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ENERGY LEVELS OF THE SINGLE EXCITED STATES IN Hel
ISOELECTRONIC SEQUENCE
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Energy levels of the single excited Isns (!3S), lsnp (**P), Ismd ('*D) and Iskf (:-3F);
n = 2-7,m = 3-7, k = 4-7 states for the Hel isoelectronic sequence are calculated
using one configuration Hartree-Fock method.

The results show a discrepancy from the experimental data of about 5% for Hel
and which decreases with the increase of the atomic number among the members of
the isoelectronic sequence. For F VIII the deviation reaches about 0.1%.

Key Words: Energy Levels; Single Excited States; Hel; Isoelectronic Seq e;
Hartree-Fock Method

INTRODUCTION

SINGLE electron excitation in Hel isoelectronic sequence has been previously experimen-
tally studied by many investigators!-2 The spectra of these atoms and ions are im-
portant since they are used for plasma diagnostic purposes? They are easily accessi-
ble and radiate with strong intensity.

The Hel sequence is a two electron system and its spectra was treated theoretical-
ly by many authors using different techniques?>

In this paper, we report energy level calculations of the single excited Isns (}-3S),
Isnp (-3P), Ismd (!:3D) and Iskf (:*F); n = 2-7, m = 3-7, k = 4-7 states for the Hel
isoelectronic sequence using the self-consistent Hartree-Fock computer code of Froese-
Fischer.® The results are compared with data from photo-emission measurements.

METHOD OF CALCULATION

The method of calculation was described in previous publications.”8 The Hartree-
Fock programme of Froese-Fischer® was used in calculating the average energies of
the various configurations and the method of Edlén® for extrapolating level intervals
in terms of Slater parameters was applied to obtain the term energies of the levels.
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RESULTS AND DISCUSSION

The energy levels calculated in cm-! of the various states relative to the ground level
1s2 1S) are given in Tables (I-VIII) together with thejexperimental data of Moore!,
Eidelsberg,!!-12 Edlén and Lofstrand!® and Cantu et al.!4 from photo-emission
measurements.

TABLE [

Excitation energies of Hel levels (in cm'l) relative to the ground level s (1S,,) together with the experimental data of
Moore'® for comparison

Level This work Ref. (10) Level This Work Ref. (10}
1s2s('S) 156876 166272 1s3d(' D) 176917 186099
(s) 150856 159850 (D) 176888 186096
1s3s('S) 174499 184859 1s4d(!D) 182242 191441
3s) 174064 183231 D) 182225 191439
1s4s(1S) 181285 190935 1s5d(' D) 184706 193913
() 181095 190298 (D) 184696 193912
1s55('S) 184231 193658 Is6d(' D) 186045 195255
(3s) 184184 193841 (D) 186039 195254
1s6s('S) 185775 195109 1s7d(} D) 186852 196064
3s) 186649 194931 (D) 186848 196064
Is75(!S) 186684 195973 1s4f ('F) 182231 191447
(3s) 186649 195863 F) 182231 191447
1s2p('P) 166057 171129 1s5f (*F) 184700 193914
3p) 159157 169081 ¢F) 184699 193916
1s3p('P) 178261 186204 1s6f ('F) 186041 195257
p) 176107 185559 3¢F 186041 195257
Is4p('P) 182811 191487 Is7f('F) 186849 196065
P 181892 191211 ¢F) 186849 196065
Is5p('P) 184997 193937
3P 184525 193795
1s6p('p) 186213 195269
(P 185940 195187
1s7p('P) 186958 196073
(*P) 186786 196022
TABLE II

Excitation energies of Li I1 levels (in oni™Y relative to the ground level Is? ('S, together with the experimental data of
Moore’? for comparison

Level This work Ref. (10) Level This Work Ref. (10)
152s('S) 469088 490079 1s3d' D) 551886 561276
(3s) 466784 476046 (D) 551672 561245
1s3s('S) 546433 558779 1s4d! D) 573159 582631
3s) 545262 554761 D) 575038 582612

(Table Contd...) .
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570980 581590 Is5d('D) 582999 592508
570442 579982 D) 582930 592505
581912 591984 1s6d(' D) 588346 597877
587560 591184 ¢D) 588303 597876
587725 597574 1s7d(' D) 591570 601115
587560 597122 (D) 591548 601115
591183 600925 Is4f ('F) 573079 582645
591079 600641 (F) 573078 582644
506708 501816 1s5f ('F) 582954 592523
481272 494278 GF) 582953 592527
556327 561749 1s6f ('F) 588318 597886
548914 559501 (F) 588317 597886
574985 582832 Is7f(* F) 591552 601122
571888 581897 GF) 591552 601121
583922 592639

582845 592141

588875

587966 597666

591902

591331

TasLE 111

Moore’? and Eidelsberg'’ for comparison

Excitation energies of Be 111 (in cm™) relative to the ground level [s? ('S,) together with the expertmental data of

