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Abstract
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in 0%+ near the

CrossMark

Relativistic perturbation theory calculations are carried out for dielectronic recombination
cross sections involving jj J levels near the ionization threshold. We included levels in the
1522p?31, 15°252p31, 152252 p4l, 15*252p51, and 15*2s2p6l configurations of O3+ that lie within
+5.0 eV of the O*F ionization threshold. Theoretical dielectronic recombination cross
sections are compared with experimental dielectronic recombination rate coefficients from

0.0 eV to 5.0 eV above threshold.
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1. Introduction

Resonance states near the ionization threshold may contribute
to dielectronic recombination in astrophysical and labora-
tory plasmas [1, 2]. Proper inclusion of the below-threshold
resonance states may make substantial changes in the ther-
mally averaged rate coefficients. Recently below-threshold
recombination was discovered in various astrophysical envi-
ronments. For dielectronic recombination in C2* 15%2s> below
threshold recombination resonances associated with three
lines in the C*1s22s2p3d configuration were predicted and
observed [3]. For dielectronic recombination in C>* 15?25 a
below threshold recombination resonance associated with a
line in the C?>*1s*2p4p configuration was also predicted and
observed [3].

For above threshold dielectronic recombination in oxygen
atomic ions, theoretical calculations were made thirty years
ago using a configuration-average distorted-wave method that
included the effects of external fields [4]. Fifteen years later
dielectronic recombination in C?>*, N3*, and O*" leading
to above threshold resonances was studied extensively [5].
Theoretical resonances were determined using the multi-
configuration distorted-wave AUTOSTRUCTURE code of
[6, 71, while experimental resonances were obtained using the
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synchrotron storage ring CRYRING [8]. For dielectronic
recombination in O**1s%2s?, theory and experiment were
compared for all the above threshold resonances ranging from
threshold to 20 eV. Since that time the CRYRING has been
moved from the Manne Siegbahn Laboratory in Stockholm,
Sweden to the FAIR complex in Darmstadt, Germany [9].
New experimental measurements will be made for dielec-
tronic recombination in Oxygen atomic ions, with a possible
extension to resonances just below threshold.

In this paper we extend our studies of dielectronic recom-
bination to include resonance states above and below thresh-
old for O**+1s%225%. We only consider those resonances that lie
between —5.0 eV and 5.0 eV. The O3 1s2p?31(1 =0, 1,2)
configurations contributed 57 levels, the O3+ 15?252 p31(1 = 2)
configuration only 6 levels, the O3*1s22s2p4i(l = 0,1,2)
configurations contributed 48 levels, the O3t 1522s2p5i(l =
0,1,2) configurations 48 levels, and the O3t 15?2s2p6I(l =
0, 1,2) configurations 48 levels. We present theoretical dielec-
tronic recombination cross sections for the 207 levels from
—5.0 eV below threshold to 5.0 eV above threshold. We com-
pare theoretical dielectronic recombination cross sections with
experimental dielectronic recombination rate coefficients [8]
from 0.0 eV to 5.0 eV above threshold.

The rest of the paper is structured as follows: in section 2 we
review 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.

© 2021 IOP Publishing Ltd  Printed in the UK
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2. Theory

The dielectronic recombination cross section for an N elec-
tron ground level with statistical weight g; combining into an
(N + 1) electron doubly excited level with statistical weight g
is given by [10]

2 g
EC AEC Zg,

Oisj = Aa(j— DB; ey
where E. is the energy of the continuum electron and AE,
is bin width. The branching ratio for radiative stabilization is

given by

> A= n)
B;= — . . 2)
T A = R+ A~ n)
k n
where the radiative rate is given by
A (j—n)=2r| <n|D|j > |%, 3)

where D is the dipole radiation field operator, and the autoion-
ization rate is given by

Au(j—n)=4/k| <n|V|j> %, 4)

where V is the electrostatic interaction between electrons. The
electron linear momentum is taken as k = /2|E;,| for the
evaluation of the autoionization rates.

A multi-configuration fully-relativistic atomic structure
code [11] is used to calculate the bound state wavefunc-
tions. The radial Dirac equation with a local exchange
potential is used to calculate the continuum radial orbitals.
Convoluted cross sections are obtained using a Gaussian
energy distribution.

3. Results

3.1. Targetion energies

Fully relativistic calculations were carried out for the
0**1s5%2s? configuration leading to an energy of —68.3032 a.u.
Fully relativistic calculations were also carried out for the
O*t (1s225% + 15*2p?) configurations leading to an energy
of —68.3970 a.u. Energies are based on differences between
low-order relativistic calculations for the resonance configura-
tions and fully-relativistic calculations for the O** (15225 +
15?2 p?) configuration.

