UDC 535.42

L. V.NIKOLA

I. I. Mechnikov Odessa National University, e-mail: quantnik@mail.ru

RESONANT AUGER SPECTROSCOPY OF THE ATOMS

OF INERT GASES

The results of determination and analysis of the resonant Auger transition spectra char-
acteristics for atoms of the inert gases are obtained within the relativistic multi-body the-
ory and compared with available experimental and other theoretical data. A number of the
Auger transition parameters have been firstly presented.

1. INTRODUCTION

The Auger electron spectroscopy remains an
effective method to study the chemical compo-
sition of solid surfaces and near-surface layers
[1—8]. 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
characteristics [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 inde-
pendent processes. In the more correct dynam-
ic theory of the Auger effect [2, 3] the process-
es are not believed to be 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 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 corre-
lation effects, including the energy dependence
of the vacancy mass operator, the continuum
pressure, spreading ol the initial state over a
set of configurations etc [I—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 cal-
culations have been carried out within different
approximations and remained hitherto non-sat-
isfactory 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 an using the optimal
basis 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 imag-
inary part of the multi-electron system energy
already at the first non-disappearing approxima-
tion of the PT. Earlier it has been applied in
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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 present new results of determination and
analysis of the resonant Auger transition spec-
tra characteristics for atoms of the inert gases
(Ne, Xe), which are obtained within the rela-
tivistic multi-body theory [8—13] and compared
with available experimental and other theoreti-
cal data. A number of the Auger transition pa-
rameters has been firstly presented.

2. THEORETICAL APPROACH
TO DETERMINATION
OF THE AUGER DECAY
CHARACTERISTICS

Within the frame of QED PT approach the
Auger transition probability and the Auger
line intensity are defined by the square of an
electron interaction matrix element having the
form [5]:

1/2

V1(§)34 = [(]1)(]2)(]3)(]4)[ X
W jljB A .
X AZM (—1) <m1 e M) X Re Q, (1234);
Q= Q"'+ QM. (1)

The terms QR and @QFr correspond to sub-
division of the potential into Coulomb part
cos|wlr;,/r;, and Breat one, cos|w|r,0t,0/7},.
The real part of the electron interaction ma-
trix element is determined using expansion in
terms of Bessel functions:

cos‘m‘rmz T %

ha 2\/@
X Z (}V)Jx+1/2(|w| "<)J77L71/2(|°3| r_)B.(cosrry), (2)
A—0

where J is the 1%t order Bessel function,
(M) =2\ + 1. The Coulomb part QR is ex-
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pressed in terms of radial integrals R,, angu-
lar coefficients S, [4]:

Re Q"' = —Re{R,(1243)S, (1243) +
+ R, (1243)S, (1243) + R, (1243)S,(1243) +
+ R, (1243)s, (1243)}. (3)

As a result, the Auger decay probability is
expressed in terms of Re@,(1243) matrix ele-

ments:
Re R, (1243)=
= SS drr?rd fi(r) 5 (r)fa(ra)fa(rs )ZS)(Q )Zﬁ”(g ), (4)

where f is the large component of radial part
of single electron state Dirac function; func-
tion Z and angular coefficient are defined in
refs. [4—7]. 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 &, > 0 and /;, + 1 for
e, <0.

The Breat interaction is known to change
considerably the Auger decay dynamics in some
cases. The Breat part of @ is defined in [4, 5].
The Auger width is obtained from the adiabat-
ic Gell—Mann and Low formula for the ener-
gy shift [5]. The direct contribution to the Au-
ger level width with a vacancy n,l,j,m, is as
follows:

;< M)

while the exchange diagram contribution is:

(@0, Brien [+ 52) o)

a

Z Z Q5. (akyB)Q, (Byka), (9)

pr<rk>f

(] ) b=t i)

The partial items of the .Y, sum answer
pr k

to contributions of a=! — (By)~'K channels re-
sulting in formation of two new vacancies By
and one Iree electron k: 0, = 0, + wy — w,. The
final expression for the width in the represen-
tation of jj-coupling scheme of single-electron

moments has the form:
T(2jele, 2j315;0) = 2 D@jole, 2731851, kil (7)

Jile

Here the summation is made over all possible
decay channels.

