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Fig. 1. Convergence of the excitation energy for two excited states [1s?2p];/, and [1s%4f];, of Mg®", Cr?'* and Mo™* ions with basis

set expansion.
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Table 2.  Excitation energy (in ¢V) data for Mg and its comparison with NISTP?S and other theoretical computational res-
ultslii15.16],
e RE MEA NIST » HLAEST SNISTAAR 25 /%
MCDF " MBPT 9  S-Matrix ¥ Hjif%% MCDF MBPT  S-Matrix
1 [15%2s]1 /5 0 0 0 — — — — _ _
2 [1s*2plyp  19.8405  19.83922 19.9758 19.8297 19.8382 0.007 0.688 -0.048 -0.005
3 [1s?2ply»  20.3343  20.33202  20.4655 20.3242 20.3315 0.011 0.656 -0.038 -0.003
4 [1s?3s];»  208.6336  208.628  208.5291 — — 0.003 -0.047 — —
5 [1s 23p]1/2 214.0728 214.061 214.0012 — — 0.006 -0.028 — —
6 [1s?3pls/s  214.2184  214.224  214.1457 — — -0.003 -0.037 — —
7 [1s 23(:1]3/2 216.1664 216.17 216.0475 — — -0.002 -0.057 — —
8 [1s?3d]5;» 2162115  216.215  216.0921 — — -0.002 -0.057 — —
9 [1s%s],  279.2771 279.29 279.1520 — — -0.005 ~0.049 — —
10 [1s*4ply/s 2815067  281.463  281.3948 — — 0.016 -0.024 — —
11 [1s*4pl3,  281.5680  281.463  281.4556 — — 0.037 -0.003 — —
12 [1s*4d]y, 2823775  282.359  282.2479 — — 0.007 -0.039 — —
13 [1s%4d]5,»  282.3965 282.40 282.2667 — — -0.001 -0.047 — —
14 [1s*4f]5,y 2824407  282.443  282.3021 — — -0.001 -0.050 — —
15 [1524ﬂ7/2 282.4510 282.453 282.3114 — — -0.001 -0.050 — —
T ) NISTEW R R YCR K SOk HMCDF - CURARITH545 2R OSCHR[15) {8 FIMBP TI7 3k BT H545 2R O30k [16] IS AR

[y prS i DX
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Cre UL RE (007 eV) HHESER KI5 NISTE0 A ISR L5 R 101510 (1 Ly A

Table 3. Excitation energy (in eV) data for Cr?'* and its comparison with NISTP?! and other theoretical computational

results/10:15,16],

. HAbF LR EINISTHIAHXS 225 /%
i 224 AR NIST® -
MCDF» MBPT® S-Matrix ¥  4{[it% MCDF MBPT S-Matrix
1 [1522s]; /9 0 0 0 — — — _ _
2 [1s*2p]1/s  44.3259  44.3322  44.4933 44.3417 44.3209 -0.014 0.363 0.021 -0.025
3 [1s*2p]3»  55.6001  55.5958  55.7466 55.6222 55.5918 0.008 0.271 0.047 -0.007
4 [1s%3s]1,  967.4110  967.40  967.2840 — — 0.001 -0.012 — —
5 [1s?3pl1s  979.7019  979.68  979.6261 — — 0.002 -0.005 —
6 [1s23pls»  983.0371  983.02  982.9546 — — 0.002 -0.007 — —
7 [1s23d]y,  987.7139  987.70  987.5784 — — 0.001 -0.012 —
8 [1s23d)5,  988.7666  988.75  988.6288 — — 0.002 -0.012 — —
9 [1s%s];  1300.2631  1300.12  1300.1223 — — 0.011 0.000 —
10 [1spl,  1305.3243 130528  1305.2034 — — 0.003 ~0.006 — —
11 [1s™ply,  1306.7288  1306.69  1306.6053 — — 0.003 ~0.006 —
12 [1s4d]y,  1308.6689  1308.66  1308.5255 — — 0.001 -0.010 — —
13 [1s4d]s,  1309.1131  1309.10  1308.9686 — — 0.001 -0.010 —
14 [1s%4f]5,  1309.2268 — 1309.0709 — — — — — —
15 [1s%fl;  1309.4480 — 1309.2923 — — — — —

