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PREFACE 

 

Discipline " OPTICS AND SPECTROSCOPY OF RELATIVISTIC ATOMS 

AND MULTIPLE-CHARGED IONS " is an elective discipline in the cycle of 

professional training of postgraduate or PhD students (third level of education) in the 

specialty 104- Physics and Astronomys. 

It is aimed at: i) K11 Ability to analyze and identify a complex of major 

problems in a certain field of modern physics and, in particular, optics and 

spectroscopy of atoms, multi-charged ions, molecular, quantum, laser systems, solids, 

as well as the atmosphere and ocean; Ability to develop new and improve existing 

methods of describing optical and spectroscopic properties of solids based on methods 

of quantum mechanics, quantum chemistry of solids, as well as methods of relativistic 

quantum theory; ii). K12 The ability to create physical, mathematical and computer 

models in optics and spectroscopy of physical systems with the implementation of 

effective algorithms and specialized software. Ability to acquire new fundamental 

knowledge in optics and spectroscopy of atoms, molecules, solids, laser systems, as 

well as geophysical systems (atmosphere and ocean).These methodical instructions are 

for self-studying work of the second-year PhD students and tests performance in the 

discipline “Quantum Geometry and Dynamics of Resonances”.  

Program learning outcomes include:  P111 Ability to conduct research on optics 

and spectroscopy of atoms, multi-charged ions, molecular, quantum, laser systems, 

solid bodies, as well as the atmosphere and ocean in the context of existing theories, 

make reasoned conclusions (including assessment of the degree of uncertainty) and 

proposals for further research; P112 The ability to use modern or develop new 

approaches to the calculation of fundamental characteristics, in particular, based on 

methods of quantum mechanics, electrodynamics, electronics in optics and 

spectroscopy of atoms, molecules, solids, laser systems, as well as geophysical 

systems (atmosphere and ocean); P121 The ability to create physical, mathematical 

and computer models in the optics and spectroscopy of atoms, molecules, solids, laser 

systems, solids, as well as geophysical systems (atmosphere and ocean), check ix 

adequacy, research ix to obtain new conclusions and deepen understanding of 

fundamental processes in the physical system, analyzing limitations; P122 The ability 

to achieve relevant knowledge using effective, including new methods, models, 

algorithms for determining the physical (optical and spectroscopic) characteristics of 

atoms, molecules, solids, laser systems, as well as geophysical systems (atmosphere 

and ocean), processing the results of numerical and natural experiments. 

The main topic of thes work is a Resonance dynamics for quantum systems in 

an electromagnetic field. Methods for calculating energies and widths of Stark 

resonances  (Look Syllabus of the discipline, edition 2023) 



 

I. Topic: KED multiparticle perturbation theory for atoms and 

multicharged ions. Radiation of lower and higher orders. Lamb 

shift and vacuum polarization correction. (L 2.4). 

Topic: КЕД багаточастинкова теорія збурень для атомів та багатозарядних іонів. 

Радіаційні нижчих та вищих порядків. Зсув Лемба та поправка на поляризацію 

вакуума. (Л 2.4) 

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.[1-38]). 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) [1-6,22] 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, Z ( 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.[1-22]).  

     In present paper a new, highly exact, ab initio approach to relativistic 

calculation of the spectra for multi-electron superheavy ions with an account of 



 

relativistic, correlation, nuclear, radiative effects is presented.  The method is  

based on the quantum electrodynamical (QED) perturbation theory (PT). 

Relativistic calculation of the spectra hyperfine structure parameters for heavy 

atoms and multicharged ions with account of relativistic, correlation, nuclear, 

QED effects is carried out (the Superatom [11-18] and Dirac packages (DP) [22] 

are used; the DP using in a progress).  

