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The photo-excitation and Auger decay processes of inner-shell double vacancy states 1s2s2p®(1:3S)3s3p of neutral
neon atoms have been studied theoretically. Multi-configuration Dirac-Fock (MCDF) calculations have been carried out,

with electron correlation effects taken into consideration. The relaxation of core and excited orbitals and configuration

interaction are found to be crucial to creating the double vacancy states by single photo-absorption. The predominant
decay paths for the double vacancy states turn out to be of the LLM Auger decay to 1s 2s22p®3s(3p), KLL Auger decay
to 1s22s2p?3s3p, and KLM Auger decay to 1s22p%3s(3p). They lead to further Auger decay, creating the neon ions of

multiple charge states. For both double and single vacancy states the spectator type of Auger process is dominated in

all the Auger decay processes. Theoretical Auger electron spectra are presented for further investigations, experimental

and theoretical.
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1. Introduction

Inner-shell excited states of atoms or ions can be
created by the impact of photons, electrons, or ions
on atoms or ions, and the states may decay either ra-
diatively or non-radiatively. Among those processes,
the dynamics of multiple electron excitation and the
subsequent decay processes arose the great interest
in the sense of studying the electron correlations or
the break-down of the independent particle pictures
in atomic excited states and their transition dynam-
ics. We can find in the literature a number of studies
on atomic multiple electron excitation processes.!—1]
However, most of those studies focused on the lighter
atoms, and only a few investigations'%=1% that deal
with multiple core-electron excitations above the out-
ermost closed subshells can be found. In those sys-
tems, we may expect the relaxation of the residual and
the outermost closed subshell electron orbitals to take

place due to the creation of inner-shell double holes,
which we may also call the effects of electron correla-
tion. The photon impact study for this type of excita-
tions has been made possible in the couple of decades
owing to the development of advanced synchrotron
radiation sources facilities and high-resolution spec-
troscopy methods. In contrast to the earlier work, for
example, by Madden and Codling,!' =2 where only the
photo double-electron excitation of helium atoms was
observed, now the up-to-date technologies enable us to
observe the co-operative motions of many electrons in
double-electron excitations and their subsequent de-
cays.

Recently, 1s2s and 1s2p double electron exci-

tations of neon atoms have been studied exten-

[10—15]

sively by several research groups by means

of photon absorption spectroscopy, 011

y(12-13]

photoion

spectroscop and resonant Auger electron

spectroscopy.l'¥ They have given theoretical analy-
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ses on [1s2s]nin’l’ or [1s2p|nin'l’ spectra, where the
square brackets denote the hole configurations; nl and
n'l’ represent the single electron orbitals with princi-
pal quantum numbers n and n’ and orbital angular
momenta [ and I’, respectively. Although their theo-
retical studies have been extensively carried out, the
further calculations are still needed to gain a deep in-
sight into the spectra. It is desired to make clear the
mechanism of excitations of the states that are dipole
unfavored in the independent particle framework. It
is also interesting to investigate the Auger decay from
the doubly excited states and subsequent Auger decay
processes.

In the present paper, we perform a calculation
of double-electron core-excited [1s2s](13S)3s3p states
including both the orbital relaxation effects and the
most important configuration interaction (CI) effects.
We further calculate the Auger rate to gain the repre-
sentative decay paths of the excited states. In Section
2, we briefly introduce the methods in the present cal-
culation. In Section 3, we discuss the dynamics; Sec-
tion 3.1 is devoted to the excitation mechanism and
Section 3.2 is given to the decay processes. Finally, in
Section 4, we draw some conclusions from the present
study and discuss the possible future prospects.

2. Theoretical method

We can use the GRASP92 program,'® which is
based on the multi-configuration Dirac-Fock method
(MCDF),!'"] to obtain the atomic state wavefunctions
(ASFs) and the energies of the ground, core excited
and final ionic states. The radiative or non-radiative
transition matrix elements may be calculated by using
the recently developed RATIP package.'®!

In the calculation, the radiation transition rate
A7, from the inner-shell excited state ¢ to the radia-

tive final state k can be obtained from the formula, "]

i = 2= {@u(PIM)POlar (P M), (1)

where (a;(PJM)| and |ax(P'J'M’)) are the ASFs of
the initial and final states with parities P and P’, to-
tal angular momenta J and J’, azimuthal components
M and M’, and residual quantum numbers «; and
ay, that specify the atomic state, respectively. The
ASFs are given by a linear combination of configura-
tion state wavefunctions (CSFs); P() is the electric
dipole tensor operator; w is the radiative photon en-
ergy; c is the speed of light in vacuum.