TE: ©) NISTPOEE AR A © SR [10)fTIMCDF +CUF i L5 2R, ST 1) HIMBP T 5 i R THAE SR OSCHR[16] (8] SHE

W7 i BT

#4

Mo™ UL RE (S07 eV) THFAE R SIS NISTRO FUHABBEIS T 455 121910] (g L

Table 4. Excitation energy (in eV) data for Mo** and its comparison with NIST®! and other theoretical computational

resultsl12:15:16],

- - W NIST HAb iS55 ‘ ENISTHIAHX 227 /%
MCDF"  MBPT ¢ S-Matrix ¥  4iii}4% MCDF MBPT S-Matrix
1 [1s°2s]; 2 0 0 — — — — — — —
2 (1s*2p];  86.1124 86.108 86.2085 86.1764 86.1041 0.005 0.117  0.079 ~0.005
3 [1s2p]3s 2120023 2119956  212.1476  212.1689 211.982 0.003 0.072 0.082 0.006
4 [1s23s];, 32069762  3207.1  3206.7966 — — -0.004  -0.009 —
5 [1s?3p]1»  3230.8215  3230.8  3230.8328 — — 0.001 0.001 —
6 [1s%3pls»  3268.1729  3268.1  3268.1355 — — 0.002 0.001 —
7 [1s?3d]3»  3276.6290  3276.5  3276.5429 — — 0.004 0.001 —
8 [1s23d]5, 32882659  3288.1  3288.1599 — — 0.005 0.002 — —
9 [1ss], o 4314.1977  4313.9 — — — 0.007 — —
10 [1sp]i»  4323.9937  4323.8 — — — 0.004 — — —
11 [1s™Mply,  4339.7142  4339.5 — — — 0.005 — —
12 [1s”4d]ys 43432364 43431 — — — 0.003 — —
13 [1s?4d];, 43481528  4348.0 — — — 0.004 — — —
14 [1s%fl;,  4348.3516 — — — — — — —
15 [1s%4f];/5  4350.7885 — — — — — —

) NISTEOEE PRI B ) SCiik[12]f FIMCDF+CT A 545 51

oy pFS i SRR

SEBER T X E1, B2 BRAT, THRE R 7
REERLE AN B R BT RAE R, (e R xRS
HIATEOLS, PIRPRLIEE 58 AR (Y, T07E I PR AR
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Fig. 2. Relationship between the calculated transition rates
(E1, M1, E2) and the relative uncertainties of the results

for level transitions in the Mg?*, Cr?'* and Mo** ions.
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%5 Mg™BRITHAR (07 s 1) AR KIS NISTERO Fobf R HAB B T HE 455 1 A A
Table 5.  Comparison of transition rates (in s') calculations for Mg’ with NISTI® data and other Ref. [11].

