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SPECTROSCOPY OF AUTOIONIZATION STATES IN SPECTRA OF HELIUM,
BARIUM AND LEAD ATOMS: NEW SPECTRAL DATA AND CHAOS EFFECT

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 to studying excites states and autoionization
resonances (AR) in complex atoms and ions, in particular, energies and widths for the He
and He-like ion, barium and lead atoms, with accounting for the exchange-correlation,
relativistic corrections and the weak chaos effect.

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, astro-
physics, laser physics, etc. (look Refs. [1-10]).
Theoretical methods of calculation of the spec-
troscopic characteristics for heavy atoms and ions
may be divided into a few main groups [1-6].
First, the well known, classical multi-configu-
ration Hartree-Fock method (as a rule, the rela-
tivistic effects are taken into account in the Pauli
approximation or Breit hamiltonian etc.) allowed
to get a great number of the useful spectral infor-
mation about light and not heavy atomic systems,
but in fact it provides only qualitative description
of spectra of the heavy and superheavy ions. Sec-
ond, the multi-configuration Dirac-Fock (MCDF)
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 effects are taken into account
practically precisely. In this essence it should be
given special attention to two very general and

important computer systems for relativistic and
QED calculations of atomic and molecular prop-
erties developed in the Oxford group and known
as GRASP (“GRASP”, “Dirac”; “BERTHA”,
“QED”) (look [1-5] and refs. therein). In particu-
lar, the BERTHA program embodies a new for-
mulation of relativistic molecular structure theory
within the framework of relativistic QED. This
leads to a simple and transparent formulation of
Dirac-Hartree-Fock-Breit (DHFB) self-consistent
field equations along with algorithms for molecu-
lar properties, electron correlation, and higher or-
der QED effects. The DHFB equations are solved
by a direct method based on a relativistic gener-
alization of the McMurchie-Davidson algorithm
[4]. In this paper we applied a new relativistic ap-
proach [11-15] to relativistic studying the excites
states spectra and autoionization states for the
He and He-like ion, barium and lead atoms. New
approach in optics and spectroscopy of heavy
atomic systems is the combined the generalized
energy approach and the gauge-invariant QED
many-QP PT with the Dirac-Kohn-Sham (DKS)
“0” approximation (optimized 1QP representa-
tion) and an accurate accounting for relativistic,
correlation, nuclear, radiative effects. [17-20].

43



2. Method

The generalized gauge-invariant version of the
energy approach has been further developed in
Refs. [12,13]. In relativistic case the Gell-Mann
and Low formula expressed an energy shift DE
through the QED scattering matrix including the
interaction with as the photon vacuum field as
the laser field. The first case is corresponding to
definition of the traditional radiative and autoion-
ization characteristics of multielectron atom. The
wave function zeroth basis is found from the Di-
rac-Kohn-Sham equation with a potential, which
includes the ab initio (the optimized model poten-
tial or DF potentials, electric and polarization po-
tentials of a nucleus; the Gaussian or Fermi forms
of the charge distribution in a nucleus are usu-
ally used) [5]. Generally speaking, the majority of
complex atomic systems possess a dense energy
spectrum of interacting states with essentially
relativistic properties. Further one should realize
a field procedure for calculating the energy shifts
DE of degenerate states, which is connected with
the secular matrix M diagonalization [8-12]. The
secular matrix elements are already complex in
the second order of the PT. Their imaginary parts
are connected with a decay possibility. A total en-
ergy shift of the state is presented in the standard
form:

AE=ReAE+iImAE ImAE =-T/2,

(1)
where I is interpreted as the level width, and the
decay possibility P=1". 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 jj-coupling
scheme is usually used. The complex secular ma-
trix M is represented in the form [9,10]:

M=M9+ M+ M+ MV
(2
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

respectively. M ©) is a real matrix, proportional
to the unit matrix. It determines only the general
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level shift. We have assumed M'® =0. The di-

