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Table 7. Electron Configurations of Atoms

“Fle- | Electron| Basic Ele- Eloctmn‘ " dac. o )
ment configu-| term Ei 3 ment configu-| term Ei. o=
retion ration
1H| Is 'S, | 13.595 | 51 Sb | 5s%p* | S, 8,64
2 He| 1s* '..} 24.500 | 52 Te | Ss'5pt | P, 9,01
3Li| 2 e 5,390 | 53 J 55'5p* 'P.. 10,44
4Be| 2 s, 9.320 | 54 Xe | 5s'5p* | S, 12,127
5B | 2% Py, 8,206 | 55Cs | 6s ‘S.,. 3,893
oS |22 | % M3 |En|m | B |
80 |20 | P, | 13614 | 58Ce | 4pest | W, | 69
OF 20200 | *Py | 17,42 [ S0P | 4Pse | o | gg
10 Ne | 2s°2p° '& 21,559 | 60 Nd | 4p6s* s -
1Na| 3 W | 5138 |61 Pm | apes | off
12 "f 3s* '} 7,644 l 62 Sm | 4/'%s? w’ 5.7
13 Al | 3s'3p P, 5,984 | 63 Eu | 4f6s* s’ 5,67
14 Si | 3s*3p* P, 8,149 ! 64 Gd | 4f5d6s* | +p' 6.16
15 P | 3s%3p* :S.l. 10,55 | 65 Tb | 4f5d6s* 'H...', 6.7 |
16S | 3s3p* P, 10,357 | 66 Dy | afgst | *1,, 6.8
AR E RS
19K | 4s 'g‘-,_ ::3::9 69 T; 4'%s* :’;“
2 Ca| 4 1S, 5,111 4165 "
Nec|awe | B, | O [DYIES | S | 2
2Ti| e | A" | 6.8 |00 | spee | F” | 7
23 V | s *F, 6,74 73 Ta | sd%st ‘F: 7.9
24 Cr | 3ds 'S, 6.74 | 2o w | saes | *D," | 7.98
25 M| 3dMs* | S 7432 L 75Re | 56t | 'S), | 7.87
26 Fe | 3d%s* *D, 7.8% | 76 Os | 5d%s® D, 8,7
27Co| ads® | *F,, | 7.85 [ 7T7Ir | ss6s | °F., | 9.2
28 Ni | adus i 7,633 | 78 Pt | 5d%s 'D, a._sss
29 Cul 4s 'Sy, | 778 DA | 6 s, | 9.2
30 Zn | 4s* s, 9,391 | 80 Hg | 6s 'S, 10,434
31 Ga| 4s4p P, 6.00 |81 TI | 6s%p P., 6,106
32 Ge | 4s4p® | °P, 788 |82 Pb | 6%p' | ‘P, 7.415
33 As| 4st4p® | S, 9.85 | &3 Bi | 6s%p S, 8.3
34 Se | 4stpt | *P, 9,750 | 84 Po | 6s%p* | P, 8.4
: :;r 4st4p* .P.,. :: .:;_ r 85 At | 6s%p* | P, 9,5
S,990 (] 1
Ski¥™ ,.Sﬁ i ::n 6ept | 'S, 10,745
s I r 7s S.,. 4.0
38 S | O S | 3692 | ggpa | 70 - s.m
39 Y | 4dss* *D, 6.4 ! o .
wze| W | o' | 68 |BAc | &7¢ | D,
- 8 . 1 2
41 Nb| 45 | ‘D, | 6.9 :?:: ;Uﬂff ;5
IR | B [ ]
8 Te 3 lo2u |spedars| ‘L 4
44 Ru | 4d'5s :F.. 7.5 93 Np | 5/'6d7s* OL:I
45 Rh | 4d'Ss F. 7.8 Luy
> 9 Pu | 5/7¢ F,
46 Pd | 44" S, 8.3 | g6 am | 57 <
ATAg| 5s 'S.., 7,571 - o
48 Cd | 5 1S, 8,991 | 9 Cm | 576d7s* | °D,
49 In | 5s%p . 5.78 | 97 Bk | 5pP6d7s* | *H.,
50 Sn | 5s'5p* P, 7.332 | 98 CI | 5/'7s* *,
99 Es | 5/"6s* L,

at first 3s, and then the 3p state. Thus, it continues up to Ar,

2

which corresponas to a configuration of 15825 2p033d3pb. Then the

process of filling states with n = 3 1is temporarlly Iinterrupted. In

the X anu Ca atoms tne added electrons occupy not tne 3d state, but
b ]

