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Abstract

Selection random number method (Monte Carlo technique) is used to calculate the ion charge state
distributions (CSD) and mean ion charge q̄ after K-, LI , LIII- and MI - shell ionization in neutral atoms
and their q-fold ground state ions (q = 0 to 10) from C to Fe elements. Atomic data for radiative
and non-radiative transitions and electron shake off process, which is used in the modeling vacancy
cascade program, are computed with relativistic wave functions. Use of atomic data is important to
accurately model vacancy cascades. To enhance the agreement between calculated and experimental
values, the electron shake-off processes and shifts of the electron energy level during vacancy cascade
propagation have been considered. The results obtained from present calculations reasonably agree with
other calculation and experimental spectra.
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1. Introduction

The ionization of an inner-shell electrons leaves the atomic system in a very unstable electronic configura-
tion which may decay by either a radiative or non- radiative transitions. The filling of an inner-shell vacancy
in an atom or ion may produce new vacancies in higher shells which can then be filled by further radiative
and/or non-radiative transitions. Such successive transitions during the atomic reorganization, known as a
vacancy cascade process, continues until all vacancies reach the outermost occupied shell. Thus very high
charge states are ultimately produced. During the vacancy-cascade development many photons and Auger
electrons may be emitted. In addition to the vacancy filling processes (x-ray and Auger transitions), there is
an electron shake-off process. It can be interpreted as when a vacancy is created, there is a small probability
that an electron in another shell will be excited to an unoccupied bound state or ejected into the continuum
as the result of the sudden change of atomic potential. This secondary process causes additional vacancies
during the vacancy cascade development and plays an important role in the final charge state distribution
(CSD) of ions.

Extensive experimental and theoretical studies of vacancy cascades after inner shell vacancy production
have been reported in a number of works. Snell [1] measured the charge state ions for rare gases after nuclear
decay using a charge spectrometer.

Carlson and Krause [2], Carlson et al. [3], and Krause and Carlson [4] have measured CSD produced by
inner-shell photoionization in rare gas atoms using photons energies obtained from x-ray tubes. Hastings et
al. [5], Tonuma et al. [6], Hayashi et al. [7] and Mukoyama et al. [8] have investigated the vacancy cascade
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for Kr and Xe as a function of photon energy using synchrotron radiation (SR) and time of flight (TOF)
spectrometer. Atomic rearrangement of fast heavy ions passing through solid targets has been studied using
simulation method by Mukoyama [9].

Understanding of CSD can be applied to calculating the ionization equilibrium of interstellar gas, involv-
ing CSD atomic data for various atoms and ions. In particular, such data are collected for elements up to Ar
[10] and is important for studying the production and storage of cold ions [11]. Charge multiplying cascades
are also of interest for understanding basic processes in electron impact ion sources [12]. The knowledge of
the ion charge state distribution (CSD) is necessary to study plasma diagnostic [13].

In the calculation of vacancy cascades, techniques that either use only the most important radiative
and non-radiative transitions involved in filling the various vacancies in atoms [14], or random selection
techniques i.e. Monte-Carlo techniques have been considered. Carlson and Krause [15] and Mukoyama
[16] have estimated the charge distribution of ions following inner-shell vacancy production for Ar, Kr and
Xe. They traced successive x-ray and Auger transitions via a Monte Carlo technique. Mirakhmedov and
Parilis [17] discussed a calculation of a vacancy cascade for Kr. They took to consideration during cascade
development some Auger channels that turn out to be energetically forbidden due change in the electron
binding energy.

Opendak [18] used a Monte Carlo method to simulate vacancy cascade following inner-shell vacancy
production in atoms and their ground state ions of Z = 11 to 26. The data for radiative and non-radiative
transition for single ionized atoms, used in their computer model, were collected from various literature
sources [19,20,21,22]. The electron shake off, which results from a sudden change in atomic potential and
Auger channels that turn out to be energetically forbidden due to the change in the electron binding energy
are neglected in his calculations.

In the present paper, we present results of our study of CSD of ions and the probabilities p(q) associated
with various inner-shell vacancies in ionized atoms and their q-fold ground state ions (0 ≤ q ≤ 10) from
C up to Fe. A Monte Carlo method is used to simulate the vacancy cascade. In the study of CSD for
ions, the problem is that, for most elements, consistent sets of atomic data are not available. Therefore,
radiative transition data for single ionized atoms and their ground state ions are calculated with the Nonortho
program developed by Reiche [23] using Multiconfiguration Dirac-Fock (MCDF) wavefunctions performed
with the Grasp-code [24,25,26]. The non-radiative transitions using Dirac-Fock-Slater (DFS) wavefunctions
were computed with a code written by Lorenz and Hartmann [27]. Electron shake-off probabilities were
computed using a computer code written by El-Shemi [28]. The closing of energetically forbidden Auger
and Coster-Kronig channels, which occurs due to multiple-vacancy creation in the atomic structure, and the
electron shake-off process are considered in our calculation. The present results are compared with both
theoretical and experimental values.

