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Detailed analysis of shake structures in the KLL Auger spectrum of H2S
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Shake processes of different origin are identified in the KLL Auger spectrum of H2S with unprecedented
detail. The KLL Auger spectrum is presented together with the S 1s−1 photoelectron spectrum including the S
1s−1V −1nλ and S 1s−12p−1nλ shake-up satellites with V −1 and nλ indicating a hole in the valence shell and
an unoccupied molecular orbital, respectively. By using different photon energies between 2476 and 4150 eV to
record the KLL Auger spectra two different shake-up processes responsible for the satellite lines are identified.
The first process is a shake-up during the Auger decay of the S 1s−1 core hole and can be described by S
1s−1 → 2p−2V −1nλ. The second process is the Auger decay of the shake-up satellite in the ionization process
leading to S 1s−1V −1nλ → 2p−2V −1nλ transitions. By combining the results of photoelectron and Auger
spectra the involved V −1nλ levels are assigned.
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I. INTRODUCTION

The KLL Auger spectra of third-row elements are highly
complex, including the so-called diagram lines as well as
different types of shake structures. While the diagram lines are
readily identified, a detailed assignment of all types of shake
features has not yet been reported in an atomic or molecular
case, due to the presence of multiple structures and the fact that
a suitable method to distinguish between them has not yet been
developed. In the present work, we demonstrate that, using a
synchrotron light source with its ability to provide photons of
tunable energy, the different Auger processes can readily be
distinguished by the lowest photon energy at which they appear
in the Auger spectrum. Therefore a complete assignment of the
KLL Auger spectrum is provided in a prototypical molecular
system, H2S, including all types of shake processes possible
during the relaxation of a deep core hole.

The KLL Auger spectra of argon [1–3] as well as of
molecules with other third-row elements [3–5] have been
studied extensively in the 1970s. The spectra are dom-
inated by the so-called diagram lines, i.e., the atomic-
like 1s−1 → 2s−2(1S0), 1s−1 → 2s−12p−1(1P1,

3P0,1,2), and
1s−1 → 2p−2(1S1,

1D2,
3P0,2) transitions. The energy positions

of these transitions are mainly given by the decaying atom,
with a minor but equal shift for all transitions caused by the
chemical surrounding.

Contrary to this, in the shake satellites transitions from
valence levels to unoccupied orbitals close to the ionization
threshold are involved. Because of this the shake structures
depend strongly on the detailed electronic structure of the
molecule. The shake process can take place in both the pho-
toionization and the decay process; in the following these
two processes are labeled type II and type I, respectively; see
Fig. 1. Moreover, in case of a shake during the photoionization
process, one can further distinguish between shakes from the
valence shell (type IIa) or from a core level (type IIb). In a
more formal way, the entire ionization and decay process for

the production of these three types of satellite lines can be
described as follows:

type I : g.s. → 1s−1 → 2(s,p)−2V −1nλ

type IIa : g.s. → 1s−1V −1nλ → 2(s,p)−2V −1n′λ

type IIb : g.s. → 1s−12(s,p)−1nλ → 2(s,p)−3n′λ

Here g.s. and V −1 describe the ground state and a vacancy
in the valence shell, respectively, while nλ and n′λ denote
unoccupied molecular orbitals including Rydberg orbitals or
a continuum state; using n and n′ as the principal quantum
number allows accounting for the possibility of a shake process
in each step, the photoionization, and the Auger decay.

Up to now, the shake structures in the KLL spectra of third-
row elements were explained with the Auger decays of the type
II, i.e., shake satellites produced during the photoionization
process. In particular, the KLL Auger satellites of H2S have
been discussed by Faegri and Keski-Rahkonen in terms of
processes of type IIb [4] and by Asplund et al. mainly in terms
of processes of type IIa [5].

