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Abastract

Many-body pertiurbation theory is used for relativistic
calculations of energy levels and of fine-gtructure intervals
for 20 lower states of francium. The zeroth approximation is
obtained by the relativistic Hartree~Fock method. The second
order correlation correctionse and Lamb-shifts are calculated.

The accuracy for the s,p and f energy levels is not worse than
0e5%e



ks far ap we know, untll now the position of the energy

levels of Pr has not been measured. {Only the wavelength of
transition 78-Tp,sy ds known /1/). On the other hand, there ig
the_pcsaihilitg of relatively exsct calculation of the position
of these levele with the help of many-body perturbation theory.
We have made such a calculation for Ce /2/. The position of the
8,p and f levels and the fine structure*(PS) of the p and f le-
vels has proved to be reproduced with an accuracy of 0.1+#0.4%
and with an accuracy of 142%, reapectively. Exception is the

J -states for which the correlation corrections are very lar-.
Ze. For example, the zeroth approximation (relativistic Hartree-
-Fock (RHF) method)gives the wrong sign of the FS. Taking into
account the second order correlation correction makes the situ-
ation much better, but the contribution of the higher orders,
which is not faken into account, turns out to be rether large
{54 : 3% for energy and 35% for the FS, 6d : 0.1% for energy
and 12% for the FS). Because the Fr atom is an analog of Cs,
the accuracy of determination of the position of eg,p and f le-
vels can be expected to be not worse than 0.5% as well. And the
position of d -levels can be corrected by extrapolating the
higher-order correlation corrections from Cs.

We are interested in the energy levels of external elect-
ron, which are counted from the boundary of continuous spect-
rum, i.e. from the energy of ion Fr'. Therefore, it is conveni-
ent to use the wave functions of an ion Fr', found by RHF me-
thod as the zeroth approximation for the wave functions of the
core of Fr. The wave functions of the states of externmal elec-
tron (for discret and continuum spectrum)are then calculated
in the field of the frozen core (approximation Y ). In
this case, the correlation correctinn zre calculated acccrding
to the formulas presented in /2/. The magnetic interaction snd
retardation for the external electron in heavy atom may be ne-
glected /2,3/. The radiative correction (Lamb-ghift) could be
significant in hesvy atoma because it increases fastly {N’EE )
as Z grows. There is mo difficulty in evaluating it.

The Lamb-shift for a highly-excited level of elect-

ron in the Coulomb field is proportional to the density of wa-
ve function at Z- 0 (to be precise, at 7 £ @s/Z) . For the
external electron in a heavy atom the loamb-ghift ip s2lgo deter-—
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mined by the region T <d;/Z s because the contribution from
the region T ~d, does not increases with # . In the region
* ¢ag/Z the Coulomb field ie no% shielded and the wave func-
tion of electron differs only by normalizat.on from the Coulomb
one f4/: . o
Ir;fi*r-o)l o (1-48)
tout (20)1*

AD

where $=p#-Y, n is the principal quantum number, Y is the effec~-
tive principal quentum number ( £=-Ry/¥% ). The Lamb-shift of Cou-
lomb levels S, and Py from Z = 10 to Z = 100 has Deen '
calculated in Ref. /5/. Using its results, one obtains:

ot Y, W ,
AE e = % {ysj (4 ?%)F{E”{) Ry (2)

where F{2«) is the function which is weakly 2Z -dependent

(and ie tabulated in /5/)s At 2Z = 87 F{2d) = 2.13 for Sy, and
F(2() = 0.26 for Py, « Unfortunately, we don't know F(2x)
for the other orbitals. However, the estimates according to the
nonrelativistic formulas, show that it is small. For example,
the contribution to fine structure is given by a formule

ALy i b ‘ (3)
AE,; - spin-orbit splitting. The contributions from the ze-
roth approximation (RHP) and the correlation corrections to the
lower energy levels and to the FS jntervals of Fr are presented
in Tables 1 and 2. In addition, Table 1 also presents the Lamb-
shift of s-levels. Tables 3 and 4 give the same contributions
for Os. For convenience in the comparison with the results
for Pr, the contributions to the PS of CS are multiplied by the
factor { Z(Fr)/ Z(cs) :}1 . It is seen that both the value of ener-
gy and the correlation correction in n+1 - level of Fr prove to
be cloge to those in n-level of Cse.

