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The LM M Auger spectra of krypton are measured using the photon energies hv = 1709 eV, 1792 eV, 1950 eV,
and 13 keV. This approach allows separating the contributions from the various core holes L;, L,, and Lj.
Previously unobserved transitions are presented. Complementary theoretical work is performed allowing the
assignment of the spectral features. The L, 3Y-MMY (Y = M, s, N, ,3) Auger transitions of Kr?* formed via
Coster-Kronig Auger decay of the core holes L, and L, are also investigated. These spectra comprise about 4000
and 13 000 transitions, respectively, so that only general statements on the assignment, such as the configurations

involved in the transitions, can be given.
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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 instrumentation in this en-
ergy region, both for light sources and detectors, which is
driven by hard x-ray photoelectron spectroscopy (HAXPES)
for solid state physics and materials science, with the goal to
study bulk properties and buried interfaces. This recent techni-
cal 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. These include the
translational [1] and rotational Doppler [2] effect 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 influences the angular distribution of
the N 1s photoelectrons of N, [4]. Another important field
is the investigation of deep double core holes like Ar and Cl
1s~'2p~1 [5,6] as well as Ne and S 1572 [7,8].

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

In addition to this variety of new and interesting effects, the
recent instrumental improvements provide also an excellent
opportunity to revisit fundamental processes such as Auger
decays of deep core holes and study them in unforeseen de-
tail. For example, recent studies of the KLL Auger spectra
of atomic argon [14] and sulfur in H,S [15] provided de-
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tailed information about the satellite structure. In particular,
both studies demonstrated that shake processes during the
Auger decay cannot be neglected although they were com-
pletely ignored in previous studies; note that for these studies
tunable photon energies were very essential. In addition,
for Ar 1s7!1317'nl' — 2p~2('D,,' Sy) Auger satellites were
observed. A detailed investigation showed that these transi-
tions can only be explained by the knock-down effect since
an angular-momentum transfer between the outgoing Auger
electron and the excited valence electron is required [14].

For krypton, three detailed studies [16—18] were performed
in the 1970s and 1980s. These studies assigned the lines
of the most intense groups of Auger transitions, namely
L2,3M2’3M2!3, L2’3M2,3M4ys, and L2’3M4,5M4,5. The work of
Levin et al. [18] also reported the less intense L; M| M, 3 Auger
transitions as well as one group of the L; Auger transitions,
namely LMy sM,s. However, a systematic study of the L;
Auger spectrum has not been reported so far. At the beginning
of this millennium Suzuki et al. [19] performed a synchrotron-
radiation based study of the L, sM»3My4 s and Ly 3M4 sMy 5
Auger transitions. The energy positions derived in this study
were similar to those obtained earlier while the observed
intensity ratios revealed differences. Finally, the resonant Kr
2p~'nl 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 Kr!™ to Kr** has been inves-
tigated [10] by the present group of authors. This work
compared the Auger spectra of the L-shell region measured
with photon energies lower (hv = 13 keV) and higher (hv =
16.5 keV) than the Kr 1s~! ionization energy. From this
comparison detailed information about the different decay
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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 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 second one only L, and L3 Auger
transitions, and two more L;, L, 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 latter two show different percentages for the contribu-
tion of L; transitions, indicating they contribute significantly
only well above the corresponding threshold. In the electron
kinetic energy range between 1100 and 1800 eV the Auger
spectrum subsequent to L; ionization can be separated into
two contributions. The first contribution is the direct decay
of the L] core hole in Krt via L1XX (X = M1q2'3'4‘5, lezﬁg)
Auger decay. The second contribution dominates the spectrum
and originates from a second-step Auger decay, namely the
Auger decay of 2p~'nl~! states in Kr** which are formed
via LiLy3Y (Y = M,ys,N;23; ie., contrary to X it does
not include the deeper core holes M|, 3) Coster-Kronig de-
cay of the initial L; core hole. The decay spectrum of the
Kr?*(2p~'ni~") 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. Moreover, general properties of the spectral features
as obtained from the calculations will be discussed. Finally,
additional details for less intense Auger groups of structures
in Kr™ could be observed, in particular in the pure L;MM
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) un-
dulator 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 obtained using
the grating monochromator [22-24] of beamline BL17SU.
The resolving power of the photon beam, i.e., AE/E, was
set to be about 5.7 x 10~* 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) x
0.15 (V) mm? before introducing it into the apparatus. As for
the HX-energy range, a Si(111) double-crystal monochroma-
tor, cooled by liquid nitrogen [25], of beamline BL29XU [26]
was used to provide the 13 keV intense photon beam with the
resolving power of about 1.33 x 10~*. The photon beam was
collimated to a size of 0.5 x 0.5 mm? at the upstream of the
apparatus by using a four-jaw slit.

