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THEORETICAL STUDYING SPECTRAL CHARACTERISTICS OF ZN-LIKE IONS
ON THE BASIS OF RELATIVISTIC MANY-BODY PERTURBATION THEORY

A theoretical study of the spectroscopic characteristics of Zn-like multiply charged ions is carried out within
the framework of the relativistic many-body perturbation theory. The optimized Dirac-Kohn-Shem approxima-
tion was chosen as the zero approximation of the relativistic perturbation theory. Optimization has been fulfilled
by means of introduction of the parameters to the Kohn-Sham exchange and correlation potentials and further
minimization of the gauge-non-invariant contributions into radiation width of atomic levels with using relativ-
istic orbital set, generated by the corresponding zeroth approximation Hamiltonian.

1. In recent years, in connection with the
unprecedented progress in the development
of experimental techniques, an urgent need
has arisen to solve the required problems at a
fundamentally new level of theoretical con-
sistency and accuracy. First of all, this relates
to the determination of such important atom-
ic spectroscopic characteristics as the cross
sections of various elementary processes, the
probability of radiative transitions, and the
strength of oscillators, and if important pro-
gress has been made in the study of the most
intense allowed (electric dipole) radiative
transitions  [1-28]). In many papers the
standard Hartree-Fock (HF), Dirac-Fock
(DF) methods, model potential (MP) ap-
proach, quantum defect approximation etc in
the different realizations have been used for
calculating energies and oscillator strengths.
However, it should be stated that for the
heavy alkali atoms (such as caesium and
francium and corresponding ions) and partic-
ularly for their high-excited (Rydberg) states,
there is not enough precise information
available in literature. The  multi-
configuration Dirac-Fock method is the most
reliable version of calculation for multielec-
tron systems with a large nuclear charge.
However, one should remember about very
complicated structure of spectra of the lan-
thanides atoms and necessity of correct ac-
counting for different correlation effects such
as polarization interaction of the valent qua-
siparticles and their mutual screening, itera-
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tions of a mass operator etc.).The known
method of the model relativistic many-body
perturbation theory (RMBPT) has been earli-
er effectively applied to computing spectra of
low-lying states for some lanthanides atoms
[5-11] (see also [12-22]). In this paper theo-
retical studying spectroscopic characteristics of
the Zn--like multicharged ions is carried out
within the relativistic many-body perturbation
theory. The zeroth approximation of the relativ-
istic perturbation theory is provided by the opti-
mized Dirac-Coulomb one.

2. As the method of computing is earlier
presented in detail, here we are limited only
by the key topics [5-15]. Generally speaking,
the majority of complex atomic systems pos-
sess a dense energy spectrum of interacting
states with essentially relativistic properties.
In the theory of the non-relativistic atom a
convenient field procedure is known for cal-
culating the energy shifts Ae of degenerate
states. This procedure is connected with the
secular matrix M diagonalization [10-22]. In
constructing M, the Gell-Mann and Low adi-
abatic formula for AE is used. In contrast to
the non-relativistic case, the secular matrix
elements are already complex in the second
order of the electrodynamical PT (first order
of the interelectron interaction). Their imagi-
nary part of AE is connected with the radia-
tion decay (radiation) possibility. In this ap-
proach, the whole calculation of the energies
and decay probabilities of a non-degenerate
excited state is reduced to the calculation and



diagonalization of the complex matrix M.
The complex secular matrix M is represented
in the form [6-11]:

M=MP MY+ M@D MO (1)
where M © is the contribution of the vacuum
diagrams of all order of PT, and M
M@ M® those of the one-, two- and three-

quasiparticle diagrams respectively. M is a
real matrix, proportional to the unit matrix. It
determines only the general level shift. The

diagonal matrix M® can be presented as a
sum of the independent one-quasiparticle
contributions. For simple systems (such as
alkali atoms and ions) the one-quasiparticle
energies can be taken from the experiment.
Substituting these quantities into (1) one
could have summarized all the contributions
of the one -quasiparticle diagrams of all or-
ders of the formally exact QED PT. Howev-
er, the necessary experimental quantities are
not often available. The first two order cor-
rections to ReM® have been analyzed previ-
ously using Feynman diagrams (look Ref. in
[1,2]). The contributions of the first-order
diagrams have been completely calculated.

