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Abstract

State-of-the-art Argon K LI Auger spectra measured using photon energies of hv = 3216 eV
and 3400 eV are presented along with an Ar [1s] photoelectron spectrum (squared brackets in-
dicate holes in the respective orbital). The two different photon energies used for measuring the
Auger spectra allow distinguishing between the shake transitions during the Auger decay and
the Auger transitions of the photoelectron satellites. A complete assignment of satellite tran-
sitions is provided, partially baseed on configuration interaction calculations. In addition, Ar
[153(s, p)|n'l" — [2p*(1 D2)] transitions are observed, which can be explained by knock-down tran-
sitions leading to a direct exchange of angular momenta between the excited electron and the
Auger electron. The lifetime broadenings of the Ar [2s] single core-hole state and the [2s52] as well
as [2s2p] double core-hole states are also determined, confirming previously observed trends for

double core-hole states.
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I. INTRODUCTION

The K LL Auger spectrum of argon has been studied extensively in the 70’s and 80’s of
the last century, both theoretically [1-4] and experimentally [5, 6]. In those studies, the dom-
inating diagram lines [1s] — [2s%(19)], [1s] — [2s2p(* P, ®P)], and [1s] — [2p*(*S, 'D, 3P)]
were unambiguously assigned; note that throughout this publication squared brackets in-
dicate holes in the respective orbital. Moreover, the experimental studies also reported a
number of satellite structures. For the K LL Auger spectrum of argon such satellites are due
to transitions of valence electrons into unoccupied orbitals. These transitions accompany
the photoionization as well as the Auger decay and are caused by two different processes,
namely shake and knock. Shake transitions are a consequence of the relaxation process
subsequent to ionization which causes a change in the radial wavefunctions of the orbitals.
As a consequence of the ionization process, the orbitals before and after ionization are not
orthogonal to each other and the shake transitions can be described by the matrix elements
|(nl|n’l',€l')|* # 0. Here [ indicates the orbital angular momentum, n the orbital quantum
number, and ¢ a continuum wavefunction. Moreover, prime indicates an originally unoc-
cupied orbital in its relaxed form due to ionization and no prime an occupied orbital in
the atomic ground state. The matrix element allows only monopole transitions, i.e. [ = [’
and in case of Ar 1s photoionization only 25 final states for the ion, e.g. [1s3p(**P)]4p(2S5).
Note that throughout this publication we omit prime and double prime (see below) when
the principle quantum number n is specified (here n’ = 4).

In a knock process the outgoing electron interacts via Coulomb repulsion with an
electron from the valence shell. This allows the exchange of energy and angular momen-
tum between the two electrons and may lead e.g. in photoionization to the final states
[1s3p(}3P)]4s(*P). This semi-classical picture is described in a fully quantum mechanical
treatment by configuration interaction between the outgoing electron and the electrons re-
maining in the ion [7]. In the photoionization process one can observe n’ = n, i.e. the
absence of shake which causes the main line as well as n’ > n, which causes the shake-up or
knock-up satellites.

In case of the Auger decay the shake process can be described with the matrix element
|(n/U'|n"l",€"1")|>. Here double prime indicate indicates an originally unoccupied orbital in

its relaxed form for the case of a double core hole (DCH). As in case of the photoionization,



an additional electron can be promoted to a higher shell (n” > n') or to the continuum e,
which is called shake up/knock up and shake off /knock off, respectively. The Auger process
also allows n” = n’, which is in case of argon for n’ = 3 a diagramm line and for n’ > 4
a spectator decay. Finally, in the Auger decay of a photoelectron satellite n” < n’ can be
found; this describes a shake-down/knock-down process.

Outgoing electrons with high kinetic energy can interact with the valence electrons
only within a short time interval leading to a negligible exchange of energy and momentum.
These conditions are known as sudden limit and allow only shake transitions [7]. The fact
that different photon energies lead only to small changes in the satellite structure of the
photoelectron spectra suggests that for the formation of satellite structures the shake pro-
cesses are normally dominant over the knock processes [8]. Moreover, for a large number
of satellite structures one cannot distinguish between shake and knock based on the given
quantum numbers. Because of this all transitions which are assumed to be predominantly
due to the shake process are labeled as such, although knock contributions cannot be ex-
cluded. However, some transitions are explicitly assumed to be dominated by the knock
process and are, therefore, labeled in this way. Note that a more detailed recent discussion
of the different shake and knock processes has been given by Travnikova et al. [9].

We present here a comprehensive assignment of all satellite structures in the KLL
Auger decay after argon 1s photoionization. Despite the complexity of the Auger spectrum,
we are able to identify up to six types of different processes (see below for a detailed list).

To perform such a task, both the ionization process and the Auger decay have to
be taken into account. In principle both, the ionization and the decay can be accom-
panied by a shake-up/knock-up or a shake-off /knock-off process resulting in rich satellite
structures. Fig. 1 shows the relevant processes for this work, namely shake-free/knock-free
or also labeled direct transitions (green solid arrows), shake-up/knock-up transitions (blue
dash-dotted arrows), shake-down/knock-down transitions (red dotted arrows), and shake-
off /knock-off transitions (magenta dashed arrows); since we measure single-electron emission
the latter transitions are not directly visible in the present spectra, but they influence the
Auger spectrum by their decay. By taking into account direct as well as shake and knock
transitions in both, the ionization and the Auger decay, we can distinguish six types of
Auger transitions, which are indicated in Fig. 1 by numbers below the down-arrows. For

convenience, their properties are summarized in the following enumeration.



Type 1: Direct transition in both ionisation and decay, i.e. [1s] — [2p?] transitions.
These transtions are also known as diagram lines.

Type 2: Direct transition in the ionisation process and shake-up during the Auger
decay, i.e. [1s] — [2p?3|n"1".

Type 3: Shake-up during the ionisation process and shake-down/knock-down during
the Auger decay, i.e. [1s3l]nl’ — [2p?]. We shall show below that this type of Auger transi-
tions is mostly due to the knock-mechanism.

Type 4: Shake-up during the ionisation process and direct transition during Auger
decay, i.e. [1s3ln'l' — [2p?3l|n"l"” with n’ = n” and I’ = [". These transitions are also known
as spectator Auger decay.

Type 5: Shake-up during both ionisation and decay, i.e. [1s3l]n'l"’ — [2p*3l]n™"1" with
nt >n.

Type 6: Shake off during ionization and direct transition during Auger decay, i.e.
[1s31] — [2p*31].

Despite the fact that all processes are possible, in Refs. [5, 6] the satellites were dis-
cussed only in terms of Auger decays of the shake-up (type 4) or shake-off (type 6) satellites
of the photoionization process. In the cited publications [5, 6] the valence shell photoion-
ization satellites, i.e. [1s3(s,p)|n'l', €1’ states, and core-level photoionization satellites, i.e.
[152(s, p)|n'l" states, were taken into account as initial states of the Auger decay. However,
during the decay only two-electron direct Auger transitions (green solid down arrows of type
1, 4, and 6) were considered, i.e. shake processes during the Auger decay (type 2,3, and 5)
were neglected in the assignment of the spectral features. Moreover, in 1997 Volker Schmidt
stated in his monograph [10] that shake processes during the Auger decay were not observed
at that time. For the molecules isoelectronic to argon, namely HCl, H,S, PH3, and SiHy,
similar assignments of the different structures visible in the K LL Auger spectra are given,
see Refs. [5, 11, 12].