In the KLL Auger spectra of the molecules HCl, PH3,
and SiH4 satellite lines were observed but not assigned to
a specific process [3]. For argon the satellites are explained
with processes of the type IIa and IIb [2]. In case of neon
[6] the satellites are explained with KL → LLL transitions,
which can be assigned to both the processes of the type IIa
and IIb, due to the fact that the L shell is identical to the
valence shell. In all these analyses the shake processes of type
I, i.e., a shake during the Auger decay, are fully neglected in
the explanation of KLL Auger spectra, although they are very
common in the resonant Auger decay [7–10], i.e., when one
electron is in an open orbital close to the ionization threshold.
The last statement is in line with the fact that in nonresonant
KLL Auger spectra the satellites of type I have only been
reported for the open-shell atom sodium [11]. In addition, a
discrepancy between experiment and theory of the open-shell
atom silicon is also referred to Auger processes of type I [12].
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FIG. 1. Simplified level scheme of H2S. Given are the ground
state (g.s.), some S 1s−1 intermediate states, as well as S 2(s,p)−2

[or S 2(s,p)−3] final states. Here V −1 describes a hole in the valence
shell, while nλ denotes a unoccupied molecular orbital including
Rydberg orbitals or a continuum state. For the S 1s−1V −1nλ,
S 1s−12p−1nλ, and S 2(s,p)−2V −1nλ states, which are clearly
identified in the spectrum, the given numbers indicate the energy
position (in eV) relative to the corresponding S 1s−1 and S 2(s,p)−2

states, respectively. Note that all visualized energy splittings are not
to scale. For a detailed discussion of the processes indicated by (I),
(IIa), and (IIb); see text.

Using as a criterion the lowest photon energy at which the
different Auger processes appear in the spectrum, they can
readily be distinguished. While shake processes of type I are
energetically allowed using photon energies directly above the
1s−1 ionization threshold, the shake processes of type IIa and
IIb are observable only by using photons with energies above
the 1s−1V −1nλ and the 1s−12(s,p)−1nλ ionization threshold,
respectively. The described approach of using different photon
energies has been utilized in solid state physics, e.g., by Sarma
et al. to assign the satellites in the L2M4,5M4,5 and L3M4,5M4,5

Auger spectra of Cu, Zn, and Ni [13,14] or by Woicik et al. to
assign the satellites in the L2,3V V spectrum of silicon [15].

Here we applied this approach to the KLL Auger spectrum
of H2S by measuring the spectrum at about 20 different photon
energies between 2476 and 4150 eV. It allowed us to clearly
confirm the previously postulated satellites of type IIa. We
also found some possible hint for the previously expected
satellites of type IIb. However, most important, we were able
to clearly identify the afore neglected satellites of type I: shake
transitions during the Auger decay.

II. EXPERIMENTAL SETUP

The measurements were performed at the SOLEIL Syn-
chrotron, France, on the GALAXIES beamline, with a newly
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FIG. 2. S 1s−1 photoelectron spectrum of H2S. (a) S 1s−1 main
line and S 1s−1V −1nλ shake-up satellites; (b) S 1s−12p−1nλ double
core-hole shake-up satellites. The photoelectron yields are given in
arbitrary units by using a linear scale. For the assignment of the peaks
indicated by numbers see text.

operational end station dedicated to hard-x-ray photoelectron
spectroscopy (HAXPES) [16,17]. Linearly polarized light was
provided by a U20 undulator, and energy was selected by a
Si(111) double-crystal monochromator. Photoelectron spectra
were collected in the direction parallel to the polarization axis
by using a SCIENTA EW4000 analyzer specifically designed
for HAXPES. The analyser was operated using a pass energy
Epass = 500 eV and a curved slit with a width of 300 μm; these
values result in a detector resolution of approximately 400 meV
full width at half maximum (FWHM). In addition, for the
photoelectron spectra a photon bandwidth of approximately
400 meV FWHM has to be taken into account. With these
settings the total experimental resolution for the photoelectron
spectra of ∼=550 meV was slightly better than the calculated
S 1s−1 core-hole lifetime broadening of �theo = 0.59 eV [18].
For the Auger spectra the photon bandwidth does not have to
be taken into account so that the total experimental resolution
amounts ∼=400 meV, while the lifetime broadening of the KLL
Auger lines is larger than 0.59 eV due to the finite broadening
� of the S 2p level (�exp

∼= 0.07 eV) [19] and of the S 2s level
(�theo = 1.49 eV) [18].

