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Abstract. On the basis of new relativistic scheme within gauge-invariant quantum electrodynamics
(QED) perturbation theory (PT) it has been carried out sensing and calculating the energies and
probabilities of some radiative transitions in spectra of the complex Ne-like multicharged ions, plasma
of which is of a great interest as an active medium for new short-wave lasers.
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BU3HAYEHHS IMOBIPHOCTEM PAIIAIIMHUX MMEPEXOIIB Y CHEKTPAX JTEAKHAX
Ne-IIOAIBHUX BATATO3APAIHUX IOHIB

O. B. I'mymikos, O. 0. Xeneuiyce, T. O. ®aopko, I'. B. IrnaTenko

AHoTauisi. Ha ocHOBI HOBOT peNATHBICTCHKOI CXeMH B MeXax KaniOpoBouHo-iHBapianTHOI KE]]
Teopii 30ypeHbh BUKOHAHO PO3PaXyHOK WMOBIPHOCTEH pajlialliiHUX MEPEXOAIB Y CIEKTpaxX ACKOTPUX
CKJIQJIHUX HEOHO-TMOAIOHUX Oararo3apsIHUX 10HIB, IJ1a3Ma SKHX MPEICTABISIE IHTEPEC K aKTUBHE
CepeIOBHINE KOPOTKOXBUIILOBUX JIA3€PiB.

Kuio4oBi cs10Ba: 1eTeKTyBaHHS pajlialliiHIX aTOMHUX TIEPEXO/IiB, HEOHO-TIO10HI 6araro3apsHi 10HU

OINPEJEJIEHUE BEPOATHOCTEM PAJJMAIIMOHHBIX MEPEXOJ0B B CIEKTPAX
HEKOTOPBIX Ne-IIOAOBHBIX MHOI'O3APAJHBIX HOHOB

A. B. I'nymikos, O. 10. Xeneanyc, T. A. ®aopko, A. B. UIrnarenko

AHHoTanus. Ha oCHOBe HOBOW PEeISITUBUCTCKOW CXEMbI B paMKax KaJrMOpOBOYHO-UHBAPUAHTHOMN
K3]I Teopun BO3MyIlIEHNI BBIMOJIHEH pacyeT BEPOSTHOCTEH paJMallMOHHBIX aTOMHBIX MEPEXOJ0B B
CHEKTPaX HEKOTOPBIX CIOKHBIX HEOHO-TIOAOOHBIX MHOTO3apsIHBIX MOHOB, IJIa3Ma KOTOPBIX Hpe-
CTaBJISIET MHTEPEC KaK aKTUBHAs Cpea sl KOPOTKOBOJIHOBBIX JIa3€pPOB.

KuroueBble c10Ba: 1€TEKTUPOBAHUE PaIMALIIOHHBIX aTOMHBIX IIEPEX0/I0B, HEOHO-TI0100HBIE MHOTO-
3apsiIHbIE UOHbI
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1. Introduction.

Traditionally an investigation of spectra, spec-
tral, radiative and autoionization characteristics
for heavy and superheavy elements atoms and
multicharged ions is of a great interest for further
development atomic and nuclear theories and dif-
ferent applications in the plasma chemistry, as-
trophysics, laser physics, etc. (see Refs. [1-13]).
Theoretical methods of calculation of the spectro-
scopic characteristics for heavy atoms and ions
may be divided into a few main groups. First, the
well known, classical multi-configuration Hartree-
Fock method (as a rule, the relativistic effects
are taken into account in the Pauli approximation
or Breit hamiltonian etc.) allowed to get a great
number of the useful spectral information about
light and not heavy atomic systems, but in fact it
provides only qualitative description of spectra
of the heavy and superheavy ions . Second, the
multi-configuration Dirac-Fock (MCDF) method
is the most reliable version of calculation for mul-
tielectron systems with a large nuclear charge. In
these calculations the one- and two-particle rela-
tivistic effects are taken into account practically
precisely. The calculation program of Desclaux
(the Desclaux program, Dirac package) is com-
piled with proper account of the finiteness of the
nucleus size. However, a studying of complicated
multielectron multicharged ions with a great con-
tribution of the exchange-correlation effects by
standard methods is connected with great principal
and calculational problems. Though, in last years
there is a great progress in this topic.

