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The effect of positronium formation in positron-alkali-atom scattering
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We study e*-Na, e*-K, and e*-Rb scattering using the close coupling approach
in the static and coupled static expansion schemes. We calculate partial wave elastic
scattering phase shifts and total elastic and Ps formation cross sections up to an
incident positron energy of 100 eV. The effect of the positronium formation channel
on the elastic channel is found to be strong in all cases up to an incident positron
energy of 10 eV. We also make an estimate of the total cross section which exhibits
a minimum as a function of energy at low energies.

PACS numbers: 34.90.4q, 34.40.4+n

To appear in Chemical Physics Letters

The close coupling approximation (CCA) scheme provides a practical framework for
dealing with electron-atom and positron-atom scattering. Unlike the variational calculations,
CCA deals with rearrangement and elastic channels in an unified way and provides results
for ionization and positronium (Ps) formation. This approach has been frequently used in
e*-H and et-He scattering[1-7].

Recently, there has been experimental[8, 9] and theoretical activities in positron-alkali-
metal-atom scattering[10-18]. The CCA scheme has been employed in the theoretical studies.
However, due to technical difficultics it is not easy to include the rearrangement positronium
formation channels in the case of these large atoms. Hence most of the CCA calculations
have neglected these channels. There has been some calculations including the Ps formation
channel employing simple atomic wave functions[18]. Even in these calculations a systematic
study of the effect of the Ps formation channel in positron-alkali-metal-atom scattering has
not been made. In the present letter we make such a study of the Ps formation channel
in the CCA treatment of positron-sodium, positron-potassium and positron-rubidium scat-
tering employing realistic atomic wave functions. 1t is expected that any meaningful CCA
calculation of positron-alkali-imetal-atom scattering should include the Ps formation channel,
as this channel is already open at the elastic scattering threshold.

In a recent investigation we studied e*-Li and e*-Na scattering in S and I’ waves using
the CCA approach in the static and coupled static expansion schemes{19]. The term static
refers to the inclusion of only the ground state of the target atom in the expansion scheme,
whereas coupled static refers to the inclusion of the ground state of the positronium atom
in addition to the ground state of the target atom in the expansion scheme of the CCA
approach. The effect of the Ps formation channel on the elastic channel was found to be
strong in both cases. In the case of the lithium atom the effect was dramatic; the inclusion
of the Ps formation channel transfornied the purely repulsive efective e*-Li S wave (static)
potential to a predominantly attractive (coupled static) potential. In this case, we found that
in the static model §(0) — 8(o0) = 0. whereas in the coupled static model §(0) — é(o0) = =,
where §(F) is the S wave phase shilt at energy E. Accordiug to Levinson theorem this
suggests a bound or continuum bound state of the system. This means that the inclusion of
the Ps formation channel in the (!CA approach to the elastic e*-Li scattering will result in
strong attraction. In the case of e*-Na scattering the effect of the Ps formation channel on
S and P wave elastic scattering was less pronounced and no change in §(0) — é(c0) - was
observed.

In this Letter we perform a complete study of e*-Li, et-Na, e*-I(, and e*-Rb scattering
in the static and coupled static schemes of the CCA approach. We calculate total elastic
and Ps formation cross sections up to an incident positron energy of 100 eV. The effect of
the positronium formation on the elastic channel is found to be strong in all cases up to
an incident positron energy of 10 eV. llowever, the effect of the Ps formatiou channel on S
and P wave elastic positron-alkali-metal-atom scattering phase shifts is less pronounced as
one passes from the lighter to the heavier alkali atoms. In the case of e*-Li scattering the
present results and conclusions are in agreements with the previously published results,[10,
19] and here we present only new results in the cases of €*-Na, e*-K, and e*-Rb scattering.

We also calculate the partial wave summed elastic and Ps formation cross sections at



various energies. Experimentally, the results for total cross section is available. Estimate
is made for the total cross section using previously published results for excitation cross
sections and present elastic and Ps forination cross sections.