In resonant K LL spectra shake transitions in the valence shell during Auger decay
(type b) are actually common [13-17], since the excited species possess an open-shell struc-
ture. Nevertheless, they are widely neglected in the analysis of normal Auger spectra and
were found only for the open-shell atoms sodium [18] and silicon [19] as well as by some of
the present authors for the closed-shell molecule HyS [20]. In addition, this study on HsS

showed Auger decays of the S [1s Valn'l' (Val: valence orbital) shake-up states of photoion-
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FIG. 1: (color online) Schematic picture of the ionization and the decay processes contributing
to the K LL Auger spectrum of argon. The green solid lines indicate shake-free/knock-free direct
transitions, while the blue dash-dotted lines and red dotted lines represent shake-up/knock-up
and shake-down/knock-down processes, respectively. The dashed magenta line indicates a double
ionization process based on the shake-off /knock-off mechanism which is not observed directly but
contributes to the Auger spectrum. Note that n™ > n, ie. n'l'' = n™1” describes a shake-
up/knock-up process (type 5). The different types of Auger processes are labeled by numbers

below the down-arrows. For details, see text.

ization process. Auger decays of the [1s2(s, p)|n’l’ core level shake-up states were not clearly
identified although they were used in earlier publications for the assignment of the satellites
in the K LL Auger spectrum of HyS [11, 12] and argon [6]. In Ref. [20] the different processes
are identified by the photon energy used for the photoionization process; such a procedure
became possible in recent years due to significant improvement in instrumentation for hard
X-ray photoelectron spectroscopy (HAXPES) also available for gas-phase measurements [21].
In more detail, a shake process during the Auger decay (type 2) is possible at all photon
energies above the [1s] ionization energy. Contrary to this, Auger decays of the [1s Val]n'l'
and [1s2(s,p)|n’l" shake states (types 4 to 6) are possible only with photon energies that
are high enough to form the corresponding initial state, i.e. hv > Ep;p(18) + Eepe (31 — n'l')
with Ej;,(1s) being the Ar 1s binding energy and E.,.(3] — n'l’) the excitation energy for

a 3l electron into the n'l’ level.



The present study of the K LL Auger spectrum of argon is performed by using the same
approach as in Ref. [20], i.e. by using different ionization energies, and found likewise shake
processes during the Auger decay (type 2) as well as Auger decays of [1s3(s, p)|n/l’ satellite
states in the photoionization process (type 4 to 6). These results are fully confirmed by
complementary calculations. For a better understanding of the Auger decays of [1s3(s, p)|n'l’
satellites, we also present and discuss the satellites in the Ar [1s] photoelectron spectrum.

Although the present results are similar to those observed for HyS [20], the spectral
structure of argon is, however, simpler than that of HyS, due to the absence of the nuclear
degrees of freedom, so that the electronic structure could be identified in deeper detail. In
particular, in this way we obtained access to the highly excited double core-hole states of the
configurations [2p?3p|n”(p”,d") and observed the splitting of the [2p*(*D)3p] configuration
into the components (2P, 2D, 2F) due to the coupling of the [3p] hole to the [2p*(*D)]
holes. In addition, [1s3(s, p)|n/(s',p’) — [2p*(* D)] transitions are observed, which are pre-
dominantly due to knock-down processes (type 3). Moreover, the three components of the
total angular momentum J to the final states >P,, 3P;, and 3P, of the [1s] — [252p(3P)]
diagram lines are resolved and for all diagram lines accurate energies are reported. Finally,
lifetime broadenings of the [2s] single core-hole state (SCH) and the [2s?] as well [2s2p]
double core-hole (DCH) states are given, confirming recent results which demonstrated that
lifetime broadenings of DCH states are not just given by the sum of those ones of the involved

SCH states [22-24]

II. EXPERIMENTAL SETUP AND CALCULATIONAL DETAILS

The measurements were performed at the SOLEIL synchrotron, France, on the
GALAXIES beamline, with an endstation dedicated to HAXPES [21, 25]. Linearly po-
larized light was provided by a U20 undulator and energy selected by a Si(111) double-
crystal monochromator. Photoelectron spectra were collected with a SCIENTA EW4000
hemispherical electron analyzer specifically designed for HAXPES.

The KL 3L, 3 Auger spectra relevant for the present study were measured using the
photon energies hy = 3216 eV and 3400 eV in order to discriminate different processes
like Auger transitions of the photoelectron satellites and shake transitions during the Auger

decay; for details see below. Moreover, a K LL overview spectrum including final states



with L; holes has been measured at a photon energy of 4500 eV. For these measurements an
analyser pass energy of Fj.ss = 200 eV and a slit width of 500 ym was applied, resulting in
a spectrometer resolution of 2 550 meV. The Ar [1s] photoelectron spectrum was recorded
using the same parameter settings for the electron analyser. However, the additional photon
bandwidth at the used photon energy hr = 3900 eV leads to a larger total resolution of = 700
meV. For the Ar [2s] photoelectron spectrum a photon energy of 2400 eV, a slit width of 300
pm and a pass energy of E,qss = 200 eV were used, giving a Gaussian resolution of 545(10)
meV.

The Ar [1s] photoelectron spectrum was calibrated to the value of Ey;,, = 3206.3(3)
eV for the binding energy [26] while for the Auger spectra a kinetic energy of 2660.51(1) eV
for the [1s] — [2p*(* Do)| transition was used [6]. The Ar [2s] photoelectron spectrum was
calibrated using a small Ny impurity with binding energies for the N [1s,] and N [1s,] core
hole states of 409.93(1) eV and 409.82(1) eV, respectively [27].

The theoretical approach based on configuration interaction reproduced recently the
measured Ar K LL spectrum [22]. The same semi-relativistic approach is employed below to
estimate a spectral contribution of the shake-up Auger KM — LLM decay. In parallel, a fully
relativistic multi-configuration Dirac-Fock (MCDF) calculation of Auger amplitude between
relaxed initial and final states was executed [28, 29], as described in detail in a recent study
performed by some of the present authors [30]. In both cases the results are compared to
experimental data using final states described by a mixture of [2p*3p|(3d, 4s, 4p, 4d, 5p, 6p)

configurations.

III. THE Ar [1s) PHOTOELECTRON SPECTRUM

We first discuss the Ar [1s] photoelectron spectrum including the shake-up structures
originating from valence orbitals, as such shake processes are relevant for about 20 % of the
transitions and produce additional initial states for the Auger decay [31-33]. The valence
shake transitions of Ar have been investigated theoretically by Dyall [31] and experimentally
by Southworth et al. [8]. Their work focused on the single shake-up transitions to the
[1s3p|n'p’ and [1s3s|n’s’ final states and demonstrated that the calculations of Dyall [31]
describe the single shake-up region in terms of energy positions and intensities very well.