          Our calculation scheme is based on gauge-invariant QED perturbation 

theory and and generelized relativistic dynamical effective field nuclear model 

with using the optimized one-quasiparticle  representation at first in the theory 

of the hyperfine structure for relativistic systems [11-16]. The wave function 

zeroth basis is found from the Dirac equation with potential, which includes the 

core ab initio potential, the electric and polarization potentials of a nucleus (the 

gaussian form of charge distribution in the nucleus is considered) [12-16]. The 

correlation corrections of the high orders are taken into account within the Green 

functions method (with the use of the Feynman diagram’s technique). There 

have taken into account all correlation corrections of the second order and 

dominated classes of the higher orders diagrams (electrons screening, particle-

hole interaction, mass operator iterations) [11-18]. The magnetic inter-electron 

interaction is accounted in the lowest (on   parameter), the LS polarization part 

- in the Uehling-Serber approximation, self-energy part of the LS is accounted 

effectively within the Ivanov-Ivanova non-perturbative procedure [11]. 

Generelized relativistic dynamical effective field nuclear model is presented in 

[18] (see also refs.[5,6,16]). The energies and constants of the hyperfine 

structure, deriviatives of the one-electron characteristics on nuclear radius,  

nuclear electric quadrupole, magnetic dipole moments Q for atom of  hydrogen 
1H (test calculation), superheavy H-like ion with nuclear charge Z=170,  Li-like 

multicharged ions with Z=20-100, neutral atoms of  235U, 201Hg and 227Ra are 

calculated.  

 

2. QED perturbation theory method for calculation of heavy and 

superheavy ions 

 

 Let us describe the key moments of our approach to relativistic calculation of 

the spectra for multi-electron superheavy ions with an account of relativistic, 

correlation, nuclear, radiative effects (more details can br found in ref.[11-18]). 

 

2.1. Definition of the basis of relativistic orbitals  

 

   One-particle wave functions are  found from solution of the relativistic Dirac 

equation, which can be written in the central field in a two-component form: 
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Here we put the fine structure constant  =1 . The moment number 
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     At large   the radial functions F and G vary rapidly at the origin of co-

ordinates: 
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     This involves difficulties in numerical integration of the equations in the 

region r→0. To prevent the integration step becoming too small it is convenient 

to turn to new functions isolating the main power dependence: 
−−
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, GrgFrf . The Dirac equation for F and G components are 

transformed as: 
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Here the Coulomb units (C.u.) are used; 1 C.u. of  length = 1 a.u.Z; 1 C.u. 

of energy = 1 a.u. Z 2 . In Coulomb units the atomic characteristics vary weakly 

with Z. nE  is one-electron energy without the rest energy, the system of 

equations (4) has two fundamental, solutions. We are interested in the solution 

regular at  r→0. The boundary values of the correct solution are found by the 

first term s of the expansion into the Taylor series: 

 

               ( )( ) ( ) 1;120 =+−=  fZrEVg n  at  0  

             

                                  ( )( ) 1;20 22 =−−=  gZZEVf n  at  0                   (5) 

      



 

     The condition 0, →gf  at r→   determines the quantified energies of the 

state  E n . At correctly determined energy E n  of  the asymptotic  f  and g at 

r →  are: 

                                                  f  ,g~ ( )− nrexp                                  (6) 

where 
 = nEn 21   is the  effective main quantum number. The equations 

(4) were solved by the Runge-Kutter method. The initial integration point 
6

0 10Rr = , where R is the nucleus radius, the end of the integration interval is 

determined as  nrk 30 . 

 

2.2. Nuclear potential  

 

Earlier we calculated some characteristics of hydrogen-like ions with the 

nucleus in the form of a uniformly charged sphere; analogous calculations by 

means of an improved model were also made; Here the smooth Gaussian 

function of the charge distribution in the nucleus is used. Using the smooth 

distribution function (instead of the discontinuous one) simplifies the calculation 

procedure and permits flexible simulation of the real distribution of the charge in 

the nucleus. As in ref. [12] we set the charge distribution in the nucleus ( )r  by 

the Gaussian function. With regard to normalization we have: 
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were RR ,4 2=  is the effective nucleus radius. The following simple 

dependence of R on Z assumed: 

 

                                             ( )cmzR 31131060.1 −=                                 (8) 

 

Such definition of R is rather conventional. We assume it as some zeroth 

approximation. Further the derivatives of various characteristics on R are 

calculated. They describe the interaction of the nucleus with outer electron; this 

permits recalculation of results, when R varies within reasonable limits. The 

Coulomb potential for the spherically symmetric density ( )Rr  is: 
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    It is determined by the following system of differential equations: 
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with the boundary conditions: 

( ) ( )rRVnucl −= 4,0   

 

( ) 0,0 =Ry ,  
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2.3.  General Scheme of calculation for a three-electron system  

     Consider the Dirac-Fock type equations for a three-electron system nljs21 . 

