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A consistent quantum electrodynamics (QED) perturbation theory (PT) approach is
used for studying the spectra of heavy and superheavy multicharged ions. The Lamb
shift polarization part is accounted for in the Uehling-Serber approximation. The
self-energy part of the Lamb shift is accounted effectively with the use of the ‘exact’
calculation for H-like ions with point nucleus. The nuclear size effect is accounted in
the electric and polarization potentials. Calculations of spectra for Li-, Cu-like mul-

ticharged ions are carried out.

The present paper is devoted to studying
spectra of heavy and superheavy Li-like and
Cu-like multicharged ions within a consis-
tent QED approach with an accurate account
of the nuclear size effects and QED correc-
tions. A full review of heavy and superheavy
multicharged ions spectra calculations is
given in Refs. [1-7]. Let us describe some
specific features of our approach. The zeroth
order QED PT one-particle wave functions
are found from the solution of the relativis-
tic Dirac equation which can be written in
the central field in a two-component form:
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Here the fine structure constant o =1. To
take into account the nuclear size effect, we
fulfil the simulation of real distribution of
the charge in the nucleus. We set the charge
distribution in the nucleus p(r) by the

Gaussian function. With regard to normaliza-
tion we have:
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R is the effective nu-

Here y = 4/7rR2 ,
cleus radius. The Coulomb potential for the
spherically symmetric density p(r'R) is:
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It is determined by the following system of differential equations:
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with the boundary conditions:
Vet 0. R)=—4/(m);  p(0,R) =432 [Nz =32/ 3

The system of equations (5) includes the equations for the function of density distribution.
To take into account the polarization correction we use the Uehling potential. It is deter-

mined as a quadrature
[.2
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where g = ZSZ— According to Refs. [3, 8], we determine the asymptotics of the function C(g) in

two limiting cases:
C(g)— Ci(g)=1In(g/2)+1.410548 -1.037845¢
g—0

C(g) - G (g)=-1.8800exp (- g)/ g/
g >

The matching of the two limiting expressions for C(g) was made as follows [2, 8]:

(g) = Ci(e)C2(2)/(Ci(g) + Cale))

For the ground state of a hydrogen-like . w
ion the error caused by the approximation (8) - " (=1 N A
did not exceed 2-5% of the total polarization UMR) B U(r) édf P (r ) e U(r ) P (r ) '
shift over the whole range of variation r

Z =10+170. The corrected matching is: To calculate the self-energy part of the
~ T _ ~ Lamb shift we suppose that in an atomic sys-
C(g)=C1(g)C2(g)/(C1(g)+ Cz(g)) tem the radiative shift and the relativistic
- part of the energy are, in. principle, deter-
52 (g)= Co (g)f(g) mined by one and the same physical field. It

may be supposed that there exists some uni-

flg)=((1.1022/g -1.3362)/g +0.8028). versal function that connects the self-energy
L correction and the relativistic energy. The

The use of the new approximation of the self-energy correction for the hydrogen-like

Uehlmg. potential permits one to decrease the ions states was presented by Mohr (cf. [2]).

calculation errors for thl? term down to It has the following form:

0.7%. For specific calculations with a finite

nucleus it is necessary to turn from the 74

point Uehling potential to the bulk one. The ESg (H Z, nlj)=0.027148—7 F (H Z, nlj) (6)

mathematical procedure of the polarization n

potential distribution over the nucleus ball is T e o F are given at

expressed as follows: Z =10-110, nlj =15,25.2py5,2p35. These

U(r ]R): ] UQr -7 Dp(" N results are modified here for the states

In our calculation scheme we must only 1S2 nlj of Li-like ions. According to Ref. [2],
write out the differential equation for the for any ion with rlj electron over the core of
function U (riR), according to Ivanov- closed shells the sought value may be pre-

Ivanova idea [2]: sented in the form:
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Eg.(Z,nlj)=0.0271 48i: S nbj) fem™) (D

The parameter & =(Eg )1/ 4, Epg is the rela-
tivistic part of the bounding energy of the
outer electron; the universal function
f(&,nlj) is not dependent upon composi-
tion of the closed shells and the actual poten-
tial of the nucleus. The procedure of gener-
alization of the Mohr’s results [2] for the
case of Li-like ions with the finite nucleus
consists of the following steps [2]:

1) calculation of the values Ep and & for
the states nlj of H-like ions with the point
nucleus (in accordance with the Sommerfeld
formula); 2) construction of an approximat-
ing function f(&,nlj) and the appropriate
F(H|Z,nj) 7); 3) calculation of Ep and
& for the states nlj of Li-like ions with the

finite nucleus; 4) calculation of Egp for the

sought states by formula (47). The approxi-
mating function is determined as:

FEnl)= Xo+ X[+ X [£2 4 X3 /&

The parameters X, X1,X2,X3, are de-

termined by specially chosen four reference
points and more justified in comparison with
the method of expansion over the parame-
teraZ . Construction of the QED perturba-
tion theory is standard. The key moment of
our approach is checking of the fulfilling the
gauge invariance for the zeroth order QED
PT basis. We use here a consistent QED pro-
cedure, developed in Ref. 3, 51.

We have applied our method in the cal-
culation of the 1s(2)21},31j,4}j energy levels
for Li-like ions with nuclear charge Z=26-
92. In Table 1 the results of our work for two
lower transitions are compared with the
available experimental data as well with the
results of other calculations. In the region of
Z<36 all results differ from each other by the
means of account of the inter-electron inter-
action. In table 2 we present measured and
calculated wavelengths (in A) for transitions
in Cu-like ions of Pb and Bi.

Table 1. Calculation results for the energies of 2s1/2-2p1/2 transitions (in em™) in Li-like ions
A- multi-configuration Hartree-Fock-Dirac method; B- the relativistic perturbation theory over
the total inter-electron interaction; C — the expansion over the parameter 1/Z; D — the semiem-
pirical calculation; E - calculation within the relativistic perturbation theory with model zeroth

approximation; F — our data.

Z A B C D E F Exp.
data

26 393349 | 391582 | 391699 392034 | 392960 |392490 | 392003

28 428432 426635 426680 427179 427890 427453 426985

30 464248 462277 462994 463450 463085

36 576276 573251 575137 574550 574290 574380

41 675717 672100 671890

59 1099427 1094670 | 1094230

69 1396756 1389200 | 138820

79 1751903 1740100 | 1739875

92 2279524 2263600 | 2263490
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Table 2. Measured and calculated wavelengths for transitions in Cu-like ions of Pb and Bi:
A — experiment [1]; B,C, D- theory (calculations on the basis of Dirac-Fock multi-configuration

method [1], QED PT [5], relativistic PT [4])

Transition

A B C D

A B C D

4s°S1/2 —4p°R 2
452812 —4p°Py /2
4p°Rp -4d°Ds s
4p*Py 5 - 4d’Ds

104,94 103,9 104,6 104,7
42,349 42,22 42,32 42,33
35,181 35,20 35,19 35,19
57,751 57,77 57,76 57,76

102,55 101,52 102,2 102,3
40,394 40,24 40,30 40,33
33,775 33,76 33,77 33,77
56,272 56,25 56,26 56,26

447Dy, 5 -4fFs, | T 55,07 55,0555,04 | - 53,70 53,67 53,66
4d°Dg, 5 -4fF,, | T 62,46 62,39 62,36 | ----- 61,18 61,13 61,10
452S1/2 = 5p2P3/2 T T 912 9,10 | e emee- 8,72 8,69
45281/2 - 5p2Pl /2 Tt T 882 879 | -emm e 8,49 8,46
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EDEKT SAJEPHOTI'O PO3MIPY TA QED IIOITPABKH
IO PIBHIB EHEPTII BAJXKXKHX TA HAJIBAJKKHMX Li-,
Cu-NIOAIBHUX IOHIB
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[TocninosHu#t miaxin, akuit 6asyerscs Ha QED Teopii 36ypeHb, BUKOPHCTYETBCS st
BMBYEHHS CIIEKTPIB BaXKKMX Ta HaJABaXKHX GararoszapAAHUX ioHIiB. BiacHoeHep-
FeTHYHY 4YacTHHy NeMOIBCbKOro 3CyBY BpaxoBaHO eQEKTHBHO 32 IOMOMOIOIO
TOYHOro po3paxyuky H-moxibHux iowiB 3 ToukoBuM sapoM. [lomspuzaniitny
4acTHHY BpaxoBaHo y HaOmmkenHi Yerinra-Cepbepa. EdexT ckiHdennoro posmipy
sApa BPaxoBaHO B €JEKTPHYHOMY Ta noaspusauiliHomy noreHuianax. Ha mincrasi
METOJYy BHMKOHAHO pO3paxXyHOK CHEKTPIB BaKKHX Li- Tta Cu-nogiGHux
Gararo3apsaHuX iOHIB.
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