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Abstract

The Auger cascades following the resonant 1s - 3p and 1s — 4p excitation of neutral
neon are studied theoretically. In order to accurately predict Auger electron spectra, shake
probabilities, ion yields, and the population of final states, the complete cascade of decays
from neutral to doubly-ionized neon is simulated by means of extensive MCDEF calculations.
Experimentally known values for the energy levels of neutral, singly and doubly ionized
neon are utilized in order to further improve the simulated spectra. The obtained results
are compared to experimental findings. For the most part, quite good agreement between
theory and experiment is found. However, for the lifetime widths of certain energy levels
of Ne*, larger differences between the calculated values and the experiment are found. It
is presumed that these discrepancies originate from the approximations that are utilized

in the calculations of the Auger amplitudes.
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1 Introduction

Inner-shell vacancies in light atoms decay predominantly via Auger decay, i.e., a radia-
tionless process where an outer-shell electron is de-excited to fill the vacancy and another
outer-shell electron is emitted from the atom and carries away the excess energy. Since
the energy gained by filling an inner-shell vacancy can be sufficiently large to remove
not only one but several outer-shell electrons, it is possible to achieve multiple ionization
by a single photon (the one which creates the initial inner-shell hole). Such an Auger
process where two electrons are emitted was first detected in 1965 by Carlson and Krause
[1]. Since then, double Auger (pa) decays have been the subject of many experimental
and theoretical studies.

In general, two competing DA mechanisms can be observed: direct bA and cascade DA.
In the direct DA process, both electrons are emitted simultaneously and a continuous
energy sharing between the two electrons can be observed [2, 3]. Since, from a theoretical
viewpoint, the direct DA process arises from the interaction between three electrons, it
only occurs in second- or higher-order perturbation theory. The cascade DA process on
the other hand is a two-step process consisting of two subsequent single Auger decays:
the first Auger decay leaves the atom in an autoionizing state, which then decays via a
second Auger process.

Generally, both cascade and direct processes can contribute to the decay of an inner-
shell vacancy. Especially when triple or higher ionization is achieved, combinations of
direct multiple Auger and cascade Auger processes are generally involved [4]. Nevertheless,
the direct DA can often be neglected if a cascade decay is possible and many studies, both
experimental and theoretical, focus on the cascade process [5-9].

When the 1s electron of a near-neutral atom is excited to an otherwise empty np shell,
cascade processes become particularly abundant. In this case, so-called spectator decays
are possible and dominate over participator decays in filling the inner-shell vacancy. In
the spectator process, the electron that is excited from the inner shell to a valence shell

doesn’t participate in the Auger decay that fills the inner-shell vacancy. Instead, it stays in
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its excited state while an electron from a sub-valence shell fills the vacancy and another
sub-valence electron is ejected. After the spectator decay, the ion often remains in a highly-
excited (and therefore autoionizing) state and consequently undergoes a second Auger
decay. In addition, so-called shake processes of the valence electron during the first Auger
decay play an essential role. In a shake process, the sudden perturbation of the Auger
decay leads to a jump of an electron to a higher or lower shell.

Over the past few decades, many aspects of the Auger decays of 1s - np excited
neon have been explored in great detail experimentally [5-7, 10-14]. However, detailed
numerical simulations of these two-step decay cascades are still missing. In this thesis,
the Auger cascades that follow resonant 1s — 3p and 1s — 4p photoexcitation of neutral
neon are simulated. For this purpose, extensive McDF calculations which include all likely
decay paths are performed, with the goal of achieving a complete description of these
cascades. The obtained electron spectra, ion yields, and shake probabilities are compared
to experimental findings in order to evaluate whether this approach is appropriate for
acquiring a complete and detailed view of these Auger cascades.

The results obtained in this study are also presented in a paper that is to be submitted
soon. Consequently, large parts of the thesis overlap with the information presented in
the paper. Some passages are quoted verbatim from an earlier version of the paper, in
particular most of Chapter 3. A preliminary version of the paper is attached at the end of
this thesis.

The thesis is structured as follows: In Chapter 2, the two-step Auger cascades following
resonant excitation of the 1s7!3p !P; and 1s7!4p !P; levels of neon are introduced. Chap-
ter 3 briefly explains the theory behind the calculations, i.e., the calculation of the Auger
rates, the MCDF method, and the biorthonormal transformation. Chapter 4 first describes
some aspects of the calculations in detail, namely the generation of the bound-state wave
functions and the use of experimental energy levels in the calculations. Following this,
the program that was developed in order to analyze the Auger cascades is briefly intro-
duced. The results are discussed in Chapter 5. Parts of this chapter are intentionally kept
short since the results are discussed in great detail in the attached paper. In Chapter 6,
the findings are briefly summarized and conclusions are drawn. Finally, an overview of

possible future steps is given in Chapter 7.



2 Overview of the Auger cascades

The starting point of the cascade is the resonant photoexcitation of the core-excited
1s713p P, and 1s™!4p P, levels of neutral neon, which is achieved for photon energies
of 867.13 eV and 868.76 eV, respectively [15]. Compared to the 1s~'np 'P; levels, an
excitation of the neighboring 1s~'np 3P levels is suppressed by about three orders of
magnitude, as was determined by calculating the appropriate Einstein coeflicients with
the REOS program of the RATIP [16] suite. Therefore, the population of the *P levels can
be neglected and only the Auger cascades of the initially excited 1s~'np 1P, levels are
considered in this study.

The Auger cascades that follow this resonant photoexcitation consist of two steps. In
the first step, the core-excited atom emits a fast Auger electron and becomes a Ne* ion
with a hole in either the 2s or 2p shell. For this first step of the cascade, all levels of Ne*
that can be reached by either spectator or participator decays are included as possible
final states of the Auger decays. Additionally, the initially excited 3p or 4p electron can
undergo shake processes during the first Auger decay.

Usually, two electrons participate in an Auger decay, i.e., the de-excited and the emitted
electron. In an Auger decay with a (single-electron) shake process, an additional third
electron is displaced from its initial orbital towards a higher orbital (shake-up) or a lower
one (shake-down). Shake processes mainly occur between subshells with the same orbital
angular momentum, e.g., from the 3p to the 4p subshell. A shake process where the
electron changes its orbital angular momentum is called conjugate shake process.

For the first step of the cascade, shake processes of the initially excited 3p or 4p spectator
electron to any of the np subshells with n = 3,...,7 are included in the computations.
Shake-up processes to subshells with higher principal quantum number are negligible, as
was determined by comparing results for n = 6, 7. According to a recent experimental study
by Tamenori and Suzuki [14], conjugate shake processes where the 3p spectator electron
jumps to the 3d subshell can also be observed, such as the 1s713p — 1s22s?2p*(1D)3d

transitions. To account for these transitions, shake processes to the 3d subshell are also
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included in the computations. The possible decays in the first step of the Auger cascade

can therefore be summarized as

1s22s22p°
1s22s'2p®
Nels™'np'P; — Ne* < 1s22s22p*n’€ ;+e . (2.1)
1s22s'2p>n’e
1s225%2p8n’e

where n'¢ € {3p, 3d, 4p, 5p, 6p, 7p } .

Some of the final states of the first step lie energetically above the Ne?* ground state
and are therefore autoionizing. These final states of the first step then become the initial
states of the second step of the Auger cascade, in which Auger electrons with much lower
energy are emitted. For this second step of the cascade, all final states that arise from
the 2s22p* and 2s'2p> configurations as well as several energetically allowed levels of the
2s22p3n¢ configurations are included in the computations. This leads to the following

decay channels in the second step of the cascade:
Ne* 1s22s?2p*nf — Ne** 1s*2s?2p* + e,

1s22s22p
Sesep }+e,

Ne* 1s?2s'2p°nf — Ne**
1s22s!2p®

(2.2)
1s22s12p°

Ne* 1s*2s°2p°n€ — Ne** { 1s22522p* +e .
1s22s22p*n't’

Note that this includes an additional conjugate 2p — 2s shake-down for the 2s°2p®né —
2s22p* and 2s°2p®nl — 2s?p3n’¢’ Auger decays. Figure 2.1 shows the Ne* and Ne?* energy
levels that are involved in the considered Auger cascades. From this figure, it can be
deduced that triple ionization is not possible if we consider only the configurations
outlined in Egs. (2.1) and (2.2), since the energetically highest Ne?* level that can be

reached by these transitions is well below the triple ionization threshold.
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Figure 2.1. Energy levels of Ne* and Ne®* relative to the Ne* 1s*2s*2p° 2P5, ground level.
Only the levels that are relevant for the cascade, as outlined in Egs. (2.1) and (2.2), are shown.
Experimental energies are employed whenever available and the energies of the remaining
levels are interpolated based on the experimentally observed levels, cf. Section 4.2. The dashed
line at 104.4 eV represents the triple ionization threshold.






3 Theory

In this chapter, the theoretical background of the calculations is briefly explained. Most
of the content of this chapter is quoted verbatim from an early version of the paper that is
attached at the end of the thesis.

The theory is based on the Dirac-Coulomb-Breit Hamiltonian
H = Z I’lD(T,') +V, (3-1)

where hp denotes the one-electron Dirac operator and V denotes the operator for the
interelectronic interaction, i.e., the sum of the Coulomb and Breit interactions between
each two electrons,

V:VC+VB:Z(L.+bij)’ (32)

i<j ri]

3.1 Calculation of Auger amplitudes

Within the framework described in Ref. [17], which is based on the theory of resonance
scattering, the Auger amplitude for the decay of an initial N-electron state ¥;(P;J; M;)
with parity P;, total angular momentum J;, and projection of total angular momentum M;
into the final state ¥y (PsJsMy) with N — 1 electrons and respective parity, total angular

momentum and projection thereof is given by
Viofx = (‘Pf, €K; Pt]tHH - EH 'IUz';Pi]i) 0p.p 057, Op,m, > (33)

where ex denotes the partial wave of the ejected electron with energy € and relativistic
angular quantum number «. The coupling of the final ionic state ¥ (PsJ;My) with the
partial wave ex of the continuum electron yields a final state with parity P;, total angular

momentum J; and projection of total angular momentum M,.
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Assuming that the wave functions for the initial and the final state are based on a
common set of orthonormal orbitals, the contributions from the one-electron operators
hp and the energy E to the matrix element V;_, vanish, because two electrons are
displaced in the Auger process. Only the interelectronic interaction operator V' is non-
vanishing, as it is composed of two-electron operators. Therefore, the AUGER component

of the RATIP [16] package calculates the Auger amplitude as
Vi ® (¥, €16 P, | V|| W5 PiJi ) 8p,5,07,7, 00,01, - (3.4)

where the partial waves ex of the continuum electron are generated as distorted waves
within the potential of the corresponding final ionic state. From the amplitudes V;_ ,
the respective Auger transition rate is then obtained as I, = 21 )., |Vi_ 1>, summing

over all contributing partial waves.

3.2 The mcbF method

The bound state wave functions used for the computation of the Auger amplitudes are
generated using the multiconfiguration Dirac-Fock (MmcDF) method. Within the MmCDF
formalism, the atomic state function ¥, of an energy level « is constructed as a linear
combination of so-called configuration state functions (cs¥’s) @ with the well-defined

parity P, total angular momentum J, and projection of total angular momentum M:

Nnc
¥, (PJM) = 2 ci(a)D(y;PIM), (3.5)

i
where 7. denotes the number of csF’s and y; refers to the remaining quantum numbers that
are required for specifying the csF uniquely. The coefficients {c;(«) } are the representation
of the atomic state « in the given csF basis. The N-electron csF’s in turn are constructed
from a set of atomic orbitals, i.e., one-electron wave functions. A common set of orbitals
is used for all cs¥’s. This set is constructed to be orthonormal, i.e., for two orbitals ¢, ¢;

from the same orbital set the relation (¢;|¢;) = J;; holds.

Employing the programs of the Grasp [18] suite, the radial functions of the atomic

orbitals are optimized self-consistently, and separately for the initial and final states of
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the transitios, based on the Dirac-Coulomb Hamiltonian. Further relativistic effects due
to the Breit interaction among the electrons, i.e., due to the magnetic and the retarded
interaction, are incorporated by configuration interaction (cr1). In a c1 calculation, the
eigenstates of an atomic system are computed by diagonalizing the Hamiltonian matrix
H = (@;|H|®;) to solve the eigenvalue problem Hec = Ec, where E is the energy of the
atomic eigenstate and the vector ¢ = (ci,...,c, )7 is the representation of the atomic

eigenstate in the csF basis (@, ..., D,,).

