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Abstract: Various coupling schemes are applied to smaller to heavy atoms to describe atomic structure and
investigate atomic spectra. jj-coupling is important for heavy atoms in which spin-orbit interactions are
dominant over the electrostatic interactions. Here jj-terms and J levels are determined for the nonequivalent
' (n & n’ = 1-2) electrons from the analysis of all possible microstates. The determined jj terms are
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Introduction

To obtain the energy levels from
multielectron atomic systems, various types of
interactions such as electron- electron
interaction, spin-orbit interaction etc. are taken
into consideration in the Hamiltonian. To
describe these energy levels, they are designated
by labels which called term symbols. The
derivation of the electronic states arising from
any given electronic configuration with
equivalent or nonequivalent electron is by now a
conventional topic in a chemistry course [1-2].

To determine the energy levels two
coupling schemes LS-coupling and jj-coupling
are the most widely used in atomic theory and
spectroscopy. However, they are not suitable for
investigation of some elements, so some other
coupling schemes also used which are LK and
JK-coupling schemes. The total number of
levels with given J is the same for all coupling
schemes. LS and jj-couplings are homogenous
couplings since two electrons are coupled in
pairs completely in a symmetric mode, whereas
LK and JK-coupling are inhomogeneous, they
are characterized by successive coupling of the
momenta [3].

The LS coupling is most likely realized

in smaller atoms, whereas the jj-coupling in the
case of a heavy system or in atoms which are
multiply ionized in which the effect of the spin-
orbit coupling is no more negligible in relation
to electrostatic effects [4-7].

The jj-coupling assumes that the orbital
angular momenta, | of each electron is coupled
to its spin-momneta, s to give its own angular
momenta, j and all j coupled to give total
angular momentum J, j values define a term and
J values to the levels [8-9]. Symbolically the jj-
coupling scheme is written as given by equation
. )

{[1151)@2 E:)} = G1 }2) =7 1)

For an equivalent electronic system, the
electron-electron interaction is almost larger
than the spin-orbit interaction. Thus, for the
nonequivalent electronic system the jj-coupling
is of the greatest interest [10].

Here the possible jj terms arising from
the nonequivalent electrons of ' (n & n’ = 1-
2)  configurations  occupying to  the
nonequivalent subshells are obtained from the
analysis of all possible microstates and J levels
to each jj term are determined.

Methodology

Different method have been developed
for determination of the jj terms and J levels, for
the equivalent electrons [8, 11-18] and

nonequivalent electrons [8, 11, 13, 14, 18-21].
To derive the jj terms and J levels for the
nonequivalent f'f" electrons, first of all, the total
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number of microstates for nonequivalent
"' electrons are calculated by possible
permutations. The calculated total microstates
for nonequivalent f* f, f! & f* f* and f*
electrons are 196, 1274 and 8281. After this the
possible jj terms are determined by using
equation (2) [13].

[+ x (n+1)] (2
where n and n’ are represent the total number of
electrons in subshells.

The determined possible jj terms are
designated as [[;‘L JaJag, we- jﬁ}j] notation [8,
9], where the ji1, jo, js, jn are the total angular
momenta of electrons. The possible number of jj
terms for the nonequivalent f* f*, f* f & f* f* and

2 f* electrons are 4, 6 and 9. The j values for f-
orbital are 7/2 and 5/2, therefore these jj terms

in [[;‘sz;'m .....jﬁ)j] notation are given in
Table 1.

Table 1. jj terms for f" " configurations

1" configurations ji terms
f ! configuration (E,E) (E,E) (E,E) (EJE)
220272027 2/0\2°2
ramgn | G2 CICENEIEIHESY
2°2°2/\2°2°2/\2°2°27\27°2°2/\2°2°2/0\2° 272
P B A YA T EE R TR
2°2°2/\2°2°2/\2°2°27\27°2°2/\2°2°2/0\2° 272
T7TT AT TN TENT5T 7575
o e (E‘E‘E‘E) (5‘5‘5‘5) (5‘5‘5‘5) (5‘5‘5‘5) (5‘5‘5‘5)
P configuration 7555 (557 7,/5575,/5555
(5‘5‘5‘5)(E‘E‘E‘E)(E‘E‘E‘E)(E‘E‘E‘E)

Further, total number of microstates associated with a particular jj term counted by using

equation (3) [13].
Ny 2e+2)!

(2020 +2)!

i1(20-)1(n-)1 (20 + 2 +i-n)!

[

where n and n’ represent the number of

electrons in partially filled subshells, ¢ and ¢
represent values of orbital angular quantum
numbers and the value of i is constrained such
that, [ n = i = 0]for subshell less than half full,

Hi!(ze‘

— . — 3

-DI(n -DI(2¢0 +2+i-n)!

[2¢ =i =0] for subshell half full and
[2f =i =n—2f— 2] for subshell more than

half. The microstates for each jj terms for the
nonequivalent f* f*, f* f* & f* * and * f* electrons
are represented in Table 2.

