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Positron scattering with atomic lithium is investigated by using a coupled-channel optical method. The ionization

continuum and positronium formation channels are taken into account via a complex equivalent-local optical potential.

The positronium formation cross sections and the ionization cross sections, as well as the total scattering cross sections,

are reported at energies above 3 eV and compared with available experimental and theoretical data.
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1. Introduction

The study of positron collisions with atomic tar-
gets is a topic of special practical and fundamental
interest. It can offer a new way to obtain the infor-
mation of atomic structures and test our knowledge
of the basic interactions in many-body systems. The
understanding of positron interactions with atoms is
also necessary for the development of many high-tech
applications. The most important feature of positron—
atom scattering is the appearance of the rearrange-
ment process, namely the positronium (Ps) formation
channel, which is a two-center problem and presents a
particular challenge to both theoretical treatment and
experimental measurement.

In this paper, we focus on the study of positron—
lithium scattering, which has attracted considerable
attention in the past decades. Atomic lithium has a
relatively simple structure and can be viewed to a cer-
tain degree as approximately one-electron atoms. An
important feature of positron—lithium system is that
the Ps formation process is always expected to play a
very important role at low and intermediate energies
since the Ps formation is energetically possible even
at zero energy. The exact treatment of this rearrange-
ment process is therefore necessary for theoretical in-
vestigations.

In the early calculations performed by Sarkar et
al.Ml and Ward et al.?! in the close-coupling frame-
work, the Ps formation channels were neglected and
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the predicted cross sections were thus preliminary.
In 1991, Basu and Ghosh®! carried out the calcula-
tions for positron-lithium system with the Ps chan-
nels included. However, only the Li(2s, 2p) and
Ps(1s) states were included in the calculation. Af-
ter that, a number of studies for positron-lithium
scattering were performed with the Ps channels in-
corporated. The Ps process was investigated by He-
witt et al.l¥ using a close-coupling method with the
basis consisting of Li(2s, 3s, 2p, 3p) and Ps(1s, 2s,
2p) states, by Gianturco and Melissal®! employing a
model potential approach, and by Bhattacharyya and
Talukdar(® with a screened hydrogenic model. Acacia
et al.["l reported the ionization cross sections using the
distorted-wave approximation. Walters and cowork-

8-10] in the close-

ers performed a series of studies!
coupling framework with different levels of approxi-
mation to investigate various scattering processes in
positron—lithium collision. The Ps formation channels
were taken into account and the effect of the ioniza-
tion continuum was represented by a large number of
pseudostates. Most recently, some new investigations
of positron-lithium scattering were reported. The Ps
formation process at very low energies was studied
by Ward and coworkers!'*=13] using the hypersperical
hidden-crossing method (HHCM) and Le et al.'¥ us-
ing the hypersperical close-coupling method (HSCM).

Ratnavelu et al. reported various scattering cross

g[15,16]

sections for positron-lithium scatterin with a

close-coupling optical model where the Ps states were
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included in the coupling and the contribution of ion-
ization continuum was described via an optical poten-
tial. Last year, Lugovskoy et al.['”] presented a latest
investigation for positron—lithium scattering using the
two-center convergent close-coupling (CCC) method
in which the ionization continuum and Ps formation
channels were taken into account by utilizing both
negative- and positive-energy Laguerre-based states,
and the total scattering cross sections as well as the
total Ps formation cross sections were reported.

On the experimental side, Surdutovich et al.['®]
has reported the measurements for the lower limit
of the total Ps formation cross sections for positron—
lithium scattering. Unfortunately, there is no report
of the experimental measurements for individual Ps
formation cross sections, ionization cross sections and
total scattering cross sections.

In this paper, we use the momentum-space
coupled-channel optical (CCO) method!") to inves-
tigate the positron-lithium collision at the energies
above 3 eV. In this method, a complex equivalent-local
potential is employed to describe the two-body Ps for-
mation channels and the three-body ionization contin-
uum. This method has been applied to the calcula-
tions of various scattering cross sections of positron
collision with atomic hydrogen!'?) and helium.) The
level of the agreement between these results and the
available theoretical calculated results, as well as the
experimental measurements, is satisfactory.