agonal matrix M ™) can be presented as a sum of
the independent 1QP contributions. For simple
systems (such as alkali atoms and ions) the 1QP
energies can be taken from the experiment. Sub-
stituting these quantities into (2) one could have
summarized all the contributions of the 1QP di-
agrams of all orders of the formally exact QED
PT. However, the necessary experimental quan-
tities are not often available. So, the optimized
1-QP representation is the best one to determine
the zeroth approximation. The correlation cor-
rections of the PT high orders are taken into ac-
count within the Green functions method (with
the use of the Feynman diagram’s technique). All
correlation corrections of the second order and
dominated classes of the higher orders diagrams
(electrons screening, polarization, particle-hole
interaction, mass operator iterations) are taken
into account [10-14]. In the second order, there
are two important kinds of diagrams: polariza-
tion and ladder ones. Some of the ladder diagram
contributions as well as some of the 3QP dia-
gram contributions in all PT orders have the same
angular symmetry as the 2QP diagram contribu-
tions of the first order [10-12]. These contribu-
tions 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 two others. The additional poten-
tial modifies the 1QP orbitals and energies. Then

the secular matrix is : M = 17"+ 17?, where M"
is the modified 1QP matrix (diagonal), and M @
the modified 2QP one. M" is calculated by sub-

stituting the modified 1QP energies), and M @ by

means of the first PT order formulae for M (2),

putting the modified radial functions of the 1QP
states in the interaction radial integrals. Let us
remind that in the QED theory, the photon prop-
agator D(12) plays the role of this interaction.
Naturally, an analytical form of D depends on
the gauge, in which the electrodynamic potentials
are written. In general, the results of all approxi-
mate calculations depended on the gauge. Natu-
rally the correct result must be gauge invariant.
The gauge dependence of the amplitudes of the



photoprocesses in the approximate calculations is
a well known fact and is in details investigated
by Grant, Armstrong, Aymar-Luc-Koenig, Glush-
kov-Ivanov [1,2,5,9]. Grant has investigated the
gauge connection with the limiting non-relativ-
istic form of the transition operator and has for-
mulated the conditions for approximate functions
of the states, in which the amplitudes are gauge
invariant. These results remain true in an energy
approach as the final formulae for the probabili-
ties coincide in both approaches. In ref. [16] it has
been developed a new version of the approach to
conserve gauge invariance. Here we applied it to
get the gauge-invariant procedure for generating
the relativistic DKS orbital bases (abbreviator of
our method: GIRPT). The autoionization width is
defined by the square of interaction matrix ele-

ment [9]:
i ﬂ) y
m—m; U

V1a2)34 = [(Jl )(]2)(/3 )(]4)]%; (_ l)u[
3)

xReQ, (1234)
The real part of the interaction matrix element can
be expanded in terms of Bessel functions [5,8]:

M -7 > (A Qa)‘r )J Qw‘r )P (cosfr\)
na ) nmn 1=0 A+% B 7’17% - e

The Coulomb part @2 is expressed in the radial
integrals R , angular coefficients S, as follows:

Re Q%' ~ Re{R, (1243)s, (1243)+ R, (1243 )s, (1243)
+ R, (1233)s,(1233)+ &, (1233)s, (1233 )} )
where ReQ,(1243) is as follows:

Re R (1243)= [[ e’ )£ ) 1,0 )£ 210 )22 ) €6)

where f'is the large component of radial part of
the 1QP state Dirac function and function Z is :

20 =Rlolazt %, o) Tl 340 ()

The angular coefficient is defined by standard
way as above [3]. The calculation of radial inte-

grals ReR (1243) is reduced to the solution of a
system of differential equations:

vi = £ 1,20l >,
Y, = f2f4Z/(11)(05|a)|’”)7”2+/1,

(8)
Yy = [y1f2f4 +y2]p1f3]Z,(12)(0!|a)

1-2
I")V .

In addition, y,(0)=ReR,(1243), y (0)=X,(13).
The system of differential equations includes also

equations for functions fire", g/r=', 21, 72,
The formulas for the autoionization (Auger) decay
probability include the radial integrals R (akgb),
where one of the functions describes electron in
the continuum state. When calculating this inte-
gral, the correct normalization of the function ¥,
is a problem. The correctly normalized function
should have the following asymptotic at » — 0:

f} N (ia))_% [a) + (ocZ)_2 T? sin(kr +6),
[w - (ocZ)72 Té cos(kr+6).

When integrating the master system, the function
is calculated simultaneously:

©)

M=o, 2o, + (@2) ]+ 2o, + oz 2)]] )2
(10)

It can be shown that at rt®%¥, N(r)®N , where N is
the normalization of functions f,, g, of continu-
ous spectrum satisfying the condition (9). Other
details can be found in refs.[10-13,16-20].

