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RELATIVISTIC CALCULATION OF RYDBERG AUTOIONIZATION STATES
PARAMETERS IN SPECTRUM OF BARIUM

The combined relativistic energy approach and relativistic many-body perturbation theory with the zeroth order
Dirac-Kohn-Sham one-particle approximation are used for estimating the energies the in Rydberg autoionization
415/2,7/2n°f J=6,5,4 states, excited from the initial state 5d3/215f J=5 in spectrum of the barium atom. The comparison
with available theoretical and experimental (compillated) data is performed. The important point is linked with an
accurate accounting for the complex exchange-correlation (polarization) effect contributions and using the optimized
one-quasiparticle representation in the relativistic many-body perturbation theory zeroth order that significantly
provides a physically reasonable agreement between theory and precise experiment.

1. Introduction

The research in many fields of modern atom-
ic physics (spectroscopy, spectral lines theory,
theory of atomic collisions etc), astrophysics,
plasma physics, laser physics and quantum and
photo-electronics requires an availability of sets
of correct data on the energetic, spectroscopic
and structural properties of atoms, especially in
the high excited, Rydberg states. Naturally, the
correct corresponding data about radiative de-
cay widths, probabilities and oscillator strengths
of atomic transitions are needed in building ad-
equate astrophysical models, realizing regular
astrophysical, laboratory, thermonuclear plasma
diagnostics and in fusion research. Besides, a
great interest to studying Rydberg atomic states
parameters can be easily explained by a power-
ful development of such new fields as quantum
computing, and quantum cryptography, con-
struction of new type Rydberg atomic lasers etc.
The knowledge of the Rydberg autoionization
states parameters for many of atomic systems is
of a great importance note for many applications
in atomic and molecular physics, plasma chem-
istry and physics, laser physics and quantum
electronics etc. [1-62]. However, studying spec-
tral characteristics of heavy atoms and ions in
the Rydberg states has to be more complicated
as it requires a necessary accounting the relativ-
istic , exchange-correlations effects and possibly
the QED corrections for superheavy atomic sys-
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tems. There have been sufficiently many reports
of calculations and compilation of energies and
oscillator strengths, autoionization states ener-
gies and widths for the barium and even Ba-like
ions (see, for example, [1-3] and refs. therein),
however, an accuracy of these data call for fur-
ther serious analysis and calculation. In many
papers the Dirac-Fock method, model potential
approach, quantum defect (QD) approximation
(different versions such as QD, MCQD etc)
different realizations have been used for cal-
culating the energy and spectral properties of
barium and it has been shown that an account
of the polarization interelectron corrections is of
a great quantitative importance. The consistent
relativistic MCQD calculations of the transi-
tions energies and oscillator strengths for some
chosen transitions between the Rydberg states
are performed in Refs. [1,63,64]. However, it
should be stated that for majority of the barium
Rydberg states and there is not enough precise
information available in literatures [1-3]. In
our paper The combined relativistic energy ap-
proach and relativistic many-body perturbation
theory with the zeroth order Dirac-Kohn-Sham
one-particle approximation are used for estimat-
ing the energies the in Rydberg autoionization
4f5/2’7/2n’f J=6,5,4 states, excited from the ini-
tial state 5d,,15f J=5 in spectrum of the barium
atom.



2. The theoretical method

In refs. [8-170] the fundamentals of the rela-
tivistic many-body PT formalism have been in
details presented, so further we are limited only
by the novel elements. Let us remind that the
majority of complex atomic systems possess a
dense energy spectrum of interacting states. In
refs. [3-65, 17-20] it is realized a field procedure
for calculating the energy shifts DE of degener-
ate states, which is connected with the secular
matrix M diagonalization. The whole calcula-
tion of the energies and decay probabilities of
a non-degenerate excited state is reduced to the
calculation and diagonalization of the M. The
complex secular matrix M is represented in the
form [9,10]:

M=M"+ M+ M+ M), (1)

where M9 is the contribution of the vacuum di-

agrams of all order of PT, and MmUY , M? ,M(3)
those of the one-, two- and three-QP diagrams

respectively. The diagonal matrix M ™ can be
presented as a sum of the independent 1QP con-
tributions. The optimized 1-QP representation is
the best one to determine the zeroth approxima-
tion. In the relativistic energy approach [4-9],
which has received a great applications during
solving numerous problems of atomic, molecu-
lar and nuclear physics (e.g. , see Refs. [10-59]),
the imaginary part of electron energy shift of
an atom is directly connected with the radia-
tion decay possibility (transition probability).
An approach, using the Gell-Mann and Low for-
mula with the QED scattering matrix, is used in
treating the relativistic atom. The total energy
shift of the state is usually presented in the form:

DE =ReDE +1G/2 (2)
where G is interpreted as the level width, and
the decay possibility P = G. The imaginary part
of electron energy of the system, which is de-
fined in the lowest order of perturbation theory
as [4]:
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mABB=- 3y
T a>n>f ,

[a<n< £]

