. e
" 1T U 1T Y 0
A0EPHOM O®U3NKKM COAH CCCP

[IPEIIPUHT U A ® 78-15

! 0.p.Sushkov, V.V.Flambaum, and I.B.Khriplovich

STRONGLY FORBIDDEN M1 TRANSITIONS
 AND g-FACTOR ANOMATLIES
IN HEAVY ATOMS

Hosocubupck
1978




- STRONGLY FORBIDDEN M1 TRANSITIONS
AND g-FACTOR ANOMALIES
~ IN HEAVY ATOMS

0.P.Sushkov, V.V.Flambaum, and I.B.Khriplovich

Institute of Nuclear Physics 54
Novosibirsk 90, USSR )

abstract

New mechanism for the. origin of atrunglj' forbidden M1
transitions and corrections to g-factors in heavy atoms with
one aiternal.eleqtrnn is pointed out. The axpreaginhs for these
quantities in the case of external s or p electron are obtained.

Numerical calculations are presented for cesium and thallium. _'




1. INTRODUCTION

The question why g-factor of an atom with one external elec-
tron deviates from that of free electron was under active discus-
sion many years ago at the time of the first measurements of ano-
malous magnetic moment of electron’ '~/ , Strongly forbidden M1
transitions in heavy atoms attracted attention recently due to
the attempts to detect in them parity violation caused by wezak
interaction between electron and nucleus’ 19/ -

The experimental values of g~factor anomalies in_alkalisquf
=13/ are presented in the Table 1. In light atoms the corrections
to g-factors are almost constant, but in heavy ones they change
sign and increase rapidly with Z. Therefore, one may conclude

Li Na K s Rb Cs

7 3 11 19 37 55

$ga0%  -0.173t  -0.217+ -0.241%f  0.127%  2.218%
$0.024  +0.024  *0.022  $0.020  +0.024

Table -1

- that the correction to g-factor in light and heavy atoms is &u&

to different mechanisms. It is well known that to explain this
anomaly in light atoms it is sufficient to take into account
relativistic effects anlyfq#'15f. As to the heavy atoms, it was
conjectured long ago that here large contribution is given by
interconfiguration interaction together with spin-orbit a::nrma‘"lr {
It was natural to think that the last effect is essential also




for strongly forbidden M1 tramsitions in heavy atoms’ >/,
Namely, in the rufsﬂ‘;5'&ftha corrections of the fourth order
were considered: of the second order in Coulomb mixing of
configurations and of the second order in spin-orbit interacti-
on. But the corresponding quantitative calculations were absent.
Therefore, the decisive argument im favour of this mechanism
was the fact that all other attempts to explain the effects
under discussion, say, in cesium, proved untenable. ,

However, when we carried out the corresponding calculations
for cesium, we found t0 our surprise that their result was about
100 times smaller than the experimental value. This disagreement
for cesium was noted also in the ref.f1?! with which we became
acquainted after this work had been over.

In the present work a new mechanism of the phenomena under
discussion is pointed out. They can arise not in the fourth or-
der of perturbation theory, but in the third one: in the first
order in Coulomb mixing of configurations and in the second or-
der in spin-orbit interaction. We have calculated g-factors of
the 634;2 state of cesium, Ep1f2 and Ep3f2 states of thallium,
as well as the amplitudes of M1 transitions Es1f2 - ?Bﬂfz in
cesium and Ep1f2 = ?P1XE' Bp1f2,_9pﬁf2 in thallium taking into
account besides the interconfiguration interaction usual rela-
tivistic corrections. We do not consider the corrections caused
by hyperfine interactien since their calculation is trivial and
besides that they can be separated axpcrimﬂntallyf5’1?'19f.

2. g-FACTOR OF CESIUM . :

To explain the origin of g-factor anomaly in cesium it is
convenient to present the correction due to the interconfigura-
tion interaction as

F=<13-UL,125-20120p=-CFHL 252 D

In the IS coupling approximation the cesium atom has an external

(.