Table 2. Microstates for each jj term for f'f" configuration

""" configurations jj terms with microstates
f' ' configuration jj terms
77 75 57 5%
G3) | G3) | G3) | G3) -
64 48 48 36
f' 2 configuration jj terms
(???) 775 755 577 575 555
2'2°2 (E‘E‘E) (5’5‘5) (5‘5‘5) (5’5‘5) (5‘5‘5) 1274
224 384 120 168 288 90
f2* configuration jj terms
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(EEE) 775 757 755 55 7 555
2'2'2 (E‘E‘E) (E’E‘E) (E‘E‘E) (E’E‘E) (5‘5’5) 1274
224 168 384 288 120 90
22 configuration jj terms
7775 /5577 7555
7777 (E‘E‘E‘E) (E‘E‘E’E) 757 ¢ (E’E‘E‘E) 5 coc
(5’5’55) 7750|7755 (5’5’5 5) 5575 (5’5’5’5) 8281
(E‘E‘E‘E) (E‘E‘E’E) (E’E‘E‘E)
784 1334 420 2304 720 225

Once the jj terms and total microstates
associated with jj terms have been determined, a
microstate table for each jj term is constructed
and M; values for each microstate is determines
and all microstates for given jj term are
arranged in another microstate table with M; (J,
J-1, , -J) from which J levels for each jj
term are determined by elimination of

microstates associated with particular M;
starting from maximum M; and finally move to
lowest possible M;. The microstate table (Table
3) all jj terms to the nonequivalent f'f* electrons
is constructed by arranging two electrons with
different j values is and M; values for all
microstates are calculated and same is done for
other nonequivalent f'f* electrons.

Table 3. Microstates for different jj terms of f* f* configuration

jiterm (7/2,7/2)

J J2 My | Ja b2 | My | ] B2 | My | 2 [ Ms| I J2 M,
712 712 7 52 712 6 32 | 72 5 1/2 712 4 | -1/2 712 3
712 52 6 5/2 5/2 5 3/2 5/2 4 1/2 5/2 3 -1/2 5/2 2
712 3/2 5 52 3/2 4 32 | 312 3 1/2 3/2 2 -1/2 | 312 1
712 1/2 4 5/2 1/2 3 3/2 1/2 2 1/2 1/2 1 -1/2 1/2 0
712 -1/2 3 5/2 | -1/2 2 32 | -1/2 1 1/2 -1/2 0 -1/2 | -1/2 -1
712 -3/2 2 52 | -3/2 ] 1 32 | -3/2| 0 1/2 | -3/2 | -1 | -1/2 | -3/2 -2
712 -5/2 1 5/2 | -5/2 0 3/2 | -5/2 | -1 1/2 -5/2 | -2 | -1/2 | -5/2 -3
712 712 0 52 | -7/2 | -1 32 | 712 | -2 1/2 -712 | -3 | -1/2 | -7/2 -4
-3/2 712 2 -3/2 | -1/2 | -2 | -B/2 | 7/2 1 512 | -1/2 | -3 | -7/2 712 0
-3/2 52 1 -3/2 | -3/2 | -3 | -5/2 | 5/2 0 -5/2 | -3/2 | -4 | -7/12 | 5/2 -1
-3/2 3/2 0 -3/2 | -5/2 | -4 |52 32| -1]|-5/21|-52]|-5]|-72] 32 -2
-3/2 1/2 -1 32 |72 | -5 |52 12| -2 | 52 |-72 ]| -6|-72 1/2 -3
-712 | -112 -4 | -7/2 | -3/2 | -5 | -7/2 | -5/2 | -6 | -7[2 | -7[2 | -7

jjterm (7/2,5/2)

1 o [ My | s Jo | My | s o | My | s B2 [ My | i 2 | My
712 5/2 6 5/2 5/2 5 3/2 5/2 4 1/2 5/2 3 -1/2 5/2 2
712 3/2 5 5/2 3/2 4 3/2 | 3/2 3 1/2 3/2 2 -1/2 | 3/2 1
712 1/2 4 5/2 1/2 3 3/2 1/2 2 1/2 1/2 1 -1/2 1/2 0
712 -1/2 3 5/2 | -1/2 2 3/2 | -1/2 1 1/2 -1/2 0 -1/2 | -1/2 -1
712 -3/2 2 52 | -32 ] 1 32 | -3/2| 0 /2 | -3/2 | -1 | -1/2 | -3/2 -2
712 -5/2 1 5/2 | -5/2 0 3/2 | -5/2 | -1 1/2 -5/2 | -2 | -1/2 | -5/2 -3
-3/2 5/2 1 -3/2 | -3/2 | -3 | -5/2 | 1/2 -2 | -7/2 5/2 -1 =712 | -3/2 -5
-3/2 3/2 0 -3/2 | 512 | -4 | 52 |-1/2| -3 | -7/2 3/2 -2 | <712 | -5/2 -6
-3/2 1/2 -1 -5/2 | 5/2 0 512 | 32| -4 | -7/2 1/2 -3
-3/2 | -1/2 -2 -5/2 | 3/2 -1 |-5/2|-5/2| -5 | -72 | -12 | -4

jiterm (5/2,7/2)
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i o | My | It o | My | It 2 | My | It 2 | Ms| B B2 | My
5/2 7/2 6 3/2 7/2 5 1/2 712 4 -1/2 712 3 -3/2 712 2
5/2 5/2 5 3/2 5/2 4 1/2 5/2 3 -1/2 5/2 2 -3/2 5/2 1
5/2 3/2 4 3/2 3/2 3 1/2 3/2 2 -1/2 3/2 1 -3/2 3/2 0
5/2 1/2 3 3/2 1/2 2 1/2 1/2 1 -1/2 1/2 0 -3/2 1/2 -1
5/2 -1/2 2 3/2 | -1/2 1 1/2 | -1/2 | 0 -1/2 | -12 | -1 | -3/2 | -1/2 -2
5/2 -3/2 1 3/2 | -3/2 0 /2 | -3/2 | -1 | -12 | -3/2 | -2 | -3/2 | -3/2 -3
5/2 -5/2 0 3/2 | 512 | -1 /2 | 5/2 | -2 | -1/2 | -5/2 | -3 | -3/2 | -5/2 -4
5/2 -7/2 -1 32 | <712 | -2 2 | =712 | -3 | -12 | -7/2 | -4 | -3/2 | -7/2 -5
-5/2 712 1 -512 | 3/2 -1 |(-52)|-12| -3 | -52 | -52 | -5
-5/2 5/2 0 512 | 1/2 -2 | -5/2 | -3/2| -4 | -5/2 | -72 | -6
jj term (5/2,5/2)

