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HYPERFINE STRUCTURE PARAMETERS FOR Li-LIKE MULTICHARGED IONS
WITHIN RELATIVISTIC MANY-BODY PERTURBATION THEORY

Abstract.

The relativistic many-body perturbation theory with the optimized Dirac-Kohn-Sham zeroth

approximation is applied to calculation of the hyperfine structure parameters for some Li-like multicharged ions. The
relativistic, exchange-correlation and other corrections are accurately taken into account. The optimized relativistic
orbital basis set is generated in the optimal many-body perturbation theory approximation with fulfilment of the gauge
invariance principle. The obtained data on the hyperfine structure parameters of the Li-like multicharged ions are
analyzed and compared with alternative theoretical and experimental results.

1. Introduction

In last years a studying the spectra of heavy
and superheavy elements atoms and ions is of a
great interest for further development as atomic
and nuclear theories (c.f.[1-12]). Theoretical
methods used to calculate the spectroscopic
characteristics of heavy and superheavy ions
may be divided into three main groups: a) the
multi-configuration Hartree-Fock method, in
which relativistic effects are taken into account
in the Pauli approximation, gives a rather rough
approximation, which makes it possible to get
only a qualitative idea on the spectra of heavy
ions. b) The multi-configuration Dirac-Fock
(MCDF) approximation (the Desclaux program,
Dirac package) [1-4] is, within the last few
years, the most reliable version of calculation
for multielectron systems with a large nuclear
charge; in these calculations one- and two-
particle relativistic effects are taken into account
practically precisely.

The calculation program of Desclaux is
compiled with proper account of the finiteness of
the nucleus size; however, a detailed description
of the method of their investigation of the role of
the nucleus size is lacking.

In the region of small Z (Z is a charge
of the nucleus) the calculation error in the
MCDF approximation is connected mainly
with incomplete inclusion of the correlation
and exchange effects which are only weakly

dependent on Z; c¢) In the study of lower states
for ions with Z<40 an expansion into double
series of the PT on the parameters 1/Z, aZ (a
is the fine structure constant) turned out to be
quite useful. It permits evaluation of relative
contributions of the different expansion terms:
non-relativistic, relativistic, QED contributions
as the functions of Z.

Nevertheless,  the serious problems in
calculation of the heavy elements spectra are
connected with developing new, high exact
methods of account for the QED effects, in
particular, the Lamb shift (LS), self-energy (SE)
part of the Lamb shift, vacuum polarization (VP)
contribution, correction on the nuclear finite
size for superheavy elements and its account for
different spectral properties of these systems,
including calculating the energies and constants
of the hyperfine structure, deriviatives of the
one-electron characteristics on nuclear radius,
nuclear electric quadrupole, magnetic dipole
moments etc (c.f.[1-10]).

In this paper the relativistic many-body
perturbation theory with the optimized Dirac-
Kohn-Sham zeroth approximation [11-19] is
applied to calculation of the hyperfine structure
parameters for Li-like multicharged ions. The
relativistic, exchange-correlation and nuclear
effects corrections are accurately taken into
account with using the consistent and high
precise procedures (c.g. [11-17]).
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2. Relativistic many-body perturbation
theory with optimized zeroth approximation
and energy approach

The theoretical basis of the RMBPT with the
Dirac-Kohn-Sham zeroth approximation was
widely discussed [11-17], and here we will only
present the essential features. As usually, we use
the charge distribution in atomic (ionic) nucleus
r(r) in the Gaussian approximation:

p(dR)= (4y3/ 2/ Jn )eXp(— v )

where y=4/pR’ and R is the effective nucleus
radius. The Coulomb potential for the spherically

symmetric density 7( 7 ) is:
®)

2)
Further consider the Dirac-like type
equations for the radial functions F' and G
(components of the Dirac spinor) for a three-
electron system /s’nlj. Formally a potential
V(r|R) in these equations includes-electric and
polarization potentials of the nucleus, V', is the
exchange inter-electron interaction (in the zeroth
approximation). The standard Kohn-Sham (KS)
exchange potential is [13]:

(1)

Vnucl(r|R) = _((1/”)?‘1’”"”29(7"
0

0 L '
R)-i- jdrrp(r
r

Ve (r)y =~/ o3z p(r)]"”. 3)
In the local density approximation the
relativistic potential is [33]:

OE,[p(r)]

, 4
op(r) @

Vilp(r),r]=

where E, [p(r)]is the exchange energy of

the multielectron system corresponding to the

homogeneous density p(r), which is obtained

from a Hamiltonian having a transverse vector

potential describing the photons. In this theory
the exchange potential is [3,4]:

[B+(B"+]) ]_%}’ (5)

Vo) = VS ()- {% T

where B=[37"p(r)]”/c, c¢ is the velocity
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of light. The corresponding one-quasiparticle
correlation potential

V.[p(r),r]1=-0.0333-b-In[1+18.3768 - p(r)""1,

(6)

(here b is the optimization parameter; see
below).

