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The LMM Auger spectra of krypton are measured using the photon energies hν = 1709 eV, 1792
eV, 1950 eV, and 13 keV. This approach allows separating the contributions from the various core
holes L1, L2, and L3. Previously unobserved transitions are presented. Complementary theoretical
work is performed allowing the assignment of the spectral features. The L2,3Y − MMY (Y =
M4,5, N1,2,3) Auger transitions of Kr2+ formed via Coster-Kronig Auger decay of the core holes L1

and L2 are also investigated. These spectra comprise about 4000 and 13000 transitions, respectively,
so that only general statements on the assignment, like the configurations involved in the transitions,
can be given.

I. INTRODUCTION

In the last decade electron-spectroscopy studies of
isolated atoms and molecules with hard X-ray radiation
of several keV have attracted substantial attention. This
attention is mainly due to significant development of in-
strumentation in this energy region, both for light sources
and detectors, which is driven by Hard X-ray photoelec-
tron spectroscopy (HAXPES) for solid state physics and
material science, with the goal to study bulk properties
and buried interfaces. This recent technical development
allows also for dilute matter high-resolution studies with
excellent signal-to-noise ratio.

Using these new opportunities, many interesting
effects have been observed in the last decade. This in-
cludes the translational [1] and rotational Doppler [2] ef-
fect in atomic and molecular Auger spectra as well as the
rotational recoil [3]. Using a photon energy of 40 keV
Kircher et al. found that the photoelectron recoil influ-
ences the angular distribution of the N 1s photoelectrons
of N2 [4]. Another important field is the investigation of
deep double core holes like Ar and Cl 1s−12p−1 [5, 6] as
well as Ne and S 1s−2 [7, 8].

In the last few years also very deep core holes like
the K-shells of Br [9], Kr [10], I [11], and Xe [12] became
accessible for high-resolution spectroscopy. A recent re-
view with more details on these topics has been published
by Piancastelli et al. [13].

In addition to this variety of new and interest-
ing effects, the recent instrumental improvements pro-
vide also an excellent opportunity to revisit fundamental
processes like Auger decays of deep core holes and study
them in unforeseen detail. For example, recent studies
of the KLL Auger spectra of atomic argon [14] and sul-
fur in H2S [15] provided detailed information about the
satellite structure. In particular, both studies demon-
strated that shake processes during the Auger decay can-

not be neglected although they were completely ignored
in previous studies; note that for these studies tunable
photon energies were very essential. In addition, for Ar
1s−13l−1nl1 → 2p−2(1D2,

1 S0) Auger satellites were ob-
served. A detailed investigation showed that these tran-
sitions can only be explained by the knock-down effect
since an angular-momentum transfer between the out-
going Auger electron and the excited valence electron is
required [14].

For krypton, three detailed studies [16–18] were
performed in the 70’s and 80’s of the last century. These
studies assigned the lines of the most intense groups of
Auger transitions, namely L2,3M2,3M2,3, L2,3M2,3M4,5,
and L2,3M4,5M4,5. The work of Levin et al. [18] also
reported the less intense L3M1M2,3 Auger transitions as
well as one group of the L1 Auger transitions, namely
L1M4,5M4,5. However, a systematic study of the L1

Auger spectrum has not been reported so far. At the be-
ginning of this millennium Suzuki et al. [19] performed
a synchrotron-radiation based study of the L2,3M2,3M4,5

and L2,3M4,5M4,5 Auger transitions. The energy posi-
tions derived in this study were similar to those obtained
earlier while the observed intensity ratios revealed dif-
ferences. Finally, the resonant Kr 2p−1nl Auger spectra
were studied by Nagaoka et al. and Okada et al. [20, 21].

Recently, the Kr 1s decay cascade in the region of
the L-shell Auger transitions of Kr1+ to Kr3+ has been
investigated [10] by the present group of authors. This
work compared the Auger spectra of the L-shell region
measured with photon energies lower (hν = 13 keV) and
higher (hν = 16.5 keV) than the Kr 1s−1 ionization en-
ergy. From this comparison detailed information about
the different decay pathways of the K-shell core hole was
derived. However, no detailed assignment of the spectral
features in this spectral region was presented.

Within the present work we focus on the decay
of direct L-shell ionization and report Auger spectra
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recorded at four different photon energies between 1709
eV and 13 keV. The photon energies were selected such
that one spectrum shows only L3 Auger transitions, a sec-
ond one only L2 and L3 Auger transitions and two more
L1, L2, and L3 Auger transitions. Note that the photon
energy of 13 keV is not sufficient for K-shell ionization so
that decays of the corresponding Auger cascade, which
are discussed in detail in Ref. [10], cannot contribute to
the spectra shown in the present publication. The lat-
ter two show different percentages for the contribution
of L1 transitions, indicating they contribute significantly
only well above the corresponding threshold. In the elec-
tron kinetic energy range between 1100 and 1800 eV the
Auger spectrum subsequent to L1 ionization can be sep-
arated in two contributions. The first contribution is the
direct decay of the L1 core hole in Kr+ via L1XX Auger
decay. The second contribution dominates the spectrum
and originates from a second-step Auger decay, namely
the Auger decay of 2p−1nl−1 states in Kr2+ which are
formed via L1L2,3Y (Y = M4,5, N1,2,3, i.e. contrary to
X it does not include the the deeper core holes M1,2,3)
Coster-Kronig decay of the initial L1 core hole. The de-
cay spectrum of the Kr2+(2p−1nl−1) states consists of
several thousand heavily overlapping lines so that they
cannot be assigned individually. As a consequence, based
on the present calculations we assign the visible spectral
features only at the electron-configuration level. More-
over, general properties of the spectral features as ob-
tained from the calculations will be discussed. Finally,
additional details for less intense Auger groups of struc-
tures in Kr+ could be observed, in particular in the pure
L3MM spectrum.