The apparatus equipped with the hemispherical elec-
tron 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 experimental hutch
3 (EH3) at BL29XU [28]. During the measurements, the target
gas pressure was maintained to be about 1 x 1073 Pa mea-
sured 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 photons. Note that L;: X X 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 ng/‘2 [30] and Xe 2[)3—/12 ionization [31] that the alignment
parameter A, is small. We expect a similar small value for Kr
2p3’12 ionization, resulting in only small angular-distribution
effects, which do not influence the present results.

The energy resolution of the electron-energy analyzer was
set to be 360 meV with a constant pass energy of 200 eV.
The kinetic-energy scale of the electron spectrometer was cal-
ibrated by comparing the recorded Kr M4 sNN 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 relativistic approach
based on configuration interaction Dirac-Fock theory. The
atomic state functions (ASFs) with the total angular mo-
mentum J, its projection M, and parity P are constructed as
linear combinations of configuration state functions (CSFs).
The CSFs in their turn are antisymmetrized j j-coupled linear
combinations of Slater determinants constructed as products
of one-electron wave functions. The average level scheme is
used in the optimization of one-electron wave functions and
the mixing coefficients of the ASFs are solved by diagonal-
izing the electronic Hamiltonian. For precise prediction of
the transition energies, Breit interactions and quantum elec-
trodynamics (QED) corrections such as vacuum polarization
and self-energy are included perturbatively to the final result.
Those corrections are estimated to be tens of eV when dealing
with core shells of atoms such as krypton [34].

The Kr* — Kr?* Auger transitions in the kinetic energy
range of 1000-1800 eV were calculated starting from the
ionization of the Kr L shell, i.e., the Kr L, » 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 de-
cays in the studied energy region, the initial states LM and LN
are taken for the calculation of the Kr*™ — Kr** Auger spec-
trum. 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
Auger decay are assumed to undergo an additional Auger
relaxation step.

The photoionization cross sections in dipole approximation
at the selected photon energies and the Auger transition ma-
trix elements were calculated using the standard formulations
of the FAC code that provides the results in a non-time-
consuming way due to the approximation of local potential
and to the continuum wave function [33]. The transition
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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
Ls-shell Auger decays and panel (b) the Auger decays of the L, 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 photoelectron lines. In panel (c) the vertical lines
labeled with the numbers 1 to 4 indicate L,N;3-XXN, 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.

amplitudes were calculated under Wentzel’s ansatz [35,36],
where both photoionization and Auger decay amplitudes are
described by Fermi’s golden rule. The calculations assume
that the continuum electrons do not affect the final state
bound orbitals, and higher order electron correlations such
as postcollision interactions are neglected. The calculations,
however, allow nonorthogonality between the initial and final
state bound orbitals.

III. RESULTS AND DISCUSSION

Figure 1 shows the Auger spectra of Kr in the energy
range of 1100 to 1800 eV measured after ionization with

TABLE 1. Calculated relative cross sections for the orbitals Kr
25, Kr2p1,», and Kr 2p3,, as a function of the photon energy.

