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Multiple Auger decay following ionization-excitation of Ne I
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The photoionization-excitation spectrum of Ne I, in which an electron in the 1s shell is ionized and the 2p
orbital electron simultaneously excited to the np orbital, is investigated in detail for complex satellite states
Ne+ 1s–12p–1(1,3P)np (n = 3, 4, 5, 6, 7). Then, the multiple Auger decay process is studied using the multistep
method, including cascade, knock-out, and shake-off mechanisms, based on perturbation theory for the satellite
states Ne+ 1s–12p–1(1,3P)np (n = 3, 4) with two holes. The major single Auger decay can be described as a
spectator process that valence electrons remain in the original orbitals. For double Auger decay, direct and
cascade processes are considered, in which the direct mechanism is dominated by the spectator process, while the
cascade mechanism is mainly from the participator process. For triple Auger decay, the important contribution
is from the process consisting of direct double Auger and the subsequent single Auger electron emissions. The
calculated ion yields of Ne2+, Ne3+, and Ne4+ for multiple Auger process of satellite states Ne+ 1s–12p–1(1,3P)np
(n = 3, 4) are consistent with experimental values [Hikosaka et al., Phys. Rev. A 97, 023405 (2018)].
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I. INTRODUCTION

The photoionization-excitation process can produce a se-
ries of satellite states where the emission of electron in the
inner shell is accompanied by the simultaneous excitation of
a valence electron to the energetically allowed unoccupied
shell. Satellite states having abundant atomic structures can
also provide more important information on electron correla-
tion [1,2], and the formation and decay mechanisms of them
are expected to become a powerful tool for material analysis
and chemical research [3,4]. The decay of inner-shell vacancy
states can take place by Auger transition where the filling of
the vacancy by the outer-shell electron is accompanied by the
simultaneous emission of another outer-shell electron [5]. The
Auger process will affect the degree of ionization, which is a
decisive parameter for plasmas in laboratory ion sources, soft
x-ray lasing based on inner-shell transitions in plasma, fusion
reactors and in astrophysics [6,7].

Satellite or shakeup structure of atoms and molecules have
been studied for several decades [8–12]. In terms of the
experiment, using the x-ray photoelectron spectroscopy, the
satellite states of rare-gas Ne+1s−1, Ar+2p−1, Kr+3d−1, and
Xe+4d−1 were measured [8,13,14]. Becker et al. revealed
Auger decay of a series of Ne satellite states by using a time-
of-flight photoelectron spectrometer that promoted further
development of the experiment [15]. The different generated
channels of Ar+2p−1 satellite states in the photoionization-
excitation process were measured by Sankari et al. [16].
However, it is a great challenge for the theorists to study the
structures and decay mechanisms of them due to many-body
correlation, and the configuration interaction (CI) method was
used to study only the structure of satellite states, without
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involving the decay mechanism [17,18]. In 2006, single Auger
decay (SA) of K+(2p–14s–1nl ) were considered using multi-
configuration Dirac-Fock method [19], and the structures of
Si+2p–1 and Si+2s−1 satellite states were discussed by Jänkälä
et al. and Partanen et al., respectively, using the same method
[20,21].

With the development of the experimental technology, the
Auger decay of satellite states can be effectively isolated from
photoionization using a magnetic bottle time-of-flight spec-
trometer [22–24]. In 2012, the different SA decay channels
of Ar+2p−13p−1np (n = 4, 5, 6) and Ar+2p−13s−14s were
observed by Nakano et al. [25]. In 2018, the multiple Auger
decay of Ne+1s–12p–1np (n = 3, 4) was measured using the
multielectron coincidence method by Hikosaka et al. [23]. In
2020, the interesting phenomenon was found that the satellite
states Ne+1s–12s–1nl (nl = 3s, 3p) firstly emit a slow electron
while the deep vacancies remain spectator [26]. To the best
of our knowledge, there are few theoretical works devoted
to exploring the single Auger processes of the satellite states
[19–21], and even fewer for multiple Auger decay; therefore,
its research is highly expected.

In this work, the photoionization excitation processes of Ne
I are investigated, in which the satellite states Ne+1s–12p–1np
are generated by ionizing a 1s electron and simultaneously
exciting the 2p orbital electron to the np orbital. The en-
ergy position, relative intensity (the photoionization cross
section of Ne+1s–1 is normalized to 1) and ratio B of satellite
states Ne+1s–1

2p–1(3P)np (n = 3, 4, 5, 6, 7) are obtained. In
the subsequent parts, the satellite states Ne+1s–1

2p–1(3P)np
and Ne+1s–1

2p–1(1P)np are abbreviated as Ne+ (3P)np and
Ne+ (1P)np. Based on perturbation theory, the rates of SA,
double Auger (DA), and triple Auger (TA) decay of the main
satellite states Ne+1s–12p–1np (n = 3, 4) are studied includ-
ing indirect (cascade) and direct mechanisms by using the
multistep method. The knock-out (KO) and shake-off (SO)
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mechanisms have been used to deal with direct multiple Auger
decay [27,28], direct ion-atom collision processes [29], which
can successfully explain experiments, and they are used to
investigate the direct multiple Auger process of satellite states
in this work. Ion yield is an important parameter for studying
the interaction of x rays and ultrafast x rays with atoms [30].
Our multiple Auger decay rates, the Auger electron spectra,
and the ion yield are consistent with the experimental results
[23].

The subsequent arrangement of the paper is as follows. In
Sec. II, the theoretical method is introduced. In Sec. III, the
photoionization spectrum, the Auger electron spectrum, the
Auger transition rates, and the BRs of different configurations
as well as the ion yields are presented and discussed in detail.
Lastly, a brief conclusion is given in Sec. IV.

