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Da ta are give n in s upport of th e recentl y pro posed fo rmula t;,,,/, n*"=0.450Z 2.:I" c m - I (Z ;;. 5). The 
tab le inc lu des e valu a ti ons of thi s fo rmula. whi c h are proba b ly acc ura te to - 15 pe rce n t for a ll a to lll , 
Z = ]O to 90. Fo r man y (co re) np configurat ions, the accuracy o f t;, .. /' fro m th e fo rillu ia is g rea te r th a n 
th a t to be e xpec te d from fittin :! th e "bse rved leve ls to int e rm ed ia te co uplin :! th e ury. 

Key word s : Ato mic s pec tra: a tomi c theory: sp in ·o rbit int e rac tioll . 

1. Introduction 

Va lues of the s pin -orbit co upling param e te r I;,IIP for 
configurations of the type (core) np in ne utral atom s 
were rece ntl y s how n to be fairly acc urate ly re pro­
du ced for a tomi c numbe rs Z ;;;. 5 by th e fo rmul a [U 

(1) 

whe re n * is the effec tive princ ipal quantum number 
of th e np elec tron. The re lat ion of th e Z-de pe nde nce 
of the s pin -o rbit interac tion to its phys ical origin was 
di scussed in [1]. Thi s note gives in more de tail so me 
data supporting th e formul a, a nd e valua tions of it 
for Z .s; 90. 

2. Values of ~lIpn *3 

The de pe nde nce I;,ltfi 00 1/ /l *:3 is known to be a good 
approximation for simple spec tra [2,3,4]. The chan ge 
in n ;' corres ponding to the fin e s truc ture s plitting is 
thus approximate ly constant for a series with s truc ture 
proportional to I;,IIP ( /lp ~p and snp 3p~ _O inte rvals) 
[2, 4]. Observations of un perturbe d series of thi s type 
usuall y s how D.n * to be cons tant within - 2 percent , 
exce pt for the lowes t series m ember or two. 

Th e co nstants in (1) we re de termine d by graphicall y 
fittin g the data from s uc h series in te n s pectra ,~ 
indi ca ted by stars afte r th e element symbols in table 1. 
The ser ies me mbers that de termine d the value of 
I;,pn *3 for each of these s pec tra are li s ted under the 
heading " np Data. " These te n s pec tra range in a tomic 
numbe r from 11 to 81 , with an average di sagr ee ment of 
6 pe rce nt be twee n the observed value of I;,pn *:1 and 

I Fi"ure s in bracket s indicate the litc ra tu /"(' rcfe r~nccs at the end uf t hi s pa pe r. 
~ It is notable that the data for e ight uf thes e spec tra a re from accu rate observat iuns 

made in Lund. Sweden. du r ing the past 15 yt'<l rs. 

th e valu e from (1). Th e max imum di sagreeme nt is 
12 perce nt. 

Th e othe r data in th e ta ble are less re li abl e.:1 Mos t 
co nfigura tio ns of th e ty pe (co re) np with th e co re in ­
c ludin g a partl y fi ll ed p or d s ubs heU appea r to be 
di s tor ted by pe rturba ti ons tha t a re significant co mpared 
to I;,IIP' The d a ta we re usua ll y ta ke n from th e lo wes t 
s uc h co nfi gura tion, to minimize th e rela ti ve e rror in 
1;, ,). Th e I;,,)n *:l values fo r these lowes t co nfigura ti ons 
are sys te mati call y la rge r th a n the lim itin g co ns tan t 
va lu es (from eq (1)) by - 15 pe rce nt. At leas t part of 
thi s e ffect is unde rs tood [3, 1]. Part of th e re mai nin g 
sca tte r in these va lu es is probabl y due to confi gura ti on 
inte rac tions neglec ted in the calc ul ations. In so me 
s pectra the re may also be un ce rtainty in obtaining 
pro pe rl y co rres ponding values of 1;,,, and n * [1] . 

It see ms like ly th at the formu la valu es of I;",n *:1 

(table 1) are co rrec t to - 15 percent for (core) np 
configuratio ns (n gre ate r th an any principal quantum 
number in the core) in all atoms Z = 10 to 90. Thi s 
accuracy mus t of course not be expected if perturba­
tion has affec ted the value of n ,,':1 by more th an a fe w 
percent. Any other large perce ntage de via tions fro m 
the formu la are s us pect and probably unph ysical. In 
man y cases rather comple te and de tail ed calculation s 
would be necessary to obtain values of 1;,,, by the level­
fiLLing method as accurate as the formul a values. It 
would thus be advantageous in som e ins ta nces to 
fix thi s parameter. 