Formally they fall into one-electron Dirac equations for the orbitals s1 1s and 

nlj  with the potential: 

                               ( ) ( ) ( ) ( ) ( )RrVrVnljrVsrVrV ex +++= 12                          (12) 

 

( )RrV  includes the electrical and the polarization potentials of the nucleus; the 

components of the Hartree potential: 
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( )ir  is the distribution of the electron density in the state | i >, exV is the 

exchange inter-electron interaction. The main exchange effect will be taken into 

account if in the equation for the s1 orbital we assume 

 



 

                                         ( ) ( ) ( )nljrVsrVrV += 1                                        (14) 

 

and in the equation for the nlj  orbital 

 

                                                ( ) ( )srVrV 12=                                               (15) 

 

The rest of the exchange and correlation effects will be taken into account in 

the first two orders of the PT by the total inter-electron interaction [13-17].  

The used expression for ( )sr1  coincides with the precise one for a one-

electron relativistic atom with a point nucleus. The finiteness of the nucleus and 

the presence of the second 1s electron are included effectively into the energy 

sE1 . Actually, for determination of the properties of the outer nlj electron one 

iteration is sufficient. Refinement resulting from second iteration (by 

evaluations) does not exceed correlation corrections of the higher orders omitted 

in the present calculation. The relativistic potential of core (the "screening" 

potential) ( )( ) scrVsrV =12 1  has correct asymptotic at zero and in the infinity; at 

0→  it changes to an appropriate potential constructed on the basis of non-

relativistic hydrogen-like functions.   

 

2.4 Calculation of the QED radiative corrections of lower and higher 

orders: a self-energy part of the Lamb shift and vacuum polarization 

correction 

 

Procedure for an account of the radiative QED corrections is in details given in 

the refs. [12,16,17]. Rergartding the vacuum polariation effect let us note that 

this effect is usually taken into account in the first PT theory order by means of 

the Uehling potential.  This potential is usually written as follows (c.f.[1,11]): 
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where  
Z

r
g


= . In our calculation we usually use more exact approach. The  

Uehling potential,  determined as a quadrature (16) may be approximated with 

high precision by a simple analytical function. The use of new approximation of 

the Uehling potential permits one to decrease the calculation errors for this term 

down to 0.5 – 1%. Besides, using such  a  simple analytical function form for 

approximating the Uehling potential allows its easy  inclusion into the general 



 

system of differential equations. This system   includes also the Dirac equations 

and the equations for  matrix elements. A method for calculation of the self-

energy part of the Lamb shift is based on an idea by Ivanov-Ivanova 

(c.f.[12,17]). In an atomic system the radiative shift and the relativistic part of 

the energy are, in. principle, determined by one and the same physical field. It 

may be supposed that there exists some universal function that connects the self 

-energy correction and the relativistic energy. The self-energy correction for the 

states of a hydrogen-like ion was presented by Mohr [1] as: 

                               ( ) ( )nljZHF
n

Z
nljZHESE ,027148.0,

3

4

=                (17) 

The values of  F are given at  .2,2,2,1,11010 2321 ppssnljZ =−=  These results are 

modified here for the states 1s2 nlj of Li-like ions. It is supposed that for any ion 

with nlj electron over the core of closed shells the sought value may be 

presented in the form: 

                               ( ) ( ) ( )1
3

4

,027148.0, −


= cmnljf
n

nljZESE               (18) 

The parameter ( ) RR EE ,41=  is the relativistic part of the bounding energy of the 

outer electron; the universal function ( )nljf ,  does not depend on the 

composition of the closed shells and the actual potential of the nucleus. The 

procedure of generalization for a case of Li-like ions with the finite nucleus 

consists of the following steps [17]:  