2. Theoretical Analysis

A Monte Carlo method has been used to calculate the vacancy cascades produced after inner-shell
ionization in atoms and their ground state ions. The calculation is accomplished after consideration of
all possible radiative (x-ray), non- radiative (Auger-and Coster-Kronig) transitions and electron shake-off
probabilities. Analysis of the cascade are described in details in [29,30]. To realize a Monte Carlo selection
of the actual de-excitation channel, the probabilities of all de-excitation channels were normalized to one.
The random number generated in the interval (0,1) selects the next de-excitation step, including vacancy
transfer and ionization. After production a new vacancy in an actual subshell, the program at first controls
whether shake-off takes place or not. If the sum of all normalized shake-off probabilities of the preceding
vacancy configuration is greater than the random number, then a shake-off process takes place. The channel
whose subshell shake-off probability value coincides with the random number generated will be activated.
After the decision about the occurrence of shake-off processes, the program selects the next de-excitation
channel by generating a new random number. The value of the random number is compared with the
value of fluorescence yield to determine whether radiative or non-radiative transitions take place. Following
this decision the actual de-excitation channel is chosen in analogy with the determination of the shake-
off channels. For each new vacancy the program code goes back to the first step described above. The
generation of new vacancy configurations continues until all vacancies have reached the outer shell (i.e. an
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energetically stable state). Then the number of vacancies is recorded. After finishing off a cascade the same
initial vacancy will once more be set in the considered inner shell and the cascade will be simulated again.
After 105 histories the charge state distribution CSD of ions and average ion charge state, q, are recorded.

The creation of multiple vacancies in atomic configurations during vacancy population causes transition
energy shifts [31] and may result in an energetic closing of channel for certain Coster-Kronig transitions. In
the determination of the population of the multiple vacancy states, the vacancy cascade modeling takes into
account the fact that the change of radiative and non-radiative transition rates due to transition energy shifts.
The correction of the transition rates quantum mechanically requires more complex calculations. Therefore
the transition rates were calculated according to the following scheme. At first, quantum mechanically
determined transition rates were calculated for single ionized atoms and ground state ions. Then for all
other configuration with more vacancies, the corrected transition rates are calculated using the scaling
procedure proposed by Larkins [32]. The comparison between quantum mechanically calculated results and
the corresponding results based on scaling procedure method shows that the deviation of the change of
transition rates is not significant, as shown in Figure 1 for K-x-ray multiply ionized neon. So, the corrected
transition rates during vacancy cascade development are obtained using the scaling procedure.
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Figure 1. Comparison of K x-ray for multiply ionized neon between our exact Quantum mechanical calculation and

statistical method [32].

3. Results and Discussions

During the cascade propagation electron transitions are accompanied by shifts of the electron energy
levels, from which some initially allowed Coster-Kronig transition may be become energy forbidden. Figure
2 shows a closing of energetically forbidden Coster-Kronig channels for Fe ion ground states at increasing
ion charge state q. The results have been obtained from DFS calculations. The transitions energies are
approximately computed using the (Z+1) rule

E(n1l1 → n2l2n3l3) = EBn1l1 (Z) − 1
2
[EBn2l2 (Z) +EBn2l2 (Z + 1) + EBn3l3(Z) + EBn3l3(Z + 1)],

where EB(Z) and EB(Z+1) are the binding energies for the shells n1l1, n2l2 and n3l3 in atoms with Z and
Z+1 atomic numbers, respectively. The non-radiative transition allowed under this condition is

EBn1l1 (Z)〉1
2
[EBn2l2(Z) + EBn2l2 (Z + 1) +EBn3l3 (Z) +EBn3l3 (Z + 1)].

Figures 3 and 4 show ion charge state distributions (CSD), q, produced after creation of the primary
K-, LI - and LIII vacancies in neon and argon atoms, in comparison with other theoretical values from
Opendak [18] and experimental results [3]. It is found from the comparison that the selection of atomic
data and the consideration of secondary effects during vacancy cascade development improve the agreement
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between the calculated values and the experimental spectra. We see that neon has two-fold ionization, as
demonstrated by the ion charge state following de-excitation of the K-shell primary vacancy. That is because
after K-shell ionization in neon, the probability of Auger K-LL is higher than the K-fluorescence yield. As
a result of Auger transition K-LL, two-fold ionization (Ne2+) is dominant. The resulting ionization are
higher than two-fold due to shake-off processes in elements up to neon. Ar4+ is dominant in Argon because
more KLM and LLM non-radiative transitions contribute to the vacancy cascades. The average number of
additional ejected electrons as a function of the primary ionization state of ions can be obtained from the
sum q̄ =

∑
qp(q), where q is the degree of ionization and p(q) is the propability of ejected electrons. The

results obtained for the average charge state ionization as function of initial inner shell vacancy agree well
with the corresponding experimental data.
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Figure 2. Closing of energy forbidden Coster-Kronig transitions for iron ground states with increasing ion charge

state q.
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Figure 3. Ion charge distribution (CSD) q produced after K-, and LI shell in neon.