3.3 Shake processes and the biorthonormal transformation

Since the initial and final bound state wave functions ¥;, ¥y differ in the number of
electrons, their respective orbitals are shaped differently due to the orbital relaxation. The
orbital sets {¢, }, {¢’} for the initial and the final states are therefore not biorthonormal,
i.e., the relation (¢,|¢;) = §;; does not hold. This is particularly significant with regard
to shake processes. From a simple viewpoint, shake processes arise from the overlap of
different orbitals of the initial and final states, i.e., a shake-up from 3p to 4p requires
that the 3p orbital of the initial state overlaps with the 4p orbital of the final state. In first
approximation, the shake probability equals the modulus squared of this orbital overlap.
In addition, mixing between different configurations will also lead to otherwise impossible

channels that involve shake-up or -down transitions.

However, in the evaluation of the angular part of the Auger amplitudes, the AUGER
program of the RATIP package assumes that the initial and final states are based on a
common orthonormal set of orbitals. Therefore, to treat shake processes with the RaTIP
code, one has to account for the orbital overlap between initial and final states in a different
way. In order to do that, the biorthonormal transformation, which has been described in
detail by Olsen et al. [19] and is implemented in the GRASP suite, is applied to the orbital
sets.

The biorthonormal transformation modifies two sets of orbital functions, {¢;}, {¢'} —
{#:}, {4}, such that the resulting orbitals fulfill ((Z)l|¢~>;> = §;j. Transforming the orbitals
naturally changes the cs¥’s that are used to represent the atomic states, @(y;,PJM) ~

Qs(yiP JM). In order to leave the atomic state functions invariant, the coeflicients ¢; — ¢;
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are transformed as well, so that

ne ne .
> ci(a)@(yiPJM) = Y éi(a)D(y;PJM). (3.6)
i=1 i=1

In this way, the original orbital overlap is accounted for via the mixing of different con-
figurations. The biorthonormal transformation thus provides an elegant method to treat

shake processes.



4 Calculations

In this study, the programs of the GrasP [18] suite were used to construct the bound-
state wave functions and to perform the biorthonormal transformation for the orbitals
of the initial and final states of each step of the cascades. Based on these bound-state
wave functions, the Auger decay rates were calculated with the AUGER component of the
RATIP [16] package. In order to analyze the decay pathways based on the computed Auger
rates, a program which enables convenient access to electron spectra and other properties
of the Auger cascade was developed.

In modeling the Auger cascade, the initial resonant photoexcitation as well as all
subsequent Auger decays are treated as independent processes. In particular, a possible
alignment of the atom due to the initial photoexcitation is not considered here, since it
do not affect the angle-integrated electron spectra. Direct multiple Auger processes are
also not considered in the present study, since they only occur in second- or higher-order

perturbation theory.

4.1 Bound state wave function generation

Electron correlation effects are known to play a central role in the description of the atomic
states. Therefore, additional atomic states that are not populated during the cascade process
(i.e., Ne?* states whose energies are higher than the highest considered Ne* state) are
included in the calculations, because in many cases they mix with energetically low-
lying states and therefore may affect the computation of the Auger rates. To model the
relevant states of neutral, singly ionized, and doubly ionized neon, all cs¥’s of the following

configurations are included in the calculations:
o Ne (24 csFs): 1s2s22pSn¢,

o Net (261 CSF’s): 1s22s22p°, 1s22s2p°®, 1s22s22piné, 1s?2s2p°>nt, 1s22p°né,

n
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o Ne?* (516 cSF’s): 1s22s22p?, 1s22s2p°, 1s22s22p3nl, 1s22p®, 1s22s2pinét, 1s*2p°né,

where n¢ € {3p,3d, 4p, 5p, 6p, 7p} in order to account for shake processes of the initially

excited 3p or 4p electron as described in Chapter 2.

4.2 Application of experimental energy levels

The second step of the cascade includes a multitude of transitions with very low energies. In
order to correctly reproduce these low-energy spectra, one has to distinguish energetically
allowed transitions from energetically forbidden ones. The level energies obtained via
ab-initio calculations, with a rather small basis set as employed here, are not accurate
enough for these purposes. Relying solely on the calculated level energies produces some
transitions that are energetically forbidden in reality, while at the same time excluding some
other transitions that are actually observed in the experiment. Therefore, experimentally
known level energies of Ne, Ne*, and Ne?*are used in this study to better reproduce the
energies of the emitted electrons. These experimental energies were obtained from several

different sources:

« Energies of low-lying levels of Ne* (where available) and Ne?*, as well as ionization

energies are obtained from the N1sT Atomic Spectra Database [20].

o Auger spectra from Refs. [6, 7, 14, 21, 22] are used for the determination of some

additional Ne* energy levels that are not available from optical data.
o Values for the 1s713p and 1s7'4p excitation energies are obtained from Ref. [15].

However, there are energy levels for which there is no experimental data available. These
level energies are therefore interpolated using the known energies of neighboring levels.

The energy levels resulting from this procedure are shown in Figure 2.1 in Chapter 2.

4.3 Analysis of the decay pathways

The first step of the cascade contains 261, the second step 1512 transitions. In order to

conveniently analyze the decay cascades that arise from these transitions, a program
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was developed using the Julia' programming language. The program creates an internal
representation of the Auger cascade based on Auger decay rates (which are read from
the . sum files that are created by the AUGER program) and a distribution of initial states.
From this, several different properties like electron spectra, ion yields, etc. can be easily
obtained.

The program is organized in a module named AugerCascades. In this module, among
other things, the composite data type AugerCascade defined, which is the representation

of an Auger cascade in the code.

type AugerCascade
states: :Array{Array{State, 13}, 1}
decays: :Array{Array{AugerDecay, 13}, 1}
end

The AugerCascade object contains two fields:

o The field named states represents the atomic levels. It consists of an array which
contains for each charge state an array of the included atomic levels. Such an atomic

level is represented by an object of type State.

o The decays field which represents the Auger decays. It consists of an array which
contains for each step of the cascade an array of AugerDecay objects, which represent

the Auger transitions that occur in this step.

The State and AugerDecay objects are interlinked in order to form a graph-like structure:
Each AugerDecay object has two fields fromState and toState which link to the respec-
tive initial and final states (i.e., the State objects) of the transition. Likewise, each State
contains the fields children and parents which are arrays of links to the appropriate
AugerDecays. (Note that an energy level can be populated via multiple different Auger
decays, and can also decay via multiple different Auger decays.) Apart from these links,

the State and AugerDecay objects include additional fields to store different properties,

! The Julia language is a high-level dynamic programming language that is designed with numerical and
scientific computing in mind. As such, it attempts to combine the convenience of modern dynamic
languages like Python with the performance of C or Fortran. Its syntax is influenced by maTLAB. Itis a
relatively young language (development started in 2009, the first version was published in 2012) and
still developing rapidly. An introduction to the language is given in Ref. [23].
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like the transition rate and energy for Auger transitions. In order to easier identify the
energy levels, one can provide labels (typically an LS]-coupled configuration state) to the
State objects.

In order to create an AugerCascade object, the user has to specify an arbitrary number
of . sum files created by the AUGER program. Each file must include the transitions of one
step of the cascade, and they must be given in correct order. The easiest way to create an

AugerCascade object is then to pass this list of file names to the constructor:

sumfiles = ["first_step.sum”, "second_step.sum"]

mycascade = AugerCascade(sumfiles)

If the first file contains transitions from more than one initial state, the user gets prompted
to specify the relative population of the initial states. For example, the Auger files that were
created and analyzed in this study contain the transitions from all 24 Ne 1s~1n¢ levels
that are included in the McDF calculations. In order to analyze the decay of the 1s~!3p P,
level, which is the fourth level in the list, the dialog could look like this (user input in
boldface):

There are 24 relevant initial states: 1-24
Populate single state? [Y/n] y
Enter state to populate: 4

Probabilities of initial states:
4: 1.0

Alternatively, the user can pass the initial population as an argument to the constructor
in order to avoid the dialog.

Once an AugerCascade object is created, several functions can be applied to it to retrieve
properties that are of interest. A few of them are introduced below to provide a little more

insight into the capabilities of the program.

» The ionyields function calculates the ion yields for the given Auger cascade. For
example, for the cascade following the 1s713p 'P; excitation, the resulting array
would look like this: [0.0, 0.744463, 0.255537]. The elements of this array de-
scribe the probabilities for obtaining a Ne, Ne*, and Ne?* atom/ion after the decay

cascade, respectively (cf. Table 5.3).
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 The electronSpectrum function returns a table that contains the energies and rela-
tive intensities of each transition in the cascade. Instead of including all transitions it
is also possible to obtain just the transitions for a specific step of the cascade. While
the table that is returned by electronSpectrum contains only the energies and inten-
sities of the transitions, there exists a function verboseElectronSpectrum which,
in addition, also includes the initial and final states for each transition (including

their assigned labels, if available) as well as their natural linewidths.

In order to make use of the tables created by these functions, the printtable and

plotspectrum functions are provided:

- The printtable function writes tabular data to the standard output. It is not
limited to the tables obtained via the electronSpectrum function but can be
used on arbitrary two-dimensional arrays. At that, the output it produces is
well-suited for the presentation of tabular data. For example, in columns that
include numerical data, the values are automatically aligned at the decimal

point and can be rounded if desired.

- The plotspectrum function creates plot data (i.e., x and y values) from the
tables created by the electronSpectrum function. This data can then be dis-
played using one of the plotting packages for the Julia language, or written

into a . csv file for use with other plotting software.

If no further arguments are passed to the function, every transition is plotted
as a Gaussian with a constant FwHM of 100eV. Alternatively, the line pro-
file can be specified by passing a Gaussian and/or a Lorentzian width to the
function. Optionally, the individual (calculated) linewidths of each transition
can be used for the Lorentzian widths. In this case, the user can still spec-
ify an additional Gaussian width to simulate Doppler and/or instrumental

broadening.

o Furthermore, several functions to obtain properties of individual transitions or
energy levels are provided, for example the linewidth function. This function can
be used on both AugerDecays and on States, returning the natural linewidth for

an Auger transition or the lifetime width for an atomic level.






5 Results and discussion

In this chapter, the results of modeling the complete two-step Auger cascade following
the resonant photoexcitation of the 1s713p 'P; and 1s~!4p !P; levels of neutral neon are
presented. With the exception of the discussion of the lifetime widths in Section 5.4, the

discussion in this chapter is kept short, as the results are discussed in detail in the attached

paper.

5.1 Electron spectra

The first step of the cascade comprises the transitions from the initially excited 1s~'np !P;
level to all 261 levels of Ne* that are considered above in Eq. 2.1. In this step, fast Auger
electrons with energies between 746 eV and 848 eV are emitted. The simulated Auger
electron spectra are shown in Figure 5.1. For the sake of simplicity, every transition is
plotted as a Gaussian with a constant FwHM of 100 meV. The peaks that are numbered in
the spectra are listed together with their intensities in the paper that is attached at the end
of the thesis.

The dominant peaks of the first-step spectra lie in the energy range between 799 eV
and 817 eV and belong to the transitions to the fine-structure levels of the 2s22p*n¢
configurations. This part of the first-step spectra has been explored extensively in the
past. For comparison, the simulated spectra for this energy range are shown together with
experimental spectra obtained by Tamenori and Suzuki [14] in Figure 5.2. In Table 5.1, the
calculated intensities for the transitions from the initially excited Ne 1s73p 'P, level to
the 2s22p*3p levels of Ne* are compared with experimental values from Kivimaki et al.
[12].

The dashed vertical lines in the spectra in Fig. 5.1 signify the double ionization threshold.
Transitions with an Auger electron energy higher than this threshold populate levels that

lie energetically below the Ne?* ground level and therefore are not ionized further. On the

17
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Figure 5.1. Simulated Auger electron spectra for the first step of the cascade decay of the core-excited (a) 1s™!3p !P; and (b)
1s~14p !P; levels of neon. Every transition is plotted as a Gaussian with a FwHM of 100 meV. The intensities of the numbered
peaks are listed in the attached paper. The vertical lines below the plots indicate all possible transitions in the first step of the
cascade, where the colors correspond to different final-state configurations, cf. the legend. The dashed lines at (a) 804.6 eV and
(b) 806.2 eV signify the double ionization threshold: transitions located to the left of these lines lead to Ne* levels which are
autoionizing and thus participate in the second step of the cascade.
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Figure 5.2. Comparison of an enlarged part of Figure 5.1 (green curves) with experimental
spectra (grey curves) obtained by Tamenori and Suzuki [14]. The part of the spectra displayed
here contains the transitions from the initially excited Ne 1s™'np 1Py level to the 2s*2p*n¢
levels of Ne*.
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Table 5.1. Relative intensities of the transitions from the core-excited Ne 1s!3p 'P; level to
different multiplet of the Ne* 2s*2p*3p configuration. Experimental intensities obtained by
Kivimaki et al. [12] are given for comparison. The numbers in the first column refer to the
labels of the peaks in Figure 5.1(a). The intensities are given in relation to that of the largest
peak, i.e., Peak 22. Since the intensities are normalized differently in the experimental study;,
they are scaled appropriately in order to enable comparison.