II. EXPERIMENTAL DETAILS AND
THEORETICAL PROCEDURE

The experiments were carried out at the soft x-
ray (SX) undulator beamline BL17SU and at the hard
x-ray (HX) undulator beamline BL29XU of SPring-8, an
8 GeV synchrotron radiation facility in Japan.

As for the SX-energy region, a monochromatic
photon beam in the 1709 to 1950 eV energy range was ob-
tained using the grating monochromator [22–24] of beam-
line BL17SU. The resolving power of the photon beam,
i.e., ∆E/E, was set to be about 5.7 × 10−4 to achieve
a higher photon flux; note that the resolving power has
no influence on normal Auger spectra. The photon-beam
size was about 0.2(H) × 0.15(V) mm2 before introduc-
ing it into the apparatus. As for the HX-energy range, a
Si(111) double-crystal monochromator, cooled by liquid
nitrogen [25], of beamline BL29XU [26] was used to pro-
vide the 13 keV intense photon beam with the resolving
power of about 1.33× 10−4. The photon beam was colli-
mated to a size of 0.5 × 0.5 mm2 at the upstream of the
apparatus by using a four-jaw slit.

The apparatus equipped with the hemispherical
electron energy analyzer SES-2002 and the gas-cell GC50

(ScientaOmicron [27]) was used for recording the Auger-
electron spectra. At beamline BL17SU, the apparatus
was installed directly downstream of the exit slit of the
beamline monochromator, and it was installed in the ex-
perimental hutch #3 (EH3) at BL29XU [28]. During the
measurements, the target gas pressure was maintained
to be about 1× 10−3 Pa measured at the outside of the
gas-cell. The axis of the analyzer was in the horizontal
direction at the right angle to the photon beam direction,
i.e. parallel to the polarization vector of the incident pho-
tons. Note that L3XX Auger spectra are generally not
isotropic [29]. So, because of fixed non-magic angle of
measurements, the present data can be influenced by the
non-isotropic angular distribution. However, it has been
shown for Ar 2p−13/2 [30] and Xe 2p−13/2 ionization [31] that

the alignment parameter A20 is small. We expect a sim-
ilar small value for Kr 2p−13/2 ionization, resulting in only

small angular-distribution effects, which do not influence
the present results.

The energy resolution of the electron-energy an-
alyzer was set to be 360 meV with a constant pass en-
ergy of 200 eV. The kinetic-energy scale of the electron
spectrometer was calibrated by comparing the recorded
Kr M4,5NN and Kr LMM Auger electron spectra with
those reported in the literature [10, 18, 32].

The calculations were carried out using Flexible
Atomic Code (FAC) [33] which utilizes a fully relativis-
tic approach based on Configuration Interaction Dirac-
Fock theory. The atomic states functions (ASFs) with
the total angular momentum J , its projection M and
Parity P are constructed as linear combinations of con-
figuration state functions (CSFs). The CSFs in their
turn are antisymmetrized jj-coupled linear combinations
of Slater determinants constructed as products of one-
electron wavefunctions. The average level scheme is used
in the optimization of one-electron wavefunctions and the
mixing coefficients of the ASFs are solved by diagonaliz-
ing the electronic Hamiltonian. For precise prediction of
the transition energies, Breit interactions and quantum
electrodynamics corrections (QED) such as vacuum po-
larisation and self energy are included perturbatively to
the final result. Those corrections are estimated to be
tens of eVs when dealing with core shells of atoms such
as krypton [36].

The Kr+ →Kr2+ Auger transitions in the kinetic
energy of 1000 − 1800 eV were calculated starting from
the ionization of the Kr L-shell, i.e. the Kr L1,2,3 singly
ionized states, in which, all the possible final states are
included, such as MM , MN , NN , and LM/LN induced
via Coster-Kronig decay; the Coster-Kronig transitions
to the latter final states can be found in the kinetic energy
region of 4 − 223 eV and are not shown in the present
work. For the second-step Auger decays in the studied
energy region, the initial states LM and LN are taken for
the calculation of Kr2+ →Kr3+ Auger spectrum. In these
calculations all the possible final states are also included.
To obtain the correct widths of the Auger transitions, all
the final states induced in the first and the second step
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Auger decay are assumed to undergo an additional Auger
relaxation step.

The photoionization cross sections in dipole ap-
proximation at the selected photon energies and the
Auger transition matrix elements were calculated using
the standard formulations of the FAC code that pro-
vides the results in a non-time-consuming way due to
the approximation of local potential and to the contin-
uum wavefunction [33]. The transition amplitudes were
calculated under the Wentzel’s ansatz [34, 35], where
both photoionization and Auger decay amplitudes are
described by the Fermi’s golden rule. The calculations
assume that the continuum electrons do not affect the
final state bound orbitals and higher order electron cor-
relation such as post-collision interaction are neglected.
The calculations, however, allow non-orthogonality be-
tween the initial and final state bound orbitals.

