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ADVANCED RELATIVISTIC APPROACH IN SPECTROSCOPY OF COMPLEX
AUTOIONIZATION RESONANCES IN ATOMIC SPECTRA

We applied a generalized energy approach (Gell-Mann and Low S-matrix formalism) combined with the relativistic
multi-quasiparticle (QP) perturbation theory (PT) with the Dirac-Kohn-Sham zeroth approximation and accounting for the
exchange-correlation, relativistic corrections to studying autoionization resonances in the helium spectrum, in particular, we
predicted the energies and widths of the number of the Rydberg resonances. There are presented the results of comparison
of our theory data for the autoionization resonance 3s3p 1P0 with the available experimental data and those results of other
theories, including, method of complex rotation by Ho, algebraic approach by Wakid-Callaway, diagonalization method

by Senashenko-Wague etc.
1. Introduction

The knowledge of autoionization states prop-
erties of atomic systems is of a great importance
note for many applications in atomic and molecu-
lar physics, plasma chemistry and physics, laser
physics and quantum electronics etc. [1-52]. In
this paper, which goes on our studying autoion-
ization phenomena in different atomic systems,
we present an advanced new relativistic approach
[11-15] to relativistic calculating autoionization
resonances (AR) characteristics of the helium
atom. The new elements of the approach include
the combined the generalized energy approach
and the gauge-invariant relativistic many-body
perturbation theory (PT) with the Dirac-Kohn-
Sham (DKS) “0” approximation (optimized 1QP
representation) and an accurate accounting for
relativistic, correlation and others effects. The
generalized gauge-invariant version of the ener-
gy approach has been further developed in Refs.
[12,13].

2. Relativistic perturbation theory approach
in spectroscopy of autoionization states

In refs. [11-15, 17-20] the fundamentals of the
relativistic many-body PT formalism have been
in details presented, so further we are limited
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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. [11-15, 17-20] it is realized a field procedure
for calculating the energy shifts AE of degenerate
states, which is connected with the secular matrix
M diagonalization [8-12]. The whole calculation
of the energies and decay probabilities of a non-
degenerate excited state is reduced to the calcula-
tion and diagonalization of the M. The complex
secular matrix M is represented in the form [9,10]:

M=M"+ M"Y+ M? + 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-QP diagrams re-

spectively. The diagonal matrix M ™ can be pre-
sented as a sum of the independent 1QP contribu-
tions. The optimized 1-QP representation is the
best one to determine the zeroth approximation.
In the second order, there is important kind of dia-
grams: the ladder ones. These contributions have
been summarized by a modification of the central
potential, which must now include the screening
(anti-screening) effect of each particle by two
others. The additional potential modifies the 1QP
orbitals and energies.



A width of a state associated with the decay of
the AR is determined by square of the matrix ele-
ment of the interparticle interaction I'eo | V(B B,,
B,k)|*. The total width is given by the expres-
sion:
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where the coefﬁc1ents C are in details described,
for example, in Refs. [1-5]. The matrix element of
the relativistic inter-particle interaction

V(rlrj) = exp(iitj v ) (I-aa)lr
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(here o, —the Dirac matrices) in (3) is determined
as follows:
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Here QL? " and Q: is corresponding to the
Coulomb and Breit parts of the interparticle inter-
action (5). 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 (okyB),
where one of the functions describes electron in
the continuum state. When calculating this inte-
gral, the correct normalization of the wave func-
tions is very important, namely, they should have
the following asymptotic at r—0:

_2]>%Sin kr+§
e ©

g
cos kr + 5

f} ()Y {‘”