Intensity
Ne  Final state(s) E,  Thiswork Ref. [12]

18 2s22p*(1S)3p2P  807.7  0.192 0.321
20 2s22p#('D)3p2D 8112  0.744 0.725
21 2s22p*('D)3p2P 811.3  0.333 0.373
22 2s22p*('D)3p2F 8115 1.0 1.0

23 2s22p*(3P)3p2P 8140  0.043 0.027

other hand, transitions that emit an electron with a kinetic energy below this threshold
populate levels that lie energetically above the Ne?* ground level. These levels then decay
to Ne?* via one of the second-step transitions listed in Eq. (2.2).

The second step of the cascade comprises all energetically allowed transitions between
the fine-structure levels of those configurations of Ne* and Ne?* that are considered
above in Eq. 2.2, which amounts to 1512 transitions in total. In this step, Auger electrons
with energies between 0 and 59 eV are emitted. The simulated Auger electron spectra
are shown in Figure 5.3. Again, every transition is plotted as a Gaussian with a constant
FWHM of 100 meV. The peaks that are numbered in the spectra are listed together with
their intensities in the paper that is attached at the end of the thesis.

The second-step spectrum can be roughly divided into three parts which feature differ-

ent types of transitions:

o The low-energy part (0-8 eV) is dominated by multiplet-changing Auger transitions.
In these transitions, the energy required for the emission of the Auger electron is
not provided by a change of the configuration of the electronic core but instead by
a change of its multiplet coupling. Consequently, these transitions emit electrons of
very low energy since the energy gained by changing the multiplet coupling of the
electronic core is usually small. In addition to the multiplet-changing transitions,

most of the 2s°2pSn€ — 2s22p®n’¢’ transitions lie also in this energy range. However,



:@ 20 31 b
c
> li 32
= x100 | ]
S 25 f}
%\ 2r3 ‘ i‘ wi 33
[ ! H |
; o ] .
- 19 ‘ “ H : | !
H 1 . 3 [
| 14 AR u i i hooh i
1L \ \ 1 N i AT TR R I 0 [ A 1
— — 2522p“n1292522p4
2 2 25'2p°né > 2s%2p* i
5 ————— 2s'2p°nf > 2s'2p°
g ———— 25%2p®nl > 2s%2p* ]
& -~ 2s%2p®ne > 2s'2p° 3 |
2 W 2s°2pfnes2s2pinet
2 | ] 3~6 |
5 19 i x100 fi
= o | I
ITRER AR TE J\ ) a7
0.0 | | iy i o il
18TV 0 A A LI I L
0 5 10 15 20 25 30 35 40 45 50 55

Electron energy (eV)

Figure 5.3. The same as Fig. 5.1, but for the second-step Auger decays. The intensities of the numbered peaks are listed in the
attached paper. The colors of the vertical lines below the plots correspond to different initial and final configurations, cf. the
legend. For electron energies higher than 42 eV, the graphs are enhanced by a factor of 100 to make the 2s°2pSné — 2s22p*

transitions visible.

eJ329ds uoJI|3 I'S

Lc



22 5 Results and discussion

Table 5.2. Calculated probabilities for shake processes of the 3p or 4p valence electron to
another subshell during the first step of the cascade. Experimental values obtained by Tamenori
and Suzuki [14] are given for comparison.

1s713p excitation 1s~14p excitation

Final subshell This work Ref. [14] This work Ref. [14]
3p 0.72 0.096

3d 2.9x107* } 0.69 5.6 x 107> } 0.08
4p 0.26 0.31 0.24 0.26
5p 0.0099 <0.01 0.64 0.64
6p 0.0085 <0.01 0.015 0.02
7p 0.0036 <0.01 0.0033 <0.01

their intensities are generally negligible. This is expected, since these transitions
include a conjugate shake-down 2p — 2s and are therefore highly suppressed

compared to normal Auger decays. They have not been observed experimentally.

o The energy range 8-35¢€V contains the 2s'2p>n€ — 2s22p* and 2s°2pn¢ — 2s'2p°
transitions. This part of the spectrum has been explored experimentally before,
see the attached paper for a comparison of the calculated intensities for the 1s7!3p

excitation with experimental data by Yoshida et al. [6].

« The energy range 42-59 ¢V contains the 2s°2p®né — 2s22p* transitions. Like the
25902pbne — 2s22p®né transitions, they include a conjugate shake-down 2p — 2s
and therefore play a minor role. They have not been observed experimentally. In

Figure 5.3, they are enhanced by a factor of 100 in order to make them visible.

5.2 Shake probabilities

As can be seen from Figure 5.2, the probabilities of shake processes during the first step
of the cascade can be predicted quite accurately. The shake probabilities for the initially
excited 3p or 4p electron are shown in Table 5.2. Experimental data from Ref. [14] is
given for comparison and shows good agreement. The data indicates that conjugate shake

processes to the 3d subshell are highly suppressed and can be neglected.
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Table 5.3. Ion yields after resonant excitation to the Ne 1s7'3p 'P; and 1s'4p P, levels. The
calculated values are shown together with experimental values obtained by Morgan, Sagurton,
and Bartlett [24].

1s713p excitation 1s714p excitation
Charge state This work  Ref. [24]  Thiswork  Ref. [24]
Ne* 0.74 0.65 +£0.02 0.24 0.24 £0.03
Ne?+ 0.26 0.31 £0.02 0.76 0.71 £0.04
Ne** — 0.03+£0.01 — 0.04 £0.01
Ne#t — 0.002 — 0.002

5.3 lonyields

The calculated ion yields are shown in Table 5.3 together with experimental values obtained
by Morgan, Sagurton, and Bartlett [24]. The values obtained in this study show reasonably
good agreement with the experimental findings. While triply and even quadruply charged
neon ions are observed in the experiment, they are not included in this study since they
are a result of higher order processes such as direct double and triple Auger decays or

shake processes due to more complex correlation patterns.

5.4 Lifetime widths of selected Ne* levels

Another way of estimating the accuracy of the calculations is the comparison of calculated
lifetime widths with experimental data. Since the lifetime width I of an energy level is
directly proportional to its total decay rate, this allows a direct evaluation of the calculated
Auger rates.

The lifetime widths of selected Ne* multiplets have been measured by Ueda et al. [22]
and De Fanis et al. [25]. In Table 5.4, the calculated lifetime widths for these multiplets are
shown together with the experimental values. The comparison shows that some of the life-
time widths, and therefore the corresponding Auger rates, are significantly overestimated.
In particular, the widths of the 2s'2p>('P)np 2S;/, (n = 3,4) levels exceed the experimen-
tal values by factors of 8 and 6, respectively. Some other widths are overestimated by

factors of up to 4, while still others are reproduced quite well. The large deviations for
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Table 5.4. Lifetime widths for selected levels of Ne*. The computed values are shown together
with experimental widths obtained by Ueda et al. [22] and De Fanis et al. [25]. Results from a
theoretical study of the 2s'2p°(*1P)3p 28, /2 levels by Sinanis, Aspromallis, and Nicolaides
[26] are also shown for comparison.

Lifetime width (meV)

Theory Experiment
Level(s) This work Ref. [26]
25'2p5(3P)3p 2D 65 80 + 10 [22]
2s12p>(®P)3p 2P 71 19 + 5 [22]
2512p5(*P)3p 28, 293 122 120410 [22]
2s'2p°(3P)4p 28y, 121 30 + 15 [25]
2s'2p*(1P)3p 28y, 4289 510 530 + 50 [22]
2s'12p>(1P)3p 2D 17 34 +5 [22]
2s12p>(1P)3p 2P 47 42 + 5 [22]
2s12p>('P)4p %Sy, 803 135 + 20 [25]
2592p43p 2P 82 80 + 5 [25]
2592p%4p 2P 36 20 + 5 [25]

the 2s'2p°(*1P)3p 2§, levels are especially surprising, since an older theoretical study
by Sinanis, Aspromallis, and Nicolaides [26], which calculates the decay widths of these
levels based on multiconfiguration Hartree-Fock calculations, produces results that agree
very well with the experimental findings.

The 2s'2p>('P)3p 25/, and 2s'2p>('P)4p 2S,), levels, which are overestimated the
most, decay predominantly via multiplet-changing transitions to the 2s'2p° 3P levels of
Ne?*. In our calculations, more than 98% of the total decay rate of these levels is due to
multiplet-changing transitions. This is in contrast to the 2s'2p°(1P)3p 2P and 2D levels,
which decay mostly via normal Auger decay to the Ne?* 2s?2p* ground configuration.
Therefore, it is suspected that the overestimated Auger rates are (at least partially) due to

the calculation of the Auger rates for multiplet-changing transitions.

It seems natural that the approximative calculation of the Auger amplitudes by the
AUGER program is not appropriate for multiplet-changing Auger transitions: The character-
ising feature of these transitions is that only one electron is displaced in the process, while
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the remaining electrons only change their multiplet coupling. In this case, the one-electron
operators hp, which are neglected in the calculation of the Auger amplitude by the AUGER
program (cf. Section 3.1), do not necessarily vanish even when biorthonormal orbital sets
are used.






6 Summary

In the present thesis, the two-step Auger cascades following the resonant photoexci-
tation of the 1s713p 1P, and 1s7'4p !P; core-excited levels in neon were explored the-
oretically. For this purpose, extensive MCDF calculations were performed in order to
incorporate all likely intermediate and final states as well as all major correlations into the
description. The aim of this work was to assess as to what extent such a complete simula-
tion of Auger cascades is feasible and produces results that compare well to experimental
findings.

The Auger rates of all considered transitions were calculated with the AUGER component
of the RATIP package based on bound-state wave functions that were created with the
programs of the GRAsP suite. The biorthonormal transformation was applied to the initial
and final states of each transition in order to account for shake processes, which arise
from the relaxation of the atomic orbitals during the Auger decay. In order to analyze
the resulting Auger cascades, a program was developed that enables the user to obtain
different properties of these Auger cascades, such as Auger electron spectra, ion yields,
and the population of different levels.

Whenever available, experimental level energies for the considered Ne, Ne*, and Ne?*
levels were used instead of the energies from the ab initio calculations. This was necessary
in order to accurately simulate the low-energy part of the spectra and to predict ion yields
that are in good agreement with the experiment. While the accuracy of the ab initio energy
levels might be further improved by systematically increasing the csr basis to include
more correlation effects, it is doubtful whether this would suffice to correctly reproduce
the low-energy transitions that are observed in the experiment.

For the most part, the Auger electron spectra that were simulated in this study agree
well with experimental findings. However, there are a few exceptions where there is a
larger discrepancy between the theoretical results presented here and the experiment.

The calculated shake probabilities for the first step of the cascade agree well with

experimental data. Shake processes of the initially excited np electron to a different orbital

27
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n'p occur often and are important for a complete description of the cascade. On the other
hand, conjugate shake processes to the 3d orbital are found to be suppressed by several
orders of magnitude. The calculated ion yields also agree well with experimental findings
if one takes into account that direct multiple Auger decays, which may lead to charge
states higher than Ne?*, are not included in this study.

Although the analysis of the simulated Auger electron spectra shows good agreement
between theory and experiment, the lifetime widths for some of the 2s!2p>3p and 2s!2p>4p
levels, are significantly overestimated. Since these discrepancies are especially large for
levels which decay dominantly via multiplet-changing transitions, it is suspected that
they are due to approximations in the calculation of the Auger amplitude which are not
applicable for multiplet-changing transitions.

In conclusion, the approach to model the complete cascades of Auger decays from the
core-excited Ne 1s713p 'P; and 1s7'4p P, levels via large-scale McDF calculations can
be considered successful. By including all possible participator and spectator decays as
well as shake processes due to a simple model, most features of these Auger cascades, that
are well-known from experimental studies, can be reproduced with good agreement if

experimental level energies are employed.



