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THEORETICAL STUDYING EXCITED STATES SPECTRUM OF THE
YTTERBIUM WITHIN THE OPTIMIZED RELATIVISTIC MANY-BODY
PERTURBATION THEORY

Theoretical studying spectrum of the excited states for the ytterbium atom is carried out within the relativistic
many-body perturbation theory with ab initio zeroth approximation and generalized relativistic energy approach.
The zeroth approximation of the relativistic perturbation theory is provided by the optimized Dirac-Kohn-Sham
ones. Optimization has been fulfilled by means of introduction of the parameter to the Kohn-Sham exchange
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. The ob-
tained theoretical data on energies E and widths W of the ytterbium excited states are compared with alternative
theoretical results (the Dirac-Fock, relativistic Hartree-Fock, perturbation theories) and available experimental
data. Analysis shows that the theoretical and experimental values of energies are in good agreement with each
other, however, the values of widths differ significantly. In our opinion, this fact is explained by insufficiently
accurate estimates of the radial integrals, the use of unoptimized bases, and some other approximations of the

calculation.

1. Introduction

A great interest in the study of radiation and
autoionization processes involving electrons,
photons, atoms and ions is stimulated by new
classes of problems, in particular, in modern
laser physics and physics of astrophysical,
thermonuclear, laser and other plasmas (see
[1-52]). In recent years, among atomic sys-
tems, special attention has been paid to the
experimental and theoretical study of the
spectral characteristics of heavy atoms, in-
cluding atoms of lanthanides and actinides,
as well as multiply charged ions. Traditional-
ly, they are used in astrophysical research, in
studies of the physics of laboratory plasma
generated by various sources: laser pulses,
tokamaks, pinches, capillary discharges, etc.,
in studies of thermonuclear fusion. For sev-
eral decades, methods for the experimental
study of the spectroscopic characteristics of
the radiation of multiply charged ions have
been developed and improved. A detailed
description of experimental techniques can
be found in a number of well-known books,
reviews, and original experimental works
(see, e.g., [1-52]).
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A modern quantum mechanics of atoms (as
well as molecules) has undergone significant
development over the past few decades. It is
possible to recall such well-known, along
with those mentioned above, methods such as
the Rayleigh-Schrédinger, Moller-Plesset
perturbation theory (PT) method, PT in 1/Z
parameter (Z is the charge of the atomic nu-
cleus) and electron-electron interaction, PT
with a model potential approximation, with
Hartree-Fock (HF) or Dirac-Fock (DF) ze-
roth approximations andd many others. The
multi-configuration DF method is the most
reliable version of calculation for multielec-
tron systems with a large nuclear charge. One
should remember about very complicated
structure of spectra of the heavy atoms, in-
cluding actinides, uranium, trans-uranium
elements and others and necessity of correct
accounting for the different correlation ef-
fects such as polarization interaction of the
valent quasiparticles and their mutual screen-
ing, iterations of a mass operator etc.).

The aim of our present work is to use an
effective method of relativistic many-body
PT with an optimized ab initio Dirac-Kohn-
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Sham approximation [27-30] to study spec-
trum of excited states for the ytterbium.

2. The relativistic many-body
perturbation theory and energy approach

As the method of computing is earlier pre-
sented in detail, here we are limited only by the
key topics [27-30]. According to these Refs.,
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 con-
venient field procedure is known for calculat-
ing the energy shifts aAe of degenerate states.
This procedure is connected with the secular
matrix M diagonalization [30-32]. In construct-
ing M, the Gell-Mann and Low adiabatic for-
mula 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 interac-
tion). Their imaginary part of AE is connect-
ed with the radiation decay (radiation) possi-
bility. In this approach, the whole calculation
of the energies and decay probabilities of a
non-degenerate excited state is reduced to the
calculation and diagonalization of the com-
plex matrix M. In the papers of different au-
thors, the ReaE calculation procedure has
been generalized for the case of nearly de-
generate states, whose levels form a more or
less compact group. One of these variants has
been previously introduced: for a system
with a dense energy spectrum, a group of
nearly 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 interelec-
tron interaction. The complex secular matrix
M is represented in the form [26,27]:

M=MP MY+ M@ 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 @ jsa
real matrix, proportional to the unit matrix. It
determines only the general level shift. We

have assumed M® =0. The diagonal matrix

M® can be presented as a sum of the inde-
pendent 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 summa-
rized all the contributions of the one -
quasiparticle diagrams of all orders of the
formally exact QED PT. However, the neces-
sary experimental quantities are not often
available.

The first two order corrections to ReM®
have been analyzed previously using Feyn-
man diagrams (look Ref. in [2,3]). The con-
tributions of the first-order diagrams have
been completely calculated. In the second
order, there are two kinds of diagrams: polar-
ization and ladder ones. The polarization
diagrams take into account the quasiparticle
interaction through the polarizable core, and
the ladder diagrams account for the immedi-
ate quasiparticle interaction [30-36]. Some of
the ladder diagram contributions as well as
some of the three-quasiparticle diagram con-
tributions in all PT orders have the same an-
gular symmetry as the two-quasiparticle dia-
gram 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 potential of each parti-
cle by the two others. The additional poten-
tial modifies the one-quasiparticle orbitals
and energies.

Then the secular matrix is as follows:

MM +M®, )

where M is the modified one-quasiparticle
matrix ( diagonal), and M@ the modified

two-quasiparticle one. M is calculated by
substituting the modified one-quasiparticle

energies), and M @) by means of the first PT
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order formulae for M®, putting the modi-
fied radial functions of the one-quasiparticle
states in the radial integrals..

Let us remind that in the QED theory, the
photon propagator D(12) plays the role of
this interaction. Naturally the analytical form
of D(12) depends on the gauge, in which the
electrodynamical potentials are written. Inte-
relectron interaction operator with account-
ing for Breit interaction has been taken as
follows:

V(rirj):exp(ia)rij)-(lr—w, (3)
1)

where, as usually, ¢; are the Dirac matrices.
In general, the results of all approximate cal-
culations depended on the gauge. Naturally
the correct result must be gauge-invariant.
The gauge dependence of the amplitudes of
the photoprocesses in the approximate calcu-
lations is a known fact and is investigated by
Grant, Armstrong, Aymar and Luc-Koenig,
Glushkov-Ivanov-lvanova et al (see review
in [9,32]). Grant has investigated the gauge
connection with the limiting non-relativistic
form of the transition operator and has for-
mulated the conditions for approximate func-
tions of the states, in which the amplitudes of
the photo processes are gauge invariant (see
review in [9]). These results remain true in
the energy approach because the final formu-
lae for the probabilities coincide in both ap-
proaches. Glushkov-Ivanov have developed a
new relativistic gauge-conserved version of
the energy approach [32]. In ref. [27,30,35-
40] it has been developed its further generali-
zation. Here we applied this approach for
generating the optimized relativistic orbitals
basis in the zeroth approximation of the
many-body PT. Optimization has been ful-
filled by means of introduction of the param-
eter to the Fock and Kohn-Sham exchange
potentials and further minimization of the
gauge-non-invariant contributions into radia-
tion width of atomic levels with using relativ-
istic orbital bases, generated by the corre-
sponding zeroth approximation Hamiltonians
[26]. Other details can be found in Refs.
[9,27-29,41-47].
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3. Some results and conclusion

Table 1 shows the experimental and theoretical
data for the energies (measured from the
energy of the ground state: 4f146s2 1S0) of
some Ybl singly excited states [2-7, 28-30]:
MCHF-BP - data obtained on the basis of the
multi-configuration Hartree-Fock method

Table 1.