So me examples of these various points may be in­
fe tTed from table 2, where values of s,) obta in ed by 
diffe re nt methods for se veral r are-gas co nfi gura tions 
are compared. The smaller values of 1;" " as in Ne, are 

:1 O nl y a re prese nt ative ::;e lcctio n uf the data ava ilab le from complex spectra is J,! ive n in 
the table. The ~J,11 *:1 va lue s lis kd for t he fi rs t few cle men ts fo ll uwi nl! hyd rogen are nut 
aCCU l'a te, s ince ot her interac tio ns tha t contribut e signifi ca ntl y to t he term int e rval s we re 
no t allowed fur, The resu lt s an d di scuss io n are 11 0t app licab le for Z <: 5. 
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TABLE 1. Values of t;;n *3 for np-electrons in configura­
tions of the type (core)np_ 

The data are from ne utra l atoms with th e core-confi~urations 
s hown. A core with e lectrons of different III indi ca tes that cOldig· 
lIration int e rac tion was included in the calcu lation. Where more 
th an one lip elec tron is shown ill the fourth column . th e valu e in 
the fifth co lumn is an avera~e. Re ference s for data or ca lculatiuns are 
indicated by le it e rs ill parentheses in the fou rth column. The oth er 
experimental values of ~n*" are based on data from Atomic Energy 
LeveLs [CO E. Moore, Nat. Bur. Stand. (U.s.), Circ. 467, Vol. J (1949); 
Vol. IT (1952); Vo l. III (1958)]. 

np ~n* " ~n* 3 
Z Atom Core Data Data Formula 

(cm - I ) (em- I ) 
1 H np 1.94 0.45 
2 He Is 2p 5.16 2.26 
3 Li Is' 2p 1.68 5.8 
4 Be 2s 2p 6.00 11.4 
5 B 2s' 2,3p 19.3 19.1 

6 C 2p 29.3 
7 N 2p' 41.9 
8 0 2p" 57 
9 F 2p' 75 

10 Ne 2p' 96 

11 Na* 2p" 4- 8p(a) 117 120 
12 Mg* 3s 4- 6p(b) 149 147 
13 AI* 3s' 4- 7p(C) 200 177 
14 Si 3p 211 
15 P 3p' 247 

16 S 3p:J 288 
17 C I 3p' 331 
18 Ar 3p' 378 

(l0' em- I) (10' em- I) 
19 K* 3p" 5-lOp(a) 4.39 4.29 
20 Ca* 4s 5-8p(d) 5.1 4.84 

21 Sc (3d + 4s)' 5.4 
22 Ti (3,j "+ 45')'1 6.0 
23 V (3d+4s)' 6.7 
24 Cr (3d+4s)' 7.4 
25 Mn (3d +4s)/; 8.1 

26 Fe (3d + 45)7 8.9 
27 Co (3d + 4s) " 9.7 
28 N i (3d+4s)" 4p (e) 13.0 10.6 
29 Cu (3d+4s)'" 4p(f) 12.5 11.5 
30 Zn* 4s 5- 8p (e) 11.0 12.4 

31 Ga* 4s' 5-7p(h) 14.0 13.4 
32 Ge 4p 5pe) 15.9 14.5 
33 As 4p' 15.5 
34 Se 4p" 16.7 
35 Br 4p' 17.8 
36 Kr 4fJ"' 6pe) 21.8 19.0 

(10" cm - I) (10" c m- I) 
37 Rb* 4pll 7-11p(i) 1.92 2.03 
38 Sr 5s 5p 2.55 2. 16 
39 Y (4d+5s)' 2.29 
40 Zr (4d+5s)" 2.43 

41 Nb (4d+5s)1 2.58 
42 Mo (4d+5s)·· 2.73 
43 Tc (4d+5s)1l 2.88 
44 Ru (4d+5s)7 3.04 
45 Rh (4d+5s)8 3.20 

110 

np ~n*3 
Z Atom Core Data Data 

(10" cm- I) 

46 Pd (4d + 5s)" 
47 Ag 4d lo 6p 
48 Cd 5s 6p 
49 In 5s' 6,7p(h) 
50 S n 5p 

51 Sb 5p' 
52 Te 5p" 
53 J 5p' 
54 Xe 5p' 6p(k) 
55 Cs* 5p" 8- 13p 

56 Ba 6s 6p 
57 La (5d+6s)' 
58 Ce 
59 Pr 
60 Nd 4/'6s 

61 Pm 4/'65 
62 S ill 4/66s 
63 Eu 4/,6s 6p(') 
64 Cd 4/'5d6s 
65 Tb 

66 Dy 4/106s 
67 Ho 4/1 16s 
68 Er 4jl'6s 
69 Tm 4jl"6s 
70 Yb 6s 6p 

71 Lu (5d+6s).' 
72 Hf (5d+6s)" 
73 Ta (5d+6s)' 
74 W (5d+6s)' 
75 Re (5d+6s)6 

76 Os (5d +6s), 
77 Tr (5d + 6s) " 
78 Pt (5d+6s)" 
79 Au 5diO 6p 
80 Hg 6s 6p 

81 TI* 6s' 7- 11p 
82 Pb 6p 
83 Bi 6p' 
84 Po 6p:1 
85 At 6p-1 

86 Rn 6p' 
87 Fr 6p" 
88 Ra 7s 7,8p 
89 Ac (6d+ 75)' 
90 Th 

a Risbe rg, P ., Ark iv Fysik 10, 583 (1956). 
\) Risberg, G., Ark iv Fysik 28 ,381 (1965). 

