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1. Introduction 

A development of the effective nuclear schemes 

and technologies for sensing different nuclear prop-

erties, creation of the corresponding nuclear sen-

sors are of a great importance in the modern nuclear 

physics and sensor science. It allows further devel-

oping the modern as atomic and as nuclear theo-

ries too. In last years a studying the spectral lines 

hyperfine structure (hfs) for heavy elements and 

multicharged ions is of a great interest for further 

development as atomic and nuclear theories [1-44]. 

The multi-configuration relativistic Hartree-Fock 

(RHF) and Dirac-Fock (MCDF) approximation 

(c.f.[3,4,17,26] is the most reliable version of cal-

culation for multi-electron systems with a large 

nuclear charge; in these calculations one- and two-

particle relativistic effects are taken into account 

practically precisely. The next important step is an 

adequate account for the nuclear and QED cor-

rections. This topic has been a subject of intensive 

theoretical and experimental interest (c.f.[3,4]). 

From the other side, the parity violation (non-con-

servation) experiments in atomic physics provide an 

important possibility to deduce information on the 

Standard Model independent of high-energy phys-

ics experiments [1-3]. The recent LEP experiments 

are fulfilled [1,2], that yield extremely accurate val-

ues for Z-boson properties. Although the spectacu-

lar experimental achievements of particle physics 

in the last decade have strengthened the Standard 

Model (SM) as an adequate description of nature, 

they have also revealed that the SM matter repre-

sents a mere 5% or so of the energy density of the 

Universe, which clearly points to some physics be-

yond the SM despite the desperate lack of direct ex-

perimental evidence. The sector responsible for the 

spontaneous breaking of the SM electroweak sym-

metry is likely to be the first to provide experimental 

hints for this new physics. The detailed review of 

these topics can be found in refs. [1-6], in particu-

lar, speech is about brief introducing the SM phys-

ics and the conventional Higgs mechanism and a 

survey of recent ideas on how breaking electroweak 

symmetry dynamics can be explained. Further one 

could remind that the observation of a static elec-

tric dipole moment of a many-electron atom which 

violates parity, P , and time reversal, T , symmetry, 

represents a great fundamental interest in search-

ing for a new physics beyond the Standard model of 

elementary particles [1-10]. The interaction mixes 

parity of atomic states and also induces a static elec-

tric dipole moment of the atom. As it is indicated 

above, different methods have been used in calcu-

lation of the hyperfine structure parameters, S-PS 

constant, parity non-conservation effect. Never-

theless, one can state that the consistent theory is 

absent hitherto. 

The most popular multiconfiguration Dirac-

Fock (MCDF) method for calculating parity and 

time reversal symmetry violations in many-electron 

atoms has some serious disadvantages [3,17,26]. 

This fact has stimulated a development of differ-

ent versions of the many-body perturbation theory 

(PT), namely, the PT with RHF and DF zeroth ap-

proximations, QED-PT and nuclear QED PT [1-

43]. In present paper the new theoretical approach, 

namely, nuclear QED PT is used for detection of 

the hyperfine structure and electroweak interac-

tion parameters, scalar-pseudoscalar interaction 

constant and parity non-conservation (PNC) effect 

in atomic system. In fact the N-QED PT is based 

on the combining ab initio QED PT formalism and 

nuclear relativistic middle-field (RMF) model and 

allows to fulfil studying the spectra for atomic sys-

tems with an account of the relativistic, correlation, 

nuclear, radiative effects [10,38-44]. The important 

feature is the correct accounting for the inter elec-

tron correlations, nuclear, Breit and QED radia-

tive corrections. All correlation corrections of the 

second order and dominated classes of the higher 

orders diagrams are taken into account [10]. The 

results of studying the different atomic systems are 

presented. 

2. Nuclear-QED PT approach to hyperfine, 
electroweak interactions in heavy atoms, 
nuclei and parity-non-conservation transition 
amplitude 

The wave electron functions zeroth basis is found 

from the Dirac equation solution with potential, 

which includes the core ab initio potential, elec-

tric, polarization potentials of nucleus. All correla-

tion corrections of the second and high orders of PT 

(electrons screening, particle-hole interaction etc.) 

are accounted for [10]. The concrete nuclear model 

is based on the relativistic mean-field (RMF) mod-

el for the ground-state calculation of the nucleus. 