The celculated velue of the wavelength of transition
78-Tps, in Fr (A = 714 om) has turned out to be O.6% less
than the experimental one ( A = 717.97%0.01 nm /1/). It corres-

ponds to the error AE /E = 0.25% in the position of Te -level.
Proceeding from the known value of the wavelength of transition
78 - Tpy, and from the higher order correlation corrections in
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cg (remind that both the zeroth and second approximation in

Ce and Pr have proven to be fairly close), we have made an at-
tempt to refine the position of energy levels of Fr. The final
resulte for the states with Y < 5 are given in Table 5. The
levels 10s, 54, and 6f have been obtained by extrapolating the
correlation correction (it behaves like 1!;3 at large ) ). The
levels with Y > 5, not presented in the Table, are given, wi-
thin good accuracy, by the Rydberg formula. Calculation of the
position of 7s, Tp, 8p levels has been previously made in

Ref. /6/. In that paper the energy levels of Fr have been first
caleculated in the Hartree-Slater approximation (without taking
into account the correlation corrections) and then corrected,
proceeding from the calculated and experimentsl data on Cs, Ba*,_

" and Ra’t. Our results on the 7s, Tp, 8p levels coincide, practi-

cally, with the results from J6/

The authors are grateful to I.B.Khriplovich for his inte-
rest in the presented work and helpful discuseions.



. Table 1

Table 3
The values of energy levels of Fr,obtained by _
The values of energy levels of Cs, obtsined by the
Lamb-ghifts (cm™ "), We don't present energies of RHF methodscorrelation corrections to them and

J= €%  levels, since [E(j=¢-#)| . Lamb-shifte (on™ ')
=|E(y=¢*4)}{ + AF (F5) AE(FS)see in Table 2.

the RHF method, correlation corrections to them and the

\ REP Correlatinns Lamb-shift  Sum B -Byp oo
RHE Correlations Lamb=ghift Sum bs ~27926 _3514 28 =-31412 __5
78 -28704  =4297 77 32924 ' 7s  -12104 -820 7 ~12917  -45
| B8 “*315261 -935 19 B B -6790 -326 3 ~7113 -23
| 98 6851 ~365 T ~7209 | ~6p,,  -18388 ~1279 - -19667 8
Tpy, =17651 -1259 - -18910 Tp;,  =9079 -399 - -9478 -18
s G =395 * 9205 5dy, ~14168  -2150 - -16318 492
By, =I318 -187 ~ 5505 bds,  -7924 -856 . " -8780 -5
bdgy -13927 -2027 ” -15954 42y,  -6865 61 - -6916 9
Ta 5, -T748 ~TTT - -8525
Efﬂi -6367 -86 _ - -65573 Teble 4
Fine structure intervalslnf Pr, multiplied by
the factor [ Z(FO/ Z(es)]® = 2.502 (cm™ 1)
Table 2
Fine structure intervals of Pr, obtained by the
2 RHF Correlations Sum E . B
RHF method, and the correlation corrections to them _ . : EXR theor
(em™ 1 65 1011 380 1391 -5
7p 378 85 463 -10
RHF Gorrelatione Sum 54 55 212 158 86,6
Tp 1203 457 1660 bd 0.07 12 120 =125
Sp 430 116 546 4f -0.543 0.093 ~0+450 -0.003
9p 203 a7 250
6d -98.0 182.9 84.9
74 -21.4 115.3 93.9
|
5f -0.920 -0.024 ~0.944 ]
|
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Table 5

The corrected energy levels of PFr

Interval Interval
Te ~-3284 1 9s -7182
’i"::nj?SL -20568 Sf_r,‘,f51 -b952
Tp%i -18913 Sfiﬁ -6953
&d%& -16596 Qp%ﬁ -5754
~150 249
6dy -16446 93, . 9505
8a -13136 Edﬁm ~5280
. ~ 50

8p s -9745% 8d 52 -5230

540 _
Bp$i ~9205 10e =4540
Tday, -8614 ef -4439

90
Tds, =-8524 5 =4400

limit 0

T1e

2e

i 1
44
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