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THEORETICAL STUDYING SPECTRAL CHARACTERISTICS OF Ne-LIKE IONS
ON THE BASIS OF OPTIMIZED RELATIVISTIC MANY-BODY PERTURBATION
THEORY

Theoretical studying spectroscopic characteristics of the Ne-like multicharged ions is carried out within the rela-
tivistic many-body perturbation theory 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.

1. Introduction

It is well known that the correct data about
different radiation, energetic and spectroscopic
characteristics of the multielectron atoms and
multicharged ions, namely, radiative decay
widths, probabilities and oscillator strengths
of atomic transitions, excitation and ionization
cross-sections are needed in astrophysics and
laboratory, thermonuclear plasma diagnostics
and in fusion research. In this light, studying the
spectral characteristics of the alkali elements
attracts a special interest. There have been
sufficiently many reports of calculations and
compilation of energies and oscillator strengths
for these atoms and corresponding ions (see,
for example, [1-28]). In many papers the
standard Hartree-Fock, Dirac-Fock methods,
model potential approach, quantum defect
approximation etc in the different realizations
have been used for calculating energies and
oscillator strengths. However, it should be
stated that for the heavy alkali atoms (such
as caesium and francium and corresponding
ions) and particularly for their high-excited
(Rydberg) states, there is not enough precise
information available in literature. 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). However, one should
remember about very complicated structure of
spectra of the lanthanides atoms and necessity
of correct accounting for different correlation
effects such as polarization interaction of the
valent quasiparticles and their mutual screening,
iterations of a mass operator etc.).The known
method of the model relativistic many-body
perturbation theory (RMBPT) has been earlier
effectively applied to computing spectra of
low-lying states for some lanthanides atoms
[5-11] (see also [12-22]). We use an analogous
version of the perturbation theory (PT) to study
spectroscopic characteristics of some Ne-like
ions.

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

As the method of computing is earlier
presented in detail, here we are limited only by
the key topics [5-15]. 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 secular matrix M
diagonalization [12-22]. In constructing M, the
Gell-Mann and Low adiabatic formula for AE
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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 interaction).
Their imaginary part of AE is connected with
the radiation decay (radiation) possibility. 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 complex matrix M. In the
papers of different authors, the ReAE calculation
procedure has been generalized for the case of
nearly degenerate 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 interelectron interaction.
The complex secular matrix M is represented in
the form [12-14]:

M=MO+Mm" +MP M. (1)

where M*) is the contribution of the vacuum
diagrams of all order of PT, and M (l), M®?
M () those of the one-, two- and three-

quasiparticle diagrams respectively. M © is a
real matrix, proportional to the unit matrix. It
determines only the general level shift. We have

assumed M'” =0. The diagonal matrix M 0
can be presented as a sum of the independent
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 summarized all the contributions
of the one -quasiparticle diagrams of all orders
of the formally exact QED PT. However, the
necessary experimental quantities are not often
available. The first two order corrections to

ReM® have been analyzed previously using
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Feynman diagrams (look Ref. in [1,2]). 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 take into account the immediate
quasiparticle interaction [11-20]. Some of the
ladder diagram contributions as well as some of
the three-quasiparticle diagram contributions in
all PT orders have the same angular symmetry
as the two-quasiparticle diagram 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 particle by the two others. The additional
potential modifies the one-quasiparticle orbitals
and energies. Then the secular matrix is as
follows [1,2]:

M—->MY+M?, )

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

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

energies), and M @) by means of the first PT

order formulae for M, putting the modified
radial functions of the one-quasiparticle states
in the radial integrals..

Let us remind that in the QED theory, the photon
propagator D(12)playstherole ofthis interaction.
Naturally the analytical form of D(12) depends
on the gauge, in which the electrodynamical
potentials are written. Interelectron interaction
operator with accounting for the Breit interaction
has been taken as follows:

) (-aa;)
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where, as usually, o, are the Dirac matrices.
In general, the results of all approximate
calculations depended on the gauge. Naturally



the correct result must be gauge-invariant. The
gauge dependence of the amplitudes of the
photo processes 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 reviews in [5-7] and
Refs. therein). Grant has investigated the gauge
connection with the limiting non-relativistic
form of the transition operator and has formulated
the conditions for approximate functions of the
states, in which the amplitudes of the photo
processes are gauge invariant [3]. Glushkov-
Ivanov have developed a new relativistic gauge-
conserved version of the energy approach[14]. In
ref. [25, 29-35] it has been developed its further
generalization. Here we applied this approach
for generating the optimized relativistic orbitals
basis in the zeroth approximation of the many-
body PT. 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. Other details can
be found in Refs. [1-5,36-44].

