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MULTIPLET SEPARATIONS IN COMPLEX SPECTRA
PART II 

By V. RAMAKRISHNA RAO AND K. R. RAO* 

(Received for publlcalioll, March, 1948.) 

ABSTRACT. Expressionb. deriverl by Gourlsmit and Humphrey:" f()r multiplet ~('para

tions in complex spectra. have been appli(',l to the observed Illultiplets of cPs and d3f> 
configurations in Zr I, Cb II, and Ti I, V II and Cr lIT. A comparison between the 
theoretical and the l'xperimental vdlues of tht' sl'paJation factors indicated ag~eement 
in the deeper term~ and chiefly of the d3s configuration. The method is expected to give 
only the order uf magnitude of tht' sl'para! iOIl' \\ hen it i. used for the purpose of predicting 

unkno\Vn "tructurcs. 

INTRODUCTION 

In a previous paper, by the authors (Rao and Rao, 1948) expressions for 
llIultiplet separations derived by Goudsmit (1928) for complex spectra due to 
equivalent electron configurations have been applied to certain spectra of vana
dium, columhium, etc., whidl have been recently analysed extensively from a 
study of Zeeman eHect and hyperfine structures of a large Hnmber of hnes. The 
comparison indicated good agn:ellwnt for the deepl·r terms; the spectrum of 
columbium II showed exceptionally large deviationl>. A similar comparison 
j:-:. attempted in this paper 101 the mult!plet separations of terms arising from 
the gencral configurations such as d,lS and d~p. For such configurations 
noudsmit and Humphreys (1928) have uerived founulre for the sepmations of 
n01'111a1 multiplets 011 the fundamental assllmptions that they arc due to the 
interaction energy between spin and orbital magnetism of the electrons. The 
interaction energy is expressible in the form, 

r = Als cos Us) ... (I) 

in which 
A = ~ a,i!. cos (I,l) s_' cos (s,s) 

• I s 

The method of deriving the factor A ill the caSe where we have a number 
of equivalent electrons was shown by Goudsmit, and rcferred to in the 
previous paper. For other configurations, Gouds1l1itand Humphreys (/oc. cit.) 

have shown, that the interaction energy may be found in the terms of that 
of the equivalent group and the interaction energy of the addded clectront 

provided the quantum vectors of the initial configuration reml:lin unchallged. 
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They have shown that, if the co-efficients A' and a2 refer to the original 
multiplet and the added electron the factor A of the resultant term may be 
written as, 

where s is the resultant of the vectors s' and S!' Hence by suhstitution for 
the cosiues it was derived that 

'fhe applicatioll of this formula \\'a~ illustrated by (;oud~lIlit ami 
Humphreys for the spectra of Fe and of ionised oxygen; agrel:lIlellt was fonnd 
in A' values obtained from different l11ultiplets. They expected thb method 
to be useful in checking up the assignment of confi~urations and terms ill 
complicated cases; it should also be useful in pI cdicting the magnitudt:' of 
level separations, where they are not known. 

R 11; R U L T SAN D DIS C 11 ~ S r () N 

. In the following section n:sults are ~howl1 of a check-up, attempted in the 
iso·electronic spectra of Zr I and Cb II and of Ti J, V II and Cr III, for 
which the spectral data are knowlI extensively. All the data are collected ill 
Tables I and II below. The first column gives the spectrum and the con· 
figuration. The second contains the spectral term or terms due to the COll

figuration and also the theoretical values of the s~paration factor calculated 
from the expression (2) by substituting the appropriatl: land s values for the 
ion and of the added electron; these latter values are indlcated in the first 
column. 

1'he observed spectral data are utilised in the following manner, Taking 
the example of Ti I (Table II) for each of the quintets and triplets due to the 
different configurations, the separation factor A is calculated (il from adjacent 
levels using the general lelation 

r (j - I I - r (j) = Aj 

and (it) from the total sepal ation, by dividitlg this total by the sum of all 
j values except the lowest. The mean of all these values of A is shown ill 
column (5). A' is then calculated from this mean, by the help of the expres
sions in column (2) and shown in column (6), For the ion too the same 
procedure is applied by taking the mean ... alue of the separation factor obtained 
both from adjacent levels and the total separation; these are presented in the 
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last three columns. If agreement is perfect between theory and observation, 
the values of A' from the various terms should be constant and identical with 

that derived frum the ion data. 