3)
where (a>n>f) for electron and (a<n<f) for va-
cancy. Under calculating the matrix elements (3)
one should use the angle symmetry of the task
and write the expansion for potential sin|w|r ./

on spherical functions as follows [4]:
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where J is the Bessel function of first kind and
(I)= 21 + 1. This expansion is corresponding to
usual multipole one for probability of radiative
decay. Substitution of the expansion (5) to matrix
element of interaction gives as follows [5-8]:
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where ;. is the total single electron momentums,
m, — the projections; 0“is the Coulomb part of
interaction, Q% - the Breit part. The detailed ex-
pressions for the Coulomb and Breit parts and
the corresponding radial R, and angular S, inte-
grals can be found in Refs. [22-32].
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The calculating of all matrix elements, wave
functions, Bessel functions etc is reduced to
solving the system of differential equations. The
formulas for the autoionization (Auger) decay
probability include the radial integrals R (akgb),
where one of the functions describes electron
in the continuum state. When calculating this
integral, the correct normalization of the wave
functions is very important, namely, they should
have the following asymptotic at »®0:

f} N (ia))_% [a) + (ocZ)_2 T% sin(kr +6),

£ [a) - (ocZ)_2 T% cos(kr+6). )

The important aspect of the whole procedure
is an accurate accounting for the exchange-cor-
relation effects. We have used the generalized
relativistic Kohn-Sham density functional [8-
17] in the zeroth approximation of relativistic
PT; naturally, the perturbation operator contents
the operator (3) minus the cited Kohn-Sham
density functional. Further the wave functions
are corrected by accounting of the first order PT
contribution. Besides, we realize the procedure
of optimization of relativistic orbitals base. The
main idea is based on using ab initio optimiza-
tion procedure, which is reduced to minimiza-
tion of the gauge dependent multielectron con-
tribution ImDE of the lowest QED PT correc-
tions to the radiation widths of atomic levels.

According to [6,8], “in the fourth order of
QED PT (the second order of the atomic PT)
there appear the diagrams, whose contribution
to the ImdE _ accounts for correlation effects
and this contribution is determined by the elec-
tromagnetic potential gauge (the gauge depend-
ent contribution)”. The accurate procedure for
minimization of the functional ImdE  leads
to the Dirac-Kohn-Sham-like equations for the
electron density that are numerically solved by
the Runge-Cutta standard method It is very im-
portant to known that the regular realization of
the total scheme allow to get an optimal set of
the 1QP functions and more correct results in
comparison with so called simplified one, which
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has been used in Refs. [6-8] and reduced to the
functional minimization using the variation of
the correlation potential parameter b. Other
details can be found in refs.[8-17, 22-40]. All
calculations are performed on the basis of the
modified numeral code Superatom (version 93).

3. Results and conclusion

As an important application of the theory we
study the Rydberg autoionization states, which
are corresponding to transitions into 4fnf, states,
in particular, 4f; /Z,Wn’f J=6,5,4 states, excited

from the initial state 5d,,15f J=5 (Figure 1).

In Table 1 we present the values of Energies
(cm™) of autoionization states 4fnf, n=15: Exp.-
experiment; Teopis: (1)-data, obtained within
the quantum defect method MCQD with empiri-
cal fitting by de Graaf et al; (2) —our theory).

Physically reasonable agreement between
theory and precise experiment can be reached
under condition of an accurate accouting of the
complex exchange-correlation effects and using
the optimized relativistic orbitals basis sets (the
optimal one-quasiparticle representation).

Table 1.
Energies (cm') of autoionization states
4f5/2,7/2n,f J=695149 n = 15: EXp.- experiment;

Theory: (1)-quantum defect method MCQD
with empirical fitting; (2) —our theory

AC J | Exp. (1) 2)
4f 158 | 6 | 89758.4+0.5 | 89759.1 | 89758.8
48151 | 6 | 89993.6£0.5 | 89992.4 | 89993.6
A£°156° | 6 | 89926.6+5.0 | 89937.1 | 89926.8
4f°158° | 5 | 89726.3+1.0 | 89718.7 | 89726.9
A£°15f° |5 | 89951.04£0.5 | 89952.9 | 89951.6
AF156° |5 | - 89943.6 | 89942.3
4£2156 | 4 | 89705.6£0.5 | 89706.8 | 89705.4
AfC156 |4 | - 89720.0 | 89718.5
AEC156 |4 | - 89937.2 | 89937.6
Af°156 |3 | - - 89953.4
Af 156, | 2 | - - 89767.8
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Figure 1. The experimental spectrum of the Ba 4f_ n’f
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J=6,5,4 autoionization states, excited from initial state:
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E. V. Ternovsky, V. V. Buyadzhi, A. V. Tsudik, A. A. Svinarenko

RELATIVISTIC CALCULATION OF RYDBERG AUTOIONIZATION STATES
PARAMETERS IN SPECTRUM OF BARIUM

Summary

The combined relativistic energy approach and relativistic many-body perturbation theory with
the zeroth order Dirac-Kohn-Sham one-particle approximation are used for estimating the energies
the in Rydberg autoionization 4f; 7 ,N'11=6,5,4 states, excited from the initial state 5d, ,15fJ=5 in
spectrum of the barium atom. The comparison with available theoretical and experimental (compil-
lated) data is performed. The important point is linked with an accurate accounting for the complex
exchange-correlation (polarization) effect contributions and using the optimized one-quasiparticle
representation in the relativistic many-body perturbation theory zeroth order that significantly pro-
vides a physically reasonable agreement between theory and precise experiment.