3.2. 1s2p?3/ configurations

Low-order relativistic calculations were carried out for the
8 levels of the even-parity Ot 1s>2p?3s configuration. For
added correlation we also included 9 levels from the 152252 p?
and 1s%2s*3s configurations. Autoionization rates were
determined for the decay of the 8 levels of the 15?2p*3s con-
figuration to the 30 levels of the 1s?2s2pkp and 1s>2s2pkf
configurations. Radiative rates were determined for the decay
of the 8 levels of the 15?2p?3s configuration to the 5 levels
of the 1s*2p? configuration. Dielectronic recombination cross
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Figure 1. Dielectronic recombination cross sections. Upper row:
15°2p*3s, middle row: 1522p*3p, lower row: 15°2p*3d.
(1.0Mb = 1.0 x 10 ~'® cm?).
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Figure 2. Convoluted Dielectronic recombination cross sections.
Upper row: 1s22p?3s, middle row: 1s22p?3p, lower row: 1s?2p*3d.
(L.OMb = 1.0 x 10 '8 cm?).

sections for the 8 levels are presented in figure 1 (upper) using
AE. = 0.04 eV in equation (1). Convoluted dielectronic
recombination cross sections for the 8§ levels are presented in
figure 2 (upper) using a convolution energy of 0.4 eV. We note
that the largest convoluted cross section is around —2.0 eV
due to the levels 15*2p?(0)3s1/2 and 15*2p*(2)3s3/2, where
the allowed states for jj coupling of 2p? are (0) and (2).
Low-order relativistic calculations were carried out for the
21 levels of the odd-parity O** 15?2p?*3p configuration. For
added correlation we also included 4 levels from the 15*2s?2p
and 15°2s%3p configurations. Autoionization rates were deter-
mined for the decay of the 21 levels of the 1s*2p?3p con-
figuration to the 41 levels of the 1s*2s2pks, 15*2s2pkd, and
15°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 15?2s2p” configuration. Dielectronic
recombination cross sections for the 21 levels are presented in
figure 1 (middle) using AE, = 0.04 eV in equation (1). Con-
voluted dielectronic recombination cross sections for the 21
levels are presented in figure 2 (middle) using a convolution
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Figure 3. Dielectronic recombination cross sections. Upper row:
15%2s52p4s, middle row: 1522s2p4p, lower row: 15*2s2pdd.
(1.OMb = 1.0 x 10 '8 cm?).

energy of 0.4 eV. We note that the largest convoluted cross
section is around 1.2 eV due to the levels 1s*2p?(2)3p3/2 and
1522p*(2)3p5/2.

Low-order relativistic calculations were carried out for the
28 levels of the even-parity O** 15?2p?3d configuration. For
added correlation we also included 10 levels from the 152252 p?
and 15%2s%3d configurations. Autoionization rates were deter-
mined for the decay of the 28 levels of the 152p?3d con-
figuration to the 53 levels of the 1s°2s2pkp, 15*2s2pkf, and
15?252 pkh configurations. Radiative rates were determined for
the decay of the 28 levels of the 15>2p?3d configuration to the 5
levels of the 1s?2p® configuration. Dielectronic recombination
cross sections for the 28 levels are presented in figure 1 (lower)
using AE. = 0.04 eV in equation (1). Convoluted dielec-
tronic recombination cross sections for the 28 levels are pre-
sented in figure 2 (lower) using a convolution energy of 0.4 eV.
We note that the largest convoluted cross section is around
1.7 eV due to the levels 15°2p*(2)3d3 /2, 15*2p*(2)3d5/2, and
1522p%(2)3d7/2.

3.3. 1s22p?4l configurations

Low-order relativistic calculations for the O3t1s2p?41
(I = 0-3) configurations were found to have level energies of
10.0 eV and above and were not considered.

3.4. 1s22s2p3/ configurations

Low-order relativistic calculations were carried out for the
7 levels of the O3+1s22s2p3s configuration, the 18 levels
of the O3+ 1s2252p3p configuration, and the 23 levels of the
0’ 15?252 p3d configuration. Only 6 levels of the 1s*2s2p3d
subconfiguration were found to have level energies above
—5.00eV.