] EINISTIHAHYT 25 5/ %
5 LRERSS O TRERSS  BGESSE 4R NIST ®  HABIHIBZERY)
MEE AR

2 1 E1 6.982x10%  6.95x108 7.176x108 0.45 3.25
2 5 1 E1l 2.149%x10™  2.17x10M 2.136x 10" -0.96 ~1.55
3 10 1 E1 9.744x101  9.93x1010 9.700x 1010 ~1.88 -2.31
4 5 4 E1l 8.870x107  8.85x107 9.023x 107 0.23 1.95
5 10 4 E1 2.678x101°  2.69%1010 2.672x1010 -0.44 -0.67
6 10 9 El 2.060x107  1.91x107 2.090x 107 7.84 9.40
7 3 1 E1 7.530x108  7.51x108 7.736x108 0.27 3.01
8 6 1 E1l 2.135x101  2.16x10M 2.122x10" ~1.18 ~1.76
9 11 1 E1 9.693x101  9.88x1010 9.651x1010 ~1.89 -2.31
10 6 4 E1l 9.616x107  9.67x107 9.771x107 -0.56 1.04
11 11 4 E1 2.656x101°  2.68x1010 2.651x101 ~0.89 ~1.10
12 11 9 E1l 2.238x107  1.91x107 2.267x107 17.17 18.66
13 4 2 E1 3.456x101  3.39x1010 3.428 %1010 1.96 1.12
14 9 2 E1l 1.353x10  1.34x10% 1.340%x 1010 0.95 0.00
15 9 5 E1 9.319x10°  9.47x10° 9.324x10° ~1.60 ~1.54
16 7 2 E1l 5.569x10  5.48x10M 5.580x 10" 1.62 1.83
17 12 2 E1 1.826x10'  1.85x10! 1.835x 10! ~1.28 -0.79
18 7 5 El 3.315x106  3.38x106 3.096x 106 ~1.92 -8.42
19 12 5 E1 5.791x101°  5.83x1010 5.795x 101 -0.66 ~0.60
20 12 10 E1l 1.018x10°  1.11x10° 9.542x10° -8.28 ~14.04
21 10 7 E1 4.340x109  4.26x10° 4.323%10° 1.88 1.48
22 11 7 E1l 4.278x10%  4.26x108 4.262x108 0.41 0.04
23 14 7 E1 1.289x 10" — 1.290x 10" — —
24 14 12 E1l 2.635%10? — 1.704x10? — —
25 4 3 E1 6.967x101  6.81x1010 6.909x1010 2.31 1.45
26 9 3 E1l 2.724x10%°  2.67x10% 2.694x 100 2.02 0.90
27 9 6 E1 1.878x100  1.88x101 1.878x 1010 -0.12 -0.11
28 7 3 E1l 1.111x10"  1.09x 10 1.113x 10" 1.94 2.11
29 12 3 E1 3.637x101  3.66x1010 3.654x1010 -0.64 -0.16
30 7 6 El 5.339x10°  5.31x10° 4.968x10° 0.54 —6.44
31 12 6 E1 1.160x10  1.16x10 1.160x 10 -0.04 0.00
32 12 11 E1l 1.634x10°  2.21x10° 1.528x10° ~26.04 ~30.86
33 8 3 E1 6.666x101"  6.55x 101! 6.680x 10" 1.77 1.98
34 13 3 E1l 2.183x10M  2.21x10M 2.194x 10" ~1.20 -0.71
35 8 6 E1 3.432x10°  3.43x10° 3.198x10° 0.05 -6.77
36 13 6 El 6.950x10°  6.96x10'0 6.955x 101 -0.14 -0.08
37 13 11 E1 1.052x106  1.51x10° 9.843x10° ~30.36 ~34.81
38 11 8 El 3.865x10°  3.82x10° 3.851x10° 1.18 0.81
39 14 8 E1 9.201x10° — 9.202x10° — —
40 14 13 E1 6.379 — 3.394 — —
41 15 8 E1 1.380x 10" — 1.381x 10" — —
42 15 13 E1l 1.786x10? — 1.035%102 — —
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Table 5 (continued). Comparison of transition rates (in s') calculations for Mg+ with NISTP? data and other Ref. [11].

Bidgns  LRESSS  TRESMS  BOERA MAETHE NIST®  H{BREHEZLRY

ENISTAHXS 255 /%

HHE bR

43 7 1 B2 7.367%107 — 7.356x107 — —
44 12 1 E2 1.208x107 — 1.208x 107 — —
45 7 4 E2 36.65 — 36.27 — —
46 12 4 E2 4.721x10° — 4.718%10° — —
47 12 9 E2 6.189 — 6.128 — —
48 8 1 E2 7.372%107 — 7.361x107 — —
49 13 1 E2 1.212x107 — 1.212x107 — —
50 8 4 E2 37.81 — 37.40 — —
51 13 4 E2 4.722x106 — 4.720x10° — —
52 13 9 E2 6.386 — 6.321 — —
53 3 2 B2 1.824x10°6 — 1.755%x10°6 — —
54 6 2 E2 1.263x107 — 1.261x107 — —
55 11 2 B2 5.390x 106 — 5.420x 109 — —
56 6 5 E2 1.544x10°7 — 1.468x10°7 — —
57 11 5 B2 1.329%105 — 1.328%106 — —
58 11 10 E2 2.373x10°® — 2.187x10°® — —
59 14 2 B2 4.816x107 — 4.180x107 — —
60 14 5 E2 5.013x10° — 4.997x10° — —
61 14 10 B2 7.343x10° — 6.368x10°* — —
62 9 7 E2 4.852x10° — 4.852x10° — —
63 12 7 B2 8.342x10° — 8.342x10° — —
64 8 7 E2 6.385x10 ! — 6.073x10 1! — —
65 13 7 B2 2.383x10° — 2.383x10° — —
66 13 12 E2 1.368x101 — 1.291x101 — —
67 5 3 B2 2.521x107 — 2.517x107 — —
68 10 3 E2 1.071x107 — 1.076x 107 — —
69 10 6 B2 2.655x106 — 2.654x106 — —
70 6 3 E2 1.259%107 — 1.257x107 — —
71 11 3 B2 5.359x106 — 5.384x106 — —
72 11 6 E2 1.326x10° — 1.326x10° — —
73 14 3 B2 1.376x107 — 1.374%107 — —
74 14 6 E2 1.422x10° — 1.418%10° — —
75 14 11 E2 1.491x10°3 — 1.286x10°3 — —
76 15 3 E2 6.186x107 — 6.180x107 — —
7 15 6 B2 6.405x106 — 6.384x 106 — —
78 15 11 E2 7.114x10° — 6.118x10°® — —
79 9 8 B2 7.277%x10° — 7.278%x10° — —
80 12 8 E2 3.572x10° — 3.572x10° — —
81 13 8 B2 9.526x10° — 9.526x10° — —
82 15 14 E2 1.519x10°13 — 1.057x1013 — —
83 4 1 M1 31.71 — 29.21 — —
84 9 1 M1 26.58 — 24.18 — —
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Table 5 (continued). Comparison of transition rates (in s') calculations for Mg+ with NISTP? data and other Ref. [11].