The isoelectronic sequence of neon has been
especially thoroughly investigated, but neverthe-
less remains of interest because of the spectra of
Ne-like ions are the source of the most important
information for the solution of a wide variety of
problems in the hot, dense, thermonuclear plasmas
spectroscopy, physics of the shortwave lasers etc.
The detailed analysis of spectra of the Ne-like ions
has been performed, for example, in Refs. [2,11-
17]. In Refs. [11-13] it has been used the relativ-
istic PT with the empirical zeroth approximation,
and optimization of the one-quasiparticle wave
functions bases is not specially fulfilled, though
using the empirical information about correspond-
ing one-quasiparticle atomic ion energies allowed
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indirectly take into account the correlation cor-
rections. In this paper we have used an advanced
relativistic energy approach [3,14] within gauge-
invariant QED perturbation theory and carried
out sensing and calculating the energies and prob-
abilities of some radiative transitions in spectra of
the complex Ne-like multicharged ions, plasma of
which is of a great interest as an active medium for
new short-wave lasers. Some interesting possibili-
ties can be found in refs. [2-4,10,18-20].

2. An advanced relativistic energy approach
to determination of the radiative transition
probabilities

Let us describe in brief the important moment
of the used theoretical approach. An advanced
relativistic energy approach is in details presented
in our previous refs. [2-4,14-17]. Following
to these refs, let us note that, as usually, the
relativistic PT wave functions zeroth basis is found
from the Dirac equation solution with potential,
which includes the core ab initio potential, electric
potentials of nucleus. All correlation corrections
of the PT second and high orders (electrons
screening, particle-hole interaction etc.) are
accounted. Configuration mixing coefficients ¢_
are obtained through diagonalization of the Dirac
Coulomb Hamiltonian:

H =X [co p, + (B-1)c* =V (r|nl)+V -

Ve r1R] £ X exp(ior )(1-0,,00)/r; . (1)
In this equation the potential:
V)=V, (rlnl)+V, +V, . (rIR). 2

The part V_accounts for exchange inter-elec-
tron interaction. The main exchange effect are
taken into account in the equation. The rest of the
exchange-correlation effects are accounted for
in first two PT orders by the total inter-electron
interaction [3,4]. The effective electron core den-
sity (potential V) is defined by iteration algorithm
within gauge invariant QED procedure [2,3,14].
Consider the one-quasiparticle system. A quasipar-
ticle is a valent electron above the core of closed
electron shells or a vacancy in the core. In the low-
est second order of the EDPT a non-zeroth con-
tribution to the imaginary part of electron energy
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Im OF (the radiation decay width) is provided by
relativistic exchange Fock diagram. In the fourth
order of the QED PT there are diagrams, whose
contribution into the ImdE accounts for the core
polarization effects [14]. It is on the electromag-
netic potentials gauge (the gauge non-invariant
contribution Im 8E . ). The minimization of the
density functional Im 8E  leads to the integral
differential equation for the p, that can be solved
using one of the standard numerical codes. In ref.
[14] authors treated the function p _ in the simple
analytic form with the only variable parameter b
and substituted it to (2). More accurate calculation
requires the solution of the integral differential
equation for the p [2-4].

The probability is directly connected with
imaginary part of electron energy of the system,
which is defined in the lowest order of perturbation
theory as follows [6,12]:

2
mAE(B) =<~ s ¥l (3)
T a>n>f
[a<n<f
Y- -
where for electron and a<n< F for

o>n>
vacancy. The potential V' is as follows:
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VI = [ dndra?] (1) ) (- aa)Wi ()] ()
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The separated terms of the sum in (3) represent

the contributions of different channels and a

probability of the dipole transition is:
1 o,

F"‘n - A ’ V"‘nan .

)

The  corresponding  oscillator  strength:
of = 12 Ta/6.67-107, where g is the degeneracy
degree g is a wavelength in angstrems (A) Under
calculating the matrix elements (3) one could
use the angle symmetry of the task and write the
expansion for potential sin|w|r ,/r, on spherical
functions as follows:

s1nr203fz :2\/2722.0:( ) M/Q olr; ) M/Q(D\rz) (cosrrz)

(6)

where J — is the Bessell function of first kind

and (A) =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:

Vidsa [(.11 )(]2)(] )(]4 ]/Z( [ ﬁJXImQ;L(1234),
Q=00 Qr (7

where ;. are the entire single electron
momentums, m. — their projections; Q. is
the Coulomb part of interaction, Q» — the Breit
part. The Coulomb part Q¢ is expressed in terms
of radial integrals R, , angular coefficients S, [12]:

IJs
—my

MmO = ERe{ R (1243)s, (1243)+ R, (1243 )5, (1 243)
+R,(1343)s,(133)+ &, (1233 )s, (1243 )}
(8)

As a result, the decay probability is expressed in
terms of ReQ, (1243) matrix elements:

ImR, (1243): _U driilr} f, (”1) 3(r| )fz (Vz )f4(rz )Z/(ll)(r< )Zg)(’;)'
©)

where f'is the large component of radial part of
the Dirac function and function Zis [12]:
/ (a‘mls‘r )

z0 |: 2
g ‘(’)13‘(12 }T‘ 7\.+/)

The angular coefficient is defined by standard
way [12]. The other items in (8) include small
components of the Dirac functions; the sign «~»
means that in (8) the large radial component f; is
to be changed by the small g, one and the moment
[,1s to be changed by / = /-1 for Dirac number
&> 0 and /+1 for <0. AN account of the Breit
interaction may considerably change the decay
dynamics in some cases [3]. The Breit part of Q
is defined following to Refs. [12]. All calculations
are carried out using the effective «Superatom-
ISAN» code initially developed by Ivanov and
coworkers (see Refs. [2-4, 6,11-16]).