II. THEORY

The multi-configuration Dirac-Hartree-Fock is a common
and effective ab initio method for the calculation of multielec-
tron atomic or ionic systems. The detail of this method was
described by Grant [31], and is briefly introduced here. The
atomic state functions

|�PJM〉 =
nc∑

i=1

ci�|γiPJM〉 (1)

are obtained by a linear combination of configuration wave
functions (CSFs). The P, J, and M are parity, electronic
total angular momentum, and magnetic quantum number, re-
spectively; ci� are the mixing coefficients that represent the
interaction between CSFs, and γ is the other quantum number
that defines uniquely CSF [32]. The CSF is antisymmetric
functions obtained by the product of all-electron orbital wave
function. Satellite states Ne+1s–12p–1np are produced after an
electron of 1s orbital is ionized, and a 2p orbital electron is
simultaneously excited to the np orbital:

hν + Ne → Ne+(1s−1) + e−
p → Ne+(1s−12p−1np) + e−

p .

(2)
The generation of such complex satellite states is usually

caused by the electron-electron interaction of the final states,
and it is very important to consider the electron correlation
effect.

Using the obtained wave function for neutral and satel-
lite states, the photoionization cross section is calculated by
dipole approximation:

σαβ (JβMβ ) = 4π2αω

3(2Jα + 1)

∑
κ,JT

|D(ω; JβMβ, κ : JT MT )|2. (3)

Jα and JT are the total angular momentum of
the initial state |ψα〉 = |ψ (JαMα )〉 and final state
|ψt 〉 = |ψ (JβMβ, κ : JT MT )〉, respectively, of satellite states
|ψ (JβMβ )〉 plus a photoelectron electron, and κ is the
photoelectronic relativistic angular quantum number. To
analyze the satellite states, in Eq. (3), the relaxation process
of electrons was considered [24].

The SA transition process of satellite states can be ex-
pressed as

Ne+(1s−12p−1np)
SA−→ Ne2++e−

A , (4)

where e−
A represent Auger electron. The corresponding transi-

tion probability is [27,28]

A1
βγ =

∣∣∣∣∣
〈
ψ2+

γ , ε1κ1; JT1 MT1

∣∣ N∑
i< j

1

ri j
|ψ+

β 〉
∣∣∣∣∣
2

, (5)

where the |ψ2+
γ , ε1κ1〉 are the final states of Ne2+, ε1 and κ1

are energies and angular quantum numbers of Auger elec-
trons, respectively. JT1 is the total angular momentum of final
ionic states of Ne2+ coupling with the continuum Auger
electron.

Generally, the DA process is divided into direct and indi-
rect processes [33,34]. The direct DA (DDA) process assumes
that two Auger electrons are emitted simultaneously, which
can be shown as

Ne+(1s−12p−1np)
DDA−−→ Ne3++2e−

A . (6)

In general, the DDA processes are handled by KO and SO
mechanisms [35,36]. The KO mechanism can be considered
as the electron impact ionization process between the inter-
mediate Auger electron with energy ε1 and intermediate states
|ψ2+

γ 〉. The transition rate is [34,37]

A2
βδ (DK )

=
∑

γ

A1
βγ �γδ (ε1), (7)

where A1
βγ is the rate of SA process from satellite states to

intermediate states of Ne2+, �γδ (ε1) is the collision inten-
sity due to the inelastic scattering of the intermediate Auger
electrons with energy ε1. For the SO mechanism, because of
the sudden change of atomic potential by the SA decay, two
Auger electrons are emitted [33,35], then the transition rate
can be expressed as

A2
βδ (DS)

=
∑

γ

A1
βγ

∣∣〈ψ3+
δ ε2κ2; JT2 MT2

∣∣ψ2+
γ

〉∣∣2
. (8)

The states |ψ3+
δ , ε2κ2〉 represent final states of Ne3+, plus

a continuum Auger electron with the relativistic angular
quantum number κ2, 〈ψ3+

δ ε2κ2; JT2 MT2 |ψ2+
γ 〉 is overlapping

integration due to relaxation effects between the “intermedi-
ate” states of Ne2+ and final states |ψ3+

δ , ε2κ2〉 [33,38,39].
For the indirect DA process, it is usually assumed to be a

cascade DA (CDA) process, as follows:

Ne+(1s−12p−1np)
SA−→ Ne2+∗+e−

A
auto−ionization−−−−−−−−→ Ne3++2e−

A ,

(9)

in which the satellite states Ne+1s–12p–1np transition to the
intermediate autoionization state of Ne2+, which can decay
further to the final state of Ne3+ by emitting two Auger elec-
trons step by step. The expression of transition rate for CDA
is as follows:

A2
βδ (DC)

=
∑

γ

A1
βγ A1

γ δ�
−1
γ , (10)

where A1
γ δ is the transition rate from the intermediate Ne2+

state |ψγ 〉 to the final Ne3+ state |ψδ〉, and �γ represents the
total decay rate of the intermediate state |ψγ 〉.

In this work, the wave functions are calculated with the
GRASP2K code [40]. The photoionization cross section and
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rates of the SA process are obtained by the PHOTO compo-
nent and the AUGER component of the RATIP-2012 program
[41], respectively. The Flexible Atomic Code [33,42] is used
to compute the impact ionization strength and overlapping
integral for obtaining the rates of DDA and TA decay.

III. RESULTS AND DISCUSSION

In this section, the photoionization spectra of Ne I, the en-
ergy positions and intensities of various satellite states, Auger
electron spectrum, and the ion yields for multiple Auger
decay processes are obtained and analyzed in detail. The
photoionization and Auger electron spectrum are obtained by
convolving photoionization cross section and Auger rates with
a Gaussian profile of specific full width at half maximum
(FWHM), respectively, based on the energy resolving power
of the spectrometer E/�E ∼ 60 in the experiment [23].

