization effects are at their most important here, and this has to be borne in

mind when assessing the accuracy of the scattering cross sections.
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Chapter 5

Positron-Lithium Scattering

5.1 Introduction

As mentioned previously, the alkalis are unusual in positron-atom scattering in that
the positronium formation channel is open for all energies of the incident positron;
thus, in considering positron-lithium collisions at any energy, there are at least two
scattering processes to be considered. In the investigations reported here, studies have
been confined to the energy region below the 2p excitation threshold of the lithium

atom (1.844eV), where only elastic scattering and Ps formation are possible, i.e.

et +Li — e"+Li elastic scattering

— Ps+Lit positronium formation.

An extension of the two channel Kohn method, used previously for the hydrogen prob-
lem, is thus appropriate for the energy range considered here for positron-lithium scat-
tering, and the basic structures of the existing e*-H codes have been used as the starting
point for the present calculations.

For systems where an inelastic channel is open from zero energy, as is the case here,
Wigner’s threshold theory can be used to predict the ¥ dependence of the cross section

for this process at very low energies. At zero positron energy, we are at the threshold
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for the endothermic process
Ps +Lit — et +Li. (5.1)

If we denote the partial cross sections for this reaction by o}, then, from equation (3.2),

we can express o, in terms of the outgoing positron wavenumber as
: l 20+1
llclm oy x kST (5.2)
—0

The positronium formation cross section, o, is easily expressible in terms of o};. In

terms of the S-matrix we have

oty = (2 +1) |5, (5.3)
and
ohy = 52+ 1) EA (5.4)
but since S}, = S,, we find
o1 g;agl (5.5)
and thus, from (5.2)
Ilci_r’% ol, o« k2L (5.6)

For s-wave scattering, therefore, we have the result that the positronium formation
cross section becomes inversely proportional to k at very low positron energies, and is
infinite at & = 0. For the higher partial waves, op, (= ol,) is zero when the incident
positron energy is zero. These features should be reproducible in the Kohn calculation.

In considering e*-Li scattering in the context of e*-H interactions, one of the major
differences to be noted is that between the dipole polarizabilities of the two targets:
for atomic hydrogen, ag = 4.5a3, as compared with 163.98a3 for lithium. The very

high polarizability of the lithium atom inevitably puts great demands on the scattering

trial functions, particularly at low energies, since the valence electron is very easily
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drawn away from the core by the field of the positron. For this reason, it is important
that these wavefunctions be sufficiently flexible in form to allow for the complicated
interactions which arise when the particles are close to one another. The best test
of the suitability of the forms is the rate at which results converge with respect to
systematic improvements in flexibility, and two slightly different forms of short-range

function have been used in an effort to find the most satisfactory convergence.

5.2 Positron-Lithium s-wave Scattering

5.2.1 Old Form of Trial Function

The original forms which were used for the lithium s-wave trial functions are identical
to those used for hydrogen, (2.2) and (2.3), but with the hydrogen wavefunction ¢u(r2)

replaced by the lithium target function ¢i(r2), calculated in chapter 4, thus

Uy = Yoo(01, $1)@ui(r2)VE {jo(kr:) — Kiino(kra) [L — exp(—Ar)]}
~Yoo(6y, 6,)@ps(rs) V2K [no(kp) + exp(—pup)(L + ap + bp®) /wp]

N
+Yoo(61, 61)®Li(r2) exp (—(ary + Bra +47s)) Y ciry'ryrs” (5.7)
¥, = Yoo(b,, ¢p)‘I’Ps(T3)\/ﬂ{jo(lip) - K, [no(np) + exp(—pp)(1 + ap + bpz)/fcp]}
—Yoo(61, $1)@ui(r2) VEK yno(kry) [1 — exp(—Ary)]

N
+Yo0(61, #1)PLi(r2) exp (—(ary + Bra + 473)) Z djrf’ r;’ ra. (5.8)

=1
The formulation then proceeds on the assumption that the lithium eigenfunction evalu-
ated in the Rayleigh-Ritz calculation of chapter 4 is an exact eigenfunction of the model
Hamiltonian, so that the expressions for L operating on the various terms in the trial
function have the same forms as those derived for hydrogen in chapter 2.
The elements of the matrices A, B and (5, LS) of equation (2.14) are built up using
numerical integration methods throughout, since the presence of ¢r;i(rs) in all compo-

nents of the scattering wavefunction makes analytic integration impractical, even for
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the simpler long-range-long-range terms. Once these matrices have been generated,
however, the operations performed to evaluate the variational K-matrix and cross sec-
tions are the same for lithium as for hydrogen. The major modifications made to the
hydrogen codes are thus the incorporation of the lithium model potentials in place of
the pure Coulombic form, and the inclusion of the ground state wavefunctions of the

new target.

5.2.2 Choice of Non-linear Parameters

At first sight, it would appear that the choice of the non-linear parameters o, 8 and ~y
in (5.7) and (5.8) would not be of great importance, provided they were selected so as
to suppress the Hylleraas terms in the wavefunction effectively at ranges greater than a
few atomic radii. However, whilst it is true that a large enough basis set can compensate
for a poor choice of non-linear parameters, it is also the case that rates of convergence
can be improved greatly by selecting a suitable set of values of these parameters. In
fact, it was found in earlier work on positron-hydrogen scattering that, particularly for
the higher partial waves, results are actually very sensitive to the values of the non-
linear parameters. This situation arises because of the necessity for the wavefunction
to represent all possible scattering processes, real and virtual, which might take place;
for the higher partial waves in hydrogen (! > 1), the positronium formation and elastic
scattering cross sections are comparable in magnitude, and the choice of a, B and v
has to suit the two different channels simultaneously. It is to be expected, therefore,
that in positron-lithium scattering, results and rates of convergence will be very much
dependent on a suitable set of values for these exponential parameters, particularly
since we know, in the s-wave case, that positronium formation is the dominant channel
close to zero energy.

The parameters a, # and v determine the exponential fall off in the positron-core,

electron-core and electron-positron coordinates respectively. Without knowing very
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much, however, about the relative importance of the two possible scattering processes
over most of the energy range considered, it is difficult to predict suitable values for
them in advance. Broadly speaking, one might suppose that, since the positron will
tend to attract the outer electron away from the core, the wavefunction will be stretched
out in the r; coordinate more than the lithium target function is, making a negative
value for  appropriate. Since, also, the ground state positronium eigenfunction has a
simple e"%m dependence, it might be assumed that a value of 4 greater than 0.5 would
be physically unrealistic.

Although these considerations provide a very general guide to the choice of parame-
ters, they are rather too simplistic to be of very much use. When the exponential factor
is multiplied by the polynomial expansion in the three inter-particle coordinates, ry, ro
and r3, the resulting rate of decay of the short-range wavefunction changes, particularly
as higher powers are included, in a way which is very difficult to predict. Problems are
compounded by the fact that the optimum values of the non-linear parameters are likely
to alter with respect to the number of Hylleraas terms, and also to be energy dependent
although, from the point of view of studying convergence and deriving cross sections
which vary continuously with energy, it is desirable to have a single set of exponential
parameters with which to work.

The inclusion of a loop structure within the positron-lithium code, allowing one
non-linear parameter to be varied, keeping the others fixed, enabled the dependence of
the K-matrix on the non-linear parameters to be studied for a given energy and a small
number of linear parameters, typically 20 (w = 3). With « and v fixed, § could be
varied to find a region where the diagonal K-matrix elements displayed either a local
maximum, or at least reasonable stability, for both Kohn and Inverse Kohn methods.
With § fixed at this stable value, one of the other parameters could then be varied,

followed by the remaining one. The cycle was repeated in an attempt to find a region

87



T T T
-0.6 —
a=0.70
"y=0.48
-0.8f — —
_—
— ]
{
Ky \1 [!
-1.0 l{ f —
\
!
\
\f
1.2 \‘ ] -
¥
Y
¥
-1.4 ' L ‘
-0.6 -0.5 -0.4 -0.3 -0.2
B
1 1 I
0.5 a=0.70
) y=0.48
KZZ —
-..\\\
-0.5 b -
-1.0 ' ' .
-0.6 -0.5 -0.4 -0.3 -0.2
B

Figure 5.1: Variation of K-matrix with respect to § for positron-lithium s-wave scat-
tering, with the old style of wavefunction, where ¥ = 0.1 and w = 3. The solid and
dashed lines correspond to Kohn and Inverse Kohn results respectively.
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dashed lines correspond to Kohn and Inverse Kohn results respectively.
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of the non-linear parameter space which was stable with respect to variations in all
three parameters. Extensive searches were carried out in this way for an energy which
was intermediate in the range considered; a sample of the graphical output from this
procedure is contained in figures 5.1-5.3.

Although this method provided some useful information, the search for suitable
values for a, B and v proved problematical because of their strong interdependence,
at least for a low w. The method could conceivably be used for a larger number of
linear parameters, but would obviously be considerably more time consuming. The
values eventually settled on for the original form of s-wave trial function were a = 0.17,

B = —0.40 and v = 0.20.

5.2.3 Results Using Old Form of Trial Function

With this original type of wavefunction, calculations were performed using up to 165
linear parameters (w = 8), for wavenumbers of the incident positron ranging from
k = 0.0lag! up to k = 0.36a5?, the first excitation threshold of potential A. A rea-
sonably smooth set of results was obtained for the elastic scattering cross section, with
good agreement between the Kohn and Inverse Kohn calculations, but the positronium
formation cross sections were generally not in such good agreement, although a trend
could be observed which seemed to support Wigner’s predictions close to zero energy.
Convergence of the K-matrix at low energies was also found to be rather poor, as illus-
trated in figure 5.4. Rather better convergence was obtained at intermediate energies,
as in figure 5.5, where the positronium formation cross section was small in comparison

to that for elastic scattering.

5.2.4 New Form of Trial Function

Bearing in mind the large distortions that an atom as polarizable as lithium is likely

to undergo when experiencing the field of the incoming positron, it is evident that the
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main drawback with the original style of wavefunction is the restrictive nature of the
product form of short-range component. By multiplying every term in the Hylleraas
expansion by the lithium target function, a form for the scattering wavefunction is sug-
gested which may not be appropriate when the particles are in close proximity to one
another, especially where positronium formation eventually results. For potential A, in
particular, the node in the 2s eigenfunction forces a node in the scattering wavefunction
at the same value of the r; coordinate, which is an inappropriate restriction. Although
the inclusion of enough Hylleraas terms should ensure a reasonably good result, the
convergence rate will be much worse if the overall form of trial function is unsuitable.
In the positron-hydrogen calculation, this problem does not really arise in the same way,
because of the simple exponential form of the nodeless target wavefunction. Any con-
straint that the product form of short-range function imposes here can be compensated
by an appropriate choice of the non-linear parameter 3, which governs the exponential
fall-off in rs.