We present in Fig. 2 a spectrum with improved signal-to-noise ratio and high resolution
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FIG. 2: (color online) The Ar [1s] photoelectron spectrum including the region of the valence orbital
shake-up structures (relative binding energies of 20 to 48 eV) and double shake-up structures (above
48 eV) measured using a photon energy of hv = 3900 eV. For the black line the intensity axis is
stretched by a factor of 85. The vertical bars indicate the energy positions and intensities as
calculated by Dyall [31]. The assignments of the single shake-up states are indicated by boxes that
show the spread of the states belonging to a given configuration. The red boxes filled diagonally
from bottom left to top right and labeled by [1s3p] and [1s3s] indicate the double ionization
thresholds populated via shake off. The black boxes filled diagonally from top left to bottom
right labeled n's’ or n’p’ indicate the corresponding single shake-up states. The spectral features
labeled A to F are discussed in the text. In the double shake-up region above 48 eV the estimated
positions for the double shake-up states and the corresponding ionization thresholds are indicated
by the vertical bar diagrams above the spectrum. The labels above the horizontal lines of the type
[153p2(SL)]n/l'(°" L) specify the double-ionization thresholds, which are represented with diagonal
blue lines from bottom left to up right. The labels next to the small vertical lines of the type
n/l’ specify the second excited electron. The hollow blue bars below the spectrum indicate the

theoretical predictions of Dyall for the double shake transitions, however, shifted to lower energies

by 4.5 eV.



showing also double shake-up transitions of the type [1s3p?|n/lin,ly; note that the lower
indices 1 and 2 describe the two excited electrons. The spectrum can be divided in three
regions, namely the Ar [1s] main line located at a binding energy of 3206.3(3) eV as well
as the single shake-up region at relative binding energies of 20 to 48 eV and the double
shake-up region with relative binding energies above the latter value.

The calculations of Dyall [31] (black vertical bars in Fig. 2) take only direct shake
transitions into account. In these transitions the 1s electron interacts with the photon and
is promoted into the continuum while a 3s or 3p electron is excited via shake into a n's’ or
n'p’ orbital. These direct shake transitions are described by the matrix element [{(nl|nl')|?.
As mentioned above, only monopole transitions, i.e. [ = I’, are allowed based on the matrix
element. Moreover, this matrix element leads only to a 2S symmetry for the final ionic state,
which is strictly valid in pure LS-coupling. However, Dyall took also relativistic effects into
account, which lead to a configuration mixing and weak spectral contributions caused by
final ionic states with symmetries different from 25. These final ionic states are important
in the discussion of the knock-down Auger decays (type 3), see further below.

The assignment for the single-shake transition resulting from the work of Dyall [31] is
indicated in the upper part of the spectrum by boxes filled with diagonal lines. The energy
positions for the [1s3s] and [1s3p] thresholds are estimated by using the Z+1 approximation,
i.e. the ionization thresholds of K I [34], as well as the theoretical spin-orbit and exchange
splittings for corresponding thresholds in argon [31]. In addition to the calculated shake
satellites, the spectrum shows six small spectral features indicated with A to F, which are
not reproduced by the theoretical work of Dyall [31]. Structures A to D are previously
explained in Ref. [8]. In detail, structures A to C originate from energy losses of the Ar [1s]
photoelectron that lead to interatomic processes, namely 3p — 4s, 3p — 5s, and 3p — ns
transitions with » > 6 in a neutral argon atom. Based on calculations, Southworth et al.
assigned shoulder D to [1s3p]|3d and [1s3p]4s shake transitions [8].

A second type of shake process is the conjugate shake process. In this case the photon
promotes the 1s electron in a n'p’ orbital, accompanied by a monopole shake of a 3s or 3p
electron into the es, p continuum. Shoulder F is assigned as such a transition. It is located
at the high-energy side of the [1s3s|4s transitions and possesses a binding energy which is 39
eV higher than that of the [1s] level. In detail, we assign it to the [1s3s]4p conjugate shake

transitions since its term value of = 9 eV relative to the [1s3s]| threshold agrees well with
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the term value of = 8 eV for the [1s3p|4p shake transitions relative to the [1s3p] threshold.

The energy region indicated by E is between the exchange and spin-orbit split
[1s3p(*P, 3P31)] thresholds and the lowest [1s3s]4s transitions so that the strong decrease
of the photoionization cross section cannot be explained by single shake-up states. A simi-
lar spectral feature is observed for the shake region of neon and explained by the shake-off
continuum [35, 36], i.e. by a double ionization with the emission of a fast photoelectron and
a very slow shake-off electron. We assume that this is also valid for argon.

As shown in Figure 2, the most relevant excited initial states for the K LL Auger
spectrum are the singly ionized states [1s3p]dp and [1s3p]5p as well as the doubly ionized
states [1s3p]. The latter ones are due to shake-off transitions and are shown to represent
= 20 % of the intensity of the [1s] main line [32, 33].

In the double shake-up region above 48 eV relative binding energy there is no obvious
agreement with the predictions by Dyall [31]. In order to obtain an approach to the assign-
ment we indicated with the diagonal blue lines from bottom left to up right the expected
energy positions for a number of double ionization thresholds. Above the corresponding
horizontal lines the thresholds are labeled by [1s3p®n/l'('L’). The labels next to the small
vertical lines of the type n'l’ specify the second excited electron.

The thresholds [1s3p?(2D)]4s, 5s(*3 D), [1s3p*(*D)]|3d(*3S), and [1s3p?(* P)]4p are es-
timated based on the Z 4+ 1 approximation, i.e. we assume that their binding energy relative
to the [1s] line is identical to the respective states in K 17 relative to the ground state of
K II; the corresponding energy values are taken from NIST [34]. The remaining thresh-
olds are estimated based on the thresholds obtained from the Z 4 1 approximation and the
theoretical splittings between the [1s3p?|n/l’ obtained by Dyall [31].

Using the indicated thresholds, the different [1s3p®|4p? satellites calculated by Dyall
[31] possess term values of & 8 eV, i.e. comparable to the values for the [1s3p]dp satellites.
However, it has to be expected that a 4p electron screens another 4p electron less from
the atomic core than a 3p electron. Consequently, we expect larger 4p term values for the
[1s3p?]4p* than for the [1s3p|dp configuration. From this we conclude that the calculated
energy positions for the double shake-up states are too high in energy.

By shifting the calculated values for the double shake satellites by 4.5 eV towards
lower energies (hollow vertical bars) a reasonable agreement with the spectral features is

reached. Based on this finding, we tentatively assign the broad peak at = 51 eV rel-
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FIG. 3: (color online) The K LL Auger spectra measured subsequent to photoionization with a
photon energy of hv = 4500 eV. The diagram lines are indicated by the vertical-bar diagrams

above the spectrum while all other spectral features are due to shake structures.

ative binding energy to the [1s3p?(*D)]4s('D)3d(*S:/s), [1s3p*(*D)]4s(*D)3d(%S,2), and
[1s3p?(*P)|4p*(* D) (* Py o) satellites, the peak at = 53.5 eV to [1s3p*(2D)]4p*(* D) (%51 2)
satellite, as well as the peak at = 555 eV to the [1s3p?(*D)]5s(*D)3d(%S1)2),
[1s3p?(*D)]5s(*D)3d(*S1/2), and [1s3p?(*S5)|4p*(*S) (251 /2) satellites. The respective assign-
ments are indicated by small vertical bars in the upper part of the figure. Based on this
assignment as well as the indicated thresholds we assigned the remaining spectral features
to [1s3p?|4p5p and [1s3p?]5p* double shake satellites, see also small vertical bars above the

spectrum.