1). Calculation of the values RE  and   for the states nlj of H-like ions with the 

point nucleus (in accordance with the Zommerfeld formula);   

2). Construction of an approximating function ( )nljf ,  by the found reference Z 

and the appropriate ( )nljZHF ,  [1,11];  

3). Calculation of RE  and   for the states nlj of Li-like ions with the finite 

nucleus; 4). Calculation of SEE  for the sought states by the formula (18).  The 

energies of the states of Li-like ions were calculated twice: with a conventional 

constant of the fine structure 1371=  and with .1000~ = The results of latter 

calculations were considered as non-relativistic. This permitted isolation of RE  

and  . A detailed evaluation of their accuracy may be made only after a 

complete calculation of ( )nljZLiEn
SE

, . It may be stated that the above 

extrapolation method is more justified than using the widely spread expansions 

by the parameter Z .  

The procedure is sufficiently simple and realized as the numerical code with 

using the fourth-order Runge–Kutta method of solving the differential equations 

(the atomic code “Superatom-Supernucleus”) [1-8]. 



 

II. Task options for self-sufficient work 

 

Task Option 1. 

 

1). Give the key definitions of a theoretical approach to definition of the   energy 

and spectral characteristics of the heavy relativistic atoms and multicharged ions  

and S-matrix formalism to describe the term of different orders i) mathematical 

and physical essense of zeroth order approximation of the QED perturbation 

theory, ii) mathematical and physical essense of approximation for 

determination of a nuclear potential with accounting for the nuclear correctios: 

iii) mathematical and physical essense of the radiative corrections of lower and 

higher orders: a self-energy part of the Lamb shift and vacuum polarization 

correction, iv) calculation of the radiative corrections of lower and higher 

orders: a self-energy part of the Lamb shift and vacuum polarization correction,  

v) Scheme for calculation of spectra of heavy three-electron multicharfged ions.   

 Explain all definitions in the QED perturbation theory of the heavy 

relativistic atoms and multicharged ions   on the example of the hydrogen, 

helium and lithium-like ions. 

2).To apply the the QED perturbation theory by Glushkov-Khetselius et al to 

calculation of the radiative corrections of lower and higher orders: a self-energy 

part of the Lamb shift and vacuum polarization correction , for the Li-like ion of  

say caesium Cs.  To perform its pracrical realization (using Fortran Power 

Station , Version 4.0; PC Code: “Superatom-SuprerNucleusk” for quantum 

system from the first task of the option (all necessary numerical parameters 

should be self-taken).   

 

Task Option 2. 

1). Give the key definitions of a theoretical approach to definition of the   energy 

and spectral characteristics of the heavy relativistic atoms and multicharged ions  

and S-matrix formalism to describe the term of different orders i) mathematical 

and physical essense of zeroth order approximation of the QED perturbation 

theory, ii) mathematical and physical essense of approximation for 

determination of a nuclear potential with accounting for the nuclear correctios: 

iii) mathematical and physical essense of the radiative corrections of lower and 

higher orders: a self-energy part of the Lamb shift and vacuum polarization 

correction, iv) calculation of the radiative corrections of lower and higher 



 

orders: a self-energy part of the Lamb shift and vacuum polarization correction,  

v) Scheme for calculation of spectra of heavy three-electron multicharfged ions.   

 Explain all definitions in the QED perturbation theory of the heavy 

relativistic atoms and multicharged ions   on the example of the hydrogen, 

helium and lithium-like ions. 

2).To apply the the QED perturbation theory by Glushkov-Khetselius et al to 

calculation of the radiative corrections of lower and higher orders: a self-energy 

part of the Lamb shift and vacuum polarization correction , for the Li-like ion of  

say barium Ba.  To perform its pracrical realization (using Fortran Power 

Station , Version 4.0; PC Code: “Superatom-SuprerNucleusk” for quantum 

system from the first task of the option (all necessary numerical parameters 

should be self-taken).   

 

Task Option 3. 

