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SPECTROSCOPY OF THE COMPLEX AUTOIONIZATION RESONANCES IN
SPECTRUM OF HELIUM: TEST AND NEW SPECTRAL DATA

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
and accounting for the exchange-correlation, relativistic corrections to studying autoionization resonances
in the helium spectrum, in particular, we predicted the energies and widths of the number of the Rydberg
resonances. There are presented the results of comparison of our theory data for the autoionization resonance
3s3p 1P0 with the available experimental data and those results of other theories, including, method of complex
rotation by Ho, algebraic approach by Wakid-Callaway, diagonalization method by Senashenko-Wague etc.

1. Introduction

Here we continue our investigations of study-
ing the autoionization state and AR in spectra of
many electron complex atoms and ions. Let us
note [1] that theoretical methods of calculation
of the spectroscopic characteristics for heavy at-
oms and ions are usually divided into a few main
groups [1-21]. At first, one should mention the
well known, classical multi-configuration Har-
tree-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 spec-
tra of the heavy atoms and ions. Another more
consistent method is given by the known multi-
configuration Dirac-Fock (MCDF) approach. In
the MCDF calculations the one- and two-particle
relativistic effects and important exchange-corre-
lation corrections are usually taken into account
practically, however the total accounting is not
possible. In this essence it should be given spe-
cial attention to very complex correlation effects,
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such as a continuum pressure and energy depen-
dence of the inter electron interaction.

In this paper we applied a new relativistic ap-
proach [11-15] to relativistic studying the auto-
ionization characteristics of the helium atom.
The new elements of the approach include the
combined the generalized energy approach and
the gauge-invariant QED many-QP PT with the
Dirac-Kohn-Sham (DKS) “0” approximation
(optimized 1QP representation) and an accurate
accounting for relativistic, correlation and others
effects. The generalized gauge-invariant version
of the energy approach has been further devel-
oped in Refs. [12,13]. Below we present new data
on the energies and widths of the 2s,p, 3s,p 'P,
double excited AR for configurations ns*, np? ,
3d*'G, 4d*'G, 5d*'G, 4£2' , N snp L™ and 3Inl’
1,3 LT[ .

2. Relativistic approach in autoionization
spectroscopy of heavy atoms

In refs. [11-15, 17-20] it has been in details
presented, so here we give only the fundamen-
tal aspects. In relativistic case the Gell-Mann



and Low formula expressed an energy shift AE
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
AE 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=T". 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 =M+ MY+ M+ M), )

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

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. The optimized 1-QP representation is the best
one to determine the zeroth approximation. In
the second order, there is important kind of dia-
grams: the ladder ones. These contributions have
been summarized by a modification of the central
potential, which must now include the screening
(anti-screening) effect of each particle by two
others. The additional potential modifies the 1QP
orbitals and energies. Let us remind that in the
QED theory, the photon propagator D(12) plays
the role of this interaction. Naturally, an analyti-
cal form of D depends on the gauge, in which the
electrodynamic potentials are written. In general,
the results of all approximate calculations de-
pended on the gauge. Naturally the correct result
must be gauge invariant. The gauge dependence
of the amplitudes of the photoprocesses in the ap-
proximate calculations is a well known fact and
is in details investigated by Grant, Armstrong,
Aymar-Luc-Koenig, Glushkov-Ivanov [1,2,5,9].
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 are gauge invariant (so called Grant’s
theorem). 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).

A width of a state associated with the decay of
the AR is determined by square of the matrix ele-
ment of the interparticle interaction I'o | V(3 B,,
B,k)|*. The total width is given by the expres-
sion:
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where the coefficients C can be determined bas
follows:

c’ (BB, = c’ (nljln?jlo;nzjzngjg) X

x A(jmy; j,my; JM)

(4a)
Ay jsmafM) = (—yh el 2 T 3
(4b)
Cj(n1j1n1()jlo;nzjzngjg) = N(”1 J1 ’nzfz )X
(4¢c)

X [5(’71 J1 1]1)5(712]2712]2) +

+(- 1)J1+J2+J+1 5(’11 J 7/12]2)5(7’12]2 nJj)l

— J'1 ngjg
N(n?jdndj?) = { 71
lh 2}2 1 1,’1 + ng}zﬂ (4d)

The matrix element of the relativistic inter-
particle interaction

V(rirj) = @Cp(i%ﬁy ) (—oa)/; (5)