in B2 | My | i B2 [ My | B2 | My | o [ My| B2 | M
5/2 5/2 5 3/2 5/2 4 1/2 5/2 3 -1/2 5/2 2 -3/2 5/2 1
5/2 3/2 4 3/2 3/2 3 1/2 3/2 2 -1/2 3/2 1 -3/2 3/2 0
5/2 1/2 3 3/2 1/2 2 1/2 1/2 1 -1/2 1/2 0 -3/2 1/2 -1
5/2 -1/2 2 3/2 | -1/2 1 1/2 | -1/2 | 0 -1/2 | -12 | -1 | -3/2 | -1/2 -2
5/2 -3/2 1 3/2 | -3/2 0 1/2 | -3/2 | -1 | -1/2 | -3/2 | -2 | -3/2 | -3/2 -3
5/2 -5/2 0 3/2 | 512 | -1 1/2 | 5/2 | -2 | -1/2 | -5/2 | -3 | -3/2 | -5/2 -4
-5/2 5/2 0 512 | 112 -2 | -5/2 | -3/2 | -4
-5/2 3/2 -1 52 | -1/2 | -3 |-5/2|-52| -5

Determination of J levels for jj terms

J level for jj term are obtained by
elimination of microstates from microstates
associated with a particular J level starting from
the maximum M; value and followed for next J
levels and finally move to lowest possible M;
value.
J levels determination and microstates

elimination for nonequivalent f'f* electrons

For (3 3) jj term of the nonequivalent

f'f* electrons, 15 microstates (M; =7 to M; = -7)
associated with maximum M; =7 are eliminated

from Table 4 which result into J=7 level and the
next maximum M; =6, which yield another J=6
level by elimination of 13 microstates (M;=6 to
M; = -6), and follow the same procedure the
continuous elimination of 11, 9,7, 5, 3 and 1
microstates associated with M; =5, 4, 3, 2, 1
and 0, result into J=5, 4, 3, 2, 1 and O levels for
this term. Using the same procedure for other jj
terms for the nonequivalent f'f* electrons and for
the nonequivalent f* f, £ ' and f* f* electrons the
J levels are determined. J levels determination
for all jj terms for the nonequivalent f' f
electrons are represented in Table 4 to Table 6.

Table 4. J levels for (7/2,7/2) jj term for f* f* configuration

M, Microstates M_icr_osta}tes left after the sequential
elimination of J levels

7 1 0

6 2 1 0

5 3 2 1 0

4 4 3 2 1 0

3 5 4 3 2 110

2 6 5 4 3 2 |11]0

1 7 6 5 4 312|110

0 8 7 6 5 4 |3 121|110

-1 7 6 5 4 3121110

-2 6 5 4 3 2 |11]0

-3 5 4 3 2 110

-4 4 3 2 1 0
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-5 3 2 1 0
-6 2 1 0
-7 1 0
Microstates 64 49 | 36 | 25 |16 | 9|4 1|0
J levels 7 6 5 4 3 21110

Table 5. J levels for (7/2,5/2) and (5/2,7/2) jjterms for f*f* configuration

M, Microstates (I;gujr?;\t/ztlis left after the sequential elimination
6 1 0
5 2 1 0
4 3 2 1 0
3 4 3 2 1 0
2 5 4 3 2 1 0
1 6 5 4 3 2 1 0
0 6 5 4 3 2 1 0
-1 6 5 4 3 2 1 0
-2 5 4 3 2 1 0
-3 4 3 2 1 0
-4 3 2 1 0
-5 2 1 0
-6 1 0
Microstates 48 35 24 15 8 3 0
J levels 6 5 4 3 2 1

Table 6. J levels for (5/2,5/2) jj term for f* f* configuration

M, Microstates M_icr_osta}tes left after the sequential
elimination of J levels
5 1 0
4 2 1 0
3 3 2 1 0
2 4 3 2 1 0
1 5 4 3 2 1 0
0 6 5 4 3 2 1 0
-1 5 4 3 2 1 0
-2 4 3 2 1 0
-3 3 2 1 0
-4 2 1 0
-5 1 0
Microstates 36 25 16 9 4 1 0
J levels 5 4 3 2 1 0
J levels determination and microstates J levels determination for all jj terms for the
elimination for nonequivalent f'f> and ff* nonequivalent f'* and f* f' electrons are
electrons represented in Table 7 to Table 12.
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Table 7. J levels for (7/2, 7/2, 7/2) jj term for f* *and f* f* configurations

M; I;{[I;%g Microstates left after the sequential removal of different J levels
19/2 1 0