6s electron above closed shells, i.e., the ground state is 231 .
Fer the matrix element  -not %o vanish, it is nlcesaary'tufz
take into account the admizture to 231}2 of the states -itﬁ.Iﬁﬂ
both in the bra{jz =4/ and the katjg.;'uf} vectors. To do 1%, one .
should evidently, firstly, break the closed shnila, and secondly
switch on spin-orbit interaction which changes L. It was agsum- ’
ed in the refs.fqﬁ'b*sf that the shells can be.broken only by
Coulomb interconfiguration interaction. Thus the fourth order

of perturbation theory arose, ;

The principal point of the present work is the observation
that the shells can be broken also by non-diagonal spin-orbit
interaction by itself. It can be easily shown by means of second
quantlsatinn+formalism. Consider, e.g., the closed subshell 5p5.
Let 4, and (, be the creation operators of 5pq/, @nd 5p;,, ele-
ctron witl}‘ J:z =m . The wave function of the state Sp aiﬁgtha :
operator [, in jj coupling scheme are

P2 =h L3665 510> (2)
A : G v o g
[,=Z{imt g+ Ftedir)e$min]

~ : A
It can be easily showm that Z 1@2‘5{? as it should be for closed

snell. Spin-orbit intersction mixes different p-states

;d?gi:/fﬂﬁ)-f- i“'é;‘ }(pg>+_ b

L FE ~-F .
iy, 'y
i . (4)

f~’7’z)’=ff/’%)“-—& I6py )+
P B (87
Here ;,,fis radial matrix element of spin-orbit interactionm.

According to (4) the correct wave function will be obtained from
(2) by the substitution ' -

+ + ot S —
by = & *g:“i;é Y, g ‘_ta 7
> _




— o
where éghanﬁ.ﬁg'are creation operators of 6p,,, and 6ps,,
electrons. Taking into account that besides the terms written
down in the formulg (3), there is an analogous contribution of
6p electrons into Lz ) We get '

/ f@)"—L’{(‘? A 4?{‘5‘*44)‘3‘?"’)‘5)

Z(E,yEy)
Thsrufore, after apin—nrhit interaction is switchad on, the
wave function of a cloged shell inﬂeed is no more an eigenfun-
ctinn of the ngurntor L with 1=0. 1 But of course the expecta-
tion value of L vanishes: {'f/?"l’[ f-fP) J . For the matrix
element of Lh in the formula (1) to be distinct from zero, the

angular momentum of the excitation of a closed shell should be |
correlated with the spin of an external electron. It 1s'suffi-

cisnt for it to take into account exchange Coulomb interaction
of intermal electrons with an external one in the first order.
Hence the effect arises in the third order of perturbation the-
ory already: in the second order in apin-nfbit interaction and
in the first one in Coulomb.

Up to now we have spoken in the language of IS scheme con-
sidering spin-orbit interaction as purturbation. However, the

caleulation is much more compact in jj scheme with relativistic

radial wave function where the effect arises formally in the
£irst order of perturbation theory. In this approach it is suf-
ficient to take into account the admixture by exchange Coulomb
interaction of states with an excited internal electron to bra
or ket vector in the matrix element (1). The corresponding
correction to g—factur

el i G2t bsyreltarzs,ind]jes>
né%;;‘ RS f;n{; *Eigﬁ

_1j— G.Zelevinsky turned our attention to the fact that the saﬂn

effect leads to presence of paranlgnatic .contribution.to the:

magnetic susceptibility of inert gas. Thia qpastinn is cunaidu—
red in the lppnndix ﬂ. E o =

(a}_

where n,l,j,;j5 refer correspondingly to prinecipal quantum num=-
ber, orbital angular momentum, total one and its projection for
an electron. The states/nljj, ) lie below 6&s, and [ n’1j 35}abnva
it. The matrix element <n’lj JZIL +28 /nl;g >-at n # n’ vanishes
if j = j°, and does not vanish alruady in the first order in
spin-orbit interaction at = T = 21 - 719/ (the fact that inm
heavy atoms it is not suppressed too much was discovered previ-
ously in the ref,f19f by means of numerical calculations). It

can be shown that v
x3)=);