(here a, —the Dirac matrices) in (3) is determined
as follows:

7
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xQ, (ml, jim,L, j,snl, junslsj3)

0,=02+0; (7

Here QS " and Qf is corresponding to the
Coulomb and Breit parts of the interlparticle in-
teraction (5). It is worth to remind that the real
part of the interaction matrix element can be ex-
panded in terms of Bessel functions [5,8]:
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The Coulomb part Qf”l is expressed in the ra-
dial integrals R, , angular coefficients S, as fol-
lows:

ReQ" ~ Re{R, (1243)s, (1243) +

+R,(1243)s,(T243)+
+R,(1233)s, (1243)+

+R,(1243)s,(1243)}
(€))
where, for example, ReQ,(1243) is as follows:

ReRA(1243)=ﬂdm A )¢

x£,(n)20()20 ) (10)
Here f'is the large component of radial part of
the 1QP state Dirac function and function Z is :

W [2/‘0)13‘052]1% JM% (a‘ww‘r)/[rll"(l + %)] (11)

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:

= /i, (ealr ),
= .fz.f4Z/(11)(a‘a)‘r)r2+l,
Y3 = [y1f2f4 + v, /105 ]ZEZ)(a‘a)‘r)’”lil- (12)

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

equations for functions f/re-!, g/r®, Zil), Ziz).
The formulas for the autoionization (Auger) decay
probability include the radial integrals R (okyp),
where one of the functions describes electron in
the continuum state. When calculating this inte-



gral, the correct normalization of the function v,
is a problem. The correctly normalized function
should have the following asymptotic at »—0:

f} N (/la))_% [a) +(az )_2 ]_% sin(kr +6),
g [w—(aZ)_Z]»%cos(kr+ J). (13)

When integrating the master system, the func-
tion is calculated simultaneously:

N = [12 o + (@2)7 g2l +l02 )]} (1)

It can be shown that at r—oo, N(r)—N,, where
N, is the normalization of functions f,, g, of con-
tinuous spectrum satisfying the condition (9).
Other details can be found in refs.[10-13,16-20]
as well as description of the “Superatom” and
Cowan PC codes, used in all computing.

3. Results and conclusions

In figure 1 there are presented the fragments of
the He photoionization spectrum plus absorption
(due to the data by NIST [22]). Spectral range
includes the ARs, which are on average 35-40 eV
above the first ionization potential (24.58eV).
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Figure 1. The fragment of the experimental He
photoionization spectrum (210-180A)

One of the first members of the AR series is
associated with the transition to double the per-
mitted level excited 2s2p 'P°. Generally there
are identified two series of the resonances namely
2snp, 2pns, and both have a first member 2s2p
and converge to 189.6A). In Table 1 we list the
experimental data on energy and width (NBS,
National Bureau of Standards) 'P, lying below
the ionization threshold n=2, and theoretical re-
sults - one of the most accurate theory type Fano
(Bhatia-Temkin: Th1) and our theory (Th2)[1,3],

which shows the comparison is quite acceptable
accuracy of our theory. Another important test of
any theory - calculation parameters AS 3s3p 'P,.

Table 1
The energy and width of the AR He 'P, (see
text)
Th.1 Th.2 Exp.
(our data) (NBS, NIST)
E | 60.1444 | 60.1392 60.133+0.015
60.151£0.0103
' | 0.0369 0.0374 0.038+0.004
0.038+0.002

In the Tables 2 and 3 we present the comparison
of our data for the AR 3s3p 'P with those of other
theories, including, method of complex rotation
by Ho, algebraic approach by Wakid-Callaway,
diagonalization method by Senashenko-Wague,
relativistic Hartree-Fock (RHF) methid by Nico-
laides-Komninos, R-matrix method by Hayes-
Scott, method of the adiabatic potential curves by
Koyoma-Takafuji-Matsuzawa and Sadeghpour,
L? technique with the Sturm decomposition by
Broad- Gershacher and Moccia-Spizzo, the Fesh-
bach method by Wu-Xi) and data measurements
in laboratories: NIST (NBS; 2SO-MeV electron
synchrotron storage ring (SURF-II )), Wisconsin
Laboratory (Wisconsin Tantalus storage ring),
Stanford Synchrotron Radiation Laboratory
(SSRL), Berlin electron storage ring (BESSY),
Daresbury Synchrotron Radiation Source (DSRS)
[1,3,5,22-24].

