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Theoretical Calculation of Energy Levels and Quantum Defects in

Rydberg State Oxygen Atoms

MA Kun
( School of Information Engineering, Huangshan University, Huangshan Anhui 245041, China )

Abstract: Due to the fact that accurate Rydberg state atomic energy level data have an important application
value for understanding atomic structural properties and interpreting spectral data, based on the weakest constrained
electron potential model, the energy levels and quantum defects have been calculated of three odd parity Rydberg
series for the 1s°2s™2p’(*S%)ns °S,° (n=3~50), 1s*2s2p’(*S°)ns °S,° (n=3~50) and 1s*2s2p’(*S°)nd °D,® (n=3~50).
Specifically, the spectral coefficients of each Rydberg series are determined according to Martin’ s formula, with the
quantum deficit and energy values of the Rydberg energy levels calculated accordingly, followed by a further inquiry
into the relationship between quantum deficit and the principal quantum number n. The calculated results exhibit
a high degree of consistency with the existing experimental data, with deviations no greater than 10 cm™". As the
principal quantum number (7) increases, the penetration degree of s-orbital electrons decreases, while that of d-orbital
electrons increases. The WBEPM method helps to accurately calculate the energy levels of high-n Rydberg atomic
systems without being limited by the number of electrons.

Keywords: Oxygen atom; Rydberg series; energy level; WBEPM; quantum defect

0 3= RIFE i i LS S . SRS R T Ii T H
- AER TR TR0, X—F T TR R
JEF R R — A T K BIAR s A TS IR T R RS, AR T IR B AS

Y BEE. 2024-10-11

EEWB: EEARPEEETHINE (11804112) ; ZHAE S A RFPIFIFR LTI E S H (2024AH051759) ; %
BB BB HFR SRS H (2023jyxm0701 ) 5 ¥ 154 Be = A5 A B\ R4 % B35 H (2022JXTDO1 )

EERNY: T 2, B, WIS, W, R RONR TS T3, E-mail: makun@uste.edu.cn



104 (I R DR /A N S S 14

2026 4F

PR DL N F I 2 A B AT At 1O
AR I A BRI % (JCEH NG ) A BRI
TR AIRAE HL R AR A A S R IL I, RTRIER
R HLRAS S W T U Srdpesk, B
G Oy oy T (=9 S0 5 I s 3 = s a1 L
ST TR, R T AT A
ERIFE TR, BT RERSE MBS
FIRE TR FREFEAAEEER, S8R5
WAL RN B - 53 ZE S R0, DR B 2 D - e
T HEARFARZLE, AI5IAT 583
RS X —, JFRE T ZEE R T e
( the multichannel quantum defect theory, MQDT )"

M & & F T PLIE F 3 (the relativistic quantum
defect orbital, RQDO ) ' & =i " ZHFf
SRR FREG IR I i . o IS TEMEAY
A L 1 BB AR S R I U AR R ). S fr
HAEOG 20, eI AKENSE, e A Y
5%, TEm o NSRS i —20 A SR rY R 55 52
ZI 9 T-H#H (the weakest bound electron potential
model, WBEPM ) , REARGF Mok BE 2 4 i 5~ HLFE AR
BIEFREH A E T8 ©, A, WBEPM if 4 FH
SRS AR AR K 1

ANE N PBRE T A M Z i o B = 1
JCR, JTEAATET R IR RS RAR Y A
SR E B OIS, FLRBGMITGE BT T T
R R MR A AR R S Y ANk,
U 1Y BR A 3 2 X0 T4 7S K sl HA A7 A B R A
TR EAGERNATERAEESEME ", ERET
BABRNEIMETFE5H, HESA 4 N FR b
TIFRRA, HIAHEIETHANR TR R

FeT Bk, AR H] WBEPM AR A
X 4B 7 1 [Bel2p (*S%)ns °S,° . [Bel2p’(*S%)ns °S,°,
L K [Bel2p’(*SO)nd °D,° (n=3~50) 3 > F-k HLf
O& 2 5 1) BE A i -5 BT R LR TS5, [Be]
FoR 15728° W2 LTI . SR NIST JE P4t
W 4 D EARBRI R, XPERBGH TG, B
AR R R 7 T S S AT
X, 1AL WBEPM J5 v fRORS B ST St DAISG
A TRk H R4 R AR e LR R BB B
T RIAY IS SFE B ARG B, s s T
R —E R TR S

1 BigHx

1E WBEPM BLEHERL T, R AR 4] 7 oA it
T (EFEMNZRT) FSNZHET (AP EHEZ

M-S, WE 1R, SMNZHE TR RS
BRIGARTR 4L, PRS2 L HF ( the weakest
bound electron, WBE ) , iX 26, T 25 5 ik Bl HEL 5
Ji 52 R A H PR R Al A 55 32 29 SR (the non-
weakest-bound electron, NWBE ) , #5522 W H T
TES TSRS iz gl .