IV. THE Ar KLL AUGER DECAY

Figure 3 shows the overview spectrum of the K LL Auger transitions measured using
a photon energy of hv = 4500 eV, i.e. the spectrum contains all possible shake processes.
In this figure the different diagram lines (type 1) are indicated by vertical-bar diagrams
above the spectrum. All lines not indicated represent the shake structures which are the
main target of the present investigation. For this study we restrict the spectrum to the
Auger energy range from 2605 eV to 2655 eV with the [1s] — [2p?] Auger transitions, see
Fig. 4, because of two different reasons. First, previous studies on HsS [20] showed that each

diagram line possesses the same shake structure. Second, the linewidths of the [1s] — [25?]
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FIG. 4: (color online) The K LL Auger spectra in the region of the [1s] — [2p?(1Sy, 1 D2, 3Py 2)]
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with a photon energy of hv = 3216 eV (green) and hv = 3400 eV (black). The diagram lines
are indicated by vertical bars above the spectra. For reasons of presentation, the green spectrum
measured at hv = 3216 eV is shifted by 0.55 eV to lower energies to compensate the PCI shift.
For the same reasons, the spectra multiplied by 10 are smoothed by averaging over 5 neighboring

points.

and the [1s] — [2s2p] Auger transitions are larger due to the shorter lifetime of the 2s hole
so that the strongly overlapping shake transitions cannot be resolved.

Based on the Ar [1s] photoelectron spectrum previously discussed we selected two
different photon energies, namely hv = 3216 eV and hr = 3400 eV, for the ionization process
of the K LL Auger spectra used in the data analysis. The photon energy hv = 3216 eV was
selected in order to exclude contributions from the Auger decays of shake-up structures in
the photoelectron spectrum (types 4 to 6) while at hv = 3400 eV the shake-up contributions
are expected to be fully developed. The spectra measured with photon energies of hv = 3216
eV and hv = 3400 eV are presented in Fig. 4 in green and black, respectively, and show
remarkable differences. The energy positions of the Ar [1s] — [2p*(Sp, 'Ds, *Fy2)] and Ar
[1s] = [2s2p(* Py 12)] diagram lines are indicated by the vertical bars above the spectrum.
In case of the spectrum measured at an ionization energy of hv = 3216 eV only the Ar [1s]
state can be populated so that all lines but the diagram in this spectrum are due to shake
processes during the Auger decay (type 2).

The spectrum measured subsequent to a photoionization energy of hv = 3400 eV shows
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additional significant spectral features, mainly in the kinetic energy region from 2630 eV to
2650 eV which are assigned to the Auger spectra of the satellite states observable in the
photoelectron spectrum, i.e. types 4 to 6.

For reasons of presentation, the green spectrum measured at hv = 3216 eV is shifted by
0.55 eV to lower energies to compensate the post-collision interaction (PCI) shift. Moreover,
the Ar [1s] — [2p*(1Sp, 'Dy)] transitions show a significant PCI distortion. In contrast to
this, such a modification of the lineshape is practically absent for the Ar [1s] — [252p(*Py12)]
lines measured at the same photon energy. These differences are explained by the fact that
the lineshapes are formed by PCl-lineshapes with a width of 655 meV [21] due to the Ar [1s]
lifetime, convoluted with a Lorentzian of the lifetime widths of the final states [37]. This
final-state lifetime width amounts for the [2p?] states to 323(15) meV [22] and for the [2s2p]
states to 2.17(2) eV, see below; the convolution with a Lorentzian of the latter value masks
the PCI distortion almost completely. The influence of post-collision interaction for argon
is discussed in detail in [37, 38].

In the following we shall first discuss in subsection IV A the shake-up processes during
the Auger decay (type 2), based on the spectrum measured at hv = 3216 eV. Then we
will discuss in subsection IV B the Auger decays of the shake-up lines in the photoelectron
spectrum which are only present in the spectrum recorded using a photon energy of hv =
3400 eV, namely types 4 to 6. Moreover, we present in subsection IV C the Ar [ls] —
252p( P)] diagram line including the splitting into the final states (P51 0). Finally, the Ar
2s] photoelectron as well as the Ar [1s] — [2s?] and Ar [1s] — [2s2p] transitions are fitted
in order to determine the lifetime broadenings of the Ar [2s] single core hole as well as the

Ar [25%] and [2s2p| double core holes, see subsection IV D.

A. The Ar [1s] — [2p*(1 S0, 1 D2, 3Py2)3p|n”(p",d") Auger shake-up transitions

In this subsection we discuss the shake transitions during the Auger decay (type 2). For
this purpose Figure 5 shows the corresponding K LL Auger spectrum measured subsequent
to a photon energy of hv = 3216 eV together with two different calculations, which are used
to support the assignment of the shake-up transitions. The relativistic calculations shown in
part b) are performed by including different configurations. The black, red, and blue spectra
show the results by including only the [2p?3p]|4p configuration, the configurations [2p?3p|4p
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FIG. 5: (color online) The region of the Ar [1s] — [2p(1Sy, 1 D2, 3Py 2)3p|n(p,d) Auger shake-up
transitions: a) The experimental results. b) Relativistic calculations. The black line marked by
cirlces shows the calculations including only the [2p?3p]4p configuration. The red (blue) line marked
by squares (up triangles) displays the results of the calculations taking the configurations [2p?3p]4p
and [2p?3p]5p ([2p?3pl4p, [2p?3p]5p, and [2p?3p]6p) into account. c) non-relativistic calculations.
Shown are the contributions of the configurations [2p?3p]|3d (solid green line marked by circles),
[2p?3p]4p (solid black line marked by squares), [2p?3p]5p (solid red line marked by up triangles),
and [2p?3p]6p (solid blue line marked by down triangles) as well as the total spectrum (black dashed

line). Note that the baselines of the contributions in b) and c¢) are shifted relative to each other.

and [2p?3p]5p, as well as the configurations [2p*3p|4p, [2p?3p]5p, and [2p?3p]6p, respectively.
The non-relativistic calculations shown in part ¢) include the configurations [2p*3p]3d (solid
green line), [2p*3p|4p (solid black line), [2p*3p|5p (solid red line), and [2p*3pl6p (solid blue
line), as well as [2p?3p]ds and [2p*3p)4d. The latter two configurations show only minor

contributions and are not shown in Fig. 5 ¢) for clarity reasons.
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Both calculations show differences in the absolute intensities and energy positions
and resemble only qualitatively the experimental Auger spectrum. This prevents a detailed
assignment of the shake structures based on the calculations. However, they suggest that the
configurations [2p*3p|3d, [2p*3pldp, [2p*3p|5p, and [2p?3p]6p have to be taken into account.

In order to achieve an approach to the assignment of the observed transitions, a com-
bined approach consisting of a fit analysis, the two calculations and the Z+2 model is utilized.
In the following we shall first describe our fit model and the result of the fit analysis. After
this we shall assign the observed spectral features using our calculations and the Z+2 model.

In the fit approach, only transitions to the [2p*(* Sy, ' D3)3p]n” (p”, d") final states were
taken into account. The transitions to the [2p?(® Py 2)3p|n”(p”, d") states were neglected since
even the most intense ones of this type, namely the [2p*(3 Py 2)3p|4p, see Fig. 5 a), are hardly
visible in the experimental results. In a first fit approach identical energy splittings between
the Ar [1s] — [2p*(*So, ' Do)] diagram lines and the Ar [1s] — [2p?(1Sy, ' Dg)3p]n” (p”,d")
shake transitions were assumed, i.e. a coupling of the 3p or 3d electron to the [2p*(1Sy,
1D,)| states was neglected. Since this approach did not result in a satisfactory description
of the spectrum, in the next step coupling between the [2p?| double core hole and the
[3p] valence hole was included. In this way we arrived to the states [2p*(*Sy)3p(*P)] and
12p2(1Dy)3p(*P, 2D, 2F)], i.e. four-fold splitting. For the shake transitions spin flips were
assumed to be very small so that quartet states were neglected. The spin-orbit interaction
of the ?L states to the components J = L + 1/2 and J = L — 1/2 were also neglected
since the resulting splittings were calculated to be in the order of 0.2 to 0.5 eV depending
on the individual states [2p?(1Sy)3p(*P)] and [2p*('D9)3p(*P, 2D, 2F)]. Note that these
splittings agree well with the spin-orbit splitting of the 3p~! state in the Z+2 atom Ca IV
of =2 385 meV [34]. These splittings are significantly smaller than the lifetime broadening
I' = T'pg + gz = 655 meV + 323 meV = 978 meV [21, 22], justifying an omission. As for
lifetime broadenings, the same values as for the main lines were applied.