The oscillator strength f;r corresponding to the
radiation transition may be obtained from the follow-
ing formula:

3

fik = ﬁAfk' (2)

The Auger decay rate Af; from the inner-shell
doubly excited state i to the Auger final state f can
be calculated by using the following formula:

1

a _ 9%/,
= 2= <aZ(PJM)|ZT ;

s<t ' %
2

; 3)

+VB|af (P//J//M//)>

where (o;(PJM)| is the ASF of initial state, while
|y (P J"M")) is the ASF of Auger final state which
can be constructed by the CSFs of ionic states and
the continuum wavefunction of Auger electron, which
is solved by including the exchange effects with the

ionic wavefunctions; — is the operator of Coulomb

Ts,t
interaction between the sth electron and tth electron;

Vg is the Breit interaction operator.

According to the energy conservation law, the ki-
netic energy Fa of Auger electron is given by the dif-
ference between the energy E; of the initial state ¢ and
the energy E¢ of the final ionic state f.

3. Results and discussion

3.1. Generation of the inner-shell doubly
excited states

When a photon is absorbed or emitted during
transition, the charge density distribution of atomic
ions will change. This is referred to as the orbital re-
laxation. The radial charge density distributions of
the ground configuration and inner-shell doubly ex-
cited/ionized configurations of neon atoms/ions are
given in Fig.1. Owing to the excitation/ionization
of two inner-shell electrons, the charge density distri-
bution change dramatically and turns different from
that of the ground state. It is clearly shown in Fig.1
that there is a prominent change in inner-shell charge
distribution between the ground state and the dou-
ble inner-shell excited states of neutral neon. At the
same time, the outer part of the charge distribution
of inner-shell doubly excited states extends towards
larger radial distance. For the inner regions of the dou-
ble inner-shell excitation and ionization states, it can
also be found from the figure that the charge density
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distributions for the two cases are almost the same.
It is reasonable that the screening effects from outer
shell electrons have little influence on the charge den-
sity distributions of inner shell electrons, which ac-
cords with our previous results.[22—24

12
— Ne?t 1s2s2pf
S Ne  1s2s2p%3s3p
---- Ne  1522s22pS

Raidal charge density/arb. units

Raical distance/arb. units

Fig.1. Comparison among the calculated charge den-
sity distributions of Ne2t1s2s2p8, Nels2s2p®3s3p and
Nels22s22p% configurations. The solid line is for the case
of Ne2t152s2p6, while the dot-dashed line is for the charge
density of Nels2s2p®3s3p configuration, and the dashed
line is for the case of ground state Nels?2s22pS.

The creation of the inner-shell vacancies leads to
the redistribution of charge densities in configuration.
In order to investigate it in detail, the values of mean
orbital radii for the ground state, doubly inner-shell

excited state of neutral neon and doubly ionization
state of Ne?* are all listed in Table 1. It can be found
that the mean orbital radii of inner-shell doubly ex-
cited state are quite different from those of the ground
state, but very close to those of Ne?* ions. The orbital
radii of inner-shell doubly excited state should con-
tract dramatically after the creation of the inner-shell
holes because of the increase of the effective nuclear
While, due to the difference in orbital be-
tween doubly excited and doubly ionized states, the

charge.

wavefunctions of 3s and 3p electrons will screen the
nuclear charge partly, and the effective nuclear charge
will decrease a little because of the inner-shell elec-
trons. These influences are so weak that the 1s orbital
radii of doubly excited neutral neon remain almost un-
changed. For the electrons in 2p_, 2p and 2s orbitals
of neutral neon, due to the screening effects from the
outer 3s and 3p electrons, their mean orbital radii are
a little larger than those of Ne?t ions. On the other
hand, there can be found just a little influence on or-
bital features of inner-shell electrons when an outer
shell electron is excited.[??] In contrast, the inner-shell
excitation/ionization will influence the orbital charac-
ters of all orbitals including itself dramatically. There-
fore, it is appropriate to estimate the relevant inner-
shell orbital of inner-shell doubly excited state, based
on that for Ne?T ionic state.

