
HAL Id: hal-04613211
https://hal.sorbonne-universite.fr/hal-04613211v1

Submitted on 15 Jun 2024

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documentsmay come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaireHAL, est des-
tinée au dépôt et à la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
français ou étrangers, des laboratoires publics ou
privés.

HAL Authorization

Energy levels, oscillator strengths, transition probabilities
and lifetimes of the O-like Cl X ion

Reem Al Salamah, Lamia Abu El Maati, Abubaker Siddig, Nabil Ben Nessib, Milan
S Dimitrijević

To cite this version:
Reem Al Salamah, Lamia Abu El Maati, Abubaker Siddig, Nabil Ben Nessib, Milan S Dimitrijević. Energy
levels, oscillator strengths, transition probabilities and lifetimes of the O-like Cl X ion. Journal of Quantitative
Spectroscopy and Radiative Transfer, 2024, pp.109081. ⟨10.1016/j.jqsrt.2024.109081⟩. ⟨hal-04613211⟩

https://hal.sorbonne-universite.fr/hal-04613211v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr


Graphical Abstract

Energy levels, oscillator strengths, transition probabilities and life-
times of the O-like Cl X ion

Reem Al Salamah, Lamia Abu El Maati, Abubaker Siddig, Nabil Ben Nessib,
Milan S. Dimitrijević
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Abstract

Energy levels, lifetimes, oscillator strengths and transition probabilities for
the multicharged oxygen like Cl X ion have been calculated with the configu-
ration expansion: 2s22p4, 2p6, 2s22p33p, 2s2p5, 2s22p33s, 2s22p34s, 2s22p33d,
2s22p34d, 2s2p43s and 2s2p44s. We used two methods in the calculations:
the Hartree-Fock pseudo-relativistic approach and the Thomas-Fermi-Dirac-
Amaldi potential approach using the Cowan and the AUTOSTRUCTURE
atomic structure codes respectively. Results have been compared with avail-
able experimental data from the National Institute of Standards and Tech-
nology Atomic Spectra Database (NIST-ASD) and with results from other
available calculations.

There is a great lack of atomic structure data of Cl X and obtained new
data will be important for physics applications and astrophysical modeling.
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1. Introduction

Oxygen-like ions are important in plasma laboratories and astrophysical
studies, but there is a luck of sufficiently comprehensive theoretical studies
of the spectral characteristics of these ions. O-like ions of low and medium
Z exist in various high-temperature plasma sources, so their spectrum is
fundamental in high-temperature plasma research [1, 2].

In [1] ab initio wavelengths and oscillator strengths of 5 configurations
for the oxygen-like chlorine Cl X ion have been calculated.

In [3] energy spectra of the ground and four excited configurations (2s2p5

and 2s22p33`) and the radiative lifetimes of the excited levels are investigated.
The calculations of the five O-like ions Mg V, Si VII, Cl X, Ca XIII, and Cr
XVII are taken as examples, they are performed based on the transformed
radial orbitals.

Forbidden transition energies and magnetic dipole transition probabilities
of 2s22p4(3P1-

3P2) and 2s22p4(3P0-
3P1) of O-like isoelectronic sequences (Z

from 10 to 32) are calculated by Yong et al. [4] with polarization potential
correction method.

Rynkun et al. [5] calculated energy levels and E1, M1, E2, and M2
transition rates for states of the 2s22p4, 2s2p5, and 2p6 configurations in
O-like ions between F II and Kr XXIX using the multi-configuration Dirac-
Hartree-Fock (MCDHF) method.

In precedent works, we calculated atomic structure of the first elements of
the carbon-like sequence: In the first work concerning the atomic structure
in the C-like elements [6], we calculated excitation energies and oscillator
strengths for the 2s22p2, 2s2p3, 2s22p3s, 2s22p3p, 2s22p3d, 2s22p4s, 2s22p4p,
and 2s22p5s configurations in C-like elements from C I to Ne V, using the
three different codes: Cowan (CW) [7, 8], SUPERSTRUCTURE (SS) [9],
and AUTOSTRUCTURE (AS) [10]. The first code uses the Hartree-Fock
pseudo-relativistic (HFR) approach and the two latest codes use the Thomas-
Fermi-Dirac-Amaldi (TFDA) potential method.

We extended this purely ab initio HFR and TFDA calculations to semi-
empirical data in the C-like sequence from Na VI to Ar XIII [11]. We also
added the transition probabilities calculation of these C-like ions.

In [12], we calculated atomic structure and transition parameters of the
Ca XIV C-like ion using the suite of atomic structure codes of GRASP2018
[13]. The configuration expansion of the basis set used consists of 4 even
parity configurations: 2s2 2p2 and 2s2 2p np (n = 3 - 5) and 5 odd parity
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configurations: 2s 2p3, 2s2 2p ns (n = 3 - 5) and 2s2 2p 3d. Energy levels and
oscillator strengths obtained with the GRASP2018 code have been compared
with data from NIST-ASD [14] and other theoretical methods.

We also studied the atomic structure and transition parameters of the
C-like ion V XVIII using both the TFDA and MCDHF approaches [15].

In the present work, the HFR and TFDA approaches are used to calculate
energy levels, E1 radiative transition parameters of the 10 configurations:
2s22p4, 2p6, 2s22p33p, 2s2p5, 2s22p33s, 2s22p34s, 2s22p33d, 2s22p34d, 2s2p43s
and 2s2p44s in Cl X ion. In section 2, we present the theoretical approaches
used in this work, and in section 3, we present our results and compare
them to the available data in the literature. We finish the paper with the
conclusions in section 4 where we show the importance of this work in physics
and astrophysics.

2. Theoretical Approaches

Calculations are made with the pseudo-relativistic Hartree-Fock (HFR)
and the Thomas-Fermi-Dirac-Amaldi (TFDA) potential approaches imple-
mented in Cowan’s and AUTOSTRUCTURE’s atomic structure codes re-
spectively.

2.1. Hartree-Fock pseudo-relativistic (HFR) approach

In this approach, we approximate the wave functions by an anti-symmetric
combination of hydrogenic ones:

ψ(1, 2, 3, ........N) =
1√
N !

∣∣∣∣∣∣∣∣
ψα(1) ψα(2) ........ ψα(N)
ψβ(1) ψβ(2) ψβ(N)
.......
ψν(1) ψν(2) .......... ψν(N)

∣∣∣∣∣∣∣∣ (1)

where, 1, 2, 3, ... N , refer to the set of coordinates and the projection of the
spin of each electron, and α, β, ......ν are sets of quantum numbers.

This theoretical method is used in the Cowan (CW) atomic structure
code [7, 8]. The first three programs of the CW code are RCN, RCN2,
and RCG, they are needed for ab initio calculations. The fourth program
(RCE) is for semi-empirical atomic structure parameter calculations, it uses
the Least-Square Fitting (LSF) of energy levels.
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2.2. Thomas-Fermi-Dirac-Amaldi (TFDA) potential method

In this approach, we use the Thomas-Fermi-Dirac-Amaldi (TFDA) po-
tential as a simplified potential V instead of the simplified wave function ψ
used in the HFR method.

V (r) =
Zeff (λn`, r)

r
= −Z

r
ϕ(x) (2)

where
ϕ(x) = e−

Zr
2 + λn`

(
1− e−

Zr
2

)
, x =

r

µ

and

µ =
1

4

(
N

N − 1

)2/3(
9π2

2Z

)1/3

≈ 0.8853

(
N

N − 1

)2/3

(Z)−1/3

λn` are the orbital scaling parameters. They are determined variationally by
minimizing the sum of energies of all target terms. Z is the atomic number
and N number of electrons in the studied ion. Zeff is the effective charge
function depending on λn` and r.