Fig. 6 shows the fit result of the Auger spectrum in the region of the shake transitions
which go along with the [1s] — [2p*(1Sy, ! D,)] diagram line; the corresponding spectrum is
recorded using a photon energy of hv = 3216 eV. The red solid line through the data points
represents the fit result and the black dashed line the background.

In detail, the background consists of a step at = 2615 eV as well as two broad Gaus-

sians at = 2637 eV and at = 2645 eV. The step at = 2615 eV takes into account the
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FIG. 6: (color online) Fit result of the Ar [1s] — [2p?(1Sp,! D2)] Auger spectrum in the region of the
shake transitions; this spectrum is recorded with a photon energy hrv = 3216 e¢V. The solid red line
through the data points represents the fit result and the dashed black line the background. The six
vertical-bar diagrams indicate the energy positions and relative intensities of the observed shake-up
Auger transitions. The vertical bar diagram in the upper part of the spectrum indicates the energy
positions of the [1s] — [2p?( D2)3p]n"1"” shake-up transitions using the Z+2 approximation as well

as the energy position of the [1s] — [2p?(! D3)] diagram line as a reference.

[1s] — [2p?(*D4)3plel shake-off transitions. The first broad Gaussian at = 2637 eV is as-
signed to the weak [1s] — [2p*(*Ps0)3p]4p transitions. This assignment is based on the
present calculations, see Fig. 5, which predict such transitions in this energy range, how-
ever, with strongly overestimated intensities. The second broad Gaussian at = 2645 eV
is, based on energy arguments, preliminarily assigned to a recapture process of the type
[1s]lep — [2p*(1D4)3pl4p?, i.e. a recapture of the photoelectron during the Auger decay.
This preliminary assignment is based on energy arguments since at the used photon en-
ergy of hv = 3216 eV the energy position of the [1slep — [2p*(1Dy)]4p is found = 19 eV
above the [1s] — [2p*('Ds)] diagram line [37]. The same splitting is observed between the
[1s] — [2p* (3 Pa0)3p]4p transitions observed at 2626 eV, see below, and the discussed broad
Gaussian feature at 2645 eV. At = 2651 eV the intense [1s] — [2p*(*Sp)] diagram line can

be seen.
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The six vertical-bar diagrams shown in Fig. 6 indicate the main results of the fit
analysis, namely the energy positions and intensities of the shake-up transitions during the
Auger decay. From the fit analysis we obtained a splitting of 8.7(1), 9.9(1) and 11.7(3)
eV between the transitions to final states with the parent states [2p?(1Sy)3p(*P)] and
12p2(1D9)3p(*P, 2D, ?F)]. These values agree well with the results of the present rela-
tivistic calculations of 8.5, 10.0, and 13.2 eV and indicate that the applied fit approach
describes the essential parts of the physics involved. From the fit analysis we also derive
that the intensity of the shakes during the Auger decay amounts 4.8(1.0) % of the total Auger
intensity. This value is based on the assumption that the shake probability is independent
from the [2(s, p)?] final state.

In the next step we shall assign the shake transitions. The six vertical-bar diagrams
show that not only monopole shake transitions (i.e. 3p — n”p” transitions where both
electrons couple to 1.S) contribute to the spectrum since only three of such transitions (n =
4,5,6) are expected in this energy region. To assign the observed transitions we utilize the
above given calculation which suggest that the configurations [2p?3p]3d, [2p?3p|4p, [2p*3p]5p,
and [2p*3p|6p have to be taken into account. As mentioned above we employ the Z+2
approximation, i.e. the energy values of excitations in Ca III [34], to estimate the energy
positions of the final states [2p?(*Dy)3p|n”l”; these values are given by the vertical-bar
diagram in the upper part of the figure. Based on these data we assign the obtained final-
state configuration to [2p*3p|3d, [2p*3pldp, [2p*3pldd, [2p*3p]5p, and [2p?3p|6p as indicated
in Fig. 6. The two multiplets labeled 4p(a) and 4p(b) are split by = 750 meV and are both
assigned to the [2p?3p]4p due to the small splitting and the large intensity.

The suggested additional splitting of [2p*3p]dp configuration can be understood by
assuming monopole shake transitions. In this case the 3p hole and the 4p electron couple
to a 1S. As a result, the final states have to have either 1S or 'D symmetry, based on
the coupling of the two 2p holes. By taking the spin-orbit interaction due to the 3p hole
into account one obtains in LS coupling the final states [2p*(*S)3p(*Pi/2,3/2)]4p(*So) and
2p°(*D2)3p(*P1/2,3/2, 2D3ja52, 2F5/07/2)]4p(* D2), i.e. 2 final states belonging to [2p*(*S)]
and six final states belonging to [2p*(1D,)]. Generally, only half of these states are observed,
since spin-orbit interaction is too low to be resolved, see above. However, due to the spa-
cial vicinity of the 3p hole and the 4p electron the interaction is expected to be stronger

than for higher-n” [2p*3p|n”p” configuration. This can lead to a splitting between e.g. the
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2p*(* D2)3p(* Py 2,3/2)|4p(* D5) states, which is larger than the spin-orbit splitting between
the [2p*(*D2)3p(*Pi2,3/2)] parent states and can explain the observed splitting. For higher
n” the described effect is too small and only the splittings of the parent states are observable.

As already mentioned above, the given assignment including the final-state config-
urations [2p?3p|3d and [2p?3p]4d demonstrates that also non-monopole shake transitions
contribute to the spectrum. As a consequence, other non-monopole transitions like Ar

"1

[1s] — [2p*3p|n”p” with 3p and n”p” coupling to a symmetry different from 'S cannot be
excluded. As for the photoelectron spectrum, see above, such non-monopole shake transi-
tions can be explained by configuration interaction of the ionic states caused by relativistic
effects. Finally we want to point out that in the present fit analysis we observe a large num-
ber of overlapping lines so that the intensity information given by the vertical bars is not
very reliable. In particular, the energy positions of the transitions [1s] — [2p?(1Sy)3p(*P)]3d
and [1s] — [2p?('D3)3p(*F)]5p overlap strongly in our fit analysis. Based on this analysis
the spectral intensity is assigned to the first transition, although in reality it is probably
shared by both transitions. In summary, we give a coherent assignment based on calculations

and the Z+2 approximation. However, for an ultimate assignment much more sophisticated

calculations have to be performed.

B. The Auger decays of the Ar [1s3(s,p)|n’l’ shake-up and [1s3(s,p)] shake-off

states

In this subsection we focus on the Auger decays of the Ar [1s3(s,p)|n'l’ shake-up and
[1s3(s, p)] shake-off states. In a first step we shall discuss the region of the shake-up and
spectator decays during the Auger process (types 4 to 6), which is shown in Fig. 7. Further
below we will discuss the Ar [1s3(s, p)|n/l' — [2p?(* D)] knock-down Auger transitions (type
3), which are shown in Fig. 8; they contribute by roughly 0.5 % to the Auger decays of the
shake-up satellites.