5NISTHIAR 22 5 /%

BRiTgms  LRESOT TR BRIEZET HETHSE NIST 9 HAUBEHSZERY

Jo

B 12 AN B e

85 9 4 M1 2.899x10! — 2.728x10! — —
86 7 1 M1 1.639 — 1.625 — —
87 12 1 M1 9.801x10! — 9.693x10! — —
88 7 4 M1 6.509x10°¢ — 6.565x10°° — —
89 12 4 M1 5.915x10°° — 5.842x10°3 — —
90 12 9 M1 2.665x10°7 — 2.683x10°7 — —
91 5 2 M1 6.256 — 5.847 — —
92 10 2 M1 4.903 — 4.585 — —
93 10 5 M1 7.465x10°? — 7.429x10°2 — —
94 3 2 M1 5.674x10! — 5.534x10°! — —
95 6 2 M1 41.41 — 39.89 — —
96 11 2 M1 21.22 — 20.35 — —
97 6 5 M1 1.456x10°2 — 1.421x10°2 — —
98 11 5 M1 2.307 — 2.258 — —
99 11 10 M1 1.084x10°3 — 1.060x10°3 — —
100 9 7 M1 7.338x10° — 8.191x10° — —
101 12 7 M1 1.849x10! — 1.841x10! — —
102 8 7 M1 5.203x 104 — 5.012x104 — —
103 13 7 M1 1.458%10! — 1.410x10* — —
104 13 12 M1 3.887x10° — 3.748x10°° — —
105 5 3 M1 1.550% 102 — 1.543x102 — —
106 10 3 M1 90.07 — 89.89 — —
107 10 6 M1 6.361 — 6.287 — —
108 6 3 M1 42.40 — 43.34 — —
109 11 3 M1 33.34 — 34.06 — —
110 11 6 M1 5.226x10°! — 5.291x10°! — —
111 14 3 M1 4.582x10! — 4.541x10°! — —
112 14 6 M1 1.620x 102 — 1.619x10°2 — —
113 14 11 M1 1.431x10° — 1.290%x10° — —
114 12 8 M1 5.510x10! — 5.408x10! — —
115 13 8 M1 6.109x10! — 6.116x10! — —
116 15 14 M1 6.636x10°¢ — 5.095x10 6 — —

T @) NIST RO AR AdE DSk (1) FAMCDF 4+ CTr ik T3 45 1.
6 CrBRETHA (B o) TSR KOS NISTRO Hdli f HAB PRI 13 45 58 10 Ay b g

Table 6.  Comparison of transition rates (in s') calculations for Cr?'* with NISTP?% data and other Ref. [10].

BRiTgn's  LAeSgS  TRESURYS  BRERE CHATHHE NIST »  HAbFREZEARY INISTIRIARTE
ML HAbResR
1 2 1 El 1.642x10°  1.65x10° 1.660x10° -0.51 0.61
2 5 1 El 5.277x10"2  5.28x10'2 5.260x 10" ~0.06 -0.38
3 10 1 El 2.325x10"  2.5x10%2 2.319x10" ~7.00 ~7.24
4 5 4 El 2.142x10°% — 2.160x10° — —
5 10 4 El 6.891x10"  7.100x10"  6.880x10" ~2.95 -3.10
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Table 6 (continued). Comparison of transition rates (in s') calculations for Cr?'* with NISTI?Y data and other Ref. [10].

