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We investigated the low energy satellites in the Röntgen spectra using the many-particle theory. These
satellites are results of the radiative semi-Auger decay of the inner vacancy states. We did not treat only ordinary
radiative decay. There exist the excitations of one of the atomic electrons together with the photon emission.
We presented results of radiative semi-Auger decays of vacancy states in Ar atom. The knowledge of these
processes is important for understanding the same processes in the case of the nanoparticles (molecules, fullerenes,
clusters). Research in the field of the new materials requires more sophisticating methods which will open the new
possibilities for obtaining materials of particular design, too. The theory which is presented in the paper may be
easily generalized in case of particles like fullerenes and clusters.
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1. Introduction

The building of new materials in the field of the nano-
structure and of nanotubes comes from a need of the
theoreticians and experimentalists for more sophisticated
methods and investigations for new possibilities for ob-
taining materials of particular design. According to that,
we demonstrated in this paper the appearance of new
structural effects which basically defined the diagnostic
of material features by the different methods like the
Röntgen analysis of materials, the Auger spectroscopy
(for example, new compounds which are important in
the theory of the superconductivity, of the magnetic ma-
terials, etc).

In our paper we observed, from the first principles, the
appearance of new satellite lines in the Röntgen atomic
spectra, and correspondently, in the macromolecules,
clusters, fullerenes, etc., too. The appearance of the
new lines is connected with the process of radiative semi-
-Auger (RSA) decay of the inner shell vacancy. The elec-
tron transition from the outher subshell to the hole state
is evaluated together with the discrete excitation of an
atomic electron. Recently, there exist three methods of
the calculations of such processes:

1. The configuration interaction method (CI) [1].

2. The Cooper–Aberg method (the “shake” method)
(CA) [2, 3].

3. The many-body theory (MT), the Hartree–Fock
approximation (HF), the many-body perturbation
theory (PT), and random phase approximation
with exchange (RPAE) (which is exactly the spe-
cial kind of treating the perturbation theory [4–6]).
In this paper we use the RPAE method [7, 8].

The methods 1 and 2 take into account only one of the
possible decay mechanisms of RSA decay. The method
which we used takes into account not only the processes
which are described by the methods 1 and 2, but also
other important processes. Many of the satellite lines
are obtained experimentally, too [3, 9].

As an example, we presented our calculations for the
Ar atom. We obtained three groups of satellites.

2. Theory

The probability of a process in the framework of the
dipole approximation is determined [6, 8] as

Wi =
α3ω3

[L][S]

∑

MLML′MSMS′

|M |2,

M = 〈Ψf(L′S′ML′MS′)| (d · e) |Ψi(LSMLMS)〉 . (1)
M is the amplitude of a radiative transition, Ψi,f are the
wave functions of the initial and final state of the atom
with the one hole and two vacancies j1, j2 and one elec-
tron g in the discrete level, α is the fine structure con-
stant, e is the polarization vector of the emitted quan-
tum, d =

∑
i ri is the operator of the atomic dipole mo-

ment, L, S are the orbital and spin momenta, and ML,
MS are their projections. The probability (1) has the
dimension of energy and is expressed in rydbergs.

In the calculation of the decay amplitude the PT usu-
ally is applied, since the energy gap between atomic sub-
shells is rather large, and the matrix elements of the
Coulomb interaction between the electrons in different
subshells are relatively small. We use the many-particle
PT, exactly the RPAE method [5, 6, 10]. In the lowest
order in the electron interaction the amplitude of pre-
sented decay is determined by the diagrams in Fig. 1: a

(838)
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line with a right (left) arrow denotes the one-electronic
(-hole) state; a line with a double arrow to the right de-
notes the discrete excited state; the dashed line — photon
and the wavy line represents the Coulomb interaction.
The summation over all momenta is implied in (1). The
total amplitude is the sum of the contributions of the
presented diagrams (A, B, C, D) in Fig. 1. For example
(diagram A):

M1 =
∑

Π

F
∑

k

〈i|(r · e) |k〉 〈kg|U |j1j2〉E−1
kgj1j2

. (2)

In Eqs. (2) (and corresponding expressions for M2,3,4),
Eklmn = Ek + El − Em + En, where Eν are the HF en-
ergies, and, as usual, the matrix U present the difference
between the direct and exchange matrix elements. The
summation

∑
Π includes all the projections of orbital and

spin momenta of initial and final vacancies, as well as the
factor F is determined as [10–12]:

F ∼ C
L1ML1
lf1mf1 lf2mf2

C
L′ML′
L1ML1 lgmg

C
S1MS1
1/2µf11/2µf2

×C
S′MS′
S1MS11/2µfg

(−1)li+lf1+lf2+3/2−mi−µi−mf1−µf1

×x(−1)−mf2−µf2 .