On the one hand, there is sufficiently good
accuracy of our theory, the secondly (bearing in
mind that most of the listed methods are devel-
oped specifically for the study helium and can
not be easily generalized to the case of the heavy
multi-electron atoms) the definite advantage of
the presented approach. Note that during transla-
tion for the units “Ry-eV” there was used the He
ground-state energy value: E=- 5.80744875 Ry
and the reduced Rydberg constant 1Ry = 13.603
876 eV.
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Table 2a

Theoretical data for energy of the AR 3s3p 'P,
(our data with those of other theories)

Method Authors E (Ry)
PT-REA Our theory -0.668802
Complex-rotation Ho -0.671252
Algebraic close Wakid- -0.670
coupling Callaway
Diagonalization Senashenko- -0.6685
method Wague -
RHF Nicolaides- 0.671388

Komninos
R-matrix calculation | Hayes-Scott -0.6707
Adiabatic potential Koyoma etal -0.6758
curves
Adiabatic potential Sadeghpour -0.67558
L? tech.+Sturm Broad- -0.67114
Gershacher
Feshbach method Wu-Xi -0.669 27
K-matrix L? basis-set | Moccia-
Spizzo -0.670
766
Table 2b

Theoretical data for width of the AR 3s3p 'P,
(our data with with those of other theories)

Method Authors I'/2 (Ry)
PT-REA Our theory 0.006814
Complex-rotation Ho 0.007024
Algebraic close Wakid- 0.00695
coupling Callaway
Diagonalization Senashenko- | 0.00548
method Wague
RHF Nicolaides- -

Komninos
R-matrix calculation | Hayes-Scott | 0.00660
Adiabatic curves Koyoma etal -
Adiabatic potential Sadeghpour -
L? tech.+Sturm Broad- 0.00704
Gershacher
Feshbach method Wu-Xi 0.00420
K-matrix L? basis-set | Moccia-
Spizzo 0.00676

An interesting and valuable renewed data on

by different accuracy of estimates of the radial
integrals, using the different type basis’s (gauge
invariance conservation or a degree of accounting
for the exchange-correlation effects) and some
other additional computing approximations.

Table 3

Theoretical and experimental data for energy
and width of the AR 3s3p 'P (our data with
those of other best theories)

Rydberg AR energies (in atomic units) of the dou-
ble excited states ns? 'S are listed in Table 4.

In whole an detailed analysis shows quite
physically reasonable agreement between the pre-
sented theoretical and experimental results. But
some difference, in our opinion, can be explained
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Method E (eV) /2 (eV)

Theories
Our data 69.9055 0.1854
Complex- 69.8722 0.1911
rotation 69.8703 -
MCHF 69.8797 0.1796
R-matrix

Exp. 69.919+0.007 | 0.132+0.014

NBS-I(1973) 69.9174£0.012 | 0.178+0.012
Wisconsin(1982) | 69.917+0.012 | 0.178+0.012
SSRL (1987) 69.914+0.015 | 0.200+0.020
BESSY (1988) 69.880+0.022 | 0.180+0.015
DSRS (2009)

Note: the He ground-state energy value: E=-
5.80744875 Ry and the reduced Rydberg con-
stant IRy = 13.603 876 eV.

Table 4

Predicted data for Rydberg AR energies (in
atomic units) of the He double excited states
ns* 'S (our theory)

State Energy State Energy
6s? 0.08697 10s? 0.03002
7s* 0.06288 11s? 0.02468
8s? 0.04467 12s? 0.01998
9s? 0.03697 13s? 0.01923
14s? 0.01596 18s? 0.00928
15s? 0.01370 19s? 0.00832
16s? 0.01198 20s? 0.00746
17s? 0.01042 21s? 0.00507




In our theory there are used gauge-optimized
basis’s of the relativistic and such basis has ad-
vantage in comparison with the standard DF type
basis’s.

In conclusion let us remind that in ref. [14]
(see also [5,12]) it had been predicted a new op-
tics and spectroscopy effect of the giant chang-
ing of the AS width in a sufficiently weak electric
field (for two pairs of the Tm, Gd AR). Naturally
any two states of different parity can be mixed
by the external electric field. The mixing leads to
redistribution of the autoionization widths. In a
case of the heavy elements such as lanthanide and
actinide atoms the respective redistribution has a
giant effect. In the case of degenerate or near-de-
generate resonances this effect becomes observ-
able even at a moderately weak field.

