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Super-Coster-Kronig decay of Kr 3p core-hole states studied
by multielectron coincidence spectroscopy

Y. Hikosaka ,1 P. Lablanquie ,2 T. Kaneyasu ,3 J. Adachi ,4 H. Tanaka,4 I. H. Suzuki,4,5 M. Ishikawa,5 and T. Odagiri 5

1Institute of Liberal Arts and Sciences, University of Toyama, Toyama 930-0194, Japan
2Laboratoire de Chimie Physique Matière et Rayonnement (LCPMR), Sorbonne Université and CNRS, F-75005 Paris, France

3SAGA Light Source, Tosu 841-0005, Japan
4Photon Factory, Institute of Materials Structure Science, Tsukuba 305-0801, Japan

5Department of Materials and Life Sciences, Sophia University, Tokyo 102-8554, Japan

(Received 4 March 2021; accepted 9 April 2021; published 27 April 2021)

Super Coster-Kronig (SCK) decay following Kr 3p photoionization has been investigated using a multielec-
tron coincidence method. It is found that the SCK pathway occupies 23% of the 3p1/2 decay and only 2.5% of the
3p3/2 decay. The significant difference between the two 3p spin-orbit levels mainly results from the difference
in energetics: almost all SCK transitions are energetically allowed in the 3p1/2 decay but only SCK transitions
to the 3F levels of 3d−2 are possible in the 3p3/2 decay. Subsequent decay processes from the SCK-final 3d−2

states are investigated, where a maximum of fivefold electron coincidences are analyzed.
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I. INTRODUCTION

Decay by emitting an Auger electron is the predominant
relaxation pathway of atomic inner-shell vacancies in the soft
x-ray regime. The probabilities and energies of individual
Auger transitions provide stringent tests for theoretical frame-
works capturing electronic correlation and relativistic effects.
Auger transitions of the Coster-Kronig (CK) type, in which an
initial inner-shell vacancy is filled by an electron from a higher
subshell in the same shell, exhibit remarkably large transition
rates. One special case involving a large transition rate is the
simultaneous ejection of electrons from the same shell; this
is called a super Coster-Kronig (SCK) transition. When an
SCK path is available for a core-hole state, its transition rate
can be the dominant factor shortening the core-hole lifetime.
However, theoretical estimation of SCK contributions in a
core-hole decay is often very difficult, because the initial and
final states of SCK processes tend to be very close in energy
and the calculation accuracy of their state energies greatly
affects the estimation of the magnitude of the SCK path.

The natural width of a 3p inner-shell vacancy generally
shows an increasing trend with Z, but exhibits a peculiar
reduction from Kr (Z = 36) to Rb (Z = 37) [1]. This can
be ascribed to the closing of the M2,3M4,5M4,5 SCK path-
way in Rb [1,2]. For the adjacent Kr atom, the 3p natural
width shows a marked difference between the spin-orbit levels
(1.1 eV for 3p3/2

−1 and 1.3 eV for 3p1/2
−1 [3]). This suggests

that SCK transitions are partly forbidden in Kr and different
numbers of SCK transitions are allowed to 3p spin-orbit lev-
els. The theoretical description of the SCK processes occur-
ring between the closely lying levels is challenging, as pointed
out in early theoretical studies [4,5]. A multiconfiguration
Dirac-Fock calculation, calibrated using experimental state
energies, suggested that all SCK transitions from the 3p3/2

−1

state are energetically forbidden and only about 34% of SCK
transitions from the 3p1/2

−1 state are allowed [3]. In contrast,
a large-scale configuration-interaction calculation indicated
that all SCK transitions are energetically possible for both
spin-orbit levels [6]. Experimental location of SCK transitions
is highly desirable for understanding their contribution to
the Kr 3p decay. Conventional Auger spectroscopy, however,
hardly provides definite information about the SCK pathway,
because slow electrons emitted by various other processes
contribute to the low-kinetic energy portion of the Auger
spectrum, preventing identification of the SCK structures.