1). Give the key definitions of a theoretical approach to definition of the   energy 

and spectral characteristics of the heavy relativistic atoms and multicharged ions  

and S-matrix formalism to describe the term of different orders i) mathematical 

and physical essense of zeroth order approximation of the QED perturbation 

theory, ii) mathematical and physical essense of approximation for 

determination of a nuclear potential with accounting for the nuclear correctios: 

iii) mathematical and physical essense of the radiative corrections of lower and 

higher orders: a self-energy part of the Lamb shift and vacuum polarization 

correction, iv) calculation of the radiative corrections of lower and higher 

orders: a self-energy part of the Lamb shift and vacuum polarization correction,  

v) Scheme for calculation of spectra of heavy three-electron multicharfged ions.   

 Explain all definitions in the QED perturbation theory of the heavy 

relativistic atoms and multicharged ions   on the example of the hydrogen, 

helium and lithium-like ions. 

2).To apply the the QED perturbation theory by Glushkov-Khetselius et al to 

calculation of the radiative corrections of lower and higher orders: a self-energy 

part of the Lamb shift and vacuum polarization correction , for the Li-like ion of  

say galolinium Gd.  To perform its pracrical realization (using Fortran Power 

Station , Version 4.0; PC Code: “Superatom-SuprerNucleusk” for quantum 

system from the first task of the option (all necessary numerical parameters 

should be self-taken).   

 



 

Task Option 4. 

 

1). Give the key definitions of a theoretical approach to definition of the   energy 

and spectral characteristics of the heavy relativistic atoms and multicharged ions  

and S-matrix formalism to describe the term of different orders i) mathematical 

and physical essense of zeroth order approximation of the QED perturbation 

theory, ii) mathematical and physical essense of approximation for 

determination of a nuclear potential with accounting for the nuclear correctios: 

iii) mathematical and physical essense of the radiative corrections of lower and 

higher orders: a self-energy part of the Lamb shift and vacuum polarization 

correction, iv) calculation of the radiative corrections of lower and higher 

orders: a self-energy part of the Lamb shift and vacuum polarization correction,  

v) Scheme for calculation of spectra of heavy three-electron multicharfged ions.   

 Explain all definitions in the QED perturbation theory of the heavy 

relativistic atoms and multicharged ions   on the example of the hydrogen, 

helium and lithium-like ions. 

2).To apply the the QED perturbation theory by Glushkov-Khetselius et al to 

calculation of the radiative corrections of lower and higher orders: a self-energy 

part of the Lamb shift and vacuum polarization correction , for the Li-like ion of  

say ytterbium Yb.  To perform its pracrical realization (using Fortran Power 

Station , Version 4.0; PC Code: “Superatom-SuprerNucleusk” for quantum 

system from the first task of the option (all necessary numerical parameters 

should be self-taken).   

 

Task Option 5. 

 

1). Give the key definitions of a theoretical approach to definition of the   energy 

and spectral characteristics of the heavy relativistic atoms and multicharged ions  

and S-matrix formalism to describe the term of different orders i) mathematical 

and physical essense of zeroth order approximation of the QED perturbation 

theory, ii) mathematical and physical essense of approximation for 

determination of a nuclear potential with accounting for the nuclear correctios: 

iii) mathematical and physical essense of the radiative corrections of lower and 

higher orders: a self-energy part of the Lamb shift and vacuum polarization 

correction, iv) calculation of the radiative corrections of lower and higher 



 

orders: a self-energy part of the Lamb shift and vacuum polarization correction,  

v) Scheme for calculation of spectra of heavy three-electron multicharfged ions.   

 Explain all definitions in the QED perturbation theory of the heavy 

relativistic atoms and multicharged ions   on the example of the hydrogen, 

helium and lithium-like ions. 

2).To apply the the QED perturbation theory by Glushkov-Khetselius et al to 

calculation of the radiative corrections of lower and higher orders: a self-energy 

part of the Lamb shift and vacuum polarization correction , for the Li-like ion of  

say thullium Tm.  To perform its pracrical realization (using Fortran Power 

Station , Version 4.0; PC Code: “Superatom-SuprerNucleusk” for quantum 

system from the first task of the option (all necessary numerical parameters 

should be self-taken).   

