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Positron-lithium scattering has been investigated using the three-state [Li(2s), Li(2p), and
Ps(1s)] close-coupling approximation. Calculations have also been carried out by using the static,
coupled static, and Born approximations. Elastic (2s-2s), excitation (2s-2p), and Ps-formation
cross sections are reported up to an incident energy of 100 eV. The effect of the Ps-formation chan-
nel on elastic scattering is found to be pronounced at low incident energies, and this effect is not
negligible even up to 50 eV. The positronium formation cross section is reduced appreciably in the
energy region 1.0-20.0 eV when the 2p state is included in the expansion scheme.

I. INTRODUCTION

Measured data of positron-alkali-metal-atom scatter-
ing have become recently available. Kwan and co-
workers! have reported the total cross sections of K, Na,
Rb, and Cs atoms and the same for other alkali-metal
atoms are expected in the near future. These stimulate
the theoretical works on e " —alkali-metal-atom scatter-
ing. Investigations have been carried out recently by
Khan, Dutta, and Ghosh,?> Sarkar, Basu, and Ghosh,’
and Ward et al.* using the close-coupling approximation
(CCA). In these calculations, the maximum number of
eigenstates retained in the expansion scheme is five.
Apart from CCA calculations a polarized orbital method
has also been employed by Ward et al.* None of these
calculations includes the Ps-formation channel.

Our recent studies®® on e *-H scattering at low and in-
termediate energies led to the conclusion that to predict
reliable scattering parameters, both the effects of atomic
distortion and the rearrangement channel must be includ-
ed simultaneously. In the case of alkali-metal atoms, the
effect of Ps formation is expected to be more pronounced
as the Ps-formation channel is open even at zero incident
energy. The only existing calculation to investigate e *-
Li scattering in which both these effects are included is
due to Guha and Ghosh.” They have employed a polar-
ized orbital method using a very simple wave function.
Moreover, their polarization potential is subject to
refinement.

The alkali-metal atom is a highly polarizable target.
Therefore, reliable estimates of the effect of distortion of
the alkali-metal target is rather essential to predict
scattering parameters. In the CCA, the effect of distor-
tion of the target atom is taken into account reliably by
including the p orbitals in the expansion scheme. In-
clusion of the 2p state is expected to be a good represen-
tation of the long-range effect since 98% of the polariza-
bility of the lithium atom is given by the 2p state alone.

Here, we investigate e T-Li scattering using the three-
state CCA [Li(2s), Li(2p), Ps(1s)]. However, to have
knowledge of the relative importance of the individual
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states the expansion schemes
(i) Li(2s)
(ii) Li(2s),Ps(1s) (coupled static) ,
(iii) Li(2s),Li(2p) (two-state CCA)

(static) ,

have also been used. Two- and three-state CCA will be
denoted as 2s-2p and 2s-2p-Ps CCA, respectively.

II. THEORY

The total wave function for the e "-Li system is ex-
pressed as

\I/(I'lyl'z,I'},X):E ®i(r1,r2,r3)F,-(X)
+ 3 (r,r)n,(p)G,(R)

with
r;+X
2

PZIX—"QL R::

Here, ®,(r,,r,,13) and 7,(p) are the ith and vth eigen-
states of the lithium and positronium atoms, respectively.
The ground-state wave function of the lithium ion is
denoted by @/ (r,,r,). F;(X) describes the motion of the
incident positron and G, is the motion of the positron
atom relative to the lithium nucleus.

We assume that the 1s? core of the lithium atom is
frozen. Since the valence electron lies well outside the
core, this assumption introduces only a small error. The
same assumption is used by Burke and Taylor® in the case
of e -Li scattering and by Khan, Dutta, and Ghosh,?
Sarkar, Basu, and Ghosh,”> and Ward er al.* in e *-Li
scattering. The wave function W(r,,r,,r3,Xx) must satisfy
the following Schrodinger equation:

(H—E)Y=0,
where H is the total Hamiltonian of the system and is
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given by
3 1 3 1
H=Y |—-=V:—-Z/r, |+ 3 —+Hr
i=1 u i<j=1"Tij
with
1 o,z & 1
Hy=——V.+—— - .
T 2u * i=1 'X_ril

The ground- and excited-state wave functions of the tar-
get lithium atom are taken from Weiss.’