Table 1. The mean orbital radii (in units of Bohr radius, ag) for the relevant single electron orbitals of 1s2

252 2p® and 1s2s2p®3s3p of neutral neon and Ne?t ions.

ion configuration (r)1s (r)os (ryap_ (r)2p (r)ss (r)3p_ (r)3p
Ne 1s22s22p6 0.158 0.890 0.966 0.963
Ne?+ 152s2pf 0.155 0.782 0.749 0.750
Ne 152s2p%3s3p 0.155 0.792 0.751 0.753 3.449 4.039 4.039

As mentioned above, the electrons in the ground
state and the inner-shell excited states of neutral neon
will experience very different potentials due to the re-
Therefore, the
orbital wavefunctions of the initial and final states

distribution of the charge densities.

must be optimized separately to include the orbital
relaxation effects. As a result, the wavefunctions of
the initial and final states will no longer orthogonal
strictly. To incorporate the effects of this nonorthogo-
nality into the computation of transition amplitudes,
the overlap integral between the relevant orbitals in
initial and final states must be included in the evalua-
tion of the many-electron matrix elements. Recently,
two computational modules CESD[?%) and REOS99[2!]

have been developed by Fritzsche et al on the basis of
the matrix expressions as derived by Lowdin.!?®! These
modules were designed to obtain the transition prop-
erties by expanding the atomic states in a Slater de-
terminant basis via CESD module through using the
wavefunctions from the GRASP92 package.!'

The process of generating inner-shell doubly ex-
cited states is a multi-electron excitation process, and
this process is always considered as the consequence
of the electron correlation effects. In practical cal-
culations, the electron correlation effects are taken
into account by including the CI and orbital relax-
The CI effects are considered in this

work by including several important reference con-

ation effects.
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figurations, while the relaxation effects are included
by optimizing the orbital wavefunctions for the ini-
tial and final states separately. And we further in-
clude the overlap integral in the calculation of the
To find out which effect
is dominant in this process, the CI and relaxation ef-

transition matrix element.

fects have been included in our calculation separately.
In Table 2, we list the resonance energies and absorp-
tion oscillator strengths for the strong lines from (1s?
2522p0) j—o state to ([1s2s]2p®3snp, 3pns) -1 states
At
first, we can see from Table 2 that if relaxation ef-

with oscillator strengths greater than 1 x 1075.

fects are taken into account, the good agreement with
previous results can be achieved. Then, to include
the relaxation effect together with CI effect, we opti-

mize the orbital wavefunctions of the initial and final
states separately, and include the CI effects from the
two electron excitation configurations, such as 3snp
(n = 3,4,5,6), 3pns (n = 4,5,6) and 3p3d for the
inner-shell doubly excited configuration [152s]2p%3s3p;
152252 2p*3p2?, 152252p°3s3p, and 1522522p*3d? for the
low-lying ground state. It can also be seen from Table
2 that the CI effect also makes an important contri-
bution to the oscillator strength. According to our
results, the relaxation effect and CI effect can lead to
this kind of multi-electron excitation process. There-
fore, to some extent, this excitation process can be
regarded as a 2s electron shaking up to 3s orbital ac-
companied by the 1s—3p resonance excitation.

Table 2. The excitation energy E (in eV) and absorption oscillator strength (gf) (in 10~%) for the doubly

excited states ([1s2s](>1S)3snp, 3pns)j—1.

This work Kato et al[13] Oura et all1?] Prince et al(t?]
Our Relax. Relax.+ CI Energy Energy af Main Energy Assignment
Designation E* gf E af Exp. Cal configuration
(39)3s3p  924.84 1.588 924.87 2.366 924.84 924.78 924.86 2.423  (3S)3s3p 924.7  (39)3s3p
(38)3s4p 028.09 0.407  928.09  928.10 928.13 0.427 (3S)3sdp 927.8  (3S)3sdp
(3S)3s5p 928.85 0.128 928.90 0.174 (3S)3s5p
(3S)3s6p 929.19 0.045 929.23 0.080 (3S)3s6p
(3S)3p4s 930.57 0.188  930.64  930.71 930.57 0.237 (3S)3p4s 930.4 (>18)3snl
(3S)3p5s 931.68 0.099  931.81 931.68 0.109  (3S)3pbs 931.6  (31S)nln1’
(3S)3p6s 932.12 0.042  932.44 932.12 0.053  (3S)3p6s 932.3  (31S)nln1’
(18)3s3p  935.21 0.854 934.79 0.684 934.57 0.466 (1S)3s3p
(19)3s4p 936.35 0.152
(19)3s5p 936.89 0.136
(1S)3p4s 939.09 0.340
(1S)3p5s 939.96 0.174
*The calculated energy are shifted by 0.2eV towards lower energies.
3.2.Decay processes of {[1s2s](*'S) Ne Net Ne2t
3s3p},-; state as2p°3sp
r\zmp«":ﬁ; 3p)
900 7 =\
The inner-shell excited states lie in high energy 200 .
regions and can decay by radiative and Auger tran- > -%
sitions. For lower charged light ions, the most im- 5 150 15 —
portant decay process is Auger decay, while the ra- E 2 = st
diative decay is negligible. Figure 2 shows the most 100 .é 152252—134353; =
important and possible first-step Auger decay chan- —Nﬁ 1520229035 18°25720%3p
nels and the subsequent Auger decay channels for 50 ] L ’2 =
[152s](31S)2p®3s3p states of neutral neon. T
For the first-step Auger decay processes from the L2t

inner-shell double hole states, we include the main
LLM Coster—Kronig, KLL and KLM Auger transi-
tions in our calculation. Although the KLL and LLM