 

 

Task Option 6. 

1). Give the key definitions of a theoretical approach to definition of the   energy 

and spectral characteristics of the heavy relativistic atoms and multicharged ions  

and S-matrix formalism to describe the term of different orders i) mathematical 

and physical essense of zeroth order approximation of the QED perturbation 

theory, ii) mathematical and physical essense of approximation for 

determination of a nuclear potential with accounting for the nuclear correctios: 

iii) mathematical and physical essense of the radiative corrections of lower and 

higher orders: a self-energy part of the Lamb shift and vacuum polarization 

correction, iv) calculation of the radiative corrections of lower and higher 

orders: a self-energy part of the Lamb shift and vacuum polarization correction,  

v) Scheme for calculation of spectra of heavy three-electron multicharfged ions.   

 Explain all definitions in the QED perturbation theory of the heavy 

relativistic atoms and multicharged ions   on the example of the hydrogen, 

helium and lithium-like ions. 

2).To apply the the QED perturbation theory by Glushkov-Khetselius et al to 

calculation of the radiative corrections of lower and higher orders: a self-energy 

part of the Lamb shift and vacuum polarization correction , for the Li-like ion of  

say uranium U.  To perform its pracrical realization (using Fortran Power 

Station , Version 4.0; PC Code: “Superatom-SuprerNucleusk” for quantum 

system from the first task of the option (all necessary numerical parameters 

should be self-taken).   



 

References 

1. Glushkov A.V., Multiphoton Spectroscopy of Atoms and Nuclei in a 

Laser Field: Relativistic Energy Approach and Radiation Atomic Lines 

Moments Method. Advances in Quantum Chemistry (Elsevier). 

2019.Vol.78,P.253-285; 

2. Glushkov, A.V.; Ivanov, L.N. Radiation decay of atomic states: atomic 

residue polarization and gauge noninvariant contributions. Phys. Lett. 

A 1992, 170, 33-36. 

3. Khetselius OYu (2011) Quantum structure of electroweak interaction in 

heavy finite Fermi-systems.  Astroprint, Odessa 

4. Glushkov AV 92008) Relativistic Quantum Theory. Quantum, mechanics 

of atomic Systems. Astroprint, Odessa. 

5. Khetselius OYu (2008) Hyperfine structure of atomic spectra. Astroprint, 

Odessa. 

6. Tsigutkin K,  Dounas-Frazer D,  Family A, Stalnaker JE, Yashchuk VV, 

Budker D (2009) Observation of a Large Atomic Parity Violation 

Effect in Ytterbium. Phys.Rev.Lett. 103:071601. 

7. Shabaev VM, Tupitsyn II, Pachucki K et al (2005) Radiative and 

correlation effects and parity-nonconserving transition amplitude in 

heavy alkali-metal atoms. Phys Rev A 72:P062105. 

8. Safronova MS, Johnson WR, Safronova UI et al (2006) Relativistic 

many-body theory calculation of the Stark-induced amplitude of the 

6p-7p transition in thallium. Phys Rev A 74:P022504.  

9. Dzuba VA, Flambaum VV, Safronova MS (2006) Breit interaction and 

parity-nonconservation in many-electron atoms. Phys Rev A 

73:P022112. 

10. Glushkov AV, Ambrosov SV, Khetselius OYu et al (2004) QED 

calculation of the super heavy elements ions: energy levels, radiative 

corrections and hfs for different nuclear models. Nucl Phys A: Nucl 

and Hadr Phys 734:21-28. 

11. Kuchiev MYu, Flambaum VV (2003) Radiative corrections to parity 

nonconservation in atoms and test of the standard model. J Phys B 

36:R191-222. 

12. Johnson WR, Safronova MS, Safronova UI (2003) Combined effect of 

coherent Z exchange and the hyperfine interaction in the atomic parity-

non-conserving interaction. Phys Rev A 67:P062106.  

13. Mohr PJ (1982) Self-energy of the n = 2 states in a strong Coulomb field. 

Phys Rev A 26:2338.  