Bfelte 25,1 je> == T 77 ifing 2

Here o,/ JH' ‘is the integral of overlapping of the correspon-
ding ra 1 wava functions, In the first order in spin-orbit
caupling (see (4))

.;14ﬂ? :
1ty = ~Anlindr = 7’) (/-f v i 48)
/ / / ¢ )ﬁ}/*é,z
Now it can be easily seen that the expression (6) is indeed of
the second order in spin-orbit coupling. The correction to g-

factor of the grnund state of cesium found in this way is

: : /{./1;;) 4.(6? #4;6'5;-’!4')
442, :

Fa ‘)‘-, F) . : :
wl GOV By =B ”/aﬂ/f -

Harh is an exchange Coulomb intagral

; (0,6 ¢,d) = [0 402 e fn) 5 5" é/? /2‘;_. | (10).

£(r) is radial wave function. It should be noted that in the

fnrmulg (9) the dependence of 4 on j and ﬁ'(i.e., on spin-orbit
ﬁntaractiun) is essential no less than that of denominator Enlj;
- B '1j ;

Humarical calnulatian in an uffcctivu putenti&l (aen the
Appendix 2) with the formula (9) gives

§,=366-1077 i




Consgider now other mechanisms contributing to the correc-
tion to g-factor. Firstly, there are relativistic corrections
to the magnetic moment operator of an external electron. Seco—
ndly, magnetic interaction of an external electron with inter—
nal ones. And fimally, the mentioned above contribution of the
fourth order of perturbation theory connected with the inter-
configuration interaction.

Relativistic wave function of an external electron is

4 "{*4" 2Ly,

2 o

| Ny

where _Qf“z is a spherical wave function with spin, 1°= 2 -1,
f(r) and g(r) are radial wave functions. Exact relativistic

expression for the magnetic moment of an external electron can
be reduced to :

F:,zf{/*z?);gff f’é'//f’?)ﬂc"?)d/? (13)

whare.f’:f—/)/'f”'(f'/’,,g), [ ] :-:__-!a! is the charge of electron. By

@ =
(12)

means of Dirac equation/ can be easily transformed to the form

where small corrections ('wﬂ‘z ) are separated explicitly (we
put h = ¢ = 1)

—>

M =-y“al’( szjﬁ = ﬂ_ f'?f) + i: gﬂé}/@y@]ﬁ f (14)

Here £ 1is the emergy and V(r) is-an effective potential. Nume-

rical calculation for cesium (withJ = - 1 for the ground state)

gives according to this formula
~ ¢

The correction to g-factor caused by magnetic interaction
of internal electrons with an external one arises from the dia-

; 4 £ ¥ ;
magnetic term f"‘iz in the Hamiltonian (41.1). In the present
mMe ' | ;

- — —= - — s
case Af%):ﬂgfﬂ)ﬂﬁ,{%{ where Aﬁ(a =jf[t‘7f?,«] is vector-poten-.
tial of extermal field, and_, _* o

E}(?)__._E__ __/Z“}_'-Ez(’?fzf?z)*z. C’;X?ff
& I Taamth D 3 wia 3
72 7 _ 2
is vector-potential created by an external electron being at
the point Tos The corresponding correction to magnetic moment

(16)

iz 0%, > i g .
Mea =5 S[A2XZ]) 17
is reﬁnced to : '
7 o [2(2+1)
Ml =3 11 375 e W) 18)

d 3 Dty e nes 2
W; =—ffﬂ(?,}‘2, ?;fﬁﬂ‘_’?, v u_{-c?, _in ?ff"?,ﬂ/?f

(4 o ke .
Here n(r) is the density of internal electroms, ag 1is Bohr
radius. The expectation value in (18) is taken with respect to
wave functions of external electron. In cesium for 68 electron
(¥ = = 1) numeriéal calculation by this formula gives

e '

e Do i 7 B e (19)

The same resulf may be obtained from the Breit Hami].tnniaﬁ gf
two electron interaction/>” by the substitution p—> P-£4,
§ Hg= ‘?W[i[f’l,f/ﬂg f‘fﬁ‘&?ﬁ; +(F[&,;@(ﬁ&)+(ﬁ{a;@.