A. Ionization-excitation process of Ne I

For the photoionization-excitation processes, due to the
rearrangement of electron density in the photoionization pro-
cess of 1s shell, the shakeup processes of valence electrons
2p → (3p, 4p, 5p, 6p, 7p) are induced. Then, the initial states
of Ne I and final Ne+ states were optimized separately [43,44],
and the biorthogonal transformation between initial and final
states is considered by using the biorthogonal component
BIOTRA of the GRASP2K program [40]. For describing the
structures of main states and the complex satellite states,
the self-consistency procedures were performed for reference
configurations 1s22s22p6 of Ne I and 1s–1, 1s–1 2p–13p of
Ne+ ion to obtained orbital wave functions, respectively. The
large-scale CI calculations are considered by including the
configuration spaces of all single and double (SD) excitations
from the reference configurations into 3s, 3p, 3d , 4s, 4p, 5p,
6p, 7p, and 8p orbital. Our test calculations show that the
configurations with higher states can be ignored.

The cross sections are revealed by the solid vertical lines at
the bottom of Fig. 1. The photoionization spectrum is obtained

FIG. 1. Theoretical and experimental [23] photoionization spec-
tra for Ne atom. The locations and intensities of main states 1s−1 and
its satellite states are indicated with vertical bar in the bottom.

by convolving the cross sections with a Gaussian profile of
2-eV FWHM for the energy of photoelectron around 120 eV,
and agree with the experimental spectra [23]. For the satellite
states, it is found that the main peak around 96 eV contained
the states Ne+ (1P)3p and Ne+ (3P)4p, the former makes
the main contributions. It can be seen from Fig. 1 that Ne+

ions have abundant satellite structures with two vacancies.
The satellite states Ne+1s−12s–1(1,3S)ns (n = 3, 4) are not
considered in this work, since their intensities are one order
of magnitude smaller than those of Ne+ (1,3P)np.

It should be noted here that for comparison with exper-
imental [45] and other theoretical results [46], the relative
intensity (the photoionization cross section of Ne+1s–1 is
normalized to 1), energy positions of complex satellite states
Ne+ (1,3P)np are listed in Table I. For the energy positions,

TABLE I. The energy and intensity relative to that of Ne+1s–1 state for satellite states Ne+1s–12p–1(1,3P)np and ratio B are compared with
theoretical (Theo.) [46] and experimental (Expt.) results [45]. The ratio B represents the proportion of the intensity to the total satellite states
intensity; n represents the principal quantum number of valence electrons.

Relative energy (eV) Intensity (%) Ratio B (%)

n Expt. This work Expt. This work Theo. Expt. This work Theo.

Ne+1s–12p–1(3P)np 3 37.30 37.17 3.27 2.86 1.07 31 31 16
4 42.30 42.08 1.90 1.53 1.34 18 17 20
5 44.06 43.81 0.50 0.53 1.05 5 6 15
6 45.02 44.73 0.30 0.35 3 4
7 45.91 0.11 1

>7 0.02 ∼0

Ne+1s–1 2p–1 (1P) np 3 40.71 40.75 3.15 2.08 1.60 29 23 23
4 46.39 45.92 1.20 1.00 1.27 11 11 19
5 48.41 48.86 0.40 0.42 0.50 4 5 7
6 49.45 49.41 0.16 2
7 51.90 0.09 1

>7 0.01 ∼0
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our results are consistent with the experimental ones [45], in
which the maximum difference is 0.47 eV corresponding to
the satellite states Ne+ ( 1P)4p. For the intensities, the satellite
state Ne+ ( 1P)6p is observed in the experiment, while its in-
tensity is not given in the literature due to the mixing with Ne+

( 1P)7p [45]. In this work, the intensities of satellite states Ne+

(1,3P)np (n = 3, 4, 5, 6, 7) are obtained. Since both our and
experimental intensities [45] of satellite states Ne+ (1,3P)np
are relative to that of Ne+1s–1 state, for comparison, the in-
tensities given in Table 4 of Ref. [46] have been divided by
that of the main line. As shown in Table I, compared with
experimental results [45], the present intensities of satellite
states Ne+1s–12p–1(1,3P)np are better than those obtained by
Kiselev et al. [46] with the nonrelativistic L-S (L represent
the orbital angular momentum and S represent spin angular
momentum) coupling approximation method. It should be
pointed out that satellite states are sensitive to electron cor-
relations; therefore, the configuration space of Kiselev et al.
[46] less than ours may be the main reason for the difference
in results. Although the relative intensity of Ne+ (3P)np and
Ne+ (1P)np series are slightly smaller than the experimental
values [45], the ratios of lower Ne+ (3P)np series to upper
Ne+ (1P)np ones are 1.04, 1.53, and 1.26 for n = 3, 4, 5,
which are consistent with experimental [45] results of 1.37,
1.58, and 1.25, respectively. It is because the Ne+(1P)np
(n > 4) are autoionization states with Fano resonances; then,
the experimental intensities of Ne+ (1P)4p and Ne+ ( 1P)5p
have a certain deviation, which is explained in the literature
[45]. Also shown in Table I, the contributions of Ne+(1,3P)np
(n > 7) are much smaller than that of Ne+ (1,3P)7p; there-
fore, the contributions of satellite states Ne+(1,3P)np with the
higher n can be ignored.

In order to analyze the contributions of the satellite states
Ne+ (1,3P)np (n = 3, 4, 5, 6, 7), the ratio B refers to the pro-
portion of the intensity to the total satellite states intensity,
and is also listed in Table I, which is consistent with experi-
mental results [45]. It should be mentioned that the difference
between the intensity of Kiselev et al. [43] and ours as well as
experimental results [45], the corresponding ratio B also have
deviation. It is an interesting phenomenon, whether it is Ne+

(3P) or Ne+ (1P) series, the relative strength of the satellite
states decreases approximately twice as n increases. This is
mainly because the electron interaction between 2p and np
(n = 3, 4, 5, 6, 7) orbits becomes weaker and weaker with the
increase of n. In Fig. 2, the probability density of 2p and
shakeup orbitals np (n = 3, 4, 5, 6, 7) are shown. One can find
that the density of orbitals np will move to larger r region with
the increase in n, resulting in the decrease of the overlap of 2p
with np; thus, the form of satellite states 1s–12p–13p is the
strongest shakeup channel. There is little difference between
the probability density of 2p and np orbital (n = 3, 4, 5, 6, 7)
for satellite states Ne+ ( 1P)np and Ne+ ( 3P)np, so as shown
in Table I, the intensities of Ne+ (1P)np (n = 3, 4, 5, 6, 7) are
close to that of triplet-state Ne+ (3P)np.