In the second order, there are two kinds of
diagrams: polarization and ladder ones. The
polarization diagrams take into account the
quasiparticle interaction through the polariz-
able core, and the ladder diagrams take into
account the immediate quasiparticle interac-
tion [4-20]. Some of the ladder diagram con-
tributions as well as some of the three-
quasiparticle diagram contributions in all PT
orders have the same angular symmetry as
the two-quasiparticle diagram contributions
of the first order. These contributions have
been summarized by a modification of the
central potential, which must now include the
screening (anti-screening) of the core poten-
tial of each particle by the two others.
Interelectron interaction operator with ac-
counting for the Breit interaction has been
taken as follows:

e -esplon, ) L=0)
1
where, as usually, «; are the Dirac matrices.

The total probability of a A -pole transition
is the sum of the electrical PS (electric

multipole decomposition) and magnetic P,

(corresponding decomposition) parts and is
calculated within the relativistic energy for-
malism [7-20]. In the energy approach with
respect to the complex multielectron atomic
system the energy shift in the complex form
is: 6E = RedE + i Im3E, Im S6E = -P/ 2, where
P- probability of decay (transition). For a
single quasiparticle atomic system Im3E and,
accordingly, P in the 2nd perturbation theory
order (the perturbation operatorU,, (r, |b)-

Ju(X)AY(x), where A is the vector of the elec-
tromagnetic field potential, J is the current
operator, Uwme is a mean-field potential ) is
proportional to the matrix element with Dirac

bispinors ¢ ™" (ab initio RMP naGnmxken-

HA):

Vi = de3r1d3r2¢iEFMP* (rl)(D'EFMP* ()IA-aa,):
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which are decomposed into a series of
Bessel functions of the 1st kind (analog of
multipole decomposition). In general, the re-
sults of all approximate calculations depend-
ed on the gauge.

Naturally the correct result must be
gauge-invariant. The gauge dependence of
the amplitudes of the photo processes in the
approximate calculations is a well known
fact and is in details investigated by Grant,
Armstrong, Aymar and  Luc-Koenig,
Glushkov-Ivanov et al (see reviews in [5-7]
and Refs. therein).

Grant has investigated the gauge connec-
tion with the limiting non-relativistic form of
the transition operator and has formulated the
conditions for approximate functions of the
states, in which the amplitudes of the photo
processes are gauge invariant [3]. Glushkov-
Ivanov [11] have developed a new relativistic
gauge-conserved version of the energy ap-
proach. In ref. [16-28] it has been developed
its further generalization. Here we applied
this approach for generating the optimized
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relativistic orbitals basis in the zeroth ap-
proximation of the many-body PT. Optimiza-
tion has been fulfilled by means of introduc-
tion of the parameter to the Fock and Kohn-
Sham exchange potentials and further mini-
mization of the gauge-non-invariant contri-
butions into radiation width of atomic levels
with using relativistic orbital bases, generat-
ed by the corresponding zeroth approxima-
tion Hamiltonians. All calculations are per-
formed with using the PC code Super atom
[6-28]. The results of our studying the Zn-
like ions are listed in Table 1.

Table 1.