Photon energy Relative cross sections

(CV) Kr 2p3/2 Kr 2])1/2 Kr 2s
1700 1

1791 0.676 0.324

1950 0.583 0.283 0.134
13 000 0.298 0.166 0.536

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 L, and L; 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 accompanied by an excitation of a valence electron to an
unoccupied Rydberg level (e.g., 4p — 5p), can be observed.
These transitions are indicated with “s” and cause also satel-
lites in the Auger spectrum; see below.

The advantage of the present approach of using different
well-selected photon energies can be seen, e.g., using the
weak L3M M, s transitions as an example. These transitions
can readily be identified in the pure L; 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 L,M; 3M, 3 transitions; for more
details, see further below. Moreover, the broader kinetic en-
ergy range and improved signal-to-noise ratio compared to
previous publications [16—18] allow resolving previously un-
observed transitions such as L 3M4 5N 3 or LiMy 5My 5.

Although in (c) the photon energy is high enough to ionize
the L; shell, clear signatures of Auger transitions related to the
decay of the L; core-hole state cannot be observed. In contrast
to this, the spectral features of LiM,3Mys and LiMysMy s
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 photoionization cross-section ratio changes with
photon energy. At 1950 eV the relative 2p ionization cross
section is about 6.5 times larger than the 2s cross section
whereas at 13 keV this ratio is about 1; i.e., the relative con-
tributions of the L; Auger decay increase significantly with
the photon energy. Second, as recently discussed in Ref. [10],
the main Auger channels of the L; core-hole state are the
Coster-Kronig decays to the L, and L3 holes; these Auger
decays are at much lower energies (4223 eV; see above) and
not visible in the present spectra. According to the present
calculations, the L; 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 L; hole (I'(Lj)meo = 4.28 €V [37]) as compared to the
Ly ('(L2)theo = 1.31 eV [37]) and L3 (I'(L3)theo = 1.17 €V
[37], T'(L3)exp = 1.152(20) eV [38]) holes and results in sig-
nificantly larger widths for the LiM,3Mas and LiMysMy s
transitions as compared to the L, and L3 Auger decays, and
as a consequence to much lower peak intensities. Second,
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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 contributions of the
LMM Auger decay of the Kr™ ions and the L, 3Y-XXY Auger decays
of Kr*" ions formed by Coster-Kronig decay, respectively. For the
blue subspectrum showing only the LiMM Auger decays of Kr* the
intensities are multiplied by 5.

the differences of the spectra shown in panels (c) and (d) of
Fig. 1 can be explained by the Auger decays of the Kr>* ions
produced by the Coster-Kronig Auger decay of the L; core
hole; see black subspectrum in Fig. 2. These Kr>* contribu-
tions amount at 13 keV almost to 50% of the Auger intensity.
This can be understood by the fact that at 13 keV the L; 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.

A. The LMM Auger transitions in Kr

In Figs. 3 to 6 details of the LMM Auger transitions 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 N; ionization energy [39]. For an
alignment to the two-hole binding energy the kinetic energies
of the L, spectrum [panels (b)] and the L; 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 energies of the L3 and L, (L;) thresholds. The split-
ting between the L3 and L; scatters in the literature between
241.61(33) eV and 246.4(1.4) eV, i.e., by almost 5 eV; see
Refs. [40,41] and references therein. In contrast to this, the
values for the splittings between the L, and L3 thresholds
reported in the literature are all between 52.4 and 52.7 eV.
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FIG. 3. The L3M4‘5M415 (a), the L2M4‘5M415 (b), and the
LM, sM, s 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, L,, and L, 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 panels (a) and (c) are averaged over three
data points.

