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ABSTRACT: Relativigtic perturbation theory calculations are carried out for dielectronic recombination cross sections
involving levelsin the O* 1s2p23l (1 = 0, 1, 2) configurations. One of the 8 levelsin the 1s22p?3s configuration is found
to lie above the O* ionization limit, eight of the 21 levels in the 1s2p?3p configuration are found to lie above the O*
ionization limit, and all 28 levelsin the 1s°2p?3d configuration are found to lie above the O* ionization limit. The largest
cross sections are found at -2.0 eV for the 1s?2p?3s configuration, at 1.2 €V for the 1s?2p?3p configuration, and at 1.7 eV
for the 1s2p?3d configuration.

1. INTRODUCTION

Resonance states just below the ionization threshold may contribute to diel ectronic recombination in astrophysical
and laboratory plasmag[ 1, 2]. Proper inclusion of the bel ow-threshold resonance states may make substantial changes
in the thermally averaged rate coefficients.

Recently relativistic perturbation theory calculationswere madefor the die ectronic recombination cross sections
involving the 10 levels in the F°* 1s?2p6p configuration[3]. Only one of the 10 levels was found to lie above the F&*
ionization limit. In this paper welook at dieectronic recombination in O* 1s22s? leading to O+ 1s2p?3l (1=0, 1, 2)
resonance states that lie just beow and above the ionization threshold.

Therest of the paper is structured as follows: in section 2 wereview theory, in section 3 we present results, and
in section we give a brief summary. Unless otherwise stated, all quantities are given in atomic units.

2. THEORY
The dielectronic recombination cross section for an N electron ground level with statistical weight g, combining into
an (N+1) dectron doubly excited level with statistical weight g is given by[4]:

2

g
Ojmj = mﬁAa(J — @)B; )

where E_ istheenergy of the continuum electron and AE is binwidth. The branching ratio for radiative stabilization
isgiven by:

= Zn AT(J = ‘Tl)
2 A = F)+ 2, Al — ) (2)

where the radiative A and autoionization A, rates are evaluated using lowest order perturbation theory.

B;

For radiative and autoioni zation rates, the energies and bound state wavefunctions are calcul ated using a multi-
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configuration Dirac-Fock atomic structure codeg[5]. The continuum state wavefunctions are calculated using a a
single-channd radial Dirac equation, where the Dirac local exchange distorting potential is constructed from Dirac-
Fock bound radial orbitals.

3. RESULTS

Fully relativistic calculations were carried out for the O* 1s?2s? subconfiguration leading to an energy of -68.3032
au. Fully relativistic calculations were also carried out for the O* (15°28%+15%2 p2+1s?2p?) subconfigurations leading
to an energy of -68.3970 au. Energies for the 57 levels associated with the O3 1522 p23I(l = 0, 1, 2) configurations
are based on differences between low-order reativistic calculations for the resonance subconfigurations and fully-
relativistic calculations for the O* (1s22s2+1s%2 p2+1s22p?) subconfiguration.

Low-order reativistic calculations were carried out for the 8 levels of the O even-parity subconfigurations:
1?2 p23s (1 level), 1s22 p2p3s (4 levels), and 1s22p?3s (3 levels). For added correlation we also included 9 levels
from the 1s?2s2p? and 1s?2s?3s configurations. Autoionization rates were determined for the decay of the 8 levels of
the 1s?2p?3s configuration to the 30 leves of the 1s?2s2pkp and 1s?2s2pkf configurations. Radiative rates were
determined for the decay of the 8 levels of the 1s?2p?3s configuration to the 5 levels of the 1s?2p® configuration.
Energies, autoionization rates, and radiative ratesfor the 8 levels arepresented in Table 1. Dielectronic recombination
cross sections for the 8 levels are presented in Figure 1 using A E_= 0.04 eV in Eq.(1). Convoluted di€lectronic
recombination cross sections for the 8 leves are presented in Figure 2 using a convolution energy of 0.4 eV. We note
that the largest convoluted cross section is around -2.0 €V due to the levels 1s?2p?(0)3s 1/2 and 1s°2p?(2)3s 3/2.