3. Results and conclusions

k+y J
} (10)

In tables 1 and 2 we present the values of prob-
abilities of the transitions between levels of the
configurations 2s*2p*3s,3d,4s,4d and 2s2p®3p,4p
in the Ne-like ions of the Ni XIX and Br XXVI
(in s'; total angle moment J=1): a— the MCDF
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Level J=1 Exp. a-MCDF | b-RPTMP | cI-REA PT c2-REA PT

2p3n3sie 7.6+11 9.5+11 1.3+12 9.7+11 8.1+11
2p123s1 6.0+11 1.8+12 1.0+12 7.6+11 6.2+11
2p3»3dsn 1.4+11 2.2+11 1.5+11 1.7+11 1.4+11
2p3»3dsp, 1.2+13 2.1+13 1.2+13 1.5+13 1.2+13
2p1»3dspn 3.2+13 4.8+13 3.6+13 4.0+13 3.3+13
2S1/2 3p1/2 - - 8.5+11 9.5+11 8.1+11
281 3p3/2 - - 5.1+12 5.6+12 4.7+12
2p3p4s1p 3.3+11 - 3.6+11 4.1+11 34+11
2p1p4sin 2.0+11 - 3.0+11 3.1+11 2.4+11
2p34dspn 4.5+10 - 5.2+10 5.4+10 4.8+10
2p3n4ds, 8.3+12 - 8.3+12 9.2+12 8.2+12
2p14dsn 8.1+12 - 7.9+12 8.9+12 8.0+12
28104p12 - 6.3+11 5.7+11
28104p3n - 2.7+12 2.4+12

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); c1,2 — REA PT data (without
and with account of the correlation corrections); exp.— experimental data (see text).

Level /=1 | Exp. a-
MCDF

b- | c1-QED | C2-QED
RPTMP | PT PT

2p3/23S1/2 4.5+12 | 6.2+12

4.4+12 | 5.5+12 4.4+12

2p1/2381/2 3.1+12 | 4.8+12

2.8+12 | 3.6+12 | 2.7+12

2p3/23d3/2 2.8+11 | 3.9+11

2.9+11 | 3.5+11 2.8+11

2p3/23d5/2 6.1+13 8.0+13

6.3+13 | 7.5+13 6.1+13

2p1/23d3/2 8.6+13 9.5+13

8.7+13 | 9.9+13 8.6+13

2812 3pip | 3.9+12 -

4.2+12 | 4.7+12 4.0+12

2815 3pspn | 1.4+13 -

1.5+13 | 1.8+13 1.4+13

2p3/2481/2 1.1+12 -

1.2+12 | 1.5+12 1.1+12

2p1/24s1/2 2.1+12 -

2.5+12 | 2.8+12 | 2.3+12

2p3p4dsn | 2.8+10 -

7.3+10 | 6.9+10 6.3+10

2p3p4dsp - -

2.8+13 | 2.7+13 2.3+13

2p1/24d3/2 2.0+13 -

2.2+13 | 2.3+13 2.0+13

281/241)1/2 2.5+12 -

- 2.9+12 2.6+12

281/24133/2 7.1+12 -

- 8.9+12 8.0+12

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 s7'; total angle moment J=1): a— the DF method;
b — RPTMP; c1,2 — REA PT data (without and with account of the correlation corrections); exp.

— experimental data.

method; b — relativistic PT with the empirical
zeroth approximation (RPTMP) [11-13]; cl —
REA-PT data (without account of the correlation
corrections); c2 — REA-PT data (with account of
the correlation); exp. — experimental data (and
Refs. [2-4,11-13] therein).
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Analysis of the presented data shows that the
REA-PT method provides a physically reasonable
agreement between theoretical and experimental
data. Let us note that the transition probabilities
values in the different photon propagator gauges
are practically equal (see comments in Refs.
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[1,2,14,21]). An account of the correlation
effects is of a great importance to provide the
spectroscopic accuracy. The received set of the
data is principally important for investigations of
the possible laser effect in a plasma of the studied
Ne-like ions.
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