Because of the large differences reported in the literature
for the splitting between the thresholds L3 and L, we fitted
the LM4sM4 5 Auger transitions in order to derive an addi-
tional value from the differences in the kinetic energies of the
Auger electrons. These fits resulted in a splitting of 52.6(1)
eV between L3 and L, as well as 246.3(6) eV between Lj
and L. The present data are in line with the larger splittings
between L; and L; reported 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 LMy My s Auger transi-
tions. The dashed black vertical bars indicate the calculated
energy positions and Auger rates of these transitions. In ad-
dition, the filled black vertical bars above 247 eV binding
energy in panels (a) and (b) display the theoretical results
for the L, 3M> 3N, 3 Auger transitions. Note that details for
the transitions represented by vertical bars in the Figs. 3 to
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6 including the assignment can be found in Table 1 of the
Supplemental Material [42].

Although the present calculations are performed using
Jjj coupling, the LsM4 sM4 5 Auger transitions are labeled in
the upper panel using the Russell-Saunders coupling scheme
25+11,, in agreement with previous works [17-19]. The split-
ting between the states with different total angular momentum
L is larger than the spin-orbit splitting of the triplet states
indicating that the Russell-Saunders coupling describes these
states quite well. However, according to the present calcula-
tions and the calculations of Levin et al. [18], the splitting
between the different 3F; states does not strictly obey the
Landé interval 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 M, 3M, 3 final
states the strongest spin-orbit interaction can be expected.
Nevertheless, the leading jj contribution to the final states
shows coefficients of |c;|?> = 0.84. This is between 2/3 for

pure LS coupling [e.g.. np2('So) = /21330 + /111 Dol
and 1 for pure jj coupling, and shows that for this configu-
ration an intermediate coupling can be assumed. On the other
hand, a pure |jj); state has at least a leading contribution of
2/3 for one **1L; state so that even in this extreme case an
assignment based on this coupling is still meaningful. Nev-
ertheless, we want to point out that the final states M 3N,
are close to pure jj states and the final states M, 3N, 3 are
probably described best by the jK coupling scheme; however,
the transitions to these states are very weak and not unambigu-
ously 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 initial and final state
of each transition. The theoretical spectra of the L3 transi-
tions (red subspectrum), the L, transitions (blue subspectrum),
and the L, transitions (magenta subspectrum) are shifted by
1.5eV, 2.2 eV, and 6.7 eV to lower energies. These different
shifts are due to different deviations between the experimental
and the theoretical thresholds (L3 meo = 1678.90 €V, L) theo =
1731.90 eV, and L; theo = 1930.4 eV).

At binding energies above 246 eV, in the theoretical spectra
of the L3 and L, decays, see panels (a) and (b), the tran-
sitions to the M, 3N, 3 final states can be observed. These
transitions can be separated into two groups with a splitting
identical to the splitting of the 3p; states; i.e., they can be
described by jK coupling as discussed above. These transi-
tions 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 transi-
tions during the Auger decay of the type 4p® — 4ponp are
expected. In particular, the strongest 4p® — 4p°5p shake-up
transitions are expected, based on the corresponding exci-
tation energies of the Z 4+ 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 L 3M4 5N s [31]
Auger spectra.
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FIG. 4. The L3M213M4,5 (a), the L2M213M4,5 (b), and the
LM, 3M, s 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, L,, and L, 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 panels (a) and (c) are
averaged over three data points.

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 assigned 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 originating during the Auger decay [14,15].
This is in line with the discussion of the Auger decay of the
2p§/124(s, p)" states as will be discussed further below; see
Fig. 8. The spectrum shown in Fig. 3 is, however, measured
only 30 eV above the L3 threshold, so that shake satellites
are not fully developed. In the L, spectrum this energy region
around 235 eV is dominated by the strong and broad direct
3s~! photoelectron line.

Figure 4 shows the Auger spectra in the binding-energy re-
gion from 309 to 370 eV which is dominated by the LM, 3M4 5
transitions. In addition, the LM M, 3, the L, 3M4 5N, 3, and the
LiMN, transitions contribute to the spectra. The theoretical
L spectra in panels (a) and (c) are shifted by 3 eV to higher
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kinetic energies and 0.5 eV to lower kinetic energies, respec-
tively, in order to match well the experimental LzM;3My s
and L3;My 5N, 3 transitions. The L, and L, spectra are shifted
accordingly. The different shifts account for inaccuracies
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 different J levels de-
viate strongly from what is expected in the case of a strict
Russell-Saunders coupling scheme, so that an intermediate
coupling has to be assumed. However, the observed sequence
of energy positions for the different M, sN, 3 final states
matches much better the expectation for this configuration in
LS coupling than in j j coupling, as discussed by Cowan in his
book [43].

