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Abstract. The effects of the second-order configuration interaction perturbations on the energy-level struc-
ture of nlN, nanllfll and nanllivl naly configurations have been studied. In the previous works (see
Part I and II) we presented a method, which allows to analyse complex electronic systems composed of
configurations including up to four open shells and the formulae for the first-order electrostatic interaction
between sophisticated configurations. In the present paper we consider two-electron core excitations for and
between the configurations under study. They constitute the basis for the design of an efficient computer
program package allowing large-scale calculations providing accurate wave functions.

1 Introduction

Recently, we have presented a method allowing the analysis of the complex electronic system composed of a config-
uration of up to four open shells, taking into account all electromagnetic interactions expected in an atom [1,2]. As
we reported, the construction of an energy matrix is not possible in the infinite basis. Therefore, the wave functions
corresponding to the atomic energy states are expanded in the broadest system of possible interacting configurations.
On this basis, the energy matrix of the Hamiltonian [3-6] describing the fine structure of an atom is constructed, ac-
counting for the interactions up to the first order of perturbation theory. The calculation details of the matrix elements
of the particular Hamiltonian constituents were discussed, and formulae were presented in our earlier works [1,2,7,8].
However, even though many interacting configurations were included, the perturbations produced by all the weakly
interacting configurations remain. In spite of the fact that a correction from a single distant perturbing configuration is
rather small, their cumulative influence may be considerable, due to the increasing density of states as the continuum
is approached. The second-order effects, so-called configuration interaction effects, are observed both in the fine and
hyperfine structure study. A particularly important contribution to the theory of the configuration interactions was
made by Rajnak and Wybourne [9,10], Judd [11] and Feneuille [12-15], who defined the relevant effective operators,
which do not constitute real physical interactions but rather serve as a mathematical tool which allows to consider
the higher-order perturbations. It was stated there that, for the fine structure, the most important effects are given
by effective electrostatic interactions (C), which can be schematically expressed as follows:

C=- Z [(Y|G|p") x (¥"|G¢")] JAE = — (angular part) x (radial part), (1)
PrFED Y’
and electrostatically correlated spin-orbit interactions (CSO) defined as follows:

CSO = — Z [(Y|G|Y") x (" [Heo|¢") + (¥|Hgo|0") x ("|G[¢')] JAE = — (angular part) x (radial part), (2)
W FE !

? e-mail: magdalena.elantkowska@put.poznan.pl



Page 2 of 16 Eur. Phys. J. Plus (2015) 130: 83

where 1), 9’ represent particular states of the considered system configurations, 1"’ denote all perturbing virtual states
taken into account in our system, G denotes the two-body operator of electrostatic interaction, Hg, denotes the one-
body operator of a spin-orbit interaction and AE denotes the energy difference between the centre of gravity of the
considered configuration and the particular perturbing configuration.

In this paper we concentrate on the excitation of two equivalent electrons from a closed shell into an open shell or into
an empty shell - one type of effective electrostatic interactions (C) - therefore the radial integral for effective electrostatic
interactions R (nolonolo, nalanplp) RY (nolonolo, nelenala) describes electrostatic coupling of the configurations, where
nolg denotes electrons from closed shell and ng,l,, nply, necle, ngly denotes electrons from open or empty shells.

For the first time Tress [16-18] introduced intuitively a correction of the form aL(L + 1) to the Slater formulae
for the energy levels, which produced a greatly improved agreement between theoretical and experimental values.
The first comprehensive analysis of the second-order electrostatic interaction was made by Rajnak, Wyoburne and
Judd [9,11,19,20]. In the mentioned papers it was shown for the configurations (¥ that the effects of a two-electron
excitation should be represented by effective operators, for which the eigenvalues are: aL(L + 1) for p» configuration,
aL(L + 1) + BG(Rs) for dV¥ configuration, and aL(L + 1) + 3G(G2) + YG(R7) for £V configuration. G(Rs), G(G>)
and G(R7) are the eigenvalues of Casimir’s operators for the group Rs, G2 and Ry, respectively, and «, 3, 7 represent
the radial part of operators.

A clear description of the effective electrostatic interaction for the configuration system (I +1') with particular
emphasis on the (nd+n’s)V 2 type of configurations was given by Feneuille [13-15]. His formalism is based consistently
on the group theory and comprises both the first and the second order of the perturbation theory. Following Feneuille’s
considerations, we utilized some of his ideas in our paper [7] concerning to the construction of the energy matrix
for the (nd + n's)V*2 + nd¥n;linaly space of configurations. For the above space of configuration we provided a
comprehensive analysis of two-electron operators and three-electron operators describing an interaction involving only
d- and s-electrons. The method presented by us earlier [7] was applied to the interpretation of the fine structure of
the first spectrum of Fe, V, Ti and Co atoms [21-24]. Unfortunately, no paper exists in which effective electrostatic
interactions (C) are described for electronic systems composed of more complex configurations. We substituted the
description of configuration interaction through effective operators with the direct expression of the above-mentioned
effects.

In our work from 2010 [25] we presented our new method. We considered the configuration system (5d + 6s)~ of
the lanthanum atom, which is well isolated from any disturbing configurations, and the conditions for the application
of the perturbation theory are fulfilled. It yields an excellent possibility of an alternative analysis of the contributions
mentioned within the second-order perturbation theory according to the excitation model either “open shell - empty
shell” or “closed shell - open shell”. A simultaneous application of both models is not possible due to the fact that in
both models an implicit linear dependence between angular coefficients corresponding to certain radial parameters has
to occur, which makes the solution of a redundant set of linear equations impossible, thus hindering the determination
of the respective radial parameters. It provides an excellent test confirming the correctness of the complex formulae
derived, e.g. configurations with three open shells, require recoupling of five or more angular momenta and strict
observance of the electron permutation rules, in particular for interconfiguration matrix elements. In this work we
present appropriate formulae describing the excitation of two electrons from a closed shell to an open shell for the
following configurations: nl, nanllivl, nanllivl noly and nanlllnglévz as well as between the configurations. For
example, in the analysis of the even-parity configurations of niobium atom [26] a system of 14 even configurations
was considered: 4d® + 4d*5s 4 4d*6s + 4d*5d + 4d*5g 4 4d35s2 + 4d35s6s + 4d35s5d 4 4d35sbg 4 4d35p? + 4d25s26s +
4d?5s25d + 4d?5s25g + 4d%5s5p2.