B. Single Auger decay of satellite states

In order to clearly illustrate the Auger transition process,
the energy levels of Ne ions are presented in Fig. 3. Since
the energy positions of satellite states are much higher than

FIG. 2. The probability density of electrons of 2p (black and
solid line), 3p (magenta and dashed line), 4p (wine and dotted line),
5p (purple and dashed-dotted line), 6p (blue and short dotted line),
and 7p (orange and dashed-dotted-dotted line) orbital for satellite
states Ne+1s–12p–1np (n = 3, 4, 5, 6, 7).

the corresponding ions, they can be decayed by direct or
cascade Auger process. The main configuration of final states
for the Auger decay process is marked in different colors. It is
important to study the SA transition process of satellite states,
which will directly affect the results of multiple Auger decay
processes. The orbital wave functions are obtained by opti-
mizing main configuration Ne+1s–12p–13p and 2p–2, 2s–12p–1

of Ne2+ ion by using self-consistent procedures, respectively.
In the CI calculation, the large-scale CSFs are produced by
SD excitations from the main configuration to the orbitals 3s,
3p, 3d , 4s, and 4p separately. In order to consider the fur-
ther Auger transition process, some important configurations
1s–12p–1nl , 1s–12s–1nl for Ne+ ions and 2p–3nl , 2s–12p–2nl ,

FIG. 3. Energy level diagram for Ne ions. Different Auger decay
processes from satellite states Ne+1s–12p–1np (n = 3, 4, 5, 6) are
presented.
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FIG. 4. The single Auger electron spectra of satellite states
Ne+1s–1 2p–1(3P)3p. The theoretical results are obtained by convolv-
ing the rates with a Gaussian profile of 15-eV FWHM for Auger
electron around 900 eV to compare with experimental ones [23].
The main transition rates are represented by vertical solid lines in
the bottom.

2s–22p–1nl (nl = 4d, 5s, 5p, 6s, 6p, 7s, 7p) for Ne2+ ions are
added, respectively. In addition, the biorthogonal conversion
is also performed for the initial and final states of multiple
Auger decay. The wave functions of Ne3+ and Ne4+ ions are
obtained by using the similar optimization method described
above for Ne2+ ions. For example, the reference configura-
tions 2p–3, 2s–12p–2 are considered for Ne3+ ions, and the
addition configurations [2s, 2p]–4nl (nl = 4d,, 5s, 5p, 6s, 6p,
7s, 7p) are included.

Since the ratio B of different initial states is considered in
Table I, we declare that A1

nm means the rate of SA decayed
from initial state n to final state Ne2+ m, where n = 1, 2, 3
represent the initial satellite states Ne+ ( 3P)3p, Ne+ (1P)3p
and Ne+ (1P)4p, respectively. At the same time, to describe
the contributions of the final states, the corresponding normal-
ized decay rates Ā1

nm

Ā1
nm = A1

nm

/
A1

n(total)

are also obtained, where A1
n(total) represents the total SA

rates decayed from satellite states n. The SA transition rates
of satellite states Ne+ ( 3P)3p are indicated by the solid
vertical lines, which correspond to the important states of
Ne2+ that are marked in Fig. 4. The SA decay spectra were
obtained by convolving the rates with a Gaussian profile of
15-eV FWHM for Auger electron around 900 eV, which are
consistent with the experimental measurements in energy po-
sitions and relative intensities [23]. In order to analyze the
SA electron spectrum in detail, the rates A1

nm, normalized
rates Ā1

1m, and the BR1
1 for different processes of the im-

portant final states decayed from satellite states Ne+ ( 3P)3p
are shown in Table II. For the SA of satellite states Ne+

( 3P)3p, the Ne2+2p–33p states around 110 to 116 eV are
formed mainly by the spectator process with contributions
of 26.79%. The states 2s–1

2p–23p are also produced by the
spectator process with the proportion of 15.66%. As the most
important transition, the rate of final states Ne2+2p–33p is
2.6 × 1013 s–1. In Table II, satellite states Ne+ ( 3P)3p de-
cay into states (2s2p)–33p resulting from spectator process
with accounting for 54.73%. Due to the interaction with
Ne2+2p–33p, the 2p–34p states with the rate 2.2 × 1013 s–1

are another important decay channel accounting for 22.96%

TABLE II. The single Auger rates (A1
1m) and corresponding nor-

malized decay rates (Ā1
1m) from satellite states Ne+ 1s–12p–1(3P)3p

to main final states Ne2+ (m) are listed. The branching ratios (BR1
1)

of different processes are also shown. The number in the parentheses
represents the powers of 10.