The important aspect of the whole procedure is
an accurate accounting for the exchange-correla-
tion effects. We have used the generalized relativ-
istic Kohn-Sham density functional [33-35] in the
zeroth approximation of relativistic PT; naturally,
the perturbation operator contents the operator
(3) minus the cited Kohn-Sham density func-
tional. Further the wave functions are corrected
by accounting of the first order PT contribution.
Besides, we realize the procedure of optimiza-
tion of relativistic orbitals base. The main idea is
based on using ab initio optimization procedure,
which is reduced to minimization of the gauge
dependent multielectron contribution /mdE  — of
the lowest QED PT corrections to the radiation
widths of atomic levels. According to [35-37], “in
the fourth order of QED PT (the second order of
the atomic PT) there appear the diagrams, whose
contribution to the ImoE , accounts for correla-
tion effects and this contribution is determined by
the electromagnetic potential gauge (the gauge
dependent contribution)”. The accurate proce-
dure for minimization of the functional ImoE
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
important 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
has been used in Refs. [34-34] and reduced to the
functional minimization using the variation of the
correlation potential parameter b. Other details
can be found in refs.[10-13,16-20,41-74] as well
as description of the “Superatom” and Cowan PC
codes, used in all computing.

3. Results and conclusion

In the Table 1 we present the comparison of
our advanced data for the AR 3s3p 'P with those
of other theories, including, method of complex
rotation by Ho, algebraic approach by Wakid-
Callaway, diagonalization method by Senashen-
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ko-Wague, relativistic Hartree-Fock (RHF) meth-
od by Nicolaides-Komninos, R-matrix method
by Hayes-Scott, method of the adiabatic potential
curves by Koyoma-Takafuji-Matsuzawa and Sad-
eghpour, L? technique with the Sturm decompo-
sition by Broad- Gershacher and Moccia-Spizzo,
the Feshbach method by Wu-Xi) and data meas-
urements in laboratories: NIST (NBS; 2SO-MeV
electron synchrotron storage ring (SURF-II )),
Wisconsin Laboratory (Wisconsin Tantalus stor-
age ring), Stanford Synchrotron Radiation Lab-
oratory (SSRL), Berlin electron storage ring
(BESSY), Daresbury Synchrotron Radiation
Source (DSRS) [1,3,5,22-24].

Table 1a
Theoretical data for energy of the AR 3s3p 'P,

(our data with those of other theories)

Method/Data Er (eB) I'/2 (eB)
Our 69.9113 0.1912
ACC 69.8892 0.1891
Diagon. method 69.9096 0.1491
RHF 69.8703 -
APC1 69.8103 -

L? tech. 69.8737 0.1915
Feshbach th. 69.8991 0.1143
K-matrix L? 69.8788 0.1839
PT- Svin 69.9055 0.1854
CR method 69.8722 0.1911
MC HF 69.8703 -
R-matrix 69.8797 0.1796
E:Wisconsin 69.917+0.012 | 0.178%0.012
E: SSRL-1987 |69.917+0.012 | 0.178+0.012
E: BESSY 69.914+0.015 | 0.200+0.020
E: DSRS 69.880+0.022 | 0.180£0.015

Note: ACC- Algebraic close coupling; APC - Adia-
batic potential curves; CR method-method of complex
rotation; DM method — Diagonalization method

On the one hand, there is sufficiently good
accuracy of our theory, the secondly (bearing in
mind that most of the listed methods are devel-
oped specifically for the study helium and can
not be easily generalized to the case of the heavy
multi-electron atoms) the definite advantage of
the presented approach. In Table 2 we present the
resonance energies and widths for the 2p3s,2p3p
resonances in the beryllium spectrum.

116

Table 2
The energy position E, width I'of the Be 2p3s,
2p3p resonances (see text)

nl Exp, Exp, Th, Th, Th, Our

WLB |(EMR)| TSB | CHC [KTZM| data
(ME)