The spectrum shown in Fig. 7 is fitted with the same approach as the shake-transitions
during the Auger decay, see above. The result of this fit approach is given by the red solid
line through the data points, while the background is indicated by the dashed black line. As
the main result of the fit analysis, five vertical-bar diagrams indicate the energy positions

and intensities of the observed transitions.
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FIG. 7: (color online) Fit result of the Ar KLL Auger spectrum in the region of the Auger
transitions of the Ar [1s3p]n'l’ photoelectron shake satellites to the [2p?(1Sp, 'Ds)] double core
hole; this spectrum is recorded with a photon energy hr = 3400 eV. The solid red line through the
data points represents the fit result and the dashed black line the background. The five vertical-bar

diagrams indicate the energy positions and relative intensities of the observed Auger transitions.

To assign these transitions only the Ar [1s3p]dp, [1s3p|5p and [1s3p| initial states are
taken into account. The first two initial states are the most intense singly ionized satellite
states as can be seen in the photoelectron spectrum, see Fig. 2. The doubly ionized [1s3p]
initial state caused by shake-off transitions is characterized by the emission of two electrons
and cannot be observed in the present single-channel measurements. However, theoretical
and experimental studies suggest that the [1s3p] shake-off state has = 20 % of the intensity
of the [1s] main line [32, 33] so that it has to be taken into account. For the initial states
Ar [1s3p]dp and [1s3p]5p spectator (type 4) and shake-up (type 5) Auger decays to the final
states [2p?3pldp, [2p?3p]5p, and [2p?3p|6p are taken into account. The energy positions of the
transitions are estimated based on the energy positions of the [1s3p|n’p’ initial states taken
from Fig. 2 and the [2p?3p]n”l” final states taken from Fig. 6. Finally, the energy position
of the [1s3p] — [2p?3p] transition (type 6) is estimated based on the Z+1 approximation for
the core-hole state and the Z+2 approximation for the final state, giving a kinetic energy

of 2 19 eV below the one of the corresponding [1s] — [2p?] diagram line. In this way we
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FIG. 8: (color online) The upper part shows the region of the [1s3(s,p)]nl! — [2p?(1D3)] transi-
tions. The red solid line through the data points represents the fit result. The lower part indicates
the photoelectron spectrum with the corresponding [1s3(s, p)|n’l’ shake satellites. The black filled
vertical bars below the photoelectron spectrum indicate the intensities and energy positions of the
shake satellites as calculated by Dyall [31]. The energy positions of the different [1s3(s, p)|n'l’ states
as well as [1s3(s,p)] double ionization thresholds are indicated by the boxes above the spectrum.
The red filled vertical bars below the Auger spectrum indicate the results of the calculations of
Dyall, however limited to states with symmetries different from 2S¢ and intensity multiplied by a
factor of three. Finally, the blue hollow vertical bars at relative binding energies 22 19 eV indicate
the theoretical results of states with D¢ symmetry alone and the [Ls] main line aligned to the

[1s] — [2p?(1Sp)] Auger transition. For more details, see text.

obtain the assignment given below the various vertical-bar diagrams in Fig. 8.

Fig. 4 exhibits also differences between the spectra recorded with the photon energies
hv = 3216 eV and 3400 eV in the energy region from 2610 eV to 2630 eV. The spectrum
measured at the latter photon energy shows generally higher intensities than the former one.
These differences are probably due to decays of higher-n’ [1s3p|n’p’ or [1s3s|n’s’ states as
well as shake transitions like [1s3p]4p — [2p*3p]6p, which are not taken into account in our
analysis due to strong overlapping with the shakes during the Auger decay (type 2).

Finally we shall discuss the Auger decay of the [1s3(s,p)]n’l" shake-up states to the

[2p?] configuration, i.e. transitions where the excited electron returns to its original shell
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(type 3). The relevant energy range is at kinetic energies above the [1s] — [2p?] transitions
and can be seen in the upper part of Figure 8. For comparison, the lower part of the
figure shows the [1s3s]n/s” and [1s3p]n/p’ satellite region of the photoelectron spectrum with
the [1s] main line aligned to the [1s] — [2p?(*D)] diagram line in the Auger spectrum. The
similarities in the photoelectron and the Auger spectra clearly support the assignment of the
Auger structures to [1s3(s, p)|n'l! — [2p*(* D)] Auger transitions. Note that the background
for the Auger spectrum is much more curved than in the photoelectron spectrum. This
curvature is predominately due to the high-energy tail of the Lorentzian lineshape of the
[1s] — [2p*(' D)] transition and indicates that the intensity ratio of the [1s3(s, p)|nl' — [2p?]
transitions and the [1s] — [2p*('D)] diagram line in the Auger spectrum is much smaller
than the intensity ratio of the [1s3(s, p)|n/l’ shake-up states and the [1s] main photoelectron
line.

Although the structures in the photoelectron and the Auger spectra are quite similar,
a detailed comparison reveals interesting differences. First, we shall point out that we do
not observe at = 2674 eV the [2p*(1S)] counterpart to the [1s3p]dp — [2p*('D)] transi-
tions. One should expect to see this transition if one assumes the same intensity ratio for
[1s3pldp — [2p*(1S)] to [1s3pldp — [2p*(1 D)] as for the diagram lines [1s] — [2p*(1S)] and
[1s] — [2p*(* D)] of about 1:10. Obviously, the intensity depends on the diagram line and
is not a process of the valence shell alone. Second, the peak maxima in the Auger and the
photoelectron spectrum differ in particular for the [1s3p]4p and [1s3p|5p shake-up satellites
by about 600 meV as indicated by the vertical dashed lines; this value is about one order
of magnitude larger than the maximum expected error caused by aligning the two spectra
to each other. This peak shift can be explained by a significant reduction of the intensity
of the 25, /2 states, see below. Third, the exact spectral structure shows differences. For
example, there is a clear minimum in the Auger spectrum at = 2688.5 eV which is missing
in the photoelectron spectrum. Moreover, the lineshapes of the [1s3p]4p and [1s3s]4s clearly
change. For the first peak the low-energy shoulder becomes more pronounced and for the
second peak the high-energy component disappears completely. Since each spectral feature
consists of different components, as can be seen by the black vertical bars below the photo-
electron spectrum, we can conclude that the individual [1s3(s, p)|n/l’ shake-up states show
different probabilities to decay to the [2p?] configuration.

In the following we shall discuss the reason for the individual decay probabilities for
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the [1s3(s,p)|n'l’ states. For this reason, the black filled vertical bars below the spectrum
indicate the calculated intensities and energy positions for all Ar [1s] shake satellites [31] and
show generally a good agreement between experiment and theory regarding both intensities
and energy positions. In addition, the red filled vertical bars between the photoelectron
and the Auger electron spectrum show the theoretical results for the states which have
total symmetries different from 25)/,. Their intensities are multiplied by a factor of three
as compared to the black filled vertical bars and they describe reasonably well the main
spectral features of the Auger spectrum; this includes the peak shift to lower energy for
both first peaks as discussed below. This result suggests that for the decay to the [2p?]
configuration shake-up states with a symmetry different from 25 /5 are preferred.