It is known from the literature that the Kr 3p~! 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 calculations, which are marked
for the L3M,3Mys and LyM, 3My 5 transitions by blue and
red solid lines, respectively. Nevertheless, a good agreement
between experiment and theory is observed, indicating that the
present calculations reproduce the essential part of the physics
involved. The LM, 3M, s transitions can be divided into 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 L 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 L3sM;, 3My 5 [panel (a)] and L, M, 3M4 5 Auger intensi-
ties [panel (b)] can be found, which are not reproduced 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 relative 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 corresponding ionization energy, so that 2 p3_/124 p~'np 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 the case of L,
ionization the used photon energy of 1750 eV is only by =
18 eV above the L, ionization energy and below the ionization
energy of the corresponding photoelectron satellites; see also
Fig. 7 below.

In the lowest panel (c) the magenta curve representing the
L; Auger decays agrees well with the experimental spectrum
in the binding energy range from 320 to 365 eV, corre-
sponding to LiM|N; and LM N, 3 Auger transitions. These
transitions are much stronger in the L; Auger spectrum than
in the L, 3 Auger spectra. This can be explained with a better
overlap of the M, shell with the L; shell than with the L 3
shells, due to the angular distribution of the involved orbitals.
Finally, panel (c) also shows the weak L,3M4sN>3 Auger
transitions.

Figure 5 displays the Li;M,3M,3 and the L,M>3M;3
Auger transitions. In this and the next figure the L; spectra
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FIG. 5. The L3M,3M, 5 (a) and the L,M, 3M, 5 (b) Auger transi-
tions, 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 L; and
L, transitions by the blue and red solid subspectra, respectively. The
spectrum in (b) also exhibit minor Auger transitions. For reasons of
presentation the experimental spectrum in panel (a) is averaged over
three data points.

are not displayed, since the corresponding transitions are very
weak, see Fig. 2, and are superimposed by stronger transitions.
As discussed above, the interaction which causes the spitting
between the M, 3M,; 3 final states is described best by an
intermediate coupling. The L,M;, 3M; 3 Auger transitions in
the lower panel overlap with the L3 MMy s transitions, which
will be discussed further below. In the lower spectrum at
1248 eV kinetic energy, Auger intensity can be found which
is not reproduced by theory, and it shows no counterpart in the
Ls;M> 3M, 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; however, no strong main line can be observed at
kinetic energies of 1276 eV or higher. Since no explanation
of this line as an Auger satellite is possible, we assign it as
an L;N-MMN Auger decay of Kr?", which is a result of a
Coster-Kronig decay of Kr*™ with a hole in the L, shell, i.e.,
by the process Kr 2p; ) — 2p3 h4(s, p)~" + ¢~ We shall dis-
cuss these contributions in more detail further below. Note that
the present calculations predict the L3N » 3 — MMy 5Ny 23
transitions exactly at this energy position.

The weak L3M1M2’3 (a), L2M1M2’3 (b), L3M1M4'5 (C), and
LyM My s (d) Auger transitions can be seen in Fig. 6. The
spectral features in this figure are very broad since the short-
lived M, core hole is part of the final states; note that this
hole can relax via super-Coster-Kronig decay to My sMys.
The intensities and the energy positions of the LiM|M> 3
Auger transitions agree reasonably well with the results of
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FIG. 6. The L3M1M2y3 (a), the L2M1M2’3 (b), the L3M1M4’5 (C),
and the L,MM,s (d) Auger transitions 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 L; and L, transitions by the blue
and red solid subspectra, respectively. The spectra in (b) and (d) also
exhibit strong Auger transitions of the L; threshold. For reasons
of presentation the experimental spectra in panels (a) and (c) are
averaged over three data points.