17/2 2 1 0

15/2 4 3 2 0

13/2 6 5 4 2 0

11/2 9 8 7 5 3 0

9/2 12 11 10 8 6 3 0

712 16 15 14 12 10 7 4 0

5/2 19 18 17 15 13 10 7 3 0

3/2 21 20 19 17 15 12 9 5 2 0
1/2 22 21 20 18 16 13 10 6 3 110
-1/2 22 21 20 18 16 13 10 6 3 110
-3/2 21 20 19 17 15 12 9 5 2 0
-5/2 19 18 17 15 13 -10 7 3 0

=712 16 15 14 12 10 7 4 0

-9/2 12 11 10 8 6 3 0

-11/2 9 8 7 5 3 0

-13/2 6 5 4 2 0

-15/2 4 3 2 0

-17/2 2 1 0

-19/2 1 0

';’t':t:g‘s) 224 | 204 | 186 | 154 | 126 | 90 | 60 | 28 | 10 | 2 | o

15/2 | 13/2 | 11/2 | 9/2 | 7/2 | 5/2 | 3/2

J levels 19/2 | 17/2 @) @) 3) SRR R 1/2

Table 8. J levels for (5/2, 5/2, 5/2 ) jj term for f* *and f* f* configurations

. Microstates left after the sequential removal of
M; Microstates .
different J levels

13/2 1 0

11/2 2 1 0

9/2 4 3 2 0

712 6 5 4 2 0

5/2 9 8 7 5 3 0

3/2 11 10 9 7 5 2 0

1/2 12 11 10 8 6 3 1 0
-1/2 12 11 10 8 6 3 1 0
-3/2 11 10 9 7 5 2 0

-5/2 9 8 7 5 3 0

=712 6 5 4 2 0

-9/2 4 3 2 0
-11/2 2 1 0
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-13/2 1 0
Microstates 90 76 64 44 28 10 2 0
J levels 13/2 11/2 | 9/2(2) | 7/2(2) | 5/2(3) | 3/2(2) | 1/2

Table 9. J levels for (7/2, 7/2, 5/2) jj term for f* f* configuration and (7/2, 5/2, 7/2 ) jj term
for f2 f' configurations

M; Mlcrgstate Microstates left after the sequential removal of different J levels
19/2 1 0
17/2 3 2 0
15/2 6 4 2 0
13/2 10 8 6 4 0
11/2 15 13 11 9 5 0
9/2 21 19 17 15 11 6 0
7/2 27 25 | 23 | 21 17 | 12 6 0
5/2 33 31 | 29 | 27 | 23 | 18 12 6 0
3/2 37 35 | 33 | 31 | 27 | 22 16 | 10 | 4 0
1/2 39 37 | 35 | 33 | 29 | 24 | 20 | 14 | 8 4 0
-1/2 39 37 | 35 | 33 | 29 | 24 | 20 | 14 | 8 4 0
-3/2 37 35 | 33 | 31 | 27 | 22 16 | 10 | 4 0
-5/2 33 31 | 29 | 27 | 23 | 18 12 6 0
=712 27 25 | 23 | 21 17 | 12 6 0
-9/2 21 19 17 15 11 6 0
-11/2 15 13 | 11 9 5 0
-13/2 10 8 6 4 0
-15/2 6 4 2 0
-17/2 3 2 0
-19/2 1 0
Microstates 384 364 | 312 | 280 | 224 | 152 | 108 | 60 | 24 | 8 0
Lrr 358180 g | g |2 | 32 | 12
J levels 19/2 2 2 2 2 ©® | © |6 @@
2 1@ 1 &6

Table 10. J levels for (7/2, 5/2, 5/2 ) jj term for f*  configuration and (5/2, 5/2, 7/2) jj term
for £ f* configuration

M; Microstates | Microstates left after the sequential removal of different J levels
15/2 1 0
13/2 2 1 0
11/2 4 3 2 0

9/2 6 5 4 2 0

712 9 8 7 5 3 0

5/2 11 10 9 7 5 2 0

3/2 13 12 11 9 7 4 2 0

1/2 14 13 12 10 8 5 3 1 0
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-1/2 14 13 12 10 8 5 3 1 0
-3/2 13 12 11 9 7 4 2 0
-5/2 11 10 9 7 5 2 0
=712 9 8 7 5 3 0
-9/2 6 5 4 2 0
-11/2 4 3 2 0
-13/2 2 1 0
-15/2 1 0
Microstates 120 104 90 66 46 22 10 2 0
J levels 15/2 13/2 | 11/2(2) | 9/2(2) | 7/2(3) | 5/2(2) | 3/2(2) | 1/2

Table 11. J levels for (5/2, 7/2, 7/2) jj term for f* f configuration and (7/2, 7/2, 5/2) jj
term for f f* configuration

M; Microstates Microstates left after the sequential removal of different J levels
17/2 1 0

15/2 2 1 0

13/2 4 3 2 0

11/2 6 5 4 2 0

9/2 9 8 7 5 3 0

712 12 11 10 8 6 3 0

5/2 15 14 13 11 9 6 3 0

3/2 17 16 15 13 11 8 5 2 0
1/2 18 17 16 14 12 9 6 3 110
-1/2 18 17 16 14 12 9 6 3 110
-3/2 17 16 15 13 11 8 5 2 0
-5/2 15 14 13 11 9 6 3 0

-7/2 12 11 10 8 6 3 0

-9/2 9 8 7 5 3 0

-11/2 6 5 4 2 0

-13/2 4 3 2 0

-15/2 2 1 0

-1712 1 0

Microstates 168 150 | 134 106 81 52 28 10 2 |0

J levels 17/2 15/2 | 13/2(2) | 11/2(2) | 9/2(3) | 7/2(3) | 5/2(3) | 3/2(2) | 1/2

Table 12. J levels for (5/2, 7/2, 5/2) jj term for f' * configurationand (7/2, 5/2, 5/2) jj
term for f f* configuration