7 Outlook

This chapter outlines topics of possible future work that builds upon the findings from
this thesis. Some of the shortcomings of this study are pointed out and possible steps to
address them are proposed. These future steps mostly amount to modification or extension
of the RATIP code.

7.1 Computation of Auger amplitudes based on the full

Hamiltonian

Analysis of the lifetime widths for some of the 2s!2p®3p and 2s!'2p>4p levels of Ne* (cf.
Section 5.4) reveals large deviations between some of the calculated values and experimen-
tal data, while an older theoretical study is able to accurately reproduce the experimental
decay widths. Since those levels which decay dominantly via multiplet-changing transi-
tions are the most affected by this, it is suspected that the approximative calculation of
the Auger amplitudes by the AUGER program is not appropriate for these transitions.

This stands to reason, since only one electron is displaced during a multiplet-changing
transition, and thus the one-electron operators hp, which are neglected in the calculation
of the Auger amplitude by the AUGER program, do not necessarily vanish. Furthermore,
since the continuum orbitals for the emitted electron are generated to be orthogonal to
the bound-state wave function of the final ion [16], there might be an overlap between the
initial bound-state orbital and the final continuum orbital of the emitted electron. In this
case, the total energy E might also contribute to the Auger amplitude and the complete
H — E term would have to be considered.

The effect of the one-electron operators hp and the total energy E on the Auger ampli-
tude should therefore be investigated in the context of multiplet-changing transitions. If a
significant effect is found, the option to calculate the Auger amplitude with the full H — E

term could be incorporated in the AUGER program.

29
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7.2 Computation of Auger amplitudes with separate orbital

sets

The AUGER component of the RATIP package assumes a common set of orthonormal
orbitals in the evaluation of the angular part of the Auger amplitude [16]. In this study, the
biorthonormal transformation is applied to the orbital sets of the initial and final states
in order to take the orbital relaxation into account. After the transformation, the two
separately optimized orbital sets are biorthonormal, but the resulting orbitals (naturally)
still differ from each other. This might affect the evaluation of the (angular part of)
the Auger amplitude with the AUGER program. One could investigate how strongly this
affects the result of the calculations, and, if necessary, revise the evaluation of the Auger

amplitudes in the AUGER program.

7.3 Investigation of direct multiple Auger processes

Direct multiple Auger processes are not included in our study, as they only occur in higher-
order perturbation theory and are expected to contribute to a lesser degree. However,
various experimental and theoretical studies of suggest that the branching ratios of direct
double Auger processes can be of the same order of magnitude as those of cascade decays
and can even exceed them [4, 27-30]. According to a study by Hayaishi et al. [27], the
contributions of direct double Auger processes to the decay of the 1s713p and 1s™'4p
core-excited levels of neon are significant, making up 9% of the total decays for the 1s!3p
excitation and 32% for the 1s~14p excitation. However, given the method used in the study,
these values should be considered estimates. Considering this, it would be interesting
to get a detailed view of the double Auger processes that occur in the decay of these
core-excited levels.

Usually, theoretical studies consider the direct double Auger processes in terms of the
shake-off and knock-out mechanisms [31, 32]. In the shake-off mechanism, the orbital
relaxation due to the (primary) Auger decay leads to a jump of the secondary electron to
a continuum state. In this way it is similar to a shake-up or shake-down process. In the
knock-out mechanism, the electron emitted in the primary Auger decay subsequently

knocks out a second electron in an inelastic scattering process that corresponds to electron-
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impact ionization. From a computational viewpoint, both of these approximations of
the higher-order direct double Auger process are based on the single Auger decay rate
and therefore allow a comparatively easy treatment of direct double Auger processes by
computational means. Taking both mechanisms into account yields results that are in

good agreement with experimental findings.

Since there is a sizeable interest in direct double Auger processes, one could consider
to extend the RATIP code in order to treat these processes via the shake-off and knock-out
mechanisms. This is a challenging task that would involve major additions to the codebase.
First of all, the code would have to be extended in order to allow a second electron in
the continuum. The computation formulae for both shake-off and knock-out mechanism
include a sum over intermediate states with one electron in the continuum as well as an
integration over continuum states, the latter to account for the continuous energy sharing
between the electrons. Furthermore, for the knock-out mechanism, the collision strength
for the electron-impact ionization of the intermediate ionic state by the primary Auger

electron has to be calculated.

7.4 Further development of the software used for the analysis

of the cascade

In its current state, the program provides various functions to retrieve different properties
(e.g., electron spectra and ion yields) that are of interest when studying Auger cascades. It
also provides relatively convenient access to the underlying data. However, there are still

several parts that should be improved if the program is considered for further use.

For example, the output of plots and tables could be further simplified by providing
functions that automate the export to different formats. Tables for example could be written
to standard output or saved as . csv files or BIEX documents, the latter of which currently
still requires some work from the user. In addition, the program could benefit significantly
from the incorporation of more appropriate data structures for tabular data. Right now,
tables are simply represented by two-dimensional arrays that can hold elements of any

type. A more database-like representation could make it easier to access and manipulate
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the data and would also make the code a lot clearer. Even though this is a rather technical
issue, it could also simplify the handling of tables for the user.

Apart from these modifications, the program could be extended to enable a more
convenient analysis of shake processes. In the current state of the program, the calculation
of shake probabilities is still left to the user. In order to improve on this, an appropriate
way of representing shake models within the program would have to be developed. Based
on this, the probabilities of shake processes that are due to different (user-defined) shake
models could be calculated. Furthermore, the program could then also be extended
to assist the calculations for such Auger cascades, by generating configuration lists for
possible decay paths from a given initial electron configuration and according to shake

models of varying complexity.
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The Auger cascades following the resonant 1s — mp (n = 3,4) excitation of neutral neon are
studied theoretically. In contrast to previous investigations, we here model the complete cascade
from the initially core-excited 1s™'3p 'P; and 1s~'4p 'P; levels of Ne up to the doubly-ionized
Ne?T ions. Extensive multiconfiguration Dirac-Fock (MCDF) calculations are carried out, combined
with a proper cascades model, to incorporate as many decay branches as possible, including all
major single-electron shake-up and shake-down processes. We simulate the electron spectra and
predict shake probabilities, ion yields, as well as the relative population of the intermediate and
final states. Experimentally known level energies for neutral, singly- and doubly-ionized neon are
utilized whenever possible in order to improve the predictions. Most features from experiment can
be reproduced with quite good agreement if a sufficiently large basis is taken into account. These
simulations therefore demonstrate not only the required computational effort, but also that it is
nowadays possible to predict whole Auger spectra of decay cascades, a central feature for further

exploring electron coincidence maps as obtained at synchrotrons and free-electron lasers.

I. INTRODUCTION

Auger electron spectroscopy has been found a versatile
tool for studying the electronic structure of atoms and
molecules. In particular, the autoionization of inner-shell
excited or ionized noble gases has been investigated ex-
tensively in the past decades [1-9]. Apart from plasma
and astrophysics, such autoionization studies are of fun-
damental interest to better understand the dynamics of
atoms and molecules in intense radiation fields.

Double and even multiple autoionization of atoms is
often possible if an inner-shell vacancy is created. Such
a double Auger (DA) process was first detected in 1965
[1]. Generally, two different and competing DA mecha-
nisms are distinguished, namely the (so-called) direct and
cascade DA. While the direct DA process is a high-order
process in which both electrons share the (transition) en-
ergy and are ejected simultaneously [10], a subsequent
electron emission occurs in the cascade DA process. In
good approximation, the cascade DA decay can be de-
scribed by a two-step process in which the first step still
leads to an autoionizing state that can decay by further
electron emission. Usually, a DA process is a combination
of both, direct and cascade processes [9]. For medium
and heavy atoms, moreover, inner-shell excitations often
result even in triple or multiple ionization [11]. Recently,
even a direct triple Auger decay was observed for the first
time [12]. To describe such direct processes, the shake-off
and knock-out mechanisms have been proposed [13, 14].

Auger cascades have been studied extensively, both
experimentally and theoretically [15-19]. In particular,
if a 1s electron of a nearly-neutral atom is excited to
an otherwise empty np shell, such cascades frequently
proceed via spectator processes, in which the excited

* sebastian.stock@uni-jena.de

valence-shell electron itself does not participate in the
autoionization in the first step. Therefore, the ions are
often left in an autoionizing state and then undergo a
second Auger decay. For such electron emission cascades,
shake processes are known to play an essential role [2—4, 6,
8] and require special care in any theoretical description.

Although the Auger electron spectra of 1s — 3p and
1s — 4p excited neon have been explored experimentally
[3, 5, 6, 8, 15-17, 20], a detailed numerical simulation
of the overall two-step Auger cascades is still missing
to the present. In this work, we therefore investigate
the single and double autoionization of neon atoms with
an initial K-shell hole, following the resonant 1s — 3p
and 1s — 4p photoexcitation. For these cascades, we
performed extensive MCDF computations in which all
major single-electron shake-up and shake-down processes
are incorporated systematically into the calculation of
the Auger rates for all possible decay paths. As far as
available, we compare our results to experiments and find
good agreement for our simulated spectra as well as for
shake probabilities and ion yields.

Our paper is structured as follows: In section II, we first
introduce in detail the two Auger cascades following the
inner-shell excitation of the 1s~'3p 'P; and 1s~'4p 'P;
levels of neon, respectively, which are the focus of this
work. Here, we also briefly outline the MCDF method as
well as the biorthonormal transformation that is used in
evaluating the Auger amplitudes and rates. Section III
then describes further details about the generation of
the systematically enlarged wave functions, and how we
make use of experimental energies to further improve the
simulated spectra. Our results are discussed in section IV
which is subdivided into two parts, one which addresses
the first step of the cascade as well as the shake probabil-
ities and ion yields, and another part in which the second
step of the cascade and the population of the final states
are discussed. Finally, a short summary of our findings is
given in Section V.



II. THEORY

A. Auger cascades after inner-shell excitation

In neutral neon, the resonant photoexcitation of a 1s elec-
tron leads to the core-excited 1s~13p Py level at the (well-
known) photon energy 867.13eV, or to the 1s~'4p Py
level at 868.76 eV, respectively [21]. In comparison, the
photoexcitation of the neighboring 1s~'np 3P levels from
the 'Sy ground state is typically suppressed by a factor of
about 1073. Therefore, we here restrict ourselves to the
Auger cascades of the initially excited 1s~'np 'P; levels.

There are two major steps in the cascade decay of
1s~'np 'P; core-excited neon atoms. In a first step, these
atoms emit a fast Auger electron within ~ 3fs and be-
come Net ions with a hole in either the 2s or 2p shell.
For this first step of the cascade, we shall take into ac-
count all those levels that can be reached by spectator or
participator decays as well as by single-electron shake-up
or shake-down processes of the initially excited 3p or 4p
electron. In addition to the two electrons that normally
participate in any Auger decay, i.e., the de-excited and
the emitted electron, in single-electron shake processes,
a third electron is displaced from its shell into a higher
subshell (shake-up) or a lower one (shake-down). If, more-
over, the (shaken) electron changes its orbital angular
momentum, we refer to this as a conjugate shake pro-
cess. In the first step of the cascades, we here include all
shake processes of the initially excited 3p or 4p spectator
electron to any of the np subshells with n =3,...,7, as
well as conjugate shake transitions to the 3d subshell.
Therefore, the first step of the Auger cascades above can
be summarized as

1522s22p°

1522s'2pb

1s22822pin’t 3 +e . (1)
1s22s12p5n/¢
1522592pSn/¢

Ne 1s~!np 'P; — Ne™

Some of the final states on the right-hand side of step
(1) are still autoionizing since they lie above the double
ionization threshold. These final states of the first step
then become the initial states of the second step of the
Auger cascade, in which electrons with much lower energy
are emitted. For this second step of the cascade, we include
all final states that arise from the 2s?2p* and 2s'2p®
configurations, as well as several energetically allowed

Ne1+ Nez+
100 T i
%{ z
3 &
[ %]
I\
80 B
ey
8]
£ &{
R — I
&
=~ 60 | B
2
>
=g
8 <
i & {
= )
40F & o .
I
)
[aV}
~— 2s12p8
20 b
3p
3d
4p |
S5p
L — < 2g22p5 6p — |
0 P 7p

FIG. 1. Energy levels of Ne™ and Ne?T ions relative to the
1s22s%2p° 2P3/2 ground level of Ne™. Only the levels that are
relevant for the cascade as outlined in Egs. (1) and (2) are
shown. Here, we employed experimental level energies when-
ever available and interpolated the energies of the remaining
levels based on experimentally observed levels, cf. section II1I B.
The dashed line at 104.4eV represents the triple ionization
threshold.

levels from the 2s22p3nf configurations:
Ne™ 1s22s22p*nt — Ne?t 1522s22p? + ¢,

1s22s22p?
p }+e,

Net 1s%2s'2p°nl — Ne?*
b 1s22s'2p°

1s22s12p°
1522s22p* +e”
1s22s22p3n/¢’

Net 18225%2p%n¢ — Ne?*

(2)
In addition to the shake transitions of the nf valence
electron, as mentioned above, we here included also the
conjugate 2p — 2s shake-down displacements in order to
account for the energetically allowed Auger transitions
between the fine-structure levels of the 25°2p%n¢ — 2s22p*
and 2s2p%nf — 2s22p3n/¢’ configurations, respectively.
Fig. 1 displays the energy levels of the Ne™ and Ne?*
ions that are involved in the considered Auger cascades.
As seen from this figure, triple ionization is not possible



if we consider only the configurations outlined in Egs. (1)
and (2), since the energetically highest of the considered
Ne™T levels is well below the triple ionization threshold.