In order to increase the target density in the interaction
region the experimental setup is equipped with a gas cell.
The experiments were conducted with a background pressure
of ∼=6 × 10−6 mbar. The pressure in the gas cell cannot be
measured directly; it is, however, expected to be two to three
orders of magnitude higher than the background pressure.
Using this pressure it took ∼=600 sec to record the S 1s−1

photoelectron spectrum presented in Fig. 2(a), ∼=10 000 sec to

042501-2



DETAILED ANALYSIS OF SHAKE STRUCTURES IN THE . . . PHYSICAL REVIEW A 93, 042501 (2016)

1950 2000 2050 2100
Kinetic Energy (eV)

A
ug

er
 Y

ie
ld

 (
A

rb
. U

ni
ts

)

IIIIIII

IIIIIII

IIIIIII
IIIIIII

IIIIIII
IIIIIII

1
S0

3
P2,1,0

1
P1

1
D2

1
S0

3
P2,0

2s
-1

2p
-1

2p
-2

2s
-2

x5

FIG. 3. Overview spectrum of the KLL Auger transitions in H2S
measured subsequent to a photoionization with 4150 eV photons.
The diagram lines are indicated with vertical-bar diagrams above the
spectrum. The vertical bar diagrams below the spectrum indicate the
energy positions of the identified lines. For each bar diagram the large
black, medium blue, and small red bars indicate the energy position of
the diagram line, shake satellites of type IIa (next two lines from the
diagram line), and I (last 4 lines left of the diagram line), respectively.
The Auger yield is given in arbitrary units by using a linear scale. For
more details, see text.

record the S 1s−12p−1 satellites presented in Fig. 2(b), and
1500–3000 sec for the KLL Auger spectra presented in Figs. 3
to 5, with times increasing with the photon energy.

To obtain accurate energies for the photoelectron and
Auger spectra, energy calibration was achieved in two steps.
First, the kinetic-energy scale of the electron analyzer was
calibrated by measuring Ar KMM and LMM Auger spectra.
The Auger energies were calculated from binding energies of
3206.3(3) eV [20], 248.63(1) eV [21,22], and 45.14(1) eV
[23] for the 1s−1, 2p−1

3/2, and 3p−2(1D2) states of argon,
respectively. Second, the photon energy was calibrated by
measuring Ar 1s−1 and 2p−1

3/2 photoelectron spectra using the
previously calibrated kinetic-energy scale. Overall the binding
energies for the double core-hole states were determined with
a systematic uncertainty of 0.4 eV. The accuracy of the binding
energies is limited mostly by uncertainty in the literature value
of the 1s−1 binding energy of 0.3 eV. From the described
energy calibration a kinetic energy of Ekin = 2098.33(40) eV
for the 1s−1 → 2p−2(1D2) Auger transition and a binding
energy of Ebin = 2478.25(40) eV for the S 1s−1 ionization
is obtained. These results agree within the error bars with the
values Ekin = 2098.51 eV and Ebin = 2478.32 eV reported by
Carroll et al. [24]. For the Auger spectra recorded over a wide
kinetic energy range of 180 eV the transmission efficiency
of the detector is estimated to be constant within 3%, with a
tendency to drop towards higher kinetic energies.

III. RESULTS AND DISCUSSION

A. The S 1s−1 photoelectron spectrum

As mentioned above, the different processes causing KLL
Auger satellites can be distinguished by the photon energy used

for the ionization. In order to identify possible initial states of
the satellite decays and to find well-suited photon energies
to measure the Auger spectra, the S 1s−1 photoelectron
spectrum including the S 1s−1V −1nλ and S 1s−12p−1nλ

shake-up satellites are measured and displayed in Fig. 2.
The 1s−12p−1 double core-hole states have been reported
in literature up to now only for the atomic system of argon,
showing that their intensities are in the order of less then
5 × 10−4 of the Ar 1s−1 main line [25]. The observation of
satellite structures with such low intensities is possible only
with a state-of-the-art experimental setup like the present
high-resolution electron analyzer equipped with a gas cell
in combination with a beam line that provides high photon
flux [16,17]. The S 1s−12s−1nλ satellites are not recorded.
However, based on the results for double core-hole shake-up
satellites of argon, they are expected to be approximately one
order of magnitude weaker than the S 1s−12p−1nλ satellites
[25] so they do not play a role in the present study; see
below.