This second theoretical method is used by AUTOSTRUCTURE (AS)
atomic structure code [10, 16] which is an extension of the SS code. The
original version in 1974 of SS is by Eissner et al [9]. An updated version
of the SS atomic structure code ([17]) with some relativistic corrections is
introduced and orbital scaling parameters λ are dependent on n and ` unlike
the original SS version of 1974 [9]. In this original version, scaling parameters
depend only on ` (λ`). The AS code [10, 16] is an extension of the SS
code incorporating various improvements and new capabilities like two-body
non-fine-structure operators of the Breit-Pauli Hamiltonian and polarization
model potentials [18].

Energy levels in SS and AS atomic structure codes can be improved by
means of semi-empirical corrections to the term energies [19] to have data ad-
justed with experimental values. Term Energy Correction (TEC) and Level
Energy Correction (LEC) are the differences between the measured and cal-
culated term and level energy respectively. These TEC or LEC parameters
are introduced to make a semi-empirical calculation of energies.

3. Results and discussions

In the present work, both calculations with the CW (HFR method) and
AS (TFDA method) atomic structure codes, were performed for the states
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belonging to the six even configurations: 2s22p4, 2p6, 2s22p33p, 2s22p34p,
2s2p43s and 2s2p44s and the four odd configurations: 2s2p5, 2s22p33s, 2s22p34s
and 2s22p33d in the O-like Cl X ion.

As a starting point, ab initio calculations were performed using both HFR
and TFDA methods.

For the semi-empirical calculations with the HFR method, a paramet-
ric Least-Squares-Fitted (LSF) was performed to minimize the differences
between the theoretical and observed energy level values from NIST-ASD
values [14]. We present the LSF parameters used in the Cowan calculations
in Table 1.

For the semi-empirical calculations with the TFDA potential method, we
used the LEC as the difference between the NIST-ASD energy level values
and our ab initio obtained values. We present the Thomas-Fermi-Dirac-
Amaldi potential scaling parameters used in the AUTOSTRUCTURE calcu-
lations in Table 2.
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Table 1: Parameters of the Least-Squares Fit (LSF) of Cl X energy levels with Cowans
code.

Configuration parameter LSF Uncert. Group HF LSF/HF
2s22p4 Eav 35611.4 31 34775.7 1.0240

F2(2p,2p) 243259.5 257 252910 0.9618
α(2p) 0 fixed 0
ζ(2p) 10020.9 52 9737.5 1.0291

2p6 Eav 1119118.3 159 1148828.1 0.9741
2s22p4 2p6 R1

D(2s,2s;2p,2p) 226567.4 968 291492.1 0.7773
2s22p4 2s22p3 3p R0

D(2p,2p;2p,3p) 9758.4 fixed 10381.3 0.94
R2

D(2p,2p;2p,3p) 44654.9 fixed 47505.2 0.94
2s 2p5 Eav 548123.2 24077 548123.2 1

ζ(2p) 9586.7 461 1 9586.7 1
G1(2s,2p) 274087.4 6394 2 291582.34 0.94

2s22p3 3s Eav 2206069.2 392 2206069.2 1
F2(2p,2p) 245208.7 fixed 260860.319 0.94
α(2p) 0 fixed 0
ζ(2p) 10354 498 1 10354 1
G1(2p,3s) 21429.6 500 2 22797.447 0.94

2s22p3 3d Eav 2490507.5 fixed 2490507.5 1
F2(2p,2p) 245029.5 fixed 260669.681 0.94
α(2p) 0 fixed 0
ζ(2p) 10371.6 fixed 10371.6 1
ζ(3d) 202.2 fixed 202.2 1
F1(2p,3d) 0 fixed 0
F2(2p,3d) 66015.3 fixed 70229.043 0.94
G1(2p,3d) 56987.1 fixed 60624.574 0.94
G2(2p,3d) 0 fixed 0
G3(2p,3d) 32756.9 fixed 34847.766 0.94

2s 2p5 2s22p3 3s R1
D(2p,2p;2s,3s) 47440.2 525387 50468.3 0.94

2s 2p5 2s22p3 3d R1
D(2p,2p;2s,3d) -119799.2 fixed -127446 0.94

2s22p3 3s 2s22p3 3d R2
D(2p,3s;2p,3d) 18093.2 fixed 19248.1 0.94

R1
E(2p,3s;2p,3d) -11915.6 fixed -12676.2 0.94

Table 2: Thomas-Fermi-Dirac-Amaldi potential scaling parameters used in the AU-
TOSTRUCTURE calculations

1s 2s 2p 3s 3p 3d
1.45964 1.24795 1.18724 1.20167 1.12104 1.17177

3.1. Energy levels

The energy levels are presented in Table 3. We present the energy levels
calculated with the HFR and TFDA approaches using the atomic structure
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codes CW and AS respectively.

Table 3: Energy levels. E(NIST) are the values from
the NIST database. E(CW) and E(AS) were our cal-
culations using respectively the Cowan (CW) and AU-
TOSTRUCTURE (AS) codes. E(MCHF) are the values
calculated by Froese Fischer and Tachiev [20, 21] using
the MCHF method. E(MCDHF) are the values calcu-
lated by Rynkun et al. [5] using the MCDHF method.
All energies are in cm−1.