3s | 10.889 | 10.93 |10.915|10.63|10.910|10.903
10.71

3p | 531(10) - 606 473 478

The experimental (by Wehlitz-Lukic-Bluett,
WLB; by Mehlman-Balloffet-Esteva, ME; by
Esteva-Mehlman-Balloffet-Romand, EMR) and
alternative theoretical data by Chi-Huang- Cheng
(CHC), Tully-Seaton-Berrington (TSB) and by
Kim- Tayal-Zhou-Manson (KTZM) are taken
from Ref. [4].In whole a detailed analysis shows
quite physically reasonable agreement between
the presented theoretical and experimental re-
sults. But some difference, in our opinion, can
be explained by different accuracy of estimates
of the radial integrals, using the different type
basis’s (different degree of the gauge invariance
performance), degree of accounting for the ex-
change-correlation effects and some other addi-
tional computing approximations.
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A. V. Smirnov, O. Yu. Khetselius, V. V. Buyadzhi, A. S. Belodonov

ADVANCED RELATIVISTIC APPROACH IN SPECTROSCOPY OF COMPLEX
AUTOIONIZATION RESONANCES IN ATOMIC SPECTRA

Abstract

We present an advanced relativistic approach to to studying autoionization resonances param-
eters in the atomic systems, which is based on an generalized energy approach (Gell-Mann and Low
S-matrix formalism) combined with the relativistic multi-quasiparticle perturbation theory with the
Dirac-Kohn-Sham zeroth approximation and accurate accounting for the exchange-correlation, rela-
tivistic corrections. The optimization of relativistic orbitals base is reduced to minimization of the
gauge dependent multielectron contribution of the lowest QED PT corrections to the radiation widths
of atomic levels, which in their turn leads to the Dirac-Kohn-Sham-like equations for the electron
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density. As illustration of an advanced approach application there are presented the results on energy
and width for the autoionization resonance 3s3p 'P in helium He atom spectrum, namely, the available
experimental data and those results of other theories, including, method of complex rotation by Ho,
algebraic approach by Wakid-Callaway, diagonalization method by Senashenko-Wague etc.

Key words: spectroscopy of autoionization resonances, advanced relativistic approach, helium

YK 539.183

A. B. Cmuprnos, O. I0. Xeyenuyc, B. B. bysoacu, A. C. benooonos

YCOBEPHIEHCTBOBAHHBIN PEJIATUBUCTCKHAM IMTOJXO0 B CHEKTPOCKOIINN
CJIOXKHBIX ABTOMOHU3ALUOHHBIX PE3SOHAHCOB B ATOMHBIX CIIEKTPAX

Pe3rome

B paGote pa3BuBaeTcs yCOBEpIIEHCTBOBAHHBIN PEISTUBUCTCKUH MOIXO/T K U3YUEHHIO [TapaMEeTPOB
aBTOMOHM3AIIMOHHBIX PE30HAHCOB B aTOMHBIX CHCTEMax, KOTOPBI OCHOBBIBAETCS Ha 0OOOIIEHHOM
HHEepPreTUYeCcKoM noaxoae (S-mMarpuuHblid popmanusm ['eui-Manna u Jloy) u peITHBUCTCKOM MHOTO-
YaCTUYHOW Teopuel BO3MYIIEHHUH ¢ HyJaeBbIM npubmmkenueM Jupaka-Kona-11Isma u akkypaTHbIM
Y4ETOM OOMEHHO-KOPPEISIIHOHHBIX, PEISITUBUCTCKUX 3P dekToB. OnTuMusaius 6a3uca pelsTUBUCT-
CKUX OpOuTanei CBOAUTCS K MUHUMHU3AIMH KaJuOPOBOYHO-3aBUCHMOTO MHOTO3JIEKTPOHHOTO BKJIa-
Jla OT 0OMEHHO-KOppeIsHUOHHbIX nonpaBok KOJ[ Teopuu Bo3MylIeHHUH B pagualliOHHbIE IIUPUHBI
aTOMHBIX YPOBHEMH, UTO B CBOIO OYEPE/b, CBOIUTCA K PEIICHUIO CUCTEMBbI YpaBHeHMI Thna Jlupaka-
Komna-IlIama 715t 51€KTpOHHOM IIIOTHOCTH. B KauecTBe MILTFOCTpalMi BO3MOKHOCTEH MPe/IaracMoro
TO/IX0/la TIPUBE/IEHBI aHHBIE 110 SHEPTUM U IIMPHHE aBTOMOHM3AIIMOHHOTO pe3oHaHca 3s3p 'P B
CIEKTpE aroMa rejusl U MPOBEJCHO CPABHEHHE C MMEIOIIMMUCS YKCIIEPUMEHTAIbHBIMU JTAHHBIMUA U
pe3yabTaTaMu IpyTuX TEOpUid, B TOM YHCIIE, METOJIOM KOMIUIEKCHOTO BpalleHHs X0 aaredpanyeckoro
nonxona Wakid-Callaway, merona auaronanusanuu Senashenko-Wague u T.1.