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 LyM|M, 3 transitions almost overlap with
the L3 M, 3 M, 3 transitions. In particular at the energy position
of the L,M M, 3 transitions significant satellite contributions
of the L3 M, 3M, 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 LoM;M; 3 Auger transitions
also present in this region are too weak to explain this feature.
Because of this, the feature is also assigned to an LsMM
Auger decay of Kr?* and is caused by Coster-Kronig Auger
decay of the L, hole, namely to LiN; 23 — MaMa3Ni 2 3.
Details will be discussed further below.

B. The L, ;Y-MMY Auger decays of Kr**

In the following we shall discuss the L, 3Y-MMY Auger
decays of Kr’*. The initial states of these decays can be
populated via two different processes, namely first by the
Coster-Kronig decays after L, and in particular L; ionization,
and second by the direct L3 and L, ionization accompanied
by a shake-off process. Their population via Coster-Kronig
decay after L, and L, 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 L, ion-
ization leads only to a Coster-Kronig decay to L3N, » 3 initial
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FIG. 7. Population of the different L, 3N, 5 3 and L, 3M, s levels
of Kr?" as result of the Coster-Kronig decays after (a) L, and (b) L3
ionization. On the abscissa the binding energy of these states is given.

states. In the case of L; ionization and Coster-Kronig decay,
L3N 23 and in particular L, 3M4 5 initial states are popu-
lated. Shake-off processes accompanying the direct ionization
lead mainly to the L, 3N, 3 states but only to a small extent
to the L,3M, 5 states; this result is based on observations
for the Kr 15~ ! satellites [45] and the expectation of similar
shake probabilities for the Kr 2(s, p)~! thresholds. Shake
processes as a source of the population of the L, 3Y states in
Kr?* are not taken into account in the present calculations, so
that their contribution to the experimental Auger spectra are
underestimated.

Before discussing the L, ;Y -MMY Auger decays of Kr>*
in more detail, we shall present some general statements. For
the LMM Auger decay of Kr' only 3 initial energy levels
exist, namely L, » 3, and about 80 XX final levels so that the
entire LX X spectrum consists of less than 250 transitions from
which a large number are not intense enough to be observed.
In contrast to this, for the Auger decays of Kr** after Coster-
Kronig decay of the L, (L;) core hole, 8 (26) initial levels
exist, see Fig. 7, and more than 500 XXX final levels. As a
result, the L, 3X-XXX Auger spectrum after Coster-Kronig
decay of an L, core hole consists of about 4000 transitions
and that of an L, core hole about 13 000 ones. These numbers
illustrate that individual assignments of the spectral features
in the L, 3X-XXX Auger spectra are not possible. Instead, we
shall only give the configurations involved in the transitions
belonging to a spectral feature.

Figure 8 shows the L, s MM Auger spectrum subsequent 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 contribution caused by the L3N, ; 3 states which are
populated via the Coster-Kronig Auger decay of the L, core
hole. The spectral features of the transition to the final states
M, 3M> 3Ny 23, MiMy 5Ny 23, Ma3M4 5Ny o3, Mz 3N2 3N 2 3,
and M4 sM4s5N) >3 match well the spectral features caused
by the Auger decay of the L3 core hole to the correspond-
ing parent states. The contributions of the L3N, 3-XXN;3
and L3N;-XXN; 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
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FIG. 8. The data points in the upper part represent the L, ;MM Auger spectrum measured using hv = 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 L3N, » 3 states populated via Coster-Kronig decay. The lower red and blue vertical bars indicate the energy positions and intensities of the

L3N, 3-XXN, 3 and L3 N;-X X N; Auger transitions, respectively.