Contribution of the main polarization dia-
grams (the particle-hole interaction) of the sec-
ond and higher orders of the PT to the energy
can be presented as follows:

E(A) = (§drdr,-p,(n)- Vii(rira)-pa(ra) - (8)

with effective two-quasiparticle interaction [3]:

dri(e™(r))/26(r')
Vpol("l"Q) X{ —\rl—r’|-|r’—r2|
/< 0) 1/3)}

fdrte oy o) ¢ dripiery) o
(o)7*) = dr(p(r))/26(r), (9)

lr,—r] |r"—n|
1/2

2. o0 (2
e(r)={1+—[3” pcg()] } :

where U is the core (“Fermi sea”) electron den-
sity (without quasiparticles), X is the numerical
coefficient, ¢ is the velocity of light. The simi-
lar potential representation can be obtained for
the exchange polarization quasiparticle interac-
tion (see details in ref. [3, 11, 13]).

The basis of the particle state functions is
defined by the solution of the Dirac—Fock equa-
tion (integrated numerically using the Runge—
Cutt method). Novel element is connected with
using ab initio paoptimized Dirac—Fock poten-
tial with the formal parameter which is deter-
mined on the basis of the QED optimization
procedure (see details in refs. [4—6, 11, 13]).

The calculation of radial integrals Re R, (1243)
is reduced to the solution of a system of differ-
ential equations [5]:

Yy =/c1fsz;(hl)(a|m|”)"2+x§
ys = ol Z{V (|| r)r2+2; (8)
Ys=Iyfofs + Yo/ f3]Z{2>(a|w|r)r1—”.

In addition,

Re R, (1243), y (o) = X,(13).

The formulae for the Auger decay probability
include the radial integrals R, (akyp), 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:

Eq(jkL *HIL) = E4 () — (10)

To single out the above-mentioned correlation
effects, the equation (12) can be presented as
[8, 9]

Ex(jkl,*+1L;) = E(j) — E(k) —
— Ak, [;2SH1L)),

Y3(w0) =

EX (kL 2S+1L).

E(l) —
(11)

where the item A takes into account the dy-
namic correlation effects (relaxation due to hole
screening with electrons etc.) To take these ef-
fects into account, the set of procedures elabo-
rated in the atomic theory [8—13] is used.

3. RESULTS AND CONCLUSIONS

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
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Auger decay to the 2s'2p5('*P) np and 2s%® 2S
np (n=3,4) states of Net. There are listed the
experimental data by De Fanis et al [18] and
Pahler et al [15], theoretical ab initio Hartree-
Fock results [18] and our data, obtained with-
in the relativistic many-body PT with using the
gauge-invariant QED PT method for generating
relativistic functions basis’s. In table 2 we the
data on the widths (meV) for the 2s'2p5(!*P)np
and 2s%°® (!S) np (n = 3,4) slates of Net. There
are listed the experimental data by [18], theo-
retical ab initio multi configuration Hartree—
Fock results by Sinanis et al [16], single-config-
uration Hartree-Fock data by Armen—Larkins

[17] and our data, obtained within the relativ-
istic many-body PT.

In table 3 we present data on the initial and
final states of the most intense
4d—2 — 4d—! — 5p~% and 4d—'5p—% — 5p—* Auger
transitions in the neutral xenon. The calculat-
ed intensities are given relative to the creation
of one 3d hole, and only intensities > 0.005 are
listed. Our theoretical data (the relativistic ma-
ny-body PT) and the theoretical pseudorelativ-
istic Hartree Fock data by Jonauskas et al [19],
semiempirical (with using the Cowan code) [20]
and experimental [19] kinetic energies of the
Auger transitions are also given.

Table 1

Transition energies E,, angular anisotropy parameters p (for each parent state for the resonant Auger decay to
the 2s'2p>("3P) np and 2s°p%2S np (n=3,4) states of Net: the experimental data [18, 15], theoretical ab initio
Hartree—Fock results [18] and our data, obtained within the relativistic many-body PT

55V e B | peens | fhem | T
2512p5('P)3p 28 778.79 776.43 778.52 1.7+03 2.000 1.832
2s'2p5('P)3p 2P 778.54 776.40 778.27 —0.94 = 0.06 —0.996 —0.959
2s!2p5('P)3p 2D 778.81 776.66 778.57 0.20 +0.06 0.200 0.202
2s'2p5('P)3p 2S 788.16 786.51 787.88 1.5+0.1 1.998 1.678
2s'2p5('P)3p 2P 788.90 787.52 788.69 —0.91 = 0.06 —0.928 —0.916
2s'2p5('P)3p 2D 789.01 787.64 788.82 0.06 == 0.05 0.156 0.074
2s'2p5('P)4p S 773.60 773.48 0.96 == 0.28 0.972
2s'2p5('P)4p 2P 773.48 773.25 —0.92 +0.06 —0.928
2s'2p°('P)4p 2D 773.56 773.33 0.15=+0.06 0.156
2s'2p5(3P)4p 2S 783.72 783.54 1.97 == 0.40 2.045
2s'2p5(3P)4p 2P 783.95 783.78 —0.43 +0.09 —0.444
2512p5(3P)4p 2D 784.01 783.82 0.09 = 0.20 0.102
2s92p5(1S)3p 2P — 754.93 0.056+0.14 0.061
2s92p5(1S)4p 2P — 749.85 0.07+=0.18 0.082