Low-order reativistic calculations were carried out for the 21 levels of the O** odd- parity subconfigurations:
12 pZ3p (1 levd), 12 p2p3 p (4 levels), 1s22p23 p (3 leves), 152 p23p (1 leve), 1522 p?p3p (7 levels), and
1s?2p?3p (5 levels). For added correlation we also included 4 levels from the 1s22s?2p and 1s?2s?3p configurations.
Autoionization rates were determined for the decay of the 21 levels of the 1s?2p?3p configuration to the 41 levels of
the 1s22s2pks, 1s?2s2pkd, and 1s?2s2pkg configurations. Radiative rates were determined for the decay of the 21
levels of the 1s?2p?3p configuration to the 8 levels of the 1s?2s2p? configuration. Energies, autoionization rates, and
radiative rates for the 21 levels are presented in Table 2. Dielectronic recombination cross sections for the 21 levels
arepresented in Figure 3using A E_ = 0.04 €V in Eq.(1). Convoluted dielectronic recombination cross sections for
the 21 levels are presented in Figure 4 using a convolution energy of 0.4 V. We note that the largest convoluted
cross section is around 1.2 eV dueto the levels 1522 p2p(2)3p 3/2 and 1?2 p2p(2)3p 5/2.

Low-order reativistic calculations were carried out for the 28 levels of the O even-parity subconfigurations:
12 p23 g (Lleve), 12 p2p3 g (7 levels), 1s2p?3 ¢ (5 levels), 1522 p23d (1 level), 152 p2p3d (8 leves), and
1s?2p?3d (6 levels). For added correlation we also included 10 levels from the 1s2s2p? and 1s?2s?3d configurations.
Autoionization rates were determined for the decay of the 28 levels of the 1s?2p?3d configuration to the 53 level's of
the 12s2pkp, 1s?2s2pkf, and 1?2s2pkh configurations. Radiative rates were determined for the decay of the 28
levels of the 122p?3d configuration to the 5 leves of the 1s?2p® configuration. Energies, autoionization rates, and
radiative rates for the 28 levels are presented in Table 3. Dielectronic recombination cross sections for the 28 levels
arepresented in Figure 5 using A E, = 0.04 €V in Eq.(1). Convoluted dielectronic recombination cross sections for
the 28 levels are presented in Figure 6 using a convolution energy of 0.4 V. We note that the largest convoluted
cross sectionisaround 1.7 eV dueto the levels 1s22p%(2)3 § 3/2, 1°2p*(2)3 ¢ 5/2, and 1°2p*(2)3 ¢ 7/2.

4. SUMMARY

Reativistic perturbation theory has been applied to calculate the dielectronic recombination in O* above and below
theionization threshold involving levelsin the O3+ 1s?2p?3s (I = 0, 1, 2) configurations. In the future we plan to map
out the dielectronic recombination above and below the ionization threshold for the O%* 1s22s2p4l (1 =0, 1, 2, 3) and
1s?2s2p5l (1=0, 1, 2, 3, 4) configurations.

ACKNOWLEDGMENTS
This work was supported in part by grants from the US National Aeronautics and Space Administration and the US

80 \ International Review of Atomic and Molecular Physics, 10 (2), July-December 2019



Dielectronic Recombination in O* Near the lonization Threshold

Department of Energy. Computational work was carried out at the National Energy Research Scientific Computing
Center (NERSC) in Berkeley, California.