III. RESULTS AND DISCUSSION

Figure 1 shows the Auger spectra of Kr in the en-
ergy range of 1100 to 1800 eV measured after ionization
with photons of the energies (a) 1709 eV, (b) 1792 eV,
(c) 1950 eV, and (d) 13 keV. Due to the selected photon
energies panel (a) shows only the L3-shell Auger decays
and panel (b) only the Auger decays of the L2 and L3

shells. In contrast to this, panels (c) and (d) show all
three L-shell Auger decays. The spectra in panels (a) to
(c) overlap with the 4p, 4s, 3d, 3p, and 3s photoelectron
lines indicated in green. In addition, also photoelectron
satellites, i.e. processes where the ionization is accompa-
nied by an excitation of a valence electron to an unoc-
cupied Rydberg level (e.g. 4p → 5p) can be observed.
These transitions are indicated with ’s’ and cause also
satellites in the Auger spectrum, see below.

The advantage of the present approach of using
different well-selected photon energies can be seen e.g. us-
ing the weak L3M1M4,5 transitions as an example. These
transitions can readily be identified in the pure L3 Auger
spectrum shown in panel (a). In spectra measured at
higher photon energies, see panel (b), these transitions
are superimposed by the much more intense L2M2,3M2,3

transitions; for more details, see further below. More-
over, the broader kinetic energy range and improved
signal-to-noise ratio compared to previous publications
[16–18] allow resolving previously unobserved transitions
such as L2,3M4,5N2,3 or L1M4,5M4,5.

Although in (c) the photon energy is high enough
to ionize the L1-shell, clear signatures of Auger transi-
tions related to the decay of the L1 core-hole state cannot
be observed. In contrast to this, the spectral features of
L1M2,3M4,5 and L1M4,5M4,5 decay are clearly visible in
panel (d). These observations can be understood based
on two facts. First, as can be seen in Table I, the pho-
toionization cross-section ratio changes with photon en-
ergy. At 1950 eV the relative 2p ionization cross sections
is about 6.5 times larger than the 2s cross section whereas
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FIG. 1: Auger spectra in the energy range of 1100 to 1800
eV measured after ionization with photons of the energies (a)
1709 eV, (b) 1792 eV, (c) 1950 eV, and (d) 13 keV. Panel
(a) shows the L3-shell Auger decays and panel (b) the Auger
decays of the L2 as well as L3 shells. Panels (c) and (d) show
all three L-shell Auger decays. The structures indicated in
green and labeled with nl are due to overlapping photoelec-
tron lines. In panel (c) the vertical lines labeled with the
numbers 1 to 4 indicate L2N1,2,3 − XXN1,2,3 Auger decays
which are discussed in the text. For reasons of presentation
the spectra in (a) and (c) are averaged over three data points.

at 13 keV this ratio is about 1, i.e. the relative contribu-
tions of the L1 Auger decay increase significantly with the
photon energy. Second, as recently discussed in Ref. [10],
the main Auger channels of the L1 core-hole state are the
Coster-Kronig decays to the L2 and L3 holes; these Auger
decays are at much lower energies (4−223 eV, see above)
and not visible in the present spectra. According to the
present calculations, the L1 hole decays by about 90 %
via these Coster-Kronig processes, which leads to two
consequences. First, this leads to a much larger lifetime
broadening for the L1 hole (Γ(L1)theo = 4.28 eV [37]) as
compared to the L2 (Γ(L2)theo = 1.31 eV [37]) and L3
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FIG. 2: Experimental (data points) and theoretical (red curve
through data points) data for ionization with a photon energy
of 13 keV. The red and black subspectra show the contri-
butions of the LMM Auger decay of the Kr+ ions and the
L2,3Y −XXY Auger decays of Kr2+ ions formed by Coster-
Kronig decay, respectively. For the blue subspectrum showing
only the L1MM Auger decays of Kr+ the intensities are mul-
tiplied by 5.

TABLE I: Calculated relative cross sections for the orbitals
Kr 2s, Kr 2p1/2 and Kr 2p3/2 as a function of the photon
energy.

Photon energy Relative cross sections

(eV) Kr 2p3/2 Kr 2p1/2 Kr 2s

1700 1 – –

1791 0.676 0.324 –

1950 0.583 0.283 0.134

13000 0.298 0.166 0.536

(Γ(L3)theo = 1.17 eV [37], Γ(L3)exp = 1.152(20) eV [38])
holes and results in significantly larger widths for the
L1M2,3M4,5 and L1M4,5M4,5 transitions as compared to
the L2 and L3 Auger decays, and as a consequence to
much lower peak intensities. Second, the differences of
the spectra shown in panel (c) and (d) of Fig. 1 can be
explained by the Auger decays of the Kr2+ ions produced
by the Coster-Kronig Auger decay of the L1 core hole, see
black subspectrum in Fig. 2. These Kr2+ contributions
amount at 13 keV almost to 50 % of the Auger intensity.
This can be understood by the fact that at 13 keV the
L1 hole possesses a relative cross section of almost 54 %
and decays by about 90 % via the Coster-Kronig process.

The agreement of the red theoretical curve and the
data points in the upper panel of Fig. 2 is generally very
good. Small deviations are due to shake-up satellites in
the Auger decay, which are not taken into account in the
present calculations.
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FIG. 3: The L3M4,5M4,5 (a), the L2M4,5M4,5 (b), and the
L1M4,5M4,5 Auger transitions (c), which are aligned along
the two-hole binding energy, see upper axis. The theoretical
energy positions and Auger rates are indicated by the lower
vertical bars and the calculated spectra of the L3, L2, and
L1 transitions by the blue, red and magenta solid subspectra,
respectively. The spectra also exhibit minor Auger transitions
as well as photoelectron lines which are discussed in detail in
the text. For reasons of presentation the experimental spectra
in panel (a) and (c) are averaged over three data points.