3.5. 1s%2s2p4l configurations

Low-order relativistic calculations were carried out for the
7 levels of the odd-parity Ot 1s*2s2p4s configuration. For
added correlation we also included 2 levels from the 15225°2p

Cross Section (Mb)  Cross Section (Mb)

-3 -2 -1 0 1 2 3 4 5
Incident Energy (eV)

Figure 4. Convoluted Dielectronic recombination cross sections.
Upper row: 1s22s2p4s, middle row: 1s?2s2p4p, lower row:
15°2s2p4d. (1.0 Mb = 1.0 x 10 ~'8 cm?).

configuration. Autoionization rates were determined for the
decay of the 7 levels of the 1s5*2s2p4s configuration to the
3 levels of the 15?2skp and 15s°2s*kf configurations. Radia-
tive rates were determined for the decay of the 7 levels of the
15°2s2p4s configuration to the 8 levels of the 1s?252p” con-
figuration. Dielectronic recombination cross sections for the
7 levels are presented in figure 3 (upper) using AE. = 0.04 eV
in equation (1). Convoluted dielectronic recombination cross
sections for the 7 levels are presented in figure 4 (upper)
using a convolution energy of 0.4 eV. We note that the largest
convoluted cross section is around 4.2 eV due to the levels
152252p(2)453 /2 and 15?252 p(2)4s5/2.

Low-order relativistic calculations were carried out for the
18 levels of the even-parity O3t 15?252 p4p configuration. For
added correlation we also included 8 levels from the 1522s2p”
configuration. Autoionization rates were determined for the
decay of the 18 levels of the 1s?252p4p configuration to the
4 levels of the 1s22s%ks, 15*2s%kd, and 1s*2s°kg configura-
tions. Radiative rates were determined for the decay of the
18 levels of the 15*2s2p4p configuration to the 2 levels of
the 152s?2p configuration. Dielectronic recombination cross
sections for the 18 levels are presented in figure 3 (middle)
using AE. = 0.04 eV in equation (1). Convoluted dielectronic
recombination cross sections for the 18 levels are presented in
figure 4 (middle) using a convolution energy of 0.4 eV. We note
that the largest convoluted cross section is around —4.5 eV
due to the level 1s2252p(1)4pl /2.

Low-order relativistic calculations were carried out for the
23 levels of the odd-parity O3+ 1s?2s2p4d configuration. For
added correlation we also included 2 levels from the 15225%2p
configuration. Autoionization rates were determined for the
decay of the 23 levels of the 1s?25s2p4d configuration to the
5 levels of the 15?2s%kp, 1522s*kf, and 1s*2s’kh configura-
tions. Radiative rates were determined for the decay of the
23 levels of the 1s52s2p4d configuration to the 8 levels of
the 15>2s2p? configuration. Dielectronic recombination cross
sections for the 23 levels are presented in figure 3 (lower)
using AE. = 0.04 eV in equation (1). Convoluted dielectronic
recombination cross sections for the 23 levels are presented in
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Figure 5. Dielectronic recombination cross sections. Upper row:
15%2s52p5s, middle row: 1522s2p5p, lower row: 15%2s2p5d.
(1.OMb = 1.0 x 10 ~'8 cm?).
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Figure 6. Convoluted Dielectronic recombination cross sections.
Upper row: 15?2s2p5s, middle row: 1s?2s2p5p, lower row:
15%252p5d. (1.0 Mb = 1.0 x 10 ~'8 cm?).

figure 4 (lower) using a convolution energy of 0.4 eV. We note
that the largest convoluted cross sections is around —3.5 eV
due to the level 152s2p(1)4d7/2.

Low-order relativistic calculations for the 24 levels of the
03152252 p4 f configuration were found to have small dielec-
tronic recombination cross sections.

3.6. 1s2s2p5l configurations

Low-order relativistic calculations were carried out for
the 7 levels of the O’t1s*2s2p5s configuration, the 18
levels of the O*t1s?2s2p5p configuration, the 23 lev-
els of the O*"1s°252p5d configuration, the 24 levels of
the O3T1s*2s2p5f configuration, and the 24 levels of
the O3t 15%252p5g configuration. Dielectronic recombina-
tion cross sections for the 48 levels of the O3t 1s%2s2p51
(I=0,1,2) configurations are presented in figure 5 using
AE. =0.04 eV in equation (1). Convoluted dielectronic
recombination cross sections for the 48 levels are presented
in figure 6 using a convolution energy of 0.4 eV.

o
=}
=3

—
P B I

Cross Section (Mb)

L2 I
£
w
N
o
)
w
SN
[

=}
N

Cross Section (Mb)
o
> ©
o o —_
T
P I I

ES
w
~
o
N
w
ES
o

Cross Section (Mb)
o
(=} o —
T
h;—
=
P I R

-5 -4 -3 -2 -1 0 1 2 3
Incident Energy (eV)

@

Figure 7. Dielectronic recombination cross sections. Upper row:
15°252p6s, middle row: 15%2s2p6p, lower row: 1s>2s2p6d.
(L.OMb = 1.0 x 10 ~'8 cm?).
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Figure 8. Convoluted Dielectronic recombination cross sections.
Upper row: 1522s2p6s, middle row: 1s%2s2p6p, lower row:
152252p6d. (1.0 Mb = 1.0 x 10 ~'8 cm?).