similar distribution to the spectral feature, with the difference
that the L3N;-XX N transitions possess on average a kinetic
energy which is by =2 eV lower than the L3N, 3-XXN, 3
transitions. From these findings we conclude that the final
states in Kr** can be described in good approximation by the
coupling of the MM parent states 25*!L;, to which the outer
hole N; or Ny 5 couples, i.e., MM (**'L;)N1»3 (35 +1L),). For
the M4 sN, 3N 1 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 L, 3N, and in particular the L, 3N, 3
states of Kr** can also be populated via a shake-off process
that accompanies the direct L, 3 ionization process. The L3N,
and L3N, 3 Auger decays should lead to the same spectral
contributions as shown in Fig. 8. However, their additional
intensity is not included in the present calculations; i.e., the
contributions indicated by the black subspectrum in Fig. 8 rep-
resent a lower limit for the L;N; > 3 Auger decays. Based on
the calculations, 5 lines are identified as contributions caused
by Coster-Kronig decay or shake-off satellites. Lines 1 and 2
are due to L3N » 3-Ma sM4 5N, 2 3 Auger transitions, although
line 1 possesses in addition contributions of the LzMy4 sMy s
Auger decay to the final state 'Sy; see also Fig. 3. Line
3 probably shows two contributions, namely the L,M My s
Auger decays of Krt and the L3Ny 23-M»3M4 5N 23 Auger
transitions of Kr2t, Finally, lines 4 and 5 show contri-
butions which cannot be explained with Auger decays of
Kr*, see Fig. 4 as well as Fig. 6 and discussion above.
These lines are assigned to the L3N;;3-M1Mss5Ni23 and
L3N 23-M>3M; 3N » 3 Auger transitions, respectively. Note
that all these spectral 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~'3p~! —
2p~23p~! Auger transitions of the dication overlap with the
1s~'3p~np — 2p~23p~'mp transitions of the cation [14].
We expect a similar behavior for krypton, i.e., contributions

of the Auger decays of the 2p§/124(s, ) 'n(s, p) states in the
region of peaks 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 pro-
duce shake-off satellites of the L, threshold; see spectrum
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 comparison of panels (b) and (c)
indicates 4 peaks which can be identified based on the present
calculations as Auger decays of such satellites. They are in-
dicated in Fig. 1(c) by the numbers 1 to 4. Peaks 1 and 2 are
assigned as LyN| 5 3-M4 sM4 5N 23 Auger decays. Moreover
peaks 3 and 4 are identified as LyN; 2 3-M»3M4 5N) 23 and
LyNy 2 3-M 1My 5N 23 Auger transitions, respectively. As for
the L3N, » 3 decays, in the region of peaks 1 to 4 contributions
of the Auger decays of the 2p1_/124(s, p) " 'n(s, p) states are
expected. Note that at the given photon energy the initial
states L, .3 can also be populated via L; photoionization
and subsequent Coster-Kronig decay.

Finally, we shall discuss the Auger decay of the L,3Y
states, which are populated via Coster-Kronig decay sub-
sequent to L; and L, ionization with 13 keV photons and
presented in Fig. 9. According to the present calculations,
these L, 3Y initial states are populated by about 99% via the
Coster-Kronig decay of the L; core hole and 1% via the L,
core hole. The different levels for the bar diagrams indicate
the different initial states L 3My 5, Ly 3N}, and L, 3N, 3. The
differently colored vertical bars indicate the various final-state
configurations; note that only the most intense transitions
are indicated.

As can be readily understood from Fig. 7, the spectrum
is dominated by the Auger decays of the L,3M,s states,
while the L,3N;, 3 initial states play only a minor role.
The L, 3M4 s states decay to the configurations My sMy4 5N> 3
(violet bars), M4 sM4 sM4 s (black bars), My 3M4 5N, 3 (blue
bars), M»3M4sN; (cyan bars), M,3M4sMs s (green bars),
MMy sMy s (yellow bars), M,3M,3Mys (red bars), and
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FIG. 9. Upper part: The theoretical L, ;Y -X XY Auger decays of Kr** as a result of the Coster-Kronig Auger decays of the L; and L, holes
of Kr' subsequent to ionization with 13 keV photons. Lower part: The vertical bar diagrams indicate the main contributions to the spectrum

separated according to the different initial states L, ;Y of Kr*".