The perturbation operator contains the rela-
tivistic potential of the interelectron interaction
of the form:

Vi) = C _:ciaj ) exp(iayr;) > (7)
i

(here a,,aare the Dirac matrices, w, is the
transition frequency) with the subsequent sub-
traction of the exchange and correlation poten-
tials. The rest of the exchange and correlation
effects is taken into account in the first two or-
ders of the PT (c.g.[3-5].

In Refs. [20-29] it was presented the effec-
tive relativistic formalism with ab initio optimi-
zation principle for construction of the optimal
relativistic orbital basis set. The minimization
condition of the gauge dependent multielectron
contribution of the lowest QED PT corrections
to the radiation widths of the atomic levels is
used. The alternative versions are proposed in
refs. [30-37].

The general scheme of treatment of the spec-
tra for Li-like ion is as follows. Consider the
Dirac-type equations for a three-electron sys-

tem g2 nlj . Formally they fall into one-electron

Dirac equations for the orbitals 1s 1s and nlj
with the potential:

V(r)=2v(rts)+ v (rnti)+ V. () + V(R) ®)

V(11R) includes the electrical and the
polarization potentials of the nucleus; the
components of the self-consistent Hartree-like

potential, V, is the exchange inter-electron
interaction (look below). The main exchange
effect will be taken into account if in the equation

for the 1s orbital we assume

W)= Vi s)+ Yefnlj)

and in the equation for the nlj orbital

)



V(r) =2 V(dls)

The rest of the exchange and correlation ef-
fects will be taken into account in the first two
orders of the PT by the total inter-electron inter-
action [13-17].

The used expression for p( 15) coincides
with the precise one for a one-electron relativ-
istic atom with a point nucleus. The finiteness
of the nucleus and the presence of the second 1s
electron are included effectively into the energy
Eq.

Actually, for determination of the properties
of the outer n/j electron one iteration is suffi-
cient. Refinement resulting from second itera-
tion (by evaluations) does not exceed correla-
tion corrections of the higher orders omitted in
the present calculation.

The relativistic potential of core (the “screen-

(10)

ing” potential) 21/(1)( ls)z Vser has correct as-
ymptotic at zero and in the infinity. The proce-
dures for accounting of the nuclear, radiative
QED corrections are in details presented in
Refs. [3-5,14, 39-42].

3. Results and Conclusions

Energies of the quadruple (Wq) and magnetic
dipole (W ) interactions, which define a hyper-
fine structure, are calculated as follows [4]:

W =[D+C(C+1)]B,
W =0,5 AC,
D=-(4/3)(4c-1)(I+1)/[i(I-1)(2I-1)],
C=F(F+1)-JU+1)-I(I+1).  (16)

Here I is a spin of nucleus, F is a full
momentum of system, J is a full electron
momentum. Constants of the hyperfine splitting
are expressed through the standard radial
integrals:

A={[(4,32587)10*Zcg ]/(4c-1)}(RA) , (17)

B={7.2878 107 ZQ/[(4c>-1I(I-1)} (RA)

Here g, is the Lande factor, Q is a quadruple
momentum of nucleus (in Barn); radial integrals
are defined as follows:

(RA), = Tdrr2F(r)G(r)U(1/r2,R),

i 2 2 2 3 (1 8)
(RA), = [ [F*(r)+ G*(nU(1/ 7. R)

and calculated in the Coulomb units (=3,57
10°Z2’m?; = 6,174 10°*°Z°m? for valuables of the
corresponding dimension). The radial parts F
and G of two components of the Dirac function
for electron, which moves in the potential
V(r,R)+U(r,R), are determined by solution of the
Dirac equations (look above).

We have carried out the calculation of
constants of the hyperfine interaction: the
electric quadruple constant B, the magnetic
dipole constant A with inclusion of nuclear
finiteness and the Uehling potential for Li-like
ions (c.g. [3-5]).

In table 4 the calculation results for the
constants of the hyperfine splitting for the lowest
excited states of Li-like ions are presented.

Analogous data for other states have
been presented earlier (see ref. [5,20]). Our
calculation showed also that a variation of the
nuclear radius on several persents could lead to
to changing the transition energies on dozens of
thousands 10°cm’'.