2. Methods

The present CCO method consists of the solution
of a discrete set of coupled Lippmann—Schwinger in-
tegral equations for T-matrix elements

<k7¢7|T‘¢)07k0>
= (k, @;|V PP, ko)
+ Z/d3k’<k,¢i|v@>|¢j,k’>
JEP
1
E®) —¢; — 1k?

X (K',@;|T|Po, ko). (1)
Here, the space of target states has been split into
two parts. The P space consists of sufficient discrete
states while the target ionization continuum and Ps
formation channels are included in the @ space.

The optical potential V(@) can be expressed as the
sum of the channel-coupling potential V' and a nonlo-
cal complex polarization potential W (@) that accounts

for the contribution of the states in the @ space, i.e.,
the ionization continuum and Ps formation channels
in the present calculations. The polarization potential
W@ is therefore has two parts, namely WI(Q) and
WF(,CS;)), that describe the ionization and Ps formation
channels, respectively.

The matrix element of the polarization potential
can be calculated as follows using the weak-coupling
approximation:

(Wi W k)
= S RVIXE)

neq

1
= XNV

where Xy(f) represents the time reverse of the exact
state vector for a reaction starting in channel n. The
explicit form used for ionization is

|Q’T(L_)> = ey (g<), q>)- (3)

Here, g~ and q. are the greater and lesser, respec-
tively, of the absolute momenta of the outgoing par-
ticles. The ionization continuum is described in the
independent-particle model, where c¢ is the remaining
core and (r|¢)~(g<)) is a Coulomb wave orthogonal-
ized to the orbital from which the electron is removed.
The (r|g~) is a plane wave.
The model used for Ps formation is
(Kil W k)
= S WIVIXS) g X VIR)-(4)
" s

The X\ is orthogonalized to ; from which the elec-
tron is captured

|X$) = (1= [a) (W] ) |8 )), (5)
vl = P, (kps, R,7) = ¢, ethre R, (6)

n

where kpg is the momentum of the Ps center of mass
and ¢, is the wavefunctions of the Ps bound-states.
The plane-wave e'*Ps'B represents the motion of the
Ps center of mass since only the short-range terms sur-
vive in the interactions between the Ps and the ionic
core of the target. r =7, — 7. and R = (7, + 7o),
where 7, and 7. are the coordinates of the positron
and the electron.

A simple estimate of the cross section of ioniza-
tion (direct ionization) is given by approximating the
entrance channel T' matrix element of Eq. (1) by its
driving term, instead of solving the coupled-channel
equations. This result is

2
op = E(27r)31m<k:0|WI(Q)|0k>. (7)
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The total cross section for the Ps formation is
2
ops = - (2m) Tm(kO| W5 |0), (8)

where |0) stands for the ground state of the target.

3. Results

In the present calculation, the target bound
states of atomic lithium are represented by modified
Roothan Hartree Fock wavefunctions?!l in which the
core polarization effect is taken into account by an
semi-empirical potential. There are eight physical
channels: 2, 3, 4s; 2, 3, 4p; 3, 4d included in P space.
The optical potentials describing the target contin-
uum are in the channel couplings 2s-2s, 2s—2p, 2s-3s,
2p—2p and the potentials for Ps formation in its n = 1
and n = 2 states are included in the channel coupling
2s—2s. The cross sections of positronium formation,
direct ionization, and total scattering are reported at
energies above 3 eV.

We test the present description of the two-body
rearrangement channels by comparing the predicted
total and individual Ps formation cross sections with
available experimental and theoretical data within the
impact energy region 3-60 eV in Figs. 1 and 2. For
clarity and notational convenience in the discussion,
we use CC(m,n) to describe the close coupling calcu-
lations with the basis of different size, where n is the
number of Ps states and m is the number of bound
states and pseudostates of the atomic target.

