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A semiempirical correction term, proportional to the ‘‘seniority operator” Q, is introduced into the Slater
formulas for the configurations 3d"4s* of the second spectra of V, Cr, and Fe. The agreement with the
experimental data, obtained by least squares, is improved by about 20%. The physical meaning of this

correction is discussed.

T was pointed out by Trees! that the agreement be-
tween the theoretical formulas of the Slater ap-
proximation and the experimental data in the dbs
configurations of Mn 11 and Fe 111 is greatly improved
by the addition of a correction term of the form
aL(L+1), and it was later verified that this correction
is also very important in many other spectra of the iron
group.

This effect was explained by Racah?3 by the assump-
tion that the deviation from the theoretical formulas in
the n-electron configurations are the sum of the devia-
tions of the interaction of each couple from the corre-
sponding formulas. Such an assumption seems strange
at first sight, but it was already shown by Bacher and
Goudsmit* that additivity is to a good approximation a
general property of most configuration interactions.

As the configuration d? contains five terms, which are
expressed by three Slater parameters, one can introduce
two correction terms a¢;(L) and B¢2(L), where ¢; and
¢s are arbitrary functions of L, in order to represent
exactly the terms of d2. Without any loss of generality,
we may represent the deviations from Slater’s formulas
in @ by

W (@) =2a(li-1)+Bqze,

where g1, is the “seniority operator” of two particles.
The additivity assumption now gives:

sW (@)= X [2a(li-1)+Bgir]=a[L(L+1)—6n]+B0,

<k

where Q is the total ‘“‘seniority operator.”s

The first term on the right side is, apart of an additive
constant, the L(L+1) correction of Trees. The second
term, B0 (which we call the “Q correction”) was
generally neglected because Q is considerably different
from zero only for the higher terms of every configura-
tion and was expected to vanish or to have very small
expectation values for almost all the terms which are
experimentally known.

The authors of the present paper have recently com-
pleted a systematic treatment of the low even con-
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figurations of all the second spectra of the iron group.®
In this treatment the interaction between the three
neighboring configurations 3d?, 3d"'4s, 3d"24s? the
spin-orbit interaction and the L(L+1) correction were
taken into account, as well as the possibility of using
different interaction parameters for each of the three
configurations. In the last stage of this work it was found
possible to fit all the interaction parameters into simple
interpolation formulas. In this way 650 levels of 11
different spectra (405 of them experimentally known)
were calculated with the use of 25 interpolative inter-
action parameters only. The final mean error was 229
cm™, while the maximum breadth of the configurations
treated exceeds 100 000 cm™. In this way it was pos-
sible to get very reliable answers regarding the im-
portance of the various improvements, and the con-
clusions are very definite. All the three improvements of
the electrostatic approximation are very important in
the second spectra of the iron group. Similar treatments
of the first and third spectra (which are almost com-
pleted by now) lead to similar conclusions.

After finishing this work® it seemed worthwhile, for
the sake of completeness, to try also the Q correction. In

TaBLE I. Parameters of V 11— (3d+44s)t.eP

Diag. L.S. Ia L. S. ITa
A4 13 484 13 5114160 13 5834125
S’ 4877 48054185 48024146
S 28 955 28 3634478 28 236373
B 641 64846 6525
B’ 746 73946 75145
B” 851 830* 850*
C 2154 2152426 2220423
c’ 2629 2625431 2696423
c” 3104 3098* 3172*
G 1616 160031 1577425
H 133 13047 13646
« 55 5243 4343
¢} 0 .- —3344£53
¢ 123 125451 118440
¢ 159 228455 20643
fdd 195 331* 294*
A e +240 +186

a Primes and double primes refer to the configurations d»~!s and d»~2s2
respectively.

b Parameter values indicated by an asterisk were not free to change
arbitrarily in the least-squares calculations but were forced to remain in
linear progression with the corresponding ones of the other configurations.