From the observations we suggest as most efficient decay mechanism to the [2p?] con-
figuration a knock-down process, i.e. a direct interaction between the Auger electron leaving
the 2p shell and the excited electron in the valence shell. In this way, the excited electron
can exchange energy and momentum and jump back to its original 3s or 3p shell. In this
context we point out that all calculated shake-up satellites in the photoelectron spectrum
have even parity. The same holds for the final [2p?] configuration so that the outgoing Auger
electron is only allowed to possess es or ed character. Moreover, the Auger electron has to
carry away the difference in angular momentum between the core-hole and the Auger final
state. In case of a [2p*(1D)] final state and an es Auger electron this is possible only for
core-hole states with D-symmetry while for an ed Auger electron the symmetries S, P, D, F
and G are possible. However, for core-hole photoelectron satellites with S symmetry, the
hole in the valence shell and the excited electron couple to zero. Since they also have to
couple to an angular momentum of zero in the Auger final state due to the 3p° valence
shell, the valence shell cannot accept angular momentum from the outgoing Auger electron.
As a result, the [2p?] configuration can be reached only via a shake-down process which is
described by the overlap matrix elements (3st|nst) and (3p**|np™) with ++, indicating
the orbitals in the dicationic Auger final state and + in the core-ionized state; these matrix
elements are expected to be relatively small and explain the low intensities of the 25; /2
states in the Auger spectrum. In contrast, for the calculated [1s] shake satellites with P
or D symmetry the Auger electron can accept angular momentum and, as a consequence
energy, more efficiently from the shaken valence electron so that the latter one can jump

back to its original shell.
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For the Auger final state [2p?(1S)] and es Auger electron the core-hole state has to be
of S symmetry and in case of a ed Auger electron of D symmetry. Core-hole satellite states
with P symmetry cannot decay in LS-coupling to the [2p*(1S)] without violating either
parity or angular-momentum conservation; they are allowed only due to spin-orbit coupling
and, therefore, are very weak. This situation is comparable with the [2p?(*P)] diagram line,
which is also very weak as compared to the [2p*(1D)] diagram line due to the same reason
[10].

Since the core-hole states with S symmetry cannot exchange angular momentum with
the Auger electron, see above, they are expected to be weak in the discussed type of Auger
decay. This explains, together with the branching ratio for the decay to the [2p?(1S)] and
the [2p?(1D)] state of about 1:10 that they are absent in the Auger spectrum. Contrary
to this, core-hole satellites with D symmetry are allowed to exchange energy and angular
momentum with the outgoing Auger electron so that they can decay to the [2p?(1S)] Auger
final state. Their expected energy positions based on the calculations of Dyall [31] and the
splitting of the diagram lines (see Table I) are indicated with blue hollow bars below the
Auger spectrum. The more intense line agrees quite well in energy with the spectral feature
at = 2681 eV so that we tentatively assign the latter feature to a [1s3p|n/l'(D12) — [2p*(1S)]
transition.

In summary, in this subsection we presented the Auger transitions of the shake-up
and shake-off states visible in the Ar [1s] photoelectron spectrum. The transitions are
assigned mainly based on the argument of energy positions. Finally, weak Ar [1s3(s, p)|n/l! —

[2p*(* D)] are observed and explained with the knock-down mechanism.

C. The Ar [1s] — [252p(3P210)] diagram lines

Fig. 9 shows the region of the Ar [1s] — [2s2p(* Py 1 2)] diagram lines (type 1) measured
subsequent to photoionization with a photon energy of hrv = 3400 eV. This part of the spec-
trum also includes some Ar [1s] — [2p?(1Sy, ' D2)3(s, p)|n”"l" Auger shake-up transitions, see
dashed subspectrum. The dominating peak at 2600 eV caused by the Ar [1s] — [252p(3P)]
transition clearly exhibits an asymmetric lineshape which is due to the observation of the
splitting of the [2s2p(®P)] configuration into the final states Py 1 .

To obtain a better insight into the splitting of the [2s2p(3P)] states the spectrum was
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TABLE I: Summary of the absolute experimental kinetic energies, Eg;y exp, of the diagram lines
(type 1) as well as the energies, Ey e cxp, relative to the Ar [1s] — [2p?(1D)] diagram line. For

comparison, the relative kinetic energies, F,..; theo Obtained by different theoretical studies are also

given.
configuration state Eyip czp (€V) Erelexp (€V) Ereltheo (€V)
present work Ref. [5] Ref. [6] Ref. [5] Ref. [6] Ref. [4] Ref. [1]

[2p?] 3Py 8.66(1) 8.6 8.40 8.9 8.4 8
3P, 6.51(5) >0 6.4 640 64 64 6
1D, 0 0 0 0 0 0 0
1S —9.66(1) -9 -96 —-810 -89 —80 —12

[252p] 3Py —60.35(10) —59.82 —60.2 —58.8 —57
3p —61.75(20) }_61,1 }_60,8 —61.22 —61.7 —60.1 —59
3P, —62.15(20) —61.98 —62.5 —60.9 —58
) —84.89(1)  —84.7  —84.8 —85.09 —86.4 —84.2 —82

257] 150 —~151.95(1) —150.5 —151.6 —151.52 —153.6 —149.6 —142
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FIG. 9: (color online) The region of the Ar [1s] — [2s2p(3Py12)] diagram lines. The red solid
line through the data points represents the fit result. The black solid subspectra indicate the
contributions of the different diagram lines and are assigned by the vertical-bar diagram above the
spectrum. The dashed subspectrum indicates the background including some Ar [1s] — [2p? (1S,

1D5)3(s,p)]n”"1" Auger shake-up transitions.
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fitted with 3 broad Lorentzian lines of equal widths representing the three diagram lines,
see solid subspectrum. For these lines the intensity ratio was fixed to 1:3:5 according to
the statistical weights; this approach is justified by the practically identical intensity ratios
obtained by different calculations [2, 5]. Contrary to this, the energy positions were treated
as free parameters. Moreover, a number of narrower lines representing Ar [1s] — [2p*(1Sy,
1D5)3(s,p)|n”"l" Auger shake-up transitions were included in the background, see dashed
subspectrum. The result of the fit is represented by the red solid line through the data
points and yields the kinetic energy positions 2598.8(2) eV, 2599.2(2) eV and 2600.6(1) eV
for the transitions to the final states 2P, 3Py, and 3P, respectively. The energy positions of
the Ar [1s] — [2s2p(*Py12)] diagram lines relative to those of the Ar [1s] — [2p*(* D2)] line
are summarized in table I, together with the values for the other diagram lines as obtained
from the fit analyses presented above and below. The results of previous experimental and
theoretical studies are also given, revealing in particular a good agreement between the

present results and the theoretical values of Ref. [5].

D. Lifetime broadening of Ar [2s] or [2s?] containing states

In this subsection we investigate the lifetime broadenings of the SCH state Ar [2s]
as well as the DCH states [2s(*Sp)], [2s2p(* P1)], and [2s2p(®Py12)]. The latter values are
derived from the Auger spectrum by subtracting the well-known Ar [1s] lifetime broadening
[21] and are compared with the lifetime broadening of the SCH states Ar [2s] and Ar [2p].
While the lifetime broadening of the Ar [2p] core hole is well known from literature [39], the
values for the Ar [2s] core hole given in literature differ significantly from each other [40, 41].
Because of this we derived an accurate value from an Ar [2s] photoelectron spectrum recorded
in the course of this study, see Fig. 10(a). We shall start discussing the Ar [2s] lifetime
followed by the lifetimes of the DCH states. For convenience the discussed experimental
lifetime widths are summarized in Table II.

