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THEORETICAL STUDYING SPECTRA OF YTTERBIUM 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 4f°[°F, )16s’np[5/2],, 4f" [’F, ,] 6s’nf[5/2], resonances 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]). Let us 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]).
We use an analogous version of the perturbation
theory (PT) to study the Rydberg states charac-
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
zeroth approximation. This method is actively
used in solving many tasks of quantum, atomic
and nuclear physics [57-87]. Here we present the
results of computing the Rydberg Yb 41" [°F_ ]
6s’np[5/2],, 41 [°F, ] 6s°nf[5/2], states energies
and widths within both approaches and compare
theoretical data with some experimental laser po-
larization spectroscopy method data [22,23]. All
calculations are performed with using Superatom
package (see for example, 2-24]).
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2. Advanced relativistic many-body per-
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-Ivanova et al [2-4] and its generalized
gauge-invariant version is developed in Refs.
[5,6,11,2]. The approach is based on the Gell-
Mann 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-
tion effects. In the relativistic case the Gell-Mann
and Low formula expressed an energy shift AE
through the QED scattering matrix including the
interaction with as the photon vacuum field as the
laser field . The wave function zeroth basis is
found from the Dirac equation with a potential,
which includes ab initio optimized model (Iva-
nov-Ivanova type [6]) potential or DF potentials,
the electric potential of a nucleus (the Gaussian
form of the charge distribution in a nucleus 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
of interacting states with essentially relativistic
properties. In the theory of the non-relativistic
atom a convenient field procedure is known for
calculating the energy shifts AE 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
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 elec-
trodynamical PT (first order of the interelectron
interaction). Their imaginary part of AE 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 ReAE calcula-
tion procedure has been generalized for the case
of nearly degenerate states, whose levels form a
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more or less compact group. One of these variants
has been previously [7-12] introduced: for a sys-
tem with a dense energy spectrum, a group of near-
ly degenerate states is extracted and their matrix M
is calculated and diagonalized. If the states are well
separated in energy, the matrix M reduces to one
term, equal to AE. The non-relativistic secular
matrix elements are expanded in a PT series for the
interelectron interaction. The complex secular ma-
trix M is represented in the form [3,4,11]:

M=M+ M+ M 4 MY (1)

where M”) is the contribution of the vacuum dia-
grams of all order of PT, and M (1), M (2),M ®)
those of the one-, two- and three- quasiparticle
diagrams respectively. M ©) is a real matrix, pro-
portional to the unit matrix. It determines only the
general level shift. We have assumed M ©=0.
The diagonal matrix M M can be presented as a
sum of the independent one-quasiparticle contri-
butions. For simple systems (such as alkali atoms
and 1ons) 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 of all orders of the formally exact QED PT.
However, the necessary experimental quantities
are not often available. The first two order correc-
tions to Re M have been analyzed previously [4]
using Feynman diagrams [11]. 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 polarizable
core, and the ladder diagrams account for the im-
mediate quasiparticle interaction [11-20]. Some
of the ladder diagram contributions as well as
some of the 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 of the 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:



Mo>MY+M?, ()
where M is the modlﬁed one-quasiparticle ma-
trix ( diagonal), and M" the modified two- -qua-
siparticle one. M ™ is calculated by substituting
the modified one-quasiparticle energies), and
m® by means of the first PT order formulae for
Mm% , putting the modified radial functions of the
one-quasiparticle states in the radial integrals..

Let us remind that in the QED theory, the pho-
ton propagator D(12) plays the role of this inter-
action. Naturally the analytical form of D(12) de-
pends on the gauge, in which the electrodynami-
cal potentials are written. Interelectron interaction
operator with accounting for the Breit interaction
has been taken as follows:

V(rirj)= exp(ia””zj)'(]—owj)’
i

where, as usually, o, are the Dirac matrices. In
general, the results of all approximate calcula-
tions depended on the gauge. Naturally the cor-
rect result must be gauge-invariant. The gauge
dependence of the amplitudes of the photo pro-
cesses 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 [11] and numerous Refs. there-
in). Grant has investigated the gauge connection
with the limiting non-relativistic form of the tran-
sition operator and has formulated the conditions
for approximate functions of the states, in which
the amplitudes of the photo processes are gauge
invariant [1]. These results remain true in the en-
ergy approach because the final formulae for the
probabilities coincide in both approaches. Glush-
kov-Ivanov have developed a new relativistic
gauge-conserved version of the energy approach
[6]. Here we applied this approach for generating
the optimized relativistic orbitals basis in the ze-
roth approximation of the many-body PT [7-10].
Optimization has been fulfilled by means of intro-
duction of the parameter to the Fock and Kohn-
Sham exchange potentials and further minimiza-
tion of the gauge-non-invariant contributions into
radiation width of atomic levels with using rela-
tivistic orbital bases, generated by the correspond-
ing zeroth approximation Hamiltonians. Below
we will be interested by studying the spectra of