References
[1] Robicheaux F, Loch SD, PindzolaM S, and Ballance C P 2010 Phys. Rev. Letts. 105 233201
[2] PindzolaM S, Loch S D, and Robicheaux F 2011 Phys. Rev. A 83 042705
[3] PindzolaM S and Loch SD 2018 Int. Rev. of Atomic and Molecular Phys. 9b 87
[4] PindzolaM S and Badnell N R 1990 Phys. Rev. A 42 6526
[5] Grant | P 2007 Relativistic Quantum Theory of Atoms and Molecules (Springer, New York)

Table 1. O%* 1s°2p?3s Auger and Radiative Rates

Sub-configuration J value Energy Auger Rate Radiative Rate
1s22p%(0)3s 1/2 550 eV 3.17 x 10¥ Hz 2.66 x 10° Hz
1522p2p(1)3s 1/2 548 eV 322 x 10* Hz 2.62 x 10° Hz
1522p2p(1)3s 32 Bl 137 x W™ B '9.58 « Y 1
1522p2p(2)3s 312 -4.18 eV 594 x 10®* Hz 5.27 x 10° Hz
1522p2p(2)3s 5/2 414 eV 7.39 x 101* Hz 5.27 x 10° Hz
1522p%(0)3s 1/2 -1.93 eV 9.63 x 10* Hz 4.11 x 10° Hz
1522p%(2)3s 312 -1.93 eV 1.76 x 10'®* Hz 4.19 x 10° Hz
1s22p%(2)3s 5/2 517eV  1.00 x 10 Hz 5.60 x 10° Hz

Table 2. O* 12p23p Auger and Radiative Rates

Sub-configuration J value Energy Auger Rate  Radiative Rate
1522p°(0)3p 1/2 -3.10eV 248 x 101! Hz 4.93 x 10° Hz
1s22p2p(1)3p 1/2 -258eV 145 x 10 Hz 1.18 x 10'° Hz
1s22p2p(1)3p 3/2 -257eV 147 x 101* Hz 1.18 x 10° Hz
1s22p2p(2)3p 3/2 -254eV 149 x 101 Hz 1.18 x 10'° Hz
1s22p2p(2)3p 5/2 250eV 152 x 10¥ Hz 1.17 x 10'° Hz
1522p*(0)3p 1/2 -218eV 116 x 10" Hz 1.20 x 101° Hz
1522p*(2)3p 3/2 -217eV 1.15 x 10" Hz 1.20 x 10" Hz
15?2p*(2)3p 5/2 -215eV 1.14 x 10 Hz 1.20 x 10" Hz
1s22p%(0)3p 3/2 -160eV 2.09 x 101* Hz 5.87 x 10° Hz
lsgﬂﬁ‘jp['l]Bp 1/2  -1.56eV 2.00 x 10 Hz 5.89 x 10° Hz
1s%2p2p(1)3p 3/2 -137eV 157 x 101 Hz 1.26 x 10'° Hz
152 2;)2p(l] 5/2 -0.91eV 384 x 104 Hz 5.93 x 10° Hz
152252p(2)3p 1/2  -090eV 3.81 x 10" Hz 6.03 x 10° Hz
15%2p2p(2)3p 3/2 1.16 eV 186 x 10 Hz 9.37 x 10° Hz
1s22p2p(2)3p 5/2 1.18eV  2.03 x 10* Hz 9.31 x 10° Hz
1s22p2p(2)3p 7/2 1.67eV 106 x 108 Hz 9.24 x 10° Hz
15%2p(0)3p 3/2 1.68 eV 107 x 10 Hz 9.26 x 10° Hz
1s22p%(2)3p 1/2 236eV 702 x 104 Hz 8.64 x 10° Hz
152p*(2)3p 3/2 239eV  7.20 x 10" Hz 8.65 x 10° Hz
1s22p%(2)3p 5/2 8.88 eV 1.58 x 10" Hz 1.01 x 10'° Hz
1s22p%(2)3p 7/2 8.80eV 157 x 10¥ Hz 1.01 x 10'° Hz
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Table 3. O* 1s2p23d Auger and Radiative Rates