MM, 3M, 5 (brown bars). The states L, 3N, 3 decay to the
conﬁgurations M4,5M4’5N2'3, M2'3M4ysN2'3, and M273M2'3N2’3
(magenta bars). Finally, the L,3;N; states decay to the
configurations M4 sM4sN; (orange bars), M, 3M4sN;, and
M, 3M; 3N, (dark green bars). As a result, the final-state
configurations My sM4sN>3 and M, 3MysN; 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 My 5 or Ny, 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
Ly 3N 3-MMN, 3 and L, 3N;-MMN, transitions match well
those of the L, transitions of the parent states MM. In
contrast to this, the L, 3M4 5-M M, 5N, 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 L,3M, s initial states as compared
to the Lp3N,3 and L,3N; initial states; see Fig. 7. The
Ly 3My 5-MMM, s transitions are spread over an even larger
energy range. This can be explained by a stronger interaction

of the M, s 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 L3N, 2 3-MMN) 3 transitions, we al-
ready pointed out that the L3N;-MMN; transitions are shifted
on average by about 2 eV to lower kinetic energies than
the L3N, 3-MMN;, 3 transitions. This obviously also holds
for the LyN, 2 3-MMN, 3 transitions. In contrast to this, the
L, 3M4 5s-MM N, transitions exhibit about 23 eV lower kinetic
energies than the L, sM4 5-MMN; 3 transitions. This is due to
the larger ionization energy of an electron from the N; shell
than from the N, 3 shell since these processes can be con-
sidered in good approximation as an L, sMN; or Ly 3MN; 3
Auger decay in the presence of an additional My s hole. In
contrast to this, the L, 3N 3-MMN, » 3 transitions can be
considered as L, sMM Auger processes in the presence of
an N; or N, 3 hole which only has spectator character and,
therefore, small influence on the Auger energy. Finally, the
transitions to the final-state configurations M;M; ;M4 s and
MM, sM, s are hardly visible in the spectrum, although the
calculated intensities are rather larger. However, due to the
large lifetime broadening of the M, hole of =3.5 eV as

012804-9



N. BOUDJEMIA et al.

PHYSICAL REVIEW A 104, 012804 (2021)

estimated from the photoelectron line visible in Figs. 1(a) and
1(b) these transitions are strongly smeared out.

IV. SUMMARY AND CONCLUSION

We present LMM Auger spectra of krypton recorded after
ionization with photons of hv = 1709 eV, 1752 eV, 1950 eV,
and 13 keV. The spectrum recorded with the lowest photon en-
ergy contains only L3 Auger decays and the spectrum recorded
at hv = 1752 eV the L; and L, Auger decays. The spectra
recorded with the two highest photon energies also show
contributions of the L; 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 the literature [16—18]. The observed tran-
sitions are assigned based on complementary calculations.

The L, and the L; holes relax by = 10% and = 90%
via Coster-Kronig decay, respectively, and form the states
Ly 3Ny 23 and L 3My s of Kr**. Their Auger decays are su-
perimposed with the LMM Auger decay of Kr' and are also
calculated in the present work. It turned out that the spectrum

after L, ionization contains about 4000 transitions, while the
one after L, ionization consists of about 13 000 transitions.
The final-state configurations of the most intense transitions
are identified and some general properties of the spectral
contributions are explained.

The presented Auger decays are due to inner-shell pro-
cesses, with the expectation of the weak L, 3N; 2 3-MMN; 13
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, such as
arsenic, selenium, bromine, rubidium, or strontium. This will
allow identifying the spectral features of future high-quality
LMM Auger spectra which are performed for compounds that
consist of these elements.
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