Though we have no guaranty that these wave-func-

tions yield a close approximation to nature, the suc-

cess of the RMF approach supports our choice [35]. 

These wave functions do not suffer from known de-

ficiencies of other approaches, e.g., the wrong as-

ymptotics of wave functions obtained in a harmonic 
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oscillator potential. The RMF model has been de-

signed as a renormalizable meson-field theory for 

nuclear matter and finite nuclei. The realization 

of nonlinear self-interactions of the scalar meson 

led to a quantitative description of nuclear ground 

states. As a self-consistent mean-field model (for a 

comprehensive review see ref. [35]), its ansatz is a 

Lagrangian or Hamiltonian that incorporates the 

effective, in-medium nucleon-nucleon interaction. 

Recently the self-consistent models have undergone 

a reinterpretation, which explains their quantita-

tive success in view of the facts that nucleons are 

composite objects and that the mesons employed 

in RMF have only a loose correspondence to the 

physical meson spectrum. They are seen as covari-

ant Kohn-Sham schemes and as approximations to 

the true functional of the nuclear ground state. As 

a Kohn-Sham scheme, the RMF model can incor-

porate certain ground-state correlations and yields 

a ground-state description beyond the literal mean-

field picture. RMF models are effective field theories 

for nuclei below an energy scale of 1GeV, separating 

the long- and intermediate-range nuclear physics 

from short-distance physics, involving, i.e., short-

range correlations, nucleon form factors, vacuum 

polarization etc, which is absorbed into the various 

terms and coupling constants. As it is indicated in 

refs.[6,20] the strong attractive scalar (S: -400 MeV) 

and repulsive vector (V: +350 MeV) fields provide 

both the binding mechanism (S + V: -50 MeV) and 

the strong spin-orbit force (S — V: -750 MeV) of 

both right sign and magnitude [35,44]. 

In our approach we have used so called NL3-

NLC and generalized Ivanov et al approach (see 

details in refs. [4,12]), which are among the most 

successful parameterizations available. Further one 

can write the Dirac-Fock -like equations for a multi-

electron system {core-nlj}. Formally they fall into 

one-electron Dirac equations for the orbitals nlj with 

potential: V(r)=2V(r|SCF)+V(r|nlj)+V
ex

+V(r|R). 

Radial parts F and G of two components of the Dirac 

function for electron, which moves in the potential 

V(r,R) are defined by solution of the Dirac equations 

(PT zeroth order). The general potential includes 

the electrical and polarization potentials of a nucle-

us. The part exV of the general potential accounts for 

exchange inter-electron interaction. The exchange 

effects are accounted for in the first two PT orders. 

The core electron density is defined by iteration al-

gorithm within QED procedure [4]. The radiative 

QED (the self-energy part of the Lamb shift and the 

vacuum polarization contribution) are accounted for 

within the QED formalism [4]. The hyperfine struc-

ture constants are defined as follows. The interaction 

Hamiltonian has the standard form: 

 I e NH ej A eJ A  
  ! "   (1) 

where ,e Nj j   are Lorentz covariant current opera-

tors for the electron and the nucleus: 

 e e ej   ! # $ #
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Here 
1
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v )  * +( ! $ $, - . The rest notations are 

standard. Using the first-order perturbation based 

on the S-matrix method one can get the expression 

for the hyperfine structure. Usually the transverse 

part of the photon propagator is defined as follows: 

 121

4 | 1 2 |x x

.
/ 0

.  (4) 

But more consistent scheme is proposed in refs. 

[10,44] and consist in using (after transition to no-

time diagrams) the following expression: 
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exp( | | )(1 )

4 | 1 2 |
i x

x x
1 02 2

/ 0
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So, it allows to take into account the Breit ef-

fect (magnetic interaction). Further, as usually, the 

reduced matrix element in (6) can be divided on the 

electron part and on the Dirac part and the anoma-

lous part for a nucleus. In order to define all parts 

the corresponding relativistic wave functions of the 

electron and single-particle states of a nucleus are 

required (look above). 