Instead of solving the conventional coupled
integrodifferential equations, coupled integral equations
for the scattering amplitudes in the momentum space
have been solved following Basu, Mukherjee, and
Ghosh.’ The cross sections have been obtained by using
the standard relations.

III. RESULTS AND DISCUSSIONS

The calculations using the static, coupled static, 2s-2p,
and 2s-2p-Ps CCA in the incident positron energy range
0.1-100 eV have been performed by us. Guha and
Ghosh’ carried out the first coupled static calculations of
e T-Li scattering using very simple wave functions. Re-
cently, Abdel-Raouf'® performed a nearly coupled static
calculation for positron—alkali-metal system. Khan,
Dutta, and Ghosh,? Sarkar, Basu, and Ghosh,? and Ward
et al.* predicted the cross sections employing 2s-2p
CCA. The present elastic results using the 2s-2p CCA
are in close agreement with the previous two sets of re-
sults. However, present results at 0.5 eV differ by about
2.9% from those of Ward et al.

Our main motivation is to study the effect of atomic
distortion as well as the effect of the Ps-formation chan-
nel on the direct one. In the case of the alkali-metal
atom, these two effects are expected to be very significant
at low incident energies. Figure 1 presents the present
elastic integrated cross sections obtained using the static,
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FIG. 1. Elastic (2s-2s) integrated cross section (7a3) using

the static, coupled static, and 2s-2p close-coupling approxima-
tions.

coupled static, and 2s-2p close-coupling approximation.
The dramatic enhancement of the elastic cross section
obtained by using the two-state (2s,2p) CCA over the cor-
responding static (2s) results has been noticed at low in-
cident energy. This confirms the fact that the lithium
atom is a highly polarizable target. This effect of atomic
distortion decreases rapidly with the increase of energy,
and at about 30 eV the difference between the two results
is marginal. In the energy range 0.5-30 eV, coupled stat-
ic results are also found to be significantly greater than
the corresponding static predictions. At very low ener-
gies, coupled static results are comparable with those us-
ing the 2s-2p CCA. However, the difference between the
coupled static and static results decreases with the in-

TABLE 1. Elastic (2s-2s) cross sections in e *-Li scattering (in units of ma}) using the FBA, static,

coupled static, 2s-2p, and 2s-2p-Ps(1s) CCA.

Energy
(eV) FBA® Static 2s-2p Coupled static 25-2p-Ps(1s)
0.1 147.51 17.17 655.75 181.29 147.17
0.5 125.39 15.81 234.58 137.62 103.88
1.0 104.95 14.60 140.47 117.09 94.82
1.5 89.84 13.71 116.92 114.13 95.74
1.8 82.57 13.27 120.41 97.26 99.83
2.0 78.30 13.00 119.80 93.45 107.19
3.0 62.02 11.91 77.65 77.90 87.93
5.0 43.52 10.38 40.42 57.43 65.15
10.0 24.84 8.15 15.95 26.14 38.85
20.0 13.46 5.91 7.04 9.21 16.67
30.0 9.28 4.71 4.96 5.77 8.01
50.0 5.76 3.40 3.40 3.59 3.91
100.0 2.98 2.05 1.95 2.04 1.97
aWe recalculate the FBA using the wave function of Weiss (Ref. 9) with the following interaction poten-
tial:
z < 1
Vin X 12:1 lx—rl
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crease of energy, the rate of decrease being slower than
the 2s-2p CCA. At the highest energy shown here (30
eV), this effect is about 20%, coupled static results being
higher. However, at 100 eV, the difference between the
two sets of results is negligible (Table I). In the case of
e-H (Refs. 11 and 12) and e "-He (Ref. 13) scattering,
the effect of Ps formation is found to be less pronounced.

