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Abstract. It has been carried out sensing and calculating the energies and oscillator strengths of
some radiative transitions in spectra of complex ion on the basis of new numerical relativistic scheme
within gauge-invariant perturbation theory.
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HOBUM YUCEJBbHUM MIIXIJI 1O BUSHAYEHHS PA IIAIITHHNUX
IEPEXOJIB Y CIIEKTPAX JIEKOTPUX CKJIAJTHWX IOHIB

T. O. @nopko

Pe3rome. Bukonano po3paxyHOK €Hepriid, iIMOBIpHOCTEH Ta CHJI OCIHIATOPIB PSAAY padialliiHuX
MEPEeXOAIB Y CHEeKTpPl CKJIAJHUX 10HIB HA OCHOBI HOBOI1 YHMCEIHHOI PENSTUBICTCHKOI CXEMU B MEXax
KaJiOpOBOYHO-1HBAPIaHTHOT TEOPii 30ypeHb.

Kuro4oBi ciioBa: nerekTyBaHHs paJiallifiHUX Mepexo/iB, CKIaIHI 10HH, PENIATUBICTChKA cCXeMa
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HOBBII YN CJIEHHBIN ITOJIXO0/I K ONPEJIEJEHWIO BEPOITHOCTEN
PAIMALIMOHHBIX ITEPEXO/0B B CIIEKTPAX HEKOTOPBIX CJIOKHBIX NOHOB

T. A. @nopxo

Pe3rome. BrinonHeH pacueT BEpOSTHOCTEH U CUJI OCHMIUISITOPOB Psiia paAHallMOHHBIX TIEPEX0/I0B
B CIIEKTPE CJIOKHBIX MOHOB Ha OCHOBE HOBOI YMCIEHHOU PENSITUBUCTCKON CXEMBbI B paMKax
KaJTuOpOBOYHO-MHBAPUAHTHOW TEOPUU BO3MYIIICHHIA.

KuroueBblie cji0Ba: 1eTEKTUPOBAHHE PAIUAIIMIOHHBIX [IEPEXO/I0B, CI0KHbIE HOHBI, PENIITUBUCTCKAS

cxema

1. Introduction

The experimental and theoretical studying of
the radiation transition characteristics of a whole
number of atomic systems, which are interesting
and perspective from the point of view of the
quantum electronics and photoelectronics, is
in last years of a great importance (c.f.[1-11]).
It is also very important for search the optimal
candidates and conditions for realization of the
X-ray lasing. Besides, the forbidden atomic
transitions are attracting from the point of view
of sensing new physics behind the well known
standard model.

The well known multi-configuration Dirac-
Fock (MCDF) approach is widely used in
calculations of the atoms and ions. It provides the
most reliable version of calculation for atomic
systems. The further improvement of this method
is connected with using the gauge invariant
procedures of generating relativistic orbitals
basis’s and more correct treating the nuclear,
correlation, radiative effects [1-8]. In references
[7-9]ithas been developed anew abinitio approach
to calculating spectra of atomic systems with
account of relativistic, correlation, nuclear, QED
effects, based on the gauge-invariant relativistic
PT and new effective procedures for accounting
the nuclear and radiative corrections. Here we
propose a new numerical relativistic scheme for
radiative transitions basing on the gauge-invariant
QED perturbation theory formalism [7-9] and the
ideas of the Refs. [9-11]. We study the spectrum
of energy levels and the probability of E2 and M1
forbidden radiative transitions between the low-
lying configurations 3s23p35, 3s3p63p43d, 3p44s
singly ionized argon atom. It should be noted that
the spectral information on rare gas atoms and

ions, in particular, neon, and argon, is crucial,
for example, for diagnostic laboratory plasma
[1-5]. The unknown atoms and ions are present
in a tokamak plasma, stellator. Finally, the atoms
and ions of argon found in astrophysical objects
(nebulae, stars, etc.) [1,2]. From a theoretical
point of view, the desired atoms and ions are a
class of highly complex systems due to the high
sensitivity of the calculated energies and transition
probabilities for the quality and completeness of

both relativistic and correlation effects.