It was therefore felt that convergence was likely to be improved substantially by
removing all reference to ¢1;(rz) in the short-range correlation terms, thus giving more
freedom to the form of scattering wavefunction.

The new trial functions thus take the form

Uy = Yoo(0r,61)0ui(r2)VE {jo(kr1) — Kfino(kr1) [1 — exp(—Ar1)]}
—Yoo(05, 8)Bps(7s) V2R K, [no(kp) + exp(—pup)(1 + ap + bp?)/rp]

N
+Yo0(61, 61) exp (—(ary + Bry +4r3)) 3 cirfiriry (5.9)

Vo = Yoo(8y, 60)Bra(ra) V2 {jo(p) = K3 [nolp) + exp(—pup)(1 +ap + bp*) /] }
—Yoo(81, ¢1)BLi(r2) VEKno(kry) [1 — exp(—Ary)]
lj mj

N
+Yoo(61, 61) exp (—(ary + Bra +rs)) S dirpiri vy, (5.10)

j=1

the product forms of the long-range terms being retained, in order that the correct
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asymptotic conditions are satisfied.

Because there is no reference to the lithium target function in the short-range terms,
it is necessary to change the way in which the short-range-short-range terms in the
matrix A of (2.15) are evaluated. Thus, where the operator L = 2(H — E) operates on
the functions ¢;, explicit reference is now made to the electron-core interaction and the
ground state energy of the target model atom. The form of a short-range-short-range

matrix element for the new style of trial function is

(4 L85) = [ & (—vf S VR 2V (r) + 2V (1) — 2 — K — on) $dr(5.11)

3

where
¢i = Yoo(61,1)ririry" exp[—(ars + fry + y73)). (5.12)
Integrating by parts, as we did for the hydrogen short-range elements, we find

(¢i, Lo;) = /{[V1¢i'V1¢j+V2¢i'V2¢j]

+ (zv+ tov-— 2 o 2E0) ¢,-¢,~} dr,  (5.13)

T3
which is the same in form as (2.38) for the product type of short-range term, but
contains no reference to the target atom wavefunction, whilst including the full form of
the interaction potential.

A further search of the non-linear parameter space showed that the optimum values
of the parameters o and v were not greatly affected by the change in form of the
trial function. With the removal of the lithium target function, however, and the
exponential dependence on r; contained therein, it was necessary to adjust the value
of B considerably to compensate. The most suitable values found for s-wave scattering

with the new style of wavefunction were a = 0.13, # =0.74 and v = 0.17.
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5.2.5 Results for s-wave Scattering

Both of the lithium model potentials were used with the new style of wavefunction to
perform calculations over the energy range from close to zero, up to the slightly differing
excitation thresholds of the two potentials. As with the original form of trial function, a
maximum of 165 linear parameters, corresponding to w = 8, was used. The non-linear
parameters used were the same for both potentials.

It was immediately apparent that agreement between the Kohn and Inverse Kohn
results for positronium formation was much improved, as were rates of convergence
of the diagonal K-matrix elements, as shown in figures 5.6-5.9. In nearly all cases,
the values of K7, and K,; obtained with the new type of trial function were more
positive, and hence probably more accurate (according to the empirical lower bound),

than corresponding results using the old style.

Tables 5.1-5.4 show the most accurate estimates obtained, for both potentials, of the
variational K-matrix and cross sections at four energies across the range considered.
Figures 5.10 and 5.11 show plots of the variation of the elastic scattering and positron-
ium formation cross sections with k; the results here are sampled from both the Kohn
and Inverse Kohn calculations, in order to circumvent the problem of Schwartz singu-
larities. The cross sections obtained using the ordinary Kohn functional are used as
the starting point, with Inverse Kohn results being substituted wherever irregular be-
haviour is encountered. Also included in figures 5.10 and 5.11, for comparison, are the
results of McAlinden, Kernoghan and Walters (1994a), who have performed the most
sophisticated close-coupling calculation to date of positron-lithium scattering, using up
to nine states/pseudostates of Ps, and up to five states of Li; these results supersede
those of Hewitt et al. (1992) who use fewer states in their close-coupling calculation.
The curves included on these graphs use the expansion Ps(1s,2s,3s,4s,2p,3p, 4p, 3d,4d)

plus Li(2s,2p,3s,3p,3d), where the Ps pseudostates are appropriately scaled versions of
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the hydrogen pseudostates of Fon et al. (1981), and the lithium states are taken from
Weiss (1963). Figure 5.12 shows how fast the close-coupling results change (particularly
the Ps formation cross section) as more states are included. The full legend for these
plots is:

5 state: Ps(1s,2s,2p) + Li(2s,2p)

8 state: Ps(1s,2s,2p) + Li(2s,2p,3s,3p,3d)

11 state: Ps(1s,2s,3s,4s,2p,3p, 4p, 3d,4d) + Li(2s,2p)
14 state: Ps(1s,2s,3s,45,2p,3p, 4p, 3d,4d) + Li(2s,2p,3s,3p,3d),
where the 5 and 8 state results are those published in McAlinden et al. (1994b). Note

that results shown for op, obtained using only three states of Ps are scaled down by a

factor of one thousand.

In figure 5.13, the elastic cross section is again plotted as a function of k, but here
the positronium channel is suppressed. This amounts to removing all the matrix ele-
ments in equation (3.16) which contain reference to the long-range positronium terms,
Sy and C5. Although virtual positronium formation may still be represented through
the short-range Hylleraas terms, this formulation artificially forces all scattering to take
place via the elastic channel. Thus, in regions where the positronium formation cross
section is normally of large magnitude, it is to be expected that the trial function will
be under considerable strain to represent the scattering process. Though physically un-
realistic, it is interesting to see the effect of preventing scattering into a channel which is
energetically viable, particularly since several of the earlier close-coupling calculations
of positron-alkali scattering ignored Ps formation (e.g. McEachran et al. (1990)). It
should be noted, however, that uncoupling the Ps channel in a Kohn variational calcu-
lation is somewhat different from excluding states of Ps in the close-coupling formalism,

since in the latter case virtual Ps formation is also suppressed.
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k(a;l) Kll 1{12 [\,21 ]{22

0.01 | -0.010755 | —-0.000550 | —0.000473 | 0.143458
—0.010726 | -0.000558 | -0.000481 | 0.143436

0.10 | -0.547425 | 0.001483 | 0.001629 | 0.088526
—0.547824 | 0.000861 | 0.000996 | 0.087628

0.20 | -2.357052 | 0.012639 | 0.012535 | —0.049412
-2.253357 | 0.028032 | 0.028160 | —0.052214

0.30 6.460034 | -0.016368 | -0.016329 | —0.243272
6.428105 | -0.013708 | -0.013622 | —0.237123

Table 5.1: K-matrix elements for positron-lithium s-wave scattering, potential A, w =

8.

Table 5.2: Cross sections for positron-lithium s-wave scattering, potential A in ma

w = 8.

k(ag") on O12 o O22

0.01 4.62613 | 0.00877 | 0.00001 | 0.35866
4.60165 | 0.00905 | 0.00001 | 0.35855

0.10 92.23037 | 0.00081 | 0.00003 | 0.12712
92.33377 | 0.00030 | 0.00001 | 0.12457

0.20 | 84.74191 | 0.00239 | 0.00032 | 0.03190
83.52405 | 0.01301 | 0.00169 | 0.03529

0.30 | 43.40388 | 0.00026 | 0.00006 | 0.55243
43.39391 | 0.00018 | 0.00004 | 0.52628
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k(agl) Ku 1{12 ]{21 [X’QQ

0.01 | -0.024090 | 0.006667 | 0.006564 | 0.165976
-0.024140 { 0.006670 { 0.006598 | 0.165530

0.10 | -0.603130 | 0.018357 { 0.018413 | 0.111300
-0.602429 | 0.018366 | 0.018241 0.111595

0.20 | -2.604381 | 0.039487 | 0.040442 | —0.022295
-2.606428 | 0.039676 | 0.039798 | —0.024424

0.30 5.576508 | -0.075100 | -0.075524 | —0.195969
5.462990 | -0.081625 | —0.080084 | —0.193386

Table 5.3: K-matrix elements for positron-lithium s-wave scattering, potential B, w =

8.

Table 5.4: Cross sections for positron-lithium s-wave scattering, potential B in 7a

w = 8.

k(aal) g1 012 021 022

0.01 23.21046 | 1.67615 | 0.00080 | 0.49340
23.30766 | 1.69390 | 0.00080 | 0.49082

0.10 106.65199 | 0.09817 | 0.00411 | 0.20685
106.47054 | 0.09640 | 0.00412 | 0.20793

0.20 87.11512 | 0.02100 | 0.00269 | 0.00637
87.13312 | 0.02030 | 0.00272 | 0.00768

0.30 43.04564 | 0.00760 | 0.00170 | 0.37599
42.98658 | 0.00890 | 0.00210 | 0.36716
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5.2.6 Conclusions for s-wave Scattering

Using the new style of trial function, without the product form of short-range cor-
relation term, satisfactory elastic scattering and positronium formation cross sections
were calculated across the energy range from zero up to the first excitation threshold of
lithium, although convergence at very low energies was not completely ideal. Here, the
correlations and distortions of the highly polarizable system are really too complicated
to be represented by the present form of trial function, and a more accurate inves-
tigation close to £ = 0 would require the introduction of medium range polarization
terms into the wavefunction, of the type used in previous studies of very low energy
e*-H and e*-He scattering (Humberston and Wallace (1972), Humberston (1973)). For
intermediate energies, results were good enough for the convergence of Ky; to be fitted
as an inverse power of w, in the way described in section 2.2.5. Graphs of such fits are
shown for £ = 0.15 in figure 5.14.