A detailed analysis of the S 1s−12p−1nλ shake-up spectrum
is beyond the scope of the publication and will be presented
elsewhere [26]. However, the S 1s−1V −1nλ shake-up spectrum
of H2S contains important information for the present study,
so an approach to the assignment will be given here. In Fig. 2
seven peaks are indicated. The structure formed by peaks
3 to 7 looks rather similar to the O 1s−1V −1nλ shake-up
spectrum of H2O [27], which has a similar valence structure.
The latter spectrum was assigned by Sankari et al. by using
symmetry-adapted cluster-configuration interaction (SAC-CI)
calculations. Here we assign peaks 3 to 7 in the shake-up
spectrum on the basis of these calculations for water and
by taking into account the additional core-level shell of
sulfur. In this way we assign peak 3 to the S 1s−15a−1

1 6a1

excitation and peak 4 to S 1s−12b−1
2 3b2 mixing partially with

S 1s−12b−1
2 4pb2. For the narrow peak 5 visible 15.4 eV

above the main line we obtain an assignment to a state
with the dominant configurations S 1s−12b−1

2 4pb2 plus S
1s−12b−1

1 4pb1. The broader peak 6 present 18.4 eV above
the main line thus consists of three states with the dominant
configurations S 1s−15a−1

1 4sa1 plus S 1s−15a−1
1 4pa1, S

1s−12b−1
1 4pb1 plus S 1s−12b−1

1 5pb1, and S 1s−12b−1
1 5pb1.

Finally, peak 7 shows shake transitions to higher-n Ryd-
berg states. The present approach clearly suggests that the
shake-up predominantly leads to an occupation of low-n
Rydberg states, but not of the unoccupied valence orbitals 6a1

and 3b2.
Peaks 1 and 2 approximately 6 and 10 eV above the

S 1s−1 main line are considered to be too low for being
caused by shake satellites. However, their energy position
agrees well with the main lines in the valence shell pho-
toabsorption spectrum of H2S [28] suggesting an energy
loss of the S 1s−1 main line electrons caused by inelastic
scattering from H2S molecules in the gas target. Such
an assignment has already been suggested by Southworth
et al. for the Ar 1s−1 photoelectron spectrum [29]. The
peaks for argon assigned by Southworth et al. to inelastic
scattering have been reproduced in the present studies by
using pressure conditions comparable to those for present H2S
measurements.
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TABLE I. Kinetic energy Ekin and assignment of the diagram and
satellite lines observed in KLL Auger spectrum of H2S. The energy
positions of the diagram lines are given in absolute values while the
energy positions for the satellite lines are relative to the main lines.
The first two satellites below the diagram line are of type IIa, and the
remaining correspond to type I. All errors are given in parentheses
and apply to the last digit(s). All absolute values are additionally
subject to an error of 0.4 eV due to calibration of the energy scale,
which has not been included in the error bars.

Ekin (eV) Assignment

Diagram lines
2106.31(4) 1s−1 → 2p−2(3P2)
2098.33(1) 1s−1 → 2p−2(1D2)
2090.99(3) 1s−1 → 2p−2(1S0)
2047.39(10) 1s−1 → 2s−12p−1(3P2,1,0)
2026.83(10) 1s−1 → 2s−12p−1(1P1)
1971.25(10) 1s−1 → 2s−2(1S0)

Satellite lines
−6.0(5) 1s−1 low-n Ryd → 2(s,p)−2 low-n Ryd
−12.0(2) 1s−1 low-n Ryd → 2(s,p)−2 higher-n Ryd
−14.6(2) 1s−1 → 2(s,p)−25a−1

1 6a1

or 1s−1 → 2(s,p)−22b−1
1 2b1

−22.3(2) 1s−1 → 2(s,p)−2V −1 low-n Ryd
−25.4(2) 1s−1 → 2(s,p)−2V −1 low-n Ryd
−31.5(3) 1s−1 → 2(s,p)−2V −1 higher-n Ryd

B. The KLL Auger spectrum

Figure 3 shows the KLL Auger spectrum of H2S subsequent
to a S 1s ionization using 4150 eV photons. The diagram
lines 2s−2(1S0), 2s−12p−1(1P1,

