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|. Introduction

A core-hole state created by inner-shell photoionization of an
atom in the soft X-ray regime predominantly undergoes Auger
decay, leading to a dication or a higher charged ion. Although
Auger spectroscopy is a standard method for studying such
electron emission processes, it is often impossible to identify
the individual Auger pathways, owing to the overlap of struc-
tures associated with different core-hole states and the large
number of Auger steps. However, these core-hole states and
Auger decay pathways can be disentangled if the photo- and
Auger electrons are observed in coincidence.

To perform such electron coincidence measurements, mag-
netic bottle electron spectrometers have been found to be
highly efficient. The introduction of this spectrometer into
electron coincidence spectroscopy by Eland and co-workers
occurred as early as in 1989." Its practical use for highly
efficient electron coincidence was demonstrated again by Eland
et al. in 2003.> Since then, a good number of Auger decay
processes in atoms have been revealed by electron coincidence
spectroscopy using a magnetic bottle electron spectrometer,® "
where the Auger decays of the core-hole states in Xe have been
the subject of intensive research. For the 4d core-hole state, for
example, an electron coincidence measurement helped to
reveal the direct and cascade double Auger pathways.? For the
4p core-hole states, which are known to be strongly mixed with
the 4dnf configurations,'? the triple Auger decay was identi-
fied along with the single and double Auger decays.’ The strong
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configuration mixing of the inner-shell holes with the virtual 4f
excitations enhances the creation of 4d double core-hole states
and multi-electron coincidence spectroscopy supported to clarify
the associated sequential Auger decay.'* The Auger decay from the
next 4s core-hole state, in contrast, has not yet been studied in
detail, while the decays from the 3d core-hole states were inves-
tigated and have revealed the most important quadruple Auger
decay pathway.’

The power of multi-electron coincidence measurements can be
boosted further if ions are also measured in coincidence, because
various Auger processes that lead to different ion products can
thus be distinguished by means of the additional coincidence.
Indeed, efficient multi-electron-ion coincidence measurements of
multiple Auger decays in Xe have been implemented with mag-
netic bottle electron spectrometers by applying the ion detection

13,14

capability. The branching ratios to product ions from indivi-
dual core-hole states in Xe was investigated by a multi-electron-ion
coincidence measurement.”® In another study, the important
quadruple Auger decay pathway from the 3d core-hole states could
be clearly isolated by measuring the Xe>* ion in coincidence."*

In this study, the Auger decay of the Xe" 4s™" state has been
investigated by multi-electron-ion coincidence spectroscopy.
This core-hole state is characterized by a wide natural width
(2.9 ev"), which is caused by its Coster-Kronig (CK) and super
Coster-Kronig (SCK) type electron emission. Conventional
Auger spectroscopy can hardly provide information on the
Auger decay paths from the 45" state and the transition rates,
because these 4s Auger structures are almost hidden behind
the intense structures associated with other core-hole states.
Until the present, however, the SCK transition to the 4d > states
has only been identified in the multi-electron coincidence
study of the 4d double photoionization."* A photoelectron-
ion coincidence measurement revealed important formations
of Xe”" ions with Z = 3-5 in the 4s Auger decay."® In the present
work, the probabilities of the CK and SCK transitions and the

Phys. Chem. Chem. Phys., 2022, 24,17535-17541 | 17535


https://orcid.org/0000-0001-5898-4426
https://orcid.org/0000-0003-3101-2824
http://crossmark.crossref.org/dialog/?doi=10.1039/d2cp02149h&domain=pdf&date_stamp=2022-07-18
https://rsc.li/pccp
https://doi.org/10.1039/d2cp02149h
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP024029

Published on 13 July 2022. Downloaded on 12/8/2025 2:44:08 AM.

Paper

subsequent decay pathways after these transitions are analyzed
and clarified by coincidence detections of the emitted electrons
and product ions.