KuiroueBble c€j10Ba: CIEKTPOCKONMS aBTOMOHU3ALMOHHBIX PE30HAHCOB, YCOBEPLICHCTBOBAHHBIN
PENATUBUCTCKUAN MOAXO/, TN

YK 539.183
A. B. Cuipnos O. FO. Xeyeniyc, B. B. bysoacu, O. C. Benooonos
VIOCKOHAJIEHUHM PEJSATUBICTCHKHUM MIAXIJ B CHEKTPOCKOIII CKJIAJTHUX
ABTOIOHIBAIIMHUX PE3OHAHCIB B ATOMHUMX CITIEKTPAX
Pe3srome
B po60Ti po3BUBaETHCS BIOCKOHAIEHUH PENSATUBICTCHKUM M1IX1 10 BUBYEHHS TapaMeTpiB aBTO10-
HI3a11l0HHUX PE30HAHCIB B ATOMHUX CUCTEMaX, SIKUI IPYHTY€EThHCS HA y3araJbHEHOMY €HEPreTHUHOMY

nigxoni (S-marpuunuit popmanizm ['enn-Manna 1 Jloy) 1 penaTuBicTcbKoi 6araTo4acTUHKOBIHM Teopil
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30ypeHb 3 Hyab0BUM HaOmmxeHHsM Jlipaka-Kona-Illema i akypaTHUM ypaxyBaHHSIM OOMIHHO- KOpe-
JSIMHAX, PeNsSTHUBICTChKUX edekTiB. OnTumizaliis 06a3ucy pensTUBICTCHKHX OopOiTaneil 3BOAUTHCS
710 MiHIMi3awii KaniOpyBaJbHO-3aJIEKHOT0 0araToeIeKTPOHHOTO BKJIALy BiJi OOMiHHO-KOPENSALIHHIX
nornpasok KEJI Teopii 30ypens B pajianiiiHi MHUPUHNA aTOMHUX PiBHIB, 10 B CBOIO YEPTy, 3BOIUTHCS
JI0 BUPILIICHHS CUCTeMU piBHSAHB Tuny Jipaka-Kona-Illema asns enexkTpoHHOT rycTuHH. B sikocTi imio-
CTparii MOXKJIMBOCTEH 3aIpOIIOHOBAHOTO MMiIXOAY HABEJCHI JaHi 110 eHeprii 1 IUpHHI aBTO10HI3aIliii-
HOro pesoHancy 3s3p 'P B crekTpi aroma rejiro i IpoOBeICHO IOPiBHAHHS 3 HAABHUMHU EKCIIEPHMEH-
TaJbHUMU JIAHUMH 1 pe3yJIbTaTaMH 1HIINX TEOPild, B TOMY YMCIIi, METOJJOM KOMILIEKCHOTO 00epTaHHs
Xo, anrebpaiunoro nigxony Wakid-Callaway, metony niaronanizamii Senashenko-Wague 1 T.i.

Ki11040Bi cj10Ba: CrieKTpOCKOIIisl aBTOI0HI3aIHUX PE30HAHCIB, YI0CKOHAICHUH eI TUBICTCHKUN
I IX1]T, TeITii
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