3)

the autoionization resonances in the ytterbium
atom and calculating their energies and widths.
The excited states of the ytterbium atom can be
treated as the states with two-quasiparticles above
the electron core [Xe]4f'. Within the standard
energy approach [8-11] the autoionization width
is determined by the square of an electron interac-
tion (3) matrix element. The real part of the elec-
tron interaction matrix element is determined us-
ing expansion in terms of Bessel functions [17-
19,26]; the Coulomb part Q" is expressed in
terms of the standard radial integrals and angular
coefficients. The Breit part of Q is defined in the
similar way as above, but the contribution of our
interest is a real part. The Breit interaction is
known to change considerably the autoionization
decay dynamics in some cases (see, for example,
Refs. [3,11]). Determination of the radiation de-
cay probabilities (oscillator strengths) results to
calculating the imaginary matrix elements of the
interaction (3). The calculation of radial integrals
ReR,(1243) is reduced to the solution of a system
of differential equations according to the Ivano-
va-Ivanov method [26]. The system of differen-
tial equations includes also equations for func-
tions f/r=1, g/prr! ZS), Zf). The formulas for the
autoionization decay probability include the ra-
dial integrals R (ckyB), where one of the func-
tions describes electron in the continuum state.
The correctly normalized function should have
the following regular asymptotic at »—0 (look
details in Refs. [13-19]). Other details can be
found in Refs. [6-11,13-19].

3. Some illustration results and conclusion

In table 1 we present the experimental data
(Jong-Hoon et al [87,88]) and theoretical results
(Th1-PT with the Dirac-Kohn-Sham zeroth ap-
proximation [7,8]; Th2 — this work) for energies
and widths of the excited (autoionization) states
of the 4" [°F, ]6s’np[5/2], and 4f" [°F, ] 6s°
nf [5/2], states (because of excitation of the 4f
shell).

In table 2 we present the predictions of this
work regarding the energies and widths of the ex-
cited (autoionization) states 4" [’F, ] 6s’nf[5/2],
states. As it has been noted in [5], the attention is
drawn to the smallness of the resonance widths,
the cause of which in the literature is not clear. In

105



our opinion, it is related to the complex energetic
structure of the 4f-shell atoms, as a result of caus-
ing several unusual physics of autoionization res-
onances and their decay mechanisms, especially
in comparison with the conventional standards
spectroscopy (for He, inert gases, alkali atoms)

Table 1

Energies E (cm™), widths I' (cm™) of the 4"

[’F.,16s’np[5/2], states in YbI: Thl- PT with

Dirac-Kohn-Sham zeroth approximation;

Th2- Th1- PT with Dirac-Fock zeroth approxi-
mation (this work)

o | Exp. | Exp. | Thl. | Thl | Th2. | Th.
E A E r E r
exp exp
12 | 701205 | 1.5 | 70121 | 1.7 | 70123 | 1.6
15 | 709148 | 12 | 70916 | 1.4 | 70917 | 1.3
20 | 71428.1 | 0.6 | 71429 | 0.7 | 71430 | 0.6
25 | 716125 | 1.3 | 71611 | 15 | 71612 | 1.4
26 | 716333 | 0.6 | 71631 | 0.8 | 71633 | 0.7
30 | 71698.8 | 0.5 | 71697 | 0.7 | 71699 | 0.6
46 - - 71798 | 0.3

It is important to note that the both perturba-
tion theory versions with the Dirac-Fock and Di-
rac-Kohn-Sham zeroth approximations provide
a physically reasonable agreement with experi-
ment, however, more exact data are provided by
the optimized Dirac-Fock-like theory.

Table 2
Energies E (cm™), widths I' (cm™) of the 4f"*

[’F.,] 6s® nf [5/2], states (predictions of this
work)

n Th. Th.

E I
12 70966 0.6
13 71109 0.4
15 71314 1.5
20 71562 0.8
25 71674 0.7
26 71690 0.6
30 71735 0.4
46 71814 0.2
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UDC 539.182

V. B. Ternovsky, M. Yu. Gurskaya, A. A. Svinarenko, V. F. Mansarliysky

THEORETICAL STUDYING SPECTRA OF YTTERBIUM ATOM ON THE BASIS OF
RELATIVISTIC MANY-BODY PERTURBATION THEORY: RYDBERG RESONANCES

Summary

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 rela-
tivistic 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 ap-
proximation Hamiltonians. The accurate theoretical results on the autoionization 4f°[°F_ 16s*np[5/2],,
411 [°F, )] 6s°nf[5/2], resonances energies and widths are presented and compared with experimental
data, obtained on the basis of the laser polarization spectroscopy method.