Il. Experimental

The experiment was carried out at the bending-magnet beam-
line BL4B of the UVSOR synchrotron facility. The electron
storage ring was operated in the single-bunch and top-up
injection mode, providing light pulses with 110 ps width and
at a 178 ns repetition period. A magnetic bottle electron
spectrometer’® with ion detection capability’” was employed
in order to perform multi-electron-ion coincidence spectro-
scopy. Electrons emitted by the interaction between the
photons and sample gases were captured over the entire 4n
solid angle by an inhomogeneous magnetic field and then
guided by the uniform magnetic field through a 1.5 m flight
path to a microchannel plate detector of 90% open area ratio
(Hamamatsu F2225-21P, funnel-processed)."* According to the
first electron detection after the incidence of each synchrotron
light pulse, the interaction region was polarized by a pulsed
electric field in order to extract ions toward the same detector.
The heights of the high voltage pulses applied to the repeller
and extractor electrodes’” were 2 kV and 1.8 kV, respectively.
The data acquisition scheme for measuring the long flight time
of electrons and ions beyond the light pulse repetitions is
described elsewhere."”

A multi-electron-ion coincidence measurement was imple-
mented for Xe at a photon energy of 391.7 eV and with a
bandwidth of ~0.2 eV. This photon energy is high enough to
ionize a 4s electron (binding energy of 213.32 eV'’), but well
below the binding energy of the deeper 3d electron. The
measurements were carried out over five hours. The local
pressure around the ionization region was estimated to be
around 1 x 10° Pa. The intensity of the incident light was
adjusted so that the count rate becomes about 2000 counts
per sec for this pressure. Fig. 1 shows a time-of-flight spectrum
of all the detected electrons and ions. In this spectrum, electron
structures appear within the first 3 ps, while the ions follow
only after 8 ps. The energy resolution of the electrons was nearly
constant at around 3% of the kinetic energy, over a kinetic
energy range below 600 eV. The electron detection efficiency is
fairly constant at around 70% in this kinetic energy range."”
The peaks for the formations of different Xe”*" ions are well
resolved in Fig. 1, where the Xe”" ions (Z > 6) were produced by
second-order light. It was estimated that the ion detection
efficiencies for Xe”* depend on the charge states and are
39%, 71%, 80%, 85% and 85% for Z = 1-5, respectively."”

lll. Computations

To model the decay of inner-shell ionized atoms, detailed
computations of the level energies and transition rates are
typically required for different hole-state configurations and
charge states in order to predict the thresholds, branching
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Fig. 1 Time-of-flight spectrum of all the electrons and ions produced for
Xe at a photon energy of 391.7 eV.

fractions or even final ion charge-state distributions. Such
cascade-type computations were performed below using
JAC," the Jena Atomic Calculator, which integrates different
processes within a single framework and thus ensures good
(self-) consistency of all generated data. This toolbox is based
on the multi-configuration Dirac-Hartree-Fock (MCDHF)
method'® and has already been employed to analyze different
cascades.*’

However, the cascade computations are not free of limita-
tions and usually require special care. Serious restrictions
especially arise from missing bound-continuum correlations
that cannot be incorporated by the present implementation,
while the relativistic fine-structure splitting itself appears to be
less relevant for predicting the CK and SCK branching ratios.
For the 4s photoionization of Xe, in particular, parts of the
4d*nf and 4d*n'l' configurations lay as independent resonances
in the continuum and cannot be captured by the bound-state
density alone.”" A further practical limitation in predicting reliable
branching fractions arise moreover from the set-in of the 4f
orbital contraction which, for Xe, roughly starts for doubly-
ionized atoms and is quite difficult to control as the nuclear
charge increases.”” Unfortunately, therefore, a more complete
treatment of missing — and especially (almost) all continuum-
continuum - correlations is presently out of sight.

Below, we applied the JAC toolbox to calculate the energies,
rates and branching fractions for initially 4s ionized Xe. In
particular, the Auger and CK rates have been computed, by
ad hoc incorporating the energy shifts of 4s and 4p holes due to
their coupling to the continuum.”® The main computational
effort has been on the representation of the fine-structure levels
at each step of the decay pathways as well as the transition
amplitudes. To formalize such cascades, different cascade
schemes and building blocks have been implemented** and
now support elaborate calculations of inner-shell excited atoms
and ions. We applied this recent implementation especially to
analyze the formation of the 4s hole and its subsequent decay
to the 4d 2, 417 '51"" and 5177 states. Because of the complexity
of these double-hole states, however, the representation of the
fine-structure levels needs to be restricted with regard to the
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size of the wave function expansion and the ionic potential as
seen by the emitted electrons, which need to be chosen
separately for each final configuration of interest.>® In the
JAC toolbox, these two limitations are treated by specifying a
hierarchy of cascade approaches for calculating the ionic level
energies and state functions. In general, the size of such
cascade computations increases rapidly with (i) the number
of electrons that need to be replaced, and (ii) the depth of the
cascade, i.e., the maximum number of electrons that can be
released, as well as (iii) the number of fine-structure transi-
tions. Details of the implementation have been summarized