For the configurations with the core nd” , only the excitation from the ngp® or nof™ closed shells must be considered.
The excitation from the ngs? or nod! closed shells are in a linear relationship with the radial integrals F*(nd, nd).

In order to verify whether the parameter moves the center of gravity of the configuration only, the normalization
procedure of angular parts of diagonal matrix elements () = ¢’) was introduced according to the following relation:

N+2

| Ys(25 + DL+ 1)X(SL)

Xnorm(SL) = X(SL) ZSL(QS + 1)(2[/ + 1) ’

3)

where X (SL) denotes a matrix element derived directly from the formulae for subsequent SL states. This procedure
is similar to the considerations carried out by Rajnak for IV configuration [9].

The configuration interaction effects were applied by us for the interpretation of the spectra of the lanthanum [25],
tantalum [27] and niobium atom [26]. This required the introduction of new formulae, which are presented in this
work.

The correctness of the presented formulae has been verified by comparing the energy eigenvalues obtained with
our computer program package to the values generated with the Cowan-code [28,29]. In order to verify the phase
relationship, these comparisons were made for the systems of at least three mutually interacting configurations.
A direct comparison of matrix elements was not possible due to the different coupling schemes.
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2 Explanation of used symbols

In all the formulae given below, the symbol G! stands for a particular term of Coulomb repulsion represented by
irreducible tensors of rank ¢: ZDJ- rt Jriti(Ct - Cz)7 where r- and 7~ indicate the distances from the nucleus to the
closer and the more distant electron, respectively. The expressions describing G! element contain coupling schemes
used for the derivation of the formula.

For nj-coeflicients, one- and two-particle fractional parentage coefficients, the generally accepted notations were
used.

The expression [z,y] represents (22 + 1)(2y + 1). Reduced matrix elements C* and U? represent

leli) = (-1 [ + D2+ )2 (3 0 7). )
(niNapSoLo ||U*|| ni™ ayS{LY) = 6(So, Sg) N (—1)kot+t [Lg, L]/

x Y (=1 (niNagSoLo{ [t "' aSL) (ni™ afSyLy{|niN ' aSL) {LZO Llf;) Lt} '
S
(5)

The consideration of the configuration with three open shells, where the second and third shell contain up to
three electrons, requires the coupling of the four angular momenta. Therefore, it is necessary to use 12j-coefficients,
introduced by Jahn and Hoppe [30] and studied by Ord-Smith [31], who found 16 symmetry relations together with a
convenient new notation. In the comprehensive work of Jucys et al. [32], the 12j-coefficients of this form were referred
to as symbols of the first kind. Additionally, Jucys introduced the more convenient symbols of the second kind with
24 symmetry properties and presented a number of useful sum rules on nj-coefficients, which we primarily use in this
paper.

[l

QI

3 Explicit formulae for configuration interaction effects. Excitation of two equivalent
electrons from a closed shell into an open shell or an empty shell

The formulae for the second-order configuration interaction are presented below.

3.1 niN configuration

The states ¢ and v for nl"V configuration are defined as follows:

¥ =nolgot? 18, niNaSL; SL
Y =mnglgo ™ 1S niNo/SL; SL.

3.1.1 Excitation of two electrons from a closed nglg°*? shell into an open 1™ shell

=Y @IG[Y") x (" |G|Y) =
w//
1
-3 TN+ 2)(N + 1) (4o +2) (4o +1)
w//
X (nlN+2a”S’"L”{|nlNaSL, nl?a) (’)’Lg) (1”Ll]\[+204”5wL”{\nlNo/SL7 nl*af) Sy 6’)

Ly t Ll t / /
<0 b L b o aIe 102 rotanolo, nind) R (ool i), 6)

tt!

[SllaL”] 4lp+2 1 Alo 1y 2 Qi 2
[S,L, S, L] (”0[00 S{lnoly°ag Sy Ly, nolgeq OLO>
) »y M0 0

where the perturbing virtual states are defined as ¥ = nolg° oy Sy Ly, niN 2o/ S" L"; SL.
This parameter occurs for all types of configurations with nl™ core.
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3.1.2 Excitation of one electron from a closed nglg"+?

closed nol4l"+2 shell to some empty nql; shell

=Y WIGIY") x (" |G|y) =

shell to partially filled nl" shell and the second electron from a

w//
1 L// 1" L// .
7Z(N+1)(4l0+2)(410+1) [17[};7?/]7] ( 1) 28" +28 (7?, l4l0+2 15{|nol4l° /IsélL//, 012 //Sé/LN)
P! ?

2 2
S 1/2 87 L 1 LY
x (N o SYLY{|ntN aSL) (ndV e ST LY{|IniN o/ SL) {1/2 5{// S(/l)/} {h I L{l)'}

Ll t Il t / / /
X Z {lo Z(lJ Lg} {ZO l(l) Lg} (loHCtHZ)(l()”CtHll)(lo‘lct ||l)(lo||Ct ||11)Rt (’ﬂolonolo,nlnlll)Rt (nolonolo,nln1l1)7 (7)
t,t’
where the perturbing virtual states are defined as ¢ = nolg° o Sy LY, (nIN+1a// SV LY n11,)S"L"; SL.

3.1.3 Excitation of two electrons from a closed nglg°™+?

= @G|y x (@ |G|y =

shell to different empty shells n1l; and nals

P
— Z (aSL,aSTLY)o(a/SL, o) SYLY)5(Sy Ly, S5 L) (4lo + 2)(4lp + 1)
P

2 norn
x (molg® 2 1 5{|nolg " o Sy LG, noliat Sy L) [S[isg]Lg]
loly t ol t ’ ! !
2 {zi lo Laf}{zi b Lg} (1ol| 1) o | €1 12) (o[ 112) 1o | [12) B! (molomolo, milimala) B (nolamolo, malinals)

®)

where the perturbing virtual states are defined as ¢ = nolg®°af SH LY, [nIN o/ ST LY, (n1lynals) Sy LY]S" L"; SL.

3.2 nlNnyI)"* configuration

The states v and v for ni™v nll{V ! configuration are defined as follows:
’(/) == (n0l§l°+2 15, nlNqulLl)SlLl,nllNlozgsng; SL
V' = (nolgot? 18, niN o S, LY) S, LY, nlY b Sy Lh; SL.