( 6 G. Racah and Y. Shadmi, Bull. Research Council Israel 8F, 1
1959).
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fact in the iron group many of the higher levels are also
known. Furthermore, an examination of the eigen-
vectors of the calculated levels showed that even in
some of the lower levels the expectation value of Q was
not negligible at all, and therefore these levels could also
be influenced quite considerably by the Q correction.
In order to be sure of the physical meaning of our
results, we tried the Q correction in the spectra of V 11,
Cr 11, and Fe 11, which have the greatest number of
experimentally known levels. For these spectra we com-
pared least-squares calculations without ) correction
(“L.S.I”) with least-squares calculations where the new
parameter was allowed to change freely (“L.S.II").
The least-squares calculation referred as “L. S. Ia” is
identical with the final least-squares calculation of the
previous paper.® All the least-squares calculations are

TasirE II. Terms of V 11 considerably changed by the Q correction.

Conf. Term J L.S. Ia L.S. IIa
dt 15 0 61 432 60 468
d2s? 15 0 76 415 75435

TABLE III. Parameters of Cr 11— (3d-4s)5.2

IN SPECTRA OF Fe GROUP
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TaBLE IV. Terms of Cr 11 considerably changed by
the Q correction.

Conf. Term J L.S.Ib L. S. IIb
dis (3F)2F 7/2 59 819 59 390
5/2 59 847 59 419

db 2D 3/2 67 828 67 275
5/2 67 833 67 271

dis (1Srs 1/2 96 082 95 027
d3s? 2D 5/2 103 474 102 985
3/2 103 603 103 126

which their calculated values changed because of the Q
correction by more than 400 cm™ are given in Table II.

The symbols for the parameters are the usual ones;
primes and double primes refer to the configurations
@™ 1s and d" %, respectively. Parameter values indi-
cated by an asterisk were not free to change arbitrarily
in the least-squares calculations but were forced to re-
main in linear progression with the corresponding ones
of the other configurations. For detailed definitions, see
the previous work.$

Cr 11— (3d +4s)8

Diag.  L.S.Ia L.S.1b L.S.1a  L.S.1b In these configurations 48 terms are predicted,
é 24479 24 450266 24 470281 24 201 4241 24 179 4240 spllttlng into 119 leVe].S. 91 leVelS belonglng to 36 terms
* 11009 106124316 10486+331 108164282 10 801282 - 4 2
S alsi0 a1SnIals aisSIEes @i g are reported in reference 7. The terms ¢*P and b?P are
+ + + +
B 805 80516 79816 803 +5 800 5 not complete.- . .
B 910 909% 895% 908* 902% In the previous work some configuration assignments
2514 249026 2490 27 2571 £28 2580 27 N T A
¢’ 2932 2968 +22 207023 3017 £22 3024+21  were changed. The terms ¢2G and ¢2D differed by more
C" 3350  3446% 3450% 3463*% 3468*% 2 . . .
G 1605 158826 1593 +28 1576 24 1577424 than 13000 cm™ from their predicted positions, and
H 111 11318 11148 11217 11127
a 59 5843 58+3 S0 03 T Caleulated valucs of g 4F in C
—267 —297+ 'ABLE V. Calculated values of d% *F in Cr 11.
¢ 184 212480 214485 188171 185 171 v
¢ 227 212 142 212 142 105137 103137
¢ 270 212% 210% 202% 201%
Observed
A e =260 +277 =231 =+231 J (“e2G”) L.S.Ia L.S.Ib L.S.IIa L.S.IIb
a See footnotes to Table I. 3/2 55242 55081 54 811 54713
5/2 55250 55090 54 819 54721
. . . « . 7/2 54 444.19 55250 55091 54 821 54724
based on the linear equations obtained by the “general 9/2 5467895 55235 55078 54812 54716
diagonalization” of the previous work.®
V 11— (3d +4s)* TABLE VI. Parameters of Fe 11— (3d+4s)".2
The plje(.i1cted terms of these conlegu%'atlons are 37. Disg. L.S.Ia L.S. Ib L.S. Ila L.S. IIb
They split into 81 levels. In the compilation by Moore,”
; s A 13741 13756143 13761130 137854128 13 792:£125
30 terms, which split into 70 levels, are reported. In the S lzom ifen0iir 120ks 0TS 122204171
i i i . S” 45660 455584587 46021538 45762519 275 &
?revm(;xs ﬁ?pfﬁ som;el changes 1nda551tg1(11n}enthwere per 3 oo 358 31113 ieee S8 3
rmed. ese nges are adopted in resen ’ 923 918 5 925 £5 926 +5 =+
orme t changes are p the present 2, 0% 10264 1030% 1037% 1050%
work. ¢ B Ems Ziw mow i
- o 25 £2 9012 + +
InL.S.Iwegotameanerrorof 240 cm™. InL.S. II, ¢~ 3312 3306+ 3749% 3812% 3751%
the insertion of the Q correction reduced the mean error § ~ '585 157720 1ssokad  1S7E23 15%} ig‘;
-1 a 68 7424 78 +£4 68 -4 1+
" Ihe velues of th i the var e | e sas g EE
¢ + + = *
e values of the parameters in the various steps of ¢, 357 36875 37068 37866 /133
the calculation are given in Table I. Those energy levels ¢ 467 468% 460% 490% 481%
a e +302 +£271 +266 +222