2. New relativistic approach to sensing
and determination of the radiative transition
probabilities

Let us describe in brief the important moment
of our theoretical approach. As usually, the wave
functions zeroth basis is found from the Dirac
equation solution with potential, which includes
the core ab initio potential, electric, polarization
potentials of nucleus (the gaussian form for
charge distribution in the nucleus is used). All
correlation corrections of the PT second and
high orders (electrons screening, particle-hole
interaction etc.) are accounted

For [9]. The wave function for a particular
atomic state [10]:

NCF
YT PIM) = Zcrq)(YrP]M) (1)
r
1S obtained as the above described self-

consistent solutions of the DF type equations.
Configuration mixing coefficients c¢_are obtained
through diagonalization of the Dirac Coulomb
Hamiltonian:
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Hpc=%i {cai pi + (B-1)" - Z/r + V(r|nlj)} +

+ Xis exp(ior;)(1-a o) /1 . )
In this equation the potential:
V)=V, () +V, 4V, (1R). (3)

This potential includes the electrical and
polarization potentials of the nucleus. The part V_
accounts for exchange inter-electron 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
[9]. The effective electron core density (potential
V') is defined by iteration algorithm within gauge
invariant QED procedure [2,7].

Consider the one-quasiparticle system. A
quasiparticle is a valent electron above the core
of closed electron shells or a vacancy in the
core. In the lowest second order of the EDPT a
non-zeroth contribution to the imaginary part
of electron energy 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. It is on
the electromagnetic potentials gauge (the gauge
non-invariant contribution). Let us examine the
multielectron atom with one quasi-particle in the
first excited state, connected with the ground state
by the radiation transition [2,7]. In the zeroth
QED PT approximation we, as usually (c.f.[9]),
use the one electron bare potential

AGERAG) (4)
with V(r) describing the electric potential of the
nucleus, V.(r), imitating the interaction of the
quasi-particle with the core. The core potential
V(r)is related to the core electron density
p(r) in a standard way. The latter fully defines
the one electron representation. Moreover, all
the results of the approximate calculations are
the functionals of the density p (7). In ref.[7] the
lowest order multielectron effects, in particular,
the gauge dependent radiative contribution for the
certain class of the photon propagator calibration
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is treated. This value is considered to be the
typical representative of the electron correlation
effects, whose minimization is a reasonable
criterion in the searching for the optimal one-
electron basis of the PT. 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.
[7] authors treated the function p_ in the simple
analytic form with the only variable parameter b
and substituted it to (6). More accurate calculation
requires the solution of the integral differential
equation for the p_[2,9].

In order to define the probability of radiative
transition we have used energy approach [6,7]. In
this approach 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:

2
mAEB) - sy el (5)
T a>n>f
[a<n£f
where > — for electron and > — for
a>m> a<ns
vacancy. The potential V' is as follows:
) Smiw\r»
,‘kl‘ = [[ drdry¥; (1) ¥ (Fz)¢ x
n2
* *
X (I=a1a2)¥r(r)¥; (n), (6)

The separated terms of the sum in (5) represent

the contributions of different channells and a

probability of the dipole transition is:
I :i . V‘w“n‘

a
n 47[ a,a,

(7

According to [6,7], a matrix element in (7) is
written as follows:

13 A
Vi35 = [(Jl)(]2)(]3)(]4 [/Z [m]—]m ,UJX

xImQ,(1234); Q, =02 +QO.
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where ;. are the entire single electron momentums,

— their projectionS' QQUIis the Coulomb part
of interaction, Q - the Brelt part. The Coulomb
part QQ is expressed in terms of radial integrals

R, , angular coefficients S, [2,5]:

ul Z{ (1243)s, (1243)+ R, (1243 )5, (T243 }+

+R(1233)5,(233)+ 8, (1243)5,(1243)}, (9

where f is the large component of radial part of
single electron state Dirac function; the sign «~»
means that in (10) the large radial component /] is
to be changed by the small g, one and the moment

[, is to be changed by 7=/ -1 for Dirac number
&> 0 and /+1 for & <0. The Breit part of Q is
defined as the sum:

Br

o= M1+Q QMH’ (10)

where the contribution of our interest is determined
as:

0¥ =~ Re{RA (1233)s: (1233 )+ R, (1243)57 (1243)+

& (1233)s! (1233)+ & (343)s: (343),.

All calculations are performed using modified
Superatom code developed by Ivanov et al [6-10].