3.2.1 Excitation of two electrons from a closed nol§l°+2 shell into an open 7,12 shell

= @WIG[Y") x @ |G|y =

w//
1
=D 3o +2)(4lo + 1)(N1 + 2)(Ny + 1) 8(e1$1 Ly, 0f SYLY) 6(e} S LY, 0] SYLY)
w/l
% (_1)25//+25+252+25§+25§/ [S//’[gxa i%:]» L/2/] ( l4l0+2 1S{|n lélo //516/[/6/7 nol2 //S(/)/L//)
0>

N+2///// N 2 mnmQltyn Ni+2 gty N1 1 Q! 1!/ 2 Qi yn
( h 1L g 12 1a252L2,n111aOSOL0) (nllll 04252L2{\n1l11a2S2L2,nlllaoSOLO)

S" S S S’ S Sg L" L L/Q/ L" L L/2/
Sy Sy Sy [ \S% Sy S, \ L L Ly [ \ Ly LY L}
loly t loly t ! !
x Z {l? l(l) Lf)/} {l? l(l) Lg} (LoIC*[111)* (Lo [IC* [|11)*R* (nolonolo, nalinaly) R (nolonolo, nilingly) , (9)
t,t’

where the perturbing virtual states are defined as ¥ = (nolg af Sy Ly, niN oy ST LY)S" L ny 1N 20y Sy LY; SL.
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3.2.2 Excitation of one electron from a closed nglg"*?

closed nol4l"+2 shell to an open nll{vl shell

shell to partially filled nl" shell and the second electron from a

> WGP x " |G| y) =

11[)//
=Y _(4lo +2)(dlo + 1N + 1)(Ny + 1)[S", L, 5, L, 85, L] (—1)?50 251 #28#28142857425
w//

2
(TL l4l0+2 1S{|n()l4l0 " gLé)lvnOl(%a(/)/ (/)/Lg> (nlN—H " //LH{|TLZNC¥151 )(nlN+1 " //L//{|nlN SiLll)

( AN LS L gl QQSQLQ)( NS L g ol S;Lg)
L"L LY\ [ Sy S11/2\ LY Ly 1\ [S" S Sy\ [L" L LY\ [ Sy S 1/2\ [LY Lj 1
52 1/2 Sl Loly Ly (\1/280 8" (i LY L' (S, 1/2 S, ( YLyl L [ \1/2S) 8" (1 L{ L"
o1t lo 1 t / / /
Z {lo l L//} {lol L/,} (ZO||Ct||l)(l0||Ct||ll)(l0||Ct ||l)(loHCt Hll)Rt (Tlolo’ﬂolo,’ﬂl’ﬂlll)Rt (Tlolo’ﬂolo,’ﬂlnlll),
" 140 L9 10 Lo

(10)

where the perturbing virtual states are defined as ¢ = (nolg af S4 Ly, nIN*t1a/ SV L) S" L ny Y T aly SYLY; SL.

3.2.3 Excitation of one electron from a closed n9l3"° " shell to an open ni”™ shell and the second electron from a closed
nol§l°+2 shell to some empty nsls shell

= @G| x (@ |G|y =

¢//
- 2(410 + 2)(4l0 + 1)<N + 1) 6(042521127 al2/ gL/2l> 6(0/2551/2’ 0/2/ ng) [SﬂaLNa 51/7 L/llv Si/’)/a Lg]
w//

1 ! 1
X (—1)255 4254251425 +25] (nolél‘)“ lS{|nol§l°a ISULY nol2al (,J/L/,)

1N+1 YSYLY{ N ay S1 L) (N ol SYLY{ [N o) S{LY)
S Sy [Ly L L\ [SY S 8"\ [LyLY L'\ [Sy S S{\ [Ly L LY [SY SY S"\ (L4 LY L
s” 1/2 8y (\L" o LY [\ S11/21/2( VL1 lo 1 [\ S"1/2 Sy (YL Iy LY (S} 1/21/2( \ L} 1o 1

ol t)[lo! ¢ : : :
<2 {zg lo Lg} {12 lo Lg} (lolIC*[11) (ToIC* lE2) (1o [|C* (1) (1o [|C* [Ii2) R (nolonolo, ninala) RY (nolonole, ninsgls) ,
tt
(11)

where the perturbing virtual states are defined as

41 N+1 N- .
U= (noly oy Sy LY, niN+ ol SYLY)S L, (naly" o SY LY nala) Sy LY SL.

3.3 nlVn;1Y'nyl, configuration

The states ¢ and v’ for ni™V nllf’ 'nols configuration are defined as follows:

¢ = (nolél0+2 IS, nlNqulLl)SlLl, (nll{\hOZQSQLQ,anQ)SgL(‘j; SL
W = (nolg® ™ 18, niN o, ST L)) ST LY, (nali oy Sy LY, nals)S4LYy; SL.
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3.3.1 Excitation of one electron from a closed 79l5"° 2 shell to an open ni”™ shell and the second electron from a closed
nolg'* "2 shell to an open n1I3" shell

> @IGIY") x " |Gly) =

w//
= (4o + 2)(4lo + 1)(N + 1)(Ny + 1) [$”, L", 87, LY, Sy, LY, 84, L] [S3, Ls, S5, L4]'/?
w//

2
1 ! ’ 17 " " ’
% ( ) 28y +2S5+83+S55+251+2851 425, +285 +255 + L3+ Ly (noléloJrQ 1S{|nol§l°a6’S{)’L 71012 /1561L1/>
x (nIN o SYLY{|ntY ay 81 Ly ) (™o SYL{ [N o) ST L))

x (i g sy Ly {Imi a8 Lz ) (il ey Sy Ly {Imil ap S L)

/28 SUY (1 LoDV (1/28 SUY (1 L, LYY (1/2 Ss SYY (I Lo L4

s s L7 Ly b J\S” Sy /2 \LY Ll L /287 S5 f Us L Ly
1285 SEY (I T T [1/2 88 o\ [l I L) {172 85 4\ [0 T4 I

1280 S L LY LA\ S S S \L L, L\ 8 s s"f\LL,L"
l() l t lO l tl t t + t + +

XD Lo L0 i lo LY (Lol CH[D) (Lol C[[11) (Lo [|C™ [[D) Lo [|C™ [[11) B (nolonolo, nlnily) R (nolonolo, ninaly)

t,t’

(12)

X

where the perturbing virtual states are defined as
P = (nolg® af Sy Ly, nIN T SYLY)S" L, (mly T oy SY LY moly) SY LY SL.