Keywords: Relativistic perturbation theory, resonances energies and widths, optimized zeroth ap-
proximation
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TEOPETUYECKOE N3YUEHHUE CIIEKTPA ATOMA UTEPBUSI HA OCHOBE
PEJIITUBUCTCKOM MHOI'OYACTHYHOM TEOPUU BO3MYILIEHUI:
PUJABEPIOBBI PE3OHAHCHI

Pesrome

B pamkax pensiTUBUCTCKOM MHOTOYaCTUYHOM TEOpUHU BO3MYIIEHUH U 0000IIEHHOTO PEeNsTUBUCT-
CKOTO HEPreTUYECKOro MOAXO0a MPOBEACHO TEOPETHUECKOE M3yUEHHE XapaKTepUCTUK pUAOeproB-
CKUX aBTOMOHHU3ALIMOHHBIX PE30HAHCOB B CIIEKTPaX aTOMOB JIAHTAaHUA0B (UTTEpOUsi). B kauecTBe Hy-
JIEBOTO MPUOIMKEHUS PEIATUBUCTCKON TEOPUH BO3MYIIEHUI BEIOpaHbI ONITUMHU3UPOBAHHBIE IPUOIH-
xenus [lupaxa-®oka n J{upaka-Kona-11Isma. OntuMusanyst BEIIOTHEHA ITyTEM BBEEHUS ITapamMeTpa
B 0OMeHHbIe noteHuuansl @oka u Kona-11lsma u nanpHeineid MuHuMu3anuei KanuOpoBOUHO-HEUH-
BapMAHTHBIX BKJIAJIOB B PaJIMAllMOHHBIE IIUPUHBI ATOMHBIX YPOBHEH C UCIIOJIB30BAaHUEM PEIIATUBHUCT-
CKUX OpOHMTaNBbHBIX 0a3MCOB, CTEHEPHPOBAHHBIX COOTBETCTBYIOIIMMHU T'AMUIBTOHUAHAMHU HYJIEBOTO
npubmkenus. IlpencraBienbl akKypaTHble TEOPETUYECKUE JaHHBIE [0 YHEPIHsIM U IMIMPUHAM aB-
TononusauuonHeix 4f°[°F. 16s’np[5/2],, 41" [°F, ] 6s°nf[5/2], pe3oHaHCOB 1 NPOBEJIEHO CPABHEHHE
C KCIIEPUMEHTAIBHBIMU JaHHBIMH, [1OJIyYEHHBIMM HA OCHOBE METOJIa JIA3€pHOU MOJISPU3ALIMOHHOM
CHEKTPOCKOIIUH.

KuroueBbie cioBa: PensTuBucTCcKas Te0pys BO3MYILIEHHUH, JHEPTUH U IIUPUHBI PE30HAHCOB, OIl-
TUMHU3UPOBAHHOE HYJIEBOE MPUOIIKEHHE

VK 539.182

B. b. Tepnoscorkuu, M. IO. ['ypcoxa, A. A. Ceunapenxo, B. @. Mancapnivicvkuti

TEOPETUYHE BUBYEHHS CIIEKTPA ATOMA ITEPBIIO HA OCHOBI
PEJSAATUBICTCHKOI BATATOYACTUHKOBOI TEOPIi 35YPEHbD: PIIGEPTOBI
PE3OHAHCHU

Pesrome

B pamMkax pensTuBicTCbKO1 0araro4acTUHKOBOI Teopli 30ypeHb 1 y3arajJbHEHOTO PEISITUBICTCHKOTO
€HepreTUYHOTO MiIXOIy MPOBEICHO TEOPETUYHE BUBUCHHS XapaKTEPUCTUK PiAOEpTiBCHKUX aBTOI0-
Hi3allifHUX PE30HAHCIB B CIIEKTpax aToMiB JaHTaHiAIB (iTepbi0). B sikoCTi HYTHOBOTO HAOIMKEHHS
PENATUBICTCHKOI Teopii 30ypeHsr oOpaHi onrtumizoBaHi HaOmmwkeHHs [ipaka-®oka 1 [ipaka-Kona-
[ITema. OnTuMmi3aliis BUKOHAaHA IIUISIXOM BBEJICHHS MapamMeTrpa B oOMiHHI moTeHIiann doka i Kona-
[ITema i mogabIIOT MiHIMI3AIlT KATIOpYyBaTbHO-HEIHBAPIAHTHUX BKJIAJIIB B paialliifHi IIUPUHU aTOM-
HUX PIBHIB 3 BAKOPUCTAHHSAM PEJIATUBICTCHKUX OpOITabHUX Oa3UCIB, 3r€HEPOBAHUMU BIANOBITHUMU
ramiJbTOHIaHaMH HYJIbOBOTO HaOmwkeHHs, [IpencraBieni akypaTHi TEOpEeTUYHI JaHl MO0 SHEePrisx i
mupKrHaM aBroioHizaniinux 4f°[’F, 16s’np[5/2],, 4 [*F, ] 6s’nf[5/2] pe3onancis i mpoBeaeHo 110-
PIBHSHHS 3 €KCTIEPUMEHTAIBHUMHU JaHUMH, OTPUMAaHUMH Ha OCHOBI METOAY JIa3epHOI MOJIsIpH3atiii-
HOT CIIEKTPOCKOITI1.

Kuarouosi cioBa: PensituBictchka Teopist 30ypeHb, €Heprii 1 IIMPUHHE PE30HAHCIB, ONTUMI30BaHE
HYJHOBE HAOIMIKEHHS
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