14. Flambaum VV, Ginges JS  (2005) Radiative potential and calculations of 

QED radiative corrections to energy levels and electromagnetic 

amplitudes in many-electron atoms. Phys Rev A 72:052115. 

https://scholar.google.com/scholar?oi=bibs&cluster=8844798776525073199&btnI=1&hl=en
https://scholar.google.com/scholar?oi=bibs&cluster=8844798776525073199&btnI=1&hl=en


 

15. Serot BD, Walecka JD (1986) Advances in Nuclear Physics. The 

Relativistic Nuclear Many Body Problem, vol 16. Plenum Press, New 

York 

16. Burvenich TJ, Evers J, Keitel CH (2006) Dynamic nuclear Stark shift in 

superintense laser fields. Phys. Rev. C. 74:044601. 

17. Kohn W, Sham LJ (1965) Self-Consistent Equations Including Exchange 

and Correlation Effects. Phys Rev A 140:1133 

18. Ivanov LN, Ivanova EP, Aglitsky EV (1988) Modern trends in the 

spectroscopy of multicharged ions. Phys Rep 166 :315-388. 

19. Glushkov AV, Ambrosov SV, Loboda AV, Gurnitskaya EP, Khetselius 

OY (2005) QED calculation of heavy multicharged ions with account 

for correlation, radiative and nuclear effects. In:  Julien J-P, Maruani J, 

Mayou D, Wilson S, Delgado-Barion G (eds) Recent Advances in 

Theor. Phys. and Chem. Systems. Series: Progress in Theoretical 

Chemistry and Physics, vol 15. Springer, Dordrecht, pp 285-299. 

20. Glushkov AV, Khetselius OYu, Lovett L et al (2008) Gauge-invariant 

QED perturbation theory approach to calculating nuclear electric 

quadrupole moments, hyperfine structure constants for heavy atoms 

and ions. Frontiers in Quantum Systems in Chemistry and Physics, vol 

18. Berlin, Springer, рр 505-522. 

21. Khetselius OYu  (2008) On sensing nuclei of the lanthanide isotopes by 

means of laser spectroscopy of hyperfine structure 165Ho, 169Tm. 

Sensor Electr Microsyst Techn 2:5-9.    

22. Khetselius OYu (2008) On possibility of sensing nuclei of the rare 

isotopes by means of laser spectroscopy of hyperfine structure. Sensor 

Electr Microsyst Techn 3:28-33. 

23. Khetselius OYu (2009) Relativistic calculating the hyperfine structure 

parameters for heavy-elements and laser detecting the isotopes and 

nuclear reaction products. Phys Scripta T 135:P014023. 

24. Khetselius OYu (2009) On sensing nuclei of the 207Bi &207Pb isotopes by 

means of laser spectroscopy of hyperfine. Sensor Electr and Microsyst 

Techn 2:26-29. 

25. Khetselius OYu (2009) Relativistic perturbation theory calculation of the 

hyperfine structure parameters for some heavy-element isotopes. Int J 

of Quantum Chemistry 109:3330-3335. 

26. Khetselius OYu (2009) Relativistic calculation of the hyperfine structure 

parameters for heavy elements and laser detection of the heavy 

isotopes. Phys Scripta 135:014023.  

27. Glushkov AV (2006) Relativistic and Correlation Effects in Spectra of 

Atomic Systems. Astroprint, Odessa 

28. Khetselius OYu (2012) Relativistic Energy Approach to Cooperative 

Electron-γ-Nuclear Processes: NEET Effect. In: Nishikawa K, 

Maruani J, Brändas E, Delgado-Barrio G, Piecuch P (eds) Quantum 



 

Systems in Chemistry and Physics: Progress in Methods and 

Applications. Series: Progress in Theoretical Chemistry and Physics, 

vol 26.  Springer, Dordrecht, pp 217-229.  

29. Glushkov AV, Rusov VD, Ambrosov SV, Loboda AV (2003) Resonance 

states of compound super-heavy nucleus and EPPP in heavy nucleus 

collisions. In: Fazio G, Hanappe F (eds) New Projects and New Lines 

of Research in Nuclear Physics. World Scientific, Singapore, 126-132.  