The positronium formation cross sections obtained close to zero energy are in accor-
dance with Wigner’s prediction of a k~! dependence, falling very sharply, with increas-
ing energy, from infinity to values negligibly small in comparison with the elastic cross
section across most of the range considered. There are significant discrepancies between
ops for the two different potentials, with that for potential B falling away much more
slowly than for potential A. Of the two characteristics, the latter is likely to be more
reliable since the short-range form of potential A is more physically realistic. For s-wave
scattering, this is particularly significant since the {({+1)/r? centrifugal barrier is zero,
allowing the positron to penetrate the regions close to the core to a greater extent than
for the higher partial waves. It is interesting to note that the Ps formation cross section
for each of the two potentials displays a definite upturn as the first excitation threshold
1s approached.

The elastic cross sections appear to be converging downwards with increasing w, as
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K11 becomes less negative, but it is possible that this convergence trend may actually
reverse at low energies if the latter matrix element eventually passes through zero. This
would almost certainly give rise to a minimum in the elastic cross section, close to zero
energies, which would be compatible with that illustrated in the 14 state close-coupling
results. It should be noted that the infinite value of ops at k¥ = 0 does not imply a zero
elastic scattering cross section here, since the Ps formation rate, proportional to kops,
is always finite.

The elastic cross sections for both potentials reach a maximum of approximately
100ma? at k ~ 0.15a5!. For k < 0.23ag"' the results for potential B yield a larger value
of o¢ than they do for potential A—again, the latter set is probably more reliable.
Above this energy, the two potentials provide good agreement for elastic scattering.

The close-coupling results of McAlinden et al., in their most sophisticated approxi-
mation, agree very favourably with the Kohn variational results, particularly for elastic
scattering and, in the way that they appear to be converging, lend weight to the as-
sumption that potential A provides the more accurate representation of the electron-
and positron-core interactions. The effect that the inclusion of more states of Ps has
on the magnitude of the close-coupling Ps formation cross section is very striking, and
indicates well the complicated nature of the scattering process. It seems highly likely
that the inclusion of further states in the expansion would result in a further reduction
in this cross section, yielding even better agreement with ops as calculated variationally
using potential A.

Close-coupling calculations have the advantage that cross sections can be calculated
for scattering into any of the states explicitly incorporated into the scattering wave-
function, making the technique applicable over a wide energy range, but they also have
a drawback in that these states also represent the only allowed virtual transitions in the

scattering process. The Kohn method, whilst only strictly applicable over an energy
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range where asymptotic components are specified for all channels, allows implicitly for
any important virtual transitions, providing the Hylleraas expansion is flexible enough.
Thus, where convergence is satisfactory, as it is here except at very low energies, the
Kohn positronium formation cross sections for potential A can probably be taken to be
more accurate than the close coupling results obtained so far.

At energies where the Ps formation cross section is very much smaller than the
elastic cross section, uncoupling the positronium channel has a negligible effect on the
elastic cross section for potential A. At very low energies, however, the calculation
clearly breaks down, as the trial function attempts to represent a scattering channel

whose cross section is tending towards infinity, but which is disallowed by the formalism.
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5.3 Positron-Lithium p-wave Scattering

5.3.1 Trial Function

The modifications which require making to the positron-lithium s-wave codes to treat
the [ = 1 partial wave are basically analogous to those for hydrogen which were de-
scribed in section 2.3. Again, two different symmetries are required for the short-range
correlation terms, so that the two components of the trial function for p-wave positron-

lithium scattering have the form
Uy = ®pi(r2)Yio(bs, ¢1)\/E{j1(k7'1) ~ Kyyma(kri) [1 - eXP(—)\Tl)]a}
—®p(r3)Y10(0,, 65) V26 K311 (wp) [1 — exp(—pp)]°

Ny
+exp [— (ary + Bra +973)] (Ylo(ﬁh $1)r Y airy Ty

=1

N, _
+Yi0(02, 62)r2 S bjrffr;’r;"’) : (5.14)

=1

U, = Op,y(r3)Yi0(6,, ¢p)‘/2—ﬂ{j1(ﬂp) — K3 (kp) [1 — exp(—,up)]s}
—®pi(r2)Yio(81, $1 )WEK yna (kri) [1 — exp(—Ar))°

N
+exp [—(ary + Bry + 7r3)] (Ym(ol, $1)r1 Z cryry Ty

=1
N k1 m
+Yi0(02, <152)T'2z:dﬂ'l”'z]":’;~J . (5.15)
i=1

The angular dependence of the p-wave scattering functions is given by the the spherical

Yio(8,¢) = \/gcosﬂ, (5.16)

which again makes the angular integrations more complicated than for s-wave, although

harmonics, Yo, given by

no more complicated than for positron-hydrogen scattering. The procedure for perform-
ing them is decribed in Appendix C.
Although it arises from the kinetic energy part of the Hamiltonian, the I(I + 1)/r?

term, which becomes non-zero for partial waves higher than s-wave, effectively adds a
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repulsive component to the positron-core potential, which tends to keep the positron
away from the inner regions of the atom. Whilst this probably makes the short-range
distortions less complicated than in s-wave scattering, the previous studies of hydrogen
indicated that it was likely that a much larger contribution to positronium formation
could be expected in p-wave scattering, making it necessary still to retain maximum
flexibility in the trial functions. For this reason, no attempt was made to include the
lithium target function in the Hylleraas expansions, as in the original forms of the

s-wave trial functions.

5.3.2 Results for p-wave Scattering

A similar procedure to that used for s-wave scattering was adopted to attempt to
locate the optimum values of the non-linear parameters, a, # and «, in the scattering
wavefunction. The best set of values found was @ = 0.2, § = 0.7 and v = 0.2.
These values gave rise to quite good convergence for each potential, at both low and
intermediate energies in the range under study, as shown in figures 5.15-5.18.

Using 165 terms in the Hylleraas expansion for each of the two angular momentum
symmetries, calculations were performed for both potentials over the same energy range
as for s-wave scattering. For four energies, K-matrix elements and cross sections are
presented numerically in tables 5.5-5.8, and cross sections are plotted as a function of &
in figures 5.19 and 5.20, where results are again compared with the close-coupling data of
McAlinden et al. Figure 5.21 illustrates the convergence of these p-wave close-coupling
results with respect to the inclusion of more states in the close-coupling expansion. In
figure 5.22 the elastic cross section for both potentials is plotted as a function of £ with

the positronium channel uncoupled.
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Table 5.5: K-matrix elements for positron-lithium p-wave scattering, potential A. w =

k(ag!) K, K2 K2 Ko,

0.01 0.000483 | -0.005892 | -0.005901 | 1.038902
0.000458 | —0.005968 | —0.005975 | 1.038578

0.10 0.024363 | -0.129534 | —0.129652 | 0.987039
0.025127 | —-0.129083 | -0.129209 | 0.987922

0.20 | -0.305067 | —0.174105 | —0.174106 | 0.812414
-0.305150 | —0.173758 | -0.173756 | 0.810352

0.30 | —0.837268 | ~0.194916 | -0.194981 | 0.602159
-0.837350 | —0.194980 | -0.195044 | 0.602668

8.

k(aal o11 012 a1 022

0.01 0.02604 | 2.00944 | 0.00089 | 27.69600
0.02324 | 2.06075 | 0.00091 | 27.68766

0.10 0.38607 | 10.04318 | 0.40969 | 23.78933
0.41652 | 9.96696 | 0.40653 | 23.81370

0.20 | 27.03774 | 4.80881 | 0.63129 | 15.35687
27.04168 | 4.79944 | 0.63008 | 15.31099

0.30 54.51348 2.08294 | 0.46292 7.99973
54.52065 | 2.08314 | 0.46297 | 8.00940

Table 5.6: Cross sections for p-wave positron-lithium scattering, potential A. w = 8.
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k(ag l) Iﬁ’n I(lg 1{21 1(22

0.01 0.000372 | 0.006677 | 0.006686 | 0.955657
0.000368 | 0.006675 | 0.006684 | 0.955858

0.10 0.001952 | 0.149026 | 0.149172 | 0.917305
0.002180 | 0.148012 | 0.148128 | 0.920933

0.20 | -0.338811 | 0.216699 | 0.216717 | 0.754776
-0.339156 | 0.216596 | 0.216613 | 0.753473

0.30 | -0.897224 | 0.267004 | 0.267063 | 0.552291
—0.897230 | 0.267104 | 0.267165 | 0.554133

Table 5.7: K-matrix elements for positron-lithium p-wave scattering, potential B. w = 8.

k(GEI) o1 012 021 022

0.01 0.01477 | 2.80344 | 0.00129 | 26.35524
0.01439 | 2.80137 | 0.00129 | 26.36102

0.10 0.26819 | 14.15592 | 0.59580 | 22.58500
0.25457 | 13.91394 | 0.58584 | 22.69071

0.20 33.11405 7.53458 | 1.01415 | 14.28206
33.16421 7.53523 | 1.01425 | 14.25157

0.30 | 58.34417 | 3.69458 | 0.83692 | 7.35275
58.35238 | 3.69153 | 0.83621 | 7.38770

Table 5.8: Cross sections for p-wave positron-lithium scattering, potential B. w = 8.
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5.3.3 Conclusions for p-wave Scattering

The p-wave elastic scattering results, shown in figure 5.19, illustrate well the importance
of selecting a good set of non-linear parameters for the positron-lithium problem, since
the minimum feature close to £ = 0.1 can easily be missed if they are not well optimised.
Tables 5.5 and 5.7 show how Kj; is positive for low k, but passes through zero and
becomes negative for higher k-values. The elastic cross section, which is closely related
to K2, consequently contains a minimum, which is a feature of both potentials. Since
the diagonal K-matrix elements converge from below, however, and below £ ~ 0.1, K,
is only slightly positive, the minimum is only reproducible beyond a certain level of
convergence, being initially situated at ¥ = 0 and moving steadily to the right with
the inclusion of more terms in the trial function. The graphs in figure 5.23, where
K, is plotted as an inverse power of w for £ = 0.1, show how this matrix element
converges upwards, from negative to positive values, with respect to increasing the
number of linear parameters in the scattering wavefunction. A comparison with the
p-wave results of McAlinden et al. reinforces the authenticity of this feature in the
elastic cross section.