M; M:ig:St Microstates left after sequential removal of different J levels
17/2 1 0
15/2 3 2 0
13/2 6 5 3 0
11/2 10 9 7 4 0

9/2 16 15 13 10 6 0

712 21 20 18 15 11 5 0

5/2 26 25 23 20 16 10 5 0
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312 29 28 26 23 19 | 13 8 3 0

12 32 31 29 26 2 | 16 | 11 6 3 |0
172 32 31 29 26 2 | 16 | 1 6 3 |0
312 29 28 26 23 19 | 13 8 3 0

512 26 25 23 20 16 | 10 5 0

712 21 20 18 15 11 5 0

912 16 15 13 10 6 0

1172 10 9 7 4 0

1312 6 5 3 0

15/ 3 2 0

1712 1 0

|vt|:t:£:s 288 270 | 238 | 196 | 148 | 88 | 48 | 18 6 |0
levels | 1712 15/)2(2 13/)2(3 11/)2(4 9/§(6 7/;(5 5/;(5 3/;(3 1/;(3

J levels determination and microstates J levels determination for all jj terms for the
elimination for the nonequivalent 4 nonequivalent ¥ f electrons are represented in
electrons Table 13 to Table 18.

Table 13. J levels for (7/2, 7/2, 7/2,7/2,) jj term for f f* configuration

M; ';{[I;fg(s) Microstates left after the sequential removal of different J levels
12 1 0

11 2 1 0

10 5 4 3 0

9 8 7 6 3 0

8 14 13 | 12 9 6 0

7 20 19 | 18 15 | 12 6 0

6 30 29 | 28 25 | 22 | 16 | 10 0

5 38 37 | 36 33 | 30 | 24 | 18 8 0

4 49 48 | 47 | 44 | 41 | 35 | 29 | 19 | 11 0

3 56 55 | 54 | 51 | 48 | 42 | 36 | 26 | 18 7 0

2 65 64 | 63 60 | 57 | 51 | 45 | 35 | 27 |16 | 9 | O

1 68 67 | 66 63 | 60 | 54 | 48 | 38 | 30 | 19 12| 3 | O
0 72 71| 70 | 67 | 64 | 58 | 52 | 42 | 34 | 23 |16| 7 | 4 |0
-1 68 67 | 66 63 | 60 | 54 | 48 | 38 | 30 | 19 12| 3 | O
-2 65 64 | 63 60 | 57 | 51 | 45 | 35 | 27 |16 | 9 | O

-3 56 55 | 54 | 51 | 48 | 42 | 36 | 26 | 18 7 0
-4 49 48 | 47 | 44 | 41 | 35 | 29 | 19 | 11 0
-5 38 37 | 36 | 33 | 30 | 24 | 18 8 0
6 30 29 | 28 | 25 | 22 | 16 | 10 0
-7 20 19 | 18 15 | 12 6 0

-8 14 13 | 12 9 6 0
-9 8 7 6 3 0
-10 5 4 3 0
-11 2 1 0
-12 1 0
Micro

784 | 759 | 736 | 673 | 616 | 514 | 424 | 294 | 206 | 107 | 58 | 13| 4 | O

states
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J 12 11 10 9 8 7 6 5 4 3 21110
levels @ 1@ [(6)]6) 1(10)] @) 1A (7) [(9)]Q)](4)

Table 14. J levels for (7/2, 7/2, 7/2,5/2,) and (7/2, 5/2, 7/2,7/2,) jj terms for f* f
configuration

M; ';{[I;f;: Microstates left after sequential removal of different J levels

12 1 0

11 3 2 0

10 7 6 4 0

9 13 12 10 6 0

8 22 21 19 15 9 0

7 34 33 31 27 21 12 0

6 49 48 46 42 36 27 | 15 0

5 66 65 63 59 53 | 44 | 32 | 17 0

4 83 82 80 76 70 61 | 49 | 34 | 17 0

3 99 98 96 92 86 77 | 65 | 50 | 33 | 16 0

2 112 | 111 | 109 | 105 | 99 90 | 78 | 63 | 46 | 29 | 13 | O

1 121 | 120 | 118 | 114 | 108 | 99 | 87 | 72 | 55 | 38 | 22 | 9 | O
0 124 123 | 121 | 117 | 111 | 102 | 90 75 58 41 25 112 3|0
-1 121 | 120 | 118 | 114 | 108 | 99 | 87 | 72 | 55 | 38 | 22 | 9 | O

-2 112 | 111 | 109 | 105 | 99 | 90 | 78 | 63 | 46 | 29 | 13 | O

-3 99 98 96 92 86 | 77 | 65 | 50 | 33 | 16 0

-4 83 82 80 76 70 | 61 | 49 | 34 | 17 0

-5 66 65 63 59 53 | 44 | 32 | 17 0

-6 49 48 46 42 36 | 27 | 15 0

-7 34 33 31 27 21 12 0

-8 22 21 19 15

o
o

-9 13 12 10 6 0

-10 7 6 4 0

-11 3 2 0

-12 1 0

';’t':t:;g 1344 | 1319 | 1273 | 1189 | 1075 | 922 | 742 | 547 | 360 | 207 | 95 |30 | 3 |0

