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ABSTRACT: Electron-impact ionization cross sections for the ground configuration of the Rn atom are calculated using
a combination of non-perturbative close-coupling and perturbative distorted-wave methods. Direct ionization of the 6p
and 6s subshells leading to single ionization are presented.

1. INTRODUCTION

Radon is the leading environmental cause of cancer. The development of means to reduce radon levels in homes and
workplaces is an ongoing business concern. Knowledge of the ionization cross sections for neutral Rn allow for an
approximate estimation of the likelihood of Rn redepositing, however there is a current lack of accurate ionization
cross section data for Rn.

A combination of the classical binary encounter approximation and Sommerfeld’s quantization of electronic
atomic orbits was used to calculate electron ionization cross sections for the heavy rare gas atoms including the outer
subshell of the Rn atom[1]. In this paper we carry out non-perturbative close-coupling and perturbative distorted-
wave calculations for the direct ionization of the 6p6 and 6s2 subshells for Rn. For direct ionization of the 6p6 subshell
we examine the effects of adding a polarization potential. We note that the inclusion of a polarization potential in the
non-perturbative close- coupling method was shown to be important for complex atomic systems such as W[2] and
Pb[3]. We also carry out perturbative distorted-wave calculations for the excitation of the 6s2 subshell for Rn to
investigate the possibility of excitation-autoionization contributions.

The rest of this paper is organized as follows. In Section 2 we give a brief review of the non-perturbative close-
coupling and the perturbative distorted-wave methods used to calculate electron-impact ionization cross sections. In
Section 3 we present our cross section results for the electron-impact ionization of the Rn atom. We conclude with
a brief summary and future plans in Section 4. Unless otherwise stated, we will use atomic units.

2. THEORY

The non-perturbative close-coupling ionization cross section is given by[4]:

                                         (1)

where P(n0l0LS) is the non-perturbative theory partial ionization probability.

The perturbative distorted-wave ionization cross section is given by[5]:
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                             (2)

where  is the first order perturbation theory partial scattering probability. The bound and
continuum orbitals are calculated in the Hartree-Fock Relativistic (HFR) approximation[6].

For both the non-perturbative close-coupling and the perturbative distorted-wave ionization calculations we use
a polarization potential given by:

                                                        (2)

where  = 35.0 and r
c
 = 2.54338 for Rn [7]. The polarization potential corresponds to the incoming electron polarizing

the electron charge cloud.

3. RESULTS

3.1.  Direct Ionization of the 6p subshell with no polarization potential

Non-perturbative close-coupling calculations for direct ionization of the 6p subshell of Rn using Eq.(1) with no
polarization potential were made on a 480 × 480 point lattice with a mesh spacing of  = 0.20 ranging from r = 0.0
to r = 96.00 for both sets of points. The non-perturbative close-coupling cross sections for direct ionization of the 6p
subshell with no polarization potential are presented in Table 1. Perturbative distorted- wave calculations were used
to topup the non-perturbative close-coupling calculations for l = 9 - 50. We note that the previous classical binary
encounter approximation and Sommerfeld’s quantization of electronic atomic orbits calculations[1] at an incident
energy around 25 eV range from 800 Mb to 1000 Mb, substantially above the cross sections found in Table 1.

Both the non-perturbative close-coupling and the perturbative distorted-wave ionization cross sections for the 6p
subshell of Rn are presented in Figure 1. The configuration-average ionization potential for the 6p subshell is 11.40
eV. We use simple analytical formulae to smoothly join the the 5 calculated non-perturbative close-coupling cross
sections and to extend the results to higher energies. Numerical values for the perturbative distorted-wave and non-
perturbative close-coupling cross sections are available on a fine energy mesh[8].

3.2.   Direct Ionization of the 6p subshell with polarization potential

Non-perturbative close-coupling calculations for direct ionization of the 6p subshell of Rn using Eq.(1) with the
polarization potential of Eq.(3) were made on a 480 × 480 point lattice with a mesh spacing of  = 0.20 ranging from
r = 0.0 to r = 96.0 for both sets of points. The non-perturbative close-coupling cross sections for direct ionization of
the 6p subshell with a polarization potential are presented in Table 2. Perturbative distorted-wave calculations with a
polarization potential were used to topup the non-perturbative close-coupling calculations for l = 9 - 50.

Both the non-perturbative close-coupling and the perturbative distorted-wave ionization cross sections for the 6p
subshell of Rn with the polarization potential are presented in Figure 2. We use simple analytical formulae to smoothly
join the 5 calculated non-perturbative close-coupling cross sections and to extend the results to higher energies.
Numerical values for the perturbative distorted-wave and non-perturbative close-coupling cross sections are available
on a fine energy mesh[8].