A. The LMM Auger transitions in Kr+

In Figs. 3 to 6 details of the LMM Auger transi-
tions of Kr+ are shown. The spectra are aligned along the
binding energy of the two-hole-states of the main group
of the spectrum which is shown on the uppermost axis of
each figure. The two-hole binding energy is determined
by the kinetic energy of the L3 Auger transitions and a L3

ionization energy of 1679.154(91) eV obtained from the
energy splitting of the L3 and N3 level [38] and the N3

ionization energy [39]. For an alignment to the two-hole
binding energy the kinetic energies of L2 spectrum (pan-
els (b)) and the L1 spectrum (panels (c)) are higher by
52.6(1) and 246.3(6) eV, respectively. In principle, these
shifts correspond to the differences of the ionization en-
ergies of the L3 and L2 (L1) thresholds. The splitting
between the L3 and L1 scatters in literature between
241.61(33) eV and 246.4(1.4) eV, i.e. by almost 5 eV,
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see Ref. [40, 41] and references therein. In contrast to
this, the values for the splittings between the L2 and L3

thresholds reported in literature are all between 52.4 and
52.7 eV.

Because of the large differences reported in the lit-
erature for the splitting between the thresholds L3 and
L1, we fitted the LM4,5M4,5 Auger transitions in order to
derive an additional value from the differences in the ki-
netic energies of the Auger electrons. These fits resulted
in a splitting of 52.6(1) eV between L3 and L2 as well as
246.3(6) eV between L3 and L1. The present data are
in line with the larger splittings between L1 and L3 re-
ported in the literature, and in particular with the value
of 245.4(8) eV suggested in the critical review by Vénos
et al. [41].

Figure 3 displays the different LM4,5M4,5 Auger
transitions. The dashed black vertical bars indicate the
calculated energy positions and Auger rates of these tran-
sitions. In addition, the filled black vertical bars above
247 eV binding energy in panel (a) and (b) display the
theoretical results for the L2,3M2,3N2,3 Auger transi-
tions. Note that details for the transitions represented
by vertical bars in the Figs. 3 to 6 including the as-
signment can be found in table 1 of the supplementary
material [42].

Although the present calculations are performed
using jj coupling, the L3M4,5M4,5 Auger transitions are
labeled in the upper panel using the Russel-Saunders cou-
pling scheme 2S+1LJ , in agreement with previous works
[17–19]. The splitting between the states with different
total angular momentum L is larger than the spin-orbit
splitting of the triplet states indicating that the Russel-
Saunders coupling describes these states quite well. How-
ever, according to the present calculations and the cal-
culations of Levin et al. [18], the splitting between the
different 3FJ states do not strictly obey the Landé in-
terval rule. This indicates that the LS-coupling is not
strictly valid for these states.

For most of the intense group of transitions the
LS coupling is the best description of the final states.
For the M2,3M2,3 final states the strongest spin-orbit
interaction can be expected. Nevertheless, the leading
jj contribution to the final states show coefficients of
|ci|2 ∼= 0.84. This is between 2/3 for pure LS coupling

(e.g. np−2(1S0) =
√

2
3 |

3
2
3
2 〉0 +

√
1
3 |

1
2
1
2 〉0) and 1 for pure

jj coupling, and shows that for this configuration an in-
termediate coupling can be assumed. On the other hand,
a pure |jj〉J state has at least a leading contribution of
2/3 for one 2S+1LJ state so that even in this extreme
case an assignment based on this coupling is still mean-
ingful. Nevertheless, we want to point out that the final
states M2,3N1 are close to pure jj-states and the final
states M2,3N2,3 are probably described best by the jK
coupling scheme; however, the transitions to these states
are very weak and not unambiguously observed.

The solid colored lines represent the theoretical
spectra and are obtained by convoluting the vertical bars

with a Lorentzian. The width of each Lorentzian is the
sum on the calculated lifetime broadenings of the ini-
tial and final state of each transition. The theoreti-
cal spectra of the L3-transitions (red subspectrum), the
L2 transitions (blue subspectrum), and the L1 transi-
tions (magenta subspectrum) are shifted by 1.5 eV, 2.2
eV, and 6.7 eV to lower energies. These different shifts
are due to different deviations between the experimen-
tal and the theoretical thresholds (L3,theo. = 1678.90 eV,
L2,theo. = 1731.90 eV, and L1,theo. = 1930.4 eV).

At binding energies above 246 eV, in the theoret-
ical spectra of the L3 and L2 decays, see panel (a) and
(b) the transitions to the M2,3N2,3 final states can be ob-
served. These transitions can be separated in two groups
with a splitting identical to the splitting of the 3pj states,
i.e. they can be described by jK coupling as discussed
above. These transitions are possibly present also in the
experimental spectra. However, they cannot be clearly
identified, although there are several weak structures in
the binding energy region from 240 to 260 eV since in this
region also the shake-up transitions during the Auger de-
cay of the type 4p6 → 4p5np are expected. In particular,
the strongest 4p6 → 4p55p shake-up transitions are ex-
pected, based on the corresponding excitation energies of
the Z+2 atom Sr III about 28 eV [39] above the binding
energy of the corresponding diagram line. Such shake-up
transitions during the Auger decay have been observed
in the Ar KLL [14] and the Xe L2,3M4,5N4,5 [31] Auger
spectra.

In the binding-energy region of ∼= 222 to 234 eV
of the L3 decays there is also some intensity which is not
reproduced by theory. These spectral features can be as-
signed to the Auger decays of shake-up states during the
photoionization process, which are expected to be much
closer to the main line than the shake satellites originated
during the Auger decay [14, 15]. This is in line with the
discussion of the Auger decay of the 2p−13/24(s, p)−1 states

as will be discussed further below, see Fig. 8. The spec-
trum shown in Fig. 3 is, however, measured only 30 eV
above the L3 threshold, so that shake satellites are not
fully developed. In the L2 spectrum this energy region
around 235 eV is dominated by the strong and broad
direct 3s−1 photoelectron line.