N " N s st . SNISTHIARRS 225 /%
Bidgns  LRESARS  TRERSnY  BOERRE METHE NIST ®  HAlBEE5 R

MEFR HABIELEETER

6 10 9 E1 5.015x107 — 5.060x107 — —
7 3 1 El 3.270x10° 3.29x10° 3.300x10° -0.62 0.30
8 6 1 E1 5.129x10'?  5.13x10" 5.110x10"? -0.02 -0.39
9 11 1 El 2.279x 10" 2.5x10"? 2.270x 10" -8.83 -9.20
10 6 4 E1 4.428x10% — 4.450x10% — —
11 11 4 El 6.661x10'  7.100x 101 6.650x 10! -6.18 -6.34
12 11 9 E1 1.054%108 — 1.060% 108 — —
13 4 2 El 6.456x 10" 6. x101 6.427x 10" 7.60 7.12
14 9 2 E1 2.585x 10" — 2.576x 10" — —
15 9 5 El 1.800x 10" — 1.801x 10" — —
16 7 2 E1 1.296x101  1.29%x10'3 1.300%x 1013 0.50 0.78
17 12 2 El 4.220x 10" 4.1x10'2 4.230x10"? 2.93 3.17
18 7 5 E1 3.793x107 — 3.730x107 — —
19 12 5 El 1.366x 1012 1.4x10% 1.370x 10" -2.43 -2.14
20 12 10 E1 1.183%107 — 1.160x107 — —
21 10 7 El 9.770x 10 — 9.759x 1010 — —
22 11 7 E1 9.101x10° — 9.090x10° — —
23 14 7 El 3.027x 10" — 3.030x 102 — —
24 14 12 El 3.741x10* — 3.590x10* — —
25 4 3 El 1.350x 1012 1.3x10"? 1.344x10" 3.88 3.38
26 9 3 E1 5.386x 10" — 5.353x 10" — —
27 9 6 El 3.754x 10" — 3.754x 10! — —
28 7 3 E1 2.562x 10" 2.6x10" 2.320x10"? -1.48 -10.77
29 12 3 El 8.256x 10! 7.9x10" 8.030x 10! 4.51 1.65
30 7 6 E1 1.502x106 — 1.461x105 — —
31 12 6 El 2.745x 10" 2.7x10" 2.745x 10! 1.65 1.67
32 12 11 E1 4.591x10° — 4.466x10° — —
33 8 3 El 1.537x101  1.54x10'3 1.540x 10" -0.19 0.00
34 13 3 E1 4.974x10" 4.9%x10'2 4.990x 10" 1.52 1.84
35 8 6 El 1.662x107 — 1.630x 107 — —
36 13 6 E1 1.639x10'2 1.7x10" 1.640x 1012 -3.58 -3.53
37 13 11 El 5.139%10° — 5.010%x 106 — —
38 11 8 E1 8.356x 10 — 8.349x 101 — —
39 14 8 El 2.152x 10" — 2.152x 10! — —
40 14 13 E1 19.64 — 16.90 — —
41 15 8 El 3.231x 10" — 3.230x 102 — —
42 15 13 E1 8.590x103 — 8.040x10? — —
43 7 1 E2 7.117x10° — 7.113%x10° — —
44 12 1 E2 9.610x108 — 9.618x10% — —
45 7 4 E2 2.242x102 — 2.224x102 — —
46 12 4 E2 4.891x10% — 4.890x10% — —
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Table 6 (continued). Comparison of transition rates (in s') calculations for Cr?'* with NISTI?Y data and other Ref. [10].