Figure 5 shows the ion charge state distributions (CSD) following after K-, LI - and LIII - vacancies in
Fe atom (Z=26). The ion charge states are shown as complex spectrum in Fe atom, because the atomic
structure in Fe is complex in comparison with the atomic structure of argon and neon atoms. The increasing
number of Auger and Coster-Kronig transitions is due to a higher ion charge distributions (CSD).

Tables (1-4) show the dependence of average ion charge states q̄ on the degree of ionization (i = 1 to 10)
after de-excitation of K-, LI -, LIII - , and MI sub-shells vacancies in elements with atomic number Z from 6
to 26. The tabulated results show that the deeper vacancies lead to higher average ion charge states (q̄). But,
the primary vacancies in outer-shells produce ions charge states with small ionization degree, because during
vacancy cascade development the number of possible de-excitation channels is restricted. The tabulated
results indicate that the average ion charge states q increase with increasing atomic number Z.
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Figure 4. Ion charge distribution (CSD) q produced after K-, LI , and LIII shell in argon.
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Figure 5. Ion charge distribution (CSD) q produced after K-, LI and LIII shell in iron.
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Table 1. The average ion charge states following K-shell ionization for neutral atoms and ground state ions from

Z = 6 to Z = 26.

Z
q
F
F
F
F
F
F

0 1 2 3 4 5 6 7 8 9 10

6 1.99 1.99 1.99 1.00
7 1.01 1.00 1.00 1.00
8 1.97 1.98 1.00 1.00
9 1.96 1.97 1.97 1.00
10 2.22 2.21 2.19 2.18 2.07 2.06 2.01 1.02 1.00 1.00 1.00
11 2.34 1.98 1.98 1.98 1.98 1.97 1.96 1.99 1.00 1.00 1.00
12 3.44 2.71 2.09 2.09 2.08 2.07 2.00 1.99 1.00 1.00 1.00
13 3.98 3.25 2.74 2.11 2.01 2.08 2.00 1.99 1.00 1.00 1.00
14 4.51 3.86 3.16 2.27 2.02 2.01 2.01 1.99 1.94 1.93 1.00
15 4.12 3.91 3.24 2.99 2.52 1.94 1.94 1.93 1.92 1.89 2.00
16 4.11 4.05 3.86 3.21 2.89 2.24 1.92 1.92 1.92 1.89 1.87
17 4.04 4.04 3.20 3.79 3.19 2.88 1.92 1.97 1.92 1.90 1.89
18 4.37 4.34 4.30 4.16 3.81 3.30 2.90 2.81 1.90 1.85 1.90
19 4.32 3.83 3.83 3.83 3.82 3.64 3.09 2.93 1.86 1.87 1.85
20 5.13 3.74 3.62 3.80 3.79 3.73 3.60 3.56 2.81 2.74 1.84
21 3.74 3.75 3.75 3.45 3.75 3.74 3.68 3.60 3.45 2.82 1.80
22 5.66 5.07 4.42 4.05 3.95 3.80 3.70 3.65 3.60 2.99 2.73
23 6.12 5.20 4.63 4.37 4.13 3.91 3.79 3.68 3.68 3.08 3.01
24 6.20 5.34 4.67 4.11 4.09 3.93 3.74 3.52 3.50 3.41 3.18
25 6.38 5.66 4.72 4.10 4.07 3.99 3.75 3.53 3.52 3.50 3.44
26 6.39 5.93 5.16 4.58 4.29 4.08 5.09 3.64 3.43 3.44 3.42

Table 2. The average ion charge states following LI -shell ionization for neutral atoms and ground state ions from

Z = 6 to Z = 26.

