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THEORETICAL STUDYING SPECTRA OFYTTERBIUM ATOM

ON THE BASIS OF RELATIVISTIC MANY-BODY PERTURBATION THEORY:

RYDBERG RESONANCES

Theoretical studying the Rydberg autoionization resonances in spectra of the lanthanides atoms (ytterbium) is carried
out within the relativistic many-body perturbation theory and generalized relativistic energy approach (Gell-Mann and Low
S-matrix formalism). The zeroth approximation of the relativistic perturbation theory is provided by the optimized Dirac-
Fock and Dirac-Kohn-Sham ones. Optimization has been fulfilled by means of introduction of the parameter to the Fock and
Kohn-Sham exchange potentials and further minimization of the gauge-non-invariant contributions into radiation width of
atomic levels with using relativistic orbital bases, generated by the corresponding zeroth approximation Hamiltonians. The
accurate theoretical results on the autoionization 4 f3F746snp[5/2]2 4fB[F 72 6shf[5/2]2resonances energies and widths
are presented and compared with experimental data, obtained on the basis of the laser polarization spectroscopy method.

1. Introduction

This paper goes on our work on theoretical

studying spectra and spectroscopic parameters for
heavy atoms, namely, lanthanides atoms (see, for
example [1-56]). Letus remind that an investiga-
tion of spectra, optical and spectral, radiative and

autoionization characteristics for heavy elements

atoms and multicharged ions is traditionally of a

great interest for further development quantum

atomic optics and atomic spectroscopy and dif-

ferent applications in plasma chemistry, astro-

physics, laser physics etc. (see Refs. [1-10]).

Different atomic spectroscopy methods have

been used in studying radiative and autoioniza-

tion characteristics of atomic systems. The well

known classical multi-configuration Hartree-Fo-

ck method allowed to get a great number of the

useful spectral information about light and not

heavy atomic systems. The multi-configuration

Dirac-Fock method is the most reliable version

of calculation for multielectron systems with a

large nuclear charge. In these calculations the

one- and two-particle relativistic and important

exchange-correlation corrections are taken into

account (see Refs. [1] and Refs. therein). Howev-

er, one should remember about very complicated

structure of spectra of the lanthanides atoms and
necessity of correct accounting the different cor-
relation effects such as polarization interaction of
the valent quasiparticles and their mutual screen-
ing, iterations of a mass operator etc.). The known
method of the model relativistic many-body per-
turbation theory has been earlier effectively ap-
plied to computing spectra of low -lying states for
some lanthanides atoms too [2,3] (see also [2-6]).
W e use an analogous version of the perturbation
states charac-

theory (PT) to study the Rydberg

teristics, however, the zeroth approximation is

generated by the Dirac-Fock model. In Refs. [7-
10] the similar version of the perturbation theory
has been used with using the Dirac-Kohn-Sham
This method is

zeroth approximation. actively

used in solving many tasks of quantum, atomic
and nuclear physics [67-87]. Here we present the
results of computing the Rydberg Yb 4f13 [2F 7/2]
6s2np[5/2]2, 4f13 [2F7/2] 6s2nf[5/2]2 states energies
and widths within both approaches and compare
theoretical data with some experimental laser po-
larization spectroscopy method data [22,23]. Al
calculations are performed with using Superatom

package (see for example, 2-241]).
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2. Advanced relativistic many-body

turbation theory and energy approach

As the method of computing is earlier present-
ed in details, here we are limited only by the key
topics. A model relativistic energy approach in a
case of the multielectron atom has been proposed
by Ivanov-lvanova et al [2-4] and its generalized
R efs.

gauge-invariant version is

[5,6,11,2].

developed in
The approach is based on the Gell-
M ann and Low S-matrix formalism and the rela-
tivistic many-body PT with using the optimized
one-quasiparticle representation and an accurate
account of the relativistic and exchange-correla-
In the relativistic case the Gell-M ann

shift DE

tion effects.
and Low formula expressed an energy
through the Q ED scattering matrix including the
interaction with as the photon vacuum field as the
laser field zeroth basis is

The wave function

found from the Dirac equation with a potential,

which includes ab initio optimized model (lva-

nov-lvanova type [6]) potential or DF potentials,
the electric potential of a nucleus (the Gaussian
form ofthe charge distribution in anucleus is usu-
ally used by us) [4]. The correlation corrections of
the PT second and higher orders are taken into
account by means of using the polarization and
screening potentials (from Refs. [10-16]).

