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Abstract
The relaxation of core hole in atom via parallel Auger cascades leads to the

production of highly charged ions. During Auger cascade development, several Auger
satellite spectra arise from the presence of spectator vacancies in the electronic
configurations. The production of spectator vacancies after each Auger transitions
cause characteristic energy shifts and more multiplet splitting. The change of Auger
transition energies and transition rates, which arises from the presence of multi-
vacancies in the configuration, is calculated for Ne and Ar after K-shell ionization.
The shift of the transition energy depends on the spectator vacancy distributions in the
configurations. The change of transition energies in course of cascade development
may close some low-energy Auger channels. The consideration of these forbidden
Auger transitions in the calculation of highly charged ions leads to results agree well

with experimental values.

Introduction

The de-excitation decays of a core-ionized atom via parallel cascades of
radiative and Auger transitions generate different ionic charged ions. The relaxation
of inner-shell ionized atom leads to emission of Auger spectra. In the course of the de-
excitation decay pathway, multiple vacancies are generated after each Auger
transitions. The distribution of these vacancies is independent of the initial ionization
process. The Auger spectra that appearing in the course of de-excitation pathway arise
from spectator vacancies left by preceding Auger transitions, from shake process
accompanying the Auger transitions and from doubly ionized states created in the
primary collision. All subsequence transitions of the de-excitation cascade occur in
the presence of additional vacancies lift by the preceding transitions. The vacancy
cascades correspond to transitions with emission of photon spectra or electron spectra
for each branch in the vacancy cascade trees. Thereby, Auger spectra arise from the

transitions between a various configurations with additional spectator vacancies



through the de-excitation cascades. The Auger spectra are conditioned by the
transition rates and transition energies of multi-vacancy states. The presence of the
additional vacancies leads to congested spectrum during the de-excitation decays. The
reason for observing this congested spectrum is the presence of several open shells in
the initial as well as final states. The generation of vacancies in the course of de-
excitation cascade is accompanied by shift of energy levels. The influence of the
additional vacancies during the cascades may close some Auger channels (forbidden
energies). The overlapping spectra emitted on parallel branches of the de-excitation
cascades lead to different final charge state of ions. The understanding of the
influence of the spectator vacancies during the cascade development on the Auger
transitions gives more detailed information about the process that appear after the core
ionization.

The study of the radiative and Auger transition spectra for atom with multi-vacancy
configurations is of particular interest in plasma physics[1], and for the decomposition
of large molecules following electron pick-up [2].

The Auger transition rates and transition energies in multi-ionized neon atom are
measured using heavy-ion and electron bombardment [3], and calculated using
Hartree-Fock-Slater wave functions [4]. The influence of multi-vacancy states on the
electron binding energies and transition rates in K, L, and M subshell are investigated
in the calculation of ion charge state distributions [5,6]. The Auger and x-ray spectra
that formed during vacancy cascades are calculated using Monte Carlo method [7,8].
The transition energies are obtained by Hartree-Fock-Pauli approximation. The
change of Auger transition rates and the closing of Auger channels with forbidden
energies are included in the calculation of ion charge state distributions, which
produced after inner-shell ionization [9,10,11]. The L,3sMM spectra of argon excited
at energies between those of K- and L- thresholds and affected by L;L.:M
intermediate transition were measured and calculated [12]. The L,3sMM Auger spectra
of argon emitted after photoexcitation were measured using broad-band synchrotron
radiation of energies largely lying above the K- shell ionization potential [13]. Auger
spectra of Na, Mg and Ar emitted after K-ionization were calculated by Omar and
Hahn [14].

In the present work, the Auger spectra formed during vacancy cascade are
calculated for Ne and Ar atoms. The Auger transition rates and transition energies are

obtained using Dirac- Fock -Slater [15]. The influence of multi- vacancy that created



through de-excitation cascades is considered in the calculation. The forbidden Auger
channels due to the shift of binding energy levels are presented for L- Auger
transitions. The Auger transition energy shifts in Ne and Ar atoms with several
vacancies in the electronic configurations are calculated in the present work. Finally,
the highly charged ions for Ar with K-shell ionization are compared with

experimental values.

2. Method of calculation

The ionized atom that remains after the ejected of the core hole electron is in a
highly excited state and will rapidly relax back to a lower energy state by one of two
processes:

1) Radiative process (x-ray fluorescence), or

i1) Non-radiative process (Auger emission)

The production of core hole in the target atom A is performed by photoionization hv
A+hv—> A" +e, (1)
where A" is the atom in highly excited state, e, is the primary emitted electron. In the

case of radiative process, the vacancy transfers to a higher shell under emission of

characteristic x-rays

A" > AY +hv' ()
If the vacancy is filled via Auger emission resulting two vacancies in the higher shells
in atom

A" > AT e, . (3)

where A* is doubly ionized atom.