3.3.2 Excitation of one electron from a closed nolélO+2 shell to an open ni" shell and the second electron from a closed
nol4l°+2 shell to an open nsls shell

> WGP x " |G| y) =

w//
= 2(4lp +2)(4lo + 1)(N + 1) 6(c2S2La, o SYLY) 6(ah Sy LY, oy Sy L)
w//

25425342855 +2S1 428! +25" +So+S,+ Lo+ L, AR AN AR AR AR AR A A /o orr11/2
X <_1) : 8 ! ! 1R e [S L7, 17L17537L3’S47L4][S37L3’SSaL3] /

x (nolg*? 1S{|n0l4l°o/’ 0 Lo, nolgag (;Lg) (nIN oy SYL{[niN ay Sy Ly ) (nIN Tl Y LY {Ini™ oy STLY)

Lz lo L L) (1/2 SU S4Y (1o LU LLY (S” S SU\ (L' L L)
S2 1/25 Lo bo LU S, 17285 f \ Ly bo LS S5 1/2 1 f \Ls Is Ly
DL LYY (SY S 1/2) (LU Ly LY (S) S, 1/2) (LY L 1
53 1/2 Sl Lyt D \1/280 8" f Ve Ly L7 f \1/2 80 8" f 1z LU L”
ol tY (lol , , ,
Xy e QG (GolIC ) (ol CY I (o]l CY li2) Y (nolonolo, ninals) RY (nolonolo, ninsls),
2 iz to 2y \la lo L

(13)

where the perturbing virtual states are defined as
Y’ = (n0l4l° 0Sy LYy nlN+1a’1’S{’L’1’)S”L”,(nllivla’Q’Sé’Lé”ngl%ag YLY)SYLY; SL.

l4l0 +2

3.3.3 Excitation of two electrons from a closed nl, shell into an open nslsy shell

=Y @G|V x (" |Gl y) =

P!’
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3

=D~ Sl +2)(4lo + 1) 8(a1 S Ly, f SYLY) (S L, f SYLY) 6(azSaLa, Sy LY) (S L, S5 L)

w//

"orn noQroTn

X (—1)2S+285+28 425 +281+25] +25"+ 52+ 8]+ L+ L L ’[ngvﬁij i (S5, L, S4, Ly]"/?

(n l4lo+2 1S{‘n0l4l0046/ 6/[/0/,710[2 //S(/)/L//) (nZZSagS L”{|n212 //S(/)/L)
S0 ST S\ (LG LY L\ (S5 ST S5\ LG LY LYY fS¢S" S\ (LG LY L) (S5 8" S\ [Lg L L

Sy 1/2 84 \ Ly Iy LY \ Sy 1/28Y  \ Ly Iy LS\ S S3S{f | L Ly Lg S S, Sy \ L Ly LY
loly t loly t / /
X Z {ZZ li L//} {lz lz L//} (loHCtHlQ)Q(lQHCt ||l2)2Rt (’I’Lolonolo,nglznglg) Rt (nolonolo,nglgnzlg), (14)
’ 0 0

where the perturbing virtual states are defined as
w// _ (nolélo ag (I)/Lgv ﬂlNO/fSi/LII/)SNLH, (Tl1l{V1 O/QISé/Lg, nZZga/B/Sé/L//)S// . SL

3.3.4 Excitation of one electron from a closed 7l ">

closed nol4l°+2 shell to an open nsls

=Y WIGIY") x (" |G|y) =
w//

= 24l +2)(4lo + 1) (N1 + 1) 6(ar S1 Ly, o SYLY) 6(ah S LY, o STLY)
,lp//

« (_1)23+233+25§+25Z+2S“ [S”,LH S// // S// g,SZ7LZ] [Sg,Lg,Sé,Lg]l/Q

M

shell to partially filled 117" shell and the second electron from a

s (malo 2 15 {moli Sy L molZagSyLE) (miN g Sy L (It 05 La ) (ml) a4 Sy L (Il 04 S3LL)
"oQu "o "oQn "norn 52 1/2 Sé/ Ly Iy LIQ/ Sé 1/2 Sé/ L/Q ll LIQ/
x {g % g},} {’z L5 ﬁ},} {g, % g},} {’i, L f},} 121250880y 1 L7 b3 1/21/287 841y 1y LY
82 ma) B8 R A 2 o) \Bs vt sy Sy sy ) \Ls Ly LY ) | S5 Sy SY) | Lh Ly LY
loly t | floh ¥ / / :
x Z {lg l(l) Lg} {l;) l(l) Lg} (ZOHct”ll)(lO”Ct”lQ)(lO”Ct ||l1)(l0||ct ||12)Rt (nolonolo,nlllnglg) Rt (nolonolo,nllanZQ)’
t,t

(15)

where the perturbing virtual states are defined as
P = (nolél“a{)’S(’)’Lg,nlNa’l’S{’L’l’)S”L”, (i I ol SU LY nol3al Sy LY)SY LY SL.

3.3.5 Excitation of one electron from a closed 19l3" ™ shell to an open 11"V shell and the second electron from a closed
nolél0+2 shell to an empty ngls shell

> WGP x " |G| y) =

w//
— > " (lo + 2)(dlo + 1)(N +1) 8(S1L1, S"L") §(S1Ly, S"L") §(caSaLa, aly Sy Ly) 6(hSyLhy, oy SYLY)
w/l

Sy, LY, Sy, LY

17 2
% 5(53L3,S§Lé’) 5(S3LQ,S§/LH) ( )25‘ +251 [ [Sl } ( l4l0+2 1S{|n0l4lo " //L// nolgag (/J/Lg)

1 2 17 2
X (nlNHa’l’S{'L’l’{|nlNa151L1) (nlNHa’l’ {’L’l’{|nlNa’151L1) {15}12 15{/? gé/} {Il/gl IZ/ éé}

lol t lol t / / ,
x Z {lg lo Lo} {12 lo L{)’} (Lo lICT 1D (1 [I1C°[lE5) (Lo |CT D) (1 [|C¥ [|13) R (nolonolo, ninsls) R (nolonolo, ninsls) .

(16)
where the perturbing virtual states are defined as
W = [noly o S LY, (nIN oy ST LY ngls) SYLEIS" LY, (mly" o S5 LY naly) S5 Ly; SL.
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3.4 nlNnylyny 1) configuration

The states ¢ and v for niv nglgnll{\[ ! configuration are defined as follows:

1,[) = (ﬂolgl0+2 IS, nlNOqSlLl)SlLl, (nglg,’nllNlOéQSQLg)Sng; SL
W = (nolg "2 1S, niN a4 STLL) S LY, (naly, nlY ' ahSyLY5)SELY; SL.