Energy of the ground state: 4f**6s% 'Sy)
of some YDl singly excited states: MCHF-BP -
data obtained on the basis of the multi-
configuration Hartree-Fock method (MCHF) tak-
ing into account Breit-Pauli corrections (BP) (C,
D different sets of configurations included in the
calculation by the MCHF-BP method [4]); RHF
— the data by Cowan, RHF method; RMBPT -
data of lvanov-Letokhov et al., Method of the
relativistic PT with model zeroth approximation;
DF-data of DF analysis of Wyart-Camus with
empirical fit, QED-PT data, obtained within the
relativistic (QED) theory [28-30].

MCHF MCHF+ HFR DF

Config. J BPC BPD
6si,.°. 0 0 0 0 0
6S126p1, O 17262 18730 17320 17312
6S126py, 1 17568 18813 17954 17962
6S126pz2 1 26667 25257 25069 25075
6S126ps; 2 18249 18999 19710 19716
6S12505, 1 28871 23740 24489 24489
6S1250s, 2 28973 24172 24484 24751
6S1250s, 2 29633 26841 27677 27654
6S1250s, 3 29374 25500 25271 25270
. QED- RMBPT Our Exp
Config. J PT data
6si,° 0 0 0 0 0
6S1,6py, 0 17310 17400 17305 17288
6s126p1, 1 18008 18100 18006 17992
6S126ps2 1 25094 25500 25088 25068
6S126ps2 2 19715 19800 19740 19710
6S12503, 1 24410 23900 24527 24489
6S12503, 2 24824 24600 24801 24752
6S12505, 2 26970 26100 26712 27678
6S1250s, 3 25098 24900 25310 25271

Note: * [34] E=-148710cm™; E1=-148700cm™; E2=-
148695cm’™;



(MCHF) taking into account Breit-Pauli cor-

rections (BP) (C, D different sets of configu-
rations included in the calculation by the
MCHF-BP method [4]); RHF — Cowen da-
ta, RHF method; RMBPT (El) - data of
Ivanov-Letokhov et al., Method - relativistic
TV with zero approximation MF; data of DF
analysis of Wyart-Camus with empirical fit,
data of QED-PT [28-30].

Analysis of the data in Table 1 shows that
the role of exchange-correlation effects for
the studied atom is extremely significant;
The HF method with a small number of con-
sidered configurations has an error of more
than 100 cm-1. Table 2 shows the experi-
mental and theoretical data of Letokhov et al.
[17, 82] for the energy and width of excited
(autoionization) states of the 7s6p configura-
tion in the Ybl spectrum (which originate
from the ground state: 4f“*6s* 'S, Yb): E1,
W1 - RMBPT - data of Ivanov et al. [7]; E2,
W2 — QED theory [8] (QED-PT); E3-
MCHF-BP data from Karacoban-Ozdemir
[4] (classification in [4] differs from our clas-
sification). E4W4 — our data.

Table 2.

Widts W (cm™) of autoionization resonances of
the Ybl 7s6p configuration (see text)

Term | W3 | W1 | W2 | W4 | Wey,
Py’ - 07 | 115 | 1.12 | 11
p,° - 30 | 1.10 | 0.98 | 0.95
p,° - 07 | 151|158 | 1.6
p,° - 1.8 | 248 | 255 | 2.6

Analysis shows that the values of El-
E3, Eexp are in good agreement with each
other, however, the values of W1-4, Wexp
differ significantly. In our opinion, this fact is
explained by insufficiently accurate estimates
of the radial integrals, the use of unoptimized
bases, and some other approximations of the
calculation. This also applies to data obtained
from the MCHF and RHF methods.