BRitgns  LRESWS TR BOIEE AT NIST® HABEESZERY

5NISTHIAR 22 5 /%

B 12 AN B e

47 12 9 E2 39.00 — 38.65 — —
48 8 1 E2 7.144%10° — 7.140x10° — —
49 13 1 E2 9.797x10% — 9.806x10% — —
50 8 4 E2 2.902x10? — 2.879x102 — —
51 13 4 E2 4.900x10% — 4.899x 108 — —
52 13 9 E2 50.64 — 50.17 — —
53 3 2 E2 4.938x10°! — 4.917x10°! — —
54 6 2 E2 1.408x10° — 1.408x10° — —
55 11 2 E2 6.093x10% — 6.122x10% — —
56 6 5 E2 4.167x10? — 4.114x10°2 — —
57 11 5 E2 1.493%108 — 1.493%108 — —
58 11 10 E2 6.296x10°° — 6.130x10°* — —
59 14 2 E2 5.450x10° — 5.446x10° — —
60 14 5 E2 5.589x10% — 5.585x10% — —
61 14 10 E2 3.995x10! — 3.805x10°! — —
62 9 7 E2 5.199x107 — 5.199x 107 — —
63 12 7 E2 9.476x107 — 9.476x107 — —
64 8 7 E2 1.884x10°° — 1.872x10° — —
65 13 7 E2 2.707x107 — 2.707x107 — —
66 13 12 E2 4.064x10°6 — 4.010x10°° — —
67 5 3 E2 2.795x10° — 2.794x10° — —
68 10 3 E2 1.183x10° — 1.186x10° — —
69 10 6 E2 2.974x10% — 2.973x10% — —
70 6 3 E2 1.390%10° — 1.390x10° — —
71 11 3 E2 5.952x10% — 5.965x10% — —
72 11 6 E2 1.480% 108 — 1.480%108 — —
73 14 3 E2 1.555%10° — 1.554%10° — —
74 14 6 E2 1.545%108 — 1.544x108 — —
75 14 11 E2 1.221x10°2 — 1.142x10°2 — —
76 15 3 E2 6.974x10° — 6.972x10° — —
T 15 6 E2 6.973x10% — 6.968x10% — —
78 15 11 E2 8.422x10°? — 7.921x10°? — —
79 9 8 E2 7.807%107 — 7.806x107 — —
80 12 8 E2 4.045x107 — 4.045x107 — —
81 13 8 E2 1.079%108 — 1.078%108 — —
82 15 14 E2 3.185x10°® — 3.199x10°® — —
83 4 1 M1 6.556x10* — 6.418x10* — —
84 9 1 M1 5.548x10* — 5.416x10* — —
85 9 4 M1 6.576x10? — 6.488x102 — —
86 7 1 M1 3.608x10° — 3.594x103 — —
87 12 1 M1 2.117x103 — 2.106x103 — —
88 7 4 M1 2.540x10°® — 2.558%10°% — —
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Table 6 (continued). Comparison of transition rates (in s') calculations for Cr?'* with NISTI?Y data and other Ref. [10].

. e . 5 NISTHIARINS 22 5 / %
BOEmS REESORY O TRESGRS  BRERAY MATTSE NIST o HABIEpLEAY

MEER AR

89 12 4 M1 15.42 — 15.34 — —
90 12 9 M1 1.094x10+ — 1.099x10* — —
91 5 2 M1 1.541x10* — 1.484x10* — —
92 10 2 M1 1.210x10* — 1.164x10* — —
93 10 5 M1 1.910%x102 — 1.877%10% — —
94 3 2 M1 6.737x10°  6.76x10° 6.699x10° -0.33 -0.90
95 6 2 M1 1.044x10° — 1.029x10° — —
96 11 2 M1 5.354x10* — 5.263x10* — —
97 6 5 M1 1.747x102 — 1.737%10% — —
98 11 5 M1 5.859x10% — 5.820x10° — —
99 11 10 M1 13.06 — 12.98 — —
100 9 7 M1 1.938x10* — 2.052x10°! — —
101 12 7 M1 4.925x10? — 4.915x10? — —
102 8 7 M1 6.596 — 6.552 — —
103 13 7 M1 3.830x102 — 3.821x10? — —
104 13 12 M1 4.957%x10! — 4.921x10! — —
105 5 3 M1 3.847x10° — 3.855%x10° — —
106 10 3 M1 2.239%x10° — 2.248%x10° — —
107 10 6 M1 1.598%10* — 1.595%10* — —
108 6 3 M1 1.033x10° — 1.045%10° — —
109 11 3 M1 8.104x10* — 8.197x10* — —
110 11 6 M1 1.318x10% — 1.325%10% — —
111 14 3 M1 1.198%10% — 1.193x10% — —
112 14 6 M1 41.17 — 41.19 — —
113 14 11 M1 7.411x10°7 — 7.092x10°7 — —
114 12 8 M1 1.449%10% — 1.449%10% — —
115 13 8 M1 1.620%x10% — 1.622x10% — —
116 15 14 M1 6.561x1072 — 6.579x102 — —

) NTISTEORE PRI ) SClik[10] (8 FIMCDF+CT 1Y 525 31

T Mo BRITEA (B s 1) RSB S HAB IS A5 12 jy LL#s

Table 7. Comparison of transition rates (in s'!') calculations for Mo** with other Ref. [12].

S NISTHYFHN 225

=

BRiTgws  LRESGRS  TREMGNS  BROEZER METHSY NIST o HABERRLRY

HETE HAERRS

1 2 1 El 3.549x10° — 3.54x10° — —
2 5 1 E1 6.057x10" — 6.06x10" — —
3 10 1 El 2.625x10" — — — —
4 5 4 E1 4.656x10° — — - —
5 10 4 El 8.009x 10" — — — —
6 10 9 E1 1.085%108 — — — —
7 3 1 El 5.448%x 1010 — 5.48x 10" — —
8 6 1 E1 5.520x 10" — 5.52x10" — —
9 11 1 El 2.466x 10" — — — —
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Table 7 (continued). Comparison of transition rates (in s!) calculations for Mo** with other Ref. [12].