In this case, one electron falls from a higher level to fill an initial core hole and the
energy liberated in this process in simultaneously transferred to a second electron; a
fraction of this energy is required to overcome the binding energy of this second
electron, the remainder is retained by this emitted Auger electron as kinetic energy of
this second electron. In the Auger process, the final state is a doubly-ionized atom
with core hole in the higher subshell. Theses new vacancies could be transferred into
the ground state via a cascade of successive radiative and Auger processes. These

sequent processes lead to highly charged ions.



The kinetic energy of the Auger electron can estimate from the binding energies of the
various levels involved in the transition.

Exin=FE (initial vacancy)- E (state of elect. filling hole)- E(state of elect. leaving) (4)
As an example: if K-shell vacancy filled by electron leaving L;, with electron from
Ly m leaving:

Exin =Ex - (ELI + ELIHH) (%)

This type of transition is referred to in general as a KL Ly transition. If the first two
letters are same, the transition is called Coster-Kronig transition.

The highly charged ions that produce after successive radiative and Auger
processes in Ne and Ar atom are calculated. The calculation method is based on the
simulation of all possible radiative and non-radiative pathways to fill the inner-shell
vacancies in the atom. The calculation technique is used for simulating de-excitation
cascade decays following inner-shell vacancy creation, considering fluorescence
yields (radiative branching ratios), Auger and Coster-Kronig yields (non-radiative
branching ratios), and electron shake-off processes. The radiative and non-radiative
branching ratio is defined as the probability that the vacancy in an atom is filled
through x-ray transitions (photon emission) or through Auger and Coster-Kronig
processes, respectively. They are calculated as follows:

fluorescence yield

R

o(f >1)= % (6)
and Auger yield

A
a(f »>1)= F?f (7)

Here, the initial configuration is given by i decaying into the final configuration f. I"is

the sum of partial radiative widths Ty and non-radiative width T}, given by

F:Zrilf{ +zri? (8)
if if

The partial widths for radiative decay in a singly ionized atom are calculated (in

atomic unit) as follows:

LR (F - 1) = (44O (w,pj, ) ©)



where ¥, and P, are the initial and final states of the system, respectively. AE is the
energy difference between these states, c is the speed of light. D is the electric dipole
operator.

The non-radiative partial widths are obtained as:

TA(f =)= %ZK\I@\H v >‘2 o(e) (10)

where H is the operator of the electron-electron interaction. The density of final state

p(e) is unity when the continuum-state wave function is normalized in the energy

scale. Thez denote the average and the sum over the initial and the final states,

respectively.
The calculations of radiative transition rates were performed for singly ionized atoms
using Multiconfiguration-Dirac-Fock (MCDF) wave functions [16]. The non-radiative

transition rates were computed using Dirac-Fock-Slater (DFS) wave functions [15].

3. Results and Discussions

The creation of multiple vacancies in atomic configurations during vacancy
population causes transition energy shifts and may result in an energetic closing of
channels for certain Auger channels. The K-L,3;L,3 and K-L,L,3 Auger energy shifts
for multi-ionized neon atom with configuration 1s' 2s* 2p®™, where n ranged from 0
to 6 vacancies, are shown in Figurel. The energy shifts are calculated between normal
Auger transition energy of configuration 1s' 2s* 2p° and non-diagram Auger transition
energies in configuration 1s' 2s® 2p®”". The energies of Auger transitions decrease
with increase the number of vacancies in the electronic configurations. It is common
for all transitions, that the ionization of electrons from subshells causes a clear change
in the transition energies. This behaviour is connected with the reduced screening of
the remaining electrons in the atomic configurations. In highly ionized atoms the
nuclear attraction dominates sufficiently against the electron-electron repulsion, so
that all nl- electrons are more tightly bound than any (n+1)I electrons. The results are
compared with values calculated by Hartree- Fock-Slater atomic model [4].

Because most Coster—Kronig energies are so low and the rates are so sensitive
to the transition energy, some Auger channels may be energetically forbidden during

the cascade de-excitation decays. The production of various vacancies in intermediate



configurations during the cascade decay is due to a closing of the Coster-Kronig
channels. Table 1 gives the closing of Auger channels with forbidden energies during
the cascade development. The Auger transition energies are calculated by using
equation 4. The multi-vacancy configurations of Ar generate in the course of de-
excitation decay followed K shell ionization. The prohibition of the highest-energy
Auger transitions in the configuration 1s* 2s* 2p®' 35?7 3p®* is as shown E (eV)<0,

where 1, j, and k indicate the number of vacancies.