3P2,1,0), 2p−2(1S0,
1D2,

3P2,0)
were already clearly assigned in previous studies [4,5] based
on theoretical results. Note that the Auger transition to the
2p−2(3P ) final state is forbidden in LS coupling by angular
momentum and parity conservation. The 1s−1 → 2p−2(3P2,0)
transitions obtain some intensity by mixing with the final
states 2p−2(1S0,

1D2) via spin-orbit interaction, while the
1s−1 → 2p−2(3P1) Auger transition remains absent due to
the absence of a mixing partner with J = 1 [30]. In addition
to the diagram lines, a large number of satellite lines can be ob-
served. The satellite lines are indicated in Fig. 3 by the vertical-
bar diagrams below the spectrum, and their energy positions
as well as their assignments are given in Table I, together
with the energy positions of the diagram lines. As mentioned
above, these satellites have been discussed by Faegri and
Keski-Rahkonen in terms of processes of type IIb [4] and
by Asplund et al. mainly in terms of processes of type IIa [5].

Figure 4 shows the KLL Auger spectrum recorded sub-
sequent to photoionization with different photon energies
between 2476 and 2495 eV. The S 1s threshold is located at
2478.25 eV so that the spectra below this value are dominated
by resonant Auger transitions. For all spectra, the Auger yield
axis is expanded in order to focus on the relatively weak
satellite lines. The black, blue, and red vertical dashed lines
indicate the energy position of the 2s−2(1S0), 2s−12p−1(1P1),
and 2p−2(1D2) diagram lines. The 2s−2(1S0) diagram line shifts
from 2495 to 2479 eV by 1.08 eV to higher kinetic energies
due to postcollision interaction (PCI). This value is in good
agreement with the PCI shift for the Ar 1s → 2p−2(1D2) Auger
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FIG. 4. The KLL Auger spectrum measured subsequent to
photoionization with different photon energies between 2476 and
2495 eV and a focus on low intensities. The black, blue, and red
vertical dashed lines indicate the energy position of the 2s−2(1S0),
2s−12p−1(1P1), and 2p−2(1D2) diagram lines. The colored dash-dotted
lines indicate energy positions of satellite lines associated with the
diagram line indicated with the same color. The diagonal violet lines
indicate impurities caused by photoelectron spectra of nitrogen- and
oxygen-containing molecules. The photoelectron yields are given in
arbitrary units by using a linear scale.

transition observed close to threshold [31,32]. A similar shift
can also be seen for the 2s−12p−1(1P1), and 2p−2(1D0) diagram
lines, indicated by the blue and red dashed lines, respectively.

The vertical dash-dotted lines indicate satellite Auger
transitions which show up directly at the S 1s photoionization
threshold of 2478.25 eV. Below this value they are also visible,
however, shifted to higher kinetic energies as expected for
resonant Auger lines. This behavior clearly shows that the
discussed satellite lines are due to shake processes occurring
during the Auger decay, i.e., they are processes of type I. As
discussed above, such Auger satellites have been observed to
our knowledge only for open-shell atoms but not for molecules.

The kinetic energies of the Auger satellites indicated with
blue and red dash-dotted lines are by 14.6, 22.3, 25.4, and
31.5 eV below those of the 2s−12p−1(1P1) and 2p−2(1D2)
diagram lines, respectively. These constant splittings relative to
the diagram lines suggest to assign the satellites as transitions
to the final states 2s−12p−1(1P1) and 2p−2(1D2) accompanied
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FIG. 5. The KLL Auger spectrum measured subsequent to
photoionization with different photon energies between 2495 and
4150 eV and a focus on low intensities. For the black curves the
intensity is multiplied by a factor of four relative to the red curves.
The solid vertical lines indicate the diagram lines and the dashed
vertical lines satellite transitions of the type IIa. The solid bars in the
spectra measured with photon energies of 2650 eV and above indicate
identical relative intensities at 2003 eV. The solid bars above the
spectra show the theoretical energy positions of the KL2,3 → LLL2,3

Auger transitions, of type IIb, taken from Ref. [4]. The diagonal violet
lines indicate impurities caused by photoelectron spectra of nitrogen-
and oxygen- containing molecules. The Auger yields are given in
arbitrary units by using a linear scale. For more details, see text.

with a shake process in the valence shell. In addition to the
discussed satellite lines, a weak line at ∼= 2058.0 eV can be
found. This value is ∼= 31.5 eV below that of the 2p−2(1S0)
diagram line so that the line at ∼= 2058.0 eV can be related
to the latter diagram line. The assignment of the lines will be
given further below.