1210935

This work  Ref. (10)  Ref. (11) Level This work  Ref. (10}  Ref. (11)
950727 981186 1s3d('D) 1122116 1131469
947128 956496 956509 D) 1121587 1131368
1113502 1354840 Is4d(!D) 1169964 1179508
1111526 1121183 &) 1169668 1179459
1166505 1177939 is5d('D) 1192098
1165579 1175300 é#D) 1191930 1201707
1190367 Is6d(' D} 1204124
1189876 1179524 Dy 1204021 1213819
1203134 1s7d('D) 1211877
1202846 (D) 1211311
1210759 Is4f('F) 1169769 1179524
1210577 3F) 1169766 1179508
1013470 997466 997465 Is5(('F) 1191988 1201748
966840 983348 983366 OF) 1191985 1201748
1129809 1182323 1132324 1s6(' F) 1204057 1213820
1116611 1128306 (°F) 1204055 1213819
1173084 1179830 1179824 Is7{{'F) 1211334
1167614 1178169 (°F) 1211333 1221098
1193665 1201894
1190889 1199653
1205020 1218931 1213934
1283423
1211938 1221185 1221138
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TABLE IV

Excitation energies of B IV levels (in cm™') relative to the ground level Is* ('S,,) together with the experimental data of
Moore'® and Eidelsberg'? for comparison

Level This work Ref. (10) Ref. (12) Level This work Ref. (12)
1s2s('S) 1596991 1686970 1s8d(! D) 1887639 1896829
(*s) 1592087 1601505 1685715 ¢D) 1886719 1896685
1s3s('S) 1875791 1891784 Is4d(! D) 1972707 1982223
(3s) 1872981 1882746 . (D) 1972197 1982141
1s4s('S) 1967934 1s5d(' D) 2012061
és) 1966605 1976436 (¢D) 2011772 2021696
Is55('S) 2009668 Is6d(! D) 2083443
(3s) 2008960 (D) 2083268
1s6s('S) 2082074 1s7d¢' D)
(s) 20381657 &)
1s6s(!S) Is7d('D) 2046340
(*s) (D) 2046226
1s7s('S) 2045485 1s4f('F) 1972874 1982236
3s) 2045220 (F) 1972367 1982235
1s2p('P) 1657218 1658020 1657976 Is5f('F) 2011873 2021738
3P 1634872 1636898 1636918 SF) 2011868 2021738
1s3p('P) 1898559 1898180 1898230 1s6f(' F) 2088329
(P 1879460 1892230 ¢F) 2033326
Is4p(‘P) 1977099 1982750 1982761 Is7f('F) 2046267
(3p) 1969217 1980295 GF) 2046264
1s5p(‘P) 2014258 2022000 2022044
(p) 2010267 2020746
1s6p('P} 2084699 2043360
ép) 2082645
1s7p('P) 2047124
ép) 2045684
TABLE V

Excitation energies of C V levels (in am™! ) relative to the ground level Is® ('S,,) together with the experimental data of
Moore'” and Edlen and Lofstrand’’ for comparisan

Level This work  Ref. (10)  Ref. (18) Level This work  Ref. (10)  Ref. (18)
1s2s('S) 2408003 2455024 1s3d('D) 2848554 2857529
(3s) 2401796 2411266 2411262 (D) 2847199 2857808 2857305
153s('S) 2833409 Is4d(' D) 2981497 2990923
3s) 2829754 2839562 (*D) 2980751 2990776
1s4s('S) 2975383 Is5d(' D) 3043008
és) 2973644 (*D) 3042582 3052589
1s5s('S) 3039935 1s6d(! D) 3076422
(s) 3039006 (*D) 3076166
1s6s('S) 3074665 1s7d(' D) 3096579
(s} 3074117 (D) 3096373

(Table Contd...)



ENERGY LEVELS OF THE SINGLE EXCITED STATES 43

Is7p(*P) 3095480 1s4f(' F) 2981013
(s) 3095131 ¢F) 2981002
1s2p('P) 2522062 2483240 2483371 1s56('F) 3042732
¢p) 2481854 2455152 2455148 43! 3042723
1s3p('P) 2862665 2859350 2859375 1s6{(*F) 3076258
(P) 2887625 3F) 3076252
Is4p('P) 2987140 2991680 2991710 Is76('F) 3096473
P 2976835 2988359 3! 3096468
Is5p{'P) 3045828 3053060 3053044
é¢p) 3040607 3051332
1s6p('P) 3078029 3086420 3086439
ép) 3075082
1s7p('P) 8097582 3106750
ép) 3095703
TABLE VI

Excitation energies of N VI lands (in cm 1) relative to the ground level Is? (' S,,) together with the experimental and extrapolated
data of Moore!” and the experimental values of Cantu et al’*