Figure 4 shows the Auger spectra in the binding-
energy region from 309 to 370 eV which is dominated by
the LM2,3M4,5 transitions. In addition, the LM1M2,3,
the L2,3M4,5N2,3, and the L1M1N1 transitions con-
tribute to the spectra. The theoretical L3-spectra in
panel (a) and (c) are shifted by 3 eV to higher kinetic en-
ergies and 0.5 eV to lower kinetic energies, respectively,
in order to match well the experimental L3M2,3M4,5

and L3M4,5N2,3 transitions. The L2 and L1 spectra are
shifted accordingly. The different shifts account for in-
accuracies in the calculation of Auger energies. In the
upper panel (a) these transitions are assigned using the
LS coupling scheme, although the energetic order of the
states and the splitting of the triplet states into the dif-
ferent J levels deviate strongly from that expected in
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FIG. 4: The L3M2,3M4,5 (a), the L2M2,3M4,5 (b), and the
L1M2,3M4,5 Auger transitions (c), which are aligned along
the two-hole binding energy, see upper axis. The theoretical
energy positions and Auger rates are indicated by the lower
vertical bars and the calculated spectra of the L3, L2, and
L1 transitions by the blue, red and magenta solid subspectra,
respectively. The spectra also exhibit minor Auger transitions
which are discussed in the text. For reasons of presentation
the experimental spectra in panel (a) and (c) are averaged
over three data points.

case of a strict Russel-Saunders coupling scheme, so that
an intermediate coupling has to be assumed. However,
the observed sequence of energy positions for the differ-
ent M4,5N2,3 final states matches much better the expec-
tation for this configuration in LS coupling than in jj
coupling, as discussed by Cowan in his book [43].

It is known from the literature that the Kr 3p−1

levels interact strongly with the 3d−2nl configurations
[44], leading to a complex photoelectron spectrum with
more than two spin-orbit-split lines. These correlation
effects are not taken into account in the present cal-
culations, which are marked for the L3M2,3M4,5 and
L2M2,3M4,5 transitions by blue and red solid lines, re-
spectively. Nevertheless, a good agreement between ex-
periment and theory is observed, indicating that the
present calculations reproduce the essential part of the
physics involved. The LM2,3M4,5 transitions can be di-
vided in two groups which are separated by ∼= 15 eV.

The intensity of the states belonging to the group of final
states with lower binding energies decreases significantly
from the L3 threshold in panel (a) to the L1 threshold
in panel (c). Because of this, the various Auger spectra
look rather different.

At binding energies around 345 eV and from 358
to 370 eV L3M2,3M4,5 (panel a) and L2M2,3M4,5 Auger
intensities (panel b) can be found, which are not repro-
duced by theory. These spectral features can be assigned
to satellite transitions. In detail, the satellites around
345 eV, which are seen only in panel (a), are probably
caused by the Auger decay of photoelectron satellites;
this assignment is based upon the energy splitting rel-
ative to the Auger transitions around 337 eV binding
energy. Note that the L3 spectrum is measured using
a photon energy which is ∼= 30 eV higher than the cor-
responding ionization energy, so that 2p−13/24p−1np final

states can energetically be populated. The structures
between 358 and 370 eV binding energy can be assigned
to satellite transitions during the Auger decay, since in
case of L2 ionization the used photon energy of 1750 eV
is only by ∼= 18 eV above the L2 ionization energy and
below the ionization energy of the corresponding photo-
electron satellites; see also Fig. 7 below.

In the lowest panel (c) the magenta curve repre-
senting the L1 Auger decays agrees well with the experi-
mental spectrum in the binding energy range from 320 to
365 eV, corresponding to L1M1N1 and L1M1N2,3 Auger
transitions. These transitions are much stronger in the
L1 Auger spectrum than in the L2,3 Auger spectra. This
can be explained with a better overlap of the M1 shell
with the L1 shell than with the L2,3 shells, due to the an-
gular distribution of the involved orbitals. Finally, panel
(c) also shows the weak L2,3M4,5N2,3 Auger transitions.

Figure 5 displays the L3M2,3M2,3 and the
L2M2,3M2,3 Auger transitions. In this and the next
figure the L1 spectra are not displayed, since the cor-
responding transitions are very weak, see Fig. 2, and
are superimposed by stronger transitions. As discussed
above, the interaction which causes the spitting between
the M2,3M2,3 final states is described best by an inter-
mediate coupling. The L2M2,3M2,3 Auger transitions in
the lower panel overlap with the L3M1M4,5 transitions,
which will be discussed further below. In the lower spec-
trum at 1248 eV kinetic energy, Auger intensity can be
found which is not reproduced by theory, and it shows no
counterpart in the L3M2,3M2,3 Auger spectrum. Based
on the used photon energy of 1750 eV, the Auger decay
of a photoelectron satellite can be excluded. A satellite
caused by a shake up during the Auger decay is expected
at at least 28 eV above the corresponding main line; how-
ever, no strong main line can be observed at kinetic en-
ergies of 1276 eV or higher. Since no explanation of this
line as an Auger satellite is possible, we assign it as an
L3N − MMN Auger decay of Kr2+, which is a result
of a Coster-Kronig decay of Kr+ with a hole in the L2

shell, i.e. by the process Kr 2p−11/2 → 2p−13/24(s, p)−1 + e−.