7 Atomic Energy Levels, edited by C. E. Moore, National Bureau
of Standards Circular No. 467 (U. S. Government Printing Office,
Washington, D. C., 1949), Vol. 1; ibid, 1952, Vol. 2.

s See footnotes to Table I.
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TaBLE VII. Terms of Fe 11 considerably changed by
the Q correction.

RACAH AND Y.

Con. Term J L.S.Ib L.S. IIb
dss? p 5/2 57032 56 451
3/2 57 106 56 521
1/2 57185 56 588
st ) 5/2 70 500 70 005
3/2 71 040 70 618
ass? o 7/2 72 402 71780
Ry 5/2 73 144 72 607
dos? ip 9/2 73 451 72947
7/2 73 501 72 996
spyep 5/2 73 540 73 061
3/2 73 657 73173
dss? 7 9/2 76 613 76 005
11/2 76 956 76 235
d%s asys 1/2 97 808 97 076
dos? 9)) 5/2 125911 125 068
3/2 125 951 125 116

were not included in calculation. All these changes were
adopted as a starting point of the present work.

In L. S. Ia the mean error was 260 cm—. The intro-
duction of BQ in L. S. ITa reduced the mean error to
231 cm™. In a detailed examination of the result of
L. S. ITa it was found that the calculated values of ds *F
(the experimental values of which are not reported in
reference 7) changed very considerably, so that we could
fit to it the 2 discarded levels of the so called €*G. The
least-squares calculation was therefore repeated with
the addition of these two levels. In L. S. Ib (without Q)
the mean error increased to 277 cm™. While in L. S. IIb
(including the Q correction) the mean error remained
231 cm™. So, the re-inclusion of the two discarded
levels was justified. Thus L.S.Ib and IIb must be
considered the final; and the Q correction reduced the
mean error by 46 cm™.

SHADMI

The values of the parameters in the various stages of
the calculation are given in Table III. Those energy
levels which their calculated levels changed because of
the Q correction by more than 400 cm™ are given in
Table IV. The values of the above-mentioned d% *F in
all the stages are given in Table V.

Fe 11— (3d +4s)"

In these configurations 48 terms are predicted,
splitting into 119 levels. 84 levels belonging to 32 terms
are reported in reference 7.

In L.S.Ta we got a mean error of 302 cm™. In
L. S. ITa the mean error was 266 cm™.

The term d° ¢%S differed by more than 1000 cm™
from its calculated value. In L. S.IIa the difference
even increased. We repeated the calculations without
this level. L. S. Ib gave a mean error of 271 cm™! while
in L. S. ITb the mean error was 222 cm™.

The values of the parameters in the various stages of
the calculation are given in Table VI. Those energy
levels which their calculated values changed by the
influence of the Q correction by more than 400 cm™! are
given in Table VII.

CONCLUSION

The Q correction reduces the mean error by about
209%. This is not a change of the order of magnitude,
but nevertheless not a negligible one, if we consider that
we are dealing with spectra with a very large number of
experimentally known levels.

The meaningfulness of this correction is also con-
firmed by the consistency of the results in the three
different spectra. Not only the values of 8 are practically
equal in the three spectra, but also the effect of the
correction on the other parameters is the same: the C’s
increase, a decreases, and the other parameters do not
change.