elsewhere.'®?*

IV. Results and discussion
IV-1. Photoelectron spectrum and ion branching ratio

Fig. 2 presents the photoelectron spectra as extracted from the
total events as well as from those filtered by coincidences with
different Xe”" ions (Z = 1-6). Photoelectron structures associated
with photoionization from the Xe N and O shells are clearly seen
in these spectra. The intensities of the coincidence spectra were
corrected by the ion detection efficiencies, and thus the relative
intensities of individual photoelectron structures in these spectra
reflect the branching ratios from the corresponding core-hole
states to these ion charge states. The ion branching ratios of the
individual core-hole states have also been studied by Eland et al.
using the same coincidence method."™

While the present study focuses on the decay of the 45~ state,
some findings on the 4p structure seen in Fig. 2 are worth
mentioning as well. The strongly correlated 4p " states’® appear
in the total electron spectrum as an anomalous photoelectron
structure consisting of a peak around a kinetic energy of 245 eV
and a distinct shoulder on the lower kinetic energy side. As
already pointed out by Eland et al.,** determining the ion branch-
ing ratio of the 4p decay is not straightforward, since it varies
greatly with the photoelectron range considered as the 4p~*
contribution. A multi-electron coincidence study reported a domi-
nant Xe** formation for the main 4p photoelectron peak,” which
has indeed been confirmed by a recent calculation.>® The
shoulder part of the photoelectron structure is associated with
double photoionization into the 4d > states, enhanced by virtual
SCK transition'” of 4p~" — 4d 2 over several tens of electron
volts."" The two 4d holes formed are predominantly filled
sequentially,’” resulting in the formation of Xe®'. In practice,
therefore, the shoulder part of the photoelectron structure essen-
tially appears in the spectrum coincident with Xe*".

The total photoelectron spectrum in Fig. 2 exhibits a peak
for the formation of the 4s™' state at a kinetic energy of
178.5 eV. The peak width appears to be wider than the natural
width of the 4s™" state (2.9 eV'®) owing to the spectrometer
resolution. This peak lies on a large background to which
double photoionization into Xe** 4d~'5/"! and 4d ? can con-
tribute sizably. The formation of the Z = 2-5 ions from the 4s™*
state is identified in the coincidence spectra, and the branching
ratios for the product ions are estimated from the net peak
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Fig. 2 Photoelectron spectra of Xe observed at a photon energy of
391.7 eV. The top spectrum is obtained for total events in the accumulated
coincidence dataset, while the other spectra result from coincidence filters
with individual Xe** ions (Z = 1-6). The intensities of the coincidence
spectra were corrected by the ion detection efficiencies. Two energy
ranges for extractions (in red) of coincidence events related to the 4s
decay and background processes are indicated for the top spectrum. “sat.”
denotes correlated satellite structures that likely occur due to 5p — np
shake-up contributions.

intensities in the coincidence spectra. They are found to be 1%,
27%, 55%, and 16% for Z = 2, 3, 4 and 5, respectively. These values
differ somewhat from the findings by Eland et al.,"* which show a
fairly even ratio among the Z = 3-5 ions. The estimation by Eland
et al., based on the measurement at a photon energy only 37 eV
above the 4s threshold, would have a difficulty due to the large
background associated with Auger decays from the 4s and other
core-hole states. In the meantime, the calculations by Kochur
et al®” (1.0%, 16.5%, 77.4%, 5.1% for Z = 2, 3, 4 and 5,
respectively) show a similar trend to the present results. The
Auger decay pathways forming these product ions will be revealed
in this study. For a reference to follow the various Auger decay
paths, the energy level diagram of the Xe”" states (Z = 1-5) lying
below a binding energy of 220 eV is presented in Fig. 3.