TABl.h I 

~ellaratiolls in Zr 1 and Cb II 

SeparatlOll factor A 
1'8 h 111ated froUl 

"0 

'" .$0<: 

A' calculated frolll 
the ion data. 

Fledron ('Oil, 

fignration. 

d3p 

EquatlOlI (2) 

IF A co 3 .\' 
4 

3F A '" :J A' 
4 

------~---~----I = 
I . i ~ S 
- III I ~ '" 0 .\djacl'llt !l ~ ~ ;; ~ '" !:: 

I I 0 I0I0 0 "'- • (ve I> t-c,,'';::: ::< '" 0<: I C c. :--

hl) 7,729. 7l., 
75. 2 ,76'1 

I 

I 

73·4 97 l) 

100.0 8uA 

I 

I 101.1' 

101 3 
101. I 

l' == 3 s' =l~4F+P 5G A= ~ 
16 

A' -t a2/ JO I, 74 9,84.6, I 88.2 
i92 .7,Il3.7,! 

I~ == 1 ~2 = : 

6FA oc...::.!\' +~~ 
10 48 

I A' 
SFA ~55 -~. 

i 48 48 

I 6DA=A'- a~ 
I~ 

I - \' a. 
~DA= j' + 2 

3 12 

A' 
i G term~ lA=L. 
I 2 

F 
I 

I 
ID 

lA_IIA' 
- 6 

lA= 8A' 
3 

, U, - 7")' 
: ""j, v'-'I 
' 74 3 74 I 
i i 
i Partial 
I In"ersion 

58 .4 
I 
I 

I 74·3, 79·9, 79 6 I 81.6 
i 85.2, 8q.l , I 

120.], i 115.91115.3 
129.8 i 

I 

1168.5 IIl2 5 

135 4\ 73-8 
I 

1<)1),91 73. 1 
I 
I 

A' 
ail qumtetl> ::EA:C~ 2 49.6\ nO·7 

All triplets "A"'~ 
4 

Total lA-6A' 

251 .4 

501.0 

67.0 

83-5 

i , 
I 

\ 

\ 
I 

\ 



192 

Elccttun coufi
guration 

Cb IlL d3 

V. R. Rao and K. R. Rao 

EquatlOll (2) 

TABLli I (contd.) 

Separatioll factor A 
calculated from 

Adjacent 
levels 

-- --. ~. ----.--

I 4F A=A' 

6F 

SF 

of 

3F 

G term& 

F terms 

D terms 

Quintets. 

Triplets 

Total 

I 

J 
l20~7':28'21127'8 

1133.5,13621 n6.3 
1104'9,131 6, 

1

'1635,16841172.4 
178.2 ,1894 

I 
1153.6,162 6 157 6 

99 2,37 9, 92 .3 
I3 8.1,II5·5 

195.2,265.11225.2 

I 'I 99·3 

1344,1,317,3 333-4 , 
I 
I 
I 
I 

I 

I~9·2 

117.6 

J74·4 

15791 

96.6 

228.1i 

993 

3.V.6 1 

332·4 

3 25. 2 

430 .9 

370 3 

718.1 

1088 

17~·3 

94 I 

221.11 

177.4 

161.6 

x6·1·6 

191.5 

181.4 

,~ 

A' ca1culattd from 
the ion data 

The separation factors from adjacent levels are given lD the tables in 
order to examille, at once, how far Lande's interval rule is obeyed and hence 
the conformity of the ato111 to the normal R -S coupling. Where adjacent levels 
happen to be irregular, values from the total separation alone are shown. 

A check is po~sible for each term of the d"s configuration; for the terms 
of the d3p state, only the interval sums such as "of all the G terms" or "of 
all the quintets", etc., could be used to estimate N, as the terms containing 
a2 (which is not calculable) would then vanish. 