As in the case of hydrogen, p-wave scattering contributes much more substantially to
the positronium formation cross section than does s-wave, except at very low energies,
with ops rising to a maximum at approximately the same k-value as the elastic cross
section reaches its minimum. As illustrated in figure 5.22, the uncoupling of the positro-
nium channel produces a very pronounced effect on the elastic cross section, resulting in
the introduction of an artificial resonance, for both potentials, close to & = 0.3. Below
this energy, and in fact where the p-wave Ps formation cross section is much larger,
the uncoupled elastic cross section surprisingly agrees well with the fully coupled cal-
culation, although the resonance amply demonstrates the hazards of ignoring an open

scattering channel.
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5.4 Positron-Lithium d-wave Scattering

5.4.1 Trial Function

The modifications to the trial functions required to treat [ = 2 positron-lithium scat-
tering are analogous to those made by Brown and Humberston (1984) for the positron-
hydrogen problem. The long-range components of the wavefunction are the second-
order spherical Bessel functions, and Neumann functions appropriately shielded at the
origin. At short ranges, three different symmetries of correlation term are required,
following the discussion of section 2.3, to allow the two units of angular momentum to

be suitably distributed between the positron and electron. Thus:

Uy = ®u(ro)Yao(6r, $1)VE {ja(kr1) — Kiyna(kr) [1 - exp(—Ar1)]’}
—®py(r3)Ya0(0,, 8,) V2K K ma(rp) [1 - exp(—up)]7

+exp [~ (ar1 + Brz + 73)] ()/20(91, $1)ri Z anryrP Ty
h=1

+Y20(01, 61, 02, ¢2) 7‘17‘2257'1'7' 3" + Yao(02, 2)r; Ecﬂ'l 7'2 7‘3 ) (5.17)

=1 j=1

Uy = Opy(r3)Y20(05, $,) V2% {jz(ﬂp) — K;na(kp) [1 — exp(—pp)] }
—®pi(r2) Yao(01, ¢1)‘/_[ nnl(krl) [1- exp(—/\rl)]s

Ny
+ exp [— (ar1 + ,87'2 + ’)’7‘3)] (}/20(91, (}51)7‘3 E dhrf"'réhrg"h

h=1

N
+Y20(61, 61,02, ¢2)r172 Z eiﬁ 7‘2 3 + Yao(02, 62)r3 Z fg"1 7‘2 7‘3 ) (5.18)

i=1 =1

The angular functions are given by

Yzo(0, 8) = @r (e00-3), (5.19)

and

3
,)120(01, (b], 02, ¢2) = 5(3 COS 91 COs 02 — COs 912). (520)
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5.4.2 Results for d-wave Scattering

Only rather preliminary investigations were carried out for the d-wave problem, owing
to time constraints, and the cross sections presented here are not as well converged
as 1t is hoped they could be. As with the earlier [ = 2 studies of positron-hydrogen
scattering, it was found very difficult to locate suitable values of the non-linear param-
eters a, 3 and ~, with the problems of optimisation compounded further in this case by
the very high polarizability of the lithium atom. Because of the time-consuming task
of generating matrices involving three different symmetries of short-range function, a
detailed search of the non-linear parameter space was not practicable. A limited inves-
tigation, along the lines of that described for s-wave scattering in section 5.2.2, gave
rise to reasonable agreement between Kohn and Inverse Kohn data for o = 0.5, 8 = 0.7
and v = 0.4, and the cross sections obtained for w = 8 (165 short-range terms of each
symmetry) are illustrated in figures 5.24 and 5.25. Again included, for comparison, are
the close-coupling results obtained by McAlinden et al. (1994a) using their 14-state
close-coupling expansion. Although the general trends of both sets of data are similar,
further optimisation is clearly warranted in the variational investigations in order to
produce smoother and better converged cross sections.

These preliminary studies, however, appear to indicate that the d-wave contribution
to the elastic cross section is smaller than for s- or p-wave scattering, but that quite a
large contribution is made to the positronium formation cross section for this partial

wave.
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Chapter 6

Conclusions

Results have been reported here of variational investigations of positron scattering from
atomic lithium and hydrogen at low energies, for the partial waves [ = 0, 1 and 2.
Trial functions using up to 220 terms of a given angular momentum symmetry have
been used to obtain cross sections for elastic scattering and positronium formation, to
varying levels of convergence, in the energy region where only these two channels are
open.

In both the calculations of positron-lithium scattering, and in the generation of
ground-state target wavefunctions and eigenvalues for the lithium atom, two phe-
nomenological potentials have been employed to represent the interaction of the weakly
bound valence electron with the well localised positive core. The one deemed the more
reliable, referred to throughout as potential A, produces a 2s eigenfunction with a realis-
tic nodal structure whose energy (-0.193826 Hartree), as calculated using the Rayleigh-
Ritz method, agrees with the experimentally determined estimate of the ground-state
energy of lithium (-0.198158 Hartree) to within 2.5%. It also has a drawback in pos-
sessing a very tightly bound 1s pseudostate (at approximately —1.8 Hartree), but it was
hoped that in view of the large energy separation between this and the 2s state, the
scattering calculation would not be adversely affected by its presence.

One of the main reasons for introducing a second potential was to see whether the
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absence of the tightly bound pseudostate resulted in the removal or introduction of
any particular features of the positron-lithium scattering calculation. Potential B has
a short-range repulsive component which prevents the formation of the very tightly
bound state, instead producing a 1s state whose energy (—0.195718 Hartree) is in good
agreement with the experimental estimate of the energy of the 2s state, but whose
nodal structure is incorrect. In fact, all the s-states of this latter potential have one
less node than the states to which they physically correspond. Although the p-state
eigenfunctions have the correct forms, their energies are in markedly poorer agreement
with experiment than are those of potential A.

In both cases, the effects were assessed of including a term in the potentials which
allowed for the polarization of the atomic core. The inclusion of this term in the
scattering calculation represented a complication which, it was felt, was best avoided
initially if possible. Its introduction altered the position of the ground state energies
by only about 2%, with its effects growing smaller still for the higher eigenstates. The
forms of the eigenfunctions themselves were affected very little.

The polarizabilities of the model atoms generated using the two potentials were
evaluated by means of a further Rayleigh-Ritz calculation which introduced a perturb-
ing electric field into the Hamiltonian for the system. Again the effects of introducing
the core polarization term were studied. With the term included, the polarizability
calculated for potential A was in excellent agreement with the experimental estimate,
being rather less than 1% larger. Excluding it had the effect of increasing the polar-
izability of the model, leaving it in error by approximately 8%. With or without the
term, the calculated polarizability using potential B was in markedly worse agreement
with experiment, reflecting the poor representation of the lithium p-states produced by
this potential. Including the polarization of the core gave rise to an overall polariz-

ability which was too small by about 16%, although its exclusion improved agreement
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with experiment somewhat, giving a value within 12% of the measured estimate. On
the strength of the calculations of the energies and polarizabilities, it was felt that po-
tentials A and B, with the core polarization term excluded, still provided a very good
representation of the lithium atom.

For the purposes of the positron-lithium scattering calculation, the interaction be-
tween the positron and core was taken to have the same form as the electron-core
potential (without the core polarization term), but with the sign reversed. This in-
volved the assumption that exchange effects had a very small effect on the form of the
electron-core potential, which was reasonable on account of the valence electron being
so weakly bound.

For s-wave positron-lithium scattering, two types of trial function were used, which
differed only in the forms for their short-range components. The original form was
essentially the same as that used in previous positron-hydrogen calculations, but with
the simple 1s hydrogen target function replaced by the 15 term lithium wavefunction
generated in the Rayleigh-Ritz calculation. The presence of this target wavefunction
as a multiplicative factor in the short-range Hylleraas expansion proved, however, to
be too restrictive for such a polarizable target atom, and convergence was found to
be poor. Removing it, though, produced a marked improvement, giving rise to more
positive values for K1, and K,,, and more stable cross sections. For the remainder of
the lithium calculations (for the higher partial waves also) this latter type of scattering
trial function was used throughout.

After some time spent optimising the non-linear parameters, trial functions contain-
ing up to 165 linear parameters were used to calculate s-wave cross sections for elastic
scattering and positronium formation for energies between zero and the respective first
excitation thresholds of the two potentials. Close to zero energy, Wigner’s prediction

of a k™! dependence for the Ps formation cross section was seemingly confirmed for
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both potentials, although this rearrangement channel contributed negligibly over most
of the range considered, elastic scattering being, in general, the dominant cross sec-
tion by several orders of magnitude. Unsurprisingly, uncoupling Ps formation as an
outgoing channel in the calculation produced only a very small effect on the elastic
scattering cross section, although discrepancies between the present results and those
of McEachran indicated that virtual Ps formation probably still plays a large part in
the scattering process.

Convergence of the s-wave results was satisfactory, although the very high polariz-
ability of the lithium atom imposed much greater demands on the trial functions than
had been the case for the hydrogen problem, for which they were originally devised.
As k£ — 0, in particular, convergence deteriorated to such an extent that attempts to
extrapolate to fully converged values of the diagonal K-matrix elements were imprac-
ticable. In order to obtain very reliable results for k¥ < 0.05a5", it would be necessary
to introduce medium-range polarization terms into the wavefunction. To make this
modification worthwhile would also require the inclusion of the core polarization effects
in the electron- and positron-core potentials, since it is at these energies that they are
likely exert their greatest influence. It should be noted, however, that the infinite Ps
cross section at zero energy is always liable to cause convergence problems in this type
of calculation. The complicated nature of the positron-atom interaction is well illus-
trated by the close-coupling results of McAlinden et al., which require the introduction
of many states to yield s-wave Ps formation cross sections of even the same order of
magnitude as the present Kohn variational data.

For p-wave positron-lithium scattering, the two types of short-range correlation
term, arising from the two different angular momentum symmetries, made the cal-
culations more time consuming than for s-wave collisions, and it was not possible to

go into as much detail optimising the non-linear parameters. With sufficiently many
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linear parameters included in the trial functions, however, it was not difficult to find a
set of values which gave rise to smooth cross sections, where agreement between Kohn
and Inverse Kohn results was generally good. The results obtained indicated a zero p-
wave Ps formation cross section at zero energy, again in accord with Wigner’s threshold
theory, but a much larger contribution to the scattering process from this channel than
for s-wave over most of the energy range. The p-wave Ps formation channel, in fact,
dominates the elastic channel at the lower end of the energy spectrum.

Although, for a low value of w, no structure was observed in the p-wave elastic cross
section, a minimum was observed to develop, close to k¥ = 0.1ag’, as the number of
linear parameters in the trial function was increased, as a consequence of K;; converging
upwards from negative to positive values. This was a feature of both potentials, and also
of the close-coupling results of McAlinden et al. Uncoupling the positronium channel
in the p-wave scattering calculation had the effect of introducing a spurious resonance
in to the elastic cross section, and illustrated the necessity for including all scattering
channels in the formalism, if reliable results are to be obtained.