K Configuration Term J E(NIST) E(CW) E(AS) E(MCHF) E(MCDHF)
1 2s22p4 3P 2 0 0 0 0 0
2 2s22p4 3P 1 10847 10809 10893 10924 10848
3 2s22p4 3P 0 14127 14161 14186 14095 14128
4 2s22p4 1D 2 64782 64782 64880 65297 64913
5 2s22p4 1S 0 135206 135206 133644 135168 135507
6 2s2p5 3Po 2 486894 486829 486965 488539 487130
7 2s2p5 3Po 1 496276 496369 496367 497979 496517
8 2s2p5 3Po 0 501554 501526 501626 503294 501819
9 2s2p5 1Po 1 682207 701315 675277 673161
10 2p6 1S 0 1136464 1136464 1138154 1140126 1137322
11 2s22p3(4So)3s 5So 2 2105388 2100238 2105093
12 2s22p3(4So)3s 3So 1 2134700 2134702 2134720 2135217
13 2s22p3(4So)3s 3Do 1 2200800 2200827 2200831 2202069
14 2s22p3(4So)3s 3Do 2 2201200 2201324 2201227 2202414
15 2s22p3(4So)3s 3Do 3 2202900 2202753 2202942 2203704
16 2s22p3(4So)3s 1Do 2 2216400 2216394 2216434 2217752
17 2s22p3(4So)3p 5P 1 2227644 2219903 2228627
18 2s22p3(4So)3p 5P 2 2228525 2220694 2229526
19 2s22p3(4So)3p 5P 3 2230145 2222243 2231245
20 2s22p3(4So)3p 3P 1 2257031 2251080 2257206
21 2s22p3(4So)3p 3P 2 2257629 2251598 2257843
22 2s22p3(4So)3p 3P 0 2258050 2252187 2258360
23 2s22p3(4So)3s 3Po 0 2262325 2263293 2251135
24 2s22p3(4So)3s 3Po 1 2263247 2264046 2252034
25 2s22p3(4So)3s 3Po 2 2265529 2265942 2254485
26 2s22p3(4So)3s 1Po 1 2278893 2280082 2268214
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Table 3 – continued
K Configuration Term J E(NIST) E(CW) E(AS) E(MCHF) E(MCDHF)
27 2s22p3(2Do)3p 1P 1 2309103 2306340 2311264
28 2s22p3(2Do)3p 3D 2 2315208 2312391 2318105
29 2s22p3(2Do)3p 3D 1 2317231 2314233 2320067
30 2s22p3(2Do)3p 3D 3 2317734 2314509 2320611
31 2s22p3(2Do)3p 3F 2 2324346 2322833 2327292
32 2s22p3(2Do)3p 3F 3 2326180 2324279 2329100
33 2s22p3(2Do)3p 3F 4 2328195 2325831 2330847
34 2s22p3(2Do)3p 1F 3 2331884 2330297 2334250
35 2s22p3(2Do)3p 3P 1 2362071 2361614 2398110
36 2s22p3(2Do)3p 3P 0 2362003 2361837 2364307
37 2s22p3(2Do)3p 3P 2 2365615 2364341 2366824
38 2s22p3(2Po)3p 3S 1 2379192 2378852 2360895
39 2s22p3(4So)3d 5Do 0 2386574 2379606 2386278
40 2s22p3(4So)3d 5Do 1 2386623 2379611 2386290
41 2s22p3(4So)3d 5Do 2 2386713 2379625 2386304
42 2s22p3(4So)3d 5Do 3 2386843 2379665 2386321
43 2s22p3(4So)3d 5Do 4 2387044 2379799 2386399
44 2s22p3(2Do)3p 1D 2 2381053 2381673 2382663
45 2s22p3(2Po)3p 3D 1 2384360 2385240 2376382
46 2s22p3(2Po)3p 3D 3 2387967 2388289 2379776
47 2s22p3(2Po)3p 3D 2 2387542 2388293 2376491
48 2s22p3(2Po)3p 1P 1 2394168 2395073 2387580
49 2s22p3(2Po)3p 3P 2 2405897 2406538 2397435
50 2s22p3(2Po)3p 3P 1 2407296 2407774
51 2s22p3(2Po)3p 3P 0 2407918 2408309 2398554
52 2s22p3(4So)3d 3Do 2 2418435 2413117 2416149
53 2s22p3(4So)3d 3Do 1 2418834 2413594 2416685
54 2s22p3(4So)3d 3Do 3 2419607 2414161 2417290
55 2s22p3(2Po)3p 1D 2 2429112 2431378 2419775
56 2s22p3(2Do)3d 3Fo 2 2471606 2469936 2471963
57 2s22p3(2Do)3d 3Fo 3 2473613 2471613 2474096
58 2s22p3(2Do)3d 1So 0 2474998 2472921 2475337
59 2s22p3(2Do)3d 3Fo 4 2475984 2473637 2476619
60 2s22p3(2Do)3d 3Go 3 2480134 2478932 2483765
61 2s22p3(2Do)3d 3Go 4 2480995 2479498 2484455
62 2s22p3(2Do)3d 3Go 5 2481991 2479988 2485166
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Table 3 – continued
K Configuration Term J E(NIST) E(CW) E(AS) E(MCHF) E(MCDHF)
63 2s22p3(2Do)3d 1Go 4 2485077 2483580 2487776
64 2s22p3(2Po)3p 1S 0 2478704 2483845 2465895
65 2s22p3(2Do)3d 3Do 1 2491169 2490555 2497212
66 2s22p3(2Do)3d 3Do 2 2495377 2494526 2496179
67 2s22p3(2Do)3d 1Po 1 2496590 2495447 2491670
68 2s22p3(2Do)3d 3Do 3 2496682 2495570 2496962
69 2s22p3(2Do)3d 3Po 2 2505163 2504667 2505143
70 2s22p3(2Do)3d 3Po 0 2506937 2506730 2508941
71 2s22p3(2Do)3d 3Po 1 2507081 2506773 2508773
72 2s22p3(2Do)3d 1Do 2 2508207 2507836 2506179
73 2s22p3(2Do)3d 3So 1 2512761 2512755 2515669
74 2s2p4(4P)3s 5P 3 2527529 2515472 2529026
75 2s2p4(4P)3s 5P 2 2535061 2523470 2536994
76 2s22p3(2Do)3d 1Fo 3 2527418 2528159 2526410
77 2s2p4(4P)3s 5P 1 2539825 2528337 2541784
78 2s22p3(2Po)3d 3Fo 4 2542922 2543770 2534602
79 2s22p3(2Po)3d 3Fo 2 2542863 2544203 2535437
80 2s22p3(2Po)3d 3Fo 3 2543185 2544375 2535542
81 2s22p3(2Po)3d 3Po 0 2546439 2547638 2536000
82 2s22p3(2Po)3d 3Po 1 2547345 2548504 2537877
83 2s22p3(2Po)3d 3Po 2 2548308 2549488 2539640
84 2s22p3(2Po)3d 3Do 2 2556745 2558798 2547396
85 2s22p3(2Po)3d 3Do 3 2558811 2560549 2550010
86 2s22p3(2Po)3d 3Do 1 2559975 2562014 2550059
87 2s2p4(4P)3s 3P 2 2574276 2565202
88 2s22p3(2Po)3d 1Do 2 2565262 2567313 2558292
89 2s2p4(4P)3s 3P 1 2582621 2574005
90 2s22p3(2Po)3d 1Fo 3 2572738 2575523 2561852
91 2s2p4(4P)3s 3P 0 2586390 2577836
92 2s22p3(2Po)3d 1Po 1 2600955 2605045 2589190
93 2s2p4(2D)3s 3D 1 2692983 2690708
94 2s2p4(2D)3s 3D 2 2693261 2690886
95 2s2p4(2D)3s 3D 3 2693650 2691125
96 2s2p4(2D)3s 1D 2 2723625 2722089
97 2s2p4(2S)3s 3S 1 2779688 2781988
98 2s2p4(2S)3s 1S 0 2809354 2812977
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Table 3 – continued
K Configuration Term J E(NIST) E(CW) E(AS) E(MCHF) E(MCDHF)
99 2s2p4(2P)3s 3P 2 2822403 2825738
100 2s2p4(2P)3s 3P 1 2827045 2830674
101 2s2p4(2P)3s 3P 0 2835513 2839140
102 2s2p4(2P)3s 1P 1 2839335 2843773
103 2s22p3(4So)4s 5So 2 2899579 2848884
104 2s22p3(4So)4s 3So 1 2904254 2859027
105 2s22p3(4So)4p 5P 1 2907082 2897042
106 2s22p3(4So)4p 5P 2 2907448 2897372
107 2s22p3(4So)4p 5P 3 2908088 2897984
108 2s22p3(4So)4p 3P 1 2921841 2913206
109 2s22p3(4So)4p 3P 2 2922064 2913310
110 2s22p3(4So)4p 3P 0 2922263 2913713
111 2s22p3(2Do)4s 3Do 1 2948028 2943869
112 2s22p3(2Do)4s 3Do 2 2948564 2944228
113 2s22p3(2Do)4s 3Do 3 2950039 2945141
114 2s22p3(2Do)4s 1Do 2 2953068 2949709
115 2s22p3(2Do)4p 3D 1 2994101 2989369
116 2s22p3(2Do)4p 3D 2 2995810 2990733
117 2s22p3(2Do)4p 3D 3 2997890 2991827
118 2s22p3(2Do)4p 3F 2 2996710 2992085
119 2s22p3(2Do)4p 3F 3 2997265 2993038
120 2s22p3(2Do)4p 1P 1 2998763 2993682
121 2s22p3(2Do)4p 3F 4 2999364 2993971
122 2s22p3(2Do)4p 1F 3 3000172 2995125
123 2s22p3(2Do)4p 3P 0 3009506 3005847
124 2s22p3(2Do)4p 3P 1 3010255 3006305
125 2s22p3(2Do)4p 3P 2 3011429 3006933
126 2s22p3(2Po)4s 3Po 0 3010020 3007340
127 2s22p3(2Po)4s 3Po 1 3011675 3007944
128 2s22p3(2Po)4s 3Po 2 3012134 3009849
129 2s22p3(2Po)4s 1Po 1 3016082 3014186
130 2s22p3(2Do)4p 1D 2 3022818 3019679
131 2s22p3(2Po)4p 3D 1 3057173 3054865
132 2s22p3(2Po)4p 3S 1 3058202 3055512
133 2s22p3(2Po)4p 3D 2 3058873 3056393
134 2s22p3(2Po)4p 3D 3 3060669 3057874
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Table 3 – continued
K Configuration Term J E(NIST) E(CW) E(AS) E(MCHF) E(MCDHF)
135 2s22p3(2Po)4p 1P 1 3061818 3059320
136 2s22p3(2Po)4p 3P 0 3066009 3063861
137 2s22p3(2Po)4p 3P 1 3066625 3064315
138 2s22p3(2Po)4p 3P 2 3067009 3064628
139 2s22p3(2Po)4p 1D 2 3070883 3069112
140 2s22p3(2Po)4p 1S 0 3094998 3095420
141 2s2p4(4P)4s 5P 3 3274537 3258696
142 2s2p4(4P)4s 5P 2 3281564 3266148
143 2s2p4(4P)4s 5P 1 3286865 3271554
144 2s2p4(4P)4s 3P 2 3290857 3276239
145 2s2p4(4P)4s 3P 1 3298873 3284660
146 2s2p4(4P)4s 3P 0 3302463 3288304
147 2s2p4(2D)4s 3D 1 3433991 3427338
148 2s2p4(2D)4s 3D 2 3434229 3427486
149 2s2p4(2D)4s 3D 3 3434599 3427710
150 2s2p4(2D)4s 1D 2 3444907 3438721
151 2s2p4(2S)4s 3S 1 3521289 3519096
152 2s2p4(2S)4s 1S 0 3531630 3530161
153 2s2p4(2P)4s 3P 2 3560411 3559859
154 2s2p4(2P)4s 1P 1 3562524 3562194
155 2s2p4(2P)4s 3P 0 3572220 3571951
156 2s2p4(2P)4s 3P 1 3573096 3573028