3. Some results and conclusion

In tables 1 and 2 we present the values of
probabilities of the transitions between levels
of the configurations 2s*2p3s,3d,4s,4d and
2s2p3p,4p in the Ne-like ions of the Ni XIX,
Br XXVI (in s’'; total angle moment J=1): a —
the MCDF method; b- relativistic PT with the
empirical zeroth approximation (RPTMP); cl —
REA-PT data (without correlation corrections);
c2 — REA-PT data (with an account for the
correlation); exp.- experimental data (look [1-6]
and Refs therein); This work -our data.

Table 1.
Probabilities of radiation transitions between
levels of the configurations 2s*2p°3s,3d,4s,4d
and 2s2p®3p,4p in the Ne-like ion of Ni XIX
(in s’ total angle moment J=1): a—the MCDF
method; b- relativistic PT with the empirical
zeroth approximation (RPTMP); cl, ¢2 —
REA PT data (without and with account for
correlation effects); exp. - experiment; this

work-our data (see text)

Level J=1 Exp. a-MCDF | b-RPTMP
2p..3s,, | 7.6+11 9.5+11 1.3+12
2p,.3s,, | 6.0+11 1.8+12 1.0+12
2p.,3d,,, | 1.4+11 2.2+11 1.5+11
2p.,3d.,, | 1.2+13 2.1+13 1.2+13
2p,.3d,, | 3.2+13 4.8+13 3.6+13
2s,, 3D, 8.5+11
2s,, 3p.,, 5.1+12
2p..4s,, | 3.3+11 3.6+11
2p..4s,. | 2.0+11 3.0+11
2p..4d,. | 4.5+10 5.2+10
2p.Ad., | 8.3+12 8.3+12
2p,4d.. | 8.1+12 7.9+12
cl- c2- This work
Level J=1 | REAPT | REAPT
2p..3s.,, | 9.7+11 | 8.1+11 7.9+11
2p..3s,,, | 7.6+11 6.2+11 6.1+11
2p.,3d,,, | 1.7+11 1.4+11 1.3+11
2p.,3d.,, | 1.5+13 1.2+13 1.1+13
2p,.,3d,,, | 4.0+13 3.3+13 3.2+13
2s,,3p,, | 9.5+11 8.1+11 8.0+11
2s.,3p., | 5.6+12 4.7+12 4.6+12
2p..4s, | 4.1+11 | 3.4+11 3.3+11
2p,.4s, | 3.1+11 | 2.4+11 2.2+11
2p.A4d., | 5.4+10 | 48+10 | 4.6+10
2p..4d., | 9.2+12 | 8.2+12 8.1+12
2p,4d.. | 8.9+12 8.0+12 8.0+12
2s, ,.4p,,, | 6.3+11 5.7+11 5.6+11
2s,,4p., | 2.7+12 2.4+12 2.3+12
Analysis of the data shows that the
computational method used provides a
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physically reasonable agreement between the

theoretical and experimental data.
Table 2.

Probabilities of radiation transitions between
levels of the configurations 2s*2p®3s,3d,4s,4d
and 2s2p®3p,4p in the Ne-like ion of Br XXVI
(in s'; total angle moment J=1): a — the DF
method; b- RPTMP; c1,2 — REA PT data
(without and with account for correlation
effects); exp. - experiment; this -our data

Level J=1 Exp. | a-MCDF | b-RPTMP
2p..3s,,, | 4.5+t12 | 6.2+12 4.4+12
2p,,3s,,, |3.1+12 | 4.8+12 2.8+12
2p,,3d,, | 2.8+11 | 3.9+11 2.9+11
2p,,3d.,, |6.1+13 | 8.0+13 6.3+13
2p,.3d,, |[8.6+13 | 9.5+13 8.7+13
2s,,3p,,, |3.9+12 4.2+12
2s..3p,, | 1.4+13 1.5+13
2p..,4s,,, | 1.1+12 1.2+12
2p,.4s,,, | 2.1+12 2.5+12
2p..4d, | 2.8+10 7.3+10
2p..4d. 2.8+13
2p,4d,. |2.0+13 2.2+13
2s,,.4p,, |2.5+12
2s .4p,, | 7.1+12
Level J=1 cl- c2-%ED This
ED P work
T
2p..3s,,, | 5.5+12| 4.4+12 4.3+12
2p..3s,,, | 3.6+12| 2.7+12 2.6+12
2p..3d,, | 3.5+11 | 2.8+11 2.7+11
2p,,3d.,, | 7.5+13 | 6.1+13 6.1+13
2p,.3d,, [9.9+13 | 8.6+13 8.5+13
2s.,3p,, |4.7+12 | 4.0+12 3.9+12
2s,,3p., | 1.8+13 | 1.4+13 1.3+13
2p.4s.,, | 1.5+12 | 1.1+12 1.1+12
2p, . 4s.. | 2.8+12 | 2.3+12 2.2+12
2p..4d, 1 6.9+10 | 6.3+10 6.0+10
2p..4d. | 2.7+13 | 2.3+13 2.2+13
2p,.4d, | 2.3+13 | 2.0+13 1.9+13
2s, 4p,, | 2.9+12| 2.6+12 2.5+12
2s,,4p,, | 8.9+12 | 8.0+12 7.8+12
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Let us note that the transition probabilities
values in the different photon propagator gauges
are practically equal. Besides, an account of the
inter particle (electron) correlation effects is of a
great importance.
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THEORETICAL STUDYING SPECTRAL CHARACTERISTICS OF Ne-LIKE IONS
ON THE BASIS OF OPTIMIZED RELATIVISTIC MANY-BODY PERTURBATION
THEORY