Table 2

Widths (meV) for the 2s'2p>('3P)np and 2s°® ('S) np (n=3,4) slates of Ne*: the experimental data [18], theo-
retical ab initio multi configuration Hartree—Fock results by Sinanis et al [16], single-configuration Hartree—
Fock data by Armen—Larkins [17] and our data, obtained within the relativistic many-body PT

final state Exp. B Theery e Our data
2s'2p°('P)3p %S 530 == 50 410 =50 687 510 524
2s'2p°('P)3p P 42 +3 — 20.7 — 38
2s'2p5('P)3p D 34 +4 — 40.2 — 32
2512p5(3P)3p 28 120 = 10 110 == 40 18.8 122 118
2s'2p5(°P)3p P 19+5 — 10.3 — 16
2s'2p5(°P)3p D 80+ 10 — 62.3 — 72
2s'2p°('P)4p %S 135 +=20 — — — 121
2s'2p5('P)4p 2P — — — 3
2s'2p5('P)4p D — — — — 8
2s'2p°(°P)4p 2S — — — 27
2s%2p5(1S)3p 2P 80 +5 — — — 78
2592p%('S)4p 2P 20+ 3 — — — 18
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Calculated and experimental intensities I, kinetic energies E, for Xe (see fext)

Initial state Final state 1 119] 1, our Th[“'l‘;{] E Theor E, “1[62‘}{] E [El’g’]'
a 4d? 'G,— 4d! 5p?('D) 2F;), 0.005 0.006 31.5 31.3 }
a 442 1G,— 4d" 5p? (°P) °F,, 0.013 0.014 31.2 31.0 1 30.8
a 4d? 'G,— 4d! 5p? ('D) %Gy, 0.009 0.010 30.9 30.6 }
b 4d? 'D>*— 4d' 5p? (°P) 2Dy, 0.005 0.006 30.5 30.3 30.3
c 4d? 'G,— 4d' 5p? (°P) 2Dy, 0.007 0.007 30.1 30.0 29.9
d 4d?'G,— 4d! 5p? ('D) Dy 0.005 0.006 29.3 29.2 }
d 4d? 'Dy— 4d' 5p? ('D) ’F; 0.008 0.009 29.1 29.1 } 29.1
d 4d?'G,— 4d! 5p? ('D) Fyp 0.008 0.009 29.1 29.1 }
d 442 F,— 4d" 5p? (P) *Fy 0.006 0.007 29.1 29.1 )
e 4d? 3F,— 4d! 5p? (°P) *Fyp 0.007 0.006 28.4 28.3
e 442 9F,— 4d" 5p2 (°P) F,, 0.005 0.005 28.1 28.0 1 283
f 4d?'G,— 4d! 5p? (!S) Dy 0.018 0.019 27.8 27.8 27.9
o 442 9F,— 4d" 5p? ('D) Gy 0.005 0.006 974 927.3 V97,1
g 4d? 3P, — 4d! 5p? (!S) Dy 0.005 0.006 27.0 26.9
h 442 5F,— 4d" 5p? (°P) °F,, 0.008 0.009 2.5 2.5 196.5
h 4d? 'Dy— 4d! 5p? (!S) Dyp 0.009 0.010 26.1 26.2
h 442 1G,— 4d" 5p? (1S) D), 0.008 0.008 26.1 26.2
h 4d? 3P,— 4d"' 5p? ('S) 2Dy, 0.006 0.006 25.9 26.0
i 442 5F,— 4d" 5p? ('D) Gy 0.008 0.008 25.6 25.9 —
i 4d? 5Fy— 4d! 5p? (1S) Dy 0.005 0.006 24.3 24.6 247
K 442 5F,— 4d" 5p? (1S) D), 0.006 0.007 225 92.9
| 4d! 5p2('S) 2Dy, 5p* D, 0.010 0.010 20.8 20.9 20.9 21.0
m | 4d'5p%('S) D, 5p 1D, 0.021 0.022 19.2 19.3 19.5 119.3
m 4d! 5p2('D) 2§, 5p* D, 0.005 0.006 18.9 19.0 189
n | 4d'5p2('S) Dy, 5p 1S, 0.014 0.015 18.3 18.7 18.9 18.9
0 4d! 5p2('D) Py, 5p* D, 0.009 0.009 17.9 18.3
o | 4d15p2(P) D, 5p 3P, 0.017 0.018 17.9 18.3
0 4d1 5p2(°P) 2Fy), 5p* 3P, 0.005 0.005 17.8 18.2 } 18.6
o | 4d'5p2P) °F,, 5p 9P, 0.011 0.012 17.7 18.1
0 4d"! 5p?('D) 2Dy, 5p* D, 0.009 0.009 17.6 18.0 18.4
p | 4d'5p2P) °F,, 5pt 9P, 0.006 0.007 17.1 176
q | 4d'5p2('s) Dy, 5p 1S, 0.017 0.017 16.7 17.3 175 V17,5
q | 4d15p2(P) D, 5p 1D, 0.009 0.009 16.4 17.0
r 4d1 5p2('D) 2Gyy 5p* D, 0.020 0.021 16.0 16.6 16.6 16.6
s | 4d'5p2(P) °F,, 5p 1D, 0.008 0.009 157 16.3
S 4d1 5p*('D) 2F, 5p* 1S, 0.005 0.005 15.4 15.9
s | 4d'5p2(P) °F,, 5p 1D, 0.005 0.005 15.2 15.7
t | 4d'5p2(P) D,, 5p 1S, — 0.005 — 14.9
u | 4d5p('D) Gy 5pt IS, — 0.006 — 14.1

