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THEORETICAL AUGER SPECTROSCOPY OF
THE NEON: TRANSITION ENERGIES AND WIDTHS

The combined relativistic energy approach and relativistic many-body perturbation theory with the zeroth order
density functional approximation is applied to determination of the energy and spectral parameters of the resonant
Auger decay for neon atomic system. The results are compared with reported experimental results as well as with
those obtained by semiempirical and ab initio Hartree-Fock methods. The important point is linked with an accurate
accounting for the complex exchange-correlation (polarization) effect contributions and using the optimized one-
quasiparticle representation in the relativistic many-body perturbation theory zeroth order that significantly provides a
physically reasonable agreement between theory and experiment.

1. Introduction

The research in many fields of modern atom-
ic physics (spectroscopy, spectral lines theory,
theory of atomic collisions etc), astrophysics,
plasma physics, laser physics and quantum and
photo-electronics requires an availability of sets
of correct data on the energetic, spectroscopic
and structural properties of atoms. The Au-
ger electron spectroscopy remains an effective
method to study the chemical composition of
solid surfaces and near-surface layers [1-8].

As it is well known [11], the Auger process
is a radiationless transition of an atom from an
initial state possessing an inner-shell vacancy to
a final state in which the inner vacancy is filled
by an outer-shell electron with the simultaneous
ejection of another outer-shell electron, result-
ing in two new vacancies. The kinetic energy
of the ejected Auger electron is measured by
Auger-electron spectroscopy (AES). Sensing
the Auger spectra in atomic systems and solids
gives the important data for the whole number
of scientific and technological applications.
So called two-step model is used most widely
when calculating the Auger decay characteris-
tics [1-5]. Since the vacancy lifetime in an inner
atomic shell is rather long (about 10-'7to 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 [2,3] the processes are not believed to be
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independent from one another. The fact is taken
into account that the relaxation processes due
to Coulomb interaction between electrons and
resulting in the electron distribution in the va-
cancy 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 corre-
lation effects, including the energy dependence
of the vacancy mass operator, the continuum
pressure, spreading of the initial state over a
set of configurations etc [1-19]. The most wide-
spread theoretical studying the Auger spectra
parameters is based on using the multi-config-
uration Dirac-Fock (MCDF) calculation [2,3].
The theoretical predictions based on MCDF
calculations have been carried out within differ-
ent approximations and remained hitherto non-
satisfactory in many relations. Earlier [8-13] it
has been proposed relativistic perturbation the-
ory (PT) method of the Auger decay character-
istics for complex atoms, which is based on the
Gell-Mann and Low S-matrix formalism energy
approach) and QED PT formalism [4-7]. The
novel element consists in using the optimal ba-
sis of the electron state functions derived from
the minimization condition for the calibration-
non-invariant contribution (the second order PT
polarization diagrams contribution) to the im-
aginary part of the multi-electron system energy
already at the first non-disappearing approxima-



tion of the PT. Earlier it has been applied in
studying the Auger decay characteristics for a
set of neutral atoms, quasi-molecules and sol-
ids. Besides, the ionization cross-sections of in-
ner shells in various atoms and the Auger elec-
tron energies in solids were estimated. Here
we apply the combined relativistic energy ap-
proach and relativistic many-body perturbation
theory with the zeroth order density functional
approximation is applied to determination of the
energy and spectral parameters of the resonant
Auger decay for neon atomic system.

2. The theoretical method

In Refs. [8-17] the fundamentals of the rela-
tivistic many-body PT formalism have been in
detail presented, so further we are limited only
by the novel elements. Let us remind that the
majority of complex atomic systems possess a
dense energy spectrum of interacting states. In
Refs. [3-13, 19-33] there is realized field pro-
cedure for calculating the energy shifts AE of
degenerate states, which is connected with the
secular matrix M diagonalization. The whole
calculation of the energies and decay probabili-
ties of a non-degenerate excited state is reduced
to the calculation and diagonalization of the M.
The complex secular matrix M is represented in
the form [9,10]:

M=M"+ MV M+ M® (1)

where M (0) is the contribution of the vacuum di-

agrams of all order of PT, and M 0 , M (2),M ®
those of the one-, two- and three-QP diagrams

respectively. The diagonal matrix M ™ can be
presented as a sum of the independent 1QP con-
tributions. The optimized 1-QP representation is
the best one to determine the zeroth approxima-
tion. In the relativistic energy approach [4-9],
which has received a great applications during
solving numerous problems of atomic, molecu-
lar and nuclear physics (e.g., see Refs. [10-13]),
the imaginary part of electron energy shift of
an atom is directly connected with the radiation
decay possibility (transition probability). An ap-

proach, using the Gell-Mann and Low formula
with the QED scattering matrix, is used in treat-
ing the relativistic atom. The total energy shift
of the state is usually presented in the form:

AE=ReAE+il/2, (2)
where I is interpreted as the level width, and the
decay possibility P = I'. The imaginary part of
electron energy of the system, which is defined
in the lowest order of perturbation theory as [4]:
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where (o>n>f) for electron and (a<n<f) for va-
cancy. Under calculating the matrix elements (3)
one should use the angle symmetry of the task
and write the expansion for potential sin|o|r ./
on spherical functions as follows [4]:
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where J is the Bessel function of first kind and
(A)=2A + 1. This expansion is corresponding to
usual multipole one for probability of radiative
decay.

Within the frame of QED PT approach the Au-
ger transition probability and the Auger line in-
tensity are defined by the square of an electron
interaction matrix element having the form [4]:

W34 = [/1)(]2)(/3)(/4)[/2 “[ J”;@ ﬁJXR QL(1234);

:@M+@% )

The terms QS“‘ and @ correspond to sub-

division of the potential into Coulomb part

cos|w|r, /r,, and Breat one, cos|ow|r o 0/r,,.

The real part of the electron interaction matrix

element is determined using expansion in terms
of Bessel functions:
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whereJis the 1% order Bessel function, (A)=2A+1.

T (
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The Coulomb part 07?“1 1s expressed in terms of
radial integrals R, , angular coefficients S, [4]:

ReQQU! = —Re{R1(1243)S;L(1243)+R;L(T24§)S;L(T24§)+
+ R (1233)s) (1233)+ &, (1233)s), (1243)}

As a result, the Auger decay probability is ex-
pressed in terms of ReQ, (1243) matrix elements:

() ()6(12 4’22(1 1'>
®)
where f'is the large component of radial part of
single electron state Dirac function; function Z
and angular coefficient are defined in Refs. [4-
7]. The other items in (7) include small compo-
nents of the Dirac functions; the sign «~» means
that in (7) the large radial component f; is to be
changed by the small g, one and the moment /,

R R (1243)= j dy?

is to be changed by 7 =7 -1 for Dirac number
&> 0and /+1 for & <0.

The Breat interaction is known to change
considerably the Auger decay dynamics in some
cases. The Breat part of Q is defined in [4,11].
The Auger width is obtained from the adiabatic
Gell-Mann and Low formula for the energy shift
[4]. The direct contribution to the Auger level
width with a vacancy n [ j m_ is as follows:

S I 0 )e® k)

B <fk>1 (9)
while the exchange diagram contrlbutlon is:
Ju i M.

LR i e s

The partial items of the ﬂzgsum answer
to contributions of o'y(By)'K channels result-
ing in formation of two new vacancies By and
one free electron k: o =0 +o o, . The final ex-
pression for the width in the representation of
jj-coupling scheme of single-electron moments
has the form:
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The calculating of all matrix elements, wave
functions, Bessel functions etc is reduced to
solving the system of differential equations.
The formulas for the autoionization (Auger)
decay probability include the radial integrals
R (okyB), where one of the functions describes
electron in the continuum state. When calculat-
ing this integral, the correct normalization of the
wave functions is very important, namely, they

should have the following asymptotic at »—0:
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The important aspect of the whole procedure
is an accurate accounting for the exchange-
correlation effects. We have used the general-
ized relativistic Kohn-Sham density functional
[8-17] in the zeroth approximation of relativistic
PT; naturally, the perturbation operator contents
the operator (7) minus the cited Kohn-Sham
density functional. Further the wave functions
are corrected by accounting of the first order PT
contribution. Besides, we realize the procedure
of optimization of relativistic orbitals base. The
main idea is based on using ab initio optimiza-
tion procedure, which is reduced to minimiza-
tion of the gauge dependent multielectron con-
tribution ImAE of the lowest QED PT correc-
tions to the radiation widths of atomic levels.
The formulae for the Auger decay probability
include the radial integrals R (oky[3), where one
of the functions describes electron in the contin-
uum state. The energy of an electron formed due
to a transition jk/ is defined by the difference be-
tween energies of atom with a hole at j level and
double-ionized atom at &/ levels in final state:

Bk L)) = B () - B3 (6,25 ))
(13)
To single out the above-mentioned correla-
tion effects, the equation (13) can be presented
as [8.9]:

E (k> L) = E(j) - E(R) - E() - Ak, 1251 L)
(14)



where the item A takes into account the dynamic
correlation effects (relaxation due to hole screen-
ing with electrons etc.) To take these effects into
account, the set of procedures elaborated in the
atomic theory [8-13] is used. All calculations
are performed on the basis of the modified nu-
meral code Superatom (version 93).

3. Results and conclusion

In tables 1 we present the data on the tran-
sition energies and angular anisotropy param-
eter B (for each parent state) for the resonant
Auger decay to the 2s'2p°('*P) np and 2s°p®?S
np (n=3,4) states of Ne". There are listed experi-
mental data by De Fanis et al [18] and Pahler et
al [15], theoretical ab initio Hartree-Fock results
[18] and our data, obtained within the relativis-
tic many-body PT with using the gauge-invari-
ant QED PT method for generating relativistic
functions basis’s. In table 2 we the data on the
widths (meV) for the 2s'2p°("*P)np and 2s°p®
('S) np (n=3,4) slates of Ne'. There are listed
experimental data by [18], theoretical ab initio
multi configuration Hartree-Fock results by Si-
nanis et al [16], single-configuration Hartree-
Fock data by Armen-Larkins [17] and our data,
obtained within the relativistic many-body PT.

Table 1.

Transition energies E, (for each parent state
for the resonant Auger decay to the 2s'2p3(**P)
np and 2s°p®’S np (n=3,4) states of Ne*: the
experimental data [18,15], theoretical ab ini-
tio Hartree-Fock results [18] and our data

Final stat Exp.
inal state P Theory: | Theory: |Theory:
A=2s"2p’ E, ;
K E,[18] | E,[7] |E, this
B=2s"2p°® [18] k k k
A('P)3p3S |778.79 | 776.43 | 778.52 | 778.61
A('P)3p P | 778.54 | 776.40 | 778.27 | 778.39
A('P)3p°D | 778.81 | 776.66 | 778.57 | 778.68
A('P)3p3S | 788.16 | 786.51 | 787.88 | 787.97
A('P)3p 2P | 788.90 | 787.52 | 788.69 | 788.75
A('P)3p2D | 789.01 | 787.64 | 788.82 | 788.93

A(P)p3S |773.60 | - - 773.52
A(P)dp°P |773.48 | - - 773.33
A(P)p°D | 773.56 | - - 773.41
ACP)MpS |783.72 | - - 783.62
ACP)p?P |783.95 | - - 783.81
ACP)4p?D | 784.01 | - - 783.90
B(S)3p?P | - - - 754.99
B(S)p?P | - - - 749.92

The analysis of the presented results in tables
1-3 allows to conclude that the précised descrip-
tion of the Auger processes requires the detailed
accurate accounting for the exchange-correla-
tion effects, including the particle-hole interac-
tion, screening effects and iterations of the mass
operator. The relativistic many-body PT ap-
proach provides more accurate results due to a
considerable extent to more correct accounting
for complex inter electron exchange-correlation
effects. It is important to note that using more
correct gauge-invariant procedure of generating
the relativistic orbital bases is directly linked
with correctness of accounting for the correla-
tion effects.