Level This work Ref. (10) ‘Ref. (14) Level This work
1525('S) 3383886 1s3d(! D) 4005007
(s) 3376376 3385890 (D) 4003190
153s('S) 4002404 Is4d('D) 4196488
(3s) 3997896 (D) 4195491
1s4s('S) 4189005 1s5d(' D) 4285083
)] 4186852 (D) 4284521
155s(!S) 4281324 1s6d(' D) 4333219
(38) 4280171 (*D) 4332880
156s('S) 4331066 1s7d{' D) 4362252
(3s) 4330385 D) 4362031
1s7s(!S) 4360905 Is4f('F) 4195848
() 4360472 G¢F) 4195833
Is2p('P) 3528852 3473790 Is56(1F) 4284724
3p) 3410849 3438280 3439303 &3 4284712
1s8p('P) 4022269 4016390 1s6f('F) 4333002
*P) 3991274 3R 4332993
Is4p('P) 4203363 4206810 Is7f('F) 4362112
ép) 4190631 ¢F 4362106
1s5p('P) 4288509 4297717
ép) 4282071
1s6p('P) 4835172 4345317
P 4381473
Is7p('P) 4363470 4374361
P 4361151
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The discrepancy of about % beiween our calculations and the experimental values
for Hel can be attributed to tiic intcraction between excited electron and the Is elec-
tron which was not taken into account in our calculations. This discrepancy decreases
when the atomic number z increases among the isoelectronic sequence since the ex-
cited levels are well separated from the ground level and the interaction becomes weaker.
For 1 VII and F VIII levels the discrepancy reaches about 0.1% (Tables VII and VIII).

A decrease in the discrepancy between the calculated and observed values was notic-
ed, with the increase of the principal quantum number n for the higher members of
the sequence where the excitation energy is large enough and the excited electron lie
far from the Is electron. However, in the case of Hel the discrepancy remains about
5% for almost all the states. The reason for this is not clear, but it might be due to
the stfong correlation effects between the Is ground state and the excited ones (these
states are relatively nearer to the ground state in the case of Hel than in the case of
the higher members of the sequence).

TaBLE VII
Excitation energies of O VII levels (in cem™') relative to the ground level Is® ('S,,) together with the experimental data of
Moore’” and Cantu et al.!?

Level This work Ref. (10) Ref. (14) Level This work Ref. (10)
1s2s('S) 4524780 Is3d(' D} 5357186

3s) 4515967 4525340 (D) 5354889 5364990
1s3s('S) 5335244 Is4d(' D) 5617872
(*s) 5329878 *D) 5616616
Is4s('S) 5608987 Is5d(' D) 5738493
(*s) 5606417 D) 5737786
Is5s('S) 5734027 1s6d{' D) 5804029
(38) 5732649 *D) 5803593
1s6s('S) 5801470 1s7d{' Dy 5843556
*s) 5800655 *D) 5843279
Is7s('S) 5865897 Is4f('F) 5617075
38) 5841435 *F) 5617055
Is2p('P) 4690811 4629200 1s5{('F) 5738047
1P) 4555449 4586230 4587351 (*F) 5738081
1s3p('P 5377558 5368550 1s6f('F) 5803760
3p 5340601 5356380 3] 5803748
Is4p('P 5625960 5628100 Is7f('F) 5843382
5610798 *F) 5843374

573456

5806322 5813950

5801920

5844986 5854803

)

!

)

)

)

)

1s5p('P) 5742517 5748450
)

)

)

)

) 5842227
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Excitation energies of F VLI levels (m om™ ) relative to the ground level is ¢S,y together with the experimental and
xtrapolated data of Moore'” and the experimental values of Canti et al'!

Level This work Ref. (10) Ref. (14) Level This work Ref. (10)
152s('S) 5830848 1s3d(! D) 6905316
(3s) 5820731 5829920 (D) 6886389 6912360
153s('S) 6879842 Is4d{' D) 7245877
sy 6873615 (D) 7244355
1s4s('S) 7235550 is5d(' D) 7403464
(3s) 7232561 D) 7402609
1s5s('S) 7398270 Is6d({' D) 7489084
(s) 7396666 D) 7488566
1s6s('S) 7486108 1s7d(' D) 7540723
{3S) 7485158 *D) 7540388
1s75'S) 7538860 Is4f('F) 7244924
*sy 7538255 (*F) 7244899
1s2p('P) 6023131 5949900 1s5f(' F) 7402932
*P; 5865373 5899310 5908209 B#F) 7402911
1s3pt' Py 6928750 6916590 1s6£('F) 7488763
*P; 6885828 (3F) 7488748
Is4p('P) 7255157 7256680 7258600 1s7f' F) 7540516
(*P; 7287565 (3F) 7540506
Is5pi Py 7408077 7415115
(P 7399191
Is6p{' Py 7491710 7501440
(*Py 7486606
Is7p('P: 7542360
(*P) 7539161 7549041

The one electron Hartree-Fock treatment is not suitable for the calculation of
energy levels of excited states in Hel and the lower members of the Hel isoelectronic
sequence. It is convenient only for intermediate and large » values and for highly ionized
members of the sequence. However, in o.der to improve the results in the case of lower
members of the sequence, Hartree-Fock calculations including configuration inter-
action effects are in progress.
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