In the following we give some details of the positron-alkali-metal-atom scattering equa-
tions. In the CCA approach the total wave function for the positron-alkali-metal-atom
system is written as[10]

‘P(FhFZ, rm ZQ (1],72,...,1_",,)F,(.’E)+ZQT,(FL1."2...,17,,_])77,,(/’)(:,,(}?), (])
with

F=(F-7),  R=(F+8)/2 (2)

where 7;(; = 1,2,...,n) are the coordinates of the atornic electrons and & is the positron
coordinate. Here ®,(F),73,...,7) and 3,(7) are the ith and vth eigenstates of the alkali-
metal and positronium atom systems, respectively. The ground state wave function of the
alkali-metal-ion is described by ®},(F), 72, ...,7u_1), Fi(%) describes the motion of the incident
positron and G, (R) describes the relative motion between the positronium and the alkali-
metal-ion. In our treatment we include at most only one term in each sum of Eq. (1), e.g.,
the ground states of both alkali-metal and positronium atoms. In the static scheme only one
term in the first sum of Eq. (1) is included, in the coupled static scheme one term in each
sum of this equation is included.

We shall be working with the usual coupled scattering integral Lippmaun-Schwinger type
equations of the CCA approach which are written in the following form:[l 7]

‘ It fﬂBu( E’v E”)ftln(,:”y i‘:)
' E+:0-F, '

SoalK' k) = 8 (K. F) - (3)

Here fga(E', E) is the scattering amplitude for transition from channel a to channel 3, k and
¥ are the relevant relative inomenta in these channels, p, is the reduced mass in channel
’ f&(lz’, E) is the corresponding Born amplitude. The partial wave expansion of fg.(k’, k)
rom the initial state |nim > of the target atom to the final state < n't'm’[ of the target
itom is given by

fao(K',F) = k, S Y Y Y < UEMun|IM >< LiMymlJM >

JM LM LM,
X Ty (7K Tk fopg, (K )Y, (), (1)

‘here L and My, are the orbital angular momentum and projection of the incident projectile
ate, n, | and m are the principal quantum nuniber, orbital angular momentun and projec-
on of the initial state of the target atom, and J and M are the total angular momentum
id projection, < LIMym|JM > is the usual Clebsch-Gordan coefficient. A similar partial
ave expansion holds for the Boru term. Also, 7 stands for the collective quantum numbers
Sl,m).

After partial wave analysis the coupled integral equations become
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The elastic scattering phase shift for the elastic channel denoted by suffix 1 is defined by

) 1
by = 5 nr(‘l‘an[

)
Re(T?, ] )

2 — Im(T},
where T}, is the on-shell elastic ¢ matrix element.

Next we illustrate some details of the positron-lithium system. The Born martix element
for the elastic channel is given by

R z 1 I
B L) — kT e o & _ _
fiitks k) 2n/" RCUNEEY P Ty R ey B Y

X ©q, (7, 7o, T3 )drFy drydizdi. (7)

In this equation Z is the number of atomic electrons and k=Fk — 1—-:/. The lithium wave
function is given by

Gog(Fr. P ) = Al (Fy g (F2)ugs (7)) (8)

where A denotes the proper antisyninetrizer for electrons, and the atomic orbitals for the
1s and the 2s electrons are given hy

G

s () = 3 )TN Y (). (9)
=1
The transition Born matrix element to the Ps formation channel, denoted by suffix 2, is
given by
I 1 zZ Z 1 1
61—t oo (2 Dt
farlky, ki) L. ‘ B RN L) rooT3 |¥ =] =7

—(I—_l—_~ ——L )]‘b“(u,u,r.)(/r,<l12d1 . (10)
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In this equation p' = ki — I://’Z. The lithium ion wave function is taken to be given by

Gp (7)== Al (7 ) (7)) (1)
where the atomic orbitals are given by
4
wh(F) = 3 at(1s)e ™ Voo(F). (12)
The constants for these wave functions are taken from Ref.[20]. In the calculation it is

assumed that only the 2s electron participates in the Ps formation, so that the diagonal
Born term f5 = 0.