+ he - 1 | € nwne Ant A
the U4s and 457 states, wnlcn turns out to oe encrgellicCad
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tne above-mentioned properties of orbital moment can be ohtained
directly from (12.17). Also, determination (12.17) can be satisfied
by angular moments of other types, e.g., electron spin and angular
momentum of an electromagnetic field, which can ve presented in the
form (12.3). In contrast to (12.3) relationship (12.5) nas a general
character. During infinitesimal rotation né¢ tne wave function of a

system with moment J will be converted according to the law
¥=(1+id¢n))V¥. (12.18)

With help of permutable relationships (12.17) we can show that the

eilgenvalues of operators J2 and Jz are respectively equal to J(J + 1)

ana M
4""-',U+l)'l‘. 1Y = MY, (12.19)
where
& 3
l-."'. 1, -’-.2.....} (12.20)
~-J' J-'l J-zn e

Thus, in general J can take both integral and also nhalf-integral
values.

From (12.17) 1t also follows that

Vet i) Y=V U=+ M+ 1) ¥sus0, (12.21)
V=) Y=V I+ MU =M1 ¥iu-, (12.22)

and

UM+ V|1 IM =g VT=M T+ M 1),
M=\ [ L, | IMy =g VI T MHT—M 1),
IMA| L, | I =— 5 VT=MUT T M 1),
M—=1|1 | IM = GVT T MT—MT1).

Relationships (12.17)-(12.22) are a natural generalization of (12.11)

and (12.12).

In general tne eigenfunctions of operators J° and 5/ are nelther

spherical functions (the latter are determined only for integral values

-96-
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Thnus, instead of formulas (14.81), (14.84), (14.91), we will obtain
CLSMMg| TS| LSMLMg> = (— P M Lirhie) (4, 2., (14.94)
(, ) <YL,S,LSLSMM;| (T"' 1':) IY'L;S.L;S,LSMLMS) oy
= (—l)“*"";wt.uﬂuv't.')(ﬂ.nﬂu VLWL LLLLk), — (14.95)
“L lleIlesn rlIY'L;S 11153”8') s
== ) h T iy L) VELF DR T x
X WL LLL LK) (14.96)
«
| |
t. )
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Likewise, by edding a fourth electron to configuration 13 we
can repeat all reasonings and obtain a system of eguations for
determining fractional parentage coefficients (lB{V'S'L']:SLEIQSL),
etc.

This method allows us to comparatively simply calculate the

fractional parentage coefficients for the simplest configurations

Ln, namely for pn and dn. Subsequently considerably more general
group-theoretical methods of calculating these coefficients were
developed.®

Fractional parentage coefficients for a series of configurations

pn and dn, and also for terms of maximum multiplicity of configurations

S ¢
4

(n £ 7)” are given at the end of this section in Tables 18-33,
A1l these coefficients are real. |
Between coefficients Gg%L' for configurations lhl+2-n and 1"

the following relationship holds:
“UOI-I [S’L']ISL}I“""SL)-
- 1SS L -t

X ([SL)SLy i+ 8L, =
Thus, it is sufficient to calculate the coefficients G for

configurations 1™ withn s 21 + 1, i.e., for shells less than half

filled., Subsequently we will need the following property of
coefficients GgPL'=

@ o (SLYSLYSL) = A
' = (= IS e (st s, (15.36)

*[R IV]; for the remaining references see A, Edmonds, Angulsr
moments in quantum mechanics, collection "Deformation of stomic ’
nuclie," IT, 1958,

“Tables 18-24 are taken from work [R III]); Tables 25-28, from
work: R, Rosenzwelg, Phvs. Rev., 88, 580, 1952; Tables 29-33, from

work: G. M. Bukat, A, Z, Dolginov and R. A. Zhitnikov, Optics and
Spectroscopy, 8, ?85, 1960,
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Thus, the sought corrections to energy are determined directly
by matrix elements
(SLMM, |U|SLMM>. (17.8)
These matrix elements are determined by quantum numbers L, S and do
not depend on MS, ML’ since the electrostatic interaction of
electrons, as any magnitude characterizing an isolated atom, does

not depend on the orientation of moments L and S in space. Therefore

AE = (SLMGM, | U|SLMM)>, (17.9)
in which ML, MS are arbitrery.

