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When recent experimental positronium (Ps) formation cross sections have been
compared with the most up-to date theoretical studies, the agreement is qualita-
tive, but not quantitative. In this paper we re-examine this process and show that
at low energies Ps formation must be treated non-perturbatively. We also look at
Ps formation with inner shell electrons.

Positronium (Ps) represents a bound state between a positron and an

electron. It is formed in positron-atom collisions,

A+ e+ −→ A+ + Ps, (1)

when the positron energy, ε = k2/2, is above the Ps formation threshold,

ε > |εn| − |E1s| (2)

where εn is the energy of orbital n and E1s = −6.8 eV is the energy of

the ground-state Ps. In this work we will only consider Ps formation in

the ground-state. Noble gas atoms have tightly bound electrons, making

excited-state Ps formation much less probable.

Recently positronium formation in Ne, Ar, Kr and Xe has been de-

termined by two experimental groups, in London1 (UCL) and San Diego2

(UCSD). The two sets of data are in fairly good agreement. However,

recent distorted-wave Born approximation (DWBA) calculations3 overes-

timate the cross sections by as much as three times (for Xe), although

their overall energy dependence is reasonable. This is in contrast with ear-

lier coupled-static calculations4, which yield better magnitudes of the cross

section maxima, but disagree on the energy dependence. In this paper

we perform 1st-order and all-order calculations of Ps formation from va-

lence and subvalence subshells. We also consider Ps formation from inner
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shells. It produces inner-shell vacancies and can be important for positron-

annihilation-induced Auger-electron spectroscopy.

In the lowest order of the many-body perturbation theory, the Ps for-

mation amplitude is given by5

〈Ψ̃1s,K|V |n, ε〉 = −

∫
Ψ̃∗

1s,K(r1, r2)
1

|r1 − r2|
ψn(r2)ϕε(r1)dr1dr2, (3)

where ϕε(r1) is the incident positron wavefunction, ψn(r2) is the Hartree-

Fock wavefunction of the initial electron state (“hole”), and Ψ̃1s,K =

(1−
∑

n′ |n′〉〈n′|) Ψ1s,K is obtained from the wavefunction of the ground-

state Ps with momentum K,

Ψ1s,K(r1, r2) = eiK·(r1+r2)/2φ1s(r1 − r2), (4)

by orthogonalising it to all electron orbitals n′ occupied in the target ground

state. The positron wavefunction is calculated in the field of the target. The

Ps center-of-mass motion is described by a plane wave. The Ps formation

cross section is found by integration over the directions of K,

σPs =
MK

4π2k

∫ ∣∣〈Ψ̃1s,K|V |n, ε〉
∣∣2dΩK (5)

This approximation is equivalent to DWBA for a rearrangement collision.

The cross sections are found by summing over the positron partial waves

from l = 0 to 10. Figure 1 shows the Ps formation cross sections for the

valence np and subvalence ns orbitals in Ne, Ar, Kr and Xe. The present

results for the np subshell agree with the Ps(1s) formation cross section from

DWBA3. Both calculations progressively overestimate the cross section

near the maximum, compared to the experimental results1,2 which were

obtained by different methods. For Ne, Ar and Kr experiment and theory

converge at higher energies, while in Xe the discrepancy persists.

Ps formation thresholds for the inner shells lie at much higher energies,

e.g., at 242 and 320 eV for the 2p and 2s orbitals in Ar. Ps formation

from inner shells is suppressed due to the positron repulsion from the nu-

cleus. Figure 2 shows that Ps formation by the outer shells dominate near

the inner-shell thresholds. At higher positron energies in Ar the various

contributions become comparable, with 2p dominant above 550 eV.

Analysis of the lower partial-wave contributions which dominate near

the cross section maximum (l = 0–3), shows that they become close to and

even violate (for Kr and Xe) the unitarity limit for the inelastic processes,

σ
(l)
Ps ≤ π(2l + 1)/k2. This means that Ps formation cannot be treated

perturbatively. In other words, one must take into account the effect of Ps
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Figure 1. Total Ps-formation cross sections from Eq. (5) for the valence and subvalence
subshells; DWBA3 is only for the np subshell; experiment, UCL1 and UCSD2.
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Figure 2. Inner-shell Ps formation cross sections in Ne and Ar.

formation on the positron scattering. We achieve this by considering the

Ps formation contribution to the positron-atom correlation potential5,

〈ε′|Σ
(Ps)
E |ε〉 =

∫
〈ε′, n|V |Ψ̃1s,K〉〈Ψ̃1s,K|V |n, ε〉

E + εn −E1s −K2/4 + i0

d3K

(2π)3
. (6)

The potential is complex above the Ps-formation threshold. The corre-



November 28, 2005 15:54 Proceedings Trim Size: 9in x 6in psform1

4

0 20 40 60 80
Positron Energy (eV)

0

1

2

3

P
s-

fo
rm

at
io

n 
cr

os
s 

se
ct

io
n 

(a
.u

.)

2p (all-order)
2s (1st order)
total (1st order)
total (all-order)
Exp. (UCL)
Exp. (UCSD)

Ne

0 20 40 60 80
Positron energy (eV)

0

5

10

15

20

P
s-

fo
rm

at
io

n 
cr

os
s 

se
ct

io
n 

(a
.u

.)

3p (all-order)
3s (1st order)
total (1st order)
total (all-order)
Exp. (UCL)
Exp. (UCSD)

Ar

0 20 40 60 80
Positron energy (eV)

0

10

20

30

P
s-

fo
rm

at
io

n 
cr

os
s 

se
ct

io
n 

(a
.u

.) 4s (1st order)
total (1st order)
4s (all-order)
4p  (all-order)
total (all-order)
Exp. (UCL)
Exp. (UCSD)

Kr

0 20 40 60 80
Positron energy (eV)

0

20

40

60

P
s-

fo
rm

at
io

n 
cr

os
s 

se
ct

io
n 

(a
.u

.)

5s (1st order)
total (1st order)
5s (all-order)
5p (all-order)
total (all-order)
Exp. (UCL)
Exp. (UCSD)

Xe

Figure 3. Ps formation cross sections obtained nonperturbatively using Σ(Ps). Vertical
lines show ns Ps formation thresholds.

sponding scattering phaseshifts, δl = δ′l + iδ′′l are used to determine the

cross section as σPs = π/k2
∑

∞

l=0(2l + 1)(1− e−4δ′′

l ). This leads to notice-

able reduction of the cross sections, especially for Kr and Xe, Fig. 3.

Figure 3 shows that the subvalence ns subshell gives a small but de-

tectable contribution. The cross section maximum is still overestimated. A

better calculation must include a more accurate positron-atom correlation

potential, and account for the interaction between the Ps and residual ion.
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