Summary. Theoretical studying spectroscopic characteristics of the Ne-like multicharged ions
is carried out within the relativistic many-body perturbation theory and generalized relativistic en-
ergy 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 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 sets,
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TEOPETUYECKOE U3YYEHHUE CIIEKTPAJIbHBIX XAPAKTEPUCTHK Ne-
MOIOBHBIX NOHOB HA OCHOBE ONITUMMU3UPOBAHHOMN PEJIITUBUCTCKOM
MHOT'OYACTHYHOM TEOPUU BO3MYIIIEHUI

Pe3rome. B paMkax pensiTHUBUCTCKON MHOTOYACTUYHOM TEOPHH BO3MYIIEHUH U 000OIIIEHHOTO
PENATUBUCTCKOTO HEPreTUYECKOrO IMO/IX0/1a MPOBEIEHO TEOPETHUECKOE M3YUYEHHE CIIEKTPOCKO-
MUYECKHUX XapakTepUCTUK psia Ne-1momoOHBIX MHOTO3apsITHBIX HOHOB. B KauecTBe HyJIeBOTO MPH-
OMKEHUsT PEeNIATUBUCTCKOM TEOpPUM BO3MYIICHHUH BBHIOPAHO ONTUMHU3UPOBAHHOE MPUOIMKEHHE
Hupaxka-Kona-Illama. Onrumu3anus BBITIOJIHEHA ITyTEM BBEIECHUS IMapaMeTpa B OOMEHHBIE TI0-
tennuanbl Goka u Kona-Illama u nanpHelmein MUHUMH3aMed KaTuOpOBOUYHO-HEMHBAPHAHTHBIX
BKJIaJIOB B paJallMOHHBIE IIMPUHBI ATOMHBIX YPOBHEH C UCTIOIb30BAHUEM PEISTUBUCTCKOTO Oa3u-
ca opOuTaneil, CreHepupOBaHHOTO COOTBETCTBYIOLIUM raMUIBTOHMAHOM HYJIEBOTO MPHUOIMKEHUS.

KutoueBble cioBa: PensitTuBucTckas Teopus BO3MYIICHHH, ONTUMU3MPOBAHHOE HYJIEBOE MPH-
onmmxeHue, Ne-mogo0HbIe MHOTO3apsITHBIC HOHBI

PACS 32.30.-r
O. B. I'nywxos, 1. C. Yepkacosa, B. b. Teprnoscvruu, A. A. Ceéunapenro
TEOPETUYHE BUBUEHHS CIIEKTPAJIBHUX XAPAKTEPUCTUK Ne-IIOAIBHUX
HMOHOB HA OCHOBI OIITUMI3OBAHOI PEJSAITUBICTChKOI BATATOUACTKOBI
TEOPII 3BYPEHbD

Pe3rome. B pamkax pesITUBICTCHKOI OaraTo4acCTHHKOBOI Teopii 30ypeHb 1 y3araabHEHOTO pe-
JSTHBICTCHKOTO €HEPTeTHYHOTO MiJAXO0My MPOBEICHO TEOPETUYHE BUBUCHHS CIIEKTPOCKOIIYHHX
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xapaktepucTuk psay Ne-nmomiOHux OararoszapsiHuX 10HIB. B sSIKOCTI HYIOBOTO HAOIMIKEHHS pe-
JSTUBICTCHKOI Teopii 30ypeHs oOpaHo ontuMizoBane HaOmmkeHHs [lipaka-Kona-Illema. Ontumi-
3allisi BAKOHAHA IUISIXOM BBEJCHHs Mapamerpa B oOMinHuH moteHiian Kona-1llema i momanbimnoi
MiHiMi3allii KaaiOpyBallbHO-HEIHBApIaHTHUX BKJIA/IiB B pajialliiiHi IIMPUHA aTOMHUX PIiBHIB 3 BU-
KOPUCTAHHSIM PESTHBICTCHKOTO 06a3ucy opoiTanieil, 3reHepOBaHOTO BiAMOBITHUM raMiJIbTOHIAHOM
HYJIbOBOTO HAOJIM)KECHHSI.

KurouoBi ciioBa: PenstuBicTcbka Teopist 30ypeHb, ONTUMI30BaHE HYIbOBE HaOMukeHHs, Ne-
noniOHi 6araro3apsiaHi 10HU
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