Generally speaking, the majority of complex

atomic systems possess a dense energy spectrum
states with relativistic

of interacting essentially

properties. In the theory of the non-relativistic

atom a convenient field procedure is known for

calculating the energy shifts de of degenerate
states. This procedure is connected with the secu-
lar matrix M diagonalization [2,11,12]. In con-
structing M, the Gell-Mann and Low adiabatic
In contrast to the non-

formula for DE is used.

relativistic case, the secular matrix elements are
already com plex in the second order of the elec-

trodynamical PT (first order of the interelectron

interaction). Their imaginary part of DE is con-
nected with the radiation decay (radiation) possi-
bility. In this approach, the whole calculation of
the energies and decay probabilities of a non-de-
generate excited state is reduced to the calculation
and diagonalization of the complex matrix M. In
the papers of different authors, the F@DE calcula-
tion procedure has been generalized for the case

of nearly degenerate states, whose levels form a
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permore or less compact group. One of these variants

has been previously [7-12] introduced: for a sys-
tem with adense energy spectrum, agroup ofnear-
ly degenerate states is extracted and their matrix M
is calculated and diagonalized. Ifthe states are well
separated in energy, the matrix M reduces to one

DE. The

matrix elements are expanded in aPT series for the

term, equal to non-relativistic secular
interelectron interaction. The com plex secular ma-

trix M is represented in the form [3,4,11]:
M=M@o@o+-Muy+M¢e+M @ (1)

where M 0) is the contribution of the vacuum dia-
.M M

quasiparticle

grams of all order of PT, and M

those of the one-, two- and three-

diagrams respectively. M (0) is a real matrix, pro-
portional to the unit matrix. Itdetermines only the
general level shift. We have assumed M’O): 0.

The diagonal matrix M can be presented as a

sum of the independent one-quasiparticle contri-
butions. 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 dia-

grams ofall orders ofthe formally exact QED PT.

However, the necessary experimental quantities

arenot often available. The firsttwo order correc-
tions to ReM(Z) have been analyzed previously [4]
using Feynman diagrams [11]. The contributions
of the first-order diagrams have been com pletely
the second there are two

calculated. 1In order,

kinds of diagrams: polarization and ladder ones.

The polarization diagrams take into account the
quasiparticle interaction through the polarizable
core, and the ladder diagrams account for the im -
mediate interaction Some

quasiparticle [11-20].

of the ladder diagram contributions as well as
some ofthe three-quasiparticle diagram contribu-
tions in all PT orders have the same angular sym -
metry as the two-quasiparticle diagram contribu-
tions of the first order. These contributions have
been summarized by a modification ofthe central
potential, which must now include the screening
(anti-screening) of the core potential of each par-
ticle by the two others. The additional potential
modifies the one-quasiparticle orbitals and ener-

gies. Then the secular matrix is as follows:
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RELATIVISTIC MANY-BODY PERTURBATION THEORY: RYDBERG RESONANCES
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YfIK 539.182

B. E. TepHoecKUU, M. W. rypcmH, A. A. CeuHapeHKO, B. 0. MaHcapmucKun

TEOPETHHECKOE H3YHEHHE CnEKTPA ATOMA HTEPEHH HA OCHOBE
PE.THTHBHCTCKOH MHOrOHACTHHHOH TEOPHH BO3M Y ""EHHH:
PH"EEProBM PE3SOHAHCEI