o-- ® WBE
- -~
’¢' N\\
P NwBE N
7 ———— \
/ .
B 7 Qe
B | '
1 1
2 ) 1}
e /e
B s’ 4
\ ’
\\ II
“\ f,’
~~~--.,¢

1 WBEPM RFZ&HTEE
Fig. 1 Atomic structure diagram of WBEPM
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Table I WBEPM spectral fitting coefficients of Rydberg
series in oxygen atoms
L fleR 25| a, a, a, a,

[Bel2p’(‘S°)ns °S,° 1.22341 00879940 0.0297064 0.005507 76

[Bel2p’(*S°)ns *S,° 1.149.82 0.0822000 0.033 1911 0.000 685422

[Be]2p’(*S°)nd *D,° 00227368 00344431 1.89752  11.493 1

109 837.02 cm ™)

Table 2 Energy levels of the [Be]2p3(*S°)ns °S,° spectral series in oxygen atoms (ionization limit"®; 109 837.02 cm™)

n NIST"Yem™ T, /em™ Diffi/em™ Ol n NIST"em™ T, /em™ Diff./em™ Ocatl

3 73 768.200 73 768.200 0.000 1.255740 1 27 109 671.859 1.223 5459
4 95 476.728 95 476.728 0.000 1.235 634 1 28 109 683.965 1.223 5362
5 102 116.698 102 116.698 0.000 1.229 842 8 29 109 694.787 1.223 5275
6 105 019.307 105 019.307 0.000 1.227 3817 30 109 704.501 1.223 5197
7 106 545.354 106 545.345 0.009 1.226 107 3 31 109 713.252 1.223 5126
8 107 446.036 107 446.006 0.030 1.225362 1 32 109 721.165 1.223 506 2
9 108 021.400 108 021.751 0.351 1.224 888 6 33 109 728.342 1.223 500 5
10 108 412.000 108 412.012 0.012 1.224 569 0 34 109 734.872 1.223 4952
11 108 688.701 1.224343 1 35 109 740.831 1.223 490 4
12 108 891.973 1.224 1776 36 109 746.283 1.223 486 0
13 109 045.681 1.224 0526 37 109 751.285 1.2234820
14 109 164.722 1.223 956 0 38 109 755.884 1.223 478 3
15 109 258.790 1.223 879 8 39 109 760.123 1.223 4749
16 109 334.411 1.223 818 5 40 109 764.038 1.223 4717
17 109 396.112 1.223 768 6 41 109 767.661 1.223 468 8
18 109 447.111 1.2237273 42 109 771.022 1.223 466 1
19 109 489.747 1.223 692 9 43 109 774.143 1.223 463 6
20 109 525.753 1.223 663 8 44 109 777.049 1.223 4613
21 109 556.437 1.223 6390 45 109 779.757 1.223459 1
22 109 582.797 1.223 6178 46 109 782.287 1.223 457 1
23 109 605.610 1.223599 3 47 109 784.652 1.223 4552
24 109 625.484 1.223 5833 48 109 786.867 1.223 453 4
25 109 642.904 1.223 569 3 49 109 788.944 1.223 4517
26 109 658.258 1.223 5569 50 109 790.895 1.223 450 1
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Table 3 Energy levels of the [Be]2p’(*S®)ns *S,° spectral series in oxygen atoms (ionization limit"®: 109 837.02 cm™)

n NIST"cm™ T, /em™ Diff./em™ Ocal n NIST"%em™ T, /em™ Diff./em™ Ocal
3 76 794.978 76 794.978 0.000 1.177 599 9 27 109 673.500 109 672.798 0.702 1.149 944 9
4 96 225.049 96 225.049 0.000 1.160 664 9 28 109 686.200 109 684.803 1.397 1.149 9358
5 102 411.995 102 411.995 0.000 1.155 603 2 29 109 695.900 109 695.538 0.362 1.149 927 8
6 105 165.232 105 165.232 0.000 1.153 417 6 30 109 705.400 109 705.176 0.224 1.149 920 5
7 106 627.934 106 627.941 0.007 1.1522752 31 109 713.700 109 713.862 0.162 1.149914 0
8 107 497.224 107 497.232 0.008 1.151 6029 32 109 721.717 1.149 908 1
9 108 056.000 108 055.688 0.312 1.151 1737 33 109 728.844 1.149 902 7
10 108 436.300 108 435.645 0.655 1.150 883 1 34 109 735.329 1.149 897 8
11 108 705.500 108 705.814 0.314 1.150 677 1 35 109 741.249 1.149 893 4
12 108 906.100 108 904.760 1.340 1.150 5257 36 109 746.666 1.149 889 3
13 109 056.000 109 055.486 0.514 1.150 411 3 37 109 751.637 1.149 885 6