The branching ratios of the ion charge states formed after
Kr 3p ionization are expected to be strongly affected by the
presence of SCK pathways. Photoelectron-photoion coinci-
dence studies show that the fraction of Kr4+ is larger in the
3p1/2 decay than in the 3p3/2 decay [7,8]. The favorable Kr4+

formation in the 3p1/2 decay can stem from a larger contri-
bution from SCK transitions, considering that the subsequent
cascade decays from SCK-final 3d−2 states should end up
largely in Kr4+ states. A threshold electron-ion coincidence
study linked weak Kr5+ formation to 3p photoionization and
proposed that the formation is associated with the subsequent
decay of the SCK-final 3d−2 states [9]. The ion branching
ratios from the 3p core-hole states were calculated using dif-
ferent approaches [3,10–12]. These calculations reproduced
the experimental observations well, although it is hard to
assess how each approach can properly determine the contri-
butions from the SCK pathways.

In the present work, we employed multielectron coinci-
dence spectroscopy, using a magnetic bottle electron spec-
trometer, to uncover the SCK pathways of Kr 3p core-hole
states, where a maximum of fivefold electron coincidences
were detected and analyzed. Thanks to the coincidence ob-
servation, the SCK transitions were isolated, and the relative
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transition probabilities of the individual Auger decay path-
ways from the 3p–1 states were determined. Subsequent decay
processes following the SCK transitions were also investi-
gated.

II. EXPERIMENT

The experiment was carried out at the undulator beamline
BL-2B at the Photon Factory. The 2.5-GeV electron storage
ring was operated in hybrid-fill mode [13] under top-up injec-
tion. The bunch filling pattern comprises a train of low-current
bunches (420 mA for 156 bunches) and a single high-current
bunch (30 mA) located diametrically opposite the bunch
train. Linearly polarized light from a planar undulator was
monochromatized by a grazing incidence monochromator us-
ing a varied-line-spacing plane grating. A mechanical chopper
[14], synchronized to the master clock of the storage ring
operation, was used to select light pulses from the isolated
single bunch. The achieved repetition rate of the light pulses
was 229 kHz.

A magnetic-bottle-type electron spectrometer equipped
with a 2.5-m flight tube was employed to perform multi-
electron coincidence spectroscopy. Electrons formed in the
ionization region were captured over a 4π -sr solid angle by
an inhomogeneous magnetic field and were guided towards
the microchannel plate detector terminating the 2.5-m flight
path. A small potential (−2.5 V) was applied to the permanent
magnet, allowing zero energy electrons to reach the detec-
tor before the incidence of the next light pulse. Conversion
from electron time-of-flight to kinetic energy was calibrated
by measuring Ar 2p photoelectron lines at different photon
energies and Kr 3d Auger lines. From the linewidths, the
energy-resolving power of the spectrometer was estimated to
be more than E/�E = 70 above a kinetic energy of 30 eV.
Below a kinetic energy of 30 eV, the energy-resolving power
gradually drops with decreasing kinetic energy: E/�E is 40 at
10 eV and 20 at 5 eV.

A multielectron coincidence measurement was made for
Kr at a photon energy of 355.2 eV (bandwidth of ∼20 meV).
The photon energy, which is sufficiently higher than the 3p
ionization thresholds (214.4 eV for 3p3/2

−1 and 222.2 eV for
3p1/2

−1 [15]), was chosen so that the photoelectrons do not
much overlap in energy with the Auger electrons emitted in
the decay of the 3p core holes. The accumulation time was
about 8 h, with a count rate of around 4 kHz. While ∼12% of
total electron counts were found to be produced by a leak of
the bunch-train light, these electrons were effectively filtered
out in the data analysis. This was possible because their flight
times with respect to the isolated single bunch correspond to
kinetic energies outside the expected energy range.