(20)
R s P ; 7= 7,1,

It should be noted however that when calculating Jy by means
of Hamiltonian (20), one should drop in it the underlined term
corresponding to spin-orbit interaction of extermal electron
since it is taken into account already in the formulae (14),

(15).




The exchange magnetic interaction also contributes to g-
. factor correction as well as direct one. To calculate it one
should take into account all the terms in the Hamiltonian (20)
of course. For cesium with external s-electron the calculation
is rather simple and gives /
; 2
« ‘é ;

J‘Qﬁ% _;@ g'(s‘g,ﬂé £s, ff/) (21)

M .
Here are usual exchange Slater integrals defined above,
the summation is carried out over closed subshells., The numeri-
cal value of this correctiom is

~&
figfﬂﬁ £ 110 (22)

Thus, as it should be expected, the exchange magnetic interac-
tion is essentially smaller tham the direct ome (19).

The contribution to g~factor of relativistic corrections
and direct magnetic interaction was calculated previcusly in
the refs.”/?'®11?/  our results agree with those obtained in the
mentioned articles, : _

Give now an estimate of the mentioned above contribution
of the fourth order of perturbation theory when closed sub-
shells are broken by Coulomb interaction with an external elec-
tron only. There are many different types of excitationsg in
this order - those of one or two electrons from closed 8=y Py
d-subshells. We have carried out numerical calculations for the
excitation of one electron from p- and d-subshells, this contri-
bution being perhaps the dominating ome. Let us consider as an
example the excitation 5p—»6p discussed previously in the refs.
;15,5,5,4?/. Here again the calculation is more conveniently
carried out imn jj scheme where the effect ariges formally in
the second order of perturbation theory already. The correspon-
ding correction is

s

=243 /. éf -fﬁ’; * o é“a _1_4{ At 43 Gs _%{%i% 4f (23)

10

Here ' /
; s }f (€537, | 65,6P, )
' e
' lE%h@ liéﬂﬁﬁ Ty :
We stress that the Coulomb integrals é’ are different for Piso
and P3/o electrons. If one neglects this difference, the magni-

tude of the correction (23) is smaller by two orders of magni-
tude. It can be shown expanding in fine splitting parameter
The denominators and Coulomb integrals in (24) (the ‘integrals
are expanded by means of the formulae of the type (4)) that the
expression (20) is in fact of the second order in spin-orbit
interaction. The numerical value of the correction (23) is

e s :
SRR (25)
Thus, our calculations show that the fourth order contri-

bution does not exceed perhaps some percent of the third order
ong (see (11)). :

At the formal calculation of the fourth order contribution
besides (23) the term arises which is dependent on direct zero
multipole Coulomb integrals

it ' |
:‘5‘;(’{;3 gf)(;ﬂ ‘;Jf) - Ee(2E)

(24) -

where 7
o= LS 3P 65, 6Px)
(k& _

EJ?’@ ~ Eopuy ' -
It is evident, however, that this term should not be taken into
account since the integrals /7° are the matrix elements of sphe-
rically symmetric self-consistent field, and this field is taken
into account already when the Dirac equation is solved., It can
be easily shown, e.g., that the correction (26) is taken into
account already in the formula (9). Assume that the Coulomb field
of 6s electron is not included into the effective potential, but
is teken into account as a perturbation. Then the mixing by this

11




field of the states 5p and 6p will lead to the term

(F, =3 ) <Py 14425 [Py ) | | (27)

in the operator Mz (see (7)), and this term when inserted into
the formula (6) gives the expression (26).

Note that just the correction (26) without the account for
difference of Coulomb integrals for Dy and Pz/2 electrons

: rote 7%6,5,6,7/ 2497 1)

was considered previcusly in the refs. 3

Adding up all the calculated contributions (11), (14),
(19), we get '

§9 =805+ $4sel # 3G =3.2-10 "7 (28
Since our calculation of Coulomb integrals in the same for all
electrons effective potential is very approximate one, the ag-
reement with the experimental value’ ‘11'15"351 =2,18 107* appears
to be quite satisfactory.