In contrast to previous computations, in which only a
few selected decay paths were considered (cf. e.g. Refs. [5,
16]), we here model all the possible decay branches that are
outlined in Egs. (1) and (2) in order to find the dominant
decay paths and to account for all major correlation
contributions from the various electronic configurations.

We do not include the 1s22s°2pSné — 1s22s'2p*n/¢’ +
e~ Auger transitions since, based on our calculated ab-
initio energy levels, the 2s'2p*n/¢’ levels are situated
slightly above the 25°2p8n¢ levels. However, the difference
is below the uncertainty of the calculations, so we cannot
rule out the existence of these transitions in the observed
spectra.

B. Calculation of Auger transition rates

Our calculations are based on the Dirac—Coulomb—Breit
Hamiltonian

H=> hp(r)+V, (3)

where hp denotes the one-electron Dirac operator and V'
the interelectronic interaction operator, i.e., the sum of
the Coulomb and Breit interactions between each pair of
electrons,

V:VC+VB=Z<1H+%‘)' ()

— \T
1<J K

Within the framework of Ref. [22], based on the theory
of resonant scattering, the Auger amplitude for the decay
of an initial N-electron state W;(P;J;M;) with parity
P;, total angular momentum J;, and projection of total
angular momentum M, into the (N — 1)-electron final
state W (P JyM/), with the respective quantum numbers
Pf, Jf,Mf, is given by

Viespn = (Vy,er; PoJy || H — B[ Wy Py
X 0p,p,07,0,00Mm M, , (D)

where ex designates the partial wave of the ejected electron
with kinetic energy e and relativistic angular momentum
quantum number k. The coupling of the final ionic state
U (P JyMy) with the partial wave ex of the continuum
electron yields a final scattering state with total parity
P, and angular momentum J;, M;.

If the wave functions of the initial and the final states
are constructed from a common set of orthonormal or-
bitals, neither the one-electron operators hp nor the total
energy E can contribute to the matrix element Vi,
within a single-configuration approximation. This Auger
amplitude then purely results from the two-electron in-
teraction operator V. In the AUGER component of the

RATIP [23] package, the Auger amplitude is therefore sim-
ply calculated as

Vispr & <‘I’f76%;PtJtHVH‘I’i;PiJi>5PiPt5Mth5Jth(7 )
6

where the partial waves ex of the continuum electron are
generated as distorted waves within the potential of the
corresponding final ionic state. From these amplitudes
Vi r,i of all the contributing partial waves, the AUGER
program then calculates the Auger transition rate; cf.
Ref. [24] for further details.

C. The MCDF method

The bound-state wave functions that are utilized for
the computation of the Auger amplitudes are generated
by applying the multiconfiguration Dirac—Fock (MCDF)
method. Within the MCDF formalism, the atomic state
function ¥, of an energy eigenstate « is constructed as a
linear combination of so-called configuration state func-
tions (CSFs) @ with well-defined parity P, total angular
momentum J, and projection of total angular momentum
M:
Nc
o (PIM) = 3 ci(a)®(PIM). (7)

i=1

Here, n. denotes the number of CSFs and {c;(«)} is the
representation of the atomic state within the given CSF ba-
sis. Moreover, ~; refers to all remaining quantum numbers
that are needed to uniquely specify a CSF. Usually, all n,
CSFs are constructed from a common set of orthonormal
atomic orbitals, i.e., from a set with (¢;|¢,;) = &;; for
each pair of orbitals.

D. Shake processes and the biorthonormal
transformation

In order to model the first step of the cascade realistically,
we have to consider shake processes of the initially ex-
cited np electron into shells with other principal quantum
numbers n’,

1s'2s22p%np — 1822s%2p5~Fn/r + e . (8)

In a simple picture, shake processes arise from the overlap
of the different orbitals when the initial and final states
are optimized separately. In this model, a shake-up of the
valence electron from 3p to 4p requires that the 3p orbital
of the initial state overlaps with the 4p orbital of the final
state. In zeroth approximation, the shake probability is
equal to the modulus squared of this orbital overlap, while
the mixing between different configurations may lead to
additional contributions to the shake probabilities.
Since the initial and the final bound-state wave func-
tions W;, Wy differ in their number of electrons, the
two orbital sets {¢;} and {¢;} of the initial and final



states are generally not biorthonormal, i.e., the relation
(¢il¢}) = 6i; does not hold. While the separately op-
timized single-electron orbitals are utilized within the
AUGER program, this component of the RATIP package
still assumes a common orthonormal set of orbitals for
both the initial and the final states in the evaluation of
the (angular part of the) many-electron Auger amplitudes.
Therefore, in order to treat shake processes within the
RATIP code, one has to account for the overlap of the
initial- and final-state orbitals in a different way, for in-
stance, by employing the biorthonormal transformation
as described in Ref. [25] and implemented in the (more
recent) GRASP [26] package.

In a biorthonormal transformation, the two sets of or-
bital functions are modified, {¢;}, {¢}} — {¢:}, {d}},
such that the obtained orbitals finally fulfill the standard
relation (¢;|@}) = dij. Of course, any change of the or-
bitals also modifies the CSFs, ®(y; PJM) — ®(v;PJM),
and, hence, the representation of the atomic states in the
given basis. Therefore, in order to leave the atomic state
functions invariant, the coefficients ¢; — ¢ need to be
transformed as well to fulfill the equivalence

Ne Ne

> cila) @(PIM) = > é(a) &(wPIM).  (9)

i=1 i=1

By applying a biorthonormal transformation to the atomic
states, the (original) orbital overlap is now accounted
for by means of the mixing of different configurations
and, thus, such a transformation provides a very elegant
method to deal with atomic shake processes.

III. CALCULATIONS

The suite of GRASP [26] programs was employed to gen-
erate all bound-state wave functions and to perform the
biorthonormal transformation of the initial and final states
for each step of the cascades. For such a biorthonormal
set of orbitals, the Auger decay rates are calculated with
the AUGER component of the RATIP package.

To simulate the electron spectra below, the initial res-
onant photoexcitation as well as all subsequent Auger
electron emissions are treated as independent steps of
the overall autoionization process. In particular, here we
do not account for the alignment of the atoms due to
their photoexcitation since we are only interested in the
(angle-integrated) electron spectra. This is in contrast to
a few recent studies on the coherence transfer through
two (or more) overlapping resonances, and how such a
transfer affects the angular distribution of the second-step
Auger electrons [15, 20].

In the present study, moreover, we do also not consider
any direct multiple Auger processes which would lead to
the simultaneous emission of two or more electrons. These
direct processes only occur in second- or even higher-order
perturbation theory and are assumed to be negligible as

long as sequential Auger cascades are energetically possi-
ble. We also neglect all radiative decay processes which
are typically suppressed by several orders of magnitude.

A. Bound-state wave function generation

As mentioned before, the first step of the cascade is
strongly affected by shake-up or -down processes of the
initially excited np (n = 3,4) electron into shells with
principal quantum numbers n’ # n. In our computations,
we have therefore taken into account all those configura-
tions in which the np valence electron is displaced into
one of the neighboring n'p orbitals. In the wave func-
tion expansions of the intermediate and final states of
the cascade, we included all 2¢*np configurations with
n =3,...,7. Further configurations with even higher prin-
cipal quantum numbers of the spectator electron were
found negligible in a series of test computations. In a
recent experiment by Tamenori and Suzuki [8], moreover,
the conjugate shake processes 1s~'3p — 1s%2s522p*(*D)3d
have also been observed. We therefore also included the 3d
orbitals in our computations to account for such conjugate
shake processes.

Electron correlation effects are known to play an essen-
tial role in describing (inner-shell) excited atomic states.
For this reason, we have also incorporated various states
that cannot be populated during the cascade process (i.e.,
Ne?t states whose energies are higher than the highest
considered Ne™ state) into the basis, because they often
mix with the energetically low-lying states and, hence,
may affect the computation of the corresponding Auger
rates. To model the relevant states of neutral, singly ion-
ized, as well as doubly ionized neon, we include all CSFs
of the following configurations in our computations:

e Ne (24 CSFs): 1s2522p°nd,
e Net (261 CSFs):  1s22s22p®, 1s?2s'2p®,
1522522p*nl, 1s22s'2p°nl, 15225°2pSns,

e Ne?t (516 CSFs): 1s22s522p?, 1s22s'2p?,
1522522p3nf, 1522s92p8, 152251 2p*nl, 1s225°2p°nl,

where nf € {3p, 3d, 4p, 5p, 6p, 7p}.

B. Energy levels

The second step of the cascade includes a large number
of Auger transitions with quite low energies. In order to
correctly reproduce these low-energy spectra, one needs to
be able to distinguish between the energetically allowed
and the energetically forbidden transitions. The level
energies from such ab-initio calculations as performed here
are usually not accurate enough to make this distinction
explicit. Therefore, we here make use of the experimentally
known level energies of neutral, singly and doubly-charged
neon, as far as available, to better reproduce the Auger



energies of the emitted electrons. In some more detail,
these experimental energies were obtained from different
sources:

e Energies of low-lying levels of Ne™ (where available)
and Ne?t as well as the ionization energies were
obtained from the NIST Atomic Spectra Database
[27].

e The Auger spectra from Refs. [7, 8, 16, 17, 28] were
used for determining some additional Ne™ energy
levels that are not available from optical data.

o Values for the 1s~'3p and 1s~'4p excitation energies
were taken from Ref. [21].

For other levels, unfortunately, there is no experimental
data available. Nevertheless, these level energies can still
be improved by using the known energies of neighboring
levels and applying a proper interpolation scheme.

IV. RESULTS

We now present the results of our simulation of the
complete two-step Auger cascades following the reso-
nant photoexcitation of the core-excited 1s™13p 'P; and
1s~'4p 'P; levels of neutral neon. We aim to accurately
predict the Auger electron spectra, the shake probabilities,
as well as the ion yields.

A. The first-step single ionization spectrum

The resonantly excited 1s~'np 1P levels can decay to any
of the 261 levels of Ne™ which we consider above in Eq. (1).
Here, we shall restrict our discussion to the dominant
peaks of the calculated spectra, which may consist of one
or several Auger transitions between (nearly-degenerate)
fine structure levels. Fig. 2 shows the calculated Auger
electron spectra for the first step of the cascade. For the
sake of simplicity, we plot every electron line as a Gaussian
with a constant full width at half maximum (FWHM)
of 100 meV. Only peaks with a relative intensity > 0.01
(with regard to the largest peak in each spectrum) are
numbered in the figure and listed in Table I.

The peaks in the spectra of Fig. 2 form several well-
separated groups which are associated with different con-
figurations of the Ne™ ions as listed in Eq. (1). Going
from low to high electron energies, we can distinguish
the levels of the following final-state configurations for
this first step of the cascade: Transitions to levels of the
25s92p®nl configurations at 746-756 eV, 2s'2p°nl at 770
790eV, 2522pinl at 799-816eV, 2s'2pf at 818.7eV, as
well as to 2s22p° at 845.5-845.6 €V, respectively. All these
electron energies refer to the decay of the 1s~!3p reso-
nance and are released in step (1) of the cascade. For the
decay of the 1s7'4p 'P; level, the Auger transitions to
the same final levels of NeT yield electron energies that

are about 1.6eV higher owing to the energy difference
between the 1s~!3p and 1s~'4p levels.