The analysis of the presented results in ta-
bles 1—3 allows to conclude that the précised
description of the Auger processes requires the
detailed accurate accounting for the exchange-
correlation effects, including the particle-hole
interaction, screening effects and iterations of
the mass operator. The relativistic many-body

PT approach provides more accurate results that
is due to a considerable extent to more correct
accounting for complex inter electron exchange-
correlation effects. It is important to note that
using the more correct gauge-invariant proce-
dure of generating the relativistic orbital basis’s
directly linked with correctness of accounting
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for the correlation effects. The same is regard-
ing the procedure of accounting the relativistic
effects (especially for Xe).
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Abstract

The results of determination and analysis of the resonant Auger transition spectra characteristics for atoms of the
inert gases are obtained within the relativistic multi-body theory and compared with available experimental and other
theoretical data. A number of the Auger transition parameters have been firstly presented.
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PE3OHAHCHASl O)KE CIEKTPOCKOIUS ATOMOB HHEPTHBIX I'A30B

Pesiome

HpeILCTaBJ'IeHbI pes3yJsibTaTbl TEOPETHUYECKOTO OIpeaesieHud B paMKax peJIHTI/IBI/ICTCKOﬁ MHOTOYaCTHUHOH TEOpHUH K aHaJ/Ju3a
XapakKTEePUCTUK PE30HAHCHBIX CIIEKTPOB Oxe nepexonoB nJiss aTOMOB HMHEPTHBIX TasOB K MPOBENEHO HX CpaBHEHHE C
UMEIOLIUMHUCA 3KCIIEPUMEHTAJNIbHBIMUA U aJIbTE€PHATUBHBIMUA TE€OPETUYECKUMHU NAaHHBIMHU. IIJ'[H pana Oxe epexonoB XapakTepHble

napameTpbl MOJy4eHbl BIEpBbIE.

Katouesbie cioa: Orke CreKTPOCKOMHS, aTOM MHEPTHOTO rasa, peJsiTUBHUCTCKAs TeOpHs.

YK 535.42
Jl. B. Hikoaa

PE3OHAHCHA O)KE CIEKTPOCKOIiSI ATOMIB iHEPTHUX TA3iB

Pesiome

HaBeneHi pesysnbTaTi TEOPETHYHOrO BU3HAUEHHS Yy MeXKaX pPessTHBICTCbKOI OaratodyacTHHKOBOI Teopii Ta aHasmisy xapakre-
PUCTHK pe30HaHCHUX creKTpiB OKe MepeXxoiiB I/t ATOMIB iHEPTHHX rasiB i MpoBeleHO iX MOPIiBHSIHHS 3 HASIBHUMH €KCIepUMEH-
TaJbHUMH Ta albTEePHATHBHUMU TeOpeTHUYHUMH AaHuMmu. [na psany Ozke mepexoniB xapakTepHi MmapamMeTpu OTpPHMaHi Bleplie.

KatouoBi cioBa: Oxke CIEKTPOCKOIisl, aTOM {HEPTHOrO rasy, Pe/sTHBICTCbKAa TeOpis.
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