In neither the s- nor the p-wave calculations were any significant qualitative differ-
ences observed between results for the two different potentials. This would appear to
lend weight to the assumption that the 1s pseudo-state of potential A exerts a rather
small influence. Since the higher eigenstates and the polarizability of this potential
are in better agreement with experiment than are those of potential B, and its eigen-
functions have a more realistic structure, the scattering cross sections obtained using
potential A are always taken to be the more accurate.

Only preliminary investigations have so far been undertaken for d-wave scattering,
and further optimisation of the non-linear parameters in the trial functions is required.
Results obtained exhibit a similar trend to the close-coupling data of McAlinden et al.,

and suggest contributions to the elastic and positronium formation cross sections similar
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in magnitude to those obtained for p-wave scattering. When more fully converged
results have been calculated, it will be possible to embark on an evaluation of differential
cross sections for positron lithium scattering, which, for scattering from channel » in to

channel ' are given by

-

K

o) = %[Zl:(m“)(I_U{)W,B(coso)r (6.1)

in units of a?.

Further possible extensions to the present work on positron-lithium scattering might
include excitation of the lithium atom in to its 2p state, requiring the development of
a three-channel Kohn functional. Such a modification would also necessitate more
complicated trial functions to allow for more scattering channels and for the possibility
of differences in the angular momentum of the incoming and outgoing positron.

New investigations were also performed on the positron-hydrogen system, for the
purpose of studying threshold phenomena. Expressions were derived, using R-matrix
threshold theory, for the effect on the elastic cross section of the newly opened positro-
nium channel. The infinite slope of the s-wave positronium formation cross section was
predicted to give rise to a sharp drop in the elastic cross section, but on a scale which
would be unresolvable within the limits of the present calculation. The expression giv-
ing the threshold effect in the p-wave elastic cross section was shown to yield quite a
good fit to the Kohn results above threshold, by assuming a slowly varying value for the
uncoupled phaseshift, §;. For both s- and d-wave positron-hydrogen scattering, partic-
ularly the latter, the lack of continuity in the elastic cross section in going across the Ps
formation threshold indicated that the trial functions were under considerable strain in
this energy region. The smoothness of the p-wave cross section, however, indicated that
things might be improved by varying the non-linear parameters in the wavefunction,
and this would seem the next logical step for these investigations.

Continuing developments in the field of experimental positron physics constantly
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provide a renewed stimulus to perform accurate theoretical calculations of positron
scattering from atoms, and it is hoped that the results of the investigations reported
here will, conversely, help to sustain interest in precise measurements of cross sections

for the positron-hydrogen and positron-lithium systems.
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Appendix A
The Method of Models

The method of models is a convenient way of simplifying the positron-atom problem,
which takes advantage of the fact that there is no exchange of the positron with the
atomic electrons. This approach has been used successfully in the Kohn variational
studies of positron-helium elastic scattering.

Consider the exact Hamiltonian for an atomic target:

Hy = —%V2 + Vitoms (A.1)

atom

where V2, is the sum of the Laplacian operators for all the atomic electrons. It may

atom
be possible to derive an exact ground state wavefunction, ®q, for this system, such that
Hy®y = Ey®p; this would be the case if, for example, the potential V,;,,, were purely
Coulombic, as in atomic hydrogen. In general, though, such an exact evaluation is not
possible and it is usually necessary to make do with some approximation, ®,,, to the
exact wavefunction. The assumption of the method of models is that this approximate

eigenfunction can still be considered an exact eigenfunction of some model Hamiltonian,

which represents a good approximation to Hy, such that
Hm = _%Vitom + Vm, (A2)

and thus
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where E,, is the approximate energy eigenvalue which corresponds to Ey.

In considering positron scattering from a target with the Hamiltonian H,,, the total

Hamiltonian becomes
HT = _%VZ+ - %Vgtom + V;'nt + Vm (A4)

where Vj,; is the positron-atom interaction potential. Since the total energy of the
model system is given by Er = -;—kz + E.,., where k is the positron wavenumber, the

operator L = 2(Hr — E7) can be written

L = -V} —V2, 42V +2V, —k*-2E,,. (A.5)

atom

Generating the matrix elements needed for the variational scattering calculation requires
L to operate on all components of the scattering wavefunction. Since the positron
and electron are distinguishable particles, there is no requirement for the scattering
wavefunction to be antisymmetric with respect to exchange of the scattered positron
with the electrons of the target. Thus for elastic scattering all terms in the total

wavefunction can be expressed in the form
F = fOn, (A.6)
where f is in general a function of all the inter-particle separations. We therefore have

LF = (=V% = V2, + Wi +2Vpn — k* —2E,) fOn,
= O (-V% = V2, + 2Win — &) f = 2V stom f* Vatom®m

+£ (=2 + 2Vin = 2Ep) O, (A.7)

The final term in (A.7) disappears, however, since ®,, satisfies (A.3), so the expression

reduces to
LF = (Dm ("vz-f - vam + 2‘/int h kz) f - 2vatomf'vatom<bm- (A8)
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Hence by making the assumption that ®,, is an exact eigenfunction of H,,, we arrive
at a form for LF' in which there is no explicit reference to either the model potential,
Vi, or the energy eigenvalue, E,,. Thus, in calculations of purely elastic scattering, the
nature of the model Hamiltonian and its eigenvalues can effectively be ignored, once the
model target wavefunction has been calculated. The method of models thus provides
an elegant, self-consistent means of simplifying the formulation of the elastic scattering
problem, when the target wavefunction is not known exactly. When Ps formation is
also considered, however, this approach has to be abandoned, since it is then necessary
to consider explicitly the interaction of the electron in the outgoing positronium with
the residual ion.

In the positron-lithium studies reported here, assumptions are made which are sim-
ilar to those used in the method of models, to allow the simplification of the integrands
for the matrix elements where L operates on terms involving the lithium target wave-
function. The precision of the Rayleigh-Ritz calculation used to generate this wave-
function, however, is sufficient that the Hamiltonian of which ¢; is to be considered
an exact eigenfunction, differs only very slightly from the full target Hamiltonian. The
inconsistency introduced by making explicit reference to the electron-core potential in

the other matrix elements is therefore small enough to be negligible.
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Appendix B

Symmetry Arguments

The number of matrix elements which require evaluating in order to form the matrices A,
B, and (S, LS) of equations (2.15) and (2.17) can be reduced considerably by symmetry
arguments and the application of Green’s theorem. In practice, it is often not very
much trouble to evaluate some of the extra elements and, when this is the case, doing
so provides a useful check on the numerical accuracy of the calculation.

Consider two functions, f and g, which could correspond to any of the terms, short-

or long-range, in the scattering wavefunctions, and now consider the functional F', which

is such that
F = (f’Lg)_(gaLf) (Bl)

where L = (—=V? — V2 + 2V — 2F), and the integrals denoted by the brackets extend
over all space for both the positron and electron. It is evident that (f,(V — E)g) =

(9,(V—=E)f), since V and E operate in a purely multiplicative way, so we are left with
Green'’s theorem states
[, e1Vieir = [ 6V4sdo — [ V41-Vudr, (B3)
v A v
whereupon
JRARELART IR AT LA ZAR S (B.4)
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where A is the closed surface which forms the boundary of the volume V. Applying

this to (B.2), we find that, in the limit as ry,r; — oo,

F= /V 2 [ [ (9v1f - fVlg)~d0'1] dr + |, | [ /A 2(gV2f——fvzg)-d0'2] dr.. (B.5)

It is therefore the case that, if the surface integrals vanish in the limit as r; — oo for
the first term and r, — oo for the second term, then F' = 0 and (f,Lg) = (g, Lf). If
the surfaces are taken, without loss of generality, to be spheres of infinite radius, then
the surface elements have the form do = r?sin §dfd¢t and, in order that the surface
integrals vanish, it is necessary that their integrands tend to zero faster than r=2. The
exponential dependence of the short-range correlation terms ¢; on all three interparticle

coordinates r;, r; and r3 ensures that F' = 0 if f or g corresponds to one of these. Thus,

(¢i,Lé;) = (8;,Li) (B.6)
(¢i,LS1) = (51,L¢) (B.7)
(¢i, LC1) = (Ci,L¢i) (B.8)
(¢, LSz) = (52, L) (B.9)
(6i, LC2) = (Ca, Léy). (B.10)

If f is equal to S; or Cy, whilst g is equal to S; or Cs, then all the surface integrand
terms in (B.5) have a decaying exponential dependence on r; and r3, since they depend
on both the positronium and lithium wavefunctions. As r; — oo, keeping r, fixed, the
decay of r3 kills off the first term, and the second term vanishes as r; — oo because of

the exponential fall-off in the electron coordinate, so we also have

(S1,LS)) = (S2,LS) (B.11)
(C1,LCy) = (Cy,LCh) (B.12)
(51,LCy) = (Cs,LSy) (B.13)
(C1,LS2) = (S2,LCy). (B.14)
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If we now consider the case where

f = 51 =Y, ¢1)br(r2)VEj(kr) (B.15)
g = Ci1=Yp(b, ¢1)¢T(r2)\/Enz(kr1)(1 — exp —pury) (B.16)

then the exponential dependence on r; in the target function ¢7(r;) ensures that the
second surface integral in (B.5) vanishes. The first term remains, however, and since
we are considering surface elements normal to r; we can ignore the angular dependence

of V, to obtain

S ocC :
(Sl,LCI) - (Cl, LSI) = ‘/V [,/A (Cl-a—rll - Sla—r:) 7"% sin 91d01d¢1] dT2 (Bl?)