We shall discuss these contributions in more detail fur-
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FIG. 5: The L3M2,3M2,3 (a) and the L2M2,3M2,3 (b) Auger
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calculated spectra of the L3 and L2 transitions by the blue
and red solid subspectra, respectively. The spectrum in (b)
also exhibit minor Auger transitions. For reasons of presenta-
tion the experimental spectrum in panel (a) is averaged over
three data points.

ther below. Note, that the present calculations predict
the L3N1,2,3 → M1M4,5N1,2,3 transitions exactly at this
energy position.

The weak L3M1M2,3 (a), L2M1M2,3 (b),
L3M1M4,5 (c), and L2M1M4,5 (d) Auger transitions can
be seen in Fig. 6. The spectral features in this figure
are very broad since the short-lived M1 core hole is
part of the final states; note that this hole can relax via
Super-Coster-Kronig decay to M4,5M4,5. The intensities
and the energy positions of the L3M1M2,3 Auger tran-
sitions agree reasonably well with the results of Lewin
et al. [18]. The other transitions were not reported in
previous publications. For both groups of final states
the splitting is very close to the expectation based on
LS-coupling. Furthermore, the L2M1M2,3 transitions
almost overlap with the L3M2,3M2,3 transitions and the
L2M1M2,3 transitions with the L3M2,3M4,5 transitions.
In particular at the energy position of the L2M1M2,3

transitions significant satellite contributions of the
L2M1M2,3 transitions can be expected. In panel (b) at a
kinetic energy of ∼= 1195 eV once again a spectral feature
is visible which is not reproduced by the presented
theoretical results; note that the calculated L2M1M2,3

Auger transitions also present in this region are too
weak to explain this feature. Because of this, the feature
is also assigned to a L3MM Auger decay of Kr2+ and
is caused by Coster-Kronig Auger decay of the L2 hole,
namely to L3N1,2,3 → M23M23N1,2,3. Details will be
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discussed further below.

B. The L2,3Y −MMY Auger decays of Kr2+

In the following we shall discuss the L2,3Y −MMY
Auger decays of Kr2+. The initial states of these decays
can be populated via two different processes, namely first
the Coster-Kronig decays after L2 and in particular L1



8

A
u
g
e
r 

In
te

n
s
it
y
 (

a
rb

. 
u
n
it
s
)

1150 1200 1250 1300 1350 1400 1450 1500

Kinetic Energy (eV)

1150 1200 1250 1300 1350 1400 1450 1500

Kinetic Energy (eV)

1150 1200 1250 1300 1350 1400 1450 1500

Kinetic Energy (eV)

1150 1200 1250 1300 1350 1400 1450 1500

Kinetic Energy (eV)

1150 1200 1250 1300 1350 1400 1450 1500

Kinetic Energy (eV)

x 5

M
23

M
45

N
123

M
23

M
23

N
123

M
45

M
45

N
123M

1
M

45
N

123

M
23

N
23

N
123

x 50 x 50

2

5 4
3

1hν = 1792 eV

FIG. 8: The data points in the upper part represent the L2,3MM Auger spectrum measured using hν = 1792 eV. The solid
red line close to the data points displays the theoretical result for this photon energy and the solid subspectrum in the middle
shows the Auger decays of the L3N1,2,3 states populated via Coster-Kronig decay. The lower red and blue vertical bars indicate
the energy positions and intensities of the L3N2,3 −XXN2,3 and L3N1 −XXN1 Auger transition, respectively.

ionization, and second the direct L3 and L2 ionization
accompanied by a shake-off process. Their population
via Coster-Kronig decay after L2 and L1 ionization is
shown in Fig. 7. We would like to remind the reader
that the kinetic energies of the Coster-Kronig decays are
all below 225 eV and not visible in the present spectra.
As displayed in the figure, an L2 ionization leads only
to a Coster-Kronig decay to L3N1,2,3 initial states. In
case of L1 ionization and Coster-Kronig decay, L2,3N1,2,3

and in particular L2,3M4,5 initial states are populated.
Shake-off processes accompanying the direct ionization
leads mainly to the L2,3N1,2,3 states but only to a small
extend to the L2,3M4,5 states; this result is based on ob-
servations for the Kr 1s−1 satellites [45] and the expec-
tation of similar shake probabilities for the Kr 2(s, p)−1

thresholds. Shake processes as source of population of
the L2,3Y states in Kr2+ are not taken into account in
the present calculations, so that their contribution to the
experimental Auger spectra are underestimated.

Before discussing the L2,3Y −MMY Auger decays
of Kr2+ in more detail, we shall present some general
statements. For the LMM Auger decay of Kr+ only 3
initial energy levels exist, namely L1,2,3, and about 80
XX final levels so that the entire LXX spectrum con-
sists of less than 250 transitions from which a large num-
ber is not intense enough to be observed. In contrast to
this, for the Auger decays of Kr2+ after Coster-Kronig
decay of the L2 (L1) core hole, 8 (26) initial levels exist,
see Fig. 7, and more than 500 XXX final levels. As a
result, the L2,3X −XXX Auger spectrum after Coster-
Kronig decay of an L2 core hole consists of about 4000
transitions and that of an L1 core hole about 13000 ones.
These numbers illustrate that individual assignments of
the spectral features in the L2,3X−XXX Auger spectra
are not possible. Instead, we shall only give the configu-

rations involved in the transitions belonging to a spectral
feature.