Experimental (exp.) And theoretical
energies (in atomic units) and oscillator
strengths for the 4s*(*S )- 4s4p (*P%) transi-
tion in the spectra of various Zn-like ions:
HF, DF, DF methods using experimental
transition energy and our data (RPT)

lon | Method| AE f, fy
DF | 0.3351| 1.89 | 1.98
HF | 0.2984| 230 | 2.01
Ga' | DFep | 0.3221] 197 | 1.95
MP | 0.3076| 168 | 1.73
RPT | 0.3221| 1.86 | 1.86
Exp. | 0.3221| 185 | 1.85
+ 0.15] +£0.15
DF | 0.5247| 1.87 | 1.86
As®* | RPT | 0.5140| 157 | 157
Exp. | 0.5141| 156 | 1.56
+ 0.23| £0.23
Yp 4o+ DF | 6.2564| 1.12 | 1.10
RPT | 5.1788| 0.97 | 0.96
Pp%%*| DF |11.1153} 1.21 | 1.18
RPT | 10.9715| 1.13 | 1.13
DF |17.8584| 1.37 | 1.36
U & HF |17.6087| 1.41 | 1.47
RPT | 17.6285| 1.33 | 1.33
Exp. - 131 | 131
+0.05| £0.05

In fact in table 1 for illustration we present
the experimental (exp.) and theoretical ener-
gies (in atomic units) and oscillator strengths
for the 4s*(*Sg )- 4s4p (*P%) transition in the
spectra of various Zn-like ions: theory is pre-
sented by the Hartree-Fock (HF) Dirac-Fock
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(DF) methods plus the DF data with experi-
mental transition energy and our data (RPT)
(see [1-,5,6] and refs therein). Analysis of the
data shows that the computational method
used provides a physically reasonable agree-
ment between the theoretical and experi-
mental data. Let us note that the transition
probabilities values in the different photon
propagator gauges are practically equal. Be-
sides, an account of the inter particle (elec-
tron) correlation effects is of a great im-
portance.

References

=

Anderson E.K., Anderson E.M., Calcula-

tion of the parameters of some E1, E2,

E3, M1, M2 transitions in the isoelec-

tronic sequence of Zn. Opt. Spectr. 1983,

54, 955-960.

Weiss A., Hartree-Fock line strengths for

lithium, sodium and copper isoelectronic

sequences. J. Quant. Spectr. and Rad.

Tr. 1977, 18, 481-491

3. lvanova, E., Glushkov, A. Theoretical
investigation of spectra of multicharged
ions of F-like and Ne-like isoelectronic
sequences. J. Quant. Spectr. and Rad.
Tr. 1986, 36(2), 127-145.

4. Ivanova, E.P., Ivanov, L.N., Glushkov,
A., Kramida, A. High order corrections
in the relativistic perturbation theory
with the model zeroth approximation,
Mg-Like and Ne-Like lons. Phys.
Scripta 1985, 32, 513-522.

5. Glushkov A., Khetselius O., Svinarenko,
A., Buyadzhi V., Spectroscopy of autoi-
onization states of heavy atoms and mul-
tiply charged ions. TEC: Odessa, 2015.

6. Glushkov, A.V. Relativistic Quantum
theory. Quantum mechanics of atomic
systems. Astroprint: Odessa, 2008.

7. Khetselius O. Quantum structure of elec-
troweak interaction in heavy finite Fer-
mi-systems. Astroprint: Odessa, 2011

8. Khetselius, O.Yu. Hyperfine structure of
atomic spectra. Astroprint: 2008.

9. Svinarenko, A.A., Ternovsky, V.B.,

Cherkasova I., Mironenko D. Theoretical

studying spectra of ytterbium atom on



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

the basis of relativistic many-body per-
turbation theory: doubly excited states.
Photoelectr. 2018, 27, 113-120.

Ivanov, L.N., Ivanova, E.P., Knight, L.
Energy approach to consistent QED the-
ory for calculation of electron-collision
strengths: Ne-like ions. Phys. Rev. A.
1993, 48, 4365-4374.

Glushkov, A., Ivanov, L. Radiation de-
cay of atomic states: atomic residue po-
larization and gauge noninvariant contri-
butions. Phys.Lett.A.1992, 170, 33.
Glushkov A.V., Ivanov, L.N. DC strong-
field Stark effect: consistent quantum-
mechanical approach. J. Phys. B: At.
Mol. Opt. Phys. 1993, 26, L379-386.
Glushkov, A.V. Relativistic and Corre-
lation Effects in Spectra of Atomic Sys-
tems. Astroprint: 2006.