As we are considering the limiting case of an integral over the spherical surface A, as

r1 — 00, we require the asymptotic forms for S; and C;, which are

1 sin (kn - '7")

i = — B.1
Jim S, = Yiepr—r—— (B.18)
) B 1 cos (krl — %r)
rlh—I}go C] = 10¢T_\/-E— ™ . (B].g)
The partial derivatives are thus given by
.05 1 [kcos (krl - 1—2’5) sin (kn — 1—2,’5)
i — - B.2
.00, 1 [—ksin (kr1 - %’) cos (km - %r)
g — — B.21
T}Lngo r }/IO¢T \/E r 7‘% ] ( )
whereby the integrand reduces to
— =-S5 = —. B.22
Ci%r = 515, Yidt oz (B.22)
We therefore find, simply, that
(S1,LC1) = (C1,181) = [lgr(ra)’ da [ [Yio(61,61)) sin 6101y
= 1. (B.23)
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Thus
(51,LC,) = (Ci,LS1)+1. (B.24)
When L operates on S; and Cj it is convenient to use the form
L = (-2V3-1iV2+2V —2E), (B.25)
and similar arguments to those above can be used to show that

(Sa,LC3) = (Ca,LSy) + 1. (B.26)
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Appendix C

Angular Integration

As the complexity of the spherical harmonics, Yo, in the scattering wavefunction in-
creases as we consider higher partial waves, so the angular integrations become more
complicated. The problem is simplified considerably, however, by the spherical symme-
try of the s-state target system, and also the azimuthal symmetry of the scattering.
As a typical case, consider the evaluation of a p-wave matrix element involving a
type 1 and a type 2 long-range term (e.g. (S1,LS2), (Ca,LS1)). The general form of

the integration would be
1 = [ [Yio(61,61)¥io(0,, 65)f(rs, 72, r)dradrs. (C.1)
For [ = 1, the spherical harmonics are given by Yi0(6, ¢) = \/:—S;COSB SO
I = //% cos 0y cos 0, f(r1,72,73)dT2dT). (C.2)

From the cosine rule we have

cosf, = (ry cos 012-1;7'2 cos 6;) (C.3)

whereupon a substitution gives

3 1
I = //E (r1 cos? 0, + r, cos 0 cos 02) ﬂf(rl, r2,73)dT2dTy. (C.4)

Here we have an expression which depends on two external angles, 6; and 6,. Although

it would be possible to carry out the integration using these coordinates, this would
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Figure C.1: The coordinates of the positron-atom system

require us to consider the complicated variation of the interparticle distance r3 as we
integrate about the first azimuthal angle. Instead, it is much better to select one of
the two position vectors as a z-axis to perform the integration for the other vector,
whereupon this complication is avoided. Here, it is most convenient to choose the
r1 vector as the z-axis for the ra integration, although the alternative choice would
eventually yield the same result.

The coordinates of the positron-atom system for an effective one-electron target
are shown in figure C.1. The azimuthal symmetry has allowed us, without any loss of
generality, to rotate the z and y axes about the z-axis until ry lies in the z-z plane.
If we now rotate about the y-axis until the z-axis lies along ri, then we have a new
set of axes (z’,y’,2’) in which the ra vector has the coordinates (rj, 612, #5). We now
need to express 8, in terms of the new coordinates, which is most easily done by finding

the components of the unit vectors of the original z-axis (R) and rs in the new system.
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Simple trigonometric considerations show that these are given by

k = (—sin6y,0,cosb;) (C.5)
f2 = (sinf;;cos ¢y, sin B;2sin @), cos O12), (C.6)

and therefore
cosf; = keta = cosb, cosbip — sin by sin 6y cos &5- (C.7)

Substituting this back into (C.4) we obtain

00 T 2r
I = i /dTl / T%drz-/ sin 012d912 / d¢’2 (7'1 COS2 01
4r 0 0 0
1
+r4 cos® 6, cos 82 — 7, cos 8y sin 6; sin 6,5 cos ¢’2) 2—f(r1, r2,73). (C.8)
0

Since none of the other variables depends on ¢ this can be integrated over 27 imme-
diately to give
3 oo x 1
I = E/dﬁ/ r%drzf sin 02d6;2 cos® 6, (r1 + 7o cos 012)Zf(7'17r2ar3)' (C.9)
0 0

The integration over the remaining external angles 6; and ¢, can be done using

dn = ridr, sin 6,d6,d¢,, giving
o) 00 L.d 1
I = 27r/ rfdrl/ r%drz-/ sin 0;2d0:, (r1 + 72 cos 8;2) 2—pf(r1,r2,r3), (C.10)
0 0 0

which depends only on the internal coordinates of the system. The angle 8,2 can be

expressed in terms of ry, r; and r3 using the cosine rule:

2 2 .2
008012 = 7‘1—‘;:1—27.—2—7‘3 (C].].)

If r; and r; are kept fixed and the variation of 8;; with 73 is considered, we find

sinfppdfy; = —drs (C.12)
rire
and thus the integral becomes
oo (o] r1+72 1
I = 27r/ rldrI/ 7‘2d7‘2/ radrs(ry + ro cos012)— f(r1,72,73). (C.13)
0 0 [r1—r2] 2p

Numerical integration of this expression is simplified further by the substitution of the

perimetric coordinates, described in section 2.2.4.
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Appendix D

Parameter Values

D.1 Lithium model potential

The lithium model potentials are of the form

1 27

(1 +6r + 67%) — ;Tjw2(ﬂr). (D.1)

Potential ¥ 6 6o’ aq4(ag) B
A 4.049689462 | 2.447656964 0.245046253 | 0.192456 | 3.910776273
B 3.640580350 | —29.204733320 | -0.779876393 | 0.192456 | 3.910776273

D.2 Non-linear Parameters

D.2.1 Positron-Hydrogen Scattering

Partial wave | « B 0%
s 0.40 | -0.60 | 0.35
p 0.40 | -0.60 | 0.35
d 0.60 | -0.20 | 0.25

D.2.2 Positron-Lithium Scattering

Partial wave | « B y
s 0.13 | 0.74 | 0.17
p 0.20 | 0.70 | 0.20
d 0.50 | 0.70 | 0.40
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Low energy s-wave positron—lithium scattering
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‘Abstract. A detailed investigation has been made of low energy s-wave positron-lithium
scattering using the Kohn variational method in the energy range in which only elastic
scattering and positronium formation are possible (0-1.84 eV). The positronium formation
cross section is infinite at zero energy, but then falls to be several orders of magnitude
smaller than the elastic scattering cross section, which has a peak value of approximately
100 wa?. The elastic scattering cross sections are almost unaffected by the uncoupling of
the positronium channel, but the resulting phaseshifts are significantly more positive, and
therefore probably more accurate, than those obtained in the most sophisticated previous
study using the uncoupled approximation.

Positron scattering by the alkali atoms has been studied theoretically for several years
(see Ward et al (1989) and McEachran et al (1990) for references to earlier work),
but the recent experimental measurements of total cross sections by Stein et al (1985,
1988, 1990) have stimulated renewed theoretical interest in such systems.

The experimental resuits show that, unlike for other target atoms, the total scattering
cross sections for the alkali atoms are slightly larger at low energies for positrons than
for electrons, most probably because of a significant positronium formation component
in the case of the former projectile. A further interesting feature is that positronium
formation is possible even at zero energy because the ionization energies of all the
alkali atoms are less than the binding energy of positronium (6.8 eV). Most previous
theoretical studies of low-energy positron-alkali-atom scattering have, however, neglec-
ted the positronium formation channel and concentrated instead on elastic scattering
and excitation. Even where positronium formation has been included, the methods of
approximation have been somewhat crude (for example, the Born and coupled static
approximations (Guha and Ghosh 1981) and the distorted-wave approximation
(Mazumdar and Ghosh 1986)), yielding possibly rather inaccurate results (see note
added in proof). There is clearly a need for a much more detailed study of low-energy
positron-alkali-atom scattering, and the initial results of such a study are presented here.

Itis a reasonably good approximation to consider the alkali atom as a single valence
electron moving in the modified Coulomb field of the core. Positron-alkali-atom
scattering therefore reduces to a three-body system, not unlike the positron-hydrogen
system which has been studied in great detail using elaborate variational methods
(Humberston 1979, 1986). Similar techniques should also give very accurate results
for positron scattering by the alkali atoms. We first consider the simplest alkali atom,
lithium, even though no experimental results are yet available for this target.

0953-4075/92/190491 +06804.50 © 1992 IOP Publishing Ltd - L491
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A good representation of the electron-core potential is provided by the form (Peach
et al 1988)

12
VA(r)= —-~=(1+ar+br?) e“"—% w(vr) (1)

where the first two terms represent the static interaction with the core, and the third
term arises from the polarization of the core, the core polarizability of Li* being
a.=0.192. The values of the parameters in V_ are chosen to reproduce the correct
binding energy for the electron in the 2s state as well as all excited states, and the fit
to the observed spectrum is -excellent. This potential also supports a tightly bound 1s
state of the electron with an energy of —51.5 eV which has, of course, no existence in
the real atom and should therefore be projected out of the scattering wavefunction.
Instead, we choose simply to ignore this state, assuming that its large separation in
energy from the 2s target state of interest implies a small influence on the scattering
process.

The positron-core potential V, is derived from V_ by merely changing the sign of
the static component in equation (1) to give

1.2
Vi(r) ==+ (1 +ar+br?) e * ——< w(wr). @)
rr 2r

This procedure is not entirely justified because exchange of the valence electron with
the electrons in the core is implicitly included in V_, whereas there is, of course, no
exchange in the positron-core system. A further approximation which is being made
initially is to drop the core polarization terms from V_ and V., because «. is so small.
We have thus far confined our attention to the energy region below the first excitation
threshold of lithium (1.84 eV), where only elastic scattering and positronium formation
can occur. Thus we have the two-channel scattering process:
e"+Li»e"+Li elastic scattering >
->Ps+Li" positronium formation.
The problem is formulated as a two-channel version of the Kohn variational method,
and the Kohn functional for the K matrix takes the form
[ Hf ] _ [ Y ] _ [(w,, L¥,) (¥, L‘I"z)] o)
Ky K3 n K (¥, LY,) (¥, LY,)
where L=2(H — E). This formulation automatically ensures a symmetric variational
K-matrix; that is, K},= K3}, even though K}, # K},. For s-wave scattering the trial
functions are taken to be
¥, == SV Rk = Khamo(kn ) {1 —exp(-An)])
T
1

/v ®p(r3)V2k K51 [no(kp) +exp(=Ap)(1+ap + bp”)/ p]
I, _m,

1 N
+m exp[ —(ar,+ Bry+ yr;)] E__:l cir:"z’ra

4)
v,

= Ona(r)VIRLis(kp) - Kialno(p) +exp(~Ap)(1+ ap-+ bp?) 1}

-J% Dulra K ama(hr[1 ~exp(-Ar))
k' i m,

1 N
+7ﬁ exp[ —(ar, + Bry+ yr;)] .-§1 dir'r;rs



Letter to the Editor ‘ L493

where r;, r, and p are the coordinates of the positron, electron and the centre of mass
of the positronium relative to the core respectively. The lithium function representing
the 2s orbital of the valence electron is chosen to be

& ;(r) = exp(—6r) Z er’ (5)
j=0

where the variational parameters are chosen to minimize the energy subject to the
polarizability being close to the correct value, 165.5.