Pe3M Me

B paMKaX penfITHBHCTCKOH MHOrOHaCTHHHOH TeOpHH BO3My”~eHHH H 0606"eHHOTO penaTHBHCT-
CKoro "HepreTHHecKO”o nogxoga npoBegeHO TeopeTHnecKoe H3yneHHe xapaKTepucTHK pugbeproB -
ckhx aBTOHOHH3a"HOHH"Ix pe30HaHCOB b cneK Tpax aTOMOB naHTaHHgoB (HTTep6ua). B KanecTBe Hy-
neBOrO npuénH*eHHa penaTHBHCTcKOH TeOpHH BO3My~eHHH Bbl6paHbl OnTHMH3HpOBaHHbie npH6NnH -
*eHHa flupaKa-OoKa h flupaKa-KoHa-ffijMa. ONTHMH3a”Ha BbinonHeHa nyTeM BBegeHHa napaMeTpa
b 06MeHHDbie "OTeH~Hanbl OoKa h KoHa-ffl3Ma h ganbHeumeu MHHHMH3a”"HeH Kanu6poBOHHo-HeHH -
BapuaHTHHx BKnagoB b pagHa”HOHHble mupuHbi aTOMHbix ypoBHeu ¢ Hchonb30OBaHHeM penaTHBHCcT-
ckhx op6HTanbHDbix 6a3HcoB, creHepupoBaHHDbix cooTBeTCTByro"HMH raMHnbTOHHaHaMH HyneBoro
npuénH*eHHa. npegcraBneHbi aKKypaTHbie TeopeTHnecKHe gaHHbie no "Hep"HaM h mupuHaM aB-
TOHOHH3a"HOHHDbIX 4 f3[2F7/2]6s2np[5/2]2, 4f13 [2F 7/2] 6s2nf[5/2]2 pe3oHaHcoB h npoBegeHO cpaBHeHHe
¢ "KC”epHMeHTanbHbIMH gaHHbiIiMH, nonyneHHbiMH Ha ocHOBe MeToga na3epHOH ~onapH3a”HOHHOH
cneKTpocKonHH.

K~roneBwe c"OBa: PenaTHBHcTcKaa Teopua BO3My~reHHH, "Hep”HH h mupuHbi pe30OHaHcoB, on-
THMH3HpoBaHHoe HyneBoe npu6nH *eHHe

YfIK 539.182

B. E. TepHoecbKuU, M. W. FypcbKa, A. A. CeuHapeHKO, B. 0. MaHcaprnucbKuti

TEOPETHHHE B1IBMI IIIHICNEKTPA ATOMA ITEPEIM HA OCHOBI
PE"HTHBICTCEKOI EArATOHACTHHKOBOI TEOPII3EYPEHE: PI"EEPTOBI
PE3OHAHCH

Pe3roMe

B paMKax penaTHBicrcbKoi 6araTonacTHHKOBoi Teopii 36ypeHb i y3aranbHeHoro penaTHBicrcbKoro
eHepreTHHHoro nigxogy npoBegeHO TeopeTHnHe BHBneHHa xapaKTepucTHK pig6epriBcbhbKHXx aBToio-
Hi3a”HHHXx pe3OHaHciB b cneKTpax aTOMIB naHTaHigiB (iTep6iro). B aKocri HynbOBoro HaénH*eHHa
penaTHBicrcbKoi Teopii 36ypeHb o6paHi onTHMi3OBaHi HaénH*eHHa flipaKa-OoKa i flipaKa-KoHa-
ffleMa. OnTHM i3a”a BHKOHaHa mnaxoM BBegeHHa napaMeTpa b 06MiHHi noTeH anu OoKa i KoHa-
ffleMainoganbmoi MmiMi3a”ni Kani6pyBanbHO-HeiHBapiaHTHux BKnagiB b pagia”HHi mupuHH aTOM-
hhx piBHiB 3 BHKopucraHHaM penaTHBicTcbKHx op6iTanbHHXx 6a3uciB, 3reHepoBaHHMH BignoBigHHMH
raMinbTOHiaHaMH HynbOBoro Ha6énu*eHHa, npegcTaBneHi aKypaTHi TeopeTHHHIi gaHi no eHepriax i
mupuHaM aBToiom3a”HHux 4f13[2F 7/2]6s2np[5/2]2, 4F 3 [2F7/2] 6s2nf[5/2] pe3OHaHciB i npoBegeHO no-
piBHaHHa 3 eKcnepHMeHTanbHHMH gaHHMH, OTpuMaHHMu Ha ocHOBiI MeTogy na3epHoi nonaproa”™H -
Hoi cneKTpocKonii.

K" "mhobl c.iOBa: PenaTHBicTcbKa Teopia 36ypeHb, eHeprii i mupuHH pe3OHaHciB, onTHMi3OBaHe
HynbOBe Ha6nu*eHH a
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