3.4.1 Excitation of one electron from a closed n9l3"° " shell to an open ni”™ shell and the second electron from a closed
nol§l°+2 shell to an open 1,1 shell

Through the proper recoupling procedures, the matrix elements can be expressed as a product of eq. (12) and the
phase factor equal (—1)S2+L2+Sa+Ly+385+Ls+355+Ly+255+255

The perturbing virtual states are defined as
w”z(nolél“aé’ VLY nINTLN ST LS L (noly, nal N el SYLY)SY LY SL.

3.4.2 Excitation of one electron from a closed 7l ">

nol?jl0+2 shell to an open nsyls shell

shell to an open nl” shell and second electron from a closed

Through the proper recoupling procedures, the matrix elements can be expressed as a product of eq. (13) and the
phase factor equal (71)52+L2+S§+L'2+353+L3+35§+Lg+25;’+2$’4’1’+1'

The perturbing virtual states are defined as
’l/)” — (noléln S// // lN+1a1/ " //)S//L// (’I’Lgl2 o S// g nllN1 S// //)S// ". SL

3.4.3 Excitation of two electrons from a closed nol‘O”"+2 shell into an open nyls shell

Through the proper recoupling procedures, the matrix elements can be expressed as a product of eq. (14) and the
phase factor equal (_1)Sz+L2+S;+L’2+353+L3+3sg+Lg+25;,’+25g+zsjg+1_

The perturbing virtual states are defined as
w// — (nolélﬂa/o/ (/)/ 6/7 S//LI/)S//L// (nzl?) a /I é/,nllNl S// //)SII 1. SL

3.4.4 Excitation of one electron from a closed nl5"° "2 shell to partially filled 7,1} shell and second electron from a

closed nol4l°+2 shell to an open nsls

Through the proper recoupling procedures, the matrix elements can be expressed as a product of eq. (15) and the
phase factor equal (—1)52FL2+82+Lo+3S5+La+35;+L5+25,+25)+1

The perturbing virtual states are defined as
w// _ (noléluaa/ (/)/ nlNa/ll " //)S//L// (n212 ag/ " // nllN1+1 17" L//)S// . SL

3.4.5 Excitation of one electron from a closed nlj° ">

no l4l°+2 shell to some empty nsls shell

shell to an open nl" shell and second electron from a closed

Through the proper recoupling procedures, the matrix elements can be expressed as a product of eq. (16) and the
phase factor equal (—1)52+L2+85+Lo+355+1L5+35;+ Ly +255+255

The perturbing virtual states are defined as
P = [nolg g SY LY, (N oy Sy LY nsls)SYL{)S" L, (nala, ma 17 oy SY LY) S§LY; SL.
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3.5 Inter-configuration matrix elements

3.5.1 Configuration interaction nl" « niN =1n,l;

The states v for nl™ configuration and v’ for ni™¥ 1!

nil; configuration are defined as follows:
¥ =nolgo ™ 1S, niNaSL; SL
Y =mnolgo 2 1S, (niN o Sy L, n11h)SL; SL.

Excitation of two electrons from a closed nglg"® ™ shell into an open n/N =1 shell:

=Y WIG[Y") x @G|y =
w//

1 Veve 35" 438 125! + 1" +1/ +1+3/2 1S, L", ST, LY]
- Z 5(410 + 2)(410 + 1)(N + 1) N (_1) ! ! ! "o 1/2
"l)” [SO ) L()’ S’ L]

X (nozglo+2 LS{|nolMoall SILY, nol2all ng) (N1l SY LY {1l S, L) ni2all SULY)
S 1/2 S// S// S/ S// L l L// LI/ L/ L//
N+1 // sl N 1 0 1 ~1 1 0 -1 +1
X (nl L {| l OéSL) {1/2 S Sg} {1/2 S g } {ll L" Lg} { Iy, L” L}
ol t Lyt ’ ’
X Z {l? lo L’/} { ZO LE)’} (LoICH 1) (I [|CH[11) (I [|C* [11)* R (nolonolo, ninaly) RY (nolonglo, ninl) (17)
where the perturbing virtual states are defined as ¢" = noléloag’S{)’La’, (nIN*T1a ST LY ,nyly)S"L"; SL.

ZN72

3.5.2 Configuration interaction nl" < n nl3

The states 1 for nl?¥ configuration and v’ for nl¥ ~2n,1? configuration are defined as follows:
¥ =nolg ™ 1S, niNaSL; SL
W = nolgo T2 LS, (niN 2 Sy L, ml3alySLLL)SL; SL.

Excitation of two electrons from a closed nol§l°+2

> @IGIY") x " |Gly) =

shell into an open ni’V =2 shell:

w//
Z (4l +2) (4o + 1) /NN — 1) 6(aSL, Y SYLY) D(aff Sy L, a4y L4)
w//

. [S”, L") (S7 S S (LI L) L
(5(0/2155/ OZ2SQL/) ( )25+23 st [S{)/,Lg] SZ Slll S L(/; Llll L

x (molg® 2 1 5{|nolga S§ LG, noliay gL”) (™ aSL{|nt™ 20} 1 L), ni®al Sy LY)
lolh t Lyt ' '
X Z{lg z(l) L}{ ?Lg} (Lo||ICH[111)* (Lo |CY |1)2 R (nolonolo, malinaly) R* (nolonolo, ninl) (18)
where the perturbing virtual states are defined as ¢ = nolg oS4 LY, (ndN o/ ST LY, n1l3aly Sy LY)S" L"; SL.

3.5.3 Configuration interaction nlV ~'nl; < niN"1nyly

lel

The states v for nlN ~"'nil; configuration and ' for n nals configuration are defined as follows:

¥ =nolg®t? 1S, (n¥Yay 8Ly, nily)SL; SL
Y =nolgo T2 1S (niN "ol Sy L), mala)SL; SL.

Excitation of one electron from a closed nol§l°+2 shell to an open ni" shell and the second electron from a closed
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nol§l°+2 shell to an empty nsly shell:

— The first type of integrals

=) @G| x (@ |G|y =

w//
3l + 2o + 1) N (87,1, 81, LY, SY, L] (—1)% +H s
w//

x (mold* 2 15{|nolg°af Sy LY, nol3a ”S{{L") (nIV o SYLY{ Y "y Sy Ly) (nd™ o Sy LY {[ni™ a4 S} L})

Sy 1/280Y (S, 1/280Y (L 1 LYY (L, 1 LV
X 1/2 1/2 Sé’ 1/2 1/2 Sg ll lQ Ll2/ lz ll L/QI
s syst)\s sys)lLrgr) \LLgr

lo 1t lo 1t / / /
> {12 . Lg} {h 1o 2y [ (1 C IIC ) 0o O 1 Goll O 1) R (rofomoto, nint) B (molomolo, nimats)
tt

(19)

where the perturbing virtual states are defined as ¢ = nolgaf SY LY, [nIN o/ 1LY, (n1lingls) Sy LY)S" L"; SL.