Examination of the tables indicate a fairly close agreement in the spectrl1 
of titanium and an approximate one for chromium; the departures arc large in 
the other spectra dealt with, i.e., vanadium and columbium. In genera], 
agreement is better for the deeper terms and terms of the d8 s configuration 
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1'ABl,lt II 

Separations in Ti I, V II and Cr III 

I 

Electron, E(luatioll II 
con· 

Separatiun factor A cnl· 
('ulatt'd from A' 

cal· 

Jlgu11'ltion \ 2) i 
Adjac('lJt 

levelH 

_oil 
2 ;; § Mean 
o 0..._ value 

- culated 
from 

A 
!-<~ ..... 

Ti II d:~-=-A l---~------

Ti I d1 s I sF II 2().l>, 2v.'I, 20.6, I 
:.10 S; : 

I 31" II 34 3. 36.<> 
£i3p fiG 22.9.23.1,232, I 

11 V d3s 

31" 
fiD 

3D 
G terms 
F terms 
D terms : 
Quintets I 

TripletR I 
Total I 
4p A=A' 

SF I 

'1" 
iD 
3D 

G terms 
F terms 
D terms 
Quintets 
Triplets 

Total 
4F A=A' I 

5F I 
'F 

6G 
&G 
5G 
3F 
6D 
3D 

G terms 
F terms 
D terms 
Quintets 
Triplets 
Total 

23·3 ; 
27. 1,28.9 

21.5. 21 ,4.21.3 
21.2, 

33.1, 3v.l 
18.5. 26.3. 26.0. 
26.1; I 

47·9,53·7 I 

I 
38.9· 39·Y. 40 .5, : 

4 1 .1 

63·9. 67.2 
48.4.49.3. 50 . 2 

510. 
41.S. 42.4 

404. 57.8. 81.9. 
92 •1 

58.7,64.6 

5'1. 6• '13·3 

64.66.67.6S 
108,II4 

84.SS,87.81i 
65.65. 

52 •60,67,74 
88.10 1 

9b•109,1l7 
126.114 

35·0 
23. I 

31 7 
23 ! 

39.8 

65.3 
49·5 

42 • 1 
61.6 

61.2 

33.0 

50 . 1 

tis 
lin 

So 
65 
6" 
94 

lOS 
121 

35. 1 

23. 1 

zH.(' 
.!! ·3 

50 .6 
51.2 

53.0 

74.6 
6S.6 
110.2 

178.8 

65·5 
49·7 

42.1 
66.8 

61·5 
33.0 

49·3 
91 .8 
128.3 
82.3 
1495 
152 .<) 

3"2-4 

66 
III 

86 
65 
62 
95 

107 
120 
151 

157 
227 
255 
280 
535 

27·3 

28.1 

34·1 
2S'9 
28.0 

3"·5 
29·4 
29·8 

535 

bI.2 
69.6 
."J.8 
ti6·4 
4" 8 
5" 4 

101 

85 
102 

113 
75 
89 

A' calculated fro III the 
ion data 

Adjacent. tii ~ I:: Mcan I .., C\l 0 
level~ I ~ fr·';:. valuc 

, en I 
~~-, -, ------

28 $, 2<).5. I 29·3 2<).~ 
30 J 

54. 56. 58 

I 

88.9"·3,95 ' 

56 56 

90 .3 9"· 9 
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than for the others. The extent of the disagreement will indicate the meaSUre 
of deviation from the Russel-Saunders type of coupling which is fundament
ally assumed to be occurring in the atom, as is evident from equation (2). 

A::. a method for the purpose of predicting the unknown ::;tructure of a 
spectrum, it may give us merely the order of magnitude of the separaiioll~ 
and their approximate values, chiefly in terms of the d"s configuration. It 

b hoped that guidance of this type would be of help in analysing complex 
spectra, in which Zeeman effect or other studies are difficult to carry out 
cxperimen tally. 

The data quoted in Tables I and II are taken from the references 
mentioned below. 
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