Similar calculations have been carried out for the other atonis of the alkali series. The
wave functions for these atoms are also taken from Clementi and Roetti[20].

The resulting partial wave scattering integral equation for the ¢ matrix is solved by the
standard matrix inversion technique without any further approximation[21].

The results of e*-Li scattering have already appeared in the literature[10, 19] and the
present calculation agrees with the previous ones. Here we present results for the other cases.
In Figs. 1 (a) and 1 (b) we exhibit results for S and P wave phase shifts, respectively, for the
e*-K scattering for the static and the coupled static approaches. Similar results for e*-Rb
scattering are shown in Figs. 2 (a) and 2 (b). The results for e*-Li and e*-Na scatlering
phase shifts have appeared recently.[19] We find that in all four cases.at low eunergies (<
10 eV) the static and coupled static phase shifts are different showing the relevance of the
Ps formation channel in the CCA approach. However, the difference is less in the case of
heavier alkali atoms than in the case of lighter alkali atoms.

In Fig. 3 we exhibit the partial wave summed elastic and Ps formation cross sections
for e*-Na scattering using the static and coupled static CCA approaches. Note that tlere
is no Ps formation in the static approach. In the partial wave sum at low energies some 7
partial waves were included whereas at higher energies some 15 partial waves were included.
Convergence was achieved in all cases. In Figs. 4 and 5 we show the same results for e*-
K and e*-Rb scattering. In all cases, we find that the Ps formation channel has a strong
effect on the results of elastic scattering. Hence in any realistic calculation using the CCA
approach it is extremely important to include the Ps formation channel. This casts doubt
on some analyses of positron-alkali-metal-atom scattering in the CCA approach neglecting
the Ps formation channel.[12, 15, 16]

It is instructive to estimate the total positron-alkali-metal-atom cross section in the
case of sodium, potassium. and rubidiuin in the presence of the Ps formation channel in
a CCA approach. Similar estimate has appeared in the case of the lithiun.[10] Recent
experiment has revealed[8, 9] that the total cross section has a minimum ncar the lowest
excitation threshold in the case of potassiumi and rubidinm. Previous CCA calculation of
e*-Li scattering including the Ps [ornation channel has demonstrated a minimuin in the
total cross section near the lowest excitation threshold.[10] The C'C'A calculations neglecting
the Ps formation channel highly overestimates{12, 15, 16] the elastic cross sections at low
energies, and consequently, there is no minimuwin in the total cross section. The total cross
section is given by

Oy = 0t + Ops + Oezc + Oion,s (1'})

where el, Ps, exc, and ion stands for elastic, Ps formation, excitation, and ionization,
respectively. In the present estimate the partial wave sumined elastic and Ps formation
cross sections are taken from this study. The excitation cross sections are taken from the
theoretical calculations of the York university group.{15, 16] The ionization cross sections are
expected to be small[22] and are neglected. The present estimates of the total cross section
in the cases of sodium, potassinm, and rubidimmn are exhibited in Table 1 together with the
present results for elastic and Ps formation cross sections.

In all three cases the present cstimate for the total cross section exhibits a minimum

Ut

near the lowest excitation threshold(s), as one can see in Table 1. Similar minina have been

observed in the recent measurements of the total cross section in the cases of e*-K, and °

e*-Rb scattering.[9] However, the present estimates of the total cross section, though much

smaller than those of the York university group[15, 16] and of Sarkar et al.,[12] are larger than .

the experimental results. Though we do not have a complete explanation of this fact some

explanatory remarks are in order. The present coupled static calculation while compared

with the CCA calculation of the York university group neglecting the Ps formation channel
reveals that the inclusion of the Ps formation channel highly reduces the elastic cross section.
It is likely that the inclusion of the Ps formation channel in a fully convergent calculation
using Eq. (1) may similarly reduce the excitation cross sections. This has been observed
by Basu and Ghosh[10] in their study of positron-lithium scattering. They reported results
for 2s-2p excitation cross sections for e*-Li scattering using the two following basis sets:
(a) Li(2s,2p), and (b) Li(2s,2p)+Ps(1s). They found that below the incident energy of 10
eV, the excitation cross sections obtained using basis (b) were appreciably less than those
obtained employing the basis (a). Consequently, it is expected that after a fully convergent
multichannel CCA calculation including many states of the target and the positronium atom
in Eq. (1), the excitation cross sections and the total cross section of the alkali-atom-series
might get reduced in agreement with experiment.