We expect that such satellites belonging to the other
diagram lines are also present in the spectrum. They have,
however, much lower intensities, due to the intensities of the
corresponding diagram lines, and they are expected at energies
where they overlap with more intense lines so that they cannot
be observed; see lower vertical bar diagrams in Fig. 3.

Figure 5 shows the Auger spectrum measured after pho-
toionization with different photon energies between 2495 and
4150 eV. The diagram lines are indicated with solid vertical
bars. The dashed lines indicate satellite Auger transitions

which are located ∼=6 and 12.0 eV below the corresponding
diagram line. The more intense satellite visible 12.0 eV below
the diagram line can be observed for the states 2s−2(1S0),
2s−12p−1(1P1), and 2p−2(1D2). In contrast to this, the satellite
∼=6 eV below the diagram line is not observed for the state
2p−2(1S0). The missing 6 eV satellite for the 2p−2(1S0)
state and both satellites for the states 2p−2(3P2,0) can readily
be explained with their low intensity in combination with an
overlap with other, more intense spectral features.

The two discussed satellites are visible only in the spectra
measured at 2505 eV or above and develop their full intensity
in the 2530 eV spectrum. This energy-dependent behavior
suggests that these satellites are related to the normal Auger of
1s−1V −1nλ satellites in the photoelectron spectrum; i.e., they
are due to processes of type IIa.

In the following we shall give an approach to the assignment
of the satellite lines of type I and type IIa. As shown in Fig. 1,
the final states of the type I satellite are energetically located
14.6, 22.3, 25.4, and 31.5 eV above the corresponding S
2(s,p)−2 state. Interestingly, the less intense satellite transition
of type IIa has a transition energy which is ∼=6 eV less than the
transition energy of the diagram lines. By assuming that the
less intense lines originate from the spectator Auger decay of
the strongest satellites in the photoelectron spectrum, i.e., 15.4
and 18.5 eV above the S 1s−1 state, one ends up in states ∼=21.5
and ∼=24.5 eV above the S 2(s,p)−2 states. These energies
agree well with the final states of the most intense satellite lines
of type I, and the slight differences may be explained by the
influence of the nuclear dynamics. By assigning these satellite
lines of type IIa as S 1s−1V −1nλ → 2p−2V −1nλ transitions
with nλ being low-n Rydberg states, i.e., to spectator Auger
decays, we obtain a consistent assignment; see below. As a
direct consequence the levels 22.3 and 25.4 eV above the
2p−2 states, which are the final states of the discussed Auger
decays, are labeled as low-n Rydberg states. This assignment
is in line with the assumption that for the shake satellites
during the Auger decay the transitions to the low-n Rydberg
states are the most intense ones, in analogy to the observation
for the S 1s−1V −1nλ shake-up satellites in the photoelectron
spectrum. Based on this, the state 14.6 eV above the 2p−2 states
can be assigned to 2p−25a−1

1 6a1 or 2p−22b−1
2 3b2 shake-up

satellites, i.e., shake-up processes in the unoccupied valence
orbitals. Such shake-up states have been calculated to be the
lowest ones in the O 1s−1 photoelectron spectrum of water,
showing a rather low shake probability; see above. Finally,
the state 31.5 eV above the S 2(s,p)−2 state might be a
higher-n Rydberg state. The given assignment for the states
allows to attribute the stronger satellite transitions of type IIa,
which are 12 eV below the corresponding diagram lines, to
a S 1s−1V −1nλ → 2p−2V −1n′λ shake up transition, here nλ

being a low-n Rydberg state and n′λ a higher-n Rydberg state.
The latter assignment becomes plausible by considering

that the Rydberg states see in good approximation a H2S3+
molecular core due to the two vacancies in the 2(s,p) shell as
well as one vacancy in the valence shell. The energy position
E of Rydberg states relative to the ionization threshold can be
described by

E = − RyZ2

(n − δ)2
(1)
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with Ry being the Rydberg constant, Z the charge seen by
the Rydberg electron, n the principal quantum number of
the Rydberg state, and δ the quantum defect. In the K-shell
photoabsorption spectrum of H2S, the two lowest Rydberg
states 1s−14p and 1s−15p see a charge of +1 and are split by
1.1 eV [33]. Scaling this value with a factor of 9 due to the
charge of +3 in the present case leads to a splitting of ∼=10 eV,
which is in reasonable agreement with the present results.
Nevertheless, all given assignments of the satellites have
to be considered tentative and require additional theoretical
confirmation, which is beyond the scope of the present work.