Figure 1 gives the present results for Ps(1s, 2s, 2p)
formation cross sections compared with the theoretical
results of CC(4,3) calculations of Hewitt et al.* and
CC(29,3) calculation of McAlinden et al.l For Ps(1s)
formation, all the theoretical results exhibit a similar
trend in both shape and magnitude except that the
results of McAlinden et al.[¥ are a little higher than
the other two calculations below 8 eV. The calcula-
tion of McAlinden et al.l! also predict a structure at
about 3.4 eV, which is amongst the Li(n = 3) thresh-
In Figs. 1(b)
and 1(c), there are remarkable discrepancies existing

old but absent in other calculations.

in the theoretical predictions for Ps(2s) and Ps(2p)
formation below 20 eV. The calculation of Hewitt et
al. produced the highest values and the results keep
increasing with the decreasing energy which is much
different with the energy dependence of other two cal-
culations. The calculation of McAlinden et al.[% lies
significantly below other calculations for Ps(2s) for-
mation at all energies and for Ps(2p) formation below

10 eV. Their calculation predicted a maximum near
the threshold for both Ps(2s) and Ps(2p) formations.
The present calculation also indicates a sharp increase
for both Ps(2s) and Ps(2p) formation when the chan-
nel is open. For Ps(2s) formation, there is dip struc-
ture in the present results around 6 eV and the present
Ps(2p) formation cross section decreases more rapidly
after reaching the maximum at 5 eV.
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Fig. 1. Cross sections of (a) Ps(1s), (b) Ps(2s), and
(c) Ps(2p) formation for positron-lithium scattering from
3 eV to 60 eV. Solid line, present results; dashed-line,
CC(29,3) results from Ref. [9]; dotted line, CC(4,3) re-
sults from Ref. [4].

In Fig. 2, the present total Ps formation cross sec-
tions are displayed and compared with the experimen-
tal measurements of Surdutovich et al.!'® for the lower
limit of the cross sections and the theoretical results
of CC(4,3) calculations of Hewitt et al,[l CC(29,3)
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calculation of McAlinden et al.,l”! CCO(5,6) calcula-
tion of Ratnavelu and Ng,['8) HSCC calculation of Le
et al.,l' and the two-center CCC calculation of Lu-
govskoy et al.l'”l We can find that all the theoretical
curves are in overall qualitative agreement with each
other and they all lie above the experimental values
below 7 eV. The present calculation above 7 eV con-
firms that the prediction of the lowest cross sections
from McAlinden et all is more close to the experi-
mental values. The present calculation shows a pro-
nounced increase above 3.6 eV and reaches a maxi-
mum at 4 eV. This results from the sharp increase
of the present calculated cross sections for Ps(n = 2)
formation which is started at 3.6 eV.

The difference of the theoretical calculations for
Ps formation may be due to the treatment of the in-
teractions of Ps formation process. In the calculation
of Hewitt et al.,[ the positron—ionic core interac-
tion was taken to be the static potential between
the positron and a variationally determined LiT (1s?)
wavefunction. McAlinden et al.l”) also employed the
static potential to describe this interaction using a
Hartree-Fock wavefunction for Lit(1s?). Lugovskoy
et al.'™ developed a new potential to describe the in-
teractions. In the HSCC calculation of Le et al.,'4 the
static core potential with a Hartree-Fock wavefunc-
tion and a dielectron correction were applied. In our
model, we adopt the orthogonalization of the Ps states
to the ground states of target atom to represent the
interaction between the positron and the ionic core.
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Fig. 2. Total Ps formation cross sections from 3 eV to
60 eV. Solid line, present results; blacksquare, experimen-
tal measurements from Ref. [18]; short-dashed line + A,
CCO(5,6) results from Ref. [16]; dotted line, HSCC re-
sults from Ref. [14]; dash-dotted line, CC(29,3) results
from Ref. [9]; dash-dot-dotted line, CC(4,3) results from
Ref. [4]; dashed line, two-center CCC calculation from
Ref. [17].