In spite of the fact that part of the electrostatic interaction
of electrons is already considered in the zero approximation,
everywhere below U will represent the full expression for this
interaction

Umze Y Lae ) L. (17.10)

iza Tix el

This 1s connected with the fact that we are only interested in
splitting, i.e., the relative position of terms. The centrally
symmetric part of U is immateriel for splitting and appears only in
the shift common to all terms.

2. The Slater Method (method of sums of diagonal elements).

The first calculations of matrix elements (17.9) for a series of
two-electron configurations were conducted by Slater with help of
the known theorem of invariance of the track of a matrix, which we
abbreviate to the theorem of sums.

Let us give a short proof of this theorem.

Let us assume that the totality s cr functions wn and vi
constitutes two different sets of orthogonal and standardized

functions, carrying out different presentations of system so that

174-
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the nearest configurations is considered.

Table 34. Comparison of Experimental
Splitting on Terms in Configurations ' with
the Calculated

: R., Rexp (taking interaction
. Spectrum Configuration — & sonf £ co )
& rzr-.eatr‘ Riheor nto :.r;:':::tiov
om 2¢"2p* 0,76 1,15
ol 2s*2p* 0,76 1,16
o1 25%2p* 0,76 1,15
olv 2s2p* 1,30 1,30
onr 2s2p° 1,35 1.35
on 2:2p* 1,26 1.26
oV 2p* 2,11 1.50
ol 20" 2,13 1,53
oI 2p* 2,08 1,58

We must note that on the basis of such calculation we can make
only a negative affirmation about the roughness of the single
configuration approximetion. Selection of perturbing configuration
1s to a great degree arbitrary. For instance, from nowhere it does
not follow that during calculation of terms of configuration 2522p2
can we disregard interaction with configurations 2523p2, 2323d2,
95?;f2, Moreover, direct calculation shows that calculating these
configurations is considerably improves the results.? Thus, for
C I; NTII; O IIT we obtained R = 1.1; 1.2; 1.2 and for N I; 0 II,

R = 0.,5; 0,5.

Among the atoms with d optical electrons of greatest interest

are the atoms of the iron group, for which deflections from LS

coupling are still small and therefore the conditions for analysis

of experimental data are more favorable. The presently accumulated

‘For this matter see work: Ya. I. Vizbarayte, A. P, Yutsis,
Transactions of Academy of Sciences of Lithuanian Soviet Socialist
Republice, series B, 1, 17, 1959, in which the multiconfiguration
spproximation in the theory of spectra of isoelectronic sequences
of CI, NI, OI, is investigated in detail.
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cuestion 1s one about the type of coupling. This guestion is
discussed in § 20,

7. Perturbation of series. In some cases interaction of

configurations appears especially graphically in the so-called
perturbation of series. This effect appears during perturbation of
terms of one series by the presence of an outside term. A typical

example 1s perturbation of the series 3d*ap* of Cu, shown on Fig. 16.

1
T
As can be seen from Fig. 16, levels 3d"4s4p®p,, *p, are located between
» T
undisturbed positions of levels 34"8p'P, ,, 3"7p*P, ,, 3d"6p*P, ,. As
'y T Ty

a result just these levels are perturbed especially strongly. In
accordance with formula (17.72) the terms located above and below
the perturbed experience displacement of different signs. The

characteristic peculiarity of perturbation of series in the case

is conversion of doublet splitting of terms 34"6p*P, , and 3d"7p°p, ,.

v O
The distance between undisturbed positions of levels 34'6p°P, and
.

3d%4s4p’P, 15 less than between levels 3d"6p*P, and 34%s4p'P,. Due to this
T ¢ T i T
displacement level 34"6p®p, considerably exceeds the total quantity
hy
o' displacement of level 34'6p?p, and the initial doublet splitting.
T

An analogous cause explains the conversion of doublet 3d'"8p*P

From the considered example it is clear that interaction of
configurations can not only disturb serial regularities, but also
change the character of multiplet splitting.