J 12 11 10 9 8 7 6 5 4 3 2 10
levels @@ | 6 |9 (129315 | A7 | 1A7) | (16) | (13) | (9 | B)

Table 15. J levels for (5/2, 5/2, 5/2,5/2.) jj term for f f* configuration

. Microstates left after the sequential removal of different

M; Microstates
J levels

8 1 0
7 2 1 0
6 5 4 3 0
5 8 7 6 3 0
4 14 13 | 12 9 6 0
3 18 17 | 16 | 13 | 10 4 0
2 24 23 | 22 | 19 | 16 | 10 6 0
1 26 25 | 24 | 21 | 18 | 12 8 2 0
0 29 28 | 27 | 24 | 21 | 15 | 11 5 3 0
-1 26 25 | 24 | 21 | 18 | 12 8 2 0
-2 24 23 | 22 | 19 | 16 | 10 6 0
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-3 18 17 |16 | 13 ] 10 ] 4 | 0
-4 14 1312 9 | 6 | 0

5 8 716 | 3]0

6 5 4 3]0

7 2 1] 0

-8 1 0
Microstates 225 208 | 193 | 154 | 121 67 | 39 | 9 | 3 | 0
Jlevels 8 7 | 6(3) | 5(3) | 4(6) | 3(4) | 2(6) | 1(2) | 0(3)

Table 16. J levels for (7/2, 7/2, 5/2,5/2,) and (5/2, 5/2, 7/2,7/2,) jj terms for f f

configuration

M; Microstates Microstates left after the sequential removal of different J levels
10 1 0
9 2 1 0
8 5 4 3 0
7 8 7 6 3 0
6 14 13 | 12 9 6 0
5 19 18 | 17 14 11 5 0
4 27 26 | 25 | 22 | 19 | 13 8 0
3 32 31 | 30 | 27 | 24 | 18 | 13 5 0
2 39 38 | 37 | 34 | 31 | 25 | 20 | 12 7 0
1 41 40 | 39 | 36 | 33 | 27 | 22 | 14 9 2 0
0 44 43 | 42 | 39 | 36 | 30 | 25 | 17 | 12 5 3
-1 41 40 | 39 | 36 | 33 | 27 | 22 | 14 9 2 0
-2 39 38 | 37 | 34| 31 | 25 | 20 | 12 7 0
-3 32 31 | 30 | 27 | 24 | 18 | 13 5 0
-4 27 26 | 25 | 22 | 19 | 13 8 0
-5 19 18 | 17 | 14 | 11 5 0
-6 14 13 | 12 9 6 0
-7 8 7 6 3 0
-8 5 4 3 0
-9 2 1 0
-10 1 0
Microstates 420 399 [ 380 | 329 | 284 | 206 | 151 | 79 | 44 9 3
J levels 10 9 |8(3)|7(3)|6(6)|5(5)|4(8)|3(05)|27) |12 | 0(3)

Table 17. J levels for (7/2, 5/2, 5/2,5/2,) and (5/2, 5/2, 7/2,5/2,) jj terms for f* f*

configuration

M; Microstates Microstates left after the sequential removal of different J levels
10 1 0

9 3 2 0

8 7 6 4 0

7 13 12 | 10 6 0

6 22 21 | 19 | 15 9 0

5 33 32 | 30 | 26 | 20 11 0

4 45 44 | 42 | 38 | 32 23 12 0

3 57 56 | 54 | 50 | 44 35 24 12 0

2 67 66 | 64 | 60 | 54 45 34 22 10 0

267
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1 74 73 | 71 | 67 | 61 52 41 29 17 7 0
0 76 75 | 73 | 69 | 63 54 43 31 19 9 2
-1 74 73 | 71 | 67 | 61 52 41 29 17 7 0
-2 67 66 | 64 | 60 | 54 | 45 34 22 10 0
-3 57 56 | 54 | 50 | 44 35 24 12 0
-4 45 44 | 42 | 38 | 32 23 12 0
-5 33 32 | 30 | 26 | 20 11 0
-6 22 21 | 19 | 15 9 0
-7 13 12 | 10 6 0
-8 7 6 4 0
-9 3 2 0
-10 1 0
Microstates 720 699 | 661 | 593 | 503 | 386 | 265 | 157 73 23 2
J levels 10 9(2) | 8(4) | 7(6) | 6(9) | 5(11) | 4(12) | 3(12) | 2(10) | 1(7) | 0(2)
Table 18. J levels for (7/2, 5/2, 7/2,5/2,) jj term for f f* configuration
M; Micro Microstates left after the sequential removal of different J levels
states
12 1 0
11 4 3 0
10 10 9 6 0
9 20 19 16 10 0
8 35 34 31 25 15 0
7 56 55 52 46 36 21 0
6 82 81 78 72 62 47 26 0
5 112 | 111 | 108 | 102 | 92 77 56 | 30 0
4 143 | 142 | 139 | 133 | 123 | 108 | 87 | 61 | 31 0
3 172 | 171 | 168 | 162 | 152 | 137 | 116 | 90 | 60 | 29 0
2 196 | 195 | 192 | 186 | 176 | 161 | 140 (114 | 84 | 53 | 24 | O
1 212 | 211 | 208 | 202 | 192 | 177 | 156 | 130 (100 | 69 | 40 |16 | O
0 218 | 217 | 214 | 208 | 198 | 183 | 162 | 136 | 106 | 75 | 46 | 22 | 6
-1 212 | 211 | 208 | 202 | 192 | 177 | 156 | 130 (100 | 69 | 40 |16 | O
-2 196 | 195 | 192 | 186 | 176 | 161 | 140 (114 | 84 | 53 | 24 | O
-3 172 | 171 | 168 | 162 | 152 | 137 | 116 | 90 | 60 | 29 0
-4 143 | 142 | 139 | 133 | 123 | 108 | 87 | 61 | 31 0
-5 112 | 111 | 108 | 102 | 92 77 56 | 30 0
-6 82 81 78 72 62 47 26 0
-7 56 55 52 46 36 21 0
-8 35 34 31 25 15 0
-9 20 19 16 10 0
-10 10 9 6 0
-11 4 3 0
-12 1 0
';/tlz;(t:gg 2304 | 2279 | 2210 | 2084 | 1894 | 1639 | 1324 | 986 | 656 | 377 | 174 | 54 | 6
11 10 9 8 7 6 5 4 3 2 110
J levels 12
@) | (6) | (10) | (15) | (21) | (26) | (30) | (31) | (29) | (24) | (6) | (6)
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Results and Discussion
J levels determined for all the jj terms for the o, fift (E’E’E) for {2 and ! and (E’E’E’E)
nonequivalent f" f* electrons (n =1-2, n’ = 1-2) e . 2z
are represented in Table 19. The ground state jj f electrons. The jj terms and J levels for f