In our calculation, we used an opti-
mized basis of the orbitals of the basis states
and more accurately took into account im-
portant many-particle exchange-correlation
effects, including the polarization and screen-

ing interactions of quasiparticles above the
closed shells core, the pressure of the contin-
uum and some other effects.
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THEORETICAL STUDYING EXCITED STATES SPECTRUM
OF THE YTTERBIUM WITHIN THE OPTIMIZED RELATIVISTIC MANY-BODY
PERTURBATION THEORY

Summary. Theoretical studying spectrum of the excited states for the ytterbium atom is
carried out within the relativistic many-body perturbation theory with ab initio zeroth ap-
proximation and generalized relativistic energy approach. The zeroth approximation of the
relativistic perturbation theory is provided by the optimized Dirac-Kohn-Sham ones. Optimi-
zation has been fulfilled by means of introduction of the parameter to the Kohn-Sham ex-
change potentials and further minimization of the gauge-non-invariant contributions into ra-
diation width of atomic levels with using relativistic orbital set, generated by the correspond-
ing zeroth approximation Hamiltonian. The obtained theoretical data on energies E and
widths W of the ytterbium excited states are compared with alternative theoretical results (the
Dirac-Fock, relativistic Hartree-Fock, perturbation theories) and available experimental data.
Analysis shows that the theoretical and experimental values of energies are in good agree-
ment with each other, however, the values of widths differ significantly. In our opinion, this
fact is explained by insufficiently accurate estimates of the radial integrals, the use of unop-
timized bases, and some other approximations of the calculation.

Keywords: Relativistic perturbation theory, optimized zeroth approximation, ytter-
bium atom, spectrum of excited states
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PACS 32.30.-r
Tepnosckuii B.b., Ceunapenxo A.A., /[ybposckas FO.B.

TEOPETHYECKOE UCCJEJTOBAHUE CIIEKTPA BO3BYKJIEHHBIBX COCTO-
AHUM UTTEPBUSI HA OCHOBE PEJIAATUBUCTCKOM MHOI'OYACTUYHOM
TEOPHUU BOSMYIIIEHUI

Pe3ome. B pamkax pensiTUBUCTCKON MHOTOYAaCTUYHON TEOPUH BO3MYIICHHH U 0000IIEH-
HOT'O PEISITUBUCTCKOTO YHEPreTHUECKOI0 MOAX0/1a MTPOBEICHO TEOPETUUYECKOE UCCIICIOBAHUE
CIIEKTpa pUAOEPTOBCKUX COCTOSHUI aToMa ypaHa. B kauecTBe HyIeBOTO MPUOIMIKEHUS Pemsi-
TUBUCTCKON TEOpHHM BO3MYIICHHH BBIOPAHO OINTHMHM3UpOBaHHOE HpubIMmxeHue Jlupaka-
Kona-IlIama. OnituMu3anusi BHIIIOTHEHA ITyTEM BBEICHHS MapaMeTpa B OOMEHHBIE TIOTCHIMA-
ae1 @oka u Kona-Illhma m nanpHEimern MUHMMH3aMEH KalnOPOBOYHO-HEMHBAPHUAHTHBIX
BKJIAJI0B B paJMallMOHHbBIC IIMPUHBI ATOMHBIX YPOBHEHN C MCIOJIB30BAHUEM PEJISITUBUCTCKOTO
Oa3uca opOuTaneil, CreHepIpOBAHHOTO COOTBETCTBYIOIIMM IaMHJIbTOHHAHOM HYJIEBOTO IMPHU-
ommkenus. [lonydennsie TeopeTnueckue qanubie 00 sHeprusx E u mmpunax W Bo30yxaeH-
HBIX COCTOSIHUN UTTepOUsi CPAaBHUBAIOTCA C AIbTEPHATUBHBIMU TEOPETUYECKUMU PE3yJIbTaTa-
mu (teopun dupaxa-®doka, pensituBuctckoro Xaprpu-Ooka, TeOpUH BO3MYILEHUN) U UMEIO-
HIMMUCST SKCIIEPUMEHTAILHBIMA JAHHBIMU. AHAJIU3 MOKA3bIBAET, YTO TEOPETHUYECKUE U DKC-
MepUMEHTAIbHBIC 3HAUCHUSI SHEPTHUM XOPOIIIO COMIACYIOTCS MEXKIY COOOM, OJTHAKO 3HAUCHUS
IIMPUH CYIIECTBEHHO pa3nuyarorcs. Ha Hamn B3risig, 3TO OOBSCHSETCS HEAOCTAaTOYHO TOY-
HBIMU OIIEHKAMH PaJHaJIbHBIX UHTETPAJIOB, UCIIOIH30BAHUEM HEONTUMH3UPOBAHHBIX 0a3UCOB
Y HEKOTOPBIMU JAPYTUMU NPUOIKEHUSIMU PaCUETOB.