Z
q
F
F
F
F
F
F

0 1 2 3 4 5 6 7 8 9 10

6 1.00 1.00 1.00
7 1.00 1.00 1.00
8 1.00 1.00 1.00
9 1.00 1.00 1.00
10 1.08 1.07 1.07 1.06 1.02 1.01 1.00 1.00 1.00 1.00 1.00
11 1.99 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
12 2.27 2.19 1.03 1.03 1.03 1.02 1.00 1.00 1.00 1.00 1.00
13 2.48 2.25 1.14 1.03 1.03 1.02 1.00 1.00 1.00 1.00 1.00
14 3.6 3.44 2.19 2.08 1.03 1.02 1.01 1.01 1.00 1.00 1.00
15 2.98 2.98 2.98 2.00 2.00 1.00 1.00 1.00 1.00 1.00 1.00
16 2.97 2.97 2.97 2.98 2.00 2.00 2.00 1.00 1.00 1.00 1.00
17 2.97 2.97 2.97 2.97 2.97 2.00 2.00 1.00 1.00 1.00 1.00
18 3.24 3.23 3.20 3.13 3.03 2.96 2.02 1.02 1.00 1.00 1.00
19 3.55 2.96 2.96 2.96 2.96 2.96 2.95 2.00 2.00 1.00 1.00
20 4.13 3.83 3.04 3.04 3.02 3.00 2.95 2.92 2.00 1.00 1.00
21 2.95 2.95 2.95 2.95 2.95 2.95 2.94 2.93 2.94 2.00 1.99
22 4.76 4.15 3.13 3.11 3.10 3.06 2.95 2.93 2.89 2.84 2.00
23 5.26 4.32 4.19 3.15 3.11 3.09 2.96 2.94 2.88 2.85 2.08
24 5.48 4.61 4.22 3.18 3.21 3.19 2.99 2.94 2.89 2.99 2.57
25 5.51 4.92 4.00 3.27 3.25 3.21 3.13 2.95 2.95 2.94 2.91
26 5.57 5.29 4.68 4.17 4.01 3.88 3.42 3.10 2.95 2.94 2.94
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Table 3. The average ion charge states following LIII-subshell ionization for neutral atoms and ground state ions

from Z = 6 to Z = 26.

Z
q
F
F
F
F
F
F

0 1 2 3 4 5 6 7 8 9 10

6
7
8
9
10 1.03 1.02 1.01 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
11 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
12 2.18 1.19 1.01 1.01 1.00 1.00 1.00 1.00 1.00 1.00 1.00
13 2.72 1.74 1.88 1.05 1.00 1.00 1.00 1.00 1.00 1.00 1.00
14 2.99 2.94 2.35 1.35 1.01 1.00 1.00 1.00 1.00 1.00 1.00
15 1.99 1.99 1.99 1.99 1.00 1.00 1.00 1.00 1.00 1.00 1.00
16 1.99 1.99 1.99 1.99 1.99 1.00 1.00 1.00 1.00 1.00 1.00
17 1.99 1.99 1.99 1.99 1.99 1.00 1.00 1.02 1.00 1.00 1.00
18 2.18 2.18 2.08 2.16 2.08 2.06 2.00 1.98 1.00 1.00 1.00
19 2.23 1.99 1.99 1.99 1.99 1.98 1.99 2.02 1.00 1.00 1.00
20 3.23 2.46 2.10 2.08 2.08 2.08 2.02 198 1.98 1.97 1.00
21 1.99 1.99 1.99 1.99 1.99 1.99 1.99 2.09 1.98 2.00 1.00
22 3.95 3.09 2.89 2.88 2.82 2.35 2.09 2.10 2.00 2.00 1.97
23 3.98 3.74 3.05 2.90 2.81 2.51 2.12 2.03 2.00 2.00 2.00
24 4.01 3.81 3.13 2.99 2.87 2.67 2.13 2.02 2.00 2.02 2.00
25 4.19 3.89 3.26 3.03 3.02 2.81 2.15 2.13 2.03 2.02 2.02
26 4.10 3.99 3.61 3.55 3.76 3.09 2.81 3.13 2.02 2.02 2.02

Table 4. The average ion charge states following MI -subshell ionization for neutral atoms and ground state ions

from Z = 6 to Z = 26.

Z
q
F
F
F
F
F
F

0 1 2 3 4 5 6 7 8 9 10

6
7
8
9
10
11
12 1.00
13 1.00
14 1.00
15 1.00
16 1.00
17 1.00
18 1.00 1.00
19 1.99 1.00
20 2.25 1.98
21 2.44 2.15
22 2.97 2.94 2.01
23 3.10 3.09 2.91
24 3.22 3.10 3.01 2.55
25 3.24 3.15 3.08 3.03 3.02 2.06 2.04
26 2.25 3.18 3.10 3.09 3.06 3.02 2.05 2.04
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4. Conclusion

• Ion charge state distributions (CSD) and mean charged ions produced after inner ionization in neutral
atoms and ion ground state ions for elements from Z = 6 to Z = 26 have been calculated.

• Atomic data for radiative transition rates and electron shake-off have been calculated using MCDF
wavefunctions, and non-radiative transition rates have been obtained by DFS wavefunctions.

• The selection of atomic data is important to accurately model the vacancy cascades.

• Considering the electron shake off probabilities and closing of some Coster Kronig channels, which are
energetically forbidden during vacancy cascades propagation, enhance the agreement between present
calculation and the experimental data.
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