The wavenumbers of the positron and positronium, k and « respectively, are related
by energy conservation, so that

2E =k*—-0.396=1x>—1. (6)

All terms with k; + [, + m; < w are included in the summations in ¥, and ¥,, equation
(4), the number of terms, N, being 4, 10, 20, 35, 56, 84 and 165 for w = 1(1)8 respectively.
This formulation and form of the trial functions is similar to that used by Humberston
(1982) and Brown and Humberston (1984, 1985) (see also Armour and Humberston
(1991) for further details) in their very detailed investigations of positronium formation
in positron scattering by atomic hydrogen.

At each energy, results have been obtained for w = 4(1)8 and the convergence of
K;,, K>, and the elastic and positronium formation cross sections with respect to @
has been investigated. Apart from the occasional Schwartz singularity, K;, and K,,
both increase monotonically with « and the convergence pattern is quite well represen-
ted by

A(w)=A(oo)+£p. (M
w

The elastic scattering and positronium formation cross sections obtained with the most
elaborate trial functions, with @ =8 (N = 165), are plotted as the curves labelled A in
figures 1 and 2 respectively. Positronium formation is an exothermic process in positron-
lithium scattering, and the formation cross section is o 1/k at sufficiently low energy,
and is therefore infinite at zero positron energy. It then falls rapidly with increasing
positron energy to values which are negligibly small compared with the elastic scattering
cross section. There is however a significant increase in the positronium formation
cross section just below the 2p excitation threshold.

The elastic scattering cross section appears to be converging to a value close to
zero at zero incident energy, although the extrapolation of K;, to infinite @ suggests
that the fully converged value of the elastic scattering cross section may be slightly
larger than that shown in figure 1. As the positron energy increases, the elastic scattering
cross section rises rapidly to a peak value of approximately 100 7a at k=0.15 and
then falls to approximately 30 maj at the next inelastic threshold. At energies for which
k> 0.1 the convergence of the elastic cross section with respect to w is sufficiently
rapid that we are confident that the results plotted in figure 1 are accurate to within
a few per cent. For k<0.1, and particularly for values of k just above zero, the
convergence shows a marked deterioration although the results still converge smoothly
according to equation (7), but with a lower value of p. This deterioration occurs because
the trial functions ¥, and ¥, only contain short-range correlation terms whereas
long-range dipole terms should also be included if well converged results are to be
obtained (Humberston and Wallace 1972). The need for such terms is particularly
acute because of the large polarizability of the lithium atom. :
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Figure 1. The s-wave positron-lithium clastic scattering cross section obtained with 165
term {« = 8) trial functions. A, with the electron-core potential which yields a 2s wavefunc-
tion for the lithium atom; B, with the electron-core potential which yields a 1s wavefunction
for the lithium atom. The two dotted lines, a and b, give the position of the lowest inelastic
threshold, 2p, for each of the potentials A and B respectively.
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Figure 2. The positronium formation cross section in s-wave positron-lithium scattering.
The meanings of curves A and B are given in the caption to figure 1.

The generally small size of the positronium formation cross section in relation to
the elastic scattering cross section might be thought to indicate a weak coupling between
the elastic scattering and positronium formation channels. However, comparisons with
positron-hydrogen scattering (Humberston 1986), where the s-wave positronium for-
mation cross section is also very small, suggest that the p- and d-wave contributions
to positronium formation in positron-lithium scattering will be much larger, implying
a strong coupling between the two channels.

As previously mentioned, most other studies of positron-lithium scattering have
ignored the positronium formation channel, and we have therefore repeated our
calculations with the two channels uncoupled so that we can make direct comparisons
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with the results of some other previous studies of elastic scattering. The present
uncoupled results for the elastic scattering cross section are very similar to those with
the coupling present, and, indeed, the two sets of results cannot be resolved on the
scale of figure 1.

It is instructive to compare the present uncoupled elastic scattering results with
those of Ward et al (1989) and McEachran et al (1990) who used the close coupling
approximation with up to five states of the target lithium atom (results with eight target
states have recently been provided for us by McEachran (private communication)).
This is the most sophisticated of all the previous studies in which positronium formation
has been neglected. The present phaseshifts are more positive, and therefore probably
more accurate, than those of McEachran et al, as can be seen in table 1, although it
should be borne in mind that the model potentials used in the two investigations are
not identical.

Table 1. Values of the s-wave phaseshift for positron-lithium scattering in the uncoupled

approximation.
Phaseshift (rad)

McEachran et al* McEachran et al®
k(ag") Present (8 term) (5 term)
0.01 3.123 2.987 2.963
0.1 2.638 1.787 1.703
0.2 1.969 1.046 0.9794
03 1413 0.5815 0.5281

* These results have been supplied by McEachran (private communication).

It was mentioned earlier that we have simply ignored the tightly bound 1s state
supported by the electron-core potential, equation (1). This problem may be avoided
altogether by using as the wavefunction of the lithium atom the ground state of the
electron in a modified form of V_ such that this ground state has the correct lithium
ground state energy, namely —5.386 eV. Such a potential has been devised by Peach
(private communication). Clearly the radial dependence of this nodeless 1s orbital is
not the same as that of the 2s orbital, and neither does the polarizability of the modified
lithium atom have the correct value of 165.3 (instead it is 138.5), but this new model
system is now free of the formal complication of the unphysical tightly bound ground
state. The elastic scattering and positronium formation cross sections with this modified
form of V_, and the consequentially modified V., are also plotted in figures 1 and 2
as the curves labelled B. The new elastic scattering cross sections are quite similar to
those obtained with the original potential, but the new positronium formation cross
sections are an order of magnitude larger than the former values, although still very
small compared with the elastic cross section except when k- 0. Here also there is a
pronounced rise in the cross section just below the next inelastic threshold. It is unlikely
that the differences between the positronium formation cross sections for the two
potentials will be as large for higher partial waves because the centrifugal barrier will
then tend to exclude the wavefunction from the short-range region where the differences
between the two potentials are most pronounced.
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We are currently improving these calculations by introducing the core polarization
terms into the electron- and positron-core potentials, and we are also extending the
investigations to higher partial waves.

We wish to thank Dr Gillian Peach for providing details of her electron-lithium core
potentials and for several useful discussions. We also wish to thank Professor R P
McEachran for sending us additional unpublished close coupling results for elastic
scattering.

Note added in proof. The positronium channel has recently been included in a more satisfactory manner
within the close coupling approximation by Hewitt et a/ (1992) and by Basu and Ghosh (1991).
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Positron-lithium scattering with the inclusion of
positronium formation

J.W. Humberstonand M.S.T. Watts

Department of Physics and Astronomy, University College London,
Gower Street, London WCIE6BT, UK

Detailed studies have been made of elastic scattering and positronium formation in low
energy collision of positrons with lithium atoms for the two partial waves / = 0, 1. For this sys-
tem, as for all alkali atoms, the positronium formation channel is open even at zero positron
energy. A two-channel version of the Kohn variational method is used with trial functions con-
taining many variational parameters, and reasonably well converged results are obtained.
The s-wave positronium formation cross section is infinite at zero positron energy but it then
falls rapidly to become several orders of magnitude smaller than the elastic scattering cross sec-
tion which has a maximum value of approximately 100 na? at a positron energy of 0.5 eV.
For p-wave scattering the positronium formation cross section rises to a value of approxi-
mately 10 naj at an energy of 0.1 eV, with the elastic scattering cross section rising to a maxi-
mum of approximately 60 na; just below the first excitation threshold at 1.84 V.

1.Introduction

Low energy positron scattering by the alkali atoms is of particular interest
because the positronium formation channel is open even at zero incident positron
snergy. Furthermore, recent experimental measurements [1] have shown that,
uniike for other targets, the total scattering cross section is larger for positrons than
for electrons. This latter feature is very probably a direct consequence of the for-
mer, with positronium formation making a significant contribution to the total
Cross section.

The alkali atom may be accurately represented as the single valence electron
interacting with the core via a local central potential, and the positron—alkali atom
svstemn therefore reduces to the equivalent three-body system shown in fig. 1.

Numerous theoretical studies have previously been made of positron-alkali
atom scattering using a variety of approximation methods. The positronium for-
mation channel was frequently negiected in some earlier studies, for example Ward
et al. [2] and McEachran et al. (3] and references therein, but it has been included
in more recent calculations by Basu and Ghosh [4], Hewitt et al. [S], and Walters 6]
which have all employed some torm of the close coupling approximation.

Although no experimental results are yet available for lithium, we have chosen
to investigate this system first, and we describe here a very detailed investigation of

]J.C. Baltzer AG, Science Publishers
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Fig. 1. The positron-lithium system and its energy levels.

lithium scattering by positrons in the low energy region between zero and the first
excitation threshold of the lithium atom where only elastic scattering and positro-
nium formation are possible (see energy spectrum in fig. 1); thatis

et +Li—+>et +Li elastic scattering
—Ps+Lit  positronium formation.

2. Method of calculation

A two-channel version of the Kohn variational method is used in a manner simi-
lar to that employed by Humberston {7] and Brown and Humberston (8,9] to
obtain very accurate results for elastic and positronium formation cross section in
low energy positron-hydrogen scattering. The Kohn functional takes the form

{Kh K1v2 _[Kltl K{2j|_|:!p],LW1) (WI,LWZ)
Ky Ky K, Ky Uy, L&) (P2, L¥)

with L = 2(H — E), and the trial functions for a given orbital angular momentum
[, using the nomenclature of fig. 1, are

0y = Bui(ry)VkYio(h) {jilkri) — Kiym(kr)fi(n)}
— Bpy(r3) V26 Y1 0(P) Ky mu(kp)fa(p) + Fi 2

(1)

Wy =Bry(r3) V26 Yi0(p){ji(kp) — Kiami(rp)fa(p)}
— BLi(r))Vk Yio(p1)Kiymi(kr )i (n) + F2 (3)
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where the functions &1; and $p, are the ground state wave functions of lithium
and positronium respectively, and the functions f; and f; are included to shield the
singularity in m(x) at x = 0. These two functions, ¥; and ¥,, represent e*-Li elas-
tic scattering plus positronium formation, and Ps-Lit elastic scattering plus
lithium formation respectively. The wave numbers of the positron and positro-
nium, k and « respectively, are related by energy conservation such that

K+ Ey =12 -1, (4)

where the lithium energy £;; = —0.396. Short range correlations are represented
by the functions F; and F, the precise forms of which are given later in egs. (8) and
(10).