3.3.  Direct Ionization of the 6s subshell with no polarization potential

Non-perturbative close-coupling calculations for direct ionization of the 6s subshell of Rn using Eq.(1) with no
polarization potential were made on a 480 × 480 point lattice with the same mesh as used before for the 6p subshell.
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The non-perturbative close-coupling cross sections for direct ionization of the 6s subshell with no polarization potential
are presented in Table 3. Perturbative distorted-wave calculations were used to topup the non-perturbative close-
coupling calculations for l = 8 - 50.

Both the non-perturbative close-coupling and the perturbative distorted-wave cross sections for the 6s subshell
of Rn are presented in Figure 3. The configuration-average ionization potential for the 6s subshell is 29.33 eV. We
use simple analytical formulae to smoothly join the 3 calculated non-perturbative close-coupling cross sections and to
extend the results to higher energies. Numerical values for the perturbative distorted-wave and non-perturbative
close-coupling cross sections are available on a fine energy mesh[8].

Non-perturbative close-coupling and perturbative distorted-wave cross sections for  the 6s subshell of Rn with
the polarization potential of Eq.(3) were not made since previous calculations[2] for the 5d subshell of W yielded only
small changes in the cross sections.

3.4.  Excitation of the 6s subshell

Perturbative distorted-wave excitation cross sections are calculated for the 6s subshell of Rn. Excitation cross
sections for the 6s  6d, 6s  7l, and 6s  8l transitions are presented in Table 4. The excitation energies are all
above the configuration-average ionization energy of the 6p subshell. In the configuration-average approximation the
6s subshell excitations contribute to the ionization of the Rn atom through excitation-autoionization.

4. SUMMARY

Electron-impact ionization cross sections for the single ionization of the neutral Rn atom have been presented. The
overall perturbative distorted-wave and non-perturbative close-coupling calculations for the 6p subshell with and
without a polarization potential were presented for energies ranging from threshold to 150 eV. The overall perturbative
distorted-wave and non-perturbative close-coupling calculations for the 6s subshell without a polarization potential
were presented for energies ranging from threshold to 200 eV. In the future we plan to carry out perturbative
distorted-wave and non-perturbative close-coupling calculations for the outer subshells of other heavy atoms.

ACKNOWLEDGMENTS

This work was supported in part by grants from the US Department of Energy. Computational work was carried out
at the National Energy Research Scientific Computing Center (NERSC).

References
[1] Erwin D A and Kune J A 2003 J. Phys. B 36 4605

[2] Pindzola M S, Loch S D, and Foster A R 2017 J. Phys. B 50 095201

[3] Pindzola M S, Loch S D, and Colgan J P 2021 European Physical Journal D 75 45

[4] Pindzola M S, Robicheaux F, Loch S D, Berengut J C, Colgan J P, Foster M, Griffin D C, Ballance C P, Schultz D R, Minami T, Badnell
N R, Witthoeft M C, Plante D R, Mitnik D M, Ludlow J A, and Kleiman U 2007 J. Phys. B 40 R39

[5] Pindzola M S, Ballance C P, Ludlow J A, Loch S D, and Griffin D C 2010 J. Phys. B 43 025201

[6] Cowan R D 1981 The Theory of Atomic Structure and Spectra (University of California Press)

[7] Schwerdtfeger P and Nagle J K 2019 Molecular Physics 117 9-12, 1200

[8] email: lochstu@auburn.edu



M. S. Pindzola, S. D. Loch and J. P. Colgan

32 International Review of Atomic and Molecular Physics, 16 (1), January-June 2025



Electron-Impact Ionization of the Rn Atom

International Review of Atomic and Molecular Physics, 16 (1), January-June 2025 33



M. S. Pindzola, S. D. Loch and J. P. Colgan

34 International Review of Atomic and Molecular Physics, 16 (1), January-June 2025



Electron-Impact Ionization of the Rn Atom

International Review of Atomic and Molecular Physics, 16 (1), January-June 2025 35

Figure 1. Electron-impact direct ionization of the 6p subshell of Rn. Dashed line (red): distorted-wave method, Solid squares
(blue): non-perturbative close-coupling method (1.0 Mb = 1.0 × 10-18 cm2).

Figure 2. Electron-impact direct ionization of the 6p subshell of Rn. Dashed line (red): distorted-wave method with a
polarization potential, Solid squares (blue): non- perturbative close-coupling method with a polarization potential (1.0 Mb =

1.0 × 10-18 cm2).

Figure 3. Electron-impact direct ionization of the 6s subshell of Rn. Dashed line (red): distorted-wave method, Solid squares
(blue): non-perturbative close-coupling method (1.0 Mb = 1.0 × 10-18 cm2).
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