ENISTHAHNT 22 5
LRSS FRESNS  BRIERA YA NIST ) HABHENREERY ———— -
£k = A B el S

10 6 4 E1 7.999%10° — — —
11 11 4 El 7.165%x1012 — — —
12 11 9 E1l 1.949x10° — — —
13 4 2 El 6.644x1012 6.64x1012 — —
14 9 2 E1l 2.681x10'2 — — —
15 9 5 E1 1.867x 1012 — — —
16 7 2 E1l 1.442x 10" 1.44x10™ — —
17 12 2 E1 4.742x1013 — — —
18 7 5 E1l 2.118x 107 — — —
19 12 5 E1 1.493x10% — — —
20 12 10 E1 6.753%108 — — —
21 10 El 1.211x10%2 — — —
22 11 E1l 9.602x 1010 — — —
23 14 E1 3.331x1013 — — —
24 14 E1l 8.822x 100 — — —
25 4 El 1.547x10% 1.55x10% — —
26 9 E1l 6.168x10'2 — — —
27 9 E1 4.307x102 — — —
28 7 E1l 2.770x1013 — — —
29 12 E1 8.805x 1012 — — —
30 7 E1l 2.566x 100 — — —
31 12 E1 3.034x 1012 — — —
32 12 E1l 8.156x10° — — —
33 8 E1 1.663x 1014 1.66x 104 — —
34 13 E1l 5.364x10'3 — — —
35 8 E1 2.143%x108 — — —
36 13 E1l 1.794x 10" — — —
37 13 E1 6.846x107 — — —
38 11 E1l 9.245x 10" — — —
39 14 E1 2.344x1012 — — —
40 14 El 22.52 — — —
41 15 E1 3.528 %1013 — — —
42 15 E1l 1.295x106 — — —
43 7 E2 2.551x 101 — — —
44 12 E2 3.348x 1010 — — —
45 7 E2 9.550%x 103 — — —
46 12 E2 1.786x 1010 — — —
47 12 E2 1.729% 103 — — —
48 8 E2 2.584x 10! — — —
49 13 E2 3.573x 1010 — — —
50 8 E2 2.102x10* — — —
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Table 7 (continued). Comparison of transition rates (in s!) calculations for Mo** with other Ref. [12].

5 NISTHAHX 22 5

2y o 2y o g g { e a [ /4 EFLT
RS FRESGRYS  BRTEE O MEETE NIST o HABEHBZURY SR LR
51 13 E2 1.797x10% — —
52 13 E2 3.821x10° — —
53 3 E2 7.513x103 — —
54 6 E2 5.155x 1010 — —
55 11 E2 2.269x1010 — —
56 6 E2 6.462x102 — —
57 11 E2 5.488 %107 — —
58 11 E2 97.35 — —
59 14 E2 1.960x 101 — —
60 14 E2 2.172x10' — —
61 14 E2 3.443x10? — —
62 9 E2 1.898x10° — —
63 12 E2 3.444x10° — —
64 8 E2 2.786x10! — —
65 13 E2 9.830x10% — —
66 13 12 E2 6.059x 102 — —
67 5 3 E2 1.003x 10" — —
68 10 3 E2 4.105x10% — —
69 10 6 E2 1.083x1010 — —
70 6 3 E2 4.946x 10" — —
71 11 3 E2 2.108x 1010 — —
72 11 6 E2 5.347x10° — —
73 14 3 E2 5.576x 100 — —
74 14 6 E2 5.558%x10? — —
75 14 11 E2 5.488x10! — —
76 15 E2 2.483x 101" — —
7 15 E2 2.528 x 1010 — —
78 15 E2 8.617 — —
79 9 E2 2.856x 107 — —
80 12 E2 1.457x10° — —
81 13 E2 3.883x10° — —
82 15 E2 4.660x10* — —
83 4 M1 2.594x107 — —
84 9 M1 2.189x107 — —
85 9 M1 2.650x10° — —
86 7 M1 1.438x 108 — —
87 12 M1 8.373x10° — —
88 7 4 M1 1.138 — —
89 12 4 M1 6.242x103 — —
90 12 9 M1 5.005x102 — —
91 5 2 M1 6.440x 106 — —
92 10 2 M1 5.038x 106 — —
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Table 7 (continued). Comparison of transition rates (in s!) calculations for Mo** with other Ref. [12].

