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RELATIVISTIC THEORY OF THE AUGER (AUTOIONIZATION) DECAY
OF EXCITED STATES IN SPECTRA OF MULTICHARGED IONS

Relativistic method of calculating the characteristics of the Auger decay in the atomic spectra,
based on the S-matrix Gell-Mann and Low formalism, is used for estimating the transition energies and
autoionization probabilities in spectra of the Fe ion with one vacancy above the core 1s?2s2p®3s23p°.

1. The Auger decay is related to very key channel
of decay of the excited atomic (molecular) states and
attracts a great interest because of the importance for
different applications in a plasma physics, physics of
the ionized gases, quantum optics and photoelec-
tronics [1—16]. When calculating the Auger decay
characteristics it is usually used the two-step model
[1-5]. Since the vacancy lifetime in an inner atomic
shell is rather long (about 10~ to 10~'%s), the atom
ionization and the Auger emission are considered to
be two independent processes. In the more correct
dynamic theory of the Auger effect [1—5] the pro-
cesses are not believed to be independent from one
another. The fact is taken into account that the relax-
ation processes due to Coulomb interaction between
electrons and resulting in the electron distribution in
the vacancy field have no time to be over prior to the
transition. In fact, a consistent Auger decay theory
has to take into account correctly a number of cor-
relation effects, including the energy dependence
of the vacancy mass operator, the continuum pres-
sure, spreading of the initial state over a set of con-
figurations etc. [1—6]. Note that the effects are not
described adequately to date, in particular , within
the Auger decay theory [1—3]. One could remind that
the inner shell excitation relaxes via resonant Auger
electron or fluorescent photon emission. For exam-
ple, the resonant Auger spectra of the halogens and
noble gases were for the first time reported by Eber-
hardt et al and since then the resonant Auger spectra
of noble gases have been studied extensively both ex-
perimentally and theoretically [1—8]. In particular,
argon (chlorine) and corresponding like ions have
attracted a lot of interest.

The most widespread theoretical studying is
based on using the multi-configuration Dirac—
Fock (MCDF) calculation [1—8]. The theoretical
predictions based on MCDF calculations have been
carried out within different approximations and
remained hitherto non-satisfactory in many rela-
tions. Earlier [8—10] it has been proposed relativ-
istic perturbation theory (PT) method of the Auger
decay characteristics for complex atoms, which is
based on the Gell-Mann and Low S-matrix for-
malism energy approach) and QED PT formalism
[11—14]. The novel element consists in an using
the optimal basis of the electron state functions
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derived from the minimization condition for the
calibration-non-invariant contribution (the second
order PT polarization diagrams contribution) to the
imaginary part of the multi-electron system energy
already at the first non-disappearing approxima-
tion of the PT [13]. Earlier it has been applied in
studying the Auger decay characteristics for a set of
neutral atoms, quasi-molecules and solids. Besides,
the ionization cross-sections of inner shells in vari-
ous atoms and the Auger electron energies in sol-
ids (Na,Si etc) were estimated. Here we will apply
this approach to studying the autoionization decay
probabilities in spectra of the multicharged ions on
example of the Fe ion with one vacancy above the
core 1822s22p®3s23p°.

2. Let us describe briefly the key aspects of the
relativistic method to autoionization and Auger de-
cay probabilities. Within the frame of PT approach
[8,11,14] to the Auger effect description, the Auger
transition probability and, accordingly, the Auger line
intensity are

defined by the square of an electron interaction
matrix element having the form:
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The terms Q2" and Q" correspond to subdivi-
sion of the potential into Coulomb part cos|o|r,/
r,, and Breat one, cos|o|r o,0,/r,, The real part
of the electron interaction matrix element is de-
termined using expansion in terms of Bessel func-
tions: :

cos|c0|r12 T
= X

R 2
> (1), (elr) (ol )P (cosnr, ). (2)
=0
where J is the 1% order Bessel function, (A)=2A+1.

The Coulomb part O is expressed in terms of radial
integrals R, , angular coefficients S, [4,11]:
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ReQ = %Re {R, (1243)S, (1243)+
+R, (1243)s, (1243 )+ R, (1243)s, (1243 )+
+R, (1243)s, (1243 )} (3)

Asaresult, the Auger decay probability is expressed
in terms of ReQ, (1243) matrix elements :

ReR, (1243)=
= [[anns £, ) () ()20 ()20 (). (4)

where f'is the large component of radial part of single
electron state Dirac function and function Zis :

_l: 2 T% Sy (etfeos|r)
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The angular coefficient is defined by standard way
[8]. The other items in (3) include small components
of the Dirac functions; the sign “~” means that in (3)
the large radial component f; is to be changed by the
small g one and the moment /, is to be changed by
[, =1 ~1 for Dirac number x> 0 and /+1 for x <0.
The Breat interaction is known to change consider-
ably the Auger decay dynamics in some cases (c.f. [4]).
The Breat part of Q is defined as the sum:

B B B B
QLr = Qx,rxfl + erx + Qx,rxu s (5)
where the contribution of our interest is determined
as:

o) = %Re {R,~ (1233)s] (1233 )+
+R, (1243)3; (1243)+ R, (12213)5}( (12213)+
+R, (1243)s] (1243)} (6)

The Auger width is obtained from the adiabatic
Gell-Mann and Low formula for the energy shift [13].