For Cl X, there are only 14 energy levels in the NIST-ASD [14]. Com-
paring our results of energy levels with these energy levels in NIST-ASD
(see Table 3), we see that the CW and AS calculated values are 0.05% and
0.16% far from the NIST-ASD data respectively. The MCHF calculations by
Froese Fischer and Tachiev [20, 21] are 0.24% different from NIST-ASD data.
The only 10 common calculated values by Rynkun et al. [5] using MCDHF
method differ by 0.07% from NIST-ASD data.

In the fitting process we used the NIST-ASD values as reference data.
With the CW atomic structure code and for even parity, all 6 energy levels
of the 2s22p4 and 2p6 configurations were fitted with a standard deviation of
51 cm−1 by 5 free parameters. For odd parity, 8 energy levels of the 2s2p5 and
2s22p33s configurations were fitted with a standard deviation of 131 cm−1 by
5 free parameters. With the AS atomic structure code, we used the LEC
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method, where in the file SHFTIC we put the difference of the energy levels
from NIST and from ab initio calculations. A standard deviation of 604
cm−1 is obtained between our AS calculations and the NIST-ASD values as
references for both parities.

The difference between our both calculations with the HFR and the
TFDA is 0.23%. We can see from Table 3 that there is an excellent agreement
for calculated energy levels with experimental data from the National Insti-
tute of Standards and Technology Atomic Spectra Database (NIST-ASD).

Table 4: Radiative lifetimes. τ(CW) and τ(AS) were our
calculations using respectively the Cowan (CW) and AU-
TOSTRUCTURE (AS) codes. τ(MCHF) are the values
calculated by Froese Fischer and Tachiev [20, 21] using
the MCHF method.

K τ(CW) τ(AS) τ(MCHF)
6 4.580E-11 4.758E-11 5.338E-11
7 4.430E-11 4.610E-11 5.160E-11
8 4.390E-11 4.558E-11 5.103E-11
9 1.190E-11 1.148E-11 1.441E-11
10 1.540E-11 1.755E-11 1.782E-11
11 2.070E-09 1.822E-09 2.078E-09
12 2.300E-12 2.684E-12 2.423E-12
13 6.900E-12 7.707E-12 7.497E-12
14 6.910E-12 7.857E-12 7.615E-12
15 6.830E-12 7.877E-12 7.544E-12
16 2.820E-12 3.241E-12 3.040E-12
17 7.660E-10 8.177E-10 7.930E-10
18 7.630E-10 8.081E-10 7.909E-10
19 7.420E-10 7.957E-10 7.563E-10
20 3.940E-10 5.034E-10 7.288E-10
21 3.930E-10 4.980E-10 7.183E-10
22 4.090E-10 5.328E-10 7.477E-10
23 6.770E-12 7.763E-12 7.875E-12
24 6.590E-12 7.662E-12 7.650E-12
25 6.380E-12 7.507E-12 7.144E-12
26 2.780E-12 3.266E-12 3.112E-12
27 1.410E-10 1.446E-10 5.752E-10
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Table 4 – continued
K τ(CW) τ(AS) τ(MCHF)
28 3.100E-10 3.283E-10 7.281E-10
29 1.620E-10 1.819E-10 5.361E-10
30 2.930E-10 3.109E-10 6.525E-10
31 6.150E-10 6.464E-10 6.347E-10
32 5.820E-10 6.173E-10 6.095E-10
33 6.650E-10 7.022E-10 7.022E-10
34 8.460E-10 8.645E-10 8.190E-10
35 6.210E-11 5.374E-11 2.078E-10
36 6.450E-11 5.439E-11 7.441E-11
37 4.900E-11 4.334E-11 5.991E-11
38 7.500E-11 7.052E-11 7.372E-11
39 2.080E-10 2.045E-10 2.156E-10
40 2.130E-10 2.084E-10 2.216E-10
41 2.420E-10 2.358E-10 2.626E-10
42 3.210E-10 3.083E-10 3.797E-10
43 3.480E-10 3.380E-10 4.040E-10
44 1.860E-10 1.675E-10 1.773E-10
45 5.190E-10 4.525E-10 2.007E-10
46 5.160E-10 4.810E-10 2.147E-10
47 3.310E-10 2.884E-10 1.892E-10
48 4.140E-10 4.092E-10 2.063E-10
49 1.800E-10 1.739E-10 3.417E-10
50 1.040E-10 1.038E-10
51 8.390E-11 8.331E-11 1.590E-10
52 1.500E-12 1.559E-12 1.658E-12
53 1.460E-12 1.517E-12 1.614E-12
54 1.420E-12 1.487E-12 1.555E-12
55 2.010E-10 1.859E-10 2.256E-10
56 6.620E-11 8.241E-11 6.025E-11
57 5.560E-11 7.292E-11 5.183E-11
58 1.840E-10 1.493E-10 1.238E-10
59 3.650E-10 3.539E-10 4.308E-10
60 1.130E-10 1.129E-10 8.714E-11
61 3.590E-10 3.486E-10 3.860E-10
62 3.650E-10 3.549E-10 3.931E-10
63 3.660E-10 3.587E-10 3.939E-10
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Table 4 – continued
K τ(CW) τ(AS) τ(MCHF)
64 4.600E-11 3.652E-11 5.242E-11
65 1.040E-12 1.076E-12 1.029E-12
66 8.360E-13 8.781E-13 9.415E-13
67 9.300E-13 9.667E-13 1.082E-12
68 6.550E-13 6.971E-13 7.245E-13
69 4.870E-13 5.167E-13 4.932E-13
70 6.730E-13 6.989E-13 7.235E-13
71 5.990E-13 6.196E-13 6.101E-13
72 1.060E-12 1.090E-12 1.574E-12
73 4.880E-13 5.148E-13 5.516E-13
74 8.000E-11 8.110E-11 1.142E-10
75 7.230E-11 7.456E-11 9.349E-11
76 6.530E-13 6.921E-13 8.508E-13
77 7.310E-11 7.449E-11 1.016E-10
78 3.500E-10 3.392E-10 3.712E-10
79 2.610E-11 3.002E-11 2.026E-11
80 1.150E-11 1.189E-11 5.783E-12
81 1.250E-12 1.347E-12 1.339E-12
82 1.560E-12 1.672E-12 1.637E-12
83 4.830E-12 4.982E-12 1.129E-11
84 6.930E-13 7.172E-13 7.888E-13
85 9.960E-13 1.012E-12 1.398E-12
86 5.650E-13 5.981E-13 6.645E-13
87 5.340E-12 7.543E-12
88 6.250E-13 6.530E-13 6.484E-13
89 5.240E-12 7.373E-12
90 4.160E-13 4.325E-13 4.780E-13
91 5.230E-12 7.342E-12
92 3.590E-13 3.750E-13 4.112E-13
93 7.600E-12 8.984E-12
94 7.600E-12 9.003E-12
95 7.570E-12 9.000E-12
96 1.200E-11 1.610E-11
97 7.800E-12 9.346E-12
98 1.110E-11 1.413E-11
99 7.170E-12 7.225E-12
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Table 4 – continued
K τ(CW) τ(AS) τ(MCHF)

