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Positron impact ionization of atomic hydrogen

P. Acacia ?, R.I. Campeanu ®, M. Horbatsch ?, R.P. McEachran ? and A.D. Stauffer *

& Department of Physics and Astronomy, York University, Toronto, Canada M3J 1P3
® Department of Computer Science, Glendon College, York University, Toronto, Canada M4N 3M6

Received 3 February 1993; revised manuscript received 28 May 1993; accepted for publication 3 June 1993

Communicated by B. Fricke

In recent experimental work, the integrated ionization cross section for positron impact on atomic hydrogen has been obtained
in the energy range from threshold to several hundred electron volts. All previous theoretical calculations for this process are
found to lie well below the measured values. Within the framework of the distorted-wave approximation, we consider improve-
ments to the description of the interaction between the two outgoing particles. This interaction is described in terms of effective
charges while distortion in the incident channel is also included. Good agreement is obtained with experiment.

1. Introduction

In a recent experiment, Spicher et al. [1] deter-
mined absolute values of the integrated ionization
cross section for positron collisions with hydrogen
atoms. These measurements represent the cross sec-
tion for true ionization, that is, positronium for-
mation is not included. The e*-H system is of par-
ticular interest, as compared to the e"-H system,
since it contains three distinct particles and hence
exchange of identical particles is not possible. Be-
cause of the simplicity of the system, it represents an
ideal test for theoretical models of the ionization
process.

Earlier measurements on positron ionization of
helium atoms were carried out by Fromme et al. [2].
Campeanu et al. [3] studied this process theoreti-
cally using a number of distorted-wave models which
included the effects of distortion and screening in the
final channel. Two of these models produced satis-
factory agreement between the experimental data and
the calculated values. However, when these models
were applied to the positron-hydrogen system by
Mukherjee et al. [4,5] they yielded values for the in-
tegrated ionization cross section which were sub-
stantially below the experimental results. Similar
work by Ghosh et al. [6] and Hsu et al. [7] also pro-
duced theoretical results well below experiment, as

did the classical trajectory calculations of Ohsaki et
al. [8] and Wetmore and Olson [9]. Thus, the im-
portant question arises as to whether there 1s a fun-
damental discrepancy between theory and experi-
ment for this simple system or whether a more
elaborate theoretical investigation will resolve the
issue.

2. Theory

Here we address the problem by employing models
which involve a more detailed description of the in-
teraction between the two outgoing particles and the
residual ion. We thereby provide a more realistic de-
scription of the ionization process than was the case
in previous work. The free particles in the final chan-
nel are described as moving in the field of energy de-
pendent effective charges situated at the nucleus
[10,11].

If the interaction potential in the final channel is
described by Vj, then the exact scattering amplitude
(in atomic units) is given by the integral expression

Sk, k) = — (2R) 732 Dg(ry, 1) | Vel Pa(r,r))
=—(2n)*T;. (1)

The coordinates of the positron are denoted by r,,
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and those of the atomic electron by r,. The incident
projectile has momentum k;, and therefore its kinetic
energy is E; = 1k?2, in atomic energy units. The scat-
tered projectile and the ejected atomic electron have
momenta k;, k. and energies E; E. respectively.
¥+ is the exact wavefunction with an incident plane
wave in channel a and outgoing wave boundary con-
ditions. Similarly, @ is the wavefunction in channel
p when the interaction potential is set to zero. The
form of the potential is discussed in detail below. The
integrated cross section formula for positron impact
on hydrogen is given in terms of the scattering am-
plitude by [12]

Ei—-IP
O(E) = ,ﬁi kek, d(4k2)
0
x | [ 1fthes ko 12 0, o, (2)

where IP denotes the ionization potential of atomic
hydrogen. From energy conservation one obtains the
relationship

k2 =ki+k2+21P. (3)

By taking the initial channel as a and the final chan-
nel as P, we can decompose the total Hamiltonian H
as

H=H,+V,=Hg+V;. (4)

The initial channel interaction potential between the
incident positron and the hydrogen atom is given by