Ne2+ state (m) A1
1m Ā1

1m BR1
1(Process)

2p–2 2.7(10) 0.03 0.04 (Participator)
2s–12p–1 8.2(9) 0.01
2p–33s 7.1(9) 0.01 0.01 (Shakedown)
2p–33p 2.6(13) 26.79 54.73 (Spectator)
2s–12p–23p 1.5(13) 15.66
2s–22p–1 3p 5.8(12) 5.91
2p–43p2 4.8(12) 4.87
2p–4 3p4p 1.5(12) 1.50
2p–34p 2.2(13) 22.96 45.22 (Shakeup)
2s–12p–2 4p 1.1(13) 11.48
2s–22p–1 4p 6.5(11) 0.66
2p–35p 3.7(12) 3.83
2s–12p–2 5p 1.1(12) 1.08
2p–36p 3.2(12) 3.24
2s–12p–2 6p 1.9(12) 1.98
Total 1.1(14) 100 100

among 117 to 125 eV. In addition, the contribution of shakeup
2s–1

2p–23p → 2s–1
2p–24p process is 11.48% shows that the

shakeup processes are also important. The 2p–35p and 2p–36p
states are also produced by the shakeup process accounting
for 3.83 and 3.24%, respectively. The shakeup processes to
the np (n = 4, 5, 6) orbital with that of 45.22%, which in-
dicates significance of SA from satellite states Ne+ ( 3P)3p.
In addition, the BRs of 2p–2 and 2s–12p–1 states generated
by the participator process are weak with only 0.04%, which
are smaller than the experimental measurements as shown in
Fig. 4. It should be noted that those experimental intensities
mainly come from valence photoionization [47]. As shown in
Fig. 3, the final states 2s–2

2p–13p and 2s–2
2p–14p above the

ionization threshold can be mainly ionized by further cascade
process.

There is a strong interaction between satellite states Ne+

(1P)3p and Ne+ (3P)4p with a small energy interval, which
makes the decay process difficult to distinguish in the exper-
iment. In order to compare with the experimental SA spectra
[23] containing the contribution of satellite states Ne+ (1P)3p
and Ne+ (3P)4p, the theoretical SA spectra are shown in
Fig. 5(a). The individual SA spectra of the satellite states Ne+

(1P)3p and Ne+ (3P)4p are presented in Fig. 5(b). The 2p–33p
states around 110–116 eV are mainly formed from the specta-
tor decay of satellite states Ne+ (1P)3p, shown as the orange-
dashed line at Fig. 5(b), while final states 2p–34p among
117–125 eV produced by the spectator decay of the Ne+

(3P)4p, which can be seen in the purple-dotted line in
Fig. 5(b). By comparing panel (a) with panel (b) of Fig. 5, we
can obtain that the contribution among 125–137 eV is mainly
from the spectator decay of Ne+ (3P)4p states. As shown in
Table III, the large branching ratios BR1

2 of 55.0 and 41.42%
of (2s2p)–34p states and (2s2p)–33p reveal the importance of
the spectator process for the SA decay of Ne+ (1P)3p and Ne+

(3P)4p. The rates of 2p–33p states are 2.7 × 1013 s–1, resulting
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FIG. 5. The single Auger decay spectra containing the contribu-
tion from satellite states Ne+1s–12p–1(1P)3p and Ne+1s–12p–1(3P)4p
in (a) for comparing with the experimental spectra [23]. The individ-
ual contribution is shown as orange-dashed line and purple-dotted
line in (b), respectively. The theoretical results are obtained by
convolving the rates with a Gaussian profile of 15-eV FWHM for
Auger electron around 900 eV. The transition rates are represented
by vertical solid lines in the bottom of (a) and (b).

in the Ā1
2m of 19.78%, which decayed from the spectator pro-

cess of the SA decay for Ne+ (1P)3p. It should be mentioned
that due to the spectator process of states Ne+ (3P)4p, the
transition to 2p–34p states is also important with the rate
of 4.6 × 1013 s–1. Since the spectator processes make main
contributions, the positions of the main peaks are different
for the initial state Ne+ (1P)3p and Ne+ (3P)4p. Like the SA
decay process of Ne+ ( 3P)3p state, the participator process is
also small, and the BR1

2 of 2p–2, 2s–12p–1 states is only 0.03%.
In addition, the shakeup (3p/4p → 5p, 6p) process is also

TABLE III. The single Auger rates (A1
2m) and corresponding nor-

malized decay rates (Ā1
2m) from satellite states Ne+ 1s–12p–1(1P)3p

and Ne+ 1s–12p–1(3P)4p to main final states Ne2+ (m) are listed. The
branching ratios (BR1

2) of different processes are also shown. The
number in the parentheses represents the powers of 10.

Ne2+ state (m) A1
2m Ā1

2m BR1
2 (Process)

2p–2 3.3(10) 0.02 0.03 (Participator)
2s–12p–1 1.1(10) 0.01
2p–33s 2.3(10) 0.02 41.42 (Spectator-3p)
2p–33p 2.7(13) 19.78
2s–12p–2 3p 1.1(13) 7.84
2s–22p–1 3p 1.1(13) 8.29
2p–43p2 4.2(12) 3.13
2p–43p4p 3.2(12) 2.36
2p–34p 4.6(13) 34.02 55.00 (Spectator-4p)
2s–12p–2 4p 1.8(13) 13.53
2s–22p–1 4p 9.9(12) 7.46
2p–35p 3.0(12) 2.22 3.55 (Shakeup)
2s–12p–2 5p 1.7(11) 0.12
2p–36p 9.8(11) 0.73
2s–12p–2 6p 6.5(11) 0.48
Total 1.3(14) 100 100

FIG. 6. The single Auger decay spectra containing the contribu-
tions of satellite states Ne+1s–12p–1(1P)4p and Ne+1s–1

2p–1(3P)np
(np = 4p, 5p, 6p) in (a) for comparing with the experimental spec-
tra [23]. The individual contribution is shown as blue-dashed line,
purple-dotted line, gray-dashed-dotted line, and green-short dotted
line in (b), respectively. The theoretical results are obtained by
convolving the rates with a Gaussian profile of 15-eV FWHM for
Auger electron around 900 eV. The transition rates are represented
by vertical solid lines in the bottom of (a) and (b).

another essential channel, which can be found in Table III. It
is stated here that in the subsequent discussion of this article,
satellite states Ne+ (1P)3p include the contribution of satellite
states Ne+ (3P)4p by default.