The present phase shifts are in fair agreement with previous calculations.{10, 19] However,
in previous calculations phase shifts were not plotted. Also, a quantitative comparison of
results of various calculations is not to the point, because different approximations and wave-
functions were employed in various calculations. For example, the atomic wave functions
used by Basu and Ghose[10] are different from those employed in the present calculation.
However, the qualitative features of these two calculations are similar whenever results are
available. Also, the calculation of Ghosh et al.[11,12] and Ward et al.[15, 16] did not include
the Ps formation channel. As we are studying the importance of the Ps forination channel,
it is not fair to compare with these two calculations.

In conclusion, we have demoustrated the strong effect of the Ps formation channel on the
elastic channel observables in a CC'A calculation of the positron-alkali-metal-atom scattering.
We have exhibited this effect on the S and P> wave elastic phase shifts and on the partial
wave summed elastic cross sections and calculated the Ps formation cross sections. We
also made estimates for the total cross sections for e*-Na, e*-K, and e*-Rb scattering and
found a minimum in this cross section near the lowest scattering threshold(s) in agreement
with experimental finding[9]. However, the present estimate for the total cross section uses
the excitation cross sections of the York university group calculated in the CCA approach
neglecting the Ps forination channel and are large compared to the experimental results. A
multichannel CCA calculation including the Ps formation channel should be performed in
the future to see if agreement with experimental results is improved.
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Tecnolégico (CNPq) and Fundagio de Amparo a Pesquisa do Estado de Sao Paulo (FAPESP)
of Brasil. The work is partially supported by the Department of Science and Technology
(D.S.T.), Government of India under project SP/S2/K-46/89. H. R. is thanklul to D.S.T.
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Table Caption: The present coupled static calculation of partial wave summed elastic
and Ps formation cross sections together with estimate for total cross section (wal) for et-
Na, e*-K, and e*-Rbh scattering. The excitation cross sections are taken from Refs. [15] (Na
and K) and [16] (Rb). In the case of Rb the excitation cross sections are obtained by the
method of interpolation hetween two energies.

Table 1
et-Na et-K et-Rb
E(eV) 03535 O35Ps ay Tis1s  T4sPs a; T5s55  O55Ps ay

0.1 168 30 198 { 191 7 198 | 193 9 202
1 134 34 168 | 138 6 144 | 133 10 143
1.5 121 33 154 | 122 6 128 | 117 10 127
2 110 32 142 ] 116 7 203 | 101 10
2.5 100 30 130 | 107 7 240 | 89 10 156
3 91 28 119 98 7 248 79 10
3.5 83 20 119 91 6 248 73 10 250
4 76 21 185 S 5 214 G 10

5 65 20 175 | 72 4 228 1 53 9

7 49 15 1441 54 3 196 | 38 6 188
10 32 8 118§ 35 1 156 | 28 4 150
20 12 1 68 17 0 100 17 1 113
30 7 0 48 12 0 74 14 0 81
50 0 34 9 0 52 11 0 61

Figure Caption

1.(a) S wave and (b) P wave static (full line) and coupled static (dashed line) elastic
scattering phase shifts in radians at various energies for positron-potassium scattering.

2. (a) § wave and (b) P wave static (full line) and coupled static (dashed line) elastic
scattering phase shifts in radians at various energies for positron-rubidium scattering.

3. Total static (full line), total coupled static (dotted line), and total s formation
(dashed line) cross sections at. various energies for positron-sodiuin scattering. Note that
there is no Ps formation in the static model.

1. Same as Iig. 3 for positron-potassinm scattering.

5. Same as Iig. 3 for positron-rubidium scattering.
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Figure 2, Ray et al., Chem. Phys. Lett.
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