Notve that by means of formulae (9),(14),(18) one can cal-
culate the correction §4 not only in cesium, but in other al-
calis as well. The qualitative dependence of this correction
on the atomic number Z (see Table 1) canbe easily understood.
In light atoms relativistic and diamagnetic corrections (14),
(18) dominate, and their contribution is negative. In. heavy
atoms from rubidium on the contribution of interconfiguration
interaction (9) becomes important, it is positive and increa-

ses rapidly with Z (gyufygf‘ }.

H}Dne of the authors(I.B.Ehriplovich) takes the opportunity
to note that an error in the preprint of his wark/ &/ wWas cor-—

rected by him after the acquaintance with the paper/ 5/ ‘

12

5. AMPLITUDE OF STRONGLY FORBIDDEN TRANSITICN €S, ,,
IN CESIUM

The amp}itude of M’} transition 63, 4o 784 /2 M, =
= {3,3,=1/2|M|3,3,=1/2) is calculated just in the same way as
the correction to g-factor. (We define M: in such a way that
in nonrelativistic limit M, —> - //4/(L,+28,). All radial wave
functions are assumed to be positive at r»0.) The contribution
of interconfiguration interconfiguration interaction is (cf.

\ : !
2 (ttes) Glesnfizsnfyed (2sagies nf)
My =59 2 (245 1)? £ 2
#ﬁr{/‘; g;{r‘ BT #;;,}' (29)
Kl ailf = =0 7610 4}/«5/ _
Relativistic correction to an amplitude of M1 transition of an
external electron 1(nlj)>2(n"1lj) is (cf. (14))

"rf:f‘/ :%g"}({f‘ﬁy/ j[ v 'fz_éj;ﬂ'@"#?éf)éfz ?1*{'4*-#’2)/4 ff? a5+
gt Sopa e (50)
1), f (Lt fedr) K 2 ?/

- 842

where K = a; o 3 (h=¢c = ’i}. The second term in the cu.fly bra-

ckets appeared from the expansion of the exponent in photon
wave function. For 651/2_" ?5,11,2 trangition in cesium ( ¥ =-7)

e ok :
Myt =8 1078 "JH,/ (31)

The contribution of magnetic corrections is calculated by means
of formula (18)

il o
My = 20570 [ /15/ _ (32)

Both ﬁ-?f/_ and /'f,{,'f,g are in agreement withthe results of refs.
/5+6417,21,22/ . All the other contributions to the M1 amplitude
are very small, as well as those to g-factor anomaly. The total
amplitude is y '

13




~4
LS fi=H Ma1 75 Ja= 1) = Myt Mool *Mdia = =063 [yl (33D

The experimental value”?"f is sz - (0,424 = 0.054}-10"4}/1&.{ &
Note that the ratio Hzfg S 0 repmduced by our calculation
with high accuracy.

4. g-FACTORS OF 6P, /2 AND 6P5 /2 STATES AND AMPLITUDES OF
STRONGLY FORBIDDEN M1 TRANSITIONS EP"U'E - “?ﬂfa {n = 7,8,9)
IN THALLIUM

In thallium for the correction to g-factor of the ground
state 61:1‘;,2 and for the amplitudes of M1 transition 6p, /2™ 8P4 /2
the mechanism of third order,principal for cesium, does not work
since , as it can be easily seen, Coulomb interaction cannot
cause a transition p"U'E'lu - P"I;‘E'la'

The contribution to I} of rei.at%vistic corrections to the
operator of magnetic moment of jom /2 8 calculated by formula
(14) at ¥ =1 ( the effective potential used by us is described

in the Appendix 2)

o 2 %
Jfgg/"'“?{,ﬁ?:*/ﬁ (34)
This value coincides with that obtained previously in ref."" 19/

The calculation by the formula (18) of magnetic interacti-
on of an external electron with internal ones gives

(M):.?.Z&?; (W) = Z'.Z?J_; %k:“?ffj‘ﬂ?mf (353

Our formula (18) does not agree with analogous expression obta-
ined previously in ref.’" 19 (remind that for comparison one
ghould put ¥ =1 in (18)). However, numerically this disagree-
ment is not too essential.