IV-2. Coster-Kronig and super Coster-Kronig transitions
from the Xe 4s core-hole state

The Auger spectrum associated with the 4s™" state, displayed in
Fig. 4(a), was obtained by filtering coincidence events together
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Fig. 3 Energy level diagram for the Xe?* states (Z = 1-5) lying below a
binding energy of 220 eV. The energy levels for the 4p~*5(" states are
from the present calculations, while the other levels shown with horizontal
bars are from the literature!®*?® Boxes indicate the binding energy
ranges for the corresponding Auger structures observed in the 3d Auger
decay.®

with the 4s photoelectron. Here, the coincidence spectrum
extracted for a neighbored photoelectron range (as shown in
Fig. 2) is presented as a shaded curve in order to account for the
background contribution. Note that a simple subtraction of the
reference spectrum from the 4s Auger spectrum does not yield
the net 4s Auger structures. This is because the double photo-
ionization into Xe>* states is an important part of the back-
ground that underlies the 4s peak and the high-energy selection
of one of the two emitted photoelectrons leads to the Xe*"
photoelectron structures at correspondingly lower kinetic ener-
gies in the reference spectrum. Apart from the spectral range in
this figure, a weak structure, associated with the N;O; 5 30,3
Auger transition to the 57> states, should appear in the kinetic
energy range of 160-180 eV with an intensity corresponding to
the branching ratio of Xe** production (1%); at the given
photon energy, however, the Auger electrons are rather close
in kinetic energy to the 4s photoelectron, and the coincidence
of these events is almost lost owing to the detection deadtime.

In the 4s Auger spectrum, the N;N, 50, , ; CK transition to
the 4d~'5/7" states leads to structures that are observed in the
kinetic energy range of 90-130 eV. The most prominent peak at
a kinetic energy of 57 eV can be assigned to the N;N, sN, 5 SCK
transition to the 4d > states. The calculated Auger spectrum,
displayed in Fig. 4(b), reproduces the energy positions of these
structures reasonably well. While a broad peak is observed in
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Fig. 4 (a) Auger spectrum (solid line) coincident with 4s photoelectron,
and spectrum (shaded) delineating the background contribution. They are
obtained in coincidence with an electron in either energy range indicated
in Fig. 2. "sat.” denotes correlated satellite structures analogue to Fig. 2.
(b) Calculated Auger spectrum. The Auger rates for the formations of
individual Xe>* levels are plotted with vertical bars, and the solid line shows
convolution with the Lorenz function reflecting the natural width (2.9 eV*°)
of the 457 state.

the experimental spectrum around a kinetic energy of 43 eV,
the corresponding transition could not be identified uniquely
in the calculation. This structure should presumably be
assigned to the 4d~? satellites, which were not included in
the present calculation and likely refer to 5p — np shake-up
contributions. The same applies for several 4d 41" satellites
which were not included in the present calculation either.
While the calculation predicts the NiN, ;0,5 ;3 CK transitions
to the 4p "5/ " states at kinetic energies below 40 eV, identifi-
cation of the corresponding structures is hindered in the
experimental spectrum by the intense blending of lines from
secondary Auger processes.

The branching ratios of the CK and SCK transitions in the
total 4s decay can be determined by normalizing the net
coincidence counts for the corresponding Auger structures in
Fig. 4(a) with regard to the net 4s photoelectron counts in
Fig. 2, where the detection efficiency for one Auger electron has
to be compensated for in counting the coincidence. In this
determination, the contribution from the background under-
lying the Auger structures has to be appropriately subtracted,
which can be done by estimating the intensities from the
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Table 1 Branching ratios of CK and SCK transitions in the 4s decay. The
experimental values were determined from the Auger structures in Fig. 4,
except the value for the transition to 4d 2 satellites, which was estimated
by the total intensity of the island structures due to the stepwise decay
seen in Fig. 6(b)

Hartree-Fock
Formed Xe®" states Experiment Present calculation calculation [Kuc94]

4d 'sp ! 0.13 0.1512 0.0861
4d 557t 0.08 0.1876 0.0924
4d 557! satellites 0.05

442 0.28 0.1678 0.1152
4d~? Satellites 0.07

4p 'sp! ? 0.4277 0.5446
4p~ 557! ? 0.0657 0.1489

double photoionization structures in the shaded spectrum. As
for the 4d > satellites, the branching ratio had to be obtained as
described in the next section, since estimation of the back-
ground contribution was deemed dubious.