3. Results and conclusions

In Table 1 we present the results of our calcu-
lating energies of levels in Pb: experimental data
and the results of the calculation method in the
framework of the relativistic Hartree-Fock (RHF)
(see [21] and references therein) and our theory.
Our data are in quite good agreement with the ex-
perimental data.

Table 2 shows our calculated result for transi-
tion probabilities corresponding to the line 1278.9
nm in the spectrum of Pb, together with the re-
sults of alternative theories, in particular, the
data obtained on the basis of the calculation in
the many approximation DF using, respectively,
the theoretical and experimental values of the DF
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transition energy (MCDF: theor.E; exp.E), in
the many relativistic random phase approxima-
tion (MCRRPA), in the relativistic Hartree-Fock
(RHF), in the intermediate-coupling approxima-
tion (ICC) and finally, the method of empirical
MP (EMP) [22].
Table.1.
The energies of the levels of the np2, npn’s
(n=6,n ‘=7) lead (see text)

Exp. RHF RPT

np’ 3PO 59821 59960 | 59862
3P1 52002 51996 | 52005

3P2 49171 49174 | 49172

1D2 38363 38301 | 38352

ISO 30354 30282 | 30332

npn’s 3PO 24861 25163 | 24924
3P1 24534 | 25721 | 24598

Table 2.

Probability (s') of transition corresponding to
the line 1278.9 nm in Pb

RPT-EA (our data) 6.95
MCDF (exp.E); Horodecki et al 7.27
MCDEF (theor.E); Horodecki et al 4.29
EMP; Horodecki et al 7.50
RHF (Biemont-Quinat) 7.85
MCRRPA (Chou-Huang) 7.00
RHF (Dzuba et al) 7.08
ICC (Garstang) 7.14

Laser absorption 6.1£1.5

In the next table 3 we present the measured and
calculated autoionization width (cm™) for 5d5g
levels of the Ba atom with angular momentum J
<6: (3) Experiment (4) Theory: HF method with
a partial view of the correlations (Van Leeuwen
et al; (5) R-matrix method without into account
the effect of the polarization shells basis: 6snl
+5 dnl (Luc-Koenig et al); (6) R-matrix method
taking into account the polarization of the c shell
and without dielectronic polarization interaction
(Luc-Koenig et al); (7) R-matrix method taking
into account the effect of the polarization of shells
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and dielectronic polarization interaction (Luc-
Koenig et al); (8) - our theory, taking full account
of correlations. As indicated in Ref. [23]. The ex-
perimental studying of the spectrum considered
had been performed in the remarkable work [24].
Analyzing shown in Table 3 the data on mea-
sured and calculated widths for 5d5g levels of the
Ba atom with momentum J = 6, we note that to
reach a physically reasonable agreement between
theory and experiment it is necessary to carry put
a precise account of the polarization and dielec-
tronic interaction effects. This has been accurate-
ly done in the framework of our theory and the
R-matrix method Luc-Koenig et al [24]. In the
last paper the known polarization potentials have
used with such a parameter as static dipole polar-
izability. In our theory we have used the multi-
particle polarization functionals [12], which have
been obtained by summation of the PT polariza-
tion diagrams sequence in the Thoams —Fermi ap-
proximation.
Another interesting feature of the auto resonanc-
es spectra in barium is connected with elements
of the weak chaos. In ref. [25] we have treated
a problem of a chaos manifestation in dynamical
systems from the geometrical and spectral points
point of view. There3 we have presented the theo-
retical basis’s of a consistent chaos-geometrical
approach to treating of chaotic dynamical systems
which combines together the non-linear analysis
methods to dynamics, such as the wavelet analy-
sis, multi-fractal formalism, mutual information
approach, correlation integral analysis, false near-
est neighbour algorithm, Lyapunov exponent’s
analysis, surrogate data method etc. Applica-
tion of this approach to studying dense and very
complicated spectrum of barium (there are taken
into account more 400 levels and resonances, in-
cluding the Rydberg, twice excited Autoioniza-
tion resonances etc) ) has shown that one could
find the elements of the weak chaos (the first two
spectral Lyapunov’s exponents have positive and
a little negative values).
The next system to be studied is the systems of
the autoionization resonances in helium, which
includes states with double excited electrons. Ta-
ble 4 shows the data of our theory for the energy
and width of the Autoionization resonance 3s3p