- flelectrons are shown in Figure 1.
terms determined for these electrons are (5 5] 9

ata
&= &

(712, 712)

—at
.

nwm
mpw
i

i (7/2,512) ..

(512, 7/2) %2

N (512,512) -
—_——a g § :: ————————————————

Configuration jj terms J levels

Figure 1. Schematic representation of jj terms and J levels for the nonequivalent f* f* electrons

Table 19. jj terms and J levels for different " " configurations

f ! configuration

[(? ?)?554321{]] [(? 5) &(5 ?)554321] [(5 5) 54321{]]
2.12 Py pp=y Ly ¥ 2.12 2.12 =y Ly ¥ 2.12 Ll b Sl e

f' * configuration

[ %, %, %) 19/2,17/2,15/2(2),13/2(2),11/2(3),9/2(3), 7/2(4),5/2(3),3/2(2), 1,’2]

) 19/2,17/2(2),15/2(2),13/2(4), 11/2(5), 9/2(6),7/2(6),5/2(6), 3 /2(4), 1;2(4}]

(

ta | L

7
.12.1

b | =]
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2°2°2

[(— - —) 15/2,13/2,11/2(2),9/2(2),7/2(3),5/2(2), 3/2(2), 1;2]

2’

[(E % E) 17/2,15/2,13/2(2),11/2(2),9/2(3),7/2(3), 5/2(3), 3/2(2), 1;2]

b | LA

[(5 7
2'2

) 17/2,15/2(2),13/2(3),11/2(4),9/2(6), 7/2(5), 5/2(5),3/2(3), 1;2(3}]

2°2°2

[(5 > E) 13/2,11/2,9/2(2),7/2(2),5/2(3),3/2(2), 1!’2]

f2 ' configuration

2’

[(f % g) 19/2,17/2,15/2(2),13/2(2),11/2(3),9/2(3), 7/2(4),5/2(3),3/2(2), ME]

G

b | =

5
2

b | =

, ) 19/2,17/2(2),15/2(2),13/2(4), 11/2(5), 9/2(6),7/2(6),5/2(6), 3 /2(4), 1;2(4}]

2°2°2

[(E 2 E) 15/2,13/2,11/2(2),9/2(2),7/2(3),5/2(2), 3/2(2), 1;2]

[(E % %) 17/2,15/2,13/2(2),11/2(2),9/2(3),7 /2(3),5/2(3), 3{2(2},1,’2]

,g, g) 17/2,15/2(2),13/2(3),11/2(4),9/2(6), 7/2(5), 5/2(5),3/2(3), 1;’2(3}]

2°2°2

[(5 > E) 13/2,11/2,9/2(2),7/2(2),5/2(3),3/2(2), 1!’2]

22 configuration

) 12,11,10(3),9(3),8(6),7(6),6(10), 5(8),4(11),3(7),2(9),1(3), 0(4}]

7

"2
Kz%%g) &(3,3 > 3)}12 11(2), 10(4), 9(6), 8(9), 7(12), 6(15),
5(17),4(17),3(16),2(13),1(9),0(3)

{(— g % g) & G ; g g)} 10,9, 8(3),7(3),6(6), 5(5},4(3},3(512(?},1(z},n(a}]

t\..'ll'--.]
b | LA
R
M
T
Y
L]
L
e
T
=
o
g
o
o
=
L]
I‘-...-J'
o
L]
=
LA
e
]
L]
[R¥]
=
el
o
L]
[
l
n
oy
L
=
ot
e
oy
L
by
et
L
L]
%]
w0
et
T
L]
b=
Nt
i
L)
=
2
=
L
2
[ S

g)} 10,9(2), 8(4),7(6),6(9), 5(11),4(12),3(12),2(10),1(7), 0(23]

% g) 8,7,6(3), 5(3),4(6),3(4),2(6),1(2), 0(3}]

Conclusion

Using a simple method the jj terms and J levels
are determined for the nonequivalent electrons
for different f" f” configurations (f* f, f* f& 2 f*
and f%% ). These jj terms and J levels will be

Acknowledgement

helpful in analysis of atomic structure and
spectral properties of " f* configurations and
enrich knowledge about J levels and jj terms in
theoretical inorganic chemistry.