100 5.190E-12 5.687E-12
101 7.840E-12 7.946E-12
102 3.040E-12 3.466E-12
103 1.330E-11 2.054E-11
104 6.640E-12 5.114E-12
105 2.490E-11 2.525E-11
106 2.480E-11 2.534E-11
107 2.470E-11 2.552E-11
108 2.900E-11 2.647E-11
109 2.870E-11 2.642E-11
110 2.850E-11 2.650E-11
111 1.200E-11 1.217E-11
112 1.170E-11 1.234E-11
113 1.210E-11 1.265E-11
114 7.820E-12 6.568E-12
115 2.610E-11 2.612E-11
116 2.520E-11 2.561E-11
117 2.480E-11 2.550E-11
118 2.410E-11 2.449E-11
119 2.500E-11 2.485E-11
120 2.710E-11 2.771E-11
121 2.420E-11 2.435E-11
122 2.430E-11 2.398E-11
123 3.010E-11 3.229E-11
124 3.040E-11 3.253E-11
125 3.260E-11 3.335E-11
126 1.260E-11 1.317E-11
127 9.600E-12 1.278E-11
128 1.240E-11 1.320E-11
129 6.720E-12 6.853E-12
130 2.990E-11 2.993E-11
131 2.480E-11 2.441E-11
132 2.660E-11 2.747E-11
133 2.450E-11 2.444E-11
134 2.430E-11 2.445E-11
135 2.740E-11 2.529E-11
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Table 4 – continued
K τ(CW) τ(AS) τ(MCHF)

136 2.840E-11 2.816E-11
137 2.830E-11 2.764E-11
138 2.760E-11 2.725E-11
139 2.860E-11 2.678E-11
140 3.630E-11 3.241E-11
141 2.500E-10 1.062E-10
142 9.200E-11 6.756E-11
143 1.660E-10 8.834E-11
144 1.340E-11 1.590E-11
145 1.240E-11 1.469E-11
146 1.190E-11 1.439E-11
147 1.940E-11 1.765E-11
148 1.910E-11 1.777E-11
149 1.870E-11 1.789E-11
150 2.290E-11 2.510E-11
151 1.970E-11 1.647E-11
152 2.610E-11 2.201E-11
153 1.290E-11 9.201E-12
154 8.070E-12 6.723E-12
155 1.690E-11 9.513E-12
156 9.280E-12 6.750E-12

Concerning the radiative lifetimes of the excited levels, we present in Ta-
ble 4 the calculated values with the HFR and TFDA potential approaches,
they differ by less than 11%. They are also compared with the MCHF cal-
culations by Froese Fischer and Tachiev [20, 21].

3.2. Transition parameters
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Figure 1: Comparison between our calculated values of the weighted oscillator strengths by
AS code gf(AS), the values from the NIST database [14] gf(NIST), the MCHF calculated
values by Froese Fischer and Tachiev [20, 21] gf(MCHF) and the MCDHF calculated values
by Rynkun et al. [5] gf(MCDHF) versus our calculated values by CW code gf(CW).

The two transition parameters that we calculate are oscillator strengths
and transition probabilities. We present these calculations in Tables 5 and
6.

Table 5: Weighted oscillator strengths. gf(NIST) are values from
the NIST database [14]. gf(CW) and gf(AS) are our calculated
values using the CW and AS codes. gf(MCHF) and gf(MCDHF)
are respectively, calculated values by Froese Fischer and Tachiev
[20, 21] using the MCHF method and by Rynkun et al. [5] using
the MCDHF method.

Key K K’ gf(NIST) gf(CW) gf(AS) gf(MCHF) gf(MCDHF)

1 6 1 5.689E-01 5.212E-01 5.022E-01 4.456E-01 4.442E-01
2 6 2 1.905E-01 1.722E-01 1.656E-01 1.462E-01 1.457E-01
3 6 4 5.546E-03 5.182E-03 4.195E-03 4.166E-03
4 7 1 1.799E-01 1.731E-01 1.542E-01 1.538E-01
5 7 2 1.052E-01 1.012E-01 8.961E-02 8.933E-02
6 7 3 1.384E-01 1.329E-01 1.178E-01 1.174E-01
7 7 4 1.928E-04 2.159E-04 1.108E-04 1.132E-04
8 7 5 8.260E-04 9.030E-04 6.408E-04 6.218E-04
9 8 2 1.419E-01 1.366E-01 1.212E-01 1.209E-01

10 9 1 8.511E-03 8.388E-03 6.625E-03 6.572E-03
11 9 2 2.042E-04 1.765E-04 1.889E-04 1.899E-04
12 9 3 5.383E-04 4.273E-04 4.021E-04 3.898E-04
13 9 4 9.078E-01 9.012E-01 7.755E-01 7.718E-01
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Table 5 – continued
Key K K’ gf(NIST) gf(CW) gf(AS) gf(MCHF) gf(MCDHF)