Perturbation of series is conveniently characterized by the

dependence of' the difference n -n, from wave number of the term Gn
For undisturbed series this magnitude should monotonously decrease

during approach to the boundary of the series. The presence of a

-207-
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§ 19. Multiplet Splitting in a LS Coupling

1. TIntroductory remarks. In the theory of many-electron atom

relativistic effects can be considered by including the so-called
Breit members in the Hamiltonian (see paragraph 6 of this aection).
The best possible at present approximetion is thus attained. The
fsct is that already for two electrons there is no exact relativistic
esuation of the same type as the Dirac equation for one electron.

L relativistic eguation for a two-electron system can be constructed
only with an accuracy of members on the order of (v/c)2 inclusively.
The Breit equation is such an equation. BEesides effects of the same
type as in the case of a single electron atom (dependence of mass

of electrons on speed, spin-orbital interaction proportional to lisi)
the Briet equation contains a number of others, in particular, the
interaction of spin of one electron with crbital motion of an other;
interaction of magnetic moments of electrons; effect of delay of
electromagnetic interaction of electron charges. All these effects
are on the order of (v/c)2. Nonetheless we usually calculate fine

splitting taking into account only spin-orbital interaction

'-zl r)is;. (19.1)

This is connected with the fact that for atoms of elements located

in the middle and at the end of the periodic table interaction (19.1)
plays the main roll (see the last paragraph of this section)., For
tnis reason in a large number of cases the simple approximation (19.1)
15 sufficient for purposes of systematizing spectra, since it
correctly transmits the qualitative peculiarities of splitting.
lasileally the light atoms are exceptions. For instance, expression

(19.1) is absolutely insufficient to describe fine structure in the

-221-
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the help of soms method of approximation., As a rule, this is a very
complicated problem. Therefore in a number of cases for appraisals

we use a simple, semiempirical formula, founded on graphic,
quasi-classical presentations. The effective field U(r) for an optical
electron at large distances coincides with the Coulomb field %;.

where %F‘is the charge of the atomic remainder, but & small distances
it can be approximated by the Coulomb field -EF . This allows us

to put

T = 2e(3). (19.17)

s

An appraissl of the relative time an electron stays in fields ;-7-

shows that in the first approximation we can keep for
factor QQ in (19.17) the same expression as in the case of the
hydrogen atom, replacing g by Z'i « Thus,

nz

St =“‘mk’-

(19.18)

The number Za determining the effective charge of the atomic
remainder, for neutral atoms is egual to 1; for single-charge ions, 2,
etc, The effective principal quantum number n, is determined from
experimentally known values of terms (see § 9). It is somewhat more
difficult to select the value of Zi' Substitution of experimental

in (19.18) shows that, as a rule, for electrons

l

2y =2 = 4 and for d electrons Zi ~ 7 - 11. A presentation about

values of (
n

the accuracy to which it is possible to calculate with such selection
of Zi is given in Table 56. This table gives values of Zi determined

Trom experimental values of fine splitting of np levels.?

‘R. G. Barnes, W. V. Smith, Phys. Rev. 93, 95, 1954.
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: G g . + » . : a
._“;' is the fine structure constant; e,=— The magnetic field
created by the intrinsic magnetic moment of an electron ®,=—2ug4,

is determined by expression
0)=2{s— (23.20)
H,( )"'?“ 3(sm)=}, 5
where n is a unit vector directed along r. From (23.20) it follows
that
W, =—a, {Is— 3 (sn)(/m)}. {23.21)

Thus, the full expression for the energy of interaction of nuclear

magnetic moment with an atomic electron has the form
W=all—a,{s—3(sn)n} /. {(23.22)

Will start from consideration of the single electron problem. In
this case to calculate the energy of splitting we must average

expression (23.22) over state 2jIF. Using the results of § 14, we
will write (see (14.52) and (14.61)) the second member in (23.22)

in the form

—a.VﬁE.(—n'u_:'xs'l'.l-,- (23.23)

Therefore
CSUIFM| WS IFM Y = a > (—1Y* = F(NNID(stl st —

—VI0(SHUIC X s''listp)} WljI: - F1). (23.24)

The given matrix elements contained in the right part of (23.24)

are determined by formulas (14.42), (16.67) and (14.76); the 9j symbol

in (14.67) can be calculated with the formulas given in paragraph 3

of § 20. Comparing (23.24) with (23.2), we obtain

l(l+l
A=ca> it =a'n(2) G . (23.25)
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