Table 2.
Widths (meV) for 2s'2p5(**P)np and 2s°p*®
('S) np (n=3,4) states of Ne": experiment
[18]; theory: ab initio multi configuration
Hartree-Fock [16], 1-configuration Hartree-
Fock [17] and this work

Exp. Th. Th. Th.
final state |y grysy | 117) | [16] | this
53050
1 2
ACPIPS | Jloiae | 687 | 510 | 524
A(P3p?P | 4253 | 207 | - | 38
A(P3p™D | 34x4 | 402 | - | 32
120210
3 2
ACPID™S | Toea | 188 | 122 | 118
ACPBp? | 1955 | 103 | - | 16
ACP3p®D | 80£10 | 623 | - | 72
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TEOPETUYECKASA OXKE-CHEKTPOCKOIINSA HEOHA:
SHEPI'MU NEPEXOAO0OB U IUPUHBI

Pe3rome. KoMOMHMPOBaHHBIA PENSITUBUCTCKUI SHEPreTMUECKUM MOAXOA U PENISITUBHUCTCKAS
MHOTO4acTU4YHasi TEOPHsI BO3MYILEHUN C MPUOIMKEHHEM (QYyHKIHMOHAJIA IUIOTHOCTHU HYJIEBOTO
MOpsIIKa NPUMEHSIOTCS JUIsl ONPENEICHUS DJHEPreTHYECKUX W CIIEKTPAIBHBIX IapaMeTpoB
PE30HAHCHOIO OXKe-pacmaza Uil arOMHOM CHUCTEMBI HEOHA. Pe3ynbrarel CpaBHMBANOTCS C
COOOIIEHHBIMU IKCIEPUMEHTAIbHBIMU PE3YJIbTaTaMU, a TAK)KE C pe3yjbraTaMu, MOJy4YeHHBIMU
MOJTy3MITMPUYECKUM U ab initio MeTogamu (Tuna Xaprpu-Poka). BaxHbIil MOMEHT CBsI3aH C yU4ETOM
BKJIAJIOB CJIO)KHBIX MHOIOYAaCTUYHBIX OOMEHHBIX KOPPEJSLUOHHBIX ‘PPEKTOB U UCIIOJIb30BAHUEM
ONTHMHU3UPOBAHHOIO  OJHOKBAa3MYAaCTUYHOTO IMPEJACTABICHHUS B HYJEBOM HIPUOIMKEHUU
MHOTOYaCTUYHOM TEOPHH BO3MYLIEHHI, UTO omnpeaesnseT GU3nuecKy pasyMHOE COIIacHe MEXy
TEOPHUEN U IKCIIEPUMEHTOM.
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TEOPETUYHA OXE-CHEKTPOCKOIIISA HEOHY:
EHEPI'II IEPEXO/IIB TA IIUPUHU

Pestome. KomOiHOBaHMN  PENSTUBICTCBKUN  €HEPreTMYHUM MIAXi 1 PesSTUBICTChKA
Oararo4acTUHKOBA Teopis 30ypeHb 3 HAOMMKEHHSM (PYyHKI[IOHANA LIUIBHOCTI HYJIBOBOTO MOPSIKY
3aCTOCOBYIOTbCSL /ISl BHU3HAUEHHS EHEPreTUYHUX 1 CHEKTPalbHUX IapaMeTpiB pPE30HAHCHOIO
OXe-po3naay Uil aTOMHOI CHUCTEMU HEOHyY. Pe3ynbTaré IMOpIBHIOIOTHCS 3 MOBLIOMIIEHUMH
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eKCIICpUMEHTAIbHUMHU PE3yNbTaTaM, a TaKOX 3 pe3yJbTaTaMi, OTPUMAaHUMHU HaIliBeMITipUIHUMHU
Ta ab initio metomau (tury Xaprpi-DPoka). BaxknuBuii MOMEHT NOB’s13aHUH 3 ypaxyBaHHSIM BKJIaIiB
CKJIQIHUX 0araro4acTKOBUX OOMIHHUX KOPEJSIHHUX e(eKTiB Ta 3 BUKOPUCTAHHIM ONTUMi30BaHOTO
O/IHOKBA314aCTIYHOTO YSBJICHHS B HYJIHOBOMY HAONMKEHHI PESTUBICTCHKOI 0araro4acTHHKOBOL
Teopii 30ypeHs, 10 BU3HaYa€e (i3UUHO MEBHY 3Ty MiX TEOPI€IO 1 eKCTIEPUMEHTOM.

KuarouoBi ciioBa: pensituicTcbka Teopist, Oxe-CreKTpOCKOITis, HEOH
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