The calculation of exchange matrix element of magnetic in-

teraction Hamiltonian (20) is rather tedious. It can be somewhat

simplified if the angular part of the wave function of G?IZEE\

ectron

14

written as |p, Jo ) st (Fﬁ'),n‘s..' },2) - The final result for the
magnetz.c moment of the transition 6P, /2 = P, ,, is (M(n=6) =

‘*‘}"Hﬂ;‘z‘/g)

&5 L ;
f'i,mg =i /— 2lil-1) i[zrz/a/f) 2, 3/;;]; &

Ry “rlled- 2~ )(24-3) ) alez)aady)” lz) 22l

e Z(zfr.f{'—f) rér){/f,?) 304+Y 7 let gf{iz)/#z‘; /3
(2#3):’2/-# (2{+5) -?{.2’/+3) 4 C?/:"J,')(J/:F_f ;'

zr’/f/—-f) {] zé)() (Aﬂf/,z} [I/H' /:7 /(f;;z {I{f}?/j]

{E 1r3)(2/-7) (,?/ﬂjk.z('.y ﬁ'/ Nz /.i‘)
_ Y (36)
I _‘M{(?,,)// ,f (%), A}" 2/ /i@u? X ?,,,,a/?a"?

2= m _{s;g:éf“; )f}{‘,ff,}/ rg)/ﬂmjﬁ( (Q}Ji/p;/

0= JAd R 0 Sy ?W“’/? “’é’

1

is an usual exchan.ge Coulomb integral. NWote that the index

o can be here negative as well, Numericsl calculation by the
formula (36) gives : :

o
I ere = 41910 e (37)

Therefore, the exchange magnetic contribution to J} is by an
order of magnitude smeller than that of direct one.. As to the

fourth order correction, here it is emaller than 2"10'6. The
total correction to g-factor of the 6p, /o state is

§7= Sgret *SGia * Gereh =2 77077 - (8)

This value of §4 is in a good agreement with the experimen-

tal number/z'y J‘f = - 2.012(18) 10™* and is close numerical-
1y to the result of calculation 1%/,

The amplitude of M1 transition 6pq /2~% 7P4 f.?.. is also ca-

15




used mainly by the rélativis*t:ic and diamagnetic corrections,
their contribution,calculated by the formulae (14),(18) and
(36), being
. -4 A _ e
Moot 01710 Iyl } (W3 =462 ] (W= 0 47

#

o (29)
v e —
Midig 01720 Iyl ; Mogeg = =278 10" 1fls|

Here, however, of some importance are the effects of inte:pcon—
figuration interaction arising 11_1 the fourth order of pertur-
bation theory. Most important is pernaps the contribution of
the excitations 636131!2 - ng,mp. It is equal to

Hy=25 Mol S_[fcmin~tompafgmin 9-fingr; 7] -

MmZEN>6 (40)-

Anse] Glemfn) fixn; »f

"6, j mkzé
where M#K )
A ([, (8P4, 65 mMpy, NS
g@%wzé g

_ s
(= L L £

Eomy” Ges ~Eapy s

it ]
dnpr= [Lfds Tl
el . m,;: i,;,» : 7 _
Taking into account the inaccuracy in the value of Coulomb in-
tegrals mentioned above, we get from here an estimate }Itl4 =
= = (0.1 + 0.5)+10"?/Mg/ . Therefore, the calculated value of
+the transition amplitude is close to

i
My=2.9-77 Jrlg! 5 2o (41)

This value of M diffara. in sign both from the experimental one

M o=(=2.11% 0.50)-‘10'3/‘;’13” and from that calculated previous—
z : i :