In terms of the K matrix the partial cross section (in units of 7a3) is

(=),

where k) = k,k; = x and oy is the elastic positron-lithium scattering cross section
and oy, is the positronium formation cross section.
A good representation of the e"~Li* core potential is given by (Peach et al. [10])

1
V_(r)) = 5 2—(1 +6ry +6'7) -

2

421 +1) | 5

g =
pq 2
kq

2 4 W(V r 2) ) (6)
where the first.two terms constitute the static interaction and the last term arises
from the polarization of the core. The et-Li* core potential, V,.(r;), is derived
from V_ by merely changing the static part of the potential. This procedure for gen-
erating V., is not entirely justified because V_ includes the effect of exchange of
the valence electron with the electrons in the core whereas there is, of course, no
exchange effect for the positron. Thus far in these investigations we have neglected
the core polarization terms in ¥_ and V., because the polarizability of the core is
so much smaller than the polarizability of the lithium atom, and also because the
core polarization terms, when combined with the three-body term potential which
must be added to the total three-body Hamiltonian, tend to cancel when the elec-
tron and positron are close together as in positronium.

A very accurate approximation to the wave function of the electron in the poten-
tial ¥_, our representation of the lithium atom, of the form

No

@L, "2 e~ 4" Z ej (7)

was generated using the Rayleigh-Ritz method. This wave function has the
required character of the 2s orbital of the valence electron with the correct energy,
and it therefore represents the electron in the first excited state in the potential
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V-. The ground state, which has no real physical significance but is present in this
model we are using for the lithium atom, has an energy of -50 eV. This fictitious
state is so far below the energy region ofa few electronvolts being considered in the
scattering calculation that it can probably be ignored. Nevertheless, we have also
used another model of the lithium atom which avoids this problem by having the
valence electron in the ground state of a modified form of F_ (Peach, private com-
munication). This state has the correct lithium energy but the wave function is
nodeless and does not have the correct radial dependence for small values of ri. It
does, however, give a reasonably good fit to the spectroscopic data for lithium. We
shall call the original and modified forms of F_, and the associated forms of PV,
potentials 4 and B respectively, and the corresponding two forms of “uiri) are
given in fig. 2.

The modification made to F_ to achieve the required Is ground state energy
takes the form of a repulsive short range barrier which is generated by choosing
appropriate values for the parameters 6 and 6" in eq. (6). But, because we have
taken the positron-core potential ¥+ to be - K , this repulsive barrier becomes a
short range attractive potential well for the positron. However, the intermediate
and long range character ofthe positron-core potential is still repulsive and at the
low positron energies being considered here there will be very little penetration of
the positron wave function into the short range attractive well. Nevertheless, it
must be admitted that in trying to remove an unsatisfactory feature ofthe original
electron-core potential we have introduced an unsatisfactory feature into the posi-
tron-core potential. Overall we believe that potential 4 provides a more reliable
model ofthe electron (and positron)-core potential, but we present results for both
A and B in order to convey some impression of the sensitivity of the results to the
assumed form ofinteraction.

06-

2s wave tn. tor potential A

0.4 1s wave tn. tor potential B

0.3-

02-

0.0
20

-0.1

-0.2

Fig. 2. Lithium wave functions. Plotted here are rj versus for the two forms of the electron-
core potential. 4 and B.
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3. Resultsand discussion

Results have thus far only been obtained for s- and p-wave scattering.
For s-wave scattering the short range correlation terms in the trial functions

and - > are

Fi = roo(6) exp[-(ari 4- /712 4- -yrg)] * (8)
yH
with a similar form for Fi, but with different linear variational parameters. All

terms with
)

where kj, nij and w are non-negative integers, are included in the summation,
and results have been obtained for w = 1(1)9, corresponding to 4,10,20,35,56,84,
120,165,220, respectively.

Details of the method of calculation and the investigation of the convergence of
the /T-matrix elements with respect to w have been given by Armour and
Humberston [11].

The most accurate values of the elastic scattering and positronium formation
cross sections, with w = 9, are given in figs. 3 and 4. For 0.2 the results are prob-
ably within 10% of the exact, or fully converged, values, but there is some deteriora-
tion in the convergence with respect to w for values of k£ very close to zero and also
to 0.36, the first excitation threshold of lithium. Longer range correlation terms

24
100
.0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
Ma,")
Fig. 3. The / = 0 elastic scattenng cross section: (—— ) present results for potentials A and B) the first

excitation threshold is marked a and b respectively); (+) McEachran, x 10"' (private commumca-
tion, see also refs. [2,3]); (x). Hewitt (private communication and ref. [S]); Walters (private

communication, and also ref. [6]). '
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Fig. 4. The / = 0 positronium formation cross section: (——) present resulits for potentials A and B;
(x) Hewitt, x 10~2 (private communication and ref. [S]); (A ) Walters, x 10~2 (private communication
and also ref. [6]).

need to be added to the trial functions in order to improve the convergence, particu-
larly because the dipole polarizability of lithiumis so large.

At very low positron energies the elastic scattering cross section is quite small,
but it then rises rapidly with increasing energy to a maximum value of approxi-
mately 100 na? before falling away again. Similar elastic scattering cross sections
are obtained for the two potential models, and they agree well with the recent
results of Hewitt et al. (5] and Walters [6]. Both of these calculations employ the
close coupling approximation with pseudostates and they extend over a much
wider energy range than that being considered here.

Positronium formation, being an exothermic reaction in positron—-alkali atom
scattering, has a cross section ops which, according to the Wigner threshold laws, is
o« 1/k for sufficiently small k when / = 0, and is therefore infinite at £ = 0. The
rate of positronium formation is, however, proportional to kops and is finite. The
positronium formation cross section rapidly falls to a value several orders of mag-
nitude smaller than the elastic scattering cross section and it remains very small
throughout the energy range under consideration. Unlike for elastic scattering, the
positronium formation cross sections obtained with the two potential models are
rather different. This difference is exaggerated by the abnormally small magnitude
of the s-wave positronium formation cross section which makes the results depend
very sensitively on the model and the method of approximation being used. For
both potential models the positronium formation cross section decreases as the
flexibility of the trial functions is increased by increasing the parameter win eq. (9),
and the results in fig. 4 are probably upper bounds on the fully converged results.
Much larger positronium formation cross sections are obtained for smaller values
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of wand it may, therefore, be that the significant discrepancies between the present
results and those of Hewitt et al. [5] and Walters [6] arise from the lack of conver-
gence in the close coupling calculations.

We considered the possibility of a positron-lithium bound state by examining
the eigenvalues of the total Hamiltonian matrix obtained using the short range cor-
relation functions constituting Fj, eq. (8), as a basis. Unfortunately, because of
the very tightly bound state of the electron in potential 4 there are several energy
eigenvalues of the three-body system below the energy of the lithium atom, but
none of them provides evidence of a true bound state.

For p-wave scattering there are two types of short range correlation term, and
the overall correlation functionineq. (2) for/ = 1is

N

R ki 1 m

Fy =Yy 9(F1)r1 exp[—(ar1 + Bra +4r3)] Z Grir3ry
j=1

N
+ Y1,0(F2)r2 exp[—(ary + Bra + r3)] Z ayr’l" r;’ ry (10)
=1

with a similar form for F,. Each summation is the same as for the s-wave trial func-
tion so that for a given w there are now twice as many short range correlation func-
tions. The most accurate results for the elastic scattering and positronium
formation cross sections are given in figs. 5 and 6. Convergence with respect to wis
rather less good than for s-wave scattering and the results may differ by as much
as 15% from the exact values. As in s-wave scattering, there is again good agree-
ment between the present p-wave elastic scattering cross sections and the corre-
sponding results of Hewitt et al. [5] and Walters [6]. Now the positronium

20+

Elastic scaltering cross section (ra.")

0.0 0.05 0.1 0.18 0.2 0.25 0.3 0.35 0.4 0.45
k(a,')

Fig. 5. The ! = 1 elastic scattering cross section. See caption to fig. 3.
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Fig. 6. The 1 = 1positronium formation cross section: (------ ) present results for potentials 4 and B;

(X)Hewitt (private commumcation and ref. [5]); (A) Walters (private communication and ref. [6]).

formation cross section is a significant fraction of the total cross section, and is
very much larger than the s-wave positronium formation cross section except very
close to /t = 0. A similar pattern in the relative magnitudes o f the s- and p-wave con-
tributions to the positronium formation cross section has been observed in posi-
tron-hydrogen scattering [12].

The present positronium formation cross sections are now in better agreement
with the results o f Hewitt et al. [S] and Walters [6], being only approximately three
times smaller whereas the s-wave results are several orders of magnitude smaller.
Again, the discrepancy may be due to the lack of convergence of the close coupling
results.

As mentioned in the introduction, the positronium formation channel has been
neglected in several previous investigations of positron-lithium scattering [2,3] and
we have therefore calculated the elastic scattering cross section with the positro-
nium chaimel suppressed. In this approximation the Kohn functional becomes

r,, =K\ - , (11)
where
= T/,0(h)(E2)[//(Amn) - 4-fi (12)

and F\ is the same short range correlation function as was used in the two-channel
formulation (eqs. (8) and (10)).

The resulting elastic scattering cross sections differ only rather slightly from
those obtained in the coupled channel formulation, except for the introduction of a
narrow resonance into the p-wave cross section at A « 0.2, but they differ signifi-
cantly from the uncoupled results of Ward et al. [2] and McEachran et al. [3] (and
McEachran. private communication), particularly at very low energies, as may be



J. W. Humberston, M.S.T. Watts / Positron-lithium scattering 9

seen in figs. 3 and 5. These authors used the close coupling approximation, but
only included the ground and excited states, and pseudostates, of lithium, with no
states of positronium. In our present uncoupled calculations we still implicitly
include positronium states in the short range correlation function F; even though
there is no outgoing positronium wave, and it would seem that the inclusion of posi-
tronium terms in the closed channel is sufficient to yield moderately good results
for elastic scattering.

Our investigations are being continued to higher partial waves and will also be
extended to somewhat higher energies where more open channels become

accessible.
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