Figure 8 shows the L2,3MM Auger spectrum sub-
sequent to ionization with 1792-eV photons. The red
line close to the data points represents the theoretical
result for this photon energy. The subspectrum in the
middle of the figure represents the calculated contri-
bution caused by the L3N1,2,3 states which are popu-
lated via the Coster-Kronig Auger decay of the L2 core
hole. The spectral features of the transition to the final
states M2,3M2,3N1,2,3, M1M4,5N1,2,3, M2,3M4,5N1,2,3,
M2,3N2,3N1,2,3, and M4,5M4,5N1,2,3 match well the spec-
tral features caused by the Auger decay of the L3 core
hole to the corresponding parent states. The contri-
butions of the L3N2,3 − XXN2,3 and L3N1 − XXN1

Auger transition are indicated by blue and red vertical
bars in the lower part of the Figure. These bars show
that both types of transitions contribute with a simi-
lar distribution to the spectral feature, with the differ-
ence that the L3N1 − XXN1 transitions possess in av-
erage a kinetic energy which is by ∼= 2 eV lower than
the L3N2,3 − XXN2,3 transitions. From these findings
we conclude that the final states in Kr3+ can be de-
scribed in good approximation by the coupling of the
MM parent states 2S+1LJ , to which the outer hole N1

or N2,3 couples, i.e. MM(2S+1LJ)N123(2S
′+1L′J′). For

the M4,5N2,3N1,2,3 final states the situation is obviously
more complex since the splitting is not dominated by the
interaction between two of the holes.

As stated above, the L2,3N1 and in particular the
L2,3N2,3 states of Kr2+ can also be populated via a shake-
off process that accompanies the direct L2,3 ionization
process. The L3N1 and L3N2,3 Auger decays should lead
to the same spectral contributions as shown in Fig. 8.
However, their additional intensity is not included in the
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present calculations, i.e. the contributions indicated by
the black subspectrum in Fig. 8 represent a lower limit
for the L3N1,2,3 Auger decays. Based on the calcula-
tions, 5 lines are identified as contributions caused by
Coster-Kronig decay or shake-off satellites. Line 1 and
2 are due to L3N1,2,3 − M4,5M4,5N1,2,3 Auger transi-
tions, although line 1 possesses in addition contributions
of the L3M4,5M4,5 Auger decay to the final state 1S0,
see also Fig. 3. Line 3 probably shows two contribu-
tions, namely the L2M1M4,5 Auger decays of Kr+ and
the L3N1,2,3−M2,3M4,5N1,2,3 Auger transitions of Kr2+.
Finally, lines 4 and 5 show contributions which cannot be
explained with Auger decays of Kr+, see Figs. 4 as well
as 6 and discussion above. These lines are assigned to
L3N1,2,3 −M1M4,5N1,2,3 and L3N1,2,3 −M2,3M2,3N1,2,3

Auger transitions, respectively. Note that all these spec-
tral features are not visible in the L3 Auger spectrum
measured at 1709 eV. We expect that this energy value

is too low to observe fully developed shake-off satellites.
Finally, we want to mention that for Ar the 1s−13p−1 →
2p−23p−1 Auger transitions of the dication overlap with
the 1s−13p−1np→ 2p−23p−1mp transitions of the cation
[14]. We expect a similar behaviour for krypton, i.e. con-
tributions of the Auger decays of the 2p−13/24(s, p)−1n(s, p)

states in the region of peak 1 to 5. However, a detailed
investigation of such contributions is beyond the scope of
this publication.

The photon energy of 1792 eV is also too low to
produce shake off satellites of the L2 threshold, see spec-
trum in Fig. 1 (b). However, the decay of such satellite
states can contribute to the spectrum measured at 1950
eV and shown in Fig. 1 (c). Actually a detailed com-
parison of panel (b) and (c) indicate 4 peaks which can
be identified based on the present calculations as Auger
decays of such satellites. They are indicated in Fig. 1
(c) by the numbers 1 to 4. Peaks 1 and 2 are assigned
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as L2N1,2,3 − M4,5M4,5N1,2,3 Auger decays. Moreover
peak 3 and 4 are identified as L2N1,2,3 −M2,3M4,5N1,2,3

and L2N1,2,3 −M1M4,5N1,2,3 Auger transitions, respec-
tively. As for the L3N1,2,3 decays, in the region of
peak 1 to 4 contributions of the Auger decays of the
2p−11/24(s, p)−1n(s, p) states are expected. Note that at

the given photon energy the initial states L2N1,2,3 can
also be populated via L1 photoionization and subsequent
Coster-Kronig decay.

Finally, we shall discuss the Auger decay of the
L2,3Y states, which are populated via Coster-Kronig de-
cay subsequent to L1 and L2 ionization with 13-keV pho-
tons and presented in Fig. 9. According to the present
calculations, these L2,3Y initial states are populated by
about 99% via the Coster-Kronig decay of the L1 core
hole and 1% via the L2 core hole. The different levels
for the bar diagrams indicate the different initial states
L2,3M4,5, L2,3N1, and L2,3N2,3. The differently colored
vertical bars indicate the various final-state configura-
tions; note that only the most intense transitions are in-
dicated.

As can be readily understood from Fig. 7, the
spectrum is dominated by the Auger decays of the
L2,3M4,5 states, while the L2,3N1,2,3 initial states play
only a minor role. The L2,3M4,5 states decay to the
configurations M4,5M4,5N2,3 (violet bars), M4,5M4,5M4,5

(black bars), M2,3M4,5N2,3 (blue bars), M2,3M4,5N1

(cyan bars), M2,3M4,5M4,5 (green bars), M1M4,5M4,5

(yellow bars), M2,3M2,3M4,5 (red bars), andM1M2,3M4,5

(brown bars). The states L2,3N2,3 decay to the configu-
rations M4,5M4,5N2,3, M2,3M4,5N2,3, and M2,3M2,3N2,3

(magenta bars). Finally, the L2,3N1 states decay to the
configurations M4,5M4,5N1 (orange bars), M2,3M4,5N1,
and M2,3M2,3N1 (dark green bars). As a result, the final-
state configurations M4,5M4,5N2,3 and M2,3M4,5N1 are
visible in four energy regions, while all other final-state
configurations are visible only in two energy regions. The
transitions also show that the additional hole in the M4,5

or N1,2,3 level of the initial state remains with a high
probability in that level even after the Auger decay, i.e.
it has the function of a spectator.