Low-order relativistic calculations for the 24 levels of
the O’T15%2s2p5f configuration and the 24 levels of the
03+1s2252p5g configuration were found to have small dielec-
tronic recombination cross sections.

3.7 1s2s2p6l configurations

Low-order relativistic calculations were carried out for the
7 levels of the O*t15?2s2p6s configuration, the 18 lev-
els of the O’ 1s>252p6p configuration, and the 23 levels
of the 031 15%2s2p6d configuration. Dielectronic recombina-
tion cross sections for the 48 levels of the O3t 1s%2s2p6l
(I=0,1,2) configurations are presented in figure 7 using
AE. =0.04 eV in equation (1). Convoluted dielectronic
recombination cross sections for the 48 levels are presented
in figure 8 using a convolution energy of 0.4 eV.

Low-order relativistic calculations for each of the 24 levels
of the O3+ 152252 p6l(I = 3—-5) configurations were assumed to
have small dielectronic recombination cross sections.
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sections (1.0 Mb = 1.0 x 10 ~'8 cm?).
3.8. 1s2s2p7I configurations

Low-order relativistic calculations were carried out for the 7
levels of the O3t 15?252p7s configuration and all were found
to have energies above 5.00 eV and were not considered.

3.9. Total cross sections

Total dielectronic recombination cross sections com-
bining cross sections for the 1s*2p?3i(l = 0,1,2),
15252p3d,  1s22s2p4l(1 = 0,1,2), 1s22s2p5l(1 = 0,1,2),

and 1s22s2p61(l =0,1,2) configurations are presented in
figure 9 using AE. = 0.04 eV in equation (1). Total convo-
luted dielectronic recombination cross sections for all the
configurations are presented in figure 10 using a convolution
energy of 0.4 eV. The largest convoluted cross section is
between 1.0 eV and 2.0 eV.

3.10. Comparison with experiment

Theoretical dielectronic recombination cross sections using
AE. = 0.04 eV are compared with theoretical and experi-
mental dielectronic recombination rate coefficients [5] from
0.0 eV to 5.0 eV above threshold Figure 11. Current the-
ory, previous theory [5], and experiment [5] find a number of
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Figure 11. Upper graph: theoretical dielectronic recombination
cross sections (AE, = 0.04 eV). Middle graph: theoretical
dielectronic recombination rate coefficients [5]. Lower graph:
experimental dielectronic recombination rate coefficients [5].
(1.0Mb = 1.0 x 10 ~'8 cm?)

strong resonances between 0.0 eV and 3.0 eV above threshold.
Current theory, previous theory [5], and experiment [5] also
find a smaller number of weaker resonances between 3.0 eV
and 5.0 eV above threshold. The set of current theory reso-
nances at 5.0 eV are slightly below previous theoretical [5]
and experimental [5] resonances found just above 5.0 eV.

Considering the differences between the theoretical and the
experimental results, the low energy resonances in the exper-
imental measurements are in general in good agreement with
level energies given in the NIST database. Thus the fact that
the theoretical results are different from experiment demon-
strates that further work is required on the theoretical side to
produce accurate low temperature dielectronic recombination
rate coefficients for this system. This is also reflected in the fact
that resonance positions in the theory calculations are sensitive
to the size of the configuration-interaction expansion in the cal-
culations. Dielectronic recombination calculations for O are
particularly challenging due to the presence of triply excited
states in the low energy region. Thus the current low temper-
ature dielectronic recombination rate coefficients in databases
for O** likely have sizable uncertainties and further theoretical
investigation is required.

4. Summary

Relativistic perturbation theory has been applied to cal-
culate the dielectronic recombination in O*f above and
below the ionization threshold involving levels in the
O3 1s22p%31, O3 152252p31, O3 152252p4l, O3 152252p5l,
and O*T1s*2s2p6l configurations. Theoretical dielectronic
recombination cross sections were compared to experimental
dielectronic recombination rate coefficients [S] from 0.0 eV to
5.0 eV above threshold.

In the future we plan to make more dielectronic recombi-
nation cross section calculations that include below thresh-
old resonances. Efforts are also being made to extend the
experimental cross section measurements to below threshold,
but it will be very difficult.
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