Glushkov, A.V. Relativistic polarization
potential of a many-electron atom. Sov.
Phys. Journal. 1990, 33(1), 1-4.
Glushkov, A.V. Advanced relativistic
energy approach to radiative decay pro-
cesses in multielectron atoms and mul-
ticharged ions. In Quantum Systems in
Chemistry and Physics: Progress in
Methods and Applications. Springer:
Dordrecht, 2012, 26, 231-252.
Glushkov, A.V. Energy approach to res-
onance states of compound superheavy
nucleus and EPPP in heavy nuclei colli-
sions. In Low Energy Antiproton Phys-
ics. AIP: New York, AIP Conf. Proc.
2005, 796, 206-210.

Glushkov, A. Spectroscopy of coope-
rative muon-gamma-nuclear processes:
Energy and spectral parameters J. Phys.:
Conf. Ser. 2012, 397, 012011.

Khetselius O. Spectroscopy of coopera-
tive electron-gamma-nuclear processes
in heavy atoms: NEET effect J. Phys.:
Conf. Ser. 2012, 397, 012012.

Glushkov, A.V. Spectroscopy of atom
and nucleus in a strong laser field: Stark
effect and multiphoton resonances. J.
Phys.: Conf. Ser. 2014, 548, 012020

20.

21.

22.

23.

24,

25.

26.

27.

28.

Glushkov, A., Svinarenko, A., Ter-
novsky, V., Smirnov, A., Zaichko, P.
Spectroscopy of the complex auto ioni-
zation resonances in spectrum of helium.
Photoelectr. 2015, 24, 94-102.
Glushkov, A. Multiphoton spectroscopy
of atoms and nuclei in a laser field: Rela-
tivistic energy approach and radiate-on
atomic lines moments method. Adv. in
Quantum Chem. 2019, 78, 253-285.
Khetselius, O.Yu. Optimized relativistic
many-body perturbation theory calcula-
tion of wavelengths and oscillator
strengths for Li-like multicharged ions.
Adv. Quant. Chem. 2019, 78, 223-251
Svinarenko, A. Study of spectra for lan-
thanides atoms with relativistic many-
body perturbation theory: Rydberg reso-
nances. J. Phys.: Conf. Ser. 2014, 548,
012039.
Khetselius, O.Yu. Relativistic perturba-
tion theory calculation of the hyperfine
structure parameters for some heavy-
element isotopes. Int. Journ. Quant.
Chem. 2009, 109, 3330-3335.
Khetselius, O.Yu. Relativistic calcula-
tion of the hyperfine structure parame-
ters for heavy elements and laser detec-
tion of the heavy isotopes. Phys.Scripta.
2009, 135, 014023.
Svinarenko, A. A., Glushkov, A. V.,
Khetselius, O.Yu., Ternovsky, V.B.,
Dubrovskaya, Yu., Kuznetsova, A.,
Buyadzhi, V. Theoretical spectroscopy
of rare-earth elements: spectra and auto-
ionization resonances. Rare Earth
Element (InTech). 2017, pp 83-104.
Glushkov A., Khetselius O., Svinaren-
ko A., Buyadzhi V., Ternovsky, V.,
Kuznetsova A., Bashkarev P. Relativistic
perturbation theory formalism to compu-
ting spectra and radiation characteristics:
application to heavy element. Recent
Studies in Perturbation Theory. InTech.
2017, 131.
Glushkov A., Svinarenko, A., Ignatenko,
A.V. Spectroscopy of autoionization
resonances in spectra of the lanthanides
atoms. Photoelectr. 2011, 20, 90-94.

159


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
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

PACS 32.30.-r
Cherkasova 1.S., Ternovsky V.B., Nesterenko A.A., Mironenko D.A.