16

E

ly M, = (-3.2 x 1)..10-5”,3/!‘19!_ However, it cannot be excclu-
ded that this discrepancy in sign is due to different definiti-
ons of the transition amplitude. Our definition of M, is given
f_e/afﬁ the formula (29). Unfortunately, we were not able to find
unambiguously with which sign is M_ defined in the vefs./8:19/,
The analogous calculation of other M1 amplitudes gives
MUEPy~8py) =078 10 py) _
| -4 (42)
Mtpy —9py) =0.72:77 "I Hal

As to the correction to g-factor of the state 6p3 /29 ¥he
contribution to it of the third order mechanism considered in
the section 2, is '

' ‘ (- vy /
£9, =~ 4 l-pledsy Ll )0ty oﬁ/{;nﬁf |
ﬁ Jﬂ!;';/(sz‘ﬂd?/?‘ﬂz} *(z/&g)‘}';ﬁ;)é é?__'z__;? '(4‘3}

AW,

According to numerical calculations

§4 =0 © L)

The relativistic and diamagnetic corrections are calculated by
the formalae (14) and (18) at ¥ = - 2

a— - -
$9rel * S9dta =-063-10" 203010 510110 a5

Usually our calculations overestimate Coulomb integrals for
the excitation of an electron from closed subshell by & factor
of 1.5 - 2.5 (see the above calculations for cesium and the
calculations of hyperfine structure for thallium, lead and bis-
muth in the ref.”?*'), In this situation, when considerable
cancellation between the contributions (44) and [45} vakes pla-

ee, We can give only a tentative estimate of this g-factor ano-

7




maly: iy, :
" 89 £ 174 Jas Ay

The experimental value of this correction is unkmown to us.

APPEHDIX 1 : _

Let us calculate the paramaénetic correction to the mag-
netic susceptibility of - inmert gas. It is well-known that the
Hamiltonian of an electron in a magnetic field {in the Coulomb

gauge divh = 'D} is transformed to

H *M ..p-%/('}"ﬂ -—--}..£ +!/I/£’/(z+jj‘)ﬂ+,_i (11 -1)
It is assumed usually that only the last term with 42 contribu-
tes to the magnetic susceptibility of inert gas 1aadin.g to dia-
magnetism. However, as it was shown in the section 2, if one
takes into account spin-orbit im;araction, the ground state of
an inert gas atom is not pure S,. Thare:fore, in the second or-
der of perturbation theory the term j/f,f(' Vi f.??) gives a paramag-.
netic contribution ~(2¢¢)¥ to the magnetic E’ﬂﬂﬂﬁptlbilitj‘ Real-
1y, using the formula (?}, we get easil;r

mil "-?5‘1!&)/ /e7) |d
zzf 2 f/(, gf’;;f/lé?‘:ﬁ:ﬁl (41.2)
/ '/ i _

~ The notatinns are the same as in (6} a.ud (7).

- LPIENDIX 2 : : _
For all our calculatinns in cesium we used the uffactive

. p@tantifll -/# |
Vi) = -2 "/ Chil o e )

18 Zz{h‘%_r /= 3.7dg , ﬂ/zﬁf’fz 2 7:‘?:'23“?;{

It is in fact the "Tietz" potentiasl /25/ in which we Introduce

. ehielding factor. At 26}}1’ : 72/ yields a gdnd approxi -

mation of Thnmaa-F&rmJ. patentia.lu

The potentisl (A2. 1)yields agreement between caiculate&
end observed values of energies snd fine splittings of all onme
particle states (including the stetes of inner eleotrons) to -
withing geveral per cente (We agsume that 50 /:I.ne splitting

- gquals to difference between jonization potentials of the 5/),;*.

and 5_}?& ‘electrons: E EJ?:&* ;_{-,,3;; -y 126/ Ye
In thall:l.m we use the pntential g:l.ven in ref. ’(19".'
= {z-—f/ % ?5" o o . (A2.2)
? — i R L
s (T ffyef‘ 4 N

_ - W
z=g7e -/:i;ﬁ:@., y:zﬁiﬁs |

This potential fits the emergy levels anﬂ fine splittinga with
an accuracy- to several per cent. : :
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