Here C presents the Clebsh–Gordan coefficients. The
factor F and summation over the projection in (2) allow
that the angular momenta of the holes of the in and out
states are linked into definite term LS(L′S′) [13].

Fig. 1. The amplitude of the semi-Auger radiative de-
cay — RSA; the exchange parts of diagrams are denoted
by “exc”.

Fig. 2. The influence of the 3s-vacancy renormaliza-
tion to the probability of RSA of the state 2p−1.

After integration of the angle and spin variables and
summation of the orbital and spin momenta projections
of the holes we obtain [7] a very complex final expres-
sion which contains all known mechanisms of RSA decay
(including processes which are described by methods 1
and 2).

If in the initial state the influence of the other configu-
rations is very small, the RSA amplitude (which takes
into account the mixing of configurations in the final
state) may be given as in Fig. 2.

Here Σ is the diagonal matrix element of the self-
-energy part of the one-hole Green function

Gk1 : Σk1(ε) =
∑

p

|〈k1p|V |f1f2〉|2
/

(ε + Ep − Ef1 − Ef2).

We calculated this quantity in the improved version of
the RPAE method by using the contributions of some
important third-order diagrams [6, 12, 14]. After the
summation of the diagrams in Fig. 2, the following ex-
pression is obtained:

M = 〈k1| (r · e) |i〉 [1− Σk1(ε)/(ε− Ek1 − iδ)] . (3)
The final expression for the probability of the decay of
the vacancy i is [5, 6]:

d
dω

Wi = WHF
i

∞∑
p=0

Fpδ(ε− εp),

Fp =
[
1− (∂Ek1(ε)/∂ε)ε=εp

]−1
. (4)

Fp is the spectroscopic factor, εp values are obtained from
the equation ε− Ek1 − Ek1(ε) = 0.

3. Results of the calculations and conclusions

In this work we calculated the probabilities of the
RSA of the 2p vacancy in Ar. We obtained that ex-
cept the 2p−1 → 3p−2[1D]3d, 4d[2S] satellites, there ap-
pear the lines which are connected with the transitions
in 3p2[1S,3P ]xnd[2P,2D] states, too. The calculations
demonstrate that the strongest transition is 2p−1 →
3p−2[3P ]3d[2D]. The probability of this transition is only
2.5 times smaller that the probability of the main satellite
2p−1 → 3p−2[1D]3d, 3d[2S].

3.1. Decay of the 2p vacancy in Ar

The satellite spectra in Ar is more complex that the
corresponding spectra in the case of the s-vacancy decays.
In Table I we presented the results of the energies and
probabilities which are obtained in the RSA decay of the
2p vacancy. According to the selection rules, in the case
of the p hole decays, the orbital momentum of the final
state has the possible values: L′ = 0, 1, 2. Like in the
case of Ne [5, 6] here we have three groups of satellites,
see Table II. The distance between groups is ≈ 1–2 Ry.
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TABLE I

Energies and probabilities of the RSA transition in Ar. The decay of the
2p vacancy.

Transition
Photon energy

[Ry]

Probability

(Ref. [5])

[10−7 eV]

Probability

(this work)

[10−7 eV]