Further let us consider the elements of calculat-

ing the PNC transition amplitude. The dominative 

contribution to the PNC amplitude is provided by 

the spin-independent part of the operator for a weak 

interaction, which should be added to the atomic 

Hamiltonian [5]: 

  ( )at W

j

H H H j! "  3 , 1

5 ( )
2 2

W W

G
H Q r! $ 4 ,  (6) 

Where -is the Fermi constant of the weak inter-

action, $
5
 –is the Dirac matrice, 4(r)-is a density 

of the charge distribution in a nucleus and Q
W

 is a 

weak charge of a nucleus, linked with number of 

neutrons N and protons Z and the Weinberg angle 

5
W 

in the Standard model (c.f. [1-3]): 

 2(1 4sin )W WQ Z N! 0 5 0 .  (7) 

With account for the radiative corrections, equa-

tion (7) can be rewritten as [5,18]: 
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2{ (1 [4.012 0.010]sin ) }

(0.9857 0.0004)(1 0.0078 )

W WQ Z N

T

! 0 6 5 0 7

7 6 "  

 2sin 0.2323 0.00365 0.00261 )W S T5 ! " 0   (8) 

The parameters S,T parameterize the looped 

corrections in the terms of conservation (S) and 

violation (T) of an isospin. The spin-dependent 

contribution to the PNC amplitude has three dis-

tinct sources: the nuclear anapole moment ((that 

is considered as an electromagnetic characteristics 

of system, where the PNC takes a place; generally 

speaking, speech is about the arisen spin structure 

and the magnetic field distribution is similar to the 

solenoid field), the Z-boson exchange interaction 

from nucleon axial-vector currents (A
n
V

e
), and the 

combined action of the hyperfine interaction and 

spin-independent Z-boson exchange from nucleon 

vector (V
n
A

e
) currents [7,9,34]. The anapole mo-

ment contribution strongly dominates. The above-

mentioned interactions can be represented by the 

Hamiltonian 

 ( ) ( )
2

i

W i

G
H k I r! 2 8 4 ,  (9) 

where k(i=a) is an anapole contribution, 

k(i=2)=k
Z0

 — axial-vector contribution, 

k(i=kh)=k
Qw

 is a contribution due to the combined 

action of the hyperfine interaction and spin-inde-

pendent Z exchange . The estimate of the corre-

sponding matrix elements is in fact reduced to the 

calculation of the integrals as [10]: 
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The reduced matrix element is as follows: 

 

1

0

|| ||
2 2

[ ( ) ( ) ( ) ( )] ( )

W W

i j i j

G
i H j i Q

dr F r G r G r F r r
9

: ;! 7

7 0 4< .  (11) 

Further the general expression for the corre-

sponding PNC amplitude for a-b transition is writ-

ten as follows: 
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The corresponding spin-dependent PNC con-

tribution is : 
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Here the following notations are used: 

| | F Fa aIF M;! ; , | | I Ib bIF M;! ; , I — spin of a 

nucleus, F
I,F

-is a total momentum of an atom and 

M — its z component (I,F are the initial and final 

states). It should be noted the expressions for the 

matrix elements ( )| | aa PNC b: ; , (2)| |a PNC b: ;
are similar to equation (14). 

The possible source of the electric dipole mo-

ment in the paramagnetic atoms is the scalar-pseu-

doscalar (S– PS) interaction between electrons and 

a nucleus, which is defined as [1,2,11]: 

 5

_

1

ˆ ( )
2

N
F

S PS S PS j j j

j

G
H i C A r0

!

! ? $ 43 .  (15) 

Here G
F
 is the Fermi constant, C

S–PS
 is the S –PS 

interaction constant, A is the mass number, ? and $5 

are the Dirac matrices and 4(r) is the nuclear density 

function. The full description of the corresponding 

matrix elements and other details of the general meth-

od and PC code are presented in refs.[4,10,39-44]. 
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3. Results and conclusions 

