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S-MATRIX FORMALISM IN THE CALCULATION OF
OSCILLATOR STRENGTHS, RADIATION AND
AUTOIONIZATION WIDTHS FOR COMPLEX ATOMS
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Atomic-Molecular-Laser Spectroscopy Centre,
Odesa Hydrometeorological Institute,
a/c 108, Odesa-9, 65009, Ukraine

A new approach for the calculation of the oscillator strengths, radiation and
autoionization widths for complex atoms and multicharged ions has been developed.
The new approach is based on the S-matrix formalism and does not use any empiri-
cal information about the properties of the studied atomic systems. We have used the
fundamental principle of the minimization of the gauge-dependent contribution to
the radiative width for the certain class of the photon propagator calibration. The
minimization criterion is tested by the calculation of the resonance radiation transi-
tion probability in the Na-like ion SVI and autoionization widths in Yb.

In the theory of radiative and non-
radiative decay of the quasi-stationary states
of a multielectron atom an energy approach,
based on the adiabatic Gell-Mann and Low
formula [1-8] for the energy shift 8F with
electrodynamical scattering matrices, 1s well
known. This approach represents the decay
probability as an imaginary part of the en-
ergy shift. The method is consistently elec-
trodynamical, allowing for the uniform con-
sideration of a variety of induced and spon-
taneous processes different by their physical
nature. Their contributions and interference
effects are represented by successive correc-
tions of the electrodynamical perturbation
theory (EDPT). The energy approach had
been applied previously in the study of the
purely electronic, electron-nuclear processes
in atoms and meso-atomic systems, and in
the problem of the collisional electron-
positron pair production [1-10}.

Here we present a new approach for the
calculation of the oscillator strengths, radia-
tion and autoionization widths for complex
atoms and multicharged ions. The new ap-
proach is fully ab initio and does not use any
empirical information about atomic systems.
It is based on the fundamental principle of
the minimization of the gauge-dependent ra-
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diative width contribution for the certain
class of the photon propagator calibration.

Consider the one-quasiparticle system.
A quasiparticle is a valent electron above
the core of closed electron shells or a va-
cancy in the core. In the lowest second or-
der of the EDPT for the 3F there is the only
one-quasi-particle Feynman diagram A
(A /), that has a non-zeroth con-
tribution to the imaginary part of electron
energy Im 8F (the radiation decay width). In
the fourth order of the EDPT there are dia-
grams, whose contribution into the ImJE ac-
counts 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, con-
nected with the ground state by the radiation
transition. In the zeroth EDPT approxima-
tion we, as usually (c.f.[2,3,9]),use the one
electron bare potential

n(r) + Vel(r). M

with Vn(r) describing the electric potential of
the nucleus, V¢(r), imitating the interaction
of the quasi-particle with the core. The per-
turbation in terms of the second quantization
representation reads:
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Ve®) v ()ur) -7 (x) A4 (x). (2) sitions from the initial state « to the final
state 5 [3]:

The core potential V() is related to the

core electron density pc(r) in a standard way

[6]. The latter fully determines the one elec-

Im8E, (2)= Y. ImSE (a-s; a).

S

tron representation. Moreover, all the results The most important diagram of the EDPT
of the approximate calculations are function- fourth order is direct polarization diagrams B
als of the density pc(r). Here the lowest- (B=  — ). Its contribution into
order multielectron effects, in particular, the Im8E, is gauge-dependent, though the re-
gauge-dependent radiative contribution for sults of the exact calculation of any physical
the certain class of the photon propagator quantity must be gauge-independent. All the
calibration is treated. This value is consid- non-invariant terms are multielectron by
ered to be the typical representative of the their nature (the particular case is the non-
electron correlation effects, whose minimi- coincidence of the oscillator strengths val-
zation is a reasonable criterion in searching ues, obtained in calculations with the
for the optimal one-electron basis of the PT. "length" and "velocity" transition operator
Besides, this procedure derives an undoubted forms). Let us take the photon propagator
profit in the routine spectroscopic calcula- calibration as follows [3,11]:

tions as it provides the way of refinement of

. . . - _ 2 2
the atomic characteristics calculations, based D =Dr+ CDy, Dr=6,/(k;, - k%),

on the "first principles”. It is well known that D= -kuk,/ (ké -k2). (3)
the closeness of the radiation probabilities
calculated with the alternative forms of the Here all notations are standard (according to
transition operator is commonly used as a [11]). The values C=0 and C=1 of the gauge
criterion for the multielectron calculations constant are related to the Lorentz and Lan-
quality. dau calibrations, respectively. The calcula-
The imaginary part of the diagram A tion of the contribution of the A, B diagrams
contribution in the case of the Lorentz cali- into ImoFE taking into account both the Dr
bration has been presented previously as a and Dy parts, is standard. The A diagram

contribution into Im&F related to the « -s

sum of the partial contributions of a-s tran- 10UlE I
transition is determined as follows:

e’ . l-a,a, .

-] drdr et ) w" () ——Fsin (@asri2) wa () 1 (), (4)
8 7,

for D= Dr, and
62

"3 JJ dridry wa (r) v (r2) {[(1- a1 niz @ ni2 ) F1a] Sin (@es Fia Y+ @es (10 M2 0o M12)X
T

x Cos(was rlZ)} Va (r2) Ws (”l)a (5)
for D=D;, where w,; is the « -s transition en- proximations are inevitable. Remember that
ergy. According to [12], the D, contribution the energy shifts and the transition probabili-
vanishes, if one-quasi-particle functions ¥ , ties are treated uniformly in the framework of

the energy approach. Let us consider the direct

less this term is to be retained in the distorted polarization diagram as an example. After the
waves approximation. When calculating the linearization over the gauge constant C, the
EDPT fourth-order contribution some ap- formal expression for Im 8Eyny is as follows:

v, satisfy the same Dirac equation. Neverthe-
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Im 8Epiny (053 0) =-C[[[[dridry drsdry > [
n>f
m<f

l-a _
W () W' () ———= {[ (a0 - a3 m34 0un3a) [ r14] Sin [ @am (r12+734)] +

r12

1 1

@, T,

+ j Va (F1)X X Y (2)
a)mn - a)as

(6)

+ Wan COS [ Wan (F12+ 734)] (1+ a3 N34 a1134)} Win (13) Wa (ra) Wau (r2) W5 (r1).

Here f is the boundary of the closed
shells; » 2 f indicating the unoccupied
bound and the upper continuum electron
states; m < f indicates the finite number of
states in the core and the states of the nega-
tive continuum (accounting for the electron
vacuum polarization). All the vacuum po-
larization and self-energy corrections to the
sought values are omitted because of the
known reasons [3]. The sum X,>¢ m<s can
be calculated numerically. Its calculation
leads to solving of the system of ordinary
differential equations (a one-dimensional
procedure) [8—10]. The minimization of the
density functional Im 8Fyi, (b+c) leads to
the integral differential equation for p. that
can be solved using one of the standard nu-
merical codes. In [3] the authors treated the
function p ¢ in the simple analytic form with
the only variable parameter b and substi-
tuted it into (6). More accurate calculation
requires the solution of the integral differ-
ential equation for p .. This program has
been realized by us within our atomic code
[3,4,6-10]. As an example, we consider the
resonance 3p;n - 3sy, transition in the Na-
like multicharged ion SVI. It is one of the
most studied ions of the very popular Na-
like sequence for which the core polariza-