Table 1.
Constants of the hyperfine electron-nuclear

. . - Z’0 —
interaction: A=72°¢, Acm', B=——"—38B
em! I1(21-1)
nj | z 69 79 92
2s - 176 -02 | 215-02 314
4 02
3s y 51-03 63 -03 | 90-03
4s y 19 -03 24-03 | 36 -03
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2p,, | = | 5603 | 71-03 | 105
4 02

3P, | | 16703 | 20-03 | 31-03

W |7 | 72704 | 9104 | 11-03

Py |7 | 67704 | T1-04 | 72-04
— 13 04 15 -04 17 04
B

3p,, y 19 —04 2104 | 2204
— 51 -05 55-05 | 6205
B

s, Z 89 -05 92 —05 8 —04
— 20 05 2205 | 2605
B

3d,, | | 10-04 | 11-04 | 12-04
— 9 -05 10-05 | 11 -05
B

4d,, |- | 51-05 | 55-05 | 58-05
— 44 —06 50 06 56 —06
B

3dg, | | 48-05 | 50-05 | 52-05
— 38 06 3906 | 40 -06
B

4d;, | - | 19-05 | 2005 | 21-05
— 15 -06 16 06 | 17-06
B
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A. Muxatinos, 3. A. Epumosa, E. B. Teprnoseckuii, P. 3. Cepea

MMAPAMETPBI CBEPXTOHKOM CTPYKTYPbI JIJIS Li-IIOJOBHBIX
MHOT'O3APSIJTHBIX HOHOB B PAMKAX PEJIATUBUCTCKOM
MHOTI'OYACTUYHOM TEOPUU BO3MYIIIEHUI

Pe3rome. PenstuBrcTcKkasi MHOTOYaCTUYHAST TEOPHSI BO3MYILEHUIN C ONTUMHU3UPOBAHHBIM HY-
neBeIM npubnmxenueM Jupaka-Kona-1llsma npumenena uig pacuera mapaMeTpoB CBEPXTOHKOMN
CTPYKTYpBI Li-moqo0HBIX MHOTO3apsIIHBIX MOHOB. PendTuBucTCKHE, 0OMEHHO-KOPPEISIIMOHHBIE
U ApyTHUe TONPaBKU YUYUTHIBAIOTCS B paMKax MOCIEA0BaTeNbHBIX Mpoleayp. ONTUMU3HUPOBAHHBIN
0a3uc peNATUBUCTCKUX OpOUTajeil reHepupyeTcs B MOCIEI0BATEILHOM HYIEBOM MPUOIMKEHUH
PENATUBUCTCKON MHOTOYaCTUYHON TEOPUHU BO3MYILIEHUH, UCXOAS U3 YCIIOBUS BBHITIOJHEHHS TIPUH-
una KaauOpOBOYHOW HMHBapUaHTHOCTU. [lodmydeHHbIE NaHHBIE A7 MMapaMeTpOB CBEPXTOHKOMN
CTPYKTYpPHI U1 Li-ogoOHBIX MHOTO3apSAHBIX HOHOB aHATTU3UPYIOTCSA U CPABHUBAIOTCS C aJbTep-
HATUBHBIMU TEOPETHUECKUMH U SKCIIEPUMEHTAIbHBIMU PE3yJIbTaTaMH.

KuroueBblie cioBa: PensTuBHCTCKass MHOTOYAaCTUYHAs TEOPHs] BO3MYILEHUH., CBEPXTOHKAs
CTPYKTYpa, TUTHI-110I00HbIE HOHBI
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0. JI. Muxaiinos, E. O. Egimnosa, €. B. Teprnoscoxuii, P. E. Cepea

MAPAMETPH HAJITOHKOI CTPYKTYPHU JUJIS Li-HOJIBHUX BATATO3APSIJTHUX
IOHIB B PAMKAX PEJSATUBICTCHKOI BATATOYACTUHKOBOI TEOPII 35YPEHb

Pe3tome. PemsiTuBicTChKa OararoyacTHHKOBA TeOpist 30ypeHb 3 ONTHMI30BaHUM HYJbOBHUM Ha-

ommkenHsM Jlipaka-Kona-I1llema 3acTocoBaHa /i po3paxyHKy ImapaMeTpiB HaITOHKOT CTPYKTYPH
11t Li-mmomiOHuxX Gararo3apsiHuX 10HiB. PensTUBICTChKI, 0OMIHHO-KOPEJIAIIHHI Ta 1HII TOTPaBKH
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BPaxOBYIOTHCSl B paMKax IMOCHIJOBHUX Tpouenyp. OntumizoBanuii 6a3uc peisiTuBiCTCHKUX OpOi-
Tajel reHepy€eThCs B MOCIITIOBHOMY HYJIHOBOMY HAOIMKEHHI PEISTUBICTCHKOI 0araTo4acTHHKOBOI
Teopii 30ypeHb, BUXOIIUM 3 YMOBH BUKOHAHHS PUHIIMITY KaJliOpyBajabHOI iHBapiaHTHOCTI. OTpu-
MaHi J1aHl mapamMeTpiB HaJATOHKOI CTPYKTypH Uit Li-mopiOHMX Oararo3apsaHUX 10HIB MOPIBHIO-
IOThCS 3 AJIBTEPHATUBHUMHU TEOPETUYHUMH 1 EKCIIEPUMEHTAIBHUMHU PE3yIbTaTaMH.

Karouosi ciioBa: PensruBicTchka 6ararouacTMHKOBA Teopist 30ypeHb, HAATOHKA CTPYKTYpa, JIi-
TIA-1I0x10H1 10HU
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