Author would like to thank Dr. K. S. Meena for useful suggestions.

CHEMICAL PROBLEMS 2020 no. 2 (18)



J] COUPLING TREATMENT TO THE NONEQUIVALENT 271

9.

10

11.

12.

References

. Atkins P., Overton T., Rourke J. Weller M.

Armstrong F. Inorganic Chemistry, Oxford:
Oxford University Press, 2006.

. Housecroft C.E., Sharpe A. G. Inorganic

Chemistry, Essex: Pearson Education, 2008.

. Rudzikas Z. Theoretical Atomic

spectroscopy, Cambridge University Press,
1997, pp. 93.

. Cowan R. D. The Theory of Atomic Structure

and Spectra, Berkeley Los Angelos:
University of California Press, 1981.

. Bransden B.H., Joachain C.J. Physics of

Atoms and Molecules, Prentice Hall, Inc.,
2003.

. Friedrich H. Theoretical Atomic Physics,

New  York:  Springer-Verlag  Berlin
Heidelberg, 1990.

. Condon E. Shortley G. H. The Theory of

Atomic Spectra, 1970.

. Haigh C.W. The Theory of Atomic

Spectroscopy: jj Coupling, Intermediate
Coupling, and Configuration Interaction. J.
Chem. Educ. 1995, vol. 72, pp. 206-210.
Herzberg G. Atomic Spectra and Atomic
Structure, Prentice Hall, Inc., 1937.

. Sobelman 1. I. Atomic Spectra and

Radiative Transitions, Berlin Heidelberg
GmbH: Springer-Verlag, 1979, pp. 27-31.
Rubio J. Perez J. J. Energy Levels in the jj
Coupling Scheme. J. Chem. Educ. 1986,
vol. 63, pp. 476-478.

Tuttle E.R. Terms Obtained from
Configurations of Equivalent Electrons.
Amer. J. Phys. 1967, vol. 35, pp. 26-29.

13. Gauerke E. S. J. Campbell M. L. A Simple,
Systematic Method for Determining J
Levels for jj Coupling. J Chem Educ. 1994,
vol. 71, pp.457—463.

14. Campbell M.L. Rules for Determining the
Ground State of a J-J Coupled Atom. J.
Chem. Educ. 1998, vol. 75, pp.1339-1340.

15. Novak I. When do Arrows Not Have Tips.

J. Chem. Educ. 1999, vol. 76, pp. 1380-1381.

16. Orofino H., Faria R.B. Obtaining the
Electron Angular Momentum Coupling
Spectroscopic Terms, jj. J. Chem. Educ.
2010, vol. 87, pp. 1451-1454.

17. Tuttle E. R. Allowed values of J in jj
coupling of equivalent electrons. American
Journal of Physics, 1980, vol. 48, pp. 539-
542.

18. Richtmyer K., Kennard E.H., Cooper J. N.
Introduction to Modern Physics, New
York: McGraw- Hill, 1969.

19. Meena P. L. Meena A. S. Kumar N. Meena
K. S. Obtaining jj coupled spectroscopic
terms for nonequivalent electrons of (n-1)f
nd' configuration. Chem. Educator, 2015,
vol. 20, pp. 34-38.

20. Meena P.L. j-j Coupled Atomic Terms for
Nonequivalent Electrons of (n-1)f nd*
Configurations and Correlation With L-S
Terms, Chemistry: Bulgarian Journal of
Science Education, 2018, vol. 27, pp. 266-
278.

21. Meena P. L. j-j Terms for Non equivalent
Electrons in d*p’s® Configurations. Journal
of Science Education, 2018, vol. 19, pp.52-
60.

OITPE/IEJIEHHE jj TEPMOB H ) YPOBHEH HESOKBUBAJIEHTHBIX JTEKTPOHOB
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ji-Tepmol u J yposnu onpedenenvt ons nesxeusarenmuvix f'f" (n & n’ = 1-2) anexmponos uz anamuza ecex

B03MOICHBIX MUKPOCOCMOSHULL. YCcmanosienHble Jj mepmbl 0003HAYEHbl 8 BUOE [(jljgjm----- j,-.,.-} J,] .

Kniouesvie cnosa: nesxeusanenmuvie snekmponnl, 'f" kongueypayuu, jj-mepmor
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Jji TERMLORININ VO J SOVIYYOLORININ TOYIN EDILMOSI UCUN QEYRI
EKVIVALENT ELEKTRONLARA CUTLOSMO ISLONILMOSININ TOTBIQI

P. L. Meena

Rajastan Universiteti, Jaypur, Hindistan
e-mail: parmeshwarl978@gmail.com

Atom qurulusunu tasvir etmok vo atom spektrlorini Gyranmak iiciin yiingiil va agir atomlara
miixtalif ciitlogma sxemlari totbiq olunur. jj —ciitlogsma, spin-orbit qarsiligl tosirin elektrostatik
qarsihiqh tosir iizorinda distiinliik taskil edon agwr atomlar iigiin vacibdir. Burada, biitiin miimkiin
olan mikrovaziyyatlarin analizindan jj termlari va J saviyyalori miimkiin olan geyri-ekvivalent
' m & n’ = 1-2) elektronlar iicin miisyyon edilmisdir. Toyyin olunmus jj termlor
[(jljzj&... . .jﬁ,-:lj] soklinda isara edilmigdir.

Agar sozlar: jj —ciitlogsmoa, qeyri-ekvivalent, atom spektrlori
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