We have tried to discover the same new spec-
tral effect in a case of the He Rydberg autoioniza-
tion states spectrum using the simplified version
of the known strong-field operator PT formalism
[5,14]. However, the preliminary estimates have
indicated on the absence of the width giant broad-
ening effect for the helium case, except for minor
changes of the corresponding widths, which are
well known in the standard atomic spectroscopy.
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CIIEKTPOCKOIIUSA CJIOKHBIX ABTONOHU3AIIMOHHbIX PE3OHAHCOB B
CIIEKTPE I'EJIUs: TECT U HOBBIE CIIEKTPAJIBHBIE JIAHHBIE

Pesrome.

O060011IeHHBIH YHEpreTHYeCcKuil oaxox (S-MarpuuHslii popmanusm lemn-Mana u Jloy) u pensaru-
BUCTCKasl TECOPHsI BO3MYIIEHUI C TUPaK-KOH-IIAMOBCKUM HYJIEBBIM MPHOIMKEHUEM U YI€TOM OOMEH-
HO-KOPPEJSALMOHHBIX U PEISITUBUCTCKUX IMONPABOK MPUMEHEHBI K M3YYECHUIO aBTOMOHU3AIIMOHHBIX
PE30HAHCOB B aTOME Teliusi, B YaCTHOCTH, MpECKa3aHbl SHEPIUU U IIUPUHBI psia pUAOEProBBIX pe-
30HaHCOB. [IpencTaBieHbl pe3ynbTaTbl CPAaBHEHUS JAHHBIX HAIeH TEOPHH, B YaCTHOCTH, JUISI aBTOU-
OHHM3aLMIHOrO pe3oHanca 3s3p 'P) ¢ UMEIOMMMHUCS SKCTIEPUMEHTAILHBIMU JIAHHBIMU 1M PE3YJIbTaTa-
MU JAPYTHX TEOPH, B TOM YUCIIE, METOIOM KOMILJIEKCHOTO BpAIIEHUS X0 alre0pandecKkoro moaxoaa
Wakid-Callaway, metona nuaronanuzanuu Senashenko-Wague u T.71.

KiroueBble cj10Ba: CIEKTPOCKOIHS aBTOMOHU3AIIMOHHBIX PE30HAHCOB, PEISITUBUCTCKUN SHEpre-
TUYECKUH TIOJIXO, TSI
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CIIEKTPOCKOMIA CKJIAJTHUX ABTOIOHI3AIIMHUX PE3OHAHCIB B CIIEKTPI
I'EJIIIO: TECT I HOBI CIIEKTPAJIBHI TAHI

Pesrome.

VY3aranbHeHU eHepreTHuHui miaxia (S-marpuunuii popmanism lemn-Mana Ta Jloy) u pensitu-
BICTCBhKa Teopis 30ypeHb 3 AipaK-KOH-IIEMIBCbKMM HYJIbOBHM HaONMKEHHSM Ta ypaxyBaHHSIM 00-
MIHHO-KOPEJSIIHHUX 1 PENSITUBICTCHKUX MOMPABOK 3aCTOCOBAHUI JI0 BUBYCHHS aBTO1OHI3AIIHUX
PE30HAHCIB y aToMi Telniio, 30KpeMa, repeadaueHi eHeprii Ta MHUPHUHU PALY PiIOEpPrOBUX PE30HAHCIB.
[Tpencrapieni pe3yabTaT MOPIBHAHHS JTAaHUX HAIIOl Teopii, 30KpeMa, i aBTOIOHI3aIiifHOTO pe3o-
Hancy 3s3p 'P 3 HasgBHUMM €KCIIEPUMEHTAILHUMU JAHUMH i pe3y/IbTaTaMH iHIIUX TEOpii, y Tomy
YHCII1, METOJIOM KOMILJIEKCHOTO o0epTaHHs Xo, anredpaiunoro miaxony Wakid-Callaway, metony nia-
roHamzanii Senashenko-Wague i 1.71.

Ki1r04oBi cj10Ba: crieKTpOCKOIisl aBTOIOHI3aIMHUX PE30HAHCIB, PEISATUBICTCHKUN €HepreTUYHUI
miaxin, remii
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