3. Results and conclusions

We have considered the energy and transition
probabilities for the 39 low-lying levels of the
Arll: 3s23p5, 3s3p6, 3p43d, 3p44s. These states
are in the PT formalism treated as 1 - and 3-QP
state electron (4s, 3d) (3p™! vacancy) over the core
of the filled electron shells 3s23p6. The structure
of the low-lying levels Arll includes two odd
levels with total angular momentum J = 1/2, J =
3/2 configuration 3s23p5 and 37 excited levels
with J = 1/2, J = 3/2 configurations 3s3p6, 3p43d,
3p44s. Among these levels of the excited states
with only the levels with J< 5/2 chance of El

radiative transition to the ground state of the ion.
On levels with J = 7/2 chance of M2 transition to
the ground state. On levels with J = 7/2, 9/2 (eg,
configuration 3p43d) possible inhibition of E2 and
MI transitions to lower lying levels of the same
parity. Secular matrix as usual including states
with the same total angular momentum and of the
same parity. Interaction QP-frame described by
the potential (3), actually simulates DF potential
self-consistent field. The effects of polarization
interaction QPs through polarizable core and
screening (antiscreening in case of an electron-
vacancy interactions) were taken into account
as part of the procedure described above [2,7-
9,12,13]. Table 1 shows the theoretical values of
the excitation energies (in cm-1) for some levels
with J=5/2, calculated in various approximations:
MCDF theory, MCDF theory plus accounting
for the Breit corrections (MCDF+Breit), our
theory and the experimental data [14]. In general,
our theory provides a perfectly acceptable
description of the structure of the spectrum, in
most cases, more accurate than alternative MCDF
methods. However, for some of the terms (for
example, 3s’3p*('D)3d*S¢ ,, 3s*3p*('S)3d’De
3s?3p*('S)3d°D°,, ) computation
large enough and far beyond the standard

5/2°
error is

spectroscopic, which is evidence of very strong
inter-configuration interaction in the spectrum of
the ion Ar+. Apparently, an adequate description
of these terms requires a significant expansion
of the secular matrix to account also high-lying
configurations. We believe that in the spectrum of
the studied ion there is an effect of the so-called
“plunging” configurations of 3p4p4d and others.
These configurations for the corresponding
ion perturb the discrete spectrum, significantly
increasing the interaction configurations.
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Table 1. The excitation energies (in cm-1) levels with J = 5/2 in various approximations: MCDF (with
accounting different numbers of additionally accounted configurations), MCDF+ Breit, our theory
data and the experimental data (look text).

Level MCDF MCDF | MCDF+ | Our data Experiment
4/(SD) Breit
3s3p° *S°1, 112307 110781 108772 108754 108721
137892 135584 133154 132965 132737
3s’3p*CP)3d"D"1

139843 138088 135756 135673 135601

3s%3p*(°P)4s *P¢1
157482 151676 148453 147441 147228

3s’3p*(’P)3d *P°1

Table 2. Probability of M1 (s') of the forbidden transitions in the spectrum AgII calculated in the
method MCDF+ Breit (a) and our approach (b)
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The initial state The final state a b
3s3p P 3s%3p™°P%), 5.46(-2) 5.34(-2)
3s3p*('D)3d* G 3s%3p*(°’P)3d°F 1.50(-2) 1.39(-2)
% 4.28(-2) 4.12(-2)
2~e
G
3s%3p*(P)3d*F ‘D) 4.11(-2) 3.98(-2)
1.24(-2) 1.01(-2)
3s3p*('D)3d*F%, | 3s%3p*('D)3d* G
3s%3p*(P)3d*F 3s%3p*CP)3d*D%, 3.36(-2) 3.23(-2)
2~ 4,1 2~e 4
35%3p*('D)3d* G, Fs) 5.30(-2) 5.18(-2)
°G%), Fn 6.87(-2) 6.69(-2)
G Fn 8.73(-2) 8.52(-2)
F%) “Fsp 3.67(-2) 3.55(-2)
3s"3p*(CP)3d*F ‘D% 2.48(-2) 2.32(-2)
‘D) 1.05(-1) 0.92(-1)
Fn
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Table 2 lists the data on M1 probability of
the forbidden transitions between the levels of
low-lying configurations in the spectrum Agll,
calculated using the methods of the MCDF+ Breit
and our theory. The only available experimental
value of the probability of 5.32x102=5.32(-2) M1
transition. 3s?3p>°P° - 3s’3p™P°,  is consistent
with our value (error ~ 0.4%), while the error in
the calculation by the MCDF method is about 3%.

Analysis of the obtained data allows to make
the following conclusions. Firstly, one can see
that our approach provides physically reasonable
agreement with experiment and significantly more
advantagable in comparison with standard Dirac-
Fock method. Secondly, calculation has confirmed
the great role of the interelectron correlation
effects of the second and higher PT orders,
namely, effects of the interelectron polarization
interaction and mutual screening.
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