Vao=1/r1—1/r2, (5a)

so that the non-interaction wavefunction in the ini-
tial channel is @, =exp (ik;-r, )y (r2) where y, is the
wavefunction for the hydrogen atom in its ground
state. In the final channel the interaction involves
the free electron and positron in the field of the pro-
ton and hence is given by

Vb=1/r1—-l/r2—l/r12. (Sb)

We base our distorted-wave treatment of the ioni-
zation process on the two-potential form of the 7-
matrix [13],

Ta=(E5 |Va=Wp| P> +<(E5 | Wl ¥a ). (6)

Here the potential in the final channel is written as
Va=Ug+ W and the distorted waves Zj are the ei-
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genfunctions of Hy+ Us. We remark that eq. (6) is
exact for any choice of Us. We now replace the exact
wavefunction ¥} by a distorted wave Z7 (r,, r,)
which is an eigenfunction of the distorted Hamil-
tonian H,+ U, with some appropriate choice of the
distortion potential U,. With this substitution the 7-
matrix is no longer exact and the accuracy of the ap-
proximate 7-matrix depends on the particular choices
made for U, and Us. Campeanu et al. [3] found that
the cross section results were not very sensitive to
the chosen form of U, but depended more crucially
on Ug. Here we choose U, to be a potential that de-
pends only on r; and is the sum of the static potential
of the hydrogen atom plus the Bethe-Reeh dipole
polarization potential [14]. Thus ZF is the product
of the hydrogen ground state wavefunction times a
distorted wave representing the incoming positron
which we denote by x. For the final channel we
choose U to be of the general form

Zf Ze
Up:r—+r—,
1 2

(7)

where the effective charges z; and z. are independent
of the coordinates of the particles but are allowed to
depend parametrically on the energies of the scat-
tering and ionized particles. Consequently, if ¢(z, r)
is the regular Coulomb function with charge z, then

E5 (r, ) =0z, r)@e(z, r2) . (8)

With theses choices the 7T-matrix given in eq. (6)
becomes, after some simplification,

Tow =<Z5 Vsl &>
= Pe ¥ > (Pl Ualii> - (9

The first integral is the form of the 7-matrix com-
monly used in ionization. We note that the second
term is zero if ¢, is a Coulomb function with charge
unity.

Jetzke and Faisal [10] have shown that it is pos-
sible to separate the interaction potential of an N-
particle system into a sum of Coulomb interactions
with energy dependent effective charges in the
asymptotic region. They have used this form of the
interaction potential to calculate triple differential
cross sections for the ionization of hydrogen by elec-
trons and positrons. Whelan et al. [11] have also
used these effective charges in their study of electron
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ionization of hydrogen. We have adopted this choice
of effective charges for the present work. Specifically
they are given by

ze=_1_(_lie_:.’_‘i)_§e_ke, (10a)
| ke — k|
(ke—k.) ks

=] . 10b

Zf 1 Ike_kflg kf ( O )

We note that these charges satisfy the Peterkop-
Rudge-Seaton (PRS) condition
Ze + zF zZ Z 1

_— 4+ —

_ __ 1
KTk TR e T Tkl ()

which is a rigorous asymptotic condition that applies
to the ionization problem [15,16]. We also note that
the singularity that occurs when k. =k is a reflection
in the energy domain of the singularity in the inter-
action potential 1/r,, which occurs when r, =r,. This
singularity is also implicit in the PRS condition.
These singularities produce no numerical difficulties
in the calculation of the scattering amplitudes as the
Coulomb functions are well behaved as the effective
charges go to tco.

In order to make the calculation of the integrated
cross sections (2) tractable, we have evaluated the
effective charges by assuming that k. and &; are par-
allel which thereby yields

ke
== ke kthe— kel (2)
I
= ek e —hel (120)

However, we do not carry this assumption over to
the evaluation of the scattering amplitudes and cross
sections which have the full angular dependence on
the direction of the particles in the final channel.