The autoionization of the 1s~'3p 'P; and 1s~'4p 'P;
core-excited levels to the 2s'2p® 2S; /2 level of singly
charged neon ions occurs particularly weak in our compu-
tations. For these two Auger lines, the calculated relative
intensities are only about 4.7 x 1076 and 1.2 x 107% com-
pared to the largest peaks in the respective spectra. This
differs from experimental findings where the transitions to
the 2s'2pS 25, /2 level can be clearly seen in the recorded
spectra for both excitations, cf. Ref. [6]. A possible reason
for this might be an inadequate expansion of the wave
function for this particular level. From an analysis of the
calculated energies, the 2s'2p® 2S; /2 level energy is indeed
found about 5eV too high with respect to the neighbor-
ing 2s22p?3p levels (as obtained from optical data). This
rather large deviation indicates that this 2S; /2 level is
represented rather poorly within the given basis.

The Auger transitions to various levels of the 2s?2p*n/¢
configurations of Net clearly dominate the electron spec-
tra of the first step (1). Altogether, these Auger lines make
up about 75% of the total intensity for the decay of the
1s~1'3p 'P; and 1s~'4p 'P; core-excited levels. Therefore,
these groups of transitions have been explored extensively
in the literature [3, 5, 6, 8] and, hence, are well suited
for a comparison of our computations with experiment.
In Table I, for example, we list the measured intensities
by Kivimiki et al. [6] for the transitions to the 2s?2p*3p
states. Since the values in Ref. [6] are normalized such
that they add up to 100, we scale them appropriately.
Our values compare reasonably well to the experimental
intensities. Especially the intensity ratios of the dominant
transitions to the 2s?2p*(*D)3p multiplets show very good
agreement.

Fig. 3 shows the Auger electron spectra of the tran-
sitions to the 2s?2p*n/ states of Net in greater detail.
We here include recent experimental data from Ref. [8]
along with our calculated spectra in order to compare the
relative intensities of the recorded electron lines. (Note
that, since we employ experimental energies in our compu-
tations, the transition energies naturally match the exper-
imental values.) In the experiment [8], the Auger electron
spectra were observed for both parallel and perpendicular
polarization of the incident photon beam with respect to
the detector axis to obtain angle-resolved spectra. Since
we limit ourselves to a simulation of the (angle-integrated)
intensities of the transitions with no account of the an-
gular distribution, we determine the angle-independent
intensities from the experimental data. Our calculated
intensities agree well with the experimental spectra. Es-
pecially, we can predict quite accurately to which extent
shake processes take place and affect the observed spectra.

Table IT lists the predicted shake-up and shake-down
probabilities for the initially excited 3p and 4p electrons
into neighboring nf shells during the first step of the
cascade. For an initial 1s~!3p excitation, the spectator
process that leaves the 3p electron in its valence shell
clearly dominates with a probability of 72%. For this



TABLE 1. Energies and intensities of all major electron lines in the first-step Auger electron spectra of 1s™'np Py (n = 3,4)
excited neon. The (relative) intensities of these peaks are denoted by Is; and refer for each initial 1s7inp Py level to the most
intense peak, i.e., to peak 22 for the initial 1s~'3p excitation and to peak 15 for 1s~'4p, respectively. For the decay of the
core-excited 1s713p Py level, the calculated intensities are compared, whenever possible, with experimental data by Kivim#ki
et al. [6]. Columns 4 and 7, moreover, display the relative intensities within each single peak, denoted by I, i.e., the fractions of
a particular fine-structure line with regard to the intensity of that peak.

15713}) excitation 15714p excitation
Is
No. Final level(s) Ex (eV) I This work Expt. [6] Ex (eV) I Is,
1 25°2p°5p 2P 749.72-749.73 1.0 0.043
2 2s%2pS4p 2P 750.06 1.0 0.032 751.69 1.0 0.016
3 2s%2p%3p 2P 755.18 1.0 0.075
4 2s'2p® (*P) 5p 2S; 5 773.15% 0.10 0.320
2s'2p® (*P) 5p 2P 773.19 0.33
2s'2p® (*P) 5p 2D 773.23 0.56
5 2s'2p® ('P)4p 2S5 773.40% 0.10 0.233 775.03% 0.13 0.121
2s'2p® (*P) 4p 2P 773.50 0.32 775.13 0.35
2s'2p® (*P) 4p 2D 773.58-773.59 0.58 775.21-775.22 0.52
6 2s'2p® (*P) 3p 2P 778.56 1.0 0.191 780.19 1.0 0.013
7 2st 2p (*P)3p 2D 778.82-778.83 0.83 0.369 780.45-780.46 0.87 0.026
2s'2p® ('P) 3p 2S; 5 778.84 0.17 780.47 0.13
8 2s'2p® (*P) 5p 2P 783.61-783.65 0.27 0.020
2s 2pr ép )5 ’D 783.68-783.79 0.41
2s! 2p (®P) 5p P 783.73-783.74 0.19
2s'2p® (3P) 5p D 783.74-783.81% 0.12
9 2s 2p5 (®P) 4p 2815 783.70 — 0.027 785.33 0.24 0.019
2s'2p® (°P) 4p 2P 783.92-783.97 0.35 785.55-785.60 0.27
2s'2p® (3P) 4p D 783.97-784.03 0.44 785.60-785.66 0.34
2s'2p® (®P) 4p *P 783.99-784.05 0.17 785.62-785.68 0.13
2s'2p° (°P) 4p *D 784.06-784.14* 0.03 785.69-785.77* 0.02
10 2s'2p® (®P) 3p 2S5 788.19 1.0 0.016
11 2s'2p® (°P) 3p 2P 788.89-788.92 0.37 0.081
2s'2p® (°P) 3p 2D 789.01-789.06 0.58
2s'2p® (®P) 3p P 789.07-789.10 0.05
12 2s22p* (1S) 5p 2P 802.18 1.0 0.088
13 2s%2p* (1S) 4p %P 802.52 1.0 0.053 804.15 1.0 0.029
14 2s%2p? (!D) 6p ?P 804.84 0.09 0.019
2s%2p* ('D) 6p 2D 804.90 0.32
2s%2p* (!D) 6p °F 804.93 0.59
15 2s%2p? (!D) 5p 2P 805.71-805.72% 0.16 1.0
2s%2p* ('D) 5p 2D 805.86 0.34
2s%2p* (!D) 5p ?F 805.91 0.50
16 2s22p* (®P) 7p 805.85-805.99* 0.02 0.721 807.48-807.62* 0.02 0.381
2s22p* (D) 4p 2D 806.17 0.30 807.80 0.32
2s%2p* ('D) 4p ?P 806.16-806.18 0.03 807.79-807.81 0.15
2s%2p* ('D) 4p ?F 806.28 0.60 807.91 0.50
2s22p* (°P) 6 806.38-806.50P 0.05 808.01-808.13 0.02
17 2s%2p* (®P) 5p 2P 807.26-807.29 0.96 0.038
2s%2p* (*P) 5p 2D 807.36-807.45 0.01
2s22p* (°P) 5p *D 807.38-807.47 0.02
18 2s%2p? (18) 3p %P 807.70 1.0 0.192 0.321 809.33 1.0 0.014
19 2s22p* (®P) 4p 2P 809.07-809.10 1.0 0.075
20 2s22p* ('D) 3p 2D 811.18 1.0 0.744 0.725 812.81 1.0 0.052
21 2s%2p* ('D) 3p 2P 811.28-811.31 1.0 0.333 0.373 812.91-812.94 1.0 0.021
22 2s%2p* ('D) 3p 2F 811.54-811.55 1.0 1.0 1.0 813.17-813.18 1.0 0.076
23 2s22p* (°P) 3p 2P 814.04-814.05 1.0 0.043 0.027
24 2s22p® 2P 845.47-845.57 1.0 0.017

2 The energies of these transitions are not known from experimental data.
b The energies of some of these transitions are not known from experimental data.
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FIG. 2. Simulated Auger electron spectra for the first step (1) of the cascade due to the decay of the core-excited (a) 1s7'3p Py
and (b) 1s™'4p 'P; levels. Every electron line is plotted as a Gaussian with a constant 100 meV FWHM. Peaks with a sufficiently
large intensity are labeled with the same numbers as used for indexing in the first column of Table I. The vertical lines below the
plots indicate all possible electron transitions in this cascade, where the colors correspond to different final-state configurations,
cf. the legend. The two vertical lines at (a) 804.6eV and (b) 806.2eV represent the double ionization threshold: the spectral
lines to the left of these dashed lines represent transitions to singly-ionized levels with energies above the Ne** ground state

that typically take part in the second step of the cascade.

TABLE II. Calculated shake probabilities for the first step of
the cascade. Recent experimental values obtained by Tamenori
and Suzuki [8] are given for comparison.

Final 1s_13p excitation 1s_14p excitation
orbital ~ This work  Expt. [8] = This work  Expt. [§]
3p 0.72 0.096

3d 2.9x107* } 0-69 5.6 x 107° } 0-08
4p 0.26 0.31 0.24 0.26
5p 0.0099 < 0.01 0.64 0.64
6p 0.0085 < 0.01 0.015 0.02
p 0.0036 < 0.01 0.0033 < 0.01

initial resonance, the shake-up to the 4p orbital has a
probability of 26%, while the shake-ups into even higher
shells are rather weak with respective probabilities < 1%.
For an initial 1s~'4p excitation, in contrast, the shake-
up to 5p dominates with a probability of 64% over the

spectator process (24%). Other notable skake processes
are the shake-down to 3p (9.6%) and the shake-up to 6p
(1.5%). Our calculated shake probabilities agree very well
with the experimental findings from Ref. [8].

To predict these shake probabilities, we use the cal-
culated intensities from above and sum over all those
intensities that belong to a particular spectator orbital.
When we just consider the overall shake probabilities,
quite good results (cf. e.g. the calculated values in Ref. [3])
are also obtained by just taking the modulus squared of
the orbital overlaps. However, if we need to determine
the shake probabilities for some specific transition, this
approach is no longer appropriate as one observes signifi-
cant differences for final levels (terms) that are coupled
differently. For example, significant deviations occur for
the transitions from the initial 1s~'3p 'P; level to the
2522p*(3P)3p 2P and 2s?2p*(1S)3p 2P doublets (peaks 23
and 18) when compared to the corresponding shake-up
transitions to the 2s22p*(®P)4p 2P and 2s22p*(1S)4p 2P
doublets (peaks 19 and 13), respectively. While a shake-
up to the 2s22p*(®P)4p 2P doublet is almost twice as
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FIG. 3. Comparison of the theoretical and experimental elec-
tron spectra. Results from the experiment by Tamenori and
Suzuki [8] are shown together with an enlarged part of the
simulated spectra from Fig. 2 for (a) the 1s™'3p 'P; and (b)
the 1s_14p P, levels.

likely as the spectator decay to the 2s?2p*(*P)3p 2P
doublet (0.075 : 0.043, cf. Table I), a shake-up to the
2522p*(1S)4p 2P doublet is 4 times less likely compared
to the transitions to the corresponding 2s?2p*(1S)3p 2P
doublet (0.053 : 0.192).

According to our calculations, the population of the
3d subshell via a conjugate shake process is strongly sup-
pressed and almost negligible. In Ref. [8], however, the
small peak at 807.3 eV in the 1s~!3p spectrum (peak 17 in
Fig. 3) has been assigned to the 1s713p — 2s22p*(1D)3d
transitions. Based on our computations, we instead pro-
pose that the observed peak belongs to the 1s7!'3p —
2522p*(®P)5p (normal) shake transitions. The calculated
intensity of the (*P)5p transitions exceeds that of the
(1D)3d transitions by about two orders of magnitude, and
also the well-known energies of the 2s?2p*(!D)3d and
(3P)5p levels (as obtained from optical data [27]) sug-
gest that the observed electron lines correspond to the
2522p?(3P)5p levels of the Ne™ ions.

In Fig. 2, the dashed vertical lines represent the double
ionization threshold. All Auger transitions with an elec-
tron energy higher than this threshold populate Ne™ levels
that lie energetically below the Ne?t ground level and,

TABLE III. Calculated ion yields for the decay of the reso-
nantly excitated Ne 1s™'np 'P; levels (n = 3,4) and compari-
son with experimental values obtained by Morgan et al. [29].