Similarly, due to the interaction among the satellite states,
it is difficult to obtain SA decay spectra containing only
satellite states Ne+ (1P)4p in experiments. The contribu-
tions of the satellite states Ne+ (1P)4p, Ne+ (3P)4p, Ne+

(3P)5p, and Ne+ (3P)6p are included in the SA decay spec-
trum for comparing with the experimental spectra [23] in
Fig. 6(a). As shown in Fig. 6(b), the individual SA spec-
tra of these satellite states are presented as purple-dotted
line, blue-dashed line, green-short dotted line, and gray-
dashed-dotted line, respectively. Since Ne+ (3P)4p and Ne+

(1P)4p states have the same valence electron, the positions
of the main peaks of SA electron spectrum are almost the
same, and the difference of SA transition rates between them
is mainly caused by the different intensity. As shown in
Table IV, the Ā1

3m of 36.92% for 2p–34p states is approx-
imately seven times greater than that of the 2p–33p state
produced by the shakedown process, which only accounts
for 5.19%. The spectator processes leading to the final states
2p–34p and 2s–22p–14p are favored with the rates of 3.9 ×
1013 s–1 and 1.1 × 1013 s–1, respectively. The SA decay rates
of the satellite states Ne+ (3P)5p and Ne+ (3P)6p are almost
negligible, which is due to the extremely small intensities. In
addition, the intensities of the 2p–2, 2s–12p–1 states, which are
mainly from the participator process of satellite states, are also
small with the BR1

3 of 1.1%. Similar to the above statement,
the satellite states Ne+ (1P)4p include the contribution of
satellite states Ne+ (3P) np (n = 4, 5, 6) by default in the
subsequent discussion of this article. The major SA decay
process of Ne+ (1,3P)np (n = 3, 4) can be described as a
spectator process where valence electrons do not participate in
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TABLE IV. The single Auger rates (A1
3m) and corresponding nor-

malized decay rates (Ā1
3m) from satellite states Ne+ 1s–12p–1(1P)4p

containing contributions of Ne+1s–1
2p–1(3P)np (np = 4p, 5p, 6p) to

main final states Ne2+ (m) are listed. The branching ratios (BR1
3) of

different processes are also shown. The number in the parentheses
represents the powers of 10.

Ne2+ state (m) A1
3m Ā1

3m BR1
3(Process)

2p–2 9.0(11) 0.85 1.10 (Participator)
2s–12p–1 2.2(11) 0.20
2p–33s 1.3(10) 0.01 39.40 (Shakedown)
2p–33p 5.5(12) 5.19
2s–12p–2 3p 1.7(13) 15.92
2s–22p–1 3p 7.9(12) 7.38
2p–43p2 5.4(12) 5.08
2p–43p4p 6.2(12) 5.86
2p–34p 3.9(13) 36.92 49.70 (Spectator)
2s–12p–2 4p 2.8(12) 2.63
2s–22p–1 4p 1.1(13) 10.07
2p–35p 3.8(12) 3.57 9.80 (Shake-up)
2s–12p–2 5p 3.3(11) 0.31
2p–36p 3.8(12) 3.56
2s–12p–2 6p 2.6(12) 2.43
Total 1.0(14) 100 100

the Auger decay process. Therefore, the main peak of the SA
decay spectrum shifts to the direction of increasing binding
energy in Figs. 4–6. The shakedown processes decayed to
2p–33s states are all weak with accounting for 0.01, 0.02, and
0.01%, respectively, as shown in Tables II–IV.

C. Double Auger decay of satellite states

Because the spectator processes are dominated by the SA
decay of satellite states, there is a high probability that the
final states of Ne2+ are autoionizing states, which makes the
cascade process primary. The spectrum of the CDA is pre-
sented, which agrees with experimental results [23] in Fig. 7.
The important peaks represent the 2p–3 states around 130 eV
and the 2s–12p–2 states around 150 eV, respectively, formed
by the participator process. The rates A2

nk and normalized
rates Ā2

nk of major transition channels for the CDA process
are given in Table V, where A2

nk and Ā2
nk (n = 1, 2, 3) repre-

sent rates and normalized rates for CDA process decayed by
the initial states Ne+ ( 3P)3p, Ne+ (1P)3p, and Ne+ (1P)4p,
respectively. The transition rates of the main final state 2p–3

2P3/2 are 1.5 × 1013 s–1 and 1.3 × 1013 s–1, which come from
the decay processes of Ne+ ( 3P)3p and Ne+(1P)3p, respec-
tively. For the decay process of initial states Ne+ (1P)4p, the
2p–3 4S3/2 is the most important transition channel and its
transition rate is 1.6 × 1013 s–1. In addition, the rates of the
2s–12p–2 2S1/2 states deayed from satellites states Ne+ ( 3P)3p
and Ne+ (1P)3p are 1.1 × 1013 s–1 and 1.0 × 1013 s–1, respec-
tively, which are also dominated transition by the participator
process, while for the satellites states Ne+ (1P)4p, the partic-
ipator process to states 2s–12p–2 2P1 /2 is another important
decay channel corresponding to the rate 9.3 × 1013 s–1. It can
be concluded that the main decay channel is determined by the

FIG. 7. The cascade double Auger spectra of satellite state Ne+

1s–12p–1( 3P)3p, Ne+ 1s–12p–1(1P)3p, and Ne+ 1s–12p–1(1P)4p in
(a), (b), and (c), respectively. The theoretical results (red-dashed line)
are obtained by convolving the rates with a Gaussian profile of 13-eV
FWHM for the Auger electron around 800 eV to compared with
the experimental [23] results. The transition rates are represented by
vertical solid lines in the bottom of (a)–(c), respectively.

valence electrons for the CDA process. For satellite states Ne+

( 3P)3p, Ne+ (1P)3p, and Ne+ (1P)4p, the Ā2
nk (Ā2

1k , Ā2
2k , Ā2

3k)
of k final states Ne3+ with greater than 175 eV are 0.2, 0.5,
and 0.6%, respectively, we recognized that the further cascade
process is extremely weak.