As the first studying objects, we have considered 

the nuclei of isotopes of 133Cs and Cs-like ion of 

barium. We carried out calculation (the Superatom-

ISAN and RMF-G package [17,18] are used) the 

hyperfine structure (hfs) parameter for Cs and Ba+ 

isotopes. In table 1 the experimental (AExp) and our 

(AN-Qed) data for magnetic dipole constant A (MHz) 

for valent states of 133Cs (I=7/2, g
i
=0.7377208) are 

presented. The calculation results within standard 

(ARHF) RHF and RHF with account of the 2nd and 

higher PT corrections, the MCDF approximation 

and QED formalism [26,32] are given too. In a whole 

the better agreement of our data with experimental 

ones in comparison with other data we explain by 

using the gauge-invariant relativistic orbital basis’s 

and more correct account for correlation, nuclear, 

QED effects. In table 2 we present the results of cal-

culating the hfs constant A for different states of the 

Cs-like ion of barium: [5p6]6s
1/2

,6p
1/2

. The follow-

ing notations are used: ARCC — calculation by rela-

tivistic cluster-coupled (RCC) method; ADF — DF 

method; ARHF — RHF method [36,37] and AQED- 

the QED calculation [32]; ÀN-Qed is the result of the 

present paper. In table 3 we listed the values of the 

hyperfine structure energy and magnetic moment 

(in nuclear magnetons) In 209Pb, 207Tl, calculated 

on the basis of different theoretical models [12-14]. 

The key quantitative factor of agreement between 

our theory and experimental data is connected with 

the correct accounting for the inter electron cor-

relations, nuclear, Breit and QED radiative correc-

tions (including magnetic moment distribution in 

a nucleus and nuclear corrections). The available 

values of the S-PS interaction constant in the dif-

ferent models for 133Cs are as follows: 3.08998810-6 

(MCDF by Gaigalas etal [11]); 2.24719810-6 (Mur-

thy-, Krause-Li-Hunter L.). 

Table 1 
The values (MHZ) of the hfs constant A for valent states of 133Cs: AExp — experiment; ARHF, dARHF — RHF calcula-

tion plus the second and higher PT orders contribution [26]; AQED — data [32]; ÀN-Qed — the present paper; 

State AMCDF ARHF ARHF+dA ÀQed ÀN-Qed AExp

6s
1/2

1736,9 1426,81 2291,00 2294,45 2296,78 2298,16(13)

6p
1/2

209,6 161,09 292,67 292,102 292,118 291,90(9)

Table 2 
Theoretical and experimental data for hfs constant A in Cs-like ion Ba states (see text) 

State AExp ARCC ADF ARHF AQED ÀN-Qed

[5p6]6s
1/2

4018,87 4072,83 4193,02 4208,2 4014,52 4016,76

[5p6]6p
1/2

741,91 740,77 783,335 --- 742,96 742,01

Table 3 
The hfs energy and magnetic moment (in nucl. magnetons) in 209Pb81+, 207Tl80+ [12-14]

207 Tl80+ 209Pb81+

Magn. moment [ 
N

] HS NLC Tomaselli N-QED  HS NLC N-QED

Theory 
Exp. [14]

1.8769 1.8758 1.6472 1.8764 
1.8765(5)

-1.4756 -1.4714 -1.4748 
-1.4735(16)

HFS[eV]  HS NLC Tomaselli N-QED  HS NLC N-QED

@E1
HFS 

@E
QED

3,721 3,729 3,2592 3,5209 
-0,0201 -0,0178 -0,0207

-1.708 -1.701 -1.7051 
0,0094 0,0110 

Total 3,701 3,708 3,2592 3,5002 -1.698 -1.692 -1,6941

Our result is 2.76513810-6 (present paper). So, 

in a whole there is a physically reasonable agree-

ment between the data of different theories. [10]. 

In table 4 there are listed the PNC amplitudes (in 

units of 10-11iea
B
(-Q

W
)/N ), which are calculated 

by the different methods (without the Breit correc-

tions): DF, RHF, MCDF, many-body perturbation 

theory (MBPT) and our nuclear-QED PT results 

(other data from refs. [25-34]). In table 5 we pres-

ent the Breit correction (in units of 10-11(-Q
W

)/N ) 

to the PNC amplitude, which are calculated by the 

different methods (without the Breit corrections): 

DF, RHF, MCDF, and our nuclear-QED PT results 

(other data from refs. [25-34]). 
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Table 5 
The Breit correction (in units of 10-11(-Q

W
)/N ) to the PNC 

amplitude, which are calculated by the different methods 
(without the Breit corrections): DF, RHF, MCDF, and our 
nuclear-QED PT results (other data from refs. [25,29,33]).