14 9 5 8.750E-02 6.922E-02 6.970E-02 6.947E-02
15 11 1 6.714E-04 7.738E-04 6.875E-04
16 11 2 1.469E-04 1.606E-04 1.270E-04
17 13 1 5.741E-03 5.296E-03 5.595E-03
18 13 2 6.839E-02 6.067E-02 6.429E-02
19 13 3 5.998E-02 5.401E-02 5.242E-02
20 13 4 1.758E-03 1.645E-03 2.095E-03
21 13 5 4.256E-04 2.808E-04 8.601E-04
22 14 1 8.872E-02 7.622E-02 8.560E-02
23 14 2 1.358E-01 1.219E-01 1.182E-01
24 14 4 5.559E-04 6.695E-06 3.029E-04
25 15 1 3.133E-01 2.712E-01 2.832E-01
26 15 4 3.540E-03 3.512E-03 3.475E-03
27 16 1 1.371E-02 1.204E-02 1.473E-02
28 16 2 4.775E-03 3.084E-03 5.949E-03
29 16 4 5.546E-01 4.836E-01 5.105E-01
30 23 2 4.375E-02 3.807E-02 3.792E-02
31 24 1 3.990E-02 3.576E-02 3.367E-02
32 24 2 2.958E-02 2.553E-02 2.445E-02
33 24 3 6.109E-02 5.148E-02 5.581E-02
34 24 4 3.784E-03 2.791E-03 3.021E-03
35 24 5 1.256E-04 7.517E-07 8.370E-05
36 25 1 1.216E-01 1.064E-01 9.750E-02
37 25 2 8.453E-02 7.061E-02 7.869E-02
38 25 4 2.472E-02 1.925E-02 3.291E-02
39 26 1 6.699E-04 5.429E-04 3.092E-04
40 26 2 5.984E-05 1.037E-05 1.195E-05
41 26 3 4.102E-04 2.244E-04 5.887E-04
42 26 4 1.782E-01 1.493E-01 1.525E-01
43 26 5 1.600E-01 1.383E-01 1.540E-01
44 39 2 4.864E-04 4.847E-04 5.433E-04
45 40 1 7.278E-04 7.430E-04 8.260E-04
46 40 2 4.266E-04 4.506E-04 4.296E-04
47 40 3 2.158E-04 1.888E-04 2.752E-04
48 40 4 5.572E-07 9.642E-07 2.209E-06
49 40 5 4.046E-08 4.323E-08 2.349E-07
50 41 1 1.503E-03 1.567E-03 1.544E-03
51 41 2 3.954E-05 2.010E-05 9.927E-05
52 41 4 4.581E-07 5.439E-07 1.839E-06
53 42 1 3.581E-04 4.306E-04 1.883E-04
54 42 4 7.709E-06 7.806E-06 1.310E-05
55 52 1 2.432E-01 2.324E-01 2.228E-01
56 52 2 6.109E-01 5.930E-01 5.514E-01
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Table 5 – continued
Key K K’ gf(NIST) gf(CW) gf(AS) gf(MCHF) gf(MCDHF)

57 52 4 2.244E-03 2.060E-03 1.819E-03
58 53 1 1.702E-02 1.624E-02 1.564E-02
59 53 2 2.228E-01 2.147E-01 2.016E-01
60 53 3 2.884E-01 2.804E-01 2.623E-01
61 53 4 4.634E-04 4.682E-04 4.452E-04
62 53 5 6.237E-05 1.159E-04 7.317E-07
63 54 1 1.253E+00 1.200E+00 1.147E+00
64 54 4 5.610E-03 5.308E-03 3.631E-03
65 56 1 4.519E-03 3.439E-03 5.400E-03
66 56 2 9.078E-03 6.990E-03 1.057E-02
67 56 4 1.675E-03 1.068E-03 1.704E-03
68 57 1 2.317E-02 1.672E-02 2.597E-02
69 57 4 3.112E-03 2.039E-03 3.277E-03
70 58 2 6.152E-04 9.068E-04 1.367E-03
71 60 1 2.965E-03 2.511E-03 5.215E-03
72 60 4 7.709E-03 8.054E-03 1.034E-02
73 65 1 6.839E-03 5.399E-03 5.090E-02
74 65 2 7.745E-02 7.115E-02 2.027E-01
75 65 3 3.055E-01 2.865E-01 1.467E-01
76 65 4 2.799E-01 2.836E-01 2.759E-01
77 65 5 5.012E-02 4.659E-02 4.533E-02
78 66 1 1.549E-01 1.777E-01 1.099E-01
79 66 2 1.291E+00 1.200E+00 1.175E+00
80 66 4 1.528E-03 6.891E-04 1.809E-04
81 67 1 5.309E-02 4.935E-02 1.655E-02
82 67 2 1.875E-01 1.929E-01 3.393E-02
83 67 3 1.393E-01 1.352E-01 2.412E-01
84 67 4 3.707E-01 3.466E-01 3.227E-01
85 67 5 4.943E-02 4.539E-02 8.105E-02
86 68 1 2.553E+00 2.397E+00 2.312E+00
87 68 4 1.368E-02 1.564E-02 7.690E-03
88 69 1 2.109E+00 1.927E+00 2.128E+00
89 69 2 3.342E-01 3.556E-01 2.902E-01
90 69 4 1.233E-02 3.004E-02 2.612E-03
91 70 2 3.565E-01 3.434E-01 3.315E-01
92 71 1 4.797E-01 5.204E-01 5.500E-01
93 71 2 3.622E-01 3.020E-01 2.958E-01
94 71 3 3.258E-01 3.027E-01 2.864E-01
95 71 4 3.258E-02 3.476E-02 4.454E-02
96 71 5 1.493E-04 4.263E-04 5.247E-04
97 72 1 5.483E-02 8.860E-02 3.065E-03
98 72 2 9.840E-04 4.497E-04 2.738E-03
99 72 4 1.125E+00 1.054E+00 7.900E-01
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Table 5 – continued
Key K K’ gf(NIST) gf(CW) gf(AS) gf(MCHF) gf(MCDHF)
100 73 1 9.376E-01 8.269E-01 8.035E-01
101 73 2 3.999E-01 4.208E-01 3.666E-01
102 73 3 1.104E-01 1.287E-01 1.060E-01
103 73 4 1.288E-02 9.019E-03 1.097E-02
104 73 5 1.416E-03 7.904E-04 3.841E-03
105 76 1 2.228E-01 2.024E-01 1.962E-01
106 76 4 2.410E+00 2.280E+00 1.825E+00
107 79 1 2.153E-04 1.719E-04 3.279E-04
108 79 2 1.230E-02 1.085E-02 1.992E-02
109 79 4 2.999E-02 2.532E-02 3.593E-02
110 80 1 8.995E-02 8.042E-02 1.556E-01
111 80 4 4.842E-02 5.366E-02 1.287E-01
112 81 2 1.862E-01 1.722E-01 1.751E-01
113 82 1 4.943E-02 4.987E-02 7.755E-03
114 82 2 1.762E-01 1.670E-01 2.047E-01
115 82 3 1.977E-01 1.777E-01 1.923E-01
116 82 4 1.486E-02 1.307E-02 1.440E-02
117 82 5 9.268E-03 9.221E-03 1.194E-02
118 83 1 1.422E-01 1.527E-01 5.315E-02
119 83 2 8.511E-02 7.052E-02 4.074E-02
120 83 4 9.226E-03 5.338E-03 8.020E-03
121 84 1 2.704E-01 2.571E-01 2.243E-01
122 84 2 1.026E+00 1.004E+00 9.996E-01
123 84 4 3.828E-01 3.583E-01 2.592E-01
124 85 1 1.570E+00 1.549E+00 1.097E+00
125 85 4 3.565E-02 2.966E-02 5.615E-02
126 86 1 2.393E-02 2.248E-02 1.706E-02
127 86 2 5.012E-01 4.668E-01 4.251E-01
128 86 3 6.982E-01 6.642E-01 6.041E-01
129 86 4 1.172E-03 1.039E-03 9.975E-04
130 86 5 1.384E-03 3.684E-04 2.204E-03
131 88 1 7.798E-02 6.954E-02 3.478E-02
132 88 2 3.656E-01 3.308E-01 1.925E-01
133 88 4 1.452E+00 1.410E+00 1.619E+00
134 90 1 1.159E-02 8.990E-03 1.786E-02
135 90 4 3.999E+00 3.835E+00 3.499E+00
136 92 1 6.934E-06 1.996E-05 1.060E-06
137 92 2 2.018E-03 1.441E-03 1.442E-03
138 92 3 3.296E-04 5.314E-05 1.639E-03
139 92 4 8.091E-02 7.737E-02 8.915E-02
140 92 5 1.963E+00 1.863E+00 1.716E+00
141 103 1 3.034E-03 1.547E-04
142 103 2 5.224E-03 3.262E-05
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Table 5 – continued
Key K K’ gf(NIST) gf(CW) gf(AS) gf(MCHF) gf(MCDHF)
143 103 4 1.256E-02 1.810E-07
144 104 1 2.018E-02 4.374E-02
145 104 2 2.999E-02 2.526E-02
146 104 3 9.528E-05 8.623E-03
147 104 4 2.541E-04 2.049E-04
148 104 5 2.075E-06 3.805E-06
149 113 1 3.614E-02 3.469E-02
150 113 4 4.121E-04 5.617E-04
151 114 1 5.272E-04 9.333E-04
152 114 2 7.362E-03 7.938E-04
153 114 4 5.794E-02 8.764E-02
154 126 2 4.375E-03 4.335E-03
155 127 1 2.495E-03 3.775E-03
156 127 2 2.188E-03 2.859E-03
157 127 3 4.217E-03 5.606E-03
158 127 4 9.661E-03 1.513E-03
159 127 5 7.499E-03 3.963E-04