Excitation of one electron from a closed nol4l°+2 shell to an open nil; shell and the second electron from a closed

no l4l°+2 shell to an empty nsly shell:

— The second type of integrals

=D @IG|Y") x (" |G|y =

w//
— > (4l +2)(4ly + 1) 6(arS1Ly, af SYLY) 6(aySTLY, o S1LY) 8(ag Sy Ly, oy Sy L3)
,([}/I

2
1
X ( 1)281+25 +l1+la+1 [S” L// Sé/’L//] (n l4l0+2 1S{|nol4l°a{{56’L8,noloozg 6/L6/)

DEEE “(1/21/280) (Lt L8 (L4 L7 L) (LU L" L
sri2sy( N2 sy su( \roro( oy Lif Lyt LY
ol t) (lol ¢ , /
{l l L//} {l In LV (10HCt”ll)(l()||Ct||l2)(l0||ct ”11)2Rt (nolon()l()7nllln2l2)Rt (n()lonolo,nlllnlll),
2 0 L 10 &

(20)

where the perturbing virtual states are defined as
" =mng l4l°04 VLY, [Nl ST LY (nq13ad SY LY nale)SY LY)S" L"; SL.

lN—l ZN—Q

3.5.4 Configuration interaction n nly < n nyl3

The states 1 for nl¥ ~!n;l; configuration and v for nlY ~2n,I1? configuration are defined as follows:

Y =nolg ™2 1S, (nN"tayS1Ly,nil1,)SL; SL
W = nolgo T2 1S, (nIN 2 Sy L, nl3ahySSLL)SL; SL.
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Excitation of one electron from a closed nolgl“'|r2

nolél0+2

lel

shell to an open n shell and the second electron from a closed

shell to an open nql; shell:

=S WIGIY") x @ |G|v) =

,Ll}//
[S”,L”,S”,L”][S’,L’]1/2
. ; 75l +2) 4o +1) NVN =1 6(aty S5 Ly, oS5 L) [sfl{,Lg’]l/Q2 2

2
1’ 1"
(OSSN (052 1 ngldoa YL nal3el SULY)
x (niN o SYLY{|niV Loy S1 L) (ni™ o SYLY{IniN 2o S{ LY, ni*ag S{ LY

Sy 1/2 87 Ly | LY
v U s s o 1 )
S S(/)/ S// L Lg " 52 N L2 L" L

lo 1t ol t , /
X tz; {l(l) lo L{)’} {lg l L{)’} (LIICHID L |CHL) (LICH [|10)2 R (nolonolo, ninily) RY (nolonoly, ninl) (21)

where the perturbing Virtual states are defined as

0" = naliag Sy LY, (nN o SY Y, oy SY14)S" L ST
3.5.5 Configuration interaction nl™N ~1ngl; « ni™N=2n,l3

The states v for nl™¥ ~Inil; configuration and 9’ for nlV ~2nl3 configuration are defined as follows:
= nolde ™2 18 (niN"1ay 8Ly, nl1)SL; SL
0
Y =noldo T2 1S (N 20l S L), nal3ah Sy LS)SL; SL.

l4l0 +2
0

Excitation of two electrons from a closed ng shell into an empty nals shell:

=Y WIG[Y") x @' |G|y =

’l/)”
_Z\[ 4lo+2)(4l0+1) \/75( //S// /1/,04151[/1) 5( //S// // /QSQLIQ) 5( //S // // (/)/ 6/)
w//

[Slv L1]1/2[S:/3/7 Lg}
[S3, Ly]H/2

; 0 2 (80 1/28\ [L, 1 L) [S,S, S\ [L,y L, L
(n l4l 21811, l4l QQSQLé,nOZOQQSQL/Q) {1/12 é S;}{lll L Lé} {Sz Sé/ S} {Li Lg’lf L}

lply t ol t / / ,
X ; {lg li Lé} {l(l) ZO Lé} (lOHCtHl2)2(l0||Ct ||l)(loHCt Hl1)Rt (nolonolo,nglgnglg) Rt (nolonolo,nlnlll), (22)

« 5(SL, S//L//) (71)3S+L+3S1+L’1+zsg+ll+12+1 (nlelalSlLl{\nlezo/lSiL'l)

where the perturbing virtual states are defined as
P :nozgloagsng, [(nIN=ral/ Sy LY n1ly)S" L nol3aly SYLY)SY LY; SL.
3.5.6 Configuration interaction ni™ ~nil; « niVN 2nylonil

The states ¢ for niN¥~'nqly configuration and 1)’ for nlN 2nslonqly configuration are defined as follows:

¥ =mnglg® ™ 1S, (N "tay 8Ly, mily)SL; SL
W = ol 1S, [N 20 S| L}, (nalanily)SHLY]SL; SL.
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Excitation of two electrons from a closed nglg® ™2

> WIGIP") x " |G| y) =

shell into an empty nsly shell:

wl!
=3 (o + 2)(4lo + 1)VN — 1 8(arS1 Ly, oS LY) 6(SL, S"L") 8(al Sy LY, alf Sy LY)
'l/)//

> (n l4lo+2 1S{|nol4lo //Srngzl7 TLOZZ //Sé/L//) (nlelalllsi/LlllﬂnleQa/l SiLll)
, , T Sg Sé’ S 1/2 L'Q/ Lg L" Iy
X (_1)S+L+2S 42514355 + L5 +1+12+1 [Sg,Lg] [Sl,L17Sé,L/2]1/2 1/2 Sé/ 1/2 Si l2 LIQ/ 12 ‘L/1
1/2 S Si’ Sé | L Lll/ LIZ
loly t ol t / / '
x ; {lg 1(2) LIQ/} {lg lo L’Q’} (1o]|CH|12)* (1o ||CY []1) (16]|C ||I2) R? (nolonolo, nalanals) RY (nolonoly, nlnsls) (23)
where the perturbing virtual states are defined as

W = [nolgaf SYLY, (nIN o SY LY ny1y) S" L") S LY, nal3aly SY Ly SL.