The contribution of the A — O

the Auger level width with a vacancy n [ j m_is:
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while contribution of the A_ = ! ' one is:
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The formulas (7),(8) define the full Auger level

width. The partial items of the » > sum answer to
By k

contributions of a”'—(By)' K channels resulting in for-
mation of two new vacancies By and one free electron
k: o,=0,F0,~0,. The final expression for the width
in the representation of jj-coupling scheme of single-
electron moments has the form:

TQj0I,2/50850) = 23 D01, 220851, KD P (9)
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Here the summation is made over all possible de-
cay channels. The basis of electron state functions was
defined by the solution of Dirac equation (integrated
numerically using the Runge-Cutt method). The cal-
culation of radial integrals ReR, (1243) is reduced to
the solution of a system of differential equations [4]:

Y= flfézg) (oc|m|r)r2”,
Vo= 112 (@lolr)
YRS TA Ll CI IO

In addition, y.(0)=ReR (1243), y (0)=X (13).
The system of differential equations includes also
equations for functions f/r<!, g/r<1, z" 7@ The
formulas for the auger decay probability include the
radial integrals R (akyP), where one of the functions
describes electron in the continuum state. When cal-
culating this integral, the correct normalization of the
function ¥, is a problem. The correctly normalized
function should have the following asymptotic at ¥—0
[4]:

(10)

(i +(2) | sin(lor+a),
|:I:l - (dZ)72 ]_% cos (kr + a)

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

N(r):
= {“Dk [sz [mk +(ozZ)72J+g,f |:(Dk +(ocZ’2)H }A.

It can be shown that at » — oo, N(r)—>N,, where N,
is the normalization of functions f,, g, of continuous
spectrum satisfying the condition (11).

The energy of an electron formed due to a transi-
tion jk/is defined by the difference between energies of
an atom with a hole at the j level and double-ionized
atom at k/ levels in the final state:

E,(jk,>"'L)Y=E[(j)-EZ (K,”"'L,))  (12)

To single out the above-mentioned correlation ef-
fects, the equation (12) can be presented as:

E,(jkI,”"'L,) = E()) = E(k) - E() - A(k,1;**"'L,)) (13)

where the item A takes into account the dynamic cor-
relation effects (relaxation due to hole screening with
electrons etc.). Other details of the method and calcu-
lational procedure can be found in refs. [§—14].

3. Now let us describe some calculated data for the
transitions energies and autoionization decay prob-
abilities in the spectra of the multicharged ions on ex-
ample of the Fe ion with one vacancy above the core
1s22s22p®3s23p°®. This ion of a great interest because of
the high complexness of the spectrum and great ac-
tuality for astrophysical applications [4—7, 15,16]. As
the final state of the studied system after autoioniza-
tion decay is the three-quasiparticle, the general num-
ber of the decay channels is sufficiently large, so we are
limited only by summarized probability of the auto-
ionization decay for the state 1s22s*2p®3s?3p® with defi-
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nite quantum numbers of vacancies n 1, and n,l,. The
detailed information about total number of channels is
presented in ref. [17]. In table 1 we present values of the
“i-f” transitions energies, calculated by us within ab

initio QED PT, and also results of calculations within
the MCDF (by Klapish et al), relativistic PT (RPT)
with empirical zeroth approximation (by Ivanov et al)
and available experimental data [12,15—17].

Table 1
The “i-f” transitions energies (in 10>cm ') , calculated within ab initio QED PT, MCDF and available experimental data.
N i f Exp.[15] MCDF RPT QED PT
1 1s2s2p®3s23p 1s 22522p°3s? 577000 577500 577200 577148
2 152s22p¢3s23p? 1s 22s22p°3s23p 575700 576230 575910 575820
3 1s2s22p®3s23p? 1s 22s22p®3s23p? 574400 575040 574940 574532
4 1s2s?2p°3s23p* 1s 22s?2p®3s23p? 573400 573920 574360 573937
5 1s2822p°®3s?3p° 1s 22s?2p®3s23p* 572400 572860 573520 572845
6 152s22p®3s23p® 1s 22s22p®3s23p° 571430 571886 572550 572124

Analysis of the data in table 1 allow to make the
following conclusions. Firstly, the accurate account
of the complicated inter-electron (vacancy) cor-
relations plays a critical role not only for acceptable
quantitative agreement between theory and experi-
ment, however, it is of the principal importance for
right interpretation of the corresponding transitions
in the spectra. Secondly, the presented in ref.[15] in-
terpretation of the experimental highly ionized iron
spectra, probably, is not fully correct because of the
high complexness these spectra and, besides, using
the DF calculation results for the corresponding in-
terpretation. In fact in our opinion, the experimental
data, in particular, for the “5” and “6” transitions (see
table 1) are probably not correct and corresponding

to other transitions. The difference between the RPT
and QED PT data is connected with using the a little
different basises of the relativistic wave functions. In
our ab initio approach calculation it has been used the
QED method [13]. In refs. [12,16] it has been used
the empirical zeroth approximation, which natural-
ly accounts for the main (not all) part of the inter-
particle correlations contribution. In the table 2 we
listed the values for probabilities of decay of the FeX
states with vacancy ls , obtained within our approach
(QED PT) with using the optimized basises (OB) of
the one-quasiparticle wave functions and calculation
data within the RPT with empirical zeroth approxi-
mation (without optimization of basises (WOB) of the
wave functions) [12].