The electron detection efficiency of the spectrometer was
determined by measuring the coincidences between Ar 2p
photoelectrons and the associated Auger electrons at many
different photon energies. The estimated values are plotted
in Fig. 1, which can be well fitted by a double exponential
decay function. The electron detection efficiency generally
decreases with increasing kinetic energy, where the change
is relatively rapid up to a kinetic energy of 100 eV and then
tapers off. The intensities in all the spectra derived from the
coincidence dataset and presented in this paper were corrected

FIG. 1. Electron detection efficiency estimated from yields of
coincidence between Ar 2p photoelectrons and the associated Auger
electrons. Experimental values (black circles) were fitted with a
double exponential decay function (solid red curve). Intensities in
Figs. 2, 3, and 5–7 were corrected for the detection electron effi-
ciency (see text for details).

for the electron detection efficiency dependent on the electron
energy. For example, the number of observed threefold co-
incidences was corrected by the inverse of the product of the
detection efficiencies for the three electrons. Thus, the spectral
intensities present the real number of events that occurred
during the 8-h accumulation.

III. RESULTS AND DISCUSSION

A. Auger decay pathways of the 3p–1 states

Figure 2(a) shows an inner-shell photoelectron spectrum
of Kr. The energy resolution (∼2 eV for 140-eV electrons)
is sufficient to practically resolve the 3p spin-orbit compo-
nents, though the fine structures identified in a high-resolution
photoelectron spectrum [15] cannot be recognized. The two-
dimensional map in Fig. 2(b) displays the energy correlation
between the photoelectrons in the range of Fig. 2(a) and
Auger electrons below a kinetic energy of 120 eV. Knots of
enhancements, lying vertically at the photoelectron energies
for the 3d−1 and 3p–1 states, are seen on the map. Similar but
weaker structures are observed at the photoelectron energies
for the 3d−14l−1nl shake-up satellite states. These vertical
structures are formed by the Auger transitions from the core-
hole states. On the left-hand side of the satellite structures,
at least three diagonal stripes are identified. They result from
the coincidence between the two photoelectrons emitted on
core-valence double photoionization into the 3d−14l−1 states.
While the present coincidence data include rich information
about these individual processes, this article focuses only
on the decay from the 3p−1 states. As for the Auger decay
pathways from the 3d−1 states, the full details investigated
by multielectron coincidence spectroscopy have already been
reported [16,17].

The coincidence Auger spectra associated with the indi-
vidual spin-orbit components of 3p−1 are shown in Fig. 3(a).
These spectra essentially correspond to the vertical cuts of
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FIG. 2. (a) Inner-shell photoelectron spectrum of Kr at a photon
energy of 355.2 eV, plotted in 0.2-eV steps. The two kinetic energy
ranges for the extractions of coincidence events relevant to the 3p3/2

and 3p1/2 decays are indicated. (b) Two-dimensional map showing
energy correlation between photoelectrons in the same range as in (a)
and Auger electrons in the kinetic energy range of 0–120 eV. Color
represents number of coincidences found in a box with dimensions
of 0.4 eV (vertical) × 0.6 eV (horizontal).

the two-dimensional map in Fig. 2(b) at the 3p photoelectron
energies, but are obtained beyond the Auger energy range of
the two-dimensional map, in order to view Auger structures
of higher kinetic energy. For better statistics, these spectra
were obtained by integrating the coincidence counts over the
photoelectron ranges indicated in Fig. 2(a). The total intensity
of the spectrum associated with the 3p3/2 decay is roughly
twice as intense as that of the spectrum associated with the
3p1/2 decay, reflecting the statistical weight of the 3p spin-
orbit levels.

The 3p Auger structures above a kinetic energy of 60 eV,
which do not overlap with the 3d Auger transitions [see
Fig. 2(b)], have already been studied by conventional Auger
spectroscopy [3,18–20]. The two coincidence Auger spectra
in Fig. 3(a) show similar peak profiles in that kinetic energy
range, but the structures have shifted by as much as the 8-eV
energy gap between the initial 3p1/2

−1 and 3p3/2
−1 levels.