3. Results and conclusions

In fig. 1 we show our values of Q(E;) for positron
impact ionization of atomic hydrogen as determined
by our model which we denote by EDEC. We have
used a 20 point Gaussian quadrature in the energy
integral. The partial wave amplitudes were calcu-
lated for increasing values of the angular momenta
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Fig. 1. Integrated ionization cross section for atomic hydrogen
by positron impact. (@) Experimental results [1]. Theoretical
results: (——) present results, EDEC; (A ) ref. [9]; (- - ) ref.
[5], DW2; (- - -) first Born approximation.

until they converged to the Born values within a set
tolerance. The Born values were then used for the
higher partial wave amplitudes via a subtraction
technique employing the closed form for the Born
amplitudes [16]. Also shown are the experimental
measurements of ref. [1], the first Born approxi-
mation as calculated from the closed form for the
scattering amplitudes and the theoretical calcula-
tions of refs. [5,9]. The results of ref. [6] are very
close to the Born values, while the distorted-wave
calculations of refs. [4,7] lie in the same range as
those of ref. [5]. The classical trajectory cross sec-
tions of ref. [8] lie slightly below those of ref. [9].

In comparison with the experimental data, our re-
sults lie mostly within the error bars in the inter-
mediate energy range. At higher energies we seem to
fall below the experimental measurements. How-
ever, we expect that the ionization cross section
should approach the first Born approximation in the
high energy limit. Spicher et al. took measurements
up to energies of 600 eV and their values approach
the Born results at those higher energies. Thus their
points located at approximately 180 eV and 200 eV
do not accurately reflect the high energy behaviour
of the data.

We note that the agreement between experiment
and theory for the integrated ionization cross sec-
tions of atomic hydrogen by positron impact has been
improved by using the energy dependent charges
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[10,11] to describe the interaction of the particles in
the final channel. Thus the disagreement between the
experimental results and the previous theoretical cal-
culations would seem to reflect the particular choice
of model used for these calculations and does not
represent a fundamental disagreement between the-
ory and experiment. More elaborate calculations on
this system are required to provide a definitive an-
swer to this question.

Acknowledgement

This research was supported in part by the Natural
Sciences and Engineering Research Council of Can-
ada. One of us (PA) gratefully acknowledges the
support of an NSERC graduate scholarship.
References

[11G. Spicher, B. Olsson, W. Raith, G. Sinapius and W. Sperber,
Phys. Rev. Lett. 64 (1990) 1019.

208

PHYSICS LETTERS A

9 August 1993

[2] D. Fromme, G. Kruse, W. Raith and G. Sinapius, Phys. Rev.
Lett. 57 (1986) 3031.
[3] R.I. Campeanu, R.P. McEachran and A.D. Stauffer, J. Phys.
B 20 (1987) 1535.
{4] K.K. Mukherjee, N.R. Singh and P.S. Mazumdar, J. Phys.
B 22 (1989) 99.
{5] K.K. Mukherjee, K.B. Choudhury, N.R. Singh, P.S.
Mazumdar and S. Brajamani, Can. J. Phys. 68 (1990) 249,
[6] A.S. Ghosh, P.S. Mazumdar and M. Basu, Can. J. Phys. 63
(1990) 621.
[7]S.-W. Hsu, T.-Y. Kuo, C.J. Chen and K.-N. Huang, Phys.
Lett. A 167 (1992) 277.
[8] A. Ohsaki, T. Watanabe, K. Nakanishi and K. Iguchi, Phys.
Rev. A 32 (1985) 2640.
{91 A.E. Wetmore and R.E. Olson, Phys. Rev. A 34 (1986) 2822.
[10]S. Jetzke and F.H.M. Faisal, J. Phys. B 25 (1992) 1543.
[11]C.T. Whelan, H.R.J. Walters, J. Hansen and R.M. Dreizler,
Aust. J. Phys. 44 (1991) 39.

[12] M.R.H. Rudge and S.B. Schwartz, Proc. Phys. Soc. 88
(1966) 563.

[13] C.J. Joachain, Quantum collision theory, 3rd Ed. (North-
Holland, Amsterdam, 1983).

[14]R.J. Drachman and A. Temkin, Case studies in atomic
collision physics II (North-Holland, Amsterdam, 1972) ch.
6, p. 398.

[15] R.K. Peterkop, Opt. Spectrosc. 15 (1962) 87.

[16] M.R.H. Rudge and M.J. Seaton, Proc. R. Soc. A 283 (1965)
262.