For the DDA process, only the KO mechanism is consid-
ered, since the total contribution of the SO process is two
orders of magnitude smaller than the KO process. The DDA
transition rates of satellite states Ne+ ( 3P)3p, Ne+ (1P)3p,
and Ne+ (1P)4p are shown by vertical solid lines in Fig. 8,
respectively. As result of the SA transitions decayed from
initial state Ne+ (1P)4p being weaker than that of satellite
states Ne+ ( 3P)3p and Ne+ (1P)3p, its DDA processes are
also weaker than these. The contributions of 2p–3, 2s–12p–2,
and 2s–22p–1 states are small for DDA decay, while the 2p–4np
and 2s–12p–3np states are main final states by the spectator
process. Due to the spectator process mainly, the DDA decay
from satellite states Ne+ (1P)4p to Ne3+ 2p–43p is much
smaller than that of decay from Ne+ (1P)3p. The DDA spectra
for Ne+ ( 3P)3p and Ne+ (1P)3p are slightly different from
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TABLE V. The rates A2
nk , configurations of Ne3+ states k, angular momentum J, and the normalized decay rates Ā2

nk = A2
nk/A2

n(total)
(n = 1, 2, 3) are shown decayed from initial satellite states Ne+ ( 3P)3p, Ne+ (1P)3p, and Ne+ (1P)4p for CDA decay, respectively, where
A2

n(total) represent the total CDA rates. The number in parentheses represents the powers of 10.

Ne3+ state (k) J A2
1k (s−1) Ā2

1k A2
2k (s−1) Ā2

2k A2
3k (s−1) Ā2

3k

2p–3 (4S) 3/2 2.3(12) 9.1(12) 1.6(13)
2p–3 (2D) 5/2 5.0(12) 3.5(12) 5.1(12)
2p–3 (2D) 3/2 1.9(12) 68.1 2.8(12) 61.3 5.3(12) 59.6
2p–3 (2P) 1/2 8.2(12) 8.3(12) 3.9(12)
2p–3 (2P) 3/2 1.5(13) 1.3(13) 6.0(12)

2s–12p–2(4P) 5/2 3.8(11) 1.6(12) 1.7(12)
2s–12p–2(4P) 3/2 5.3(11) 1.8(12) 2.5(12)
2s–12p–2(4P) 1/2 7.2(11) 2.7(12) 2.3(12)
2s–12p–2(2D) 5/2 4.6(11) 1.5(12) 2.0(12)

31.7 37.2 39.8
2s–12p–2(2D) 3/2 1.2(12) 4.2(12) 2.9(12)
2s–12p–2(2S) 1/2 1.1(13) 1.0(13) 2.6(12)
2s–12p–2(2P) 3/2 1.7(11) 1.7(11) 1.2(12)
2s–12p–2(2P) 1/2 2.0(11) 1.3(11) 9.3(12)

Others 1.0(11) 0.2 3.6(11) 0.5 4.2(11) 0.6
Total 4.7(13) 100 6.1(13) 100 6.2(13) 100

experimental measurement [23]. It is worth noting that the
DDA transitions are weak, accounting for about 4%.

D. Triple Auger decay of satellite states

For the triple Auger (TA) process, the cascade and direct
processes are also considered. In practical calculation, the
step-by-step approximation method is also used to describe,

Ne+(1s−12p−1np)
DDA−−→ Ne3++2e−

A
Direct−−−→ Ne4++3e−

A (DDD), (11)

Ne+(1s−12p−1np)
DDA−−→ Ne3+∗+2e−

A

autoionization−−−−−−−→ Ne4++3e−
A (DDC), (12)

Ne+(1s−12p−1np)
CDA−−→ Ne3++2e−

A
Direct−−−→ Ne4++3e−

A (CDD), (13)

and

Ne+(1s−12p−1np)
CDA−−→ Ne3+∗+2e−

A
autoionization−−−−−−−→ Ne4++3e−

A (CDC). (14)

It should be mentioned that the contribution of the SO
mechanism is far less than that of the KO mechanism; there-
fore, the transition rates of the DDD process can be expressed
as

A3
βδζ =

∑
δ

A2
βδ (DK )

∫ Emax

0
ρβδ (ε0)�δζ (ε0)dε0, (15)

where the A2
βδ (DK )

denotes rate of DDA decay with KO mech-
anism as shown in the Eq. (7), �δζ (ε0) indicates collision
intensity between intermediate Auger electrons and |ψ3+

δ 〉
state. Because the probability of two intermediate Auger
electrons simultaneously colliding with the state |ψ3+

δ 〉 is ex-
tremely small, thus it is considered that one of the intermediate

Auger electrons interacts with the |ψ3+
δ 〉 state by consider-

ing the energy distribution ρβδ (ε0) in the actual calculation.
ρβδ (ε0) is the normalized distribution of energy for Auger
electron [27,33] from 0 to Emax. The Emax is energies of Auger
electron ionized from Ne+ to Ne3+.

In Eq. (12), the initial satellite state Ne+1s–12p–1np decays
to autoionization states of Ne3+∗ by the DDA process with
the KO mechanism. Because the energies of Ne3+∗ states are
higher than that of Ne4+ states, it will be further ionized
through the autoionization process. The expression of the
corresponding transition probability is

A3
βδζ =

∑
δ

A2
βδ (DK )

A1
δζ �

−1
δ , (16)

where �δ represents the total decay lifetime of the intermedi-
ate |ψ3+

δ 〉 states of Ne3+.
In Eq. (13), the initial satellite state Ne+1s–12p–1np decays

to states of Ne3+ by CDA process and then decays to states of
Ne4+ by the inelastic scattering process within the KO mech-
anism. The corresponding transition rate can be indicated as

A3
βδζ =

∑
δ

A2
βδ(DC)�δζ (ε0), (17)

where A2
βδ(DC) denotes the rate of the CDA process.