Sub-confizuration J value Energy Auger Rate  Radiative Rate
15°2p°(0)3d 3/2 064 eV 217 x 10*®* Hz 7.11 x 10° Hz
15*2p2p(1)3d 1/2 0.65 eV 2.09 x 10" Hz 4.69 x 10° Hz
15?252p(1)3d 3/2 0.68 eV 207 x 10" Hz 2.23 x 10° Hz
152252p(1)3d 5/2 0.70 eV 2.08 x 10'¢ Hz (.00 Hz
52252p(2)3d 1/2 1.16 eV 162 x 10 Hz 6.92 x 10° Hz
152252p(2)3d 3/2 1.18 eV  1.62 x 10" Hz 4.18 x 10° Hz
152252p(2)3d 5/2 122eV 174 x 10 Hz 6.77 x 10° Hz
152252p(2)3d T/2 122eV 173 x 10 Hz 5.10 x 107 Hz

1522p%(0)3d 3/2 122 eV 190 x 10 Hz 3.41 x 10° Hz
1522p%(2)3d 1/2 124 eV 1.89 x 10" Hz 3.53 x 10° Hz
1572p%(2)3d 3/2 172 eV 150 x 10" Hz 4.35 x 10'° Hz
1522p%(2)3d 5/2 1.74 eV 158 x 10" Hz 4.30 x 10'° Hz
1522p%(2)3d 7/2 175 eV L75 x 10 Hz 4.42 x 10'° Hz
1522p%(0)3d 5/2 1.83 eV 1.56 x 10" Hz 7.99 x 10° Hz

152252p(1)3d 3,2 188 eV LTl x 10 Hz 8.16 x 10° Hz
152252p(1)3d 52 345eV  1.06 x 10'® Hz 2.85 x 10'° Hz
15?252p(1)3d Ti2 347 eV 996 x 10" Hz 2.90 x 10'° Hz
15?2p2p(2)3d 1/2 451 eV 030 x 10" Hz 9.52 x 10° Hz
15?2p2p(2)3d 3,2 452 eV 0.32 x 10" Hz 0.00 Hz

15?252p(2)3d 5/2 492 eV 022 x 10" Hz 2.56 x 10'° Hz
15?2p2p(2)3d 7/2 493 eV 825 x 10" Hz 2.54 x 10'° Hz
152252p(2)3d 02 496 eV 991 x 10" Hz 4.74 x 10'° Hz

1522p%(0)3d 52 497 eV 101 x 10" Hz 4.76 x 10'° Hz

1522p%(2)3d 1/2 594 eV 900 x 10" Hz 1.72 x 10'° Hz

1522p%(2)3d 3/2 6.02 eV 970 x 10" Hz 3.40 x 10'° Hz

15*2p*(2)3d 52 6.02eV 9.71 x 10" Hz 3.41 x 10'° He

15*2p*(2)3d Tf2 12.07 eV 4.45 x 10" Hz 2.13 x 10'° Hz

1572p%(2)3d 9/2 1208 eV 533 x 10" Hz 2.20 x 10'° Hz
15 -

Cross Section (Mb)
I
|

0.5 -

0 L “I L ] L II

-10 -5 0 5 10
Incident Energy (eV)

Figure 1. Dielectronic recombination cross sections for O* 1s22s? via O* 1s°2p?3s (1.0 Mb = 1.0 x 107 cm?).
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Figure 2. Convoluted diglectronic recombination cross sections for O* 128 via O%* 12p23s (1.0 Mb = 1.0 x 108 cm?).
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Figure 3. Diglectronic recombination cross sections for O* 1s22<? via O%* 1s2p?3p (1.0 Mb = 1.0 x 108 cm?).
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Figure 4. Convoluted dielectronic recombination cross sections for O* 1s2¢” via O* 1s2p?3p (1.0 Mb = 1.0 x 10 cm?).
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Figure 5. Dielectronic recombination cross sections for O* 1s22<? via O%* 1s2p?3d (1.0 Mb = 1.0 x 108 cm?).
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Figure 6. Convoluted dielectronic recombination cross sections for O* 1?2¢* via O%* 12p23d (1.0 Mb = 1.0 x 108 cm?).
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