Table 1: The Auger transitions with forbidden energy (eV) of argon after K-shell

ionization

Initial Configurations Auger Transitions E(ev)

i j k

0 0 2 LL,M, -7.13

0 0 2 L;LsM; -4.79

0 0 3 L,L,M, -24.12
0 0 3 L,L,M, -8.32

0 0 3 L,L,M3 -8.02

0 0 3 L,LsM; -21.77
0 0 3 L,LsM, -5.97

0 0 3 L;LsM3 -5.67

0 0 4 L,L,M, -42.30
0 0 4 L;LoM; -26.19
0 0 4 L,L,M3 -25.87
0 0 4 L,LsM; -39.94
0 0 4 L,LsM, -23.83
0 0 4 L;LsM; -23.51
0 1 4 L,L,M, -61.84
0 1 4 L;LoM; -45.45
0 1 4 L,L,M3 -45.10
0 1 4 L,LsM; -59.47
0 1 4 L,LsM, -43.08
0 1 4 L;LsM; -42.72
0 2 4 L,L,M, -83.00
0 2 4 L;LoM; -66.32
0 2 4 L;LoM; -80.61
0 2 4 L,LsM, -63.93
1 0 1 L;LoM; -14.11
1 0 1 L,L,M, -11.64
1 0 3 L,LsM; -31.62
1 0 3 LiLsM3 -31.25

Figure 2 shows the Auger spectrum of selected lines after K shell ionization of

Ar. The height of each bar is equal to the transition rates after K-shell ionization.




Auger transitions marked in brackets and the spectator vacancy configurations are in
outside the brackets with each spectrum observed during the de-excitation cascades.
The Auger satellite spectra appearing during the cascade development result from
energy transitions that depend on the distribution of vacancies in the atomic
configurations. These spectra are emitted in the presence of different configurations of
additional vacancies left by preceding Auger transitions. The spectator vacancies
change the screening of the electrons, thereby shifting the various partial spectra
against each other. As shown in the figure, that the L spectator vacancy increases the
Auger transition energy by view eV, whereas M spectator hole lowers the L-MM
Auger transition energy by several eV.

Figure 3 shows the calculation of ion charge state distributions with and without
consideration the energy forbidden transitions. It is found that, the forbidden of some
low energy Auger transitions lead to increase the number of vacancies in the atom
through the vacancy cascade development. The neglecting of the forbidden energy
transitions in the calculations could change the successive of vacancy filling process
that influences the results of ion charge state distributions. The de-excitation of core
hole in Ar gives rise to different ionic charges. Each branch of the de-excitation leads
to an ion of a specific charge. Ar*" ions are formed from Lo; hole and subsequent L,3-
MM Auger transitions. The L3 hole is generated after filling K-shell vacancy via

K, fluorescence. The K ionization followed by K-L,3sM Auger transition leads to

Ar’”. The de-excitation pathway after K shell ionization is K-LysM, Lys[M]-MM[M],
this cascade leading to a stable M hole state (Ar3+). The subsequent of K-Lj3L3
gives rise to final Ar*" jons. The de-excitation pathway of K shell hole is the
successive K-LysLos, Los[Las]-MM[Lys], Los[M*]-MM[M?]. Ar’" ions arise from
subsequent K-L,3L,3 transition and from shake-off process. This process occurs from
primary ionization and from Auger transitions in the course of de-excitation cascades.
The electron shake-off process leads to additional holes in the outer shell of atom.

The de-excitation of K holes leads to production of Ar*" (n=4-6) ions. This hole
transferred via K-L;L; Auger transition, and subsequent L,[L;]-LosM[L,], L;[L3M]-
LsM [LasM], Las[LosM*]-MM[L,3M?], Los[M*]-MM[M*]. This branching gives rise
to stable M hole state (Ar®"). The consideration of Auger channels with forbidden
energy in the course of de-excitation decays after K shell ionization leads to

agreement results for ion charge state distributions with the experimental values.



4- Conclusions

The Auger spectra formed during vacancy cascade are calculated for certain
Auger line of Ar atom after K shell ionization. The Auger transition rates and
transition energies are obtained using Dirac- Fock -Slater wave functions. The
influence of multi- vacancy that created through de-excitation cascades is considered
in the calculation of ion charge states. The forbidden Auger channels due to the shift
of binding energy levels are presented for L- Auger transitions. The Auger transition
energy shifts in Ne and Ar atoms with several vacancies in the electronic
configurations are calculated in the present work. The results for highly charged ions

followed of K-shell ionization in Ar atom agree well with the experimental values.
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Figure 1: The shifts of Auger electron energy of multi-ionized Ne
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Figure 2: The Auger spectrum for selected lines after K-shell ionization in Ar atom
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Figure 3: Charge state of ions produced after K- ionization in Ar

12

© @&