Charge 1s713p excitation 1s™'4p excitation
state This work  Expt. [29]  This work  Expt. [29]
Ne™ 0.74 0.65(02) 0.24 0.24(03)
Ne?* 0.26 0.31(02) 0.76 0.71(04)
Ne?t — 0.03(01) — 0.04(01)
Ne** — 0.002 — 0.002

hence, cannot autoionize further. On the other hand, all
electron lines below this threshold correspond to autoion-
izing Ne™ levels which may decay to Ne?t via one of the
second-step transitions listed in Eq. (2). The relative ion
yields for Net and Ne?* are therefore given (in very good
approximation) by the intensity ratio of all peaks above
and below the threshold. Table III displays the calculated
ion yields. The large difference between the ion yields for
the 1s~'3p and 1s~'4p excitations arises mainly from the
different population of the 2s22p*(*D)5p levels in the first
step of the cascade. These levels lie 0.3-0.5eV above the
double ionization threshold and are dominantly populated
in the first-step Auger decay following the 1s~!4p exci-
tation, while their population is negligible for an initial
1s713p excitation. Our results for the ion yields agree
quite satisfyingly with the experimental data by Morgan
et al. [29] which is shown for comparison in Table III.
While triply and even quadruply charged neon ions have
been observed in the experiment [29], they require higher-
order processes, such as direct double and triple Auger
electron emissions or shake-up processes of two or more
electrons, and are thus not included in the present study.

B. The second-step double ionization spectrum

The second-step Auger electron spectra span the en-
ergy range between 0 and 59eV and comprise a total
of 1512 transitions between fine-structure levels of Ne™
and Ne?*. About 800 of these lines have low electron
energies (< 10eV). Fig. 4 displays the calculated Auger
electron spectra for step (2) of the cascade. Large parts of
these spectra have been explored before with emphasis on
different aspects [8, 16, 17]. While the dominant peaks are
all situated below 35eV, some additional peaks occur in
the range between 42 and 59 eV. In the following, we shall
therefore separately discuss three parts of the spectrum
with energies 0-8eV, 8-35eV, and 42-59 eV, respectively.

Table IV lists all the significant peaks with energies be-
low 8 eV together with their relative intensities. This part
of the spectra is dominated by so-called multiplet-changing
Auger transitions [30] in which the energy required for
the release of the Auger electron does not arise from a
change in the shell occupation (electron configuration)
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FIG. 4. The same as Fig. 2 but for the second step (2) of the Auger cascade. Peaks with a sufficiently large intensity are labeled
again with numbers that refer to the numbers in the first columns of Tables IV, V, and VI. The colors of the vertical lines below
the plots correspond to different initial and final configurations as shown in the legend. For electron energies higher than 42eV,
the peaks are enhanced by a factor of 100 to make the 2s°2p5n¢ — 2s22p* transitions visible.

but from the coupling of different terms of the remaining
ion, i.e., a change of the multiplet coupling of the under-
lying parent state. For this reason, the Auger electrons
in these transitions are typically emitted with very low
energy. In the second step (2) of the neon cascade, the
following multiplet-changing transitions are energetically
allowed: The 2s22p*(1D)5p, (1D)6p, (*D)7p, (1S)3d, and
(1S)4p states of Net can decay to the 2s22p* ®P states of
Ne?*, while the 2s?2p*(1S)5p, (1S)6p, and (1S)7p states
can decay to the 2s22p* 3P and 'D, states. Furthermore,
all of the considered 2s*2p®(1P)nf states can decay to the
2s'2p° 3P states.

In addition to the multiplet-changing transitions, many
of the 2s°2p%n¢ — 2s22p3n/¢’ shake transitions also lie
in this energy range. In further detail, the energetically
allowed final states here include all of the 2s?2p33p
and 2s%2p33d states as well as the 2s?2p®(*S)4p and
2522p3(4S)5p states, cf. Fig. 1 above. As expected, these
transitions are generally very weak, since, in addition to
the low population of the 2s°2p®nf levels, these second-
step transitions require a conjugate shake-down 2p — 2s
and are, hence, strongly suppressed compared to the nor-
mal Auger transitions to the 2s!'2p® levels. These transi-
tions are therefore hard to detect as they occupy just the

same energy region as the comparatively strong multiplet-
changing transitions. Until now, these shake-down transi-
tions have not been observed experimentally. Nevertheless,
some of the peaks in Table IV show some minor contribu-
tions from these lines.

The intensities Iy, of the peaks listed in Table IV are
given relative to the total intensity of the two peaks 20 and
21 for the 1s~!3p excitation and relative to peak 27 for
the 1s~Mp excitation. We have chosen this normalization
for the 1s~13p peaks because we wish to compare the
intensities for the 8-35€eV energy range with experimental
values which are normalized the same way. In order to
be still able to compare the intensities of peaks from
different energy ranges, we shall use these peaks above
for normalizing the whole second-step spectra. Although,
for the initial 1s~'4p excitation, peak 1 of the second-
step spectrum is apparently the largest, we here choose
peak 27 as reference because the spectrum with electron
energies > 5eV has been explored earlier in great detail
(e.g., Ref. [17]), in contrast to the very-low-energy part.
Peak 27 is taken as reference since it is the largest in this
range of kinetic energies above 5eV.

Unfortunately, it is difficult to assess the accuracy of
the calculated intensities for these low-energy transitions.
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TABLE IV. The same as in Table I but for the second-step Auger electron lines with energies between 0-8 V. Here, the relative
intensities Is; refer to peaks 20+21 for the 1s~'3p excitation and to peak 27 for 1s~4p, cf. Table V.

1s73p 1s'4p
No. Initial level(s) Final level(s) Ex (eV) 1 Is 1 Is

1 2s?2p* (*D) 5p 2F 2s22pt 3P 0.21-0.33 — 0.793 0.50 7.901
2s22p* (*D) 5p 2D 2s22pt 3P 0.26-0.37 0.01 0.34
2s'2p® ("P) 3p S1/2 2st2p® 3P 0.32-0.43 0.46 —
2s'2p° (*P) 3p 2D 2st2p® 3P 0.34-0.45 0.51 0.01
2s22p* (D) 5p 2P 2s22p* 3P 0.40-0.52¢ 0.01 0.16

2 25°2p°6p 2P 2522p> (?P) 3d *P 0.64-0.66 — 0.568 0.01 0.053
2s'2p° (*P) 3p 2P 2s'2p® 3P 0.60-0.72 1.0 0.99

3 2522p* (*S) 5p %P 2s22p* 1Dy 0.85 0.99 0.235
2s°2p%4p 2P 2522p® (*P) 3p 'So 0.86 0.01

4 2s22p* (*D) 6p 2F 2s29p* 2P 1.19-1.31 0.58 0.146
2s22p* (*D) 6p 2D 2s29p* 2P 1.22-1.33 0.32
2s22p* (*D) 6p 2P 2s29p* 2P 1.28-1.40° 0.09

5 2522p* ('S) 6p *P 2522p? 1Dy 1.82 — 0.318 0.01 0.236
25°2p%5p 2P 2522p® (°D) 3d 'F5 1.84 — 0.01
2522p* ('S) 4p *P 2522p? 3P 1.97-2.09 1.0 0.96
25°2p%5p 2P 2522p® (°D) 3d 'P, 2.07 — 0.02

6 2s22p* (*S) 5p *P 2s29p* *p 3.94-4.06 1.0 0.458
2s'2p® (*P) 4p 2D 2s'2p° 3P 5.58-5.69 0.23 0.408 0.18 0.320
25°2p%5p 2P 2522p® (P) 3p *S; 5.69 — 0.02
2s'2p° (*P) 4p %P 2s'2p° 3P 5.66-5.77 0.44 0.41
2s'2p® ("P) 4p 2S1,2 2s'2p° 3P 5.76-5.87¢ 0.32 0.39

8 2s'2p° (*P) 5p 2D 2s'2p® °p 7.56-7.67 0.21 0.744
2s'2p° (*P) 5p *P 2s'2p® °p 7.60-7.72 0.44
2s'2p® ("P) 5p S1 /2 2s'2p° 3P 7.64-7.76° 0.35

¢ The energies of these Auger lines are not known from experimental data.

Previous experimental studies have investigated this low-
energy part, e.g., Refs. [8, 17]. While these experimental
findings agree very well with our computations for the
identification of the dominant peaks in the spectra (apart
from peak 2, cf. below), no quantitative analysis has been
performed so far for the intensity ratios between these
peaks.

In Ref. [8], the lines with energies of 0.60-0.72¢eV in
the second-step spectra (peak 2 in our spectra) have
been attributed to the 2s22p?(1S)3d — 2s?2p?* 3P transi-
tions. Since the 2s?2p*(1S)3d levels are populated only
marginally during the first step, these transitions are very
weak in our simulated spectra. Based on the analysis of
both steps of the cascade, we propose that the observed
peaks likely belong to the 2s'2p®(*P)3p — 2s'2p® °P
transitions instead, since the computed intensity of these
transitions exceeds that of the 2s?2p*(1S)3d — 2s?2p? 3P
transitions by five orders of magnitude. Energies for the
2512p5(1P)3p levels are not known from optical data but
can be derived from the data in Ref. [28] under the as-
sumption that the assignments in this reference (which
were obtained by comparing the measured branching ra-
tios and anisotropy parameters with MCDF calculations)
are correct. Using these values for the 2s'2p®('P)3p en-

ergies, one obtains Auger electron energies between 0.32
and 0.72eV for the 2s'2p°(1P)3p — 2s'2p® 3P transitions,
which fits well to the experimentally observed peaks.

In the higher-energy part of the second-step spectra, the
25'2p°nl — 2522p* and 2sY2p®nl — 2s'2p® Auger transi-
tions dominate in the range from 8 to 35eV. At energies
below 15eV, also some of the 2s'2p°(*P)n¢ — 2s'2p5 3P
and 2s°2p®nl — 2s22p3n/¢’ transitions occur, but with
rather small contributions. For this part of the spectra,
the energies and relative intensities are listed in Table V
and compared with the experiment from Ref. [16] for the
initial 1s7'3p excitation. Good quantitative agreement is
found between experiment and simulations for all dom-
inant transitions in the 1s7!'3p spectrum. In Ref. [16],
however, the peaks 11+12, 14-+15, 16+17, 20+21, and
23424 were grouped together and, hence, we here pro-
vide the combined intensities of these peaks in Table V.
For some of the weak peaks, the simulated and experi-
mental intensities deviate up to a factor 5, especially for
the peaks 10, 14+15, and 26. For the 1s~'4p excitation,
we find good qualitative agreement with the recorded
spectrum from Ref. [17].

Table V also compares the intensity ratios I of the
individual Auger lines with experimental data whenever
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TABLE V. The same as in Table IV but for the second-step Auger electron lines with energies between 8-35eV. For the 1s~!3p
excitation, the relative intensities measured by Yoshida et al. [16] are shown for comparison.