Table 6: Weighted transition probabilities. gA(NIST) are val-
ues from the NIST database [14]. gA(CW) and gA(AS) are our
calculated values using the CW and AS codes. gA(MCHF) and
gA(MCDHF) are respectively, calculated values by Froese Fischer
and Tachiev [20, 21] using the MCHF method and by Rynkun et
al. [5] using the MCDHF method.

Key K K’ gA(NIST) gA(CW) gA(AS) gA(MCHF) gA(MCDHF)
1 6 1 9.000E+10 8.24E+10 7.95E+10 7.09E+10 7.030E+10
2 6 2 2.800E+10 2.60E+10 2.50E+10 2.22E+10 2.205E+10
3 6 4 6.59E+08 6.16E+08 5.01E+08 4.954E+08
4 7 1 2.96E+10 2.84E+10 2.55E+10 2.529E+10
5 7 2 1.65E+10 1.59E+10 1.42E+10 1.406E+10
6 7 3 2.15E+10 2.06E+10 1.84E+10 1.822E+10
7 7 4 2.39E+07 2.68E+07 1.38E+07 1.407E+07
8 7 5 7.18E+07 7.92E+07 5.63E+07 5.406E+07
9 8 2 2.28E+10 2.19E+10 1.96E+10 1.944E+10

10 9 1 2.64E+09 2.75E+09 2.01E+09 1.986E+09
11 9 2 6.13E+07 5.61E+07 5.56E+07 5.556E+07
12 9 3 1.60E+08 1.35E+08 1.17E+08 1.129E+08
13 9 4 2.31E+11 2.44E+11 1.92E+11 1.904E+11
14 9 5 1.75E+10 1.49E+10 1.36E+10 1.340E+10
15 11 1 1.99E+09 2.28E+09 2.03E+09
16 11 2 4.30E+08 4.68E+08 3.72E+08
17 13 1 1.86E+10 1.71E+10 1.81E+10

21



Table 6 – continued
Key K K’ gA(NIST) gA(CW) gA(AS) gA(MCHF) gA(MCDHF)

18 13 2 2.19E+11 1.94E+11 2.06E+11
19 13 3 1.91E+11 1.72E+11 1.67E+11
20 13 4 5.35E+09 5.01E+09 6.38E+09
21 13 5 1.21E+09 8.00E+08 2.45E+09
22 14 1 2.87E+11 2.46E+11 2.77E+11
23 14 2 4.35E+11 3.90E+11 3.79E+11
24 14 4 1.69E+09 2.04E+07 9.23E+08
25 15 1 1.01E+12 8.78E+11 9.17E+11
26 15 4 1.08E+10 1.07E+10 1.06E+10
27 16 1 4.49E+10 3.95E+10 4.83E+10
28 16 2 1.55E+10 1.00E+10 1.93E+10
29 16 4 1.71E+12 1.49E+12 1.58E+12
30 23 2 1.48E+11 1.29E+11 1.27E+11
31 24 1 1.36E+11 1.22E+11 1.14E+11
32 24 2 1.00E+11 8.65E+10 8.19E+10
33 24 3 2.06E+11 1.74E+11 1.86E+11
34 24 4 1.22E+10 9.00E+09 9.63E+09
35 24 5 3.79E+08 2.28E+06 2.50E+08
36 25 1 4.16E+11 3.64E+11 3.31E+11
37 25 2 2.87E+11 2.40E+11 2.64E+11
38 25 4 7.99E+10 6.22E+10 1.05E+11
39 26 1 2.32E+09 1.88E+09 1.06E+09
40 26 2 2.05E+08 3.56E+07 4.06E+07
41 26 3 1.40E+09 7.69E+08 2.00E+09
42 26 4 5.82E+11 4.89E+11 4.94E+11
43 26 5 4.91E+11 4.25E+11 4.67E+11
44 39 2 1.83E+09 1.81E+09 2.05E+09
45 40 1 2.77E+09 2.81E+09 3.14E+09
46 40 2 1.61E+09 1.69E+09 1.62E+09
47 40 3 8.11E+08 7.05E+08 1.03E+09
48 40 4 2.00E+06 3.45E+06 7.94E+06
49 40 5 1.37E+05 1.45E+05 7.94E+05
50 41 1 5.72E+09 5.92E+09 5.87E+09
51 41 2 1.49E+08 7.53E+07 3.74E+08
52 41 4 1.65E+06 1.94E+06 6.61E+06
53 42 1 1.36E+09 1.63E+09 7.15E+08
54 42 4 2.77E+07 2.79E+07 4.71E+07
55 52 1 9.48E+11 9.03E+11 8.68E+11
56 52 2 2.36E+12 2.28E+12 2.13E+12
57 52 4 8.30E+09 7.58E+09 6.71E+09
58 53 1 6.65E+10 6.31E+10 6.09E+10
59 53 2 8.61E+11 8.27E+11 7.78E+11
60 53 3 1.11E+12 1.08E+12 1.01E+12
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Table 6 – continued
Key K K’ gA(NIST) gA(CW) gA(AS) gA(MCHF) gA(MCDHF)