In Eq. (14), the TA decay can be decomposed into the CDA
process and the subsequent autoionization. The corresponding
rate of CDC process can be expressed as

A3
βδζ = A2

βδ (DC)
A1

δζ �
−1
δ . (18)

For the CDC process, the contributions of final states of
Ne3+ with greater than ionization threshold are 0.2, 0.5, and
0.6%, respectively, which recognizes that the further cascade
processes are extremely weak. In addition, the CDD process
is prohibited, since the energy range of the second Auger
electron is about 0–25 eV [48], which is less than the ion-
ization threshold of 97.19 eV [49]. The DDD process can be

012819-8



MULTIPLE AUGER DECAY FOLLOWING … PHYSICAL REVIEW A 106, 012819 (2022)

FIG. 8. The direct double Auger decay spectra of satellite states
Ne+ 1s–12p–1( 3P)3p, Ne+ 1s–12p–1(1P)3p, and Ne+ 1s–12p–1(1P)4p
in (a), (b), and (c), respectively. The theoretical spectra (purple-
dashed line) are obtained convolving the rates with Gaussian profile
of 10-eV FWHM for Auger electron around 600 eV to compare
with experimental ones [23]. The transition rates are represented by
vertical solid lines in the bottom of (a)–(c), respectively.

described as DDA decay and followed the inelastic scatter-
ing process; however, the transition rates are three orders of
magnitude smaller than that of the DDC process, which can
be ignored. For the TA process of satellite states, the DDC
process is proved to be important; their spectra are shown and
consistent with experimental measurement [23] in Fig. 9, and
the states Ne4+ 2p–4 are most important. While the intensity
of 2s–12p–3 states with around 250 eV is slightly different
from that of experiment [23], it should be mentioned that
high-order ionization like TA decay is extremely weak; the
absolute uncertainty caused by the observation system may
be large [50].

E. Ion yields

In Table VI, the ion yields of Ne2+, Ne3+, and Ne4+ ions
are provided for multiple Auger processes of satellite states
Ne+ ( 3P)3p, Ne+ (1P)3p, and Ne+ (1P)4p, which are in
agreement with the experimental values [23], respectively.
The yields of Ne2+ ions are greater than that of Ne3+ de-

FIG. 9. The triple Auger decay spectra of satellite states Ne+

1s–12p–1( 3P)3p, Ne+ 1s–12p–1(1P)3p, and Ne+ 1s–12p–1(1P)4p on
(a)–(c), respectively. The theoretical spectra are obtained convolving
rates with a Gaussian profile of 10-eV FWHM for Auger electron
around 600 eV to compare with experimental ones [23]. The possible
transition rates are represented by vertical solid lines in the bottom
of (a)–(c), respectively.

cayed from the initial states Ne+ (3P)3p and Ne+ (1P)3p
(1P)3p, which indicates that the SA process makes the main
contribution, while DA decay is dominated for the Auger
process of Ne+ (1P)4p states; thus, the yield of Ne3+ is greater
than that of Ne2+ because the spectator processes are domi-
nated leading to the main intermediate states with high-energy
autoionizing states that can enhance the probability of the
cascade process. Since the TA process is quite weak and the
intensity of satellite states is much smaller than that of the
main state, the absolute uncertainty of the observation system
will have relatively large absolute uncertainty [50]. This is
why our calculated ion yields 0.01, 0.02, and 0.02 are different
from experimental results 0.02, 0.04, and 0.06 produced by
the TA of satellite states Ne+ ( 3P)3p, Ne+ (1P)3p, and Ne+

(1P)4p, respectively.

IV. CONCLUSIONS

For the photoionization-excitation processes, due to the re-
arrangement of electron density in the photoionization process
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TABLE VI. The experimental [23] and calculated ion yields for the multiple Auger decay of satellite states Ne+ 1s–12p–1( 3P)3p, Ne+

1s–12p–1(1P)3p, and Ne+ 1s–12p–1(1P)4p, respectively.

Ne+ ( 3P)3p Ne+ (1P)3p Ne+ ( 1P)4p

Ions This work Expt. [23] This work Expt. [23] This work Expt. [23]

Ne2+ 1 1 1 1 1 1
Ne3+ 0.71 0.57 0.73 0.65 1.60 1.52
Ne4+ 0.01 0.02 0.02 0.04 0.02 0.06

of 1s shell, the shakeup processes of valence electrons 2p →
(3p, 4p, 5p, 6p, 7p) are induced. It should be noted here that
for comparison with the experimental results [45] the relative
intensities (the photoionization cross section of Ne+1s–1 is
normalized to 1) and ratio B of a series of satellite states
Ne+ 1s–12p–1(3,1P)np (n = 3, 4, 5, 6, 7) are presented with
photoionization-excitation spectrum. Furthermore, the multi-
ple Auger decay processes of the major satellite states Ne+

( 3P)np (n = 3, 4) have been investigated based on perturba-
tion theory. The Auger decay rates, Auger electron spectrum,
and ion yields of Ne2+, Ne3+, and Ne4+ are obtained and are
in line with the experimental results [23].

For the SA decay process, the spectator processes are the
main decay channels from the satellite states Ne+ (3P)3p, Ne+

(1P)3p, and Ne+ (3P)4p. For CDA decay, the contributions of
2p–3 and 2s–12p–2 states formed by the participator process

are over 90%, while the 2p–4np and 2s–12p–3np states are the
main final states which are formed by the spectator process
for the DDA decay. It can be proven that the DDC process
as shown in the Eq. (12) is important for the TA process of
satellite states. Lastly, the spectator processes lead to the high-
energy intermediate states that enhance the probability of the
cascade process. Our results are also consistent with that of
the experiment [23] and show the important influence of the
valence electrons np.
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