Table 2
Probabilities of decay of the FeX states with vacancy 1s ; : QED PT —OB (A- our data); RPT-WOB (B) [12].
n‘)l‘)

method AB AB AB A

nl 2s 2p 3s 3p

2s 399+14 42+14 131+14 14+15 130+14 14+14 198+14

2p 264+15 28+15 158+14 17+14 722+14

3s 834+1290+12 243+13

3p 612+13

Note: the mantissa and decimal order of value are
given: 42+14=0.42-10'%;

The analysis of the presented data in the table 2
shows that our results are less than the corresponding
data fromref. [12,16] at ~5%. This fact can be explained
by using the specially optimized basises of the one-
quasiparticle wave functions (it is in fact corresponding
to degree of account for the multi particle exchange-
correlation effects) in our scheme. In refs. [12,16] it
had been used the formalism of relativistic PT with
the empirical zeroth approximation, and optimization
of the one-quasi-particle wave functions basises is not
specially fulfilled, though using the empirical informa-
tion about corresponding one-quasiparticle atomic ion
allows indirectly take into account the correlation cor-
rections. The great experience of using the relativistic
QED perturbation theory [4,6,11—14] shows that the
basis optimization, as a rule, improves averagely the
atomic parameters values at 5—20%. Earlier an appli-
cation of our scheme to studying the Auger decay char-
acteristics for a set of neutral atoms, quasi-molecules
and solids, the ionization cross-sections of inner shells

in various atoms etc has demonstrated a reasonably well
agreement with available sufficiently exact experimen-
tal data. So, we believe that the received results should
be considered as quite acceptable and very useful for
many applications. At last, it is obvious that the further
experimental studying of the corresponding spectra is
of a great importance.
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RELATIVISTIC THEORY OF THE AUGER (AUTOIONIZATION) DECAY OF EXCITED STATES IN SPECTRUM OF

MULTICHARGED ION

Abstract.

Relativistic method of calculating the characteristics of the Auger decay in the atomic spectra, based on the S-matrix Gell-Mann and
Low formalism and QED perturbation theory, is used for estimating the transition energies and autoionization probabilities in spectra of
the Fe ion with one vacancy above the core 1s22s22p®3s23p°.
Key words: autoionization decay, multicharged ion, relativistic theory

VK 539.184, 539.186
JI. B. Huxona, A. B. Henamenko, A. H. lllaxman

PEJIATUBUCTCKAS TEOPUA OXKE (ABTOMOHU3AITMOHHOTO ) PACTIATA BO3BYKITEHHBIX COCTOASHUI B

CIIEKTPE MHOTI'O3APATHOI'O NOHA

Pesiome.

PensituBucTCKUMit MeTON pacyera XxapakTepucTuK Oxe pacrnajga B aTOMHBIX CIIEKTPaxX, KOTOPbI OCHOBBIBAETCS HA S-MaTpUYHOM
dopmanuzme [en-Mana u Jloy u KBJI Teopuu BO3MYIIEHMII, MCIIONB30BAH IJISI OLIEHKW SHEPTUIl TEepexomoB BEPOSTHOCTEN
aBTOMOHM3ALMOHHOIO pacraja B CrieKTpe noHa Fe ¢ oqHoi BakaHcHel Hax octoBoM 1822s?2p°3s?3p®.

KiroueBble clioBa: aBTOMOHU3AIIMOHHBIN pacriajl, MHOTO3apsIAHbIN UOH, PEJISITUBUCTCKAS TEOPUST
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PEJIATUBICTCBHKA TEOPISI OXE (ABTOIOHI3AIIIVIHOIO ) PO3IALY 3BYJIZKEHUX CTAHIB Y CITEKTPI

BATATO3APAJHOIO IOHY

Pe3iome.

PensituBicTcbkuil MeTon po3paxyHKy xapakTepucTuk Oxe po3nany B aTOMHUX CIIEKTpax, SIKUM 0a3yeTbCcsl Ha S-MaTpUYHOMY
dopmanizmi Tenn-Mana ta Jloy i KEJ teopii 30ypeHb, BUKOPUCTaHO IJI OLIHKM EHEpriil MepexoliB Ta MMOBIpHOCTEH aBTO
ioHizamiitHOTO po3many B criekTpi iony Fe 3 onHieio BakaHcieo Hax ocToBoM 1522s22pf3s23p°.

Kimouosi ciioBa: aBToioHi3alliiiHuil po3mnan, 6arato3apsiiHUIA i0OH, peIsITUBICTChKA TEOPist