'P,, along with those of other theories (see details
in [27] and references therein). In the next table
5 we present some of the theoretical and experi-
mental data on the energy and the width of the
resonance 3s3p 'P, (theoretical): our theory, the
method of complex rotation method diagonaliza-
tion MHF R-matrix method; Experiment: NIST
(NBS 2SO-MeV electron synchrotron storage
ring (SURF-II)), Wisconsin laboratory (Wiscon-
sin Tantalus storage ring), Stanford Synchrotron
Radiation Laboratory (SSRL), Berlin electron
storage ring (BESSY), Daresbury Synchrotron
Radiation Source (DSRS) [27]. With regard to
the data of different methods it should be noted
that these data are different theories degree of
agreement with the experimental data. Surely, the
value of of any theory is determined by not only
the studying the helium atom, but also of other
atoms, as well as the level of complexity of the
computational procedure. In this sense, the meth-
od of complex rotation stand, MHF, R-matrix ap-
proach is now actively used in different tasks.

The results of our theory is physically reason-
able, fairly good agreement with the experimental
data obtained in a number of well-known labora-
tories.

Table 3. The measured and calculated autoioniza-
tion width (cm™) for 5d5g levels of the Ba atom
with angular momentum J <6:

(3) Experiment (4) Theory: HF method (5) R-
matrix method without account of polarization;
(6) R-matrix method with account polarization
and without dielectronic interaction; (7) R-matrix
method with account of polarization of and di-
electronic interaction; (8) - our theory

| K [ T|26l] Q) 4) )
5d, | 52 | 2| ed | 0.0624) | 0.0074 | 0.077
5d, | 52 | 3| ed | 0.056(5) | 0.0074 | 0.048
5d, | 72 |3 | eg | 0343) | 196 | 234
5d, | 72 |4 | eg | 0343) | 196 | 241
5d, | 92 [4| e | 0182) | 100 | Ll
5d, | 92 [5| e | 0182) | 1.00 | 119
5d, | 112 | 5| - 290 | 3.19

5d, | 112 |6 | - 290 | 320
5d, | 32 | 1| ed | 0.046(3) | 0.012 | 0.038
5d, | 32 | 2| ed | 0.057(4) | 0.012 | 0.077
5d,, | 52 | 2| ed |0.0107(15) | 0.0041 | 0.025
5d,, | 52 | 3| ed |0.0174(23)| 0.0041 | 0.017
5d, | 72 |3 | eg | 0293) | 143 | Lel
5d, | 72 | 4| eg | 0293) | 143 | 173
5d, | 92 |4 | eg | 0434 | 229 | 257
5d, | 92 | 5| eg | 0434) | 229 | 271
5d, | 1125 | & | 0283) | 045 | 056
5d, | 1126 | & | 0323) | 045 | 055
5d, | 132 6 | e - 337 | 3.95
L | K [T |2:el|  (6) ) (8)
5d32| 52 | 2| ed | 0072 | 0018 | 0.058
5d32| 52 |3 | ed | 0046 | 0025 | 0.055
5d32| 72 |3 | eg | 012 034 | 034
532 72 | 4| eg | 0.12 033 | 033
5d32| 92 |4 | eg | 011 023 | 020
5d32| 92 |5 | eg | 0.1 023 | 0.19
532 | 1172 |5 | ei | 144 174 | 1.52
532|112 | 6 | ¢i | 144 173 | 151
5d52| 3/2 | 1| ed | 0066 | 0.041 | 0.044
5d52| 3/2 | 2| ed | 0061 | 0025 | 0.053
5d52| 52 | 2| ed | 0023 | 0.008 | 0.009
5d5/2| 52 |3 | ed | 0021 | 0013 | 0015
5d52| 72 |3 | eg | 0.3 029 | 028
5d52| 72 |4 | eg | 0.3 031 | 030
5d52| 92 |4 | eg | 022 048 | 045
5d52| 92 | 5| eg | 022 048 | 046
5d52 | 112 | 5| & | 025 030 | 028
5d52 | 112 | 6 | ¢ | 025 030 | 029
5d52| 132 | 6 | & | 1.83 215 | 217
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Table 4. Energy and width of the resonance 3s3p
'P, (theoretical): our theory, the method of com-
plex rotation (MCR), the algebraic close coupling
(ACC), a method of diagonalization (DM), mul-
ticonf. HF, R-matrix method, the adiabatic po-
tential curves method (APC), L? technique with
using the Sturmian expansions, Feshbach method
(FM), K -matrix (KM)