THEORETICAL STUDYING SPECTRAL CHARACTERISTICS
OF Ne-LIKE IONS ON THE BASIS OF OPTIMIZED RELATIVISTIC MANY-BODY
PERTURBATION THEORY

Summary. A theoretical study of the spectroscopic characteristics of Zn-like multiply
charged ions is carried out within the framework of the relativistic many-body perturbation theo-
ry. The optimized Dirac-Kohn-Shem approximation was chosen as the zero approximation of the
relativistic perturbation theory. Optimization has been fulfilled by means of introduction of the
parameters to the Kohn-Sham exchange and correlation potentials and further minimization of
the gauge-non-invariant contributions into radiation width of atomic levels with using relativistic
orbital set, generated by the corresponding zeroth approximation Hamiltonian.
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TEOPETUYECKOE U3YUYEHUE CHEKTPAJIbHBIX XAPAKTEPUCTHUK
Ne-ITIOJJOBHBIX TOHOB HA OCHOBE OIITUMHN3UPOBAHHOMN
PEJIITUBUCTCKON MHOI'OYACTUYHOM TEOPUU BO3MYIIIEHUN

Pe3rome. TeopeTnueckoe M3yyeHHE CHEKTPOCKOIMYECKUX XapaKTEPUCTUK Zn - MOAOOHBIX
MHOT'03apsIIHBIX MOHOB IIPOBOJUTCSA B PaMKaX PEISTUBUCTCKOM TEOPUH BO3MYLICHMM MHOTHX
Tes. B kauecTBe HyIIEBOTO MPUOIMKEHUS PEISTUBUCTCKOW TEOPHH BO3MYIIEHHH BHIOpAHO OTI-
TUMHU3UpOBaHHOe npubmmxenue [upaka- Kona-lllema. OnTuMu3anust BBIIOJHEHA ITyTEM BBe-
JieHus mapaMeTpoB B oOMeHHbIe noTeHImansl ®oka n Kona-Illhoma u ganpHeime MuHuMu3a-
el KaTuOpOBOYHO-HEMHBAPUAHTHBIX BKJIA/I0B B paJUallMOHHbIE IIUPHUHBI AaTOMHBIX YPOBHEH C
HCIIOJIb30BaHUEM PEJSITUBUCTCKOrO Oa3uca opOuTaliel, CreHepupOBAaHHOIO COOTBETCTBYIOIIUM
raMUIBTOHMAHOM HYJIEBOTO MPUOIHKEHHUS.

Kurouesnble ciioBa: PensTuBucTckas Teopust BO3MyILIEHHUH, ZN-110100HbIE HOHbI
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TEOPETUYHE BUBYEHHSI CHHEKTPAJIBHUX XAPAKTEPUCTHK )
Ne-IIOAIBHUX NOHOB HA OCHOBI OIITUMI3OBAHOI PEJISITUBICTCBKOI
BAI'ATOYACTKOBI TEOPII 35YPEHBb

Pe3iome. TeopeTnuHe BUBYEHHS CHEKTPOCKOIIIYHUX XapaKTEPUCTUK Zn - Moi0HKUX Oararo3a-
PSAHUX 10HIB NMPOBOJUTHCS B paMKax peNsTUBICTCHKOI Teopli 30ypeHb Oaratbox Tul. B sikocTi
HYJbOBOTO HAOJIMKEHHS PEISATUBICTCHKOI Teopii 30ypeHb 0OpaHO ONTHMi30BaHe HAOIMKEHHS
Hipaka-Kona-Illema. OnTumizaiiisi BUKOHaHA [UIIXOM BBEJCHHS MapaMerpa B OOMIHHUI MOTEH-
mian Kona-Illema i moganemioi miHiMizamii kaniOpyBalbHO-HEIHBAPIaHTHUX BKIIAJIB B pajiailiii-
Hl IIMPUHU aTOMHUX PIBHIB 3 BUKOPUCTAHHSIM PENSTUBICTCHKOro 0aszucy opOiTanei, 3reHepoBa-
HOTO BI/IMOBITHUM TaMiJIbTOHIAaHOM HYJIbOBOTO HAOIMKEHHS.

Kurouosgi cioBa: PenstuBictcrka Teopis 30ypeHb, ZN- MoAi0H1 10HU.
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