Key words: relativistic theory, Rydberg autoionization states, barium

PACS 31.15.A-; 32.30.-r
E. B. Tepnosckuii, B. B. byaoacu, A. B. L{youxk, A. A. Ceunapenxo

PEJSATUBUCTCKUM PACUET TIAPAMETPOB PUJIGEPTOBCKUX
ABTOMOHM3AIIMOHHBIX COCTOSHUM B CIIEKTPE BAPUS

Pe3rome

KoMOMHUpPOBaHHBIN PENSTUBUCTCKAN IHEPreTUYSCKUN TOAXOA U PENSTUBUCTCKAs MHOTO-
JacTU4YHAs TEOpHs BO3MYIICHHA C JUPAK-KOH-IIIMOBCKHM  OJHOYACTHUYHBIM  HYIIEBBIM
MPUOTIKEHUEM UCTIONB3YIOTCS JUISl BEIYUCIICHUS YHEPTHA pUIOCPTOBCKUX aBTOMOHU3AIMOHHBIX
COCTOSHUM 41, /Z’mn’f J=6,5,4, B030y*k1aeMbIX M3 HadanbHOTO cocrosnus Sd, 151, J=5 B cnekrpe
aroma Oapus. [IpoBesieHO cpaBHEHUE C UMEIOIUMUCS TEOPETUICCKUMU U IKCIIEPUMEHTATLHBIMH
(CKOMMpPOBAaHHBIMU) JAHHBIMU. BaXHBIE MOMEHT CBsI3aH C AKKypaTHBIM YY€TOM BKIIAJIOB
CIIO)KHBIX MHOTOYACTUYHBIX OOMEHHBIX KOPPEINSIIMOHHBIX (MOJMSPU3ALUOHHBIX) 3(PdeKxToB H
C HCIIOJIb30BAaHUEM ONTUMHU3UPOBAHHOTO OJHOKBAa3WYACTHYHOTO TPEJCTABICHUS B HYJIECBOM
OPUOMIKEHUN  PEISTUBUCTCKOM MHOTOYACTUYHOW TEOPWUH BO3MYIIEHUH, YTO CYIIECTBEHHO
orpenenseT PU3NIECKH pasyMHOE COTIIaCHe MKy TEOpUEH U TOUHBIM SKCIIEPUMEHTOM.

KiroueBble cJI0Ba: peITUBHCTCKAS TEOPHS], pUOSPTOBCKHUE aBTOMOHU3AIMOHHBIE COCTOSHUS,
Oapwuii
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PEJATUBICTCHKHUI PO3PAXYHOK ITAPAMETPIB PIIGEPTIBCHKHX
ABTOIOHIBAIIMHUX CTAHIB B CIIEKTPI BAPIS

Pesrome

KombiHOBaHMI peNSITUBICTCHKUN €HEPreTUYHMN MiAXiA 1 pesITUBICTChKA OararoyacTHHKOBA
Teopis 30ypeHb 3 MipaK-KOH-IIEMiBCbKUM OJHOYACTHHKOBUM HAOIMKEHHSIM HYJIHOBOTO MOPSAKY
BUKOPHCTOBYIOTBCSL JUIsL CHEPrii pinOepriBCbkuxX aBroioHi3auiiHux crauis 4f,, n’f J=6,5.4,
30y/wKeHuX 3 modarkoBoro crany 5d, 15f, J=5 B cnexrpi aroma Gapiro. IIpoBeneHo nopiBHAHHS
3 HAsSBHUMH TEOPETHMYHHUMM 1 EKCIEpUMEHTAJbHUMHU (CKOMIMOBaHMMHU) NaHUMH. BaxmBuit
MOMEHT TI0B’sI3aHUI 3 aKypaTHUM ypaxyBaHHSM BKJIaJiB CKJIaJHUX 0araroyacTKOBHX OOMIHHHX
KOpesLiHUX (MoJsipr3alifHuX ) e peKTiB 13 BUKOPUCTAaHHSIM OTITUMI30BaHOT0 OJJHOKBA314aCTIYHOTO
YSBJICHHS B HYJbOBOMY HAONM)KEHHI PENSTHBICTCHKOI Oararo4yacTUHKOBOI Teopii 30ypeHb, 110
ICTOTHO BU3HAYa€ (Pi3UUHO PO3YMHE 3TO/1y MIXK TEOPI€I0 1 TOUHUM EKCIIEPUMEHTOM. .

KirouoBi ciioBa: pensiTuBicTChbKa TEOpis, pii0epriBChKi aBTO10HI3aIliHI cTaHu, Oapiit
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