These structures result from first-step Auger decays of the 3p
core-hole states. The weak structures seen in the kinetic en-

FIG. 3. Coincidence Auger spectra associated with the individual
spin-orbit components of 3p−1: (a) whole range and (b) low kinetic
energy portion. They are plotted with 0.1-eV steps. In the derivation
of the spectra in (b), only the coincidence events including two
additional electrons in the 0–60-eV kinetic energy range are used,
in order to concentrate the contribution from the SCK transitions.
In the extractions of the spectra in Figs. 5–7, the electrons in the
energy ranges indicated in (b) were assumed to be SCK electrons.
The pink-shaded curve, which is obtained by subtracting half the in-
tensity of the 3p3/2 Auger spectrum from the 3p1/2 Auger spectrum,
delineates the net SCK contribution in the 3p1/2 Auger spectrum. A
fitting with the sum of seven Lorentzian peaks, whose widths and
locations are fixed at the 3p1/2 natural width and at the estimated
locations of the 3d−2 levels, respectively, is shown.

ergy range of 150–190 eV in Fig. 3(a) are associated with the
M2,3N1,2,3N1,2,3 Auger transitions forming Kr2+ final states
with two valence holes. The three band structures exhibited
in the kinetic energy range of 60–110 eV are produced by the
M2,3M4,5N1,2,3 CK transitions. The relative intensities of these
Auger and CK transitions show no marked difference between
the two core-hole states and agree fairly well with an ob-
servation based on conventional Auger spectroscopy [3] and
calculations [3,6,10]. The wide natural widths of the initial 3p
core-hole states prevent the individual Auger transitions con-
stituting these band structures to be fully resolved even with
a higher kinetic energy resolution. Jauhiainen et al. located
the individual transitions by peak fitting to the band structures
observed in a conventional Auger spectrum [3]. It should be
noted that a spectral resolution beyond the limitation imposed
by the natural widths of the core-hole states can be obtained
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by making coincidences between the 4p photoelectron and the
Auger electron, as was done for Ar 2s decay [21] or Xe 4d
decay [22]. While such a resolution cannot be reached for the
Kr 3p Auger lines with the present spectrometer resolution,
it can be achieved by introducing electric retardation into the
measurement [23].

In the coincidence Auger spectra of Fig. 3(a), the struc-
tures lying below a kinetic energy of 65 eV do not exhibit
shifts according to the different initial 3p levels. Most peaks
are associated with secondary Auger processes after the CK
transitions. These structures are difficult to identify by con-
ventional Auger spectroscopy because of severe overlap with
the intense Auger lines associated with 3d photoionization.
Below a kinetic energy of 20 eV, where the appearance of
SCK structures is anticipated, both coincidence spectra show
a gradual increase with decreasing kinetic energy. These dis-
tributions result partly from triple Auger decay constituted
by an initial CK transition and subsequent emissions of two
additional Auger electrons [24]. Besides, false coincidences
with electrons emitted from the apparatus surface may con-
tribute to these distributions. These contributions to the low
kinetic energy region prevent us from tangibly locating the
SCK transitions.

The SCK transitions lead to the formation of Kr2+ states
with double 3d holes. A calculation [6] indicates that the
subsequent decay predominantly emits two additional Auger
electrons, according to the sequential filling of the 3d holes
(i.e., 3d–2 → 3d–14l–2 → 4l–4). Such sequential filling of two
core holes is the normal decay path of double core-hole states
[25]. Owing to the subsequent decay, the electron emitted
in the SCK transition can be observed in coincidence with
a 3p photoelectron and two additional Auger electrons. The
two additional Auger electrons have kinetic energies of less
than 60 eV (see Fig. 4). The electron spectra derived from
such coincidence events are plotted in Fig. 3(b), where a
3p3/2 or 3p1/2 photoelectron is selected. Figure 3(b) shows
that the coincidence filter effectively removes the secondary
Auger electrons relevant to the CK pathway, appearing above
a kinetic energy of 10 eV in Fig. 3(a). In addition, the inten-
sities of the background distributions are reduced in Fig. 3(b),
because of the removal of the contribution from triple Auger
decay initiated by the CK transition. It should be noted that
the weak peaks remaining in 15–20 eV are due to the tran-
sitions (3d–14p–2 → 4s–14p–3) following the SCK transitions,
proving that the coincidence filter works reasonably well.

The 3p1/2 Auger spectrum in Fig. 3(b) exhibits, at around a
kinetic energy of 4 eV, an apparent enhancement lying on the
background distribution gradually increasing with decreasing
kinetic energy. This enhancement is ascribable to the SCK
transition from the 3p1/2

–1 state. No corresponding structure
can be identified at the same kinetic energy in the 3p3/2

Auger spectrum, which is reasonable, given the first-step
Auger decay from the 3p spin-orbit levels. The shaded curve
presented in Fig. 3(b) delineates the net enhancement in the
3p1/2 spectrum, which was obtained by subtracting half the
intensity of the 3p3/2 Auger spectrum from the 3p1/2 Auger
spectrum. The subtraction is justified if the contribution from
the SCK transitions is negligible in the 3p3/2 Auger spectrum.
In practice, considering the SCK contribution in the 3p3/2

Auger spectrum, oversubtraction is anticipated in the range

FIG. 4. Energy levels of Kr ion states lying below 240 eV, where
energetically crowded levels are simplified. The numbers indicate the
branching ratios (in %) of the decay pathways from the 3p−1 states,
where the values for the 3p1/2 and 3p3/2 decays are written in red and
blue, respectively.

below 3 eV. Apart from the broad peak already observed at
around a kinetic energy of 4 eV, a broad structure extending
up to 12 eV is identified in the shaded curve.

The energy locations of the SCK transitions to Kr2+ 3d−2,
estimated from the interpretation of the L2,3M4,5M4,5 band in
the Kr 2p Auger spectrum [26] and the binding energies of the
2p–1 and 3p–1 states [15,27], are indicated in Fig. 3(b). While
the accumulation of the uncertainties in these experimental
values could result in a sizable error in the estimated locations,
the structures seen in the shaded curve correspond well to
the estimated 3d−2 locations. In practice, the structures are
reasonably reproduced by a fitting with the sum of seven
Lorentzian peaks whose widths and locations are fixed at
the 3p1/2 natural width and the estimated locations of the
3d−2 levels, respectively. This implies that the observed
structures can be allocated to the SCK transitions and
also that the 3d−2 locations are reasonably estimated from
the literature values. The relative intensities of the SCK
transitions to the 3d−2 levels, determined by the fitting,
are 1G4 : 3P0,1 : 3P2 : 1D2 : 3F2 : 3F3 : 3F4 = 1 : 0.56(10) :
0.0(1) : 0.24(4) : 0.22(5) : 0.11(5) : 0.22(3). They show
a certain resemblance to those formed by the L2M4,5M4,5

transition in Kr, though the formation of the 1G4 level has a
larger share in the 2p1/2 decay (66.3% in the total L2M4,5M4,5

transition) [26].
It is clearly revealed here that almost all the SCK transi-

tions (except for the 1S0 level lying 7.1 eV above the 1G4 level)
are energetically allowed in the 3p1/2 decay. In contrast, only
the SCK transitions to the 3F levels of 3d−2 are energetically
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possible in the 3p3/2 decay. The 3p3/2 Auger spectrum shows
an enhancement around the locations of the 3F levels, but
the intensity is not much more than twice that of the 3p1/2

Auger spectrum in the same kinetic energy range. As shown
in the next section, we find that the SCK transitions to the
3F levels are weakly included in the 3p3/2 Auger spectrum,
and the corresponding coincidence counts are only one-sixth
of those of the total SCK transitions in the 3p1/2 decay. The
fitting to the 3d−2 structures in the shaded curve indicates that
the formation of the 3F levels shares one-third of the total
SCK transitions from the 3p1/2

–1 state. Considering also that
the initial population of the 3p3/2

–1 state is twice that of the
3p1/2

–1 state, the total SCK intensity in the 3p3/2 decay, ob-
served as one-sixth of that in the 3p1/2 decay, is considerably
weaker than expected. This observation may imply that the
SCK transition rates become unfavorable for small transition
energies.

The branching ratios of the first-step Auger transitions
from the 3p core-hole states are presented in the energy dia-
gram of Fig. 4. These values were estimated from the relative
intensities of the corresponding structures in Figs. 3(a) and
3(b). The errors in the estimated branching ratios are mainly
caused by the inaccuracy of the detection efficiency, and are
anticipated to be smaller than 20% for each value. Apart from
these decay paths, direct double Auger decay into Kr3+ levels,
in which two Auger electrons are simultaneously ejected from
the 3p core-hole filling, can also contribute to the 3p decay.
However, closer inspection of the present coincidence data
failed to reveal such a contribution. This is striking contrast to
the detectable contributions from direct double Auger paths in
the decays of Ne 1s [28], Ar 2p [29], Kr 3d [16], and Xe 4d
[30]. The CK and SCK transitions have large transition rates in
the Kr 3p case, and thus the direct double Auger paths become
less favorable in the Kr 3p decay.

The most striking difference between the branching ratios
of the 3p3/2 and 3p1/2 decays is that the contribution from the
SCK pathway occupies 23% in the 3p1/2 decay but only 2.5%
in the 3p3/2 decay. As clarified above, this difference basically
results from the fact that almost all the SCK channels are en-
ergetically open for the 3p1/2 decay but only limited channels
are allowed for the 3p3/2 decay. A large-scale configuration-
interaction calculation suggested that basically all the SCK
transitions are energetically possible for both the spin-orbit
levels and the contributions share 23.5% of the 3p3/2 decay
and 35.5% of the 3p1/2 one [6]. This calculation reasonably
estimates the SCK contribution in the 3p1/2 decay, while
inaccurate location of the energy level positions results in the
apparent overestimation of the SCK contribution in the 3p3/2

decay. A multiconfiguration Dirac-Fock calculation suggested
that the SCK transitions share over 58% of the total 3p decay
[3]. The overestimation of the SCK contribution is due mainly
to the inaccurate estimations of the positions of the relevant
energy levels.

Assuming that the rates for the decay paths other than the
SCK transition are the same for the 3p3/2 and 3p1/2 decays,
the total decay rate of the 3p1/2

–1 state becomes approxi-
mately 20% larger than that of the 3p3/2

–1 state, due to the
extra contribution from the SCK transitions in the 3p1/2 decay.
This estimation is consistent with the 20% larger natural width
of the 3p1/2

−1 state relative to that of the 3p3/2
−1 one [3].

FIG. 5. Two-dimensional map showing subsequent decay of
3d−2 states populated by SCK transitions from 3p1/2

–1. Correlations
between Kr3+3d–14l–2 states formed from 3d−2 and the energy of
slow Auger electrons emitted in further decay are shown. The map
was derived from fourfold coincidences including a 3p1/2 photoelec-
tron and an electron in the SCK electron range (2–12.5 eV) indicated
in Fig. 3(b). Colors represent number of coincidences found in a box
with dimensions 0.17 eV (vertical) × 0.17 eV (horizontal). The top
panel shows the spectrum of the energy sum of 3p photoelectron,
SCK electron, and faster Auger electron. This spectrum delineates
structures of Kr3+ 3d–14l–2 states formed from 3d−2, when the faster
Auger electron is emitted in the initial Auger decay from 3d−2 states.
The step size is 0.1 eV.

B. Subsequent decay processes after the
super-Coster-Kronig transitions

In this section, we investigate the subsequent decays from
the 3d−2 states formed by the SCK transitions. The 3d−2

states should decay predominantly by the sequential fillings
of the double 3d holes. The two Auger electrons emit-
ted in the decays from the 3d−2 states can be detected
as a fourfold coincidence together with a 3p photoelec-
tron and an SCK electron. The top panels in Figs. 5 and
6 show the spectra of the energy sum of three electrons
(3p photoelectron, SCK electron, and faster Auger elec-
tron), derived from fourfold coincidences including a 3p1/2

and 3p3/2 photoelectron, respectively. Here, electrons in the

043119-5



Y. HIKOSAKA ET AL. PHYSICAL REVIEW A 103, 043119 (2021)

FIG. 6. Same as in Fig. 5, but for the 3p3/2 decay. The map was
derived from fourfold coincidences including a 3p3/2 photoelectron
and an electron in the SCK electron range (0–3 eV) indicated in
Fig. 3(b).

energy ranges indicated in Fig. 3(b) were assumed to be
SCK electrons. Supposing that the faster Auger electron is
emitted in the initial Auger decay from the 3d−2 states, these
spectra should delineate the structures of the Kr3+ 3d–14l–2

states formed after the initial Auger decay from 3d−2. The
spectra are thus plotted as a function of the binding energy
of Kr3+, by using the relation (binding energy of Kr3+) =
(photon energy)–(energy sum of the three electrons).

Reflecting the sizable contribution from the SCK elec-
tron in the selected energy range for the 3p1/2 decay, clear
band structures allocatable to Kr3+3d–14l–2 states appear in
the 3p1/2 spectrum (top panel of Fig. 5). By referring to a
configuration-interaction calculation [6], the band structure
around binding energies of 165 and 180 eV can be assigned to
3d–14p–2 and 3d–14s–14p–1, respectively. The structures above
a binding energy of 180 eV are ascribed to satellite states,
and the calculation suggested a large contribution from the
configuration of 3d–14p–3nd to the satellite states [6]. The
two-dimensional map in Fig. 5 reveals correlations between
the Kr3+ states and the energies of the slow Auger electrons
emitted in further decay. Island structures clearly observed
on the map correspond to transitions from Kr3+3d–14l–2 to

Kr4+ 4l–4. On this map, structures for the formation of a
given Kr4+ state should lie on a diagonal line, x + y = const,
because the available energy shared among the four electrons
emitted in Kr4+ formation is fixed.

While the individual Kr3+ levels in the 3d−14l−2 bands
are hard to resolve in the top panel, the island structures
associated with these Kr3+ levels are distinguishable on the
map, thanks to the different energies of the subsequent Auger
transitions. We can identify at least six different Kr3+ energy
levels (binding energies of 160.5, 161.8, 163.0, 163.2, 164.5,
and 165.7 eV) in the 3d−14p−2 band and at least four different
Kr3+ energy levels (binding energies of 175.6, 179.9, 180.0,
and 181.0 eV) in the 3d−14s−14p−1 band. The branching
ratios of the first- and second-step Auger transitions from
the 3d−2 states formed in the 3p1/2 decay, determined from
the intensities of the structures in Fig. 5, are indicated in the
energy diagram of Fig. 4. These values do not agree well with
the calculation results [6].

The two-dimensional energy correlation map in Fig. 6
is similar to that in Fig. 5 but for the 3p3/2 decay. Island
structures resembling those identified in the 3p1/2 decay are
seen. A comparison between the total intensities of the island
structures in Figs. 5 and 6 reveals that the intensity of the
initial SCK transition in the 3p3/2 decay is about one-sixth
of that in the 3p1/2 decay. This value allows us to estimate the
branching ratio of the SCK transition in the 3p3/2 decay.

Since the 3p–1 spin-orbit levels lie energetically above the
Kr5+ threshold (see Fig. 4), they can proceed by quadruple
Auger decay and contribute to the formation of Kr5+ ions. In
practice, the weak formation of Kr5+ associated with the 3p
decay was observed by photoelectron-photoion coincidence
spectroscopy [8,9]. Figure 7(a) plots histograms of the en-
ergy sums of five electrons detected as fivefold coincidence
including a 3p photoelectron. The spectra for the 3p1/2 and
3p3/2 decays exhibit peaks for the formations of the Kr5+ 4p–5

and 4s–14p–4 levels. The formation of these Kr5+ levels is
barely visible in a histogram obtained by excluding the 3p
photoelectron (not shown). This implies that the observed
Kr5+ formation is essentially due to the quadruple Auger
decay from 3p–1 and contributions from other processes (for
instance, direct double-core photoionization to 4d–2 and the
subsequent decay) are negligible in Fig. 7(a). Since the avail-
able energy shared by the four electrons emitted in the 3p
decay is at most 33 eV, at least one of the electrons always
has a kinetic energy assumed as a SCK electron. Accordingly,
it is difficult to isolate the contribution from the pathway via
an intermediate formation of 3d−2.

Matsui et al. attributed their observation of Kr5+ in coin-
cidence with the 3p threshold photoelectron to the process
3p–1 → 3d–2 → 3d–14p–3 → 4p–5 [9]. In this process, two
electrons are simultaneously emitted in the first decay step
from intermediate 3d−2 states. On the other hand, a con-
figuration interaction calculation [6] predicts that the Kr5+

formation results from the fully stepwise decay 3p–1 →
3d–2 → 3d–14p–35d → 4s–14p–45d → 4p–5. The energy dis-
tributions of electrons for the formation of the Kr5+ 4p–5

levels are shown in Fig. 7(b). Structures corresponding
to SCK transitions that result in intermediate 3d−2 for-
mations are visible in both curves, suggesting important
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FIG. 7. (a) Histograms of the kinetic energy sum of the five
electrons including a 3p1/2 or 3p3/2 photoelectron, which is plotted in
steps of 0.07 eV. (b) Energy distributions of electrons ejected upon
the formation of Kr5+ 4p–5 levels. The range of the kinetic energy
sum, selected to derive these distributions, is indicated in (a). The
step size is 0.025 eV.

contributions from the intermediate 3d−2 formation, however,
the poor statistics prevent us from being able to identify
such structures as revealing the pathway to the final Kr5+

formation.

The number of events associated with the Kr5+ formation
in Fig. 7(a) compared to the number of 3p photoelectrons in
Fig. 2(a) gives the probability of a 3p hole to end as Kr5+. We
estimate it to be 3.5% and 1.1% in the total decays from the
3p1/2

–1 and 3p3/2
–1 states, respectively. The estimated Kr5+

branching ratios are roughly consistent with the observations
made by photoelectron-photoion coincidence spectroscopy
(less than 2 ± 2% for both 3p–1 states [8]). On the other
hand, a threshold electron-ion coincidence study estimates
the branching ratios to be 7% and 4% for the 3p1/2

–1 and
3p3/2

–1 states, respectively [9]. Apart from the disagreement
in the absolute values, the more favorable formation in the
3p1/2 decay agrees with the present observation. Considering
the branching ratios of the 3d−2 formation (23% in the 3p1/2

decay and 2.5% in the 3p3/2 decay), the Kr5+ branching ratio
in the 3p3/2 decay is quite favorable. This suggests that Kr5+

formation does not result solely from the decay of the 3d−2

states. Other paths that may possibly be contributing to Kr5+

formation include double Auger decay of the 3p–1 states into
3d–14p–35d and the subsequent decay.

IV. CONCLUSIONS

The SCK decay from Kr 3p core-hole states and the sub-
sequent decay processes are investigated by multielectron
coincidence spectroscopy. It is found that the contribution
from the SCK pathway occupies 23% of the 3p1/2 decay and
only 2.5% of the 3p3/2 decay. The difference stems from the
fact that almost all SCK transitions are energetically allowed
in the 3p1/2 decay while only the SCK transitions to the 3F
levels of 3d−2 are energetically possible in the 3p3/2 decay.
The 3d−2 states formed by SCK transitions decay predom-
inantly through sequential fillings of the double 3d holes,
which is identified in fourfold coincidences. Moreover, the
formation of Kr5+ states in the 3p decay is observed as five-
fold coincidences.
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