tion effects are known to be of great impor-
tance. The results of calculations are pre-
sented in Table.l. One should note the
smallness of the gauge non-invariant contri-
bution into the value of the oscillator
strength. In [3] itis ~10 2, in our calculation
—107. This means that the results of the cal-
culations with the "length" and "velocity"
transition operator forms are practically
equal. As the accurate calculations show
this is true for all other transitions between
the states with one electron above the same
core 1522522p6 . In Table 2 we present the
results of calculation of the energies and
autoionization widths for the low-lying
states of Yb atom. At first the similar states
were experimentally studied by Letokhov et
al. [13]. We consider the states of 6s(2),
6s6p, 655d,6p(2),6p5d,5d(2),7s6p which can
be treated as the two-quasiparticles states
above the core (...4 f'*).The numerical pro-

cedure is the same as in the relativistic PT
method with zeroth model potential ap-
proximation [2-4]. The main difference is
related to the use of the above described
minimization procedure. In conclusion we
note that the abnormal smallness of the
5d...5d level is connected with the relativ-
istic channel of decay for these states.

Table 1. The oscillator strength (OS) for the dipole transition in SVI ion: a) gauge non-invariant contribution (po-
larization part); b) the OS with the account of the fourth-order core polarization effect, c¢) the OS without the polari-
zation effect, d) experimental value (b -adjustable parameter of the p ¢ — function in Glushkov-Ivanov model [3]).

B (a) (10 ) (b) (c) (d) This paper
(6] gf

0.56 0.1052 0.652

0.58 0.1035 0.665 0.690 0.66+£0.02 107 0.658

0.60 0.1040 0.678

0.62 0.1051 0.691

0.64 0.1063 0.705
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Table 2. Energies (cm™) and autoionization widths (cm™) of low-lying states for Yb atom

Conf. J -E,cal. [7,13] | -E, this work G, [7,13] G, this work
6p326p3n2 | O 92000 91800 5.4 5.5
6p3nsSdsn | 2 91400 91280 0.2 0.28
6p3nSdsn | 1 94900 94760 5.7 5.58
6p3nddse | 3 96300 96240 1.6 1.65
Sd3nSdsn | O [98100] 98230 [0.01] [0.008]
Sdan5dsn | 1 [98000] 98150 [10™] [10]
7s126p12 | O 88900 88640 0.7 0.85
Ts126p12 | 1 88700 88590 3.0 3.2
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S-MATPUYHUN ®OPMAJII3M V PO3PAXVHKAX
CIJI OCHWISITOPIB, PATIAINIMHUX TA
ABTOIOHIBAIIIMHUX NIVIPUH JJISI CKJIATHUX
ATOMIB TA BATATO3APSITHUX IOHIB

C.B.MajiiHoBCbKA

IlenTp aTOMHOI, MOJIEKYJISIPHOI Ta JIa3€pHOI CIIEKTPOCKOTI],
Onecpkuil rigpoMeTeopoIoriynuii iHcTUTYT, a/c 108, Oneca-9, 65009

Po3BuHYTO HOBHH MiXi IO PO3paxyHKy CHJI OCLMIATOPIB, pagiatifiHux Ta aBTO-
iOHI3aUIMHUX MWUPUH CKIATHUX aToMiB Ta Garartozapsauux iouis. Hosuit miaxin
IPYHTYEThCSL Ha S-MaTpuuHOMy ¢opMaiisMi i He BHUKOPHCTOBYE E€MITIPHYHOL
indopMauii mpo BAACTMBOCTI JOCHIIKYBAaHHX CHCTEM. BukopucTaHo (yHmameH-

TANBHUN TIpAHIMI MiHIMizanil

KaliGpOBOYHO 3aJIEXKHOTO BHECKY B pajialiitHy

UIMPYHY UL BU3HAUEHOTO Kiacy KanibpoBok §OTOHHHX mpomaratopis. [IposeneHo
po3paxyHoX cwi ocumuAropis Jjuii Na-moni6Hux ioHiB i eHeprid Ta wmwmpuH

aBTOIOHIZaIIMHMX CTaHiB A aToma Yb.