14 109 171.700 109 172.405 0.705 1.150 3227 38 109 756.208 1.149 882 2
15 109 265.900 109 264.922 0.978 1.150252 7 39 109 760.422 1.149 879 0
16 109 341.000 109 339.383 1.617 1.150 196 3 40 109 764.314 1.149 876 1
17 109 402.400 109 400.198 2.202 1.150 150 4 41 109 767.917 1.149 873 4
18 109 454.700 109 450.510 4.190 1.150 112 4 42 109 771.259 1.149 870 8
19 109 499.000 109 492.605 6.395 1.150 080 6 43 109 774.364 1.149 868 5
20 109 533.300 109 528.180 5.120 1.150 053 8 44 109 777.255 1.149 866 3
21 109 562.300 109 558.514 3.786 1.150 0309 45 109 779.949 1.149 864 3
22 109 589.000 109 584.589 4.411 1.150 011 3 46 109 782.466 1.149 862 4
23 109 610.500 109 607.166 3.334 1.149 994 3 47 109 784.820 1.149 860 7
24 109 630.000 109 626.845 3.155 1.149 979 4 48 109 787.024 1.149 859 0
25 109 647.700 109 644.100 3.600 1.149 966 5 49 109 789.092 1.149 857 5
26 109 661.400 109 659.315 2.085 1.149 9550 50 109 791.034 1.149 856 0

F4 GETF20(°S)nd D, KL RIIMELR (FRER

109 837.02 cm™)
Table 4 Energy levels of the [Be]2p’(*S°)nd *D,° spectral series in oxygen atoms (ionization limit"®: 109 837.02 cm™ )

n NIST"Yem™ T,/em™ Diffi/em™ Ocal n NIST"em™ T,/cm™ Diff./em™ Ocal

3 97 488.378 97 488.378 0.000 0.018 961 6 27 109 686.2 109 686.234 0.034 0.022 780 6
4 102 908.489 102 908.489 0.000 0.020 242 7 28 109 695.9 109 696.821 0.921 0.022 777 8
5 105 409.008 105 409.008 0.000 0.0217951 29 109 705.4 109 706.330 0.930 0.022 7752
6 106 765.803 106 765.803 0.000 0.022 467 9 30 109 713.7 109 714.904 1.204 0.022772 8
7 107 582.777 107 582.859 0.082 0.022 743 9 31 109 722.661 0.022 770 7
8 108 114.000 108 112.536 1.464 0.022 854 4 32 109 729.702 0.022 768 7
9 108 476.700 108 475.319 1.381 0.022 894 1 33 109 736.112 0.022 766 9
10 108 736.100 108 734.603 1.497 0.022 903 0 34 109 741.964 0.022 7652
11 108 927.200 108 926.312 0.888 0.022 898 5 35 109 747.322 0.022 763 7
12 109 073.300 109 072.040 1.260 0.022 888 6 36 109 752.239 0.022 762 3
13 109 186.300 109 185.395 0.905 0.022 876 8 37 109 756.763 0.022 761 0
14 109 283.000 109 275.302 7.698 0.022 864 9 38 109 760.934 0.022 759 8
15 109 348.900 109 347.809 1.091 0.022 853 6 39 109 764.788 0.022 758 7
16 109 409.500 109 407.132 2.368 0.022 843 3 40 109 768.356 0.022 757 6
17 109 457.600 109 456.284 1.316 0.022 8339 41 109 771.666 0.022 756 7
18 109 492.900 109 497.464 4.564 0.022 825 6 42 109 774.743 0.022 7558
19 109 533.200 109 532.307 0.893 0.022 818 1 43 109 777.608 0.022 754 9
20 109 561.500 109 562.050 0.550 0.022 811 4 44 109 780.279 0.022 754 1
21 109 589.300 109 587.641 1.659 0.022 805 4 45 109 782.774 0.022 753 4
22 109 610.500 109 609.819 0.681 0.022 800 1 46 109 785.108 0.022 7527
23 109 630.000 109 629.165 0.835 0.022 795 3 47 109 787.294 0.0227521
24 109 647.700 109 646.141 1.559 0.022 791 1 48 109 789.346 0.022 751 4
25 109 661.400 109 661.120 0.280 0.022 787 2 49 109 791.273 0.022 750 9
26 109 673.500 109 674.402 0.902 0.022 783 7 50 109 793.085 0.022 750 3
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Fig. 2 Relationship curves between Rydberg series quantum defect and principal quantum number
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