The S 1s−12p−1 satellites depicted in Fig. 2(b) suggest to
take also the corresponding Auger decays, i.e., type IIb into
account. These decays are expected in the spectra measured
above 2700 eV. A careful comparison of the spectra below
and above 2700 eV does not show additional spectral features
that can be related to the Auger decay of S 1s−12p−1 shake
satellites. However, in two regions, namely around 2000 and
2075 eV, an increase of the background can be observed.
This can be seen, e.g., in the region around 2000 eV by the
bold vertical bars indicating identical relative intensities. In
the region around 2090 eV the 2p−2(1S0) diagram line has
identical relative intensity, while in the region around 2075
eV the intensity increases above 2700 eV photon energy.
These changes in intensity are unclear but may be related
to the Auger decay of the S 1s−12p−1nλ shake satellites. For
this purpose, the energy positions of the KL2,3 → LLL2,3

Auger transitions taken from Ref. [4] are indicated in the
upper part of the figure. Interestingly, the calculated energy
positions of the Auger decays to the 2p−3 final states around
2075 eV and 2s−12p−2 final states between 2000 and 2030 eV
agree reasonably well with the energy regions with increasing
background, suggesting a possible connection.

IV. SUMMARY AND CONCLUSIONS

In the present work, an approach is developed to allow
identifying the shake processes of different nature occurring
in the complex Auger decay after deep core excitation in the
prototypical molecular system H2S. To perform such detailed
analysis, the finding is exploited that different shake processes
appear at different distances from the photoionization thresh-
old and therefore can be identified by varying the photon
energy. Specifically, the KLL Auger spectrum is presented
together with the S 1s−1 photoelectron spectrum including the

S 1s−1V −1nλ and S 1s−12p−1nλ shake-up satellites. The S
1s−1V −1nλ satellites are preliminarily assigned by employing
the similarity of the spectrum to that of H2O [27], which
has a isoelectronic valence shell. In the Auger spectrum six
different satellite transitions are found. By varying the photon
energy four of these lines were assigned to shake-up transitions
during the Auger decay, i.e., S 1s−1 → 2p−2V −1nλ. The four
resulting 2p−2V −1nλ final states are 14.6, 22.3, 25.4, and
31.5 eV above the corresponding 2p−2 state.

Two more Auger satellites are due to the Auger decay of
the satellite lines in the photoelectron spectrum. They can
be described as S 1s−1V −1nλ → 2p−2V −1n′λ with n � n′;
here n = n′ stays for a spectator Auger decay and n < n′ for
a second shake-up process of the already shaken electron.
By combining the assignment of the S 1s−1V −1nλ shake-up
structures of the photoelectron spectrum with the different
satellite Auger lines, the tentative assignment 2p−25a−1

1 6a1

and/or 2p−22b−1
2 3b2 is given for the satellite state at 14.6 eV

above the corresponding 2p−2 state, 2p−2V −1 low-n Ryd for
the states at 22.3 and 25.4 eV, and 2p−2V −1 higher-n Ryd
for the state at 31.5 eV. However, this assignment requires
additional theoretical support.

The second type of satellite lines, the Auger decay of
satellites in the photoelectron spectrum, is well known from
previous studies. Contrary to this, the first type of satellites
caused by shake-ups during the decay of the S 1s−1 core hole
is observed for the first time in the KLL Auger spectrum of
a closed-shell molecule. For the previously also suggested
KL2,3 → LLL2,3 Auger transitions, no clear evidence is
found.

Preliminary results on argon [34] are fully in line with
the present findings, suggesting that both processes are also
present in the KLL Auger spectra of other third-row elements
like in HCl, PH3, SO2, SF6, or SiH4. Obviously similar
studies for such molecules would shed light on the satellite
structures, providing further information about the excited
valence structure of molecules with double core-hole states.
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