1s_13p ls_l4p
This work Expt. [16]
No. Initial level(s) Final level(s) Ex (eV) I Is I Is I Is
9 2s'2p® (°P) 3p %Sy, 2s22p* 1Sq 9.50 1.0 0.046
10 2s'2p® (°P) 3p *P 2s%2p* 1Dy 12.30-12.32° 0.03 0.072 0.02(02) 0.22(02)
2s'2p® (°P) 3p D 2s°2p* "Dy 12.34-12.39 0.72 0.49
2s'2p® (°P) 3p 2P 2s22p* 1Dy 12.48-12.51 0.25 0.39(13)
11+12 2s2p® (®P) 3p S, 2s22p* 1Dy 13.21 0.13 0.395 0.16(01) 0.58(04) 0.07 0.038
2s92p%3p 2P 2st2p® 1Py 13.53 0.86 0.80(04) 0.86
2s'2p® (°P) 4p *P 2s%2pt 18, 13.64-13.70 — n/as 0.02
2s'2p® (3P) 4p 2D 2s%2pt 18, 13.66-13.72 0.01 n/as 0.04
2s'2p® (3P) 4p 2P 2s22p* 18, 13.72-13.77 — n/a8 0.01
13 2s'2p® (°P) 3p *P 2s22p* 3P 15.39-15.53° 0.05 0.401 0.44(03) 0.05 0.040
2s'2p® (°P) 3p D 2s°2p* °P 15.43-15.60 0.55 0.8* 0.50
2s'2p® (°P) 5p *D 2s%2p* 'So 15.51-15.58¢ — — 0.01
2s'2p® (°P) 5p *P 2s%2p* 1So 15.58-15.59 — — 0.02
2s'2p® (°P) 5p D 2s°2p* 'S, 15.53-15.64 — — 0.06
2s'2p® (°P) 3p 2P 2s22p* 3P 15.57-15.71 0.40 0.4f 0.35
2s'2p® (°P) 5p 2P 2s22pt 18, 15.67-15.71 — — 0.01
14+15 2s°2p®3d *D 2s'2p® 1Py 17.24 0.04 0.024 n/a® 0.12(01) — 0.036
2s'2p® (3P) 4p *D 2s22p* 1Dy 17.25-17.34¢ 0.01 n/as —
2s'2p® (°P) 4p *P 2s22p? Dy 17.35-17.41 0.15 0.09(01) 0.07
2s'2p® (3P) 4p 2D 2s22p* 1Dy 17.36-17.43 0.42 0.31(02) 0.21
252p° (°P) 7p %Sy » 2s22p* 18, 17.424 0.09 n/a® 0.01
2s*2p® (°P) 4p 2P 2s22p* 1Dy 17.42-17.48 0.27 0.30(02) 0.13
2s'2p® (°P) 4p %S4 5 2s22p* 1Dy 17.70 0.01 0.08(01) 0.57
16+17 2s%2p°4p *P 2s%2p® 1Py 18.65 0.45 0.248 0.98(05) 0.23(02) 0.85 0.087
2s'2p® (*P) 3p Sy, 2s22p* 1S, 18.85 0.01 n/a® —
2s'2p® (1P) 3p 2D 2s%2pt 18, 18.86-18.87 0.54 n/as 0.15
18 2s'2p® (3P) 5p *D 2s22p* 1Dy 19.22-19.29¢ 0.09 0.020
2s'2p® (°P) 5p *P 2s22p* 1Dy 19.28-19.30 0.20
2s'2p® (3P) 5p 2D 2s22p? 1Dy 19.24-19.34 0.48
2s'2p® (3°P) 5p 2P 2s22pt 1Dy 19.38-19.41 0.23
19 2s'2p® (3P) 4p *D 2s22p* 3P 20.34-20.54¢ 0.03 0.137 0.22(02) 0.01 0.316
2s'2p® (3P) 4p *P 2s%2p? 3P 20.44-20.61 0.17 0.1f 0.05
2s'2p® (3P) 4p 2D 2s22pt 3p 20.45-20.63 0.43 0.4f 0.13
2s2p® (®P) 6p Sy, 2s22p? 1Dy 20.55 0.01 — —
2s'2p® (°P) 4p 2P 2s22p? 3P 20.51-20.68 0.36 0.6f 0.11
25°2p%5p 2P 2s'2p® Py 20.62 — — 0.69
20+21 2s'2p® (°P) 5p *P 2s22p* 3P 22.37-22.50 — 1.0 — 1.0 0.11 0.226
2s'2p® (3P) 5p D 2s22p* 3P 22.31-22.50¢ 0.08
2s'2p® (3P) 5p 2D 2s%2p? 3P 22.33-22.55 — — 0.23
2s'2p® (3P) 5p 2P 2s22pt 3p 22.47-22.62 — — 0.16
2s'2p® (1P) 3p 2D 2s22pt 1Dy 22.57-22.58 0.77 0.94(05) 0.33
2s'2p® (1P) 3p 2P 2s22p* 1Dy 22.84 0.23 0.06(01) 0.09
22 2s%2p°3p *P 2s'2p® °P 23.98-24.10 0.58 0.133 L.of 0.22(02) 0.17 0.042
2s'2p® (1P) 4p 2D 2s22pt 1S, 24.10-24.11 0.42 — 0.82
2s'2p® (*P)4p %812 2s*2p* 8o 24.29¢ — — 0.01
23424 2s'2p® (1P) 3p 2D 2s22p? 3P 25.66—25.78 0.60 0.860 0.3f 0.85(05) 0.30 0.170
2s'2p® (1P) 3p 2P 2s22p* 3P 25.93-26.05 0.40 0.7f 0.19
2s*2p® (*P) 5p 2D 2s22p* 18, 26.09 — — 0.51
25 2s'2p® (*P) 4p °D 2s°2p* 1Dy 27.81 0.79 0.555 0.97(05) 0.53(04) 0.76 0.353
2s'2p® (*P) 4p *P 2s%2p* 1Dy 27.90 0.21 0.03(01) 0.24
26 2s%2p%4p 2P 2s'2p® 3P 29.10-29.22 1.0 0.022 0.9f 0.12(01)
27 2s'2p® (1P) 5p 2D 2s22p* 1Dy 29.80 0.79 1.0
2s'2p® (1P) 5p 2P 2s22p* 1Dy 29.84 0.21
28 2s'2p® (*P) 6p 2D 2s22p* 1D, 30.77 — 0.370 — 0.36(03) 0.08 0.318
2s'2p® (*P) 6p 2P 2s22p* 'Dy 30.81 0.02
2s'2p® (1P) 4p 2D 2s%2p? 3P 30.90-31.02 0.59 0.4f 0.42
2s'2p® (1P) 4p 2P 2s22pt 3p 30.99-31.10 0.41 0.6¢ 0.35
2s92p%5p 2P 2s'2p® 3p 31.07-31.18 — — 0.14
29 2s'2p® (1P) 5p 2D 2s22p? 3P 32.89-33.00 0.56 0.677
2s*2p® (1P) 5p 2P 2s22pt 3p 32.93-33.04 0.44

d The energies of these Auger lines are not known from experimental data.

¢ The energies of some of these Auger lines are not known from experimental data.

f These values are based on the best fit to the observed peak structure and are considered tentative [16].

€ These intensities cannot be established since the observed peaks are not assigned to a specific transition in Ref. [16].
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TABLE VI. The same as in Table IV but for the second-step Auger electron lines with energies between 42-59¢eV.

No. Initial level(s) Final level(s)

1s~!3p 1s™14p

Ek (eV) I Iz; I Iz;

30 25°2p°3p 2P
31 2s°2p%3p 2P
32 2s%2p%3p 2P

2s%2p%5p 2P

p’5p

33 25°2p%4p 2P
34 2s°2p%5p 2P
35 2s°2p%6p 2P

25°2p%4p 2P
36 25°2p%5p 2P

2s%2p* 1S,
2522p4 Dy
2s22p* 3P
2s22p* 1S,
2522p4 Dy
2522p4 D,
2522p* 1Dy
2s?2p* 3P
2s22p* 2P

42.51
46.21-46.22 1.0

49.30-49.42 1.0
49.59-49.60 — 0.19

51.34
53.30

54.27
54.43-54.54 1.0 0.94

56.39-56.51 1.0

1.0 0.00055
0.007 81 1.0
0.00973 0.81

0.000 74
0.00114

1.0 0.002 72 1.0 0.00179
1.0 0.006 09
— 0.00271 0.06 0.00191

0.006 08

possible. Although the fine structure of the 2P multiplets
was resolved in the experiment [16], we here present the
combined intensities of the transitions to the 3P levels
in order to keep the size of Table V feasible. In practice,
however, the comparison with the experimental intensities
I is not always simple as no assigments were made for
some of the observed peaks. We denote these cases by “n/a”
in Table V. For some other peaks, moreover, the intensity
ratios of the contributing transitions cannot be resolved
and were just estimated by a fit. The uncertainties of these
intensities are believed to be of the order of the reported
values [16]. These values are quoted in Table V for the
sake of completeness and are marked appropriately. While
very good agreement is found especially for peaks 11+12
and 14+15, some larger deviations occur for other peaks.
This applies especially to the peaks 16 and 17, which have
similar intensities in our computations, while peak 16
clearly dominates experimentally.

The spectrum between 42-59eV comprises the
2502p8nl — 2522p* transitions. These transitions are gen-
erally weak when compared with the decay to the 2s'2p®
levels and are two orders of magnitude less intense than
the major peaks at 8-35eV. This behavior is expected
since these transitons include a conjugate shake-down
2p — 2s, similar to the 2s92p%n¢ — 2s22p3nl transitions.
They have not yet been observed experimentally. In order
to make them visible in our simulated spectrum in Fig. 4,
they are enlarged by a factor of 100. The transitions that
make up the labeled peaks are listed in Table VI.

From the analysis of the electron spectra, we can also
derive the population of final states of each step of the
cascade. For the first step, the relative population of final
Ne™ levels can be directly obtained from the (computed)
Auger rates since the initial 1s~*np Py level is the same
for all transitions.

For the second step of the cascade, in contrast, the
rather large number of initial states then leads to a final-
state distribution that is less obvious. Fig. 5 shows the
relative population of the energy levels of Ne?t after the
second step of the cascade. Moreover, Table VII lists the

brr—— T T T T T
(a) 1s7'3p

2s22p*

3F—/"

1D 2s12ps

2s22pnl -

| °P 3p

Intensity (arb. units)
N

e

2s522p35p

Intensity (arb. units)

1k x100

o
=

=z

maz-
Soeo
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Energy relative to Ne2* ground state (eV)

a
o

FIG. 5. Simulated population of the Ne?t energy levels for
the (a) 1s™'3p 'P; and (b) 1s™'4p 'P; excitations. The part
of the spectra that belong to the 2s?2p3n/ levels is enhanced
by a factor of 100 in order to make the population of these
levels visible.

relative population per fine-structure multiplet for the
2s22p* and 2s'2p® levels, and just per configuration for
the (less populated) 2s22p3n/ levels. Experimentally, such
a final state distribution is obtained quite easily if all the
emitted electrons are recorded in coincidence, like in a



TABLE VII. Relative population of the final Ne?" energy
levels after the second step (2) of the cascade. The energies
are given relative to the Ne?t 2522p? 3P, ground level.

Relative population

Level(s) Energy (eV) 1s7'3p 1s™'4p
2s%2p* 3P 0.00-0.11 0.33 0.73
2s%2p* 1Dy 3.20 0.27 0.13
2s%2p* 1S, 6.91 0.040 0.012
2s'2p® 3P 25.33-25.44 0.29 0.093
2s'2p° 1Py 35.89 0.070 0.024
2522p33p 43.20-53.69 0.0080 0.0059
25%2p®3d 48.93-57.40 0.0011 0.0014
25%2p®(*S)4p 53.32-53.85 41 x107° 3.0x107°
25%2p®(*S)5p 57.34-57.51 50x107°  55x1078

magnetic bottle, cf. e.g. Ref. [18] for a recent study of
triple ionization of atomic cadmium.

The second step (2) of the cascades leads with a proba-
bility of > 99% to one of the levels of the 2s?2p* or 2s!2p®
configuration. Since the higher-lying 2s22p3n/ levels can
only be populated via the rare 2s92pn¢ — 2s22p3n/¢’
transitions, their population remains almost negligible.
Out of these 2p?2p3nf levels, several 3p and 3d levels
are predominantly populated, while the population of the
2522p3(4S)4p 5P and 2s%2p(*S)5p 3°P levels is energet-
ically allowed, but does not occur in practice.

V. CONCLUSION

We have analyzed the two-step Auger cascades follow-
ing the resonant photoexcitation of the 1s~'3p 'P; and
1s~'4p 1P, core-excited levels in neon. Extensive MCDF
calculations have been carried out to incorporate all ma-
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jor correlation contributions in the representation of the
initial, intermediate and final states of the cascade. In
addition, we have for the first time taken into account
the important (single-electron) shake processes that are
known to play an essential role in describing these Auger
cascades. To this end, we applied the biorthonormal trans-
formation to the atomic orbitals and the representation
of the separately optimized atomic states. With this ap-
proach, we are able to simulate Auger electron spectra
and to predict ion yields as well as shake probabilities that
are in very good agreement with experiments. So-called
conjugate shake processes to the 3d subshell are however
found to be suppressed by several orders of magnitude
compared to the dominating spectator and shake pro-
cesses in the first step of the cascade. For the second step,
we also found the (yet) unobserved weak decay channels
2592pSnf — 2522p? and 2s°2pSnl¢ — 2522p3n/¢’ which
include a conjugate shake-down 2p — 2s.

In conclusion, our theoretical study clearly demon-
strates that, apart from selected Auger lines, one can
meanwhile simulate whole electron spectra or even (mul-
tiple) decay cascades with quite satisfying accuracy. This
requires extensive computations with correlated wave
functions, for which the MCDF method has been found
versatile. While the autoionization of inner-shell excited
neon atoms still refers to a rather simple system, we
plan to extend these computations towards more com-
plex atoms and/or Auger cascades. A careful theoretical
analysis of such cascades may support also ongoing devel-
opments of new (magnetic-bottle) coincidence techniques
as well as of time- and position-resolved detectors.
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