KuarwueBblie cioBa: PersiTUBHCTCKAass TEOpUsl BO3MYIIEHUN, ONTUMHU3UPOBAHHOE HYJIEBOE
npuOIKEeHNE, aTOM UTTePOUs, CIEKTP BO30YKIEHHBIX COCTOSIHHIMA

PACS 32.30.-r
Tepnoscvkuui B.b., Ceunapenxo A.A., [{yoposcovka IO.B.

TEOPETUYHE BUBYEHHSA CIIEKTPY 3BY/KEHUX CTAHIB ITEPBIIO
HA OCHOBI PEJIATUBICTCHKOI BATATOYACTKOBI TEOPIi 35YPEHbD

Pe3iome. B pamkax pensiTUBICTCHKOI 6araTo4acTMHKOBOI Teopii 30ypeHsb 1 y3aralbHEHOIro
PENSATUBICTCHKOIO €HEPreTUYHOIo MiJX0Ay MPOBEAECHO TEOPETUYHE IOCHIKEHHS CIEKTpa
30yIKEHUX CTaHiB aToma 1TepOito. B SKOCTI HylIbOBOrO HAOIMKEHHS PENSITUBICTCHKOI TEOpil
30ypeHb oOpaHo onTuMmizoBaHe HaOmxkeHHs [lipaka-Kona-Illema. Onrtumizariisi BUKOHaHA
IIUISIXOM BBEJICHHS MapameTpa B oOMinHuMA moteHiian Kona-Illema 1 momaneimnoi miHiMizarii
KaiOpyBallbHO-HEIHBapiaHTHUX BKJIAIB B pajiallifiHi MIMPUHU aTOMHHUX DIBHIB 3 BHKOPHC-
TaHHSIM PEJIATHBICTCHKOTO Oa3ucy opOiTajieil, 3reHepOBaHOTO BiAMOBITHUM TaMiIbTOHIAHOM
HYJIbOBOT0 HabmmxkeHHs. OTpuMaHi TeopeTuyHi aHi npo eneprii E 1 3aBmmpuiku W 30ymke-
HUX CTaHIB 1TepOil0 MOPIBHIOIOTHCS 3 aIbTEPHATUBHUMU TEOPETUUHUMU pe3yibTaTaMu (Teo-
pii Hipaka-®oxka, penstuBicTrcbkoro Xaprpi-®Poka, Teopii 30ypeHb) 1 HassBHUMU €KCIIepUMEH-
TaTbHUMH JaHUMH. AHaJi3 MOKa3ye, 10 TEOPETHYHI 1 eKCIIEPUMEHTalbHI 3HAUE€HHsI eHeprii
100pe y3roJKYIOTHCSI MiJK COO010, OJTHAK 3HAUEHHs IIUPUHHU ICTOTHO po3pi3HAI0Thes. Ha Ham
MOTJISIL, 11€ TTOSICHIOETHCS. HEAOCTATHHO TOYHUMU OI[IHKaMU pajialibHUX 1HTETpajiiB, BUKOPHUC-
TaHHSIM HEONTUMI30BaHUX 0A3HUCIB 1 JESIKUMH IHITMMHU HAOIMKEHHSIMHU PO3PAXyHKIB.

Kurouosi cioBa: PenstuBicTchka Teopis 30ypeHb, ONTUMI30BaHE HYJIbOBE HaOJIMKEHHS,
aToM iTep0Oito, CIEKTp 30yIKEHUX CTaHIB.
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