Atom: Tran-
sition.

DF RHF MCDF
N-QED 

PT
133Cs 6s-7s 0.0022 0.0018 0.0045 0.0049
223Fr 7s-8s 0.0640 0.0650 0.1430 0.1703

Let us note that the radiative corrections to the 

PNC amplitude, provided by the vacuum-polariza-

tion (VP) effect and the self-energy (SE) part are 

as follows: E
PNC

- 133Cs — VP=0.38%, SE=-0.74%; 
223Fr — VP=1.025%, SE=-1.35%. Further in table 6 

we list the nuclear spin dependent corrections to the 

PNC 133Cs: 6s-7s amplitude E
PNC

, calculated by dif-

ferent theoretical methods (in units of the k
a,2,hf

 co-

efficient): MBPT, DF-PT, the shell model, N-QED 

PT (present paper) (from refs. [9,27,28,34]). In table 

7 there are presented the estimated values of the weak 

charge Q
W 

for different heavy atoms, predicted in dif-

ferent approaches (from refs. [18,27,28,34]). 

Table 4 
PNC amplitudes (in units of 10-11iea

B
(-Q

W
)/N ), which are calculated by different methods 

(without the Breit corrections): DF, RHF, MCDF, MBPT and nuclear-QED PT .

Atom 
Trans.

Spin 
of 

Nucl.

Nucl. 
moment 

 
N

Weak 
charge 

Q
W

Radius 
(fm) of 
nucleus

DF RHF MCDF MBPT
N-QED 

PT

85Rb 
5s-6s

5/2 1.3534 -44.75 4.246 -0.110 -0.138 -0.134 -0.135 -0.132

133Cs 
6s-7s

7/2 2.5826 -73.19 4.837 -0.741
-0.926 
-0.897

-0.904
-0.906 
-0.908

-0.903

223Fr 
7s-8s

3/2 1.1703 -128.08 5.640 -13.72 -16.63 -15.72
-15.56 
-15.80

-15.54

211Fr 
7s-8s

9/2 4.0032 -116.23 5.539 -12.51 -15.16 -14.34 - -14.17

Table 6 
The nuclear spin-dependent corrections to the PNC 133Cs: 6s-7s amplitude E

PNC
, calculated by different methods 

(in units of k
a,2,hf

 coeff.): MBPT, DF-PT, shell model, N-QED PT (see text). 

Correction MBPT
Shell 

model
DF

N-QED 
PT

K (sum) 0.1169 0.1118 0.112 0.1159

k
2
- the Z-boson exchange interaction from nucleon axial-vector 

currents (A
n
V

e
)

0.0140 0.0140 0.0111 
0.0084

0.0138

k
hf 

— the combined action of the hyperfine interaction and spin-
independent Z exchange 

0.0049 0.0078 0.0071 
0.0078

0.0067

k
a 
–anapole moment 0.0980 0.090 0.0920 0.0954

Let us underline that the values of the weak 

charge are firstly predicted by us for 137Ba and 173Yb 

atoms. The analysis of results shows that in prin-

ciple a majority of theoretical approaches provides 

physically reasonable agreement with the Standard 

model data, but the important question is how much 

exact this agreement. In our opinion, however, the 

précised estimates indicate on the tiny deviation 

from the Standard model. So, we presented the 

new effective theoretical approach for sensing hy-

perfine structure parameters, scalar-pseudoscalar 

interaction constant and parity non-conservation 

effect in heavy atomic and nuclear systems, based 

on the combined QED perturbation theory formal-

ism and relativistic nuclear mean-field theory. Some 

received data of estimating these constants directly 

indicate on the necessity of new adequate précised 

experiments. The rare-earth elements are especially 

interesting as they have very complicated spectra of 

autoionization resonances (with very unusual from 

physical point of view their behavior in a weak elec-

tric and laser fields; the known effect of giant broad-

ening [4]). The elementary comments shows that 

the perspectives of the PNC experiments with Stark 

pumping of the individual states in the rare-earth at-

oms (and probably more effective multicharged ions 

of these elements) and simultaneously polarized la-

ser field dressing (with a cold-atom fountain or in-

terferometer) could provide comfortable conditions 

for précised observation of the weak effects. 
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