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The dominant decay pathways of argon 2p−2 double-core-hole states have been investigated using synchrotron
radiation and a magnetic-bottle-type spectrometer coupled with an ion time-of-flight spectrometer. This experi-
ment allows for efficient multi-electron-ion coincidence measurements, and thus for following the Auger cascade
step by step in detail. Dominant decay pathