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The energy le ve ls be longin g to the configura tions 3d'4s2 and 3d 8n ! (n ( = 4s, 5s , 4p . 5p , 4d , 
5d , 4j, a nd 5g ) ha ve been ca lc ula ted . T he radi a l ene rgy int egrals we re treated as pa rame te rs and ad
jus ted to give a le as t-squa res fit to the o bse rved leve ls . Two- and three-bod y e ffec tive e lec t rostati c 
inte rac ti ons for equi va le nt e lec trons we re inc lud ed , as we ll a s two- bod y e ffec tive interac tions for 
in equ iva lent e lectrons. S t ro ng configurat io n int erac t ion be tween 3d'4s 2 a nd 3d 84d was tak en int o 
accoun t. Va lues of th e pa ra me te rs a re given for a ll th e a bove configura tions , and th e ca lc ula ted leve ls 
are give n for aU exce pt 3d84s and 3d84p (for whic h essent ia ll y equi va lent res ults have been pub lis hed). 
Leading e igenvec tor pe rcent ages a re given in ap propria te coup li ng sche mes. 

Ke y words : Atomic e ne rgy le ve ls : ato mic s pec tra; a tomic th eory: coppe r : douhl y ion ized co ppe r: 
e lec tro n confi gura t ion. 

1 . Introduction 

A great extension of the a nalysis of C u III has re
cently been achieved by She nstone [1]. 1 In thi s 
work he de termined nearly all th e levels of th e con
fi gurations 3d 7 4s 2 and 3d 8 n f' for n f' = 4d, 5d, 5s, 
6s , 5p , 4/ , and muc h of 3d 85g. In the course of thi s 
analys is we provided calcula tions of the level struc
tures and continually refin ed th e m as new data were 
obtained . The fin al result is a se t of calcula tions for 
all the known confi gurations of thi s ion (with the 
exception of 3d 7 4s4p) that are internally consistent 
so far as common radial integrals (parame ters) are 
concerned and that include all the effective electro
static interactions , as well as the usual Slate r and spin
orbit interactions , that have so far been considered 
in the iron group. 

2. Method 

Calculations of the energy matri ces for these con
fi gurations, as well as the matrix di ago nalizations and 
le vel fittin g, were carri ed out on the NBS Univac 1108 
computer. The computer progra ms were originally 
obtained from the Laboratoire Aim e Cotton (Orsay, 
France). Successive diagonali zations and variations 
of the radial parame ters were performed until a leas t
squares fit of the en ergy levels was achie ved. Final 

1 Figures in brac ke ts indica te l ite rature references give n at the end of this paper. 

values for th e pa ra meters , the s tandard error for each 
parameter , and th e rm s e rror of th e least-squares 
fit for eac h configura tion are give n in ta ble 1. (See re f. 
[2], for exa mple, for more de ta il s of the ge neral 
procedure_ ) The rm s error is de fin ed as 

[ 
" ] 1/2 

i~1 8 f! (n - m ) , 

where 8 is the differe nce betwee n th e experimental 
and calculated positions for a le vel, n is the number 
of le vels used in the fitting, and m is the number of 
free parameters. The standard error for a parameter 
value (in parentheses following the value) indicates 
how well the value is "de fined" by the equations 
and the experimental leve ls. 

In our initial calculations we were guided by the 
theoretical study of the even configurations of the third 
spectra of the iron group by Shadmi , Caspi , and Oreg 
r3] and by a similar work on the odd configurations by 
Roth [2]. These papers included claculati ons of the 
almost comple tely known 3d84s and 3cf84p configura
tions of Cu III. Most of th e parameters we use, includin g 
the e ffective two-body interactions (ex and (3) and three
body interactions (T and Tx) for equivale nt electrons, 
are defin ed in these pa pers or in reference [4] . In add i
tion we introduced the two-body effecti ve interactions 
for inequivalent electrons , denoted here as D" a nd X" 
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TABLE 1. Fitted radial parameters for configurations of Cu I II . Units are cm - '. Standard errors are given in parentheses except for those parameters whose values were fixed in the 
least-squares calculation. 

Parameter 3d84s 3d8 5s 3d8 6s 3d84p 3cfl5p 3d84d 3d8 5d 3d84f 3d85g 3d'4s 2 

A 74956(28) 204843(40) 249188(41) 145275(67) 231897(38) 208143(74) 251277(37) 245483(25) 268357(17) 186606(98) 
8 1207.4(3.4) 1234.3(4.3) 1231.1 (3.7) 1217.9(3.8) 1237.3(1.9) 1235.5 (2.9) 1237.9(1.8) 1247.1(1.0) 1247 1294.9(7.5) 
C 5024(28) 5059(36) 5115(24) 5097(21) 5066(11) 5051(24) 5073(13) 5067.4(7.2) 5067 5316(49) 
a 48.8(3.4) 50.4(4.6) 49.8(2.4) 41.0(2.8) 48.9(1.3) 48.3(2.5) 50.2(1.2) 49.2(0.9) 49 33(11) 

f3 - 496(36) -496 - 496 -583(28) -496 -496 -496 - 496 -496 - 496 
T - S.63 -5.63 -S.63 -S.63 -S.63 -S.63 -S.63 -5.63 - 5.63 - S.63 

Tx -2.88 
F' 17510(110) 4777(61) 8390(130) 3306(60) 2047(49) 1220(110) 
F4 3460(150) 1320(94) 292(92) 
GO 1617(17) 874.6(8.8) 
G' 6250(55) 1643(35) 285(35) 
G2 9488(60) 2292(95) 819(80) 2820(140) 1412(62) 460(64) 
G3 4580(180) 1260(110) 87(120) 
G4 2030(270) 1220(93) 0 
G5 195(91) 
G6 0 
D' -648(98) -313(50) -390(110) 
D3 -990(280) 
X 2 1420(580) -1450(520) 

~(3d) 901 (15) 901(24) 918(10) 903(14) 910.8(6.7) 906(13) 911.7(5.1) 907 .7(3 .4) 913.7 (6.0) 973(25) 
~(4d) 41(13) 
~(Sd) 9.2(6.3) 
~(4p) 940(27) 
~(5p) 298(12) 
~(4f) 1.9(2.6) 
~(5g) 0 

R 2( dd;ss) 4930(170) 4930(170) 
rms dey. 53 32 10 72 34 77 35 28 41 77 



for the direct and exchange parts [5).2 We found these 
to be significant for the 3dB4p, 3d85p and 3dB4d con
fi gurations. 

3. Parameters of the 3d8 Core 

All configurations treated except 3d74s2 are built on 
the 3dB core. It is eviden t from the parameter values 
(table 1) that the core parameters are little affected by 
the additional outer electron of these configurations. 
The electrostatic parameters B , C, and a were freely 
varied in all cases except 3dB5g; their fitted values are 
nearly identical for each configuration . The seniority 
parameter {3 could be meaningfully evaluated only for 
3dB4s and 3dB4p, for which the doublet built on the 
3dB I S core state is now known [1]. Its value was nearly 
the same in both cases and was also close to the value 
derived by Shadmi et al. [3] in their general treatme nt 
of the third spec tra. It was therefore fixed at the value 
- 496 cm- I, derived from 3d~4s, in all configurations of 
Cu III. Since most of th e 3dB5g levels known with cer
tainty are based on th e 3F core term, all core parameters 
except the s pin-orbit parameter ~(3d) were fixed at 
average values derived from the other configurations. 
The fitted value of ~(3d) for each of the 3d Bnl configur
ations was practically unchanged. 

The effective 3-body parameter T includes the inter
action of 3s23dB with 3s3£lJ and has a non-zero matrix 
element only for the ID state of 3d B.This parameter 
cannot be freely determined for 3d8 because the number 
of core parameters exceeds the number of core 
terms; we therefore fixed it at the value - 5.63 cm- I 
deduced by Shadmi et al. [3]. The significance of 
T is demonstrated by the fact that the omission of 
this parameter leads to values for the parameters C, 
a, and {3 of the 3d8nl confi gurations that are totally 
inconsistent with those derived from the general treat
ment of third spectra in references [2] and [3).3 The sec
ond three-body parameter [4], Tx , had no effect on the 
d8nl configurations and was omitted. This parameter 
was included for 3c:f74s2 , where (along with T) it is an 
independent interaction. It was not possible to obtain 
meaningful fitt ed values for T and Tx in 3d 74s2, prob
ably because their e ffect is small and this configuration 
is strongly distorted by near-configuration interaction. 
The fixed values used for them were estimated from 
the results of Shadmi et al. [3]. 

4. The Two-Body Effective Interaction for 
Inequivalent Electrons 

The interaction is represented here by the parame
ters Dh' and Xh' calc ulated according to the formulas of 
Goldschmidt and Starkand [5).2 They are the coeffi
cients of the scalor products of unit operators, Dk 
for the direct and X" for the exchange interaction. The 

2: These au thors use the notations - F' and - 0 for the parameters here designated Dk 
and Xk", respectively (k = l). 

3With T om itted, these parame te rs take the fo llowing values for eu III 3dfl4s: 
C = 4686 (28)c m - '.a = 91(3) cm- ' , and/l = -45(36)cm - '. 

allowed parameters for d8p are DI and X2 , and for d8d 
they are DI , D3, XI, and X3. In the case of 3d84p and 
3d85p both effective parameters are well defined by a 
least-squares fit. Only DI and D3 were defined for 
3d84d, perhaps because the far-configuration effects 
were partly masked by the inte raction with 3c:f74s2 • 

Our attempts to include thi s type of interaction by 
least-squares fit s in the other co nfigurations of Cu III 
were unsuccessful , but it is s urely important for all 
3dll4p and 3dl/4d configurations of the iron period. 

5. Results 

An indication of the success of these calc ulations is 
the low rms error reached for all configurations 
(table 1) , always less than 100 cm- I and us ually much 
less. This is particularly significant for the highly mixed 
3d84d and 3d74s2 configurations where large deviations 
present in single-configuration calculations are con
siderably reduced by the introduction of a single para
meter R2 (dd' ,ss) for configuration interaction. The 
inclusion of the effective parameters Dfr and X" in the 
3d84d co nfiguration appears to be their first use for 
3d1/4d. As a further test we introd uced the m in a cal
culation 4 of 3d2 4d of V III anQ found a reduc tion of the 
rms error from 117 cm- I reported by Spector [6] to 67 
em- I, We re peated th e calculation of 3d84p of Cu III by 
Roth [2] who obtained a n rms error of 126 cm- I ; with 
the inclusion of DI and X2 th e rms error was reduced to 
72cm- 1 (table 1). 

Tables 2 through 8 contain the calculated levels 
obtained with the parameters of ta ble 1. (The 3d84s 
and 3d84p results are not included because they are 
esse nti ally the same as appear in references [2] and 
[3]. ) 

All observed levels are from Shenstone [1], th e values 
being rounded off to the neares t em- I. Observed levels 
followed by a question mark were so denoted by Shen
stone to indicate that these levels may not be real. 
The "Leading P ercentages" refe r to squared eigen
vector components given as percentages following the 
term symbols, and rounded off to the nearest percent. 
The "average %" given at the end of a "Leading Per
centage" column is the average purity of the levels 
for the indicated coupling scheme. The 3d8 parent 
terms for LS-coupling designations are given in paren
theses. 

The calculated levels for these even configurations 
are in- tables 2 and 3, respectively. The two leading 
percentages in LS coupling are given for each level, 
any second percentage less than 0.5 percent being 
omitted. In table 2, the two 3d74s2 2D terms are labeled 
1 and 2 as in Nielson and Koster [7]. 

Shenstone [1] has described his method of assigning 
LS names to the levels , beginning with the 3dfJ, 3d84s, 
and 3d84p levels and proceeding to name the levels 

4 The fo llo wing va lues were obtained for V III by least-squares filtin g: 0 1 = -728(88) 
cm- ', D'=- I099 (200) cm- ', X' =-327(1 00) CI11 - ' , a nd X'=-678(170 ) c m- ' . 
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TABLE 2. Calculated energy levels and leading percentages (LS coupling) for the interacting 3d"4d 
and 3d'4s' configurations. States of 3d'4s' are distinguishable by the absence of parentage. The 
meaning of the letters under "Remarks" is explained in the text (5.1) 

Levels (cm - ') O-C 
J (cm- ') Leading percentages Remarks 

Observed Calculated 

1/2 186965 'P 95 ' P 3 
193945 'P 91 ("F)'P 5 

195723 195743 -20 ("F)'O 84 ("F)'P 9 A 
197200 197198 2 ("F),P 77 ("F),O 12 A 
198034 198041 -7 ("F)'P 81 (3F)'P 13 
211286 211296 -10 ('O),P 62 ("P)'O 29 
212209 212137 72 ('0),5 85 ("P)' P 10 
213142 213148 -6 ("P)'O 70 (' Oyp 27 
215762 215730 32 ("P)'P 86 ('0),5 II 
216834 216794 40 ("P)'P 89 (' Oyp 7 

3/2 169608 169571 37 'F 99 
186134 'P 91 'P 8 
192540 'P 76 '02 9 

194684 194670 14 ("F),O 51 ("F)'P 23 A 
196100 196095 5 ("F),P 51 ("F),O 39 
196806 196745 61 ("F),P 69 ("F),P 16 A 
197986 198005 -19 ("Fj'F 93 ("F)'O 4 

198507 '02 54 'P 14 
201732 201751 -19 ("F),O 74 '02 10 
211124 211073 51 ('0)'0 48 ("P),O 27 
211652 211634 18 ('O),P 62 ("P)'O 26 
213312 213264 48 ("P)'O 57 ('O),P 26 
215197 215172 25 ("P),F 97 ("P)'O 1 
215807 215758 49 ("P)'P 74 ("P)'O 8 
216235 216063 172 ("PrO 35 ('C),O 23 B 

216818 ("P)'P 92 ('0)'0 4 
224504 224479 25 ('C)'O 68 ("P),O 20 

240176 '01 80 '02 20 
256250 ('5),0 99 

5/2 168857 168834 23 'F 99 
185783 'P 98 ("F),P 2 

193885 193911 -26 ("F),O 56 ("F),P 40 A 
195340 195255 85 ("F),P 51 ("F),O 28 A 

a 196220 196232 -12 '02 59 '01 18 
196731 196768 -37 ("F),F 34 ("FYF 30 B 
197901 197932 -31 ("F),C 49 ("FYF 45 B,C 
198061 198078 -17 ("F),F 56 ("F),C 24 A, C 
201215 201118 97 ("F),O 79 ("F),F 6 
210159 210295 -136 ('O),F 63 ("P)'O 13 
211680 211772 -92 ('0),0 34 ("P)'O 30 B 
213134 213117 17 ("P)'O 51 ('0)'0 30 
213515 213317 198 'F 73 ("P),F 20 
214990 214952 38 ("PrO 45 ('G)'O 16 A,C 
215100 215042 58 ("P)'F 83 ('O),F 4 A,C 
216145 216146 -1 ("P)'P 77 ("P),F 10 
216376 216448 -72 ("P),F 68 'F 14 
221879 221882 -3 ('C),F 98 'F 1 
223787 223869 -82 ('Cr O 73 (" pY 0 19 

240945 '01 76 '02 23 
256273 ('5),0 99 

7/2 167739 167741 -2 'F 100 
189603 189616 -13 'C 98 ("F)'C 2 
193521 193536 -15 ("F),O 93 ("F)'F 5 
195344 195374 -30 ("FTF 53 ("F),F 24 A 
196742 196740 2 ("F),C 36 ("F),H 34 B 
197055 197063 -8 ("F),F 47 ("F), H 28 A 
197594 197605 -11 ("F),C 40 ("F),H 35 B 
198930 198988 -58 ("FYC 81 ("F),C 8 
210240 210309 -69 ('OYF 69 ("P),O 24 
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TABLE 2. Calculated energy levels and leading percentages (LS coupling) for the interacting 3d'4d 
and 3d'4s2 configurations. States of 3d'4s2 are distinguishable by the absence of parentage. The 
meaning of the letters under "Remarks" is explained in the text (5 .1) - Continued 

Levels (e m- ' ) O -C 
J (em- ' ) . Lea din g percentages Remarks 

Obse rved Calcul ated 

211271 211217 54 ('O)"G 83 ("P)"F 10 
212752 212860 - 108 (" P)4 0 72 (' O)2F 19 
213816 213988 - 172 2F 56 ("P)2F 23 
214845 214901 -56 ('l P)'F 90 (' OrG 3 
215977 216090 - 1l3 (" P),F 65 2F 29 
221861 22 1876 - IS (' G)" F 98 2F 2 
223174 223]98 - 24 (' G)2G 99 (' OFG J 

9/2 166160 166210 - 50 4}' 99 
188098 188116 - 18 2G 94 2H 3 
195062 195086 - 24 ("F)'G 39 (" F)'F 36 B 
195518 195415 103 ("F)"F 33 ('I F)2 H 2] B 
196029 196167 - 138 2H 30 ("F)'G 23 B 
196796 196675 121 ('I F)''H 65 (" F)2G 18 A 
197376 197573 - 197 (" F)' G 49 (,'F)'G 26 
198687 198561 126 ("Fj2 H 60 21-1 26 
211314 211259 55 ('O),G 82 (" P),'F 16 
214748 214782 -34 ("P)"F 83 ('O)'G 16 
223090 22310] - 11 ('G)" H 91 (' G)2G 9 
223201 2232 ] 7 - 16 ('G ),G 90 (' G)2 1-1 9 

1l/2 194033 1940]7 16 (" F)" H 5] 2H 35 B 
1948]8 194816 2 (" Fy' G 68 C' F)4 H 27 
195758 195745 13 (" F)" H 41 2H 31 B 
197039 197000 39 (" F)" H 47 2H 31 B 
2203 11 220291 20 (' G)2 1 100 
223175 223 ]73 2 ('G)" H 100 

13/2 194332 194320 12 (" F)' H 100 
2204]4 220379 35 (' G)2 ] ]00 

" This leve l was found by 5henstone after pub lication of hi s pape r [1). The more exact va lue is 
]96220.49 em- I. 

206-267 OL - 76 - 6 

TABLE 3. Calculated energy levels and leading percentages (LS coupling) for the 3d"5s 
configuration. 

Levels (e m- I) O-C 
J (em - I) Leading percentages 

Observed Calculated 

1/2 213418 213408 10 ("P)"P 98 (" P)2P 2 
214730 214709 23 ("P)2P 98 (" P) "P 2 

254805 ( '5) 25 100 

3/2 196442 196406 36 C'F)" F 99 (' 0) 20 1 
210033 210035 -2 ('0)'0 86 (" P j2 P 10 
213127 213155 -28 ~"P)'P 94 ( '0) 20 5 
2]4265 214236 29 "P)2 P 90 ('0)20 8 

5/2 195555 195524 31 ("F)4F 89 (" F) 2F 11 
197400 197444 -44 (3F) 2}' 88 C' F) 4F II 
209875 209860 15 ('0) 20 77 (,l P)4P 22 
212951 212995 -44 ("P)"P 78 ( ' 0 )20 22 

7/2 194117 194140 - 23 (3 F) "F 64 (3F)2 F 36 
195789 195792 -3 (" F) 2F 64 ("F) " F 36 
220569 220566 3 ( ' G)2G 100 

9/2 ]93371 193363 8 (" F)"F 100 
220564 220565 - I ('G)2G 100 

Average % ........... ....... . ............... ........ .... . 89 
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TABLE 4. Calculated energy levels and leading percentages/or the 3d8 5p configuration. 

Levels (cm-') O-C 

~ 
Leading percentages 

] (em - ') 
Observed Calculated LS (L,S,)],) 

1/2 215161 215155 6 (,F)'D 99 "F,,3/2 99 
229054 229142 -88 ('O),P 75 '02 ,3/2 75 
231298? 231304 - 6 ("P)'P 91 "P,,1/2 57 

232620 ("P)'D 97 "Po,1/2 65 
233591 (3 P)' P 86 "P,,3/2 51 
234189 ("P),S 95 "P2 ,3/2 53 
273668 (' S)2P 100 '50 ,1/2 100 

3/2 214358 214351 7 ("F)' 0 88 "F",3/2 73 
215783 215777 6 ("F)'F 90 "F2 ,3/2 51 
216449 216463 -14 ("F),O 90 "F,,1/2 39 
228469 228465 4 (' 0)'0 57 '0,,1/2 69 
229505 229430 75 ('O)'P 55 'D 2 ,3/2 82 
231458 231429 29 ("P)'P 73 "P2 , 1/2 39 
232478? 232499 - 21 ("P)'O 87 :'P,, 1/2 77 
232814 232847 - 33 CP),P 85 :' P2 ,3/2 69 
233654 233581 73 CP)'O 87 "P, ,3/2 54 
234036 234059 -23 ('lP)'S 90 "Po,3/2 26 

274085 ('S),P 100 '50 ,3/2 100 

5/2 213026 213024 2 CF)'O 73 :'F,,3/2 67 
214703 214704 -1 CF)'O 39 "F", 1/2 69 
214766 214768 -2 CF),O 38 "F, ,3/2 65 
215417 215410 7 C'F)'G 60 "F,,1/2 55 
216566 216583 -17 ("F),F 76 :' F,,3/2 66 
228424 228436 -12 (' 0)'0 52 '0, , 1/2 58 
228960 228962 -2 ('O),F 62 ' O2 ,312 59 
231333 231371 - 38 CP)'P 72 "P2 ,3/2 42 
232458 232391 67 ("P)40 71 "P,,1/2 50 

"(232990) 233057 (67) CP)20 75 "P, ,3/2 53 
239149 239125 24 (' G)'F 99 ' G4 ,3/2 99 

7/2 211821 211821 0 ("F)'O 91 "F,,1/2 76 
213312 213313 - 1 ("F)'F 36 "F4,3/2 63 
214328 214327 1 ("F)'G 59 "F", 1/2 73 
215000 214998 2 ("F)'F 46 "F3 ,3/2 84 
216018 216030 - 12 ("F)'G 65 "F2 ,3/2 95 
229098 229074 24 ('O)2F 81 ' 0,,3/2 81 
232436 232488 - 52 ("P)'D 82 "P2,3/2 82 
238834 238829 5 ('G) 2F 98 'G,,1/2 68 
240786 240786 0 ('G)2G 99 'G4 ,3/2 69 

9/2 212415 212418 -3 ("F)'G 42 "F4,1/2 98 
212995 213004 -9 ("F)'F 67 "F4,3/2 99 
214588 214581 7 ("F)4G 56 "F3 ,3/2 98 
238788 238807 -19 ('G)'H 99 'G,,1/2 81 
240853 240853 0 ('G)'G 99 'G,,3/2 81 

11/2 212525 212510 15 ("F)4G 100 "F" 3/2 100 
239142 239154 -12 ('G)'H 100 'G,,3/2 100 

Average % ...................................... ... ... ..... ................... . 77 71 

a This tentative level was not entered into the least-squares adjustment of the parameters. 
See text (5.2). 
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TABLE 5. Calculated energy levels and leading percentages for the 3d8 6s configuration 

Leve ls (c m- ' ) O-C Leading percentages 
} (c m- ') 

Obse rved Ca lc ul ated LS (L,S,)},) 

1/2 258291 (" P)" P 88 "P, , 1/2 67 
258785 (" P)" P 88 "Po , 1/2 67 
299795 ( '5)"5 100 '50 , 1/2 100 

3/2 241392 241 385 7 (a F)" F 99 aF2 , 1/2 99 
254694 254703 - 9 (' 0 )" 0 82 ' 0 " 1/2 82 

258046 (,' P)'P 83 " P, , 1/2 52 
258380 (" P)" P 79 ap,,1/2 48 

5/2 240326 240330 - 4 (" F)4 F 73 "F", 1/2 97 
241694 241699 -5 (a F)"F 72 "F2, 1/2 96 
254640 254630 10 (' 0 )' 0 78 '02, 1/2 78 
257886 257887 - 1 (,' P )4 P 79 " P,, 1/2 79 

7/2 238638 238629 9 (,' F),F 63 aF, , 1/2 98 
240303 240306 -3 (a F)"F 63 aF", 1/2 98 

265294 ( ' e),e 100 'e4 , 1/2 100 

9/2 238280 238289 - 9 (a F)" F 100 aF., 1/2 100 
265293 265293 0 ( ' e)2e 100 'e". 1/2 100 

Average % .. ........ ..... .... ... .. ..... .. ..... .. .. .... .. .. .. .. ... ..... ....... . 84 85 

TABLE 6. Calculated energy levels and leading percentages for the 3d"5d configuration 

Levels (c m- ') O- C Leadin g percentages 

) Observed Calc ulated 
(c m- ' ) 

L5 (L,S, )},) 

1/2 240764 240806 - 42 (" Fr O 56 af .. 5/2 93 
241900 241901 - 1 ("Frp 60 "F" 5/2 87 
242247 242272 -25 ("Fr P 74 "F" 3/2 83 

255515 ('Or P 79 '02,3/2 48 
255831 ('DrS 83 '02 ,5/2 51 
258312 (" pr o 90 ap, ,3/2 69 
259312 ("prp 84 "P2 ,3/2 62 
259847 (" Pr P 86 "P2 ,5/2 61 

3/2 239327 239311 16 ("Fr P 53 "F., 5/2 93 
240795 240834 -39 (,FrO 45 "F3,3/2 94 
241328 241334 -6 ("r rp 65 "F",5/2 61 
242219 242222 -3 ("FrF 80 "F,,5/2 60 
244619 244535 84 (,Fr O 89 "F2 ,3/2 51 

255562 ('OrO 62 '02 ,5/2 48 
255750 255755 -5 ('Or P 71 '02 , 3/2 42 

258336 (,pro 81 3P,,3/2 32 
259301 (" prF 81 3P, ,3/2 53 
259370 (, prp 66 3P,, 5/2 34 
259957 ("PrP 87 3Po,3/2 29 
260426 (" PrO 71 3P,, 5/2 33 

267310 267320 -10 ('erO 89 'e4 , 5/2 89 
300578 ('5rO 100 '50, 3/2 100 

5/2 238819 238835 - 16 ("Frp 65 3F" , 3/2 91 
240063 240042 2J ("Fr O 34 3F4,5/2 55 
240995 240982 13 ("F)2F 39 3F3 ,5/2 87 
242007 241987 20 ("F)2F 38 3F, ,3/2 38 
242290 242279 11 (3Fre 56 "F2,5/2 63 
243780 243755 25 (3F)20 77 3F .. 3/2 29 

255176 ('OJ'F 67 '0, ,3/2 79 
256093 256086 7 ('0)20 6J '0,,5/2 80 

258307 (3P)40 72 3P,, 5/2 32 
259097 (3P)4 F 72 3P" 3/2 43 
259365 (3prp 34 3P,,5/2 37 
259587 (3P r F 60 3Ph 5/2 85 
260089 (3P)20 44 31'0,5/2 47 
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TABLE 6. Calculated energy levels and leading percentages for the 3d"5d configuration - Cont. 

Levels (e m-I) O-C Leading percentages 

Observed Calculated 
(em-I) 

LS } (LISIlJlj 

266092 266088 4 (IG)2F 99 IG,,5/2 72 
267031 267094 -63 ('G)20 91 'G,,3/2 67 

300561 ('S),O 100 ISO, 5/2 100 

7/2 238731 238774 -43 (3F)'O 86 3L,3/2 49 
239441 239439 2 (3F)2F 59 3F,,5/2 49 
241074 241069 5 (3F)'G 44 3F" 3/2 91 
241250 241250 0 (3F)'F 46 3F:.. 5/2 88 
242089 242053 36 (3F)'H 71 :'F,,3/2 68 
242610 242666 -56 (3F)'G 69 3F,,5/2 69 
255173 255162 11 (IOJ'F 77 '0,,5/2 66 
255487 255496 -9 ('O)2G 83 '0,,3/2 71 
258199 258199 0 (3P)'0 80 3P2,5/2 54 
259018 258986 32 (3P)4F 80 3P,,3/2 53 

259333 (3P),F 81 3P I,5/2 44 
266080 266087 -7 (I G)2F 100 IG,. 5/2 52 
266643 266649 -6 ('G)'G 100 IG,.3/2 52 

9/2 239290 239293 -3 (3F)'F 58 3L, 3/2 75 
239569 239609 -40 (3F)'G 5] 3F,,5/2 74 
240973 240970 3 (3F)'H 60 3L,3/2 80 
241216 241229 -13 (3F)'G 37 3Flo 5/2 82 
242298 242320 -22 ("F)'H 62 3F,. 5/2 96 
255459 255464 -5 (IOJ'G 81 ID,,5/2 81 
258855 258886 -31 (3F)'F 82 3P,,5/2 82 
266653 266624 29 ('G)'H 99 'G,,3/2 81 
266597 266646 -49 ('G)'G 99 I G4, 5/2 81 

11/2 239112 239109 3 (3F)'G 5] "F,. 3/2 75 
239240 239252 -12 (3F)'H 53 3F,.5/2 75 
240961 240932 29 (3F)'H 55 "F:., 5/2 99 
265544 265508 36 (IG)'l 100 IG,,3/2 87 
266637 266640 -3 (IG)'H 100 IG,,5/2 87 

13/2 238994 238922 72 (3F)4H 100 IF,. 5/2 100 
265590 265528 62 ('G)2J 100 IG,.5/2 100 

Average % .......... .. ...................... .. ........ ..... ..... ... .... .. . 72 68 

TABLE 7. Calculated energy levels and leading percentages for the 3d84f cohfiguration 

Levels (cm- ') O-C Leading percentages 
) (em-I) 

Observed Calculated (L,SI)JII[K] LS 

1/2 234531 234510 21 3F, [1] 100 eFrS 45 
236324 236319 5 3F3 [1] 75 C"F),O 45 
236371 236368 3 3F3 [0] 74 ("F),P 42 
237591 237586 5 3F,[I] 99 ("FrP 36 

251062 10, [1] 83 ('Or P 83 
254662 3P2 [l] 84 C"P),O 84 
260986 'G,[I] 100 ('GrP 100 

3/2 234427 234458 -31 3F,D] 84 ("F)'P 49 
234661 234649 12 3F, [2] 84 (IFrP 48 
236395 236405 -10 3F3[1] 71 ("F),O 36 
236485 236488 -3 3F3 [2] 71 ("F)'F 39 
237539 237563 -24 3F2 [1] 74 ("F),P 36 
237734 237733 1 3F2 [2] 74 ("FrO 41 

250942 102[2] 81 ('OrO 81 
251070 I02D] 83 ('Or P 83 
254178 3P2 [2] 72 ("P),F 87 

254673? 254681 -8 :l P2 D] 81 ("P)40 59 
254832 3P, [2] 79 ("PrO 61 
260953 'G,D]100 ('GrP 100 
261210 'G, [2] 100 ('GrO 100 

5/2 234491 234489 2 "F, [2] 88 ('F)'O 45 
234775 234771 4 3F, [3] 88 (3FrO 50 
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TABLE 7. Calculated energy levels and leading percentages for the 3d84 f configuration - Con. 

Levels (c m- ') 
O -C 

Leading percentages 
J 

Observed Ca lcul ated (cm- ' ) (L ,S,l/,I[K] LS 

23647] 236465 6 "F,, [2] 99 ("F),P 37 
236590 236588 2 "F,,[3] 99 ("F),G 37 
237674 237686 -12 "F2 [2] 72 (" F),F 36 
237831 237836 -5 "F2 [3] 72 (" Fr F 39 
250732 250778 - 46 '02 [3] 81 ('Or F 81 
250955? 250973 - 18 ' 0 2 [2] 82 ('OrO 82 
254126 254142 -16 "P2 [3] 45 (" P),F 80 

254384 "P2 [2] 46 ("PrF 74 
254794 254807 -13 "P, [2 ] 89 ("P), 0 72 

254907 "P, [3] 95 ("P)'G 69 
255133 "p. [3] 93 ("Pr D 50 
261199 'C, [2] 100 (' GrD 100 
261510 'C, [3] JOO (' G)2F 100 
296001 '50[3] 100 (' 5rF JOO 

7/2 234562 234566 - 4 "F4 [3] 94 (,F), 0 57 
234813 234802 11 "F4[6] 94 ('Fr F 53 
236512 236494 18 "F3[3] 93 (,F),D 3] 
236611 236607 4 "F3[4] 93 ("F),G 33 
237751 237761 - 10 "F2 [4] 79 (,F),H 54 
237815 237803 11 "F2 [3] 79 ('Fr G 47 
250734 250732 2 '02 [4] 69 ('Or G 69 
2508]8 250859 - 4J '02 [3] 69 ('Or F 69 
254132 254J03 29 "P2 [3] 65 (' P)' F 76 

25422J "P2 [4] 67 (,PrF 75 
254772 254737 35 "P, [4] 97 ("Py'G 60 
254927 254914 13 "1', [3] 98 (" Pr G 40 

255131 "Po[3 ] 96 (, Pr'D 50 
261563 261508 55 ' G4 [31100 ('Gr F 100 
261763 261798 -35 ' G4[4] 100 ('GrG JOO 

296004 ' £0 [3] 100 ('5),F 100 

9/2 234655 234674 - J9 "F4[6] 99 (" F)'F 68 
234775 234753 22 3F4[5] 99 (" F),G 58 
236537 236529 8 "F3[5] 88 (" F), H 45 
236550 236565 - 15 "F3[4] 88 (" F)'G 38 
237645 237613 32 :3F2 [5] 99 ('F)' I 78 
237779 237789 - 10 "F2 [4] 99 (l Fr H 44 
250734 250730 4 '02 [4] 8J ('O),G 81 
251000 250946 54 ' O2 [5] 83 (' OJ' H 83 
254031 254070 -39 "P , [4] 80 (3 P)'F 80 
254449 254508 - 59 "P 2[5] 83 (' P)2(; 55 
254784 254729 55 "P,[4] 94 (" P)'G 60 
261757 261800 -43 'C, [4] 100 (' G)'G 100 
261996 261966 30 'C,[5] 100 (' G)' H 100 

11/2 234681 234695 - 14 "F 4[6] 93 ("F)2H 46 
234717 234752 - 35 3F 4[5] 93 ("F)4G 69 
236419 236407 12 "F ,,[6] 100 C"F)2 1 55 
236532 236540 - 8 "F 3[5] 100 ("F)4H 42 
237641 237645 -4 "F2 [5] 99 (IF)' I 50 
251011 250949 62 'D2[5] 83 ('D)2H 83 
254468 254492 -24 3P2[5] 84 ("P)4G 84 
261820 261837 - 17 I G4[6] 100 (' G)'I 100 
261998 261969 29 I C4[5] 100 (' G)2 H 100 

13/2 234533 234553 -20 "F ,[7] 99 (" F)'I 67 
234671 234670 1 "F,[6] 99 (" F)'H 85 
236418 236403 15 "F 3[6] 100 (" F)' l 60 
261170 261159 ]] ' G, [7] 100 (' GJ'K 100 
261812 261843 - 31 ' C4[6] 100 (' G)'I 100 

15/2 234537 234520 17 "F, [7] 100 (" FT' I 100 
261168 26]]65 3 ' C4[7] 100 (' G)' K 100 

A ve rage 0/0 .. . .. .••.. •. . .. .••. . .... . .. ... ... ..... . ... . ... . . .... .. ..... . .... 81' 67 
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TABLE 8. Calculated energy levels and leading percentages for the 3d" 5g configuration 

Levels (em - I) O-C Leading percentages 
] (em-I) 

Observed Calculated (L,S,)J,l[K] LS 

1/2 257495 , 257407 88 3F,[0] 63 (3F)' P 86 
257491 3F,[1] 63 (3F)2P 73 
259319 3F3[1] 99 (3F)'0 61 
284186 I G, [Ol 99 (IG)'S 99 
284229 'G,[l) 99 ('G)'P 99 

3/2 257430 3F,[1] 69 (3F)4P 51 
257603 257584 19 3F, [2] 69 (3F)20 43 

259363 3F 3 [2] 90 ("F) 4F 53 
259433 259376 57 3F3[1] 90 (3F)40 33 

260612 3F 2 [2] 98 (OF) 2p 36 
273899 102 [2] 82 (' 0)20 82 
277499 3P2 [2] 83 (3F)'F 83 
284219 I G,[l] 100 (IG)'P 100 
284303 I G,[2] 100 (IG) ' O 100 

5/2 257489 257464 25 3F,[2] 74 (3F)40 53 
257672 257673 -1 3F.[3] 74 (3F) 20 37 

259411 3F3[2] 86 (3F)4P 34 
259470 259463 7 3F3[3] 88 (3F)4G 50 

260545 3F2 [2] 76 (3F)40 34 
260724 3F2 [3] 77 (3F) 2F 34 
273812 102[3] 79 ('O)'F 79 
273899 102[2] 81 (10)20 81 
277215 3P I [3] 57 (3P)4G 79 
277466 3P2[2] 81 (3P)4F 48 
277653 3Pz[3] 55 (3P)2F 50 
284291 . I G4[2] 100 (IG)20 100 
284410 I G4[3] 100 (IG) 2F 100 

7/2 257515 257506 9 3F4[3) 80 ("F)'F 52 
257668? 257701 -33 3F4[4) 80 ("F)2F 44 

259421 3F3[3) 98 ("F)40 44 
259505 3F3[4] 99 ("F)4H 45 

260633? 260625 8 3F2[3) 57 ("F)4G 36 
260741 3F2[5) 58 ("F)2G 39 
273724 102[4) 81 (10)2G 81 

273801 273843 -42 102[3) 82 ('O)'F 82 
277176 3P2[4) 28 ("P)4G 73 
277360 3P2[3] 33 ("P)' G 55 
277650 3PI[3] 58 ("F)4F 61 
277744 3P0[4] 90 ("P)4H 57 
277996 3PI[4] 78 (3P)2F 35 
284403 'G.[3] 100 ('G)2F 100 
284542 IG4[4] 100 ('G)2G 100 
318914 I So[4] 100 (IS)2G 100 

9/2 257574? 257546 28 3F,[4] 87 ("F)4G 46 
257626 257655 - 29 3F4[5] 87 (" F)2G 51 
259403? 259414 -11 3F3[4] 92 ("F)'F 38 

259480 3F3[5] 92 ("F)4 H 29 
260654 3F2 [5] 74 (3F)4! 48 

260676? 260684 -8 3F2[4] 74 ("F)2H 42 
273739? 273692 47 102 [5] 70 (,O)'H 70 
273807 273807 0 102 [4] 70 (IO)2G 70 

277141 3P2 [4] 49 (" P)4G 67 
277236 3 P2 [5] 53 (" P)'G 62 
277630 3PI[5] 69 (" P)4 H 49 
277727 3Po[4] 90 ("P)4F 48 
277986 3P,[4] 77 ("P)4F 39 
284539 I G,[4] 100 (' G),G 100 
284662 'G,[5] 100 ('G)2H 100 
318908 'So[4] 100 ('S)2G 100 

11/2 257531 257575 -44 3F4[5] 100 (3F)4G 60 
a 257556 257586 -30 3F4 [6] 100 (3F)2H 52 

259404 259415 -11 3F3 [6] 99 (3F)4! 33 
259418 259434 -16 3F3[5] 100 (3F)4G 35 
260591 260564 27 3F2 [6] 98 (3F)4K 79 
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TABLE 8. Calculated energy levels and leading percentages for the 3d8 5g configuration- Co ntinued 

Levels (c m - I) O-C Leading perce ntages 
J (cm - I) 

Observed Calcu lated (LISdJIl[K] LS 

260646? 260656 - 10 :l F2 [5] 99 (:IF)' 1 39 
273733 ? 273692 41 10 , [5] 82 (1 0 )' H 82 
273800? 273821 -21 10,[6] 82 (10)' ] 82 

277126 " P2 [5] 46 (:lP)<G 75 
277364 " P2 [6] 83 (:lP) ' H 60 
277605 3 PI [5 ] 59 (3P)4 H 61 
284662 I G. [5] 100 (IG)' HI00 
284702 I G4[6] 100 ( I G)2 J 100 

13/2 257540 257554 - 14 3F. [7] 99 ("F)'! 60 
257565 257586 - 21 "F. [6] 100 ("F)4 H 71 
259372 259335 37 "F" [7] 100 (3F)4K 52 
259404 259415 - 11 "F3[6] 99 (3F)4 1 39 
260591 260564 27 "F2[6] 98 ("F)'K 49 
273802? 273821 - 19 102 [6] 82 ( IO),! 82 

277364 3P2 [6] 83 (" P )4 H 83 
284572 I G. [7] 100 (IG)'K 100 
284702 IG.[6] 100 (1 G)' I 100 

15/2 257505 257460 45 3F. [8] 100 (3F)'K 71 
257540 257554 - 14 3F4[7] 100 ("F)41 84 
259372 259335 37 "F,,[7] 100 ("F)4K 60 
284098 284194 -96 I G4[8] 100 (IG)' L 100 

284572 I G4[7] 100 (I G)' K 100 
17/2 257505 257460 45 "F4[8] 100 ("F)4K 100 

284096 284194 -98 I G.[8] 100 (IG) 2L 100 

Average % ...... . ....... ... ........... ... ......... . .. . ....... .... .... ... . ..... . 85 66 

" The va lue of this leve l is 257556.45 cm- I. It was li sted in correctl y as 257566.45 em - I 
in S henstone's publication [1]. 

of the higher configurations on the basis of the rela
tive intensities of their transitions. His designations 
are usually in agreement with our calculations for those 
levels whose assign ed eigenvectors yield meaningful 
LS names. As examples of the nature of such dis
crepancies as exist, we have added a column to table 2 
for remarks on the designations of the levels. (Shen
stone draws attention to the (3d84d+ 3d74s2 ) group in 
this connection.) The eige nvectors for the observed 
levels in table 2 given without a letter in the final col
umn confirm the names assigned by Shenstone.5 

The letters in the final column have the following mean
ings: 

A. The leading component of the eigenvector indi
cates a designation different from that assigned 
by Shenstone. 

B. The eigenvector yields no theoretically satis-

!> Our conditions for a name are that the lead ing percentage be near 50 pe rcent or greate r; 
and for a lead ing percen tage near 50 percent . the second percent age must be signi fi cantl y 
smalle r (second designations clearl y less appropriate). and no other eigenvector should 
have a comparable leading perce ntage ( - 500/0) for the same designation. 

factory single-configuration single-term desig
nation.5 

C. Indicates pairs of neighboring levels whose 
eigenvectors might possibly be intercha nged. 

The low 3d8 (3F)4d 4p and 4D terms overlap , but the 
4D term is lower according to our calculations; thi s 
accounts for the first six "A" notations in the table. The 
several B notations for the} = 9/2 and} = 11/2 levels 
mainly arise because of the strong admixtures of 3d74s2 

2H components, which are so distributed amongst these 
levels that no level for either} value can meaningfully 
be assigned to this term. The very similar compositions 
of the}= 11/2 levels at 194033 and 197039 cm- I may 
be noted; these prevent a designati on for either level 
according to our criteria. 

5.2. 3d85p, 3d86s, and 3d85d. 

The results for these configurations are given in 
tables 4 , 5 , and 6. The leading percentage for each level 
is given in LS coupling and in a (L IS dJ d coupling 
sche me. The notations for the latter sche me have the 
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3dB parent level (in LS coupling) followed by the j 
value of the outer electron. Most of the levels have 
meaningful names in either scheme. The average purity 
in LS coupling is a little higher than the J J purity 
(3dB5p and 3dB5d) , or the purities in the two schemes 
are practically equal (3dB6s); the LS names are prob· 
ably more generally useful. 

Shenstone assigned some 25 odd levels to the 3d74s4p 
configuration [1]. We calculated this large configura
tion, but the results of the level fitting were inconclusive 
because of the lack of sufficient data. Shenstone 
assigned a tentative level at 232 990 · cm - I to 
3d7 (4F)4s4p (3PO) 2D~/2 and a level at 233286 cm - I to 
3d8(3P)5p·iD·~/2. The lower of these levels is closer to 
our prediction for 3d8 (3P) 5p 2D~/2' but we used neither 
level in the least-squares calculations. Although the 
good fit obtained for the 3dB5p levels indicates that the 
general configuration interaction with 3d74s4p is weak, 
the closeness of these two 2D~/2 levels might result in 
significant configuration mixing. 

5.3. 3dB4f and 3dB5g 

Shenstone pointed out that the level structure of the 
3dB parent configuration could usually be discerned 
in the pattern of the 3d8 ni levels. "In 5g the scheme 
[in which the parent J value is defined] reaches an 
extreme which makes it possible to identify some, but 
not all of the levels. In fact, the number of combinations 
of a level is reduced in most cases to just two ... " A 
small number of combinations is one effect of pair 

coupling and, as is evident from tables 7 and 8, the 3d84f 
and 3d85g configurations are best described by the J IL 
coupling scheme. The designations for this scheme 
have the 3dB parent level (L,,sl, andJd preceding the 
bracketed K value (obtained by coupling J I and the L 
vector of the outer electron) [8]. Shenstone was able to 
deduce LS names for the 4f and 5g levels in some 
accordance with the intensities of their transitions, but 
many of the LS designations have meaning only in that 
connection. Only two of the eigenvectors for 3dB4fhave 
leading percentages less than 50 percent in J Ii coupling, 
whereas there are 23 such eigenvectors in LS coupling; 
for 3dB5g, the equivalent numbers are 4 and 26. 
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