Method E_(Ry) I'/2 (Ry)
PT-EA |This -0.668802 0.006814
MCR Ho -0.671252 0.007024
ACC Wakid etaa -0.670 0.00695
MD Senashenko -0.6685 0.00548
MHF Nicolaides -0.671388 -
R-matr |Hayes-Scott -0.6707 0.00660
APC Koyoma et al -0.6758 -
APC Sadeghpour -0.67558 -

L’ tech. |Gershacher -0.67114 0.00704
FM Wu et al -0.669 27 0.00420
KM Moccia et al -0.670 766 0.00676

Table 5. Theoretical and experimental data on
the energy and the width of the resonance 3s3p
'P,, (theoretical): our theory, the method of com-
plex rotation method diagonalization MHF R-ma-
trix method; Experiment: NIST (NBS), Wiscon-
sin (Wisconsin storage ring), Stanford - SSRL;
Berlin-BESSY; Daresbury-DSRS.

E (eV) I'/2 (eV)

This 69.9055 0.1854
MCR 69.8722 0.1911
MHF 69.8703 -

R-matr. 69.8797 0.1796

NBS 69.919%0.007 0.13240.014
Wisconsin 69.917£0.012 0.178+0.012
SSRL 69.917£0.012 0.178+0.012
BESSY 69.914%£0.015 0.20040.020
DSRS 69.880%0.022 0.1800.015
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Abstract

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 ze-
roth approximation to studying excites states and autoionization resonances (AR) in complex atoms
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CIHEKTPOCKOIINA ABTOMOHU3ALIMOHHBIX PE3OHAHCOB B CIIEKTPAX He-
HOAOBHbBIX NOHOB U HNEJTOYHO-3EMEJIBHBIX ATOMOB: HOBBIE CIIEKTPAJIb-
HBIE JTAHHBIE U D®DEKT XAOCA

Pesrome

O060011eHHbIN SHepreTHyeckuit moaxos (S-marpuunslii Gopmanusm l'em-Mana u Jloy) u pens-
TUBUCTCKAsl TEOPHUS BO3MYIICHUH C IUPAK-KOH-IIISMOBCKUM HYJEBBIM MPUOIMKEHUEM MPUMEHEHBI K
M3YYCHUIO CIIEKTPa BO30YKICHHBIX COCTOSIHUI M aBTOMOHH3AIMOHHBIX PE30HAHCOB B CJIOKHBIX aTO-
Max, B YaCTHOCTH, SHEPTUil U IIUPUH aBTOMOHM3AIIMOHHBIX PE30HAHCOB B T'€JIMU, OApUU U CBHHLIE, C
Y4ETOM 0OMEHHO-KOPPENSLUOHHBIX U PEISTUBUCTCKUX MOMPaBOK U 3ddekra xaoca.

Ki11o4eBble €JI0BA: CIIEKTPOCKOINNS aBTOMOHU3ALMOHHBIX PE30HAHCOB, PEIATUBUCTCKUM dHEpre-
THYECKUN TIOAXO0]T

YIIK 539.183
A. A. Ceunapenko

CHEKTPOCKOITIS ABTOIOHI3ALIIMHNX PE3OHAHCIB B CITEKTPAX He- ITOJIBHUX IO-
HIB TA JIY’KHO-3EMEJIbBHUX ATOMIB: HOBI CIIEKTPAJIbHI TAHI TA EDQEKT XAOCY

Pe3rome

VY3aranpHeHnid eHepreTuyHui maxin (S-marpuunuii popmainizm [emn-Mana ta Jloy) u penstu-
BICTCBbKa Teopist 30ypeHb 3 JAipak-KOH-IIEMIBCbKUM HYJIbOBUM HaOIMKEHHSIM 3aCTOCOBaHI /0 BUBUECH-
Hs1 30y/DKEHHX CIIEKTPiB 30y/DKCHUX CTaHIB Ta aBTOIOHI3AIIMHUX PE30HAHCIB Y CKJIaJHUX aTOMax, 30-
KpeMa, eHepriii Ta IMHUPHUH aBTOIOHI3AIIMHUX PE30HAHCIB y Tefito, 0apii Ta CBUHILY 3 ypaxyBaHHSIM
OOMIHHO-KOPEISILIHHUX 1 PEISATUBICTCHKUX MOMPABOK Ta €EKTy Xaocy.

Ki1rouoBi cjioBa: cieKTpocKoist aBTO10HI3aITHUX PE30HAHCIB, PENATUBICTCHKUI €HepreTHUHUII
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