3.47 
3.58 
3.99 

4.79 
4.74 

6.1 

8.3 

10.5 

14.4 
17.8 

13.4 

18.2 

~n*3 

Formula 

(10:1 em-I) 

3.37 
3.54 
3.72 
3.90 
4.09 

4.28 
4.48 
4.69 
4.89 
5 .1 

5.3 
5.6 
5.8 
6.0 
6.3 

6.5 
6.8 
7.0 
7.3 
7.5 

7.8 
8.1 
8.4 
8.7 
9.0 

9.3 
9.6 
9.9 

10.2 
10.5 

10.9 
11.2 
ll.5 
11 .9 
12.2 

12.6 
13.0 
13.3 
13.7 
14.1 

14.5 
14.9 
15.3 
15.7 
16.1 

C Eriksson , K. B. S., and l sberg, H. B. S., Arkiv Fysik 23,527 
(1963). 

d Risberg , G., Arkiv Fysik 37, 231 (1968). 
e Roth, C., J. Res. Nat. Bur. Stand. (U.S.), 74A (phys. and Chern.) 

715-722 (Sept.:"'Oc t. 1970). 
f Landman , D. A., Levin , L. A., and Lurio, A., ]. Opt. Soc. Am. 59, 

962 (1969). 
e JOhansson, I. , and Contreras, R., Arkiv Fysik 37,513 (1968). 
h Johansson , I. , and Litzen , U., Arki v Fysik 34,573 (1967). 
; Cowan, R. D., and Andrew, K. L., J. Opt. Soc. Am. 55, 502 

(1965). 
j J ohansson, I. , Arkiv Fysik 20,135 (1961). 
k Liberman , S., ]. phys. 30,53 (1969). 
I Smith , G., and Wybourne, B. G.,]. Opt. Soc. Am. 55,121 (1965). I 



TABLE 2. Va lues alspin -orhit energy lor np electrons 
in some rare-gas configu ra! ions . 

'I'l l(' "ro rllllll a" va lu l's or S"I' Irrolll S""'" ill l ahl" I ) an' prohahl y 
(1( ' ( 'lIl'al(' 10 I S 1>('1 '('(' 111. 

~IIII' ('Ill 
, 

II/I II 1 .(·v(' l - fi l litl~ 
F41rlllui a 

( ~a l (,ll i a l it)ll~ 

.0,/) 2. IS I· '1.6 "40.0. " 1.3±60 
1/) :L 16:, :).0 " I ± 12 
.)/) I. 16.') I .:B " H. I 
6/1 .). 16.1 0.70 "SA 

AI' :,/)" '1./) :2.27'1 :32 "28 ±29, "32 .6 
')/) :L106 10.') " ·I.· J.. I. " 16 ' 7. ' 1:1.2 
6/) ·U IO U " 7. I 

Kr 4/)" .)/) L):2:2 1;):2 "246 . " 15'1±25 
6/) :·L1S6 SO "49.0. "58 ± 9 

X,· ;)/1" (,/) 2.:m{ :16 1 ":374. "3.5:').7 

"Conuon . I,:. 1I .. alld SIII,rll,·). C. II .. '1'1,, ' Th ", ,,') or I\ IOllli ,' 
S"l'('lra. 1'1' . :,06 :, 12 ICa lllhrid ~(·. I'1S:)). SO Ill (, or II",,,· ,alu," 
wcre quoit·.! 1'1'0111 carli(,], calculat ions. \\ itll r ('f('r(, I I(T ~ ~ i \,(, II . 

"COWU Il. 1:. I) .. an d Andr,'\\. h. . I ... .I. Opt. So('. 1\ ,11.55, ')02 
1196S). 

'C'''·, lall ;;'. It . II .. alld \' all Ill, ·rkoill. .1 .. .I . Opl. SO('. '\111 . 55 , 
10.541 196.1). 

,I I .ilwrlll an .. S .. .I. "h y,. ~O , S:'1 19(9). Caicu lal ioll ill (' llId, ', illl, ·r· 
a('t ion witll :1,"-'1/), 
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re la ti vely more se nSitive to di s tortion by perturbation s 
in level-fitt i ng de te rm in a t ion s . 

The core co nfiguration s li s te d in ta ble 1 are the lowest 
for each e le me nt. (A fe w o[ th e co res th a t have low 
levels o[ both pariti es a re not li s ted .) How ever. th e 
valu e of Sill! is on ly weakly affec tf'd by ('o re exc it a ti on 
[or most co nfiguration s obse rv e d in o pti cal s pec tros­
co py. Values of n * for a parti c ular I1p (n grea te r than 
for any core electron) but based on diffe r e nt co re co n­
figuration s will normally diffe r by fa irl y s mall amoun ts 
if the configurations involve d are un pe rtu rbed. Th e mos t 
re li able expe rim e ntal va lu es o[ n * arc us ually obta ined 
[rom term s based on th e co re confi gura ti ons in th e ta bl e. 

Th e available dat a would prob ab ly yie ld useful 
r e la tions [or th e Z-d epende nce of s/ln *:! in ionized 
s pec tra. Both thi s a nd th e probably more troubl esome 
ex te ns ion to hi g he r I 11J wou ld me rit in vest iga tioll . 

[ I I 
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