61 53 4 1.71E+09 1.72E+09 1.64E+09
62 53 5 2.17E+08 4.02E+08 2.54E+06
63 54 1 4.90E+12 4.67E+12 4.47E+12
64 54 4 2.07E+10 1.95E+10 1.34E+10
65 56 1 1.84E+10 1.40E+10 2.20E+10
66 56 2 3.67E+10 2.82E+10 4.27E+10
67 56 4 6.48E+09 4.12E+09 6.58E+09
68 57 1 9.45E+10 6.81E+10 1.06E+11
69 57 4 1.21E+10 7.88E+09 1.27E+10
70 58 2 2.49E+09 3.67E+09 5.54E+09
71 60 1 1.22E+10 1.03E+10 2.15E+10
72 60 4 3.00E+10 3.13E+10 4.03E+10
73 65 1 2.83E+10 2.23E+10 2.12E+11
74 65 2 3.18E+11 2.92E+11 8.36E+11
75 65 3 1.25E+12 1.17E+12 6.03E+11
76 65 4 1.10E+12 1.11E+12 1.09E+12
77 65 5 1.85E+11 1.73E+11 1.69E+11
78 66 1 6.44E+11 7.38E+11 4.57E+11
79 66 2 5.31E+12 4.94E+12 4.84E+12
80 66 4 6.02E+09 2.71E+09 7.13E+08
81 67 1 2.21E+11 2.05E+11 6.85E+10
82 67 2 7.72E+11 7.94E+11 1.39E+11
83 67 3 5.73E+11 5.55E+11 9.88E+11
84 67 4 1.46E+12 1.37E+12 1.27E+12
85 67 5 1.84E+11 1.69E+11 3.00E+11
86 68 1 1.06E+13 9.95E+12 9.61E+12
87 68 4 5.39E+10 6.16E+10 3.03E+10
88 69 1 8.82E+12 8.07E+12 8.91E+12
89 69 2 1.39E+12 1.48E+12 1.20E+12
90 69 4 4.90E+10 1.19E+11 1.04E+10
91 70 2 1.48E+12 1.43E+12 1.38E+12
92 71 1 2.01E+12 2.18E+12 2.31E+12
93 71 2 1.50E+12 1.25E+12 1.23E+12
94 71 3 1.35E+12 1.25E+12 1.19E+12
95 71 4 1.30E+11 1.38E+11 1.77E+11
96 71 5 5.60E+08 1.60E+09 1.97E+09
97 72 1 2.30E+11 3.72E+11 1.28E+10
98 72 2 4.10E+09 1.87E+09 1.14E+10
99 72 4 4.48E+12 4.20E+12 3.14E+12

100 73 1 3.95E+12 3.48E+12 3.39E+12
101 73 2 1.67E+12 1.76E+12 1.53E+12
102 73 3 4.60E+11 5.36E+11 4.42E+11
103 73 4 5.14E+10 3.61E+10 4.39E+10
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Table 6 – continued
Key K K’ gA(NIST) gA(CW) gA(AS) gA(MCHF) gA(MCDHF)
104 73 5 5.34E+09 2.98E+09 1.45E+10
105 76 1 9.48E+11 8.63E+11 8.35E+11
106 76 4 9.76E+12 9.23E+12 7.37E+12
107 79 1 9.29E+08 7.42E+08 1.41E+09
108 79 2 5.26E+10 4.65E+10 8.47E+10
109 79 4 1.23E+11 1.04E+11 1.46E+11
110 80 1 3.88E+11 3.47E+11 6.67E+11
111 80 4 1.98E+11 2.20E+11 5.24E+11
112 81 2 7.99E+11 7.39E+11 7.45E+11
113 82 1 2.14E+11 2.16E+11 3.33E+10
114 82 2 7.56E+11 7.17E+11 8.72E+11
115 82 3 8.47E+11 7.61E+11 8.17E+11
116 82 4 6.11E+10 5.38E+10 5.87E+10
117 82 5 3.60E+10 3.59E+10 4.60E+10
118 83 1 6.16E+11 6.62E+11 2.29E+11
119 83 2 3.66E+11 3.03E+11 1.74E+11
120 83 4 3.80E+10 2.20E+10 3.28E+10
121 84 1 1.18E+12 1.12E+12 9.71E+11
122 84 2 4.44E+12 4.35E+12 4.29E+12
123 84 4 1.59E+12 1.49E+12 1.07E+12
124 85 1 6.86E+12 6.77E+12 4.76E+12
125 85 4 1.48E+11 1.23E+11 2.31E+11
126 86 1 1.05E+11 9.84E+10 7.40E+10
127 86 2 2.17E+12 2.03E+12 1.83E+12
128 86 3 3.02E+12 2.88E+12 2.59E+12
129 86 4 4.87E+09 4.32E+09 4.11E+09
130 86 5 5.43E+09 1.45E+09 8.57E+09
131 88 1 3.42E+11 3.06E+11 1.52E+11
132 88 2 1.59E+12 1.44E+12 8.33E+11
133 88 4 6.06E+12 5.89E+12 6.71E+12
134 90 1 5.11E+10 3.98E+10 7.82E+10
135 90 4 1.68E+13 1.61E+13 1.45E+13
136 92 1 3.13E+07 9.03E+07 4.74E+06
137 92 2 9.03E+09 6.47E+09 6.39E+09
138 92 3 1.47E+09 2.38E+08 7.25E+09
139 92 4 3.47E+11 3.33E+11 3.79E+11
140 92 5 7.96E+12 7.59E+12 6.89E+12
141 103 1 1.70E+10 8.38E+08
142 103 2 2.91E+10 1.75E+08
143 103 4 6.73E+10 9.36E+05
144 104 1 1.14E+11 2.38E+11
145 104 2 1.67E+11 1.37E+11
146 104 3 5.31E+08 4.66E+10
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Table 6 – continued
Key K K’ gA(NIST) gA(CW) gA(AS) gA(MCHF) gA(MCDHF)
147 104 4 1.37E+09 1.07E+09
148 104 5 1.06E+07 1.88E+07
149 113 1 2.10E+11 2.01E+11
150 113 4 2.29E+09 3.11E+09
151 114 1 3.07E+09 5.42E+09
152 114 2 4.25E+10 4.57E+09
153 114 4 3.23E+11 4.87E+11
154 126 2 2.62E+10 2.60E+10
155 127 1 1.51E+10 2.28E+10
156 127 2 1.31E+10 1.71E+10
157 127 3 2.53E+10 3.35E+10
158 127 4 5.59E+10 8.74E+09
159 127 5 4.14E+10 2.18E+09

Computed transition rates are in close agreement with available data
from MCHF calculations by Froese Fischer and Tachiev [20, 21] and MCDHF
calculations by Rynkun et al. [5].

To see the difference between the different transition parameters, we plot
in Figure 1 the weighted oscillator strengths calculated by AS and those
from the NIST database [14], from Froese Fischer and Tachiev [20, 21] using
the MCHF method and from Rynkun et al. [5] using the MCDHF method,
versus the CW values.

In the NIST-ASD database there are only two values that we put in the
Figure 1 (in red color circle). The CW, AS, MCHF and MCDHF values are
9.0%, 12.4%, 22.5% and 22.7% from the NIST-ASD values. The 14 MCDHF
gf values are less than 1% different from the MCHF values.

Comparing the 140 gf values from CW, AS and MCHF, we notice that
the AS and MCHF values are 20% and 48% respectively far from those of
the CW.

4. Conclusions

In this work, within the framework of the HFR and TFDA methods, a
consistent atomic data set including energy levels, lifetimes and transition
data are provided for the lowest states for the O-like Cl X ion. Energy levels
and radiative lifetimes are provided for the 156 lowest levels belonging to the
10 configurations 2sa2p6−a (a=0-2), 2s22p33l (`=0-2), 2s22p34l (`=0,1) and
2s22p3ns (n=3,4).
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Oscillator strengths and transition probabilities for 159 transitions are
calculated. They are in agreement with the results from other calculations
and available measurements for most of the considered transitions.

The new results of this work are important for fusion plasma and astro-
physical applications.
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Pleso 50 (2020) 86–95.

[13] C. Froese Fischer, G. Gaigalas, P. Jönsson, J. Biero, GRASP2018a For-
tran 95 version of the general relativistic atomic structure package, Com-
puter Physics Communications 237 (2019) 184–187.

[14] A. Kramida, Yu. Ralchenko, J. Reader, and NIST ASD Team,
NIST Atomic Spectra Database (ver. 5.10), [Online]. Available:
https://physics.nist.gov/asd [2023, December 13]. National Insti-
tute of Standards and Technology, Gaithersburg, MD. (2023).

[15] L. Abu El Maati, A. Mahmoud, I. S. Mahmoud, S. G. Tawfik, N. Al-
wadii, N. Ben Nessib, M. S. Dimitrijević, Atomic structure and transi-
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