SNISTHHRAN 22 5
BRiEgS  LREMNS O TREMUNS  BREZSM MERTHR NISTY HASEAERY ——— -
MErE AR g R
93 10 5 M1 8.012x10* — — — —
94 3 2 M1 9.297x10° — — — —
95 6 2 M1 4.442x107 — — — —
96 11 2 M1 2.269x107 — — — —
97 6 5 M1 2.443x10° — — — —
98 11 5 M1 2.493x10° — — — —
99 11 10 M1 1.825% 104 — — — —
100 9 7 M1 80.40 — — — —
101 12 7 M1 1.985x10° — — — —
102 8 7 M1 8.877x 103 — — — —
103 13 7 M1 1.564x10° — — — —
104 13 12 M1 6.709x10? — — — —
105 5 3 M1 1.540x 108 — — — —
106 10 3 M1 8.971x107 — — — —
107 10 6 M1 6.495x 106 — — — —
108 6 3 M1 3.961x107 — — — —
109 11 3 M1 3.100x 107 — — — —
110 11 6 M1 5.186x10° — — — —
111 14 3 M1 4.714x10° — — — —
112 14 6 M1 1.633x10! — — — —
113 14 11 M1 3.355x10 — — — —
114 12 8 M1 5.801x10° — — — —
115 13 8 M1 6.412x10° — — — —
116 15 14 M1 87.54 — — — —

T ) NISTROEIE 4 224 Fif 4 1% 70 28 BT S R A0 To s ; Sk [12)f FIMCDF + CLT iR TR A5 1.

4 %

A GRASP2018 72 /541, 3 F MCDF
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BT TR Z = 6—51 1k 15 Fh2ss g1
) 1s2nl (n < 4, 1 < 3) XTI 15 A BELL Y BE =
PhRGX 15 ASRE R Y Fir A7 116 4~ E1, M1, E2 Bk
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SPECIAL TOPIC—Atomic, molecular and materials properties data

Excitation energies and radiative transition rates of
isoelectronic sequences of Li-like ions with Z = 6-51"
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(Department of Physics, Faculty of Science, Kunming University of Science and Technology, Kunming 650500, China)

( Received 8 May 2025; revised manuscript received 14 July 2025 )

Abstract

Li-like ions widely exist in astrophysical and laboratory plasmas, and their precise atomic parameters (e.g.
excitation energies and transition rates) are very important for plasma diagnostics and spectral analysis. In this
work, we employ the GRASP2018 software package, which is widely used in atomic structure calculations, to
systematically compute the lowest 15 energy levels and the electric dipole (E1), magnetic dipole (M1), and
electric quadrupole (E2) transition rates between them of 17 Li-like ions across the isoelectronic sequence (Z =
6-51: C¥F, Fo+, Mg+, P12+, Ar's+, Scl8+, Cr2l+, Co?+, Zn2™, As¥+, Kr¥+, Y36+, Mo?+, Rh¥2+, Cd®+, Sn¥™, Sh¥+).
The calculations are based on the multi-configuration Dirac-Fock (MCDF) and configuration interaction (CI)
method combined with high-order relativistic corrections and quantum electrodynamics effects such as Breit
interaction, self-energy correction and vacuum polarization. The computational convergence is achieved. The
calculated excitation energies and transition rates are compared with the NIST database and previous
theoretical results. Due to the reasonable construction and larger scale of baseset, the current computational
results show evident improvement compared with the results obtained using the same MCDF+CI method
previously. Particularly for the two lowest excited states, [1s*2p];;; and [ls*2p]ss,, which exhibit slower
convergence, the relative difference between current results and the NIST data is reduced by one to two orders
of magnitude compared with previous MCDF+CI calculations. This accuracy even approaches that achieved by
S-matrix methods specifically optimized for the ground state and these two lowest excited states. For transition
rates, except for certain weak transitions with rates below 103 s™!, the difference between our calculations and
previous theoretical results obtained using the MCDF+CI method is still within 1%. Furthermore, our
calculations accord with the NIST data within 5% for the majority of transitions. A comparison of NIST data
with other previous theoretical results shows evident discrepancies between our calculations and the NIST data
for some excitation energies and transition rates. Our results are consistent with other theoretical results for
these specific values, indicating that these particular energy levels and transitions need more detailed theoretical
and experimental investigation. This work provides highly accurate data for supporting experimental diagnostics
and theoretical modeling of astrophysical and laboratory plasmas in future research. The datasets presented in
this paper are openly available at https://www.doi.org/10.57760/sciencedb.j00213.00154.

Keywords: Li-like ions, atomic structure, multi-configuration Dirac-Fock method, radiative transition rates
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