The effect of positronium formation on the elastic
scattering can also be noticed by comparing the present
2s-2p-Ps and 2s-2p CCA (Fig. 2). Five-state CCA (Refs.
2-4) results are the most elaborate calculations so far re-
ported in the case of e T-Li scattering and have been in-
cluded in the same figure as a reference. The effect of Ps
formation is found to be very pronounced in the energy
range considered. Present 2s-2p-Ps CCA results are al-
ways greater than the corresponding 2s-2p and five-state
CCA results above 2.5 eV. These corroborate our earlier
findings® that the inclusion of the Ps-formation channel
in the expansion scheme enhances the elastic cross sec-
tion. Below 2.5 eV, the present 2s-2p-Ps CCA results lie
below the two- and five-state results and the position of
the minima is shifted towards lower energy. There are
differences between 2s-2p and 2s-2p-Ps CCA results even
up to 100 eV (Table I) whereas the difference between the
two- and five-state results is marginal beyond 30 eV.

In positron-alkali-metal-atom scattering, the contribu-
tion of inelastic scattering is dominant (Khan, Dutta, and
Ghosh?). The major contribution to the inelastic scatter-
ing comes from the 2s-2p excitation process. The 2s-2p
excitation cross section is expected to shape the total
cross section at intermediate energies. Integrated 2s-2p
excitation cross sections are presented in Fig. 3 up to the
incident energy 30 eV. This figure also contains the re-
sults of the two- and five-state CCA. Below the incident
energy 10 eV, our 2s-2p-Ps CCA results are always less
than two- and five-state predictions, five-state results be-
ing highest. Moreover, the position of the maximum is
shifted towards the higher energy when the positronium-
formation channel is included in the expansion scheme.
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FIG. 2. Elastic (2s-2s) integrated cross section (7a3) using
the 2s-2p, five-state, and 2s-2p-Ps CCA.
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FIG. 3. Integrated excitation (2s-2p) cross section (7a3): —
X —, 25-2p-Ps (CCA; —A—, five-state CCA; ——O ——,
2s-2p CCA.

Above the incident energy 10 eV, the difference between
the five- and two-state CCA predictions is not apprecia-
ble. On the other hand, we have noticed a significant
difference between the three- and two-state (five-state) re-
sults, the three-state results being higher. With the in-
crease of energy, the difference decreases (Table II). At
incident energy 100 eV, the results nearly coalesce. The
present 2s-2p results are in fair agreement with the earlier
predictions of Khan, Dutta, and Ghosh? and Ward
et al.* except at the two incident energies 2.0 and 3.0 eV.

It has already been shown by Guha and Ghosh’ that
the Ps-formation cross section in e "-Li scattering is very
sensitive to the model chosen. This feature is also clear
from Table III, where we have presented a number of
Ps-formation cross sections using the Born, coupled stat-
ic, and the three-state CCA predictions. The FBA cross
section is predominantly higher up to incident energy 5
eV. The results of coupled static and the three-state
CCA predictions are nearly equal at 1 eV. Below this in-

TABLE II. Excitation (2s-2p) cross section (in units of ma})
in e T-Li scattering using the FBA, 2s-2p, and 2s-2p-Ps CCA.

Energy (eV) FBA? 2s-2p 2s-2p-Ps

2.0 81.10 3.34 1.74

3.0 133.12 37.06 25.03

5.0 119.13 75.65 68.39

10.0 82.96 68.73 68.04

20.0 52.59 48.23 53.25

30.0 39.32 38.24 42.21

50.0 26.77 26.87 27.01
100.0 15.49 15.60 15.60

2Same as in Table 1.
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TABLE III. Ground-state capture cross section in e*-Li
scattering (in units of 7a3) using the FBA, coupled static, and
2s-2p-Ps CCA. Square brackets denote powers of 10.