30. Glushkov AV (2005) Energy approach to resonance states of compound 

superheavy nucleus and EPPP in heavy nuclei collisions. In: Grzonka 

D,   Czyzykiewicz R, Oelert W et al (eds) Low Energy Antiproton 

Physics. AIP Conf Proc, New York,   796:206-210.  

31. Glushkov AV (2012) Spectroscopy of cooperative muon-gamma-nuclear 

processes: Energy and spectral parameters. J Phys: Conf Ser 

397:012011.  

32. Malinovskaya SV, Glushkov AV, Dubrovskaya YV, Vitavetskaya LA 

(2006) Quantum calculation of cooperative muon-nuclear processes: 

Discharge of metastable nuclei during negative muon capture. In: 

Julien J-P, Maruani J, Mayou D, Wilson S, Delgado-Barion G 

(eds) Recent Advances in the Theory of Chemical and Physical 

Systems. Series: Progress in Theoretical Chemistry and Physics, vol 

15. Springer, Dordrecht, pp 301–307 

33. Glushkov AV, Khetselius OYu, Gurnitskaya EP,  Loboda AV, Florko TA, 

Sukharev DE, Lovett L (2008) Gauge-Invariant QED Perturbation 

Theory Approach to Calculating Nuclear Electric Quadrupole 

Moments, Hyperfine Structure Constants for Heavy Atoms and Ions. 

In: Wilson S, Grout PJ,  Maruani J, Delgado-Barrio G, Piecuch P (eds) 

Frontiers in Quantum Systems in Chemistry and Physics. Series: 

Progress in Theoretical Chemistry and Physics, vol 18. Springer, 

Dordrecht), рр 507-524. 

34. Glushkov AV, Ivanov LN (1992) Radiation decay of atomic states: 

atomic residue polarization and gauge noninvariant contributions. Phys 

Lett A 170:33-36. 

35. Glushkov AV, Ivanov LN., Ivanova EP (1986) Radiation decay of atomic 

states. Generalized energy approach. In: Autoionization Phenomena in 

Atoms. Moscow State Univ., Moscow, p 58  

36. Ivanova E.P, Glushkov AV (1986) Theoretical investigation of spectra of 

multicharged ions of F-like and Ne-like isoelectronic sequences. J 

Quant Spectr Rad Transfer 36 :127-145. 

37. Khetselius OYu (2015) Optimized Perturbation Theory for Calculating 

the Hyperfine Line Shift and Broadening of Heavy Atoms in a 

Buffer Gas. In: Nascimento M, Maruani J, Brändas E, Delgado-Barrio 

G (eds) Frontiers in Quantum Methods and Applications in Chemistry 

and Physics. Series: Progress in Theoretical Chemistry and Physics, 

http://aip.scitation.org/doi/10.1063/1.2130166
http://aip.scitation.org/doi/10.1063/1.2130166
http://aip.scitation.org/doi/10.1063/1.2130166
http://aip.scitation.org/doi/10.1063/1.2130166
https://link.springer.com/chapter/10.1007/978-1-4020-8707-3_23
https://link.springer.com/chapter/10.1007/978-1-4020-8707-3_23
https://link.springer.com/chapter/10.1007/978-1-4020-8707-3_23
http://www.springer.com/series/6464


 

vol. 29. Springer, Cham, pp. 55-76.  

38. Khetselius OYu, Zaichko PA, Smirnov AV, Buyadzhi VV, Ternovsky 

VB, Florko TA, Mansarliysky VF (2017) Relativistic Many-Body 

Perturbation Theory Calculations of the Hyperfine Structure and 

Oscillator Strength Parameters for Some Heavy Element Atoms and 

Ions. In: Tadjer A, Pavlov R, Maruani J, Brändas E, Delgado-Barrio G 

(eds) Quantum Systems in Physics, Chemistry, and Biology. Series: 

Progress in Theoretical Chemistry and Physics, vol 30. Springer, 

Cham, pp 271-281. 

. 
 

 

 

 

 

 

 

 

 