This model has been proved effective to produce accu-
rate Ps formation cross sections in positron scattering
with hydrogen and helium atoms.!*9-20]

Figure 3 gives the present predicted ionization
cross sections from the ionization threshold to 300 eV.
The theoretical calculation results of McAlinden et
al.,”) Ratnavelu and Ng,[w] and Acacia et all”l are
depicted for comparison. The theoretical predictions
are similar in shape but obvious discrepancies can be
found in the magnitude, especially at energies 10—
30 eV. The different treatment of the break-up chan-

nels results in the differences. McAlinden et al.[]

em-
ployed a large number of positive-energy pseudostates
to represent the ionization continuum and the ioniza-
tion cross sections were calculated as the sum of exci-
tations into these pseudostates. The calculation by
Acacia et al.ll was performed using the first Born
approximation (FBA) within the framework of the
distorted-wave theory. The present calculation and
also Ratnavelu and Ngl'6l applied an optical potential
to describe the ionization continuum while the core
polarization effect was not taken into account in the
calculation of Ratnavelu and Ng.['8! We would appre-
ciate further experimental and theoretical investiga-

tions to resolve the discrepancies.

8 present results
----- Ratnavelu et al.[10]
-------- McAlinden et al.[®]

N Acacia et al.l7]
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Fig. 3. The direct ionization cross sections from 5 eV to
300 eV. solid line, present results; dashed line, CCO(5,6)
results from Ref. [16]; dotted line, CC(29,3) results from
Ref. [9]; dash-dotted line, FBA results from Ref. [7].

The present total scattering cross sections at the
energies 3-100 eV are shown in Fig. 4 and com-
pared with CC(29,3) calculation of McAlinden et al.,!
CC(2,1) calculation of Basu and Ghosh,?! and the
two-center CCC calculation of Lugovskoy et al.'7! In
order to reveal the effect of ionization and Ps forma-
tion channels, the present results with two different
models, namely CC for pure close-coupling and CCO
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for the calculation with optical potential, are pre-
sented. Comparison shows that the inclusion of ioniza-
tion and Ps formation channels reduces the cross sec-
tions below 10 eV and this effect is negligible at higher
energies. Most of the theoretical calculations keep de-
creasing with the increasing incident energy and tend
to converge above 10 eV where the ionization and
Ps formation channels are proved to be unimportant.
The exception is the CC(2,1) calculation of Basu and
Ghosh,®l which shows a significantly different energy
dependence and exhibits larger cross sections above
6 eV. This may be attributed to the small size of the
basis in their calculation. The present results lie ob-
viously above the calculations of McAlinden et al.l¥!
and Lugovskoy et al.l'”) below 10 eV. The difference is
probably due to the different treatment of ionization
and Ps formation channels. In the present model, the
ionization and Ps formation channels are described via
an equivalent-local complex potential while they are
included in the CC(m,n) calculations by adding the
Ps bound states and a number of pesudostates into
the coupling.

AN — present CCO
1750~ e McAlinden et al.l
AN ~——- Basu and Ghosh(!
----- present CC

""""" Lugovskoy et al.l

17]

Cross section/nag

10 100
Impact energy/eV

Fig. 4. Total scattering cross sections from 3 eV to
100 eV. Solid line, present CCO results; dash-dot-dotted
line, two-center CCC calculation from Ref. [17]; dotted
line, CC(29,3) results from Ref. [9]; dash-dotted line,
CC(2,1) results from Ref. [3]; dashed line, present CC re-
sults.

4. Conclusion

Positron—lithium scattering was studied using
the momentum-space coupled-channel optical (CCO)
method in this paper. In the present calculations,

a complex equivalent-local optical potential has been

employed to describe the ionization and Ps formation
channels. The total scattering cross sections and the
cross sections of Ps formation and direct ionization
are reported above 3 eV. The present results obtained
are in reasonable agreement with available experimen-
tal and theoretical data. However, discrepancies still
exist among the theoretical calculations, especially in
the predictions for the individual Ps formation and the
direct ionization cross sections. Further experimental
and theoretical investigations are highly desirable in
order to resolve the discrepancies.
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