Fig.2. Important first-step and second-step Auger decay
paths for the {[1s2s](3>1)3s3p} =1 inner-shell doubly excited
states of neon atoms.
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Auger decay processes accompanied with the excita-
tion of an 3s(3p) electron to 4s(4p) orbital can make
some minor contributions to the decay of [1s2p] dou-
ble hole states,'* we neglect them here to avoid the
possibly complicating the calculation to some extents.
Such calculation involve not only the continuum wave
functions for the outgoing Auger electrons but also the
Other
possible decay channels such as 1s22p%3s(3p), which

electronic configurations of four open shells.

can make a little contribution to the total Auger
rate, are neglected in the present calculation. In the

250 ]
200 (@
150

ts

1s2s22p°3s

1

—_

o

(=]
)

F

Relative intensity/arb. units

Relative intensity/arb. un

2501
200 1 1s2s22p°3p

150 1

100 1

50 1
15 20 25 30 35

Auger electron energy/eV

approximation, the theoretical Auger decay spectra
are shown in Fig.3. According to our calculations,
the LLM Coster-Kronig transition to the final state
152522p®3p(3s) is a main decay channel, while the fi-
nal states 1522s2p?3s3p and 1522s2p®3s(3p) are also
important, which accords with other results about the
single inner-shell resonance Auger transition in which
the LLM Coster-Kronig is also a dominant channel. ?”]
It can be expected that the Auger spectrum should be

observed in an energy range shown in Fig.3.

140
120 ®

100 1

1s22s2p*3s3p
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40
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(c)
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Fig.3. Theoretical Auger spectra of the double inner-shell excited states. Each line is convoluted with a 0.3eV FWHM

Gaussian profile factor.

(a) Theoretical LLM Coster—Kronig Auger spectrum in an energy range from 16 to 32eV

for different final states. (b) Theoretical KLL Auger spectrum in an energy range from 800 to 815eV for final states

1522s2p*3s3p. (c) Theoretical KLM Auger spectrum in an energy range from 835 to 860 eV for different final states.

The final states of the first-step Auger decay pro-
cess are still the hole states, which can undergo fur-
ther Auger decays spontaneously. These are the so-
called second-step Auger decay or subsequent Auger
decay. The investigation of this process is helpful
to diagnosing the dynamics of preceding processes.
In this process all the important final states, such
as 1s22s%2p?, 15225%2p33s(3p) and 1s%2s22p?3s3p, are
taken into account. The theoretical second-step Auger
spectra are given in Fig.4, where the full width at half

maximum (FWMH) is taken as 0.3eV. It can be con-
cluded from Fig.4 that the Auger decay to the excited
states of Ne?T (1s22s22p33s(3p)) is stronger than to
the ground state of Ne?t. It is expected that most of
the final ions observed in the ion yield spectra are in
1522522p33s(3p) states. It can also be found in Figs.3
and 4 that the most prominent Auger transitions of
both double hole and single hole states are of the spec-
tator type Auger transitions.
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Fig.4. Theoretical Auger spectra of the second-step Auger decay process. Each line is convoluted with a 0.3eV FWHM

Gaussian profile factor. (a)Theoretical Auger spectrum from different initial states to the final state 1s22s22p33p.
(b)Theoretical Auger spectrum from different initial states to the final state 1s22s22p®. (c)Theoretical Auger spectrum

from different initial state to the final state 1s22s22p33s.

4. Conclusion

The excitation and the Auger decay of the
inner-shell double hole states [1s2s]3s3p of neutral
neon atoms have been studied by using the multi-
configuration Dirac-Fock (MCDF) method. Our re-
sults indicate that the formation mechanism of the
inner-shell double hole states can be understood as
an inner-shell resonance excitation accompanied by
a shaking-up process. Furthermore, the first-step
Auger processes from the inner-shell double hole states

and the subsequent Auger decay process are also
studied. It is found that the LLM, KLL, KLM
Auger decay processes from the inner-shell double hole
states, respectively, to the final states 1s2522p°3p(3s),
152s%2p53s(3p) and 1522s2p?3s3p are dominant in all
the decay channels; while the subsequent Auger decay
processes results mostly from the transitions to final
states 1s? 2s22p? and 1s522s22p33s(3p). The present
study will be helpful for further experimental and the-
oretical investigations into the inner-shell doubly ex-
cited states.
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