Excitation of one electron from a closed n0l§l°+2 shell to an open nl™ ! shell and the second electron from a closed
nolg" ™2 shell to an empty naly shell:

= @G x @' |G|y =

,Ll)//
1 [S”,L”,S”,LNHS/,L/]I/Z
=D 5o +2)(4lo + YNVN — 1 6(S5 L5, SyL5) [sé' Lg’]l/; 2
,L/}// ’

2
1 1"

% (_1)5‘-',-L—',-S1 +L7 +l 41241 (n l4l0+2 1S{|7’Lol4l0 /S(/)/ 7’L()l2 //S L//)

X (nlNo/{ {’L’l'{|nlN71alSlL1) (nlNo/l'SfL'l’{|nlN72o/lS{L’1, nZZQgSgL’O’)

" "

SV B sy sy s g o

X / / 2 1 02 2 AN L' L' L
s sy st |\Lroyr) 2 2

ol t\flolt / ,
x> {l‘; o Lg} {12 / Lg} (lo||CH D) (Lo ||CH12) (1| CT [[T0)2 R (nolonolo, nlnala) R (nolonolo, nind) (24)
t,t

where the perturbing virtual states are defined as
w/l =n, lolga// I/LII [ lNalll {/Lﬁl(n2l2nlll)sélL/Zl]SI/LlI; SL'

3.5.7 Configuration interaction nlN ~1n;l; < nlN"2nql1nsly

lN_2

The states ¢ for niN ~"'nqly configuration and 1)’ for n nilinqly configuration are defined as follows:

W =mnolg 2 1S, (niN"tay 8Ly, nily)SL; SL
W = nolg T2 1S, [N 720 S| LY, (nilingla)SSLY]SL; SL.

Excitation of two electrons from a closed nolgl°+2 shell into an empty nsly shell:

Through the proper recoupling procedures, the matrix elements can be expressed as a product of eq. (23) and the
phase factor equal (—1)1+2+52%L2 and the perturbing virtual states are defined as
P = [nolél‘)a{)’S{J’Lg (nIN =1l ST LY nyly)S" L") SY LY nol2aly SY LY SL.

Excitation of one electron from a closed nglg"® ™ shell to an open n/N ! shell and the second electron from a closed
nolf)”0+2 shell to an empty nsls shell:

Through the proper recoupling procedures, the matrix elements can be expressed as a product of eq. (24) and the
phase factor equal (—1)1+2+52%L2 and the perturbing virtual states are defined as
v = ol of SY LY, [N ol SY LY (nalinaly) SYLY)S" L"; SL.
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3.5.8 Configuration interaction nlNnyl; « nlN =2nyl3n,1;
The states v for nl¥nily configuration and 1’ for nlN ’Qnglgnlll configuration are defined as follows:

Y =mnolg® 1S, (ni¥ayS1L1,mly)SL; SL
V' = (nolgo 2 1S N =20, SILL)SILY, (nal3alySyLYy,nily)S5L,; SL.

Excitation of two electrons from a closed nolgl°+2 shell into an open n!™¥ 2 shell:

> WGP x " |G| y) =

w//
Z (4o +2)(4lo + 1)V N(N = 1) 8(a S{Li, a1 51.L1) (0 S L, a4 4 L)
1///

x (a5 Sy Ly, apS)L) (S5LY, SyLy) 6(S"LY, 51Ly) (~1)SHHFSiHhssitihirats/2
2 [SY, LY, 8§, L]
(55, L]

( l4l0+2 1S{|n0l4lo " (/)/ g’nolga(/)/ (/)/Lg)
_ Sh1/2 8% L, 1, LY
x (ni™af SYLY{|ntN 2ol S{LY, nl®af S{ LY { g 5{,, S?;} { I Ll,/ Lj}
lola t L t TTRY. 7 \2 ot t/
X Z 12 lO Lf)/ lO Z Lg (lo”C ||l2) (l”C ||l0) R (nolonglg,n2l2n212)R (’I’Lolonolo,nlnl),
t,t’

where the perturbing virtual states are defined as
P’ = (nolél”ag’ LY, nIN o ST LY)S" L (nal3aly Sy LY n1ly) Sy LY; SL.

3.5.9 Configuration interaction nlVnilinals < nIN "2nqlinsls

The states ¢ for nlNnilinals configuration and v for ni™¥n;linsls configuration are defined as follows:

1/) = nol3l°+2 1S, [nlNqulLl, (nlllnglg)Sng}SL; SL
Y =mnolg0 2 LS, [N o S{ LY, (nalinsls)SyL5)SL; SL.

l4l() +2

Excitation of two electrons from a closed nyl, shell into an open nsly shell and an empty nsls shell:

= @G| x (@ |G|y =

w//
= (4o +2)(4lo +1) 6(aySYLY, a1 51 L1) 8(ag Sy Ly, a Sy L) 6(ay STLY, o S1LY)
w//

28428" 4+ S1+L1+S|+ L, +2S) +1 AN AN AR AN AR /T 1/2
X (—1)25H28 E S Ik SIH LA 2SS L (gn g gl p S L] [Sh, Ly, Sa, L]t

( l4lo+2 IS{|nol4lo //Sng,’rLolQ llsélL//)

CJ121/280\ [Sp s S [0S 1/288) [lo lp Ly Ly L" L\ [Lali Ly
1/2 8 SU(\SY1/287(\1/2 S Sy s LY LY (LY Io L[\ la L Ly
Sy s" S\ [Ly L L[S 1/288) [Lh L LY

ST /2 S (LY Is LY {\1/2 S S, s L L)

lply t 11yt / ,
X Z { 02 } { 2 } (loHCtng)(lol|CtHl3)(10HCt ng)QRt (nolonolo,n2l2n3l3) Rt (nolonolo, n2l2n2l2) 5
t,t’

Islo LY [ V12 lo LY

where the perturbing virtual states are defined as
0" = ol o SYLY, [N oY ST maly)SY LY, (nal30fSY L4, nsls) SY 14" LY; SL.