Energy Coupled
(eV) FBA? static 2s-2p-Ps CCA
0.1 137.68 68.76 158.61
0.5 192.76 56.91 81.89
1.0 170.28 51.94 51.32
1.5 139.96 47.25 33.81
1.8 123.88 44.66 24.13
2.0 114.23 43.17 18.78
3.0 78.50 36.96 6.97
5.0 39.15 24.94 3.43
10.0 10.19 9.28 1.34
20.0 1.34 1.25 1.32
30.0 2.47[—1] 2.58[—1] 3.76[— 1]
50.0 1.74[—2] 2.32[—2] 2.82[--2]
100.0 4.01[—3] 4.02[—3] 2.60[ — 3]

*We recalculate the FBA using the wave function of Weiss with
the post interaction.

cident energy, the three-state results are higher than the
other two sets of results. Above this energy, the three-
state results decrease faster than the coupled static results
up to 20 eV. At an incident energy of 10 eV, the coupled
static results are approximately sevenfold greater than
the 25s-2p-Ps CCA predictions. This feature was also no-
ticed by Guha and Ghosh when they included the polar-
ization effect in the direct channel. From 20 eV and
above, three sets of results are nearly equal.

The difference between the coupled static and three-
state CCA prediction is due to the fact that the lithium
atom is a highly polarizable target. The present coupled
static results are in fair agreement with those of Guha
and Ghosh. The results of Abdel-Raouf, who have per-
formed a nearly coupled static calculation, differ from the
present result at incident energies 3 and 5 eV, respective-
ly.

It is instructive to compare the total positron cross sec-
tion with the corresponding measured electron results.
The total cross section o ; is assumed as

UT:0e1+UPs+Uexc+Uion .

Here, elastic (o)) and Ps-formation (opg) cross sections
are taken from the present studies. The excitation cross
section (o, ) consists of

Uexc:UZ.v-Zp +023-35 +U2s-3p +025-3d ’

where the 2s-2p excitation cross section (o, ,,) using the
2s-2p-Ps CCA is the present result and other results are
taken from Khan, Dutta, and Ghosh and Sarkar, Basu,
and Ghosh. The ionization cross section (o,,) is taken
from Basu and Ghosh.!* Below the first electronic excita-
tion threshold, the total cross section (o ) is the sum of
elastic and Ps-formation cross sections. The present total
cross sections for e t-Li scattering thus defined is com-
pared with the measured data of Kasdan, Miller, and
Bederson.!®> (e 7-Li) and the prediction of Sarkar, Basu,
and Ghosh (e *-Li) (see Fig. 4). Below the incident ener-
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FIG. 4. Comparison of the total cross section for e®-Li
scattering (in 1076 cm?): —— P, present results (e *-Li); —S,
Sarkar, Basu, and Ghosh (Ref. 3) (e "-Li). ®, experimental re-
sults for e ~-Li of Kasdan, Miller, and Bederson (Ref. 15).

gy 5 eV, the present results lie below the prediction of
Sarkar, Basu, and Ghosh, whereas above this incident en-
ergy the present results are always greater than those of
Sarkar, Basu, and Ghosh. Moreover, the present posi-
tron results are greater than the measured values for
e~ -Li scattering; the difference is less than 10%. In the
case of other alkali-metal atoms (Na,K), similar features
have been observed by Stein et al.!® The present total
cross section has a kink below the incident positron ener-
gy 5 eV. This feature awaits experimental confirmation.
The difference between the present total cross section and
those of Sarkar, Basu, and Ghosh beyond 5 eV is due to
the inclusion of the Ps-formation channel in the coupling
scheme.

IV. CONCLUSION

We have investigated e "-Li scattering using the three-
state CCA in which Ps-formation channels have been in-
cluded explicitly. This effect is not negligible even up to
incident energy SO eV. In the case of other atoms, this
effect is less pronounced. Our assumption that in the
case of alkali-metal atoms the effect of the Ps-formation
channel is significant is corroborated here. Moreover, the
lithium atom is a highly polarizable target. The effect of
atomic distortion is also found to be significant, as ex-
pected. First-order Born approximation (FBA) results
are not valid up to 100 eV. We conclude that to have a
reliable result in et —alkali-metal-atom scattering the
effect of the positronium channel and of atomic distortion
have to be included with proper care.

The inclusion of the 3d state in the expansion scheme
influences the cross section significantly below the in-
cident energy 10 eV (Khan, Dutta, and Ghosh?). The
present elastic and excitation cross sections are expected
to be modified below 10 eV if the 3d state is included in
the expansion scheme. Above this incident energy, we
believe, present results are reliable.
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