The branching ratios obtained are presented in Table 1,
together with the present calculation and earlier Hartree-Fock
calculation.”” In addition to these relatively strong decays, the
Auger decay into the 5/ states shares a fraction of 1%. In
practice, however, the combined share of these allocated tran-
sitions is only 62% of the total 4s decay. It is expected that the
CK transitions into the uncovered 4p ‘517" states contribute
significantly to the remaining 38% fraction in the 4s decay, as
the calculation predicts the important contributions of the
transitions. Apart from these single Auger transitions, direct
double Auger decays into Xe*" states also contribute to the 4s
decay. In fact, a weak structure associated with the direct
double Auger decay into 4d~'5/” states is observed in the
present data, as presented in next section. A similar amount of
the direct double Auger decay into the 4d >5/"" states would
also contribute to the 4s decay.

Although both the present and Hartree-Fock calculations
reproduce the general trend in the experimental branching
ratios reasonably well, they clearly underestimate the contribu-
tion from the SCK transition to 4d~>. Apart from missing
correlations in the representation of the final states, this low
branching fraction is likely associated with the localization of
the 4s core-hole state and its coupling to the resonances in the
continuum. As indicated before, furthermore, a series of com-
putations showed that the SCK transition to 4d > states appears
highly sensitive to a contraction of the 4d orbital as it results
from a deliberate increase of the nuclear charge.

IV-3. Subsequent decay after the Coster-Kronig and super
Coster-Kronig transitions

Xe>" states that are produced by CK and SCK transitions can
decay further, as these states still hold one or two core holes. To
investigate the final product ions correlated to these Xe>" states,
the Auger spectra coincident further with Xe”" (Z = 3-5) ions are
extracted and presented in Fig. 5. The intensities of these
coincidence spectra were corrected by the ion detection effi-
ciencies, and in practice, the sum of these three spectra well
agrees with the total Auger spectrum replotted at the top.
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Fig. 5 Auger spectra (solid line) coincident with 4s photoelectron, and
spectra (shaded) delineating the background contribution. The black
spectra on top are the replots of those in Fig. 4(a), and the other spectra
are derived by further coincidence with product ions of Z = 3-5. The
intensities of the spectra coincident with ions were corrected by the

ion detection efficiencies. “sat.” denotes correlated satellite structures
analogue to Fig. 2.

This agreement implies that the ion detection efficiencies
adopted are very reasonable.

The spectrum coincident with the Xe*" ion (red curve) shows
the N;N, ;0 , 5 CK transition to the 4d~'5/" states as well as
structures lying below a kinetic energy of 50 eV. The 4d '5/""
states are populated predominantly by subsequent Auger pro-
cesses filling the 4d core-hole, while the structures below a
kinetic energy of 50 eV in this spectrum are due to the
consecutive processes. A detailed investigation of secondary
Auger processes has already been conducted for the same
processes contributing to the 4p decay.” The present study
reveals that the N;N, 50,3 CK transitions are indeed crucial
for determining the Xe** production. In practice, the fraction
(26%) of the total N;N, ;0; , 5 CK transition for Xe*" formation
is nearly identical to the branching ratio (27%) observed for the
formation of Xe*" in the 4s decay.

The 4d '5I"" satellites all lie around a kinetic energy of
100 eV and partly undergo double Auger decay to produce Xe**
states,” giving rise to the weak structure (corresponding to a 1%
fraction in the 4s decay) in the spectrum coincident with the
Xe'" ion (blue curve). A continuous intensity is found by
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starting from the 4d~'5/"" satellites towards lower kinetic
energies, which is due to the double Auger decay into the
4d 5172 states. The formed Xe*" states predominantly decay
by further Auger processes, filling the 4d core-hole, and thus a
double Auger structure appears in the Xe*" spectrum. The more
pronounced structure in this spectrum belongs to the 4d >
states and appears around a kinetic energy of 57 eV. The
sequential fillings of the double 4d holes lead to the emissions
of two additional Auger electrons,'" resulting in the formation
of the final Xe*" ions. The sharp peaks seen below the kinetic
energy of 40 eV are mostly assigned to the stepwise decays of
the 4d > states.