In a fit analysis of the Ar [2s] spectrum a lifetime broadening of I'jyy) cap = 2.033(10) eV
is derived, based on a Gaussian broadening of 0.545(10) eV representing the experimental
resolution. The latter value was determined from a Ar [2p] photoelectron spectrum using a
lifetime broadening of I'jzp) cap = 0.118(4) eV [39]. This value lies between the experimental
value of ') ezp = 1.84(20) eV of Mehlhorn [40] and [y ezp = 2.25(5) eV of Glans et al. [41].
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FIG. 10: (color online) The Ar [2s] photoelectron spectrum (a) as well as the Ar [1s] — [2s2p(1Py)]
(b) and the Ar [1s] — [25%(1S))] Auger transitions. The solid lines through the data points represent
the fit result. In case of (b) and (c) the solid subspectrum represents the respective diagram line

and the dashed subspectrum the background partially including shake satellites.

The present experimental lifetime broadening for the [2s] core hole deviates considerably
from the theoretical value of Iz theo = 1.63 €V obtained by Krause and Oliver [42]. This
deviation for the [2s] hole is in contrast to the results of Krause and Oliver for the Ar [1s]
hole (I'1g),eap = 0.655 €V [21], I'1g)theo = 0.680 eV) and Ar [2p] hole (I'jzp)eap = 0.118(4)
eV [39], T'jap]theo = 0.127 meV), where good agreement between experiment and theory was
found. A better agreement of the present experimental result of 'z czp = 2.033(10) is found
with the theoretical results of Glans et al. of I'joq) sheo = 1.85 €V [41].

In a fit analysis the Lorentzian width of the Ar [1s] — [2s%(1S;)] diagram line shown in
Fig. 10(c) turned out to be I' = 6.15(44) eV. This value still contains the Ar [1s] lifetime so
that we obtain Iy erp = 5.49(44) eV for the [2s?(*Sy)] DCH state. This results in a ratio of
2.70(22) for the lifetimes of the [2s?] and the [2s'] states, in good agreement with the ratios
of 2.76(25) for the Ar [2p] core-hole states [22], of 2.9(1) for the Ne [1s] core-hole states
23] and confirms for shallow core levels that the DCH lifetime is significantly shorter than
twice the SCH lifetime. This observation is a result of the fact that the orbitals energetically

above the vacant orbitals experience a higher charge due to the missing electrons so that
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TABLE II: Summary of the experimental argon SCH and DCH lifetime widths I'¢;;,. For compar-
ison with the DCH lifetimes sums of the corresponding SCH lifetimes, I'sy,, are also given. For

the sum values a Ar [2s] lifetime width of I' = 2.033(10) eV is used.

core hole state LCezp (V) Csum (eV)
[2p] 0.118(4)2
[25] 2.033(10), 1.84(20)°, 2.25(5)¢
1] 0.665%
[2p?] 0.323(15)¢ 0.236(8)
[252p(3 P)] 2.02(8)
[252p(1 P)] 2.18(2)
[252p]f 2.17(2) 2.151(14)
[252] 5.49(44) 4.066(20)
“[39]
*[40]
“[41]
421]
“[22]

fweighted average

they shrink and have better overlap with the core hole; this results in a significant increase
of the Auger rates. Note that for deeper core holes the ratio is expected to converge to 2
23]. This is in agreement with the finding of 1.88(25) for the I (3ds/,) level in CHsl [43].
In the next step we will investigate the mixed [2s2p] DCH states, which exhibit a
different behavior. The Ar [1s] — [2s2p(®Py12)] and Ar [1s] — [2s2p(* P;)] diagram lines
including the fit results are shown in Fig. 9 and Fig. 10(b), respectively. The obtained
Lorentzian widths are I' = 2.68(8) eV for the Ar [1s] — [2s2p(*Fy12)] transition and I’ =
2.84(2) eV for the Ar [1s] — [2s2p(' P;)] transition. Although the error bars do not allow to
derive different lifetimes for the [2s2p(* P;)] and [2s2p(® Py 1 2)] states we would like to point
out that for the corresponding states of Br in HBr such differences have been pinpointed
experimentally and theoretically [44]. However, since in the present case the differences are
very small and do not influence the discussion, we assume in the following identical lifetimes

for the [2s2p(*Py12)] and [2s2p(* P1)] core-hole states and obtain as weighted average value
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I' = 2.83(2) eV. After subtraction of the Ar [1s] lifetime broadening a value of I'2s9p) cap =
2.17(2) eV is obtained. This lifetime broadening agrees well with the sum of the [2s] and
the [2p] core hole of 2.151(14) eV.

This behavior can be understood based on the dominating decay channel of the Ar
[2s] core hole, namely the [2s] — [2p3l] Coster-Kronig Auger decay which explains the short
lifetime of the 2s vacancy. As a result of the additional vacancy in the 2p shell, the numbers
of Coster-Kronig Auger decay channels is statistically reduced by a factor of 5/6. By taking
this factor into account one obtains a lifetime broadening of 5/ 6-T'24),capt T 2p)exp = 1.810 €V,
i.e. a value which is too small so that the difference between this value and the experimental
result of I'psop)eap = 2.17(2) €V has to be explained by the contraction of the outermost
orbitals. A similar effect has been observed for the Ar [1s2p] double core-hole states [24].

In summary, the results on the [2s2p] point out that competing processes influence the
lifetime on mixed DCH states, namely the reduction of Auger channels and the increase of

the rates of each channel, due to a contraction of the orbitals involved.

V. SUMMARY AND CONCLUSIONS

State-of-the-art Argon K LL Auger spectra were presented together with an Ar
157! photoelectron spectrum. The latter spectrum allows to investigate in detail the Ar
[1s3(s, p)]n'l" photoelectron satellite structures, whose non-radiative decay also contributes
to the Auger spectrum. A complete assignment of all satellite structures is performed. Fur-
thermore, six types of different decay pathways are analyzed in great detail. The spectra
are measured at photon energies of hv = 3216 eV and 3400 eV, i.e. below and above
the Ar [1s3(s,p)|n'l' photoelectron satellites. This allows to distinguish between the shake
transitions during the Auger decay (type 2) and the Auger transitions of the photoelectron
satellites (types 4 to 6), since the latter ones are only present in the spectrum measured at
3400 eV. While the decays of the photoelectron satellites were assigned in previous studies
of the Ar KLL Auger spectrum [5, 6], the shake transitions during the Auger decay were
assigned before only for HyS [20], so that the present results support that these transitions
are a general effect. Moreover, we found that the shakes during the Auger contribute to
4.8(1.0) % to the spectrum of the Ar [1s] — [2[?] decays.

For the decay of the photoelectron satellites shake-up and spectator transitions are
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observed. In addition, Ar [1s3(s, p)|n'l' — [2p*(*Dy)] transitions (type 3), i.e. transitions
where the n'l’ electron fills the [3[] vacancy, are observed; these we mainly assign to knock-
down transitions with an exchange of angular momenta between the excited and the Auger
electron.

For the [1s] — [2s2p(3P;)] transition the different components with J = 2,1,0 are
resolved. Moreover, the lifetime broadenings of the Ar [2s] SCH state and the [2s?] as
well as [2s2p] DCH states are determined, confirming previously observed trends for DCH

states.
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