(25)

(26)
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3.5.10 Configuration interaction nl™¥nglsnyly < nlN ~tnslsnsl3
The states v for nl™¥nslsnil; configuration and v for nlN ~1nslsnsl3 configuration are defined as follows:
P =nolgo T2 18, nI™Nay S1 Ly, (nslsnily)SaLe]SL; SL
V' = (nolge 2 1S N o S LY S, (nsls, nol2abShLY)S5LY,; SL.
Excitation of two electrons from a closed n0l§l°+2 shell into an empty nals shell:

—> WIGIY") x @ |G|v) =

,Lp//

_ Z 7 (4lp + 2)(4lo +1) VN 8(a ST LY, 01 S1L1) 8(Sy LY, SaLy) 6(ahSyLy, af Sy LY)
w//

[S1, L1, S2, Lo, S, L4]'/?
(S5, L5]1/2

x 0(SL, S"L") 6(Sy,0)0(LY,0) 6(agSg Ly, o S5 L)

% (_1)S+L+Si+L’1+2S§+l+lz+13+3/2 (nozglo+2 LS{|nolto oS} ’Q,nolga’QSQL’Q)Q
1/28, S1) (S5 1/285) (1 Ly Ly) (L 1 Ly
N N—-1_7¢ql71!
X (nl oz1S1L1{\nl 06151L1){ S Sy Sé 1/2 1/2 Sé L Ly Lg Iy I3 L/2

lpla t lo 1 ¢ ’ / /
x Z{lo . L,}{lol L,}(zo|ctz2)2(zo||ct 1) (1ol C" 1) R (nolonolo, nalanals) RY (nolonolo, ninil), — (27)
bt 2 00 Lo 1t0 Lo

where the perturbing virtual states are defined as
P = (ng l4l°a VLY mal2alf SYLY)SYLY, [nIN ol S LY, (nalznyly) Sy LY)S" L"; SL.

4 Results

This approach was first used for the analysis of the configuration system (5d + 6s)” of the lanthanum atom [25], then
it was applied to the atomic structure of the tantalum atom [27], the scandium ion [33] and the titanium ion [34].
Experiments performed recently [35] gave us an opportunity to apply our procedure to the analysis of the electronic
structure of niobium atom. Thus, the parameters described by equations (6), (17), (22) and (27) were determined. The
examples of the results of the semi-empirical fine and hyperfine structure analysis for Nb I are shown in table 1. Details
of the calculations and a more extensive comparison to the experiment were presented in the previously published
paper [26].

5 Conclusions

The fine structure analysis should be carried out in the broadest possible configuration basis. The derived and pro-
grammed formulae allowed us to analyse the spectra of elements with complex configurations systems. As a result
of our semi-empirical approach we should be able to predict the positions of new energy levels and determine the
intermediate coupling wave functions, which is necessary to understand the strength of the transitions or the observed
hyperfine structure splittings. Our analyses clearly demonstrate that the obtaining precise wave functions is impossible
without taking into account the contributions from the second order perturbation theory to electrostatic interactions.

The results of the fs, hfs and oscillator strengths in the multi-configurations systems show that a close collaboration
between experimental work and semi-empirical calculations can be very fruitful for investigations of the structure and
spectra of complex atoms.
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Table 1. Comparison of the experimental and calculated energy values [cm~'] and hfs A and B constants [MHz] for Nb even
configuration system. The experimental errors for hfs constants are given in parentheses.

Eoxp  Feale % Main comp. % Sec. comp. Gente GTexp Aexp Acalc Bexp Beaic
J=17/2

695.25 698 98.67 4d*(°D)5s °D 047 4d3(*F)5s ‘F 1.585 1.582 690.1978 (16) 713 20.475 (75) 21

2154.11 2143 85.74 4d3(*F)5s* *F 6.01 4d*(®F)5s *F  1.240 1.235 292.2022 (16) 303 44.928 (47) 41

8827.00 8826 78.65 4d*(*G)5s% %G 9.02 4d*(*C)5s 2G 0.895 0.885 420.2938 (11) 418 —49.006 (36) —48

9497.52 9515 88.86 4d*(°D)5s *D  3.79 4d® *D 1.419 1.420 —477.0373 (35) —521  126.899 (81) 131

10922.74 10931 90.83 4d*(*H)5s *“H  5.15 4d*(*G)5s *G 0.691 0.690 —159.5 (6) —131 —46.4  (9) —103

12136.86 12161 45.73 4d*(*G)5s *G  30.52 4d*(*F)5s *F  1.086 1.081 502.4  (1.4) 510 2

12982.38 13019 41.95 4d*(®G)5s *G 37.21 4d*(*F)5s *F 1.115 1.120 568.2 (4) 551 67

13515.20 13514 36.12 4d*(®F)5s °F  31.24 4d®(*F)5s F  1.147 1.130 136.9050 (6) 126 —48.916 (14) —40

15282.35 15265 89.47 4d*(®*D)5s ‘D 5.21 4d® ‘D 1.424 1.430 981.5 (1) 948 —22 (3) —22

16918.78 16883 51.87 4d*(*C)5s G 20.49 4d*(*G)5s G 0.894 0.880  —86.3 (5) —83 69

19034.71 19035 54.95 4d*(*G)5s 2G  7.32 4d*(*G)5s %G 0.943 0.920 477.6 (4) 497 57 (40) —30

20060.84 20001 28.11 4d*(*F)5s F  24.76 4d*(*F)5s °F  1.088 1.100 244.5 (3) 264 2 (3) -7

22936.90 22977 92.45 4d® *G 4.61 4d*(3G)5s G 0.986 0.980 266 (5) 314 —17

24678 51.83 4d*(*F)5s 'F 13.81 4d*(*F)5s ‘F 1.219 566 —-117

25451 25.26 4d®(*F)5s® 2F  24.58 4d*(*F)5s °F  1.169 980 —143

25882 81.74 4d® *D 6.19 4d*(*D)5s *D  1.415 —17 —12

27431 38.63 4d° °F 33.54 4d*(*F)5s *F  1.141 14 —99

29363 45.57 4d*(*G)5s 2G 19.93 4d° %G 0.929 —172 —28

29824 78.65 4d° “F 5.98 4d*('G)5s 2G 1.203 60 19

32103 30.81 4d° °F 26.42 4d° °F 1.134 104 75

33025 64.27 4d® %G 15.40 4d*(*G)5s 2G 0.902 346 45

35224 49.19 4d° °F 12,99 4d*(*F)5s *F  1.141 245 —-170

38177.65 38185 98.37 4d*(®°D)6s °D  0.81 4d*(°D)6s ‘D  1.585 —37 (3) —38 42 (13) 23

38638.47 38640 97.83 4d*(*F)5s6s °F  1.00 4d*(*F)5s6s *F 1.395 958.5 (8) 965 —59 a7 12

39468 89.61 4d*(°D)6s ‘D 5.42 4d*(‘F)5p? ‘D 1.427 —163 135

40217 86.02 4d° 2G 1.72 4d*(*H)5d G 0.892 438 —21
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