Fig. 6(a) presents a two-dimensional map showing the
correlated energies of the two Auger electrons as emitted in
the stepwise decays from the 4d states. In this figure, several
island structures are clearly seen and refer to level-to-level
transitions from Xe®" to Xe*'. The structures in the region
x = 25-35 eV, which are essentially the same as those observed
in a previous study on 4d double photoionization,'* are asso-
ciated with the first-step transitions of 4d~> — 4d '5p ? and
the second-step transitions of 4d '5p > — 5p */55 '5p~°.
Moreover, several intense islands in the region x = 5-18 eV
can be assigned to the transitions of 4d~> — 4d '5s '5p” " —
55 25p 2.

The structure of the 4d~> satellites is also observed in the
Auger spectrum coincident with Xe*" ions (blue curve in Fig. 5),
where the intensity of the peak structure is almost equal to that
in the total Auger spectrum. This implies that the decay of these
states mainly leads to the formation of Xe*" levels, while the
4d? satellite states lie above the Xe®" threshold. The energy
correlations between the two Auger electrons emitted in the
decay from the 4d > satellites (see Fig. 6(b)) show structures
that are formed by the transitions of 4d > satellites — 4d~'5/>
— 507", These islands reflect the dense distribution of 4d~>
satellites and are observed less distinctly than those in Fig. 6(a).
The first-step transitions of 4d 2 satellites — 4d "5/ > emit
Auger electrons in the kinetic energy range of 40-50 eV, and the
associated structures lie below the 4d~> satellite peak in the
coincidence Auger spectrum (blue curve in Fig. 5). A reliable
estimate of the net intensity of the CK transition to the 4d >
satellites can be obtained from the total intensity of the island
structures due to the stepwise decay of 4d > satellites. The total
intensity of the island structures in Fig. 6(b) is about one-fifth
of that shown in Fig. 6(a), and which implies for the 4s decay a
branching ratio of Xe** formation via 4d~? satellites of about
6%. The processes that have been linked with Xe*" production
account for only ~40% of the 4s decay, while the remaining
~15%, i.e., the difference from the branching ratio of total Xe**
formation (55%), should presumably be attributed to processes
that follow the N;N,30,,3; CK transitions to the 4p*15171
states.

The Auger spectrum coincident with the Xe®>* ion (green
curve in Fig. 5) shows a gradual increase in intensity as the
kinetic energy decreases, and weakly embeds shape peaks
around a kinetic energy of 10 eV. The electron distribution
extends up to a kinetic energy of 45 eV. Here, the energy level
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Auger electrons emitted in the decay from (a) 4d~2 and (b) 4d~2 satellites,
which are obtained from five-fold coincidences including the 4s photo-
electron, CK electron and Xe** ion.

diagram in Fig. 3 suggests that only the transition of 4s™* —

4d? satellites can emit such high-energy electrons along the
path to the final formation of Xe', implying that a small
fraction of the 4d™” satellites finally emits a total of three
electrons. It is estimated from the coincidence counts in the
kinetic energy range of 38-45 eV that the subsequent decay
path of the 4d 2 satellites forms at most a 1% fraction of the 4s
decay. It is very likely that the N;N,;0,,; CK transitions to
4p~'57"" and the subsequent decays with three electron emis-
sion are the main pathways to the Auger spectrum coincident
with Xe®*, though the overlap of structures associated with
different decay steps prevents us from isolating the CK struc-
tures in this spectrum. A detailed inspection of the correlated
energies of Auger electrons could yield information on quad-
ruple Auger decay pathways but such an analysis is beyond the
scope of this study.

V. Conclusions

The Auger decay of the Xe 4s core-hole state was studied by
multi-electron-ion coincidence spectroscopy using a magnetic
bottle electron spectrometer. The first-step Auger decay
included several CK transitions and an SCK transition, whose
branching ratios were determined from the intensities of the
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corresponding Auger structures. Information on the energy
correlations between the emitted electrons enabled us to iden-
tify subsequent transitions that formed double, triple, and
quadruple Auger pathways. A further coincidence with product
ions helped to isolate the Auger structures relevant to the
formation of individual charge states. The present work demon-
strates that further coincidence with the product ion enhances
the power of multi-electron coincidence measurements and
helps to elucidate complicated Auger decay processes.
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