2p−1[2P ] → 3s−2[1S]4s[2S] 13.6 1.64 1.70

2p−1[2P ] → 3s−13p−1[1P ]4p[2S] 15.3 0.26 0.28

2p−1[2P ] → 3s−13p−1[1P ]5p[2S] 13.0 0.21 0.24

2p−1[2P ] → 3s−13p−1[3P ]4p[2S] 14.7 3.93 4.01

2p−1[2P ] → 3s−13p−1[3P ]5p[2S] 14.4 0.17 0.19

2p−1[2P ] → 3p−2[1S]4s[2S] 15.5 0.10 0.13

2p−1[2P ] → 3p−2[1S]3d[2D] 15.4 10.21 10.22

2p−1[2P ] → 3p−2[3P ]3d[2P ] 15.8 0.19 0.23

2p−1[2P ] → 3p−2[3P ]3d[2D] 15.8 24.16 25.04

2p−1[2P ] → 3p−2[1D]3d[2S] 15.7 64.50 66.35

2p−1[2P ] → 3p−2[1D]4d[2S] 15.2 27.62 29.41

2p−1[2P ] → 3p−2[1D]3d[2P ] 15.7 0.28 0.31

2p−1[2P ] → 3p−2[1D]3d[2D] 15.7 12.55 12.78

TABLE III

Energies and probabilities of the RSA transition in Ne. The decay of the
1s vacancy.

Transition
Photon energy

[Ry]

Probability

(Ref. [5])

[10−5 eV]

Probability

(this work)

[10−5 eV]

1s−1[2S] → 2s−2[1S]3p[3P ] 55.1 0.03 0.04

1s−1[2S] → 2s−12p−1[1P ]3s[2P ] 57.6 1.28 1.23

1s−1[2S] → 2s−12p−1[3P ]3s[3P ] 58.4 3.13 3.21

1s−1[2S] → 2s−12p−1[1P ]3d[2P ] 57.0 0.10 0.15

1s−1[2S] → 2s−12p−1[3P ]3d[2P ] 57.8 0.06 0.07

1s−1[2S] → 2p−2[1S]3p[2P ] 59.5 4.12 3.98

1s−1[2S] → 2p−2[1S]4p[2P ] 59.1 0.52 0.31

1s−1[2S] → 2p−2[3P ]3p[2P ] 60.0 39.29 41.82

1s−1[2S] → 2p−2[3P ]4p[2P ] 59.6 5.38 6.22

1s−1[2S] → 2p−2[1D]3p[2P ] 59.9 30.07 33.32

1s−1[2S] → 2−2[1D]4p[2P ] 59.5 4.25 4.29

In our calculations we use, except the diagrams in
Fig. 2, also the diagrams in Fig. 3 which take into ac-
count the contributions of the virtual excitations in the
RSA process. Then in formula (4) we must change
WHF

i → W corr
i .

In Table III we give our earlier obtained results of the
[6–8] RSA method (for comparison). In this case three
groups of the satellites arise, too. The mean distance
between the satellites is approximately 2 Ry.

The probabilities of the RSA decay in the general
case depend: firstly, on the electronic configuration in
the final state configuration, and secondly, inside each
of group of satellites depend on the residual-ion term,
which is defined by the quantity F 2 (the quantity F ∼
(2L′ + 1)(2S1 + 1)(2L1 + 1)) and angular and spin terms
in the partial amplitudes.
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TABLE II

RSA decay of the 2p vacancy in Ar. Three
groups of satellites are obtained.

1. 2p−1 → 3s−2ns[2S] or nd[2D]

2. 2p−1 → 3s−13p−1[1,3P ]np[2S,2P,2D] or nf [2D]

3p−2[1S,3P,1D]ns[2S,2P,2D]

3. 2p−1 → 3p−2[1S,3P,1D]nd[2S,2P,2D]

3p−2[1S,3P,1D]ng[2S,2P,2D]

Fig. 3. The contributions of the virtual excitation pro-
cesses in the decay of the 2p-vacancy.

3.2. Conclusion

This paper presents the method of calculations of ra-
diative semi-Auger decay in the framework of the many-
-body theory. We demonstrated the possibility to find the
correct positions of defined lines of spectra of Ar atom.

The method which we presented here may be ap-
plied on other noble gases atoms, and also on atoms
(molecules) with great polarizability (for example, on the
atoms of alkali metals). Also, using the theoretical gen-
eralization in the calculations which are connected with
the clusters and fullerenes, and generalization of the po-
larizability, it is possible to calculate the energies and
probabilities of the corresponding decays [5, 6, 15, 16]
(for example, the effects of the semi-Auger decays) for the
C60, C+

60, Na40, Na+
20, Ag+

11, i.e. to identify the spectra of
the corresponding atoms, ions, fullerenes and clusters in
material which we investigated. This is very important
for obtaining the accurate diagnosis of some materials.

By that we open the possibility to design new materials
in nano- and macro-domain, too.
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