As already discussed above, the spectral shape of
the L2,3N2,3 − MMN2,3 and L2,3N1 − MMN1 transi-
tions match well those of the L2,3 transitions of the par-
ent states MM . In contrast to this, the L2,3M4,5 −
MM4,5N2,3 transitions are spread over an approximately
two times larger energy range than the parent states.
This can readily be explained with a larger energy spread
of the L2,3M4,5 initial states as compared to the L2,3N2,3

and L2,3N1 initial states, see Fig. 7. The L2,3M4,5 −
MMM4,5 transitions are spread of an even larger energy
range. This can be explained by a stronger interaction
of the M4,5 hole already present in the initial state and
the two additional MM holes formed during the Auger
decay due to the larger spatial overlap of the orbitals.

In the context of the L3N1,2,3 −MMN1,2,3 tran-
sitions, we already pointed out that the L3N1 −MMN1

transitions are shifted in average by about 2 eV to lower

kinetic energies than the L3N2,3 −MMN2,3 transitions.
This obviously also holds for the L2N1,2,3 −MMN1,2,3

transitions. In contrast to this, the L2,3M4,5 −MMN1

transitions exhibit about 23 eV lower kinetic energies
than the L2,3M4,5−MMN2,3 transitions. This is due to
the larger ionization energy of an electron from the N1

shell than from the N2,3 shell since these processes can
be considered in good approximation as a L2,3MN1 or
L2,3MN2,3 Auger decay in the presence of an additional
M4,5 hole. In contrast to this, the L2,3N1,2,3−MMN1,2,3

transitions can be considered as L2,3MM Auger pro-
cesses in the presence of anN1 orN2,3 hole which only has
spectator character and, therefore, small influence on the
Auger energy. Finally, the transitions to the final-state
configuration M1M2,3M4,5 and M1M4,5M4,5 are hardly
visible in the spectrum, although the calculated intensi-
ties are rather larger. However, due to the large lifetime
broadening of the M1 hole of ∼= 3.5 eV as estimated from
the photoelectron line visible in Fig. 1 (a) and (b) these
transitions are strongly smeared out.

IV. SUMMARY AND CONCLUSION

We present LMM Auger spectra of krypton
recorded after ionization with photons of hν = 1709 eV,
1752 eV, 1950 eV, and 13 keV. The spectrum recorded
with the lowest photon energy contains only L3 Auger
decays and the spectrum recorded at hν = 1752 eV the
L3 and L2 Auger decays. The spectra recorded with the
two highest photon energies also show contributions of
the L1 Auger decays, however, with different fractions,
namely about 13 % in the spectrum measured at 1950
eV and about 54 % in the spectrum measured at 13 keV.
This approach allows recording transitions in addition to
those already known from literature [16–18]. The ob-
served transitions are assigned based on complementary
calculations.

The L2 and the L1 hole relaxes by ∼= 10 % and
∼= 90 % via Coster-Kronig decay, respectively and form
the states L2,3N1,2,3 and L2,3M4,5 of Kr2+. Their Auger
decays is superimposed with the LMM Auger decay of
Kr+ and are also calculated in the present work. It
turned out that the spectrum after L2 ionization con-
tains of about 4000 transitions, while that one after L1

ionization consists of about 13000 transitions. The final-
state configurations of the most intense transitions are
identified and some general properties of the spectral con-
tributions are explained.

The presented Auger decays are due to inner-
shell processes, with the expectation of the weak
L2,3N1,2,3 − MMN1,2,3 transitions. Because of this,
the present results are expected to be similar to the
LMM Auger spectra of compounds consisting of atoms
with similar atomic number Z, like arsenic, selenium,
bromine, rubidium or strontium. This will allow identi-
fying the spectral features of future high-quality LMM
Auger spectra which are performed for compounds that
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consist of these elements.
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Jahnke, R. Dörner, and Ph. V. Demekhin, Recoil-
Induced Asymmetry of Nondipole Molecular Frame
Photoelectron Angular Distributions in the Hard X-
ray Regime, Phys. Rev. Lett. 123, 243201 (2019);
https://doi.org/10.1103/PhysRevLett.123.243201

[5] R. Püttner, G. Goldsztejn, D. Céolin, J.-P. Ru-
eff, T. Moreno, R. K. Kushawaha, T. Marchenko,
R. Guillemin, L. Journel, D. W. Lindle, M. N.
Piancastelli, and M. Simon, Direct Observation
of Double-Core-Hole Shake-Up States in Photoe-
mission, Phys. Rev. Lett. 114, 093001 (2015);
https://doi.org/10.1103/PhysRevLett.114.093001

[6] D. Koulentianos, R. Püttner, G. Goldsztejn, T.
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F. Penent, M. N. Piancastelli, and M. Simon, Cationic
double K-hole pre-edge states of CS2 and SF6, Sci.
Rep. 7 13317 (2017); https://doi.org/10.1038/s41598-
017-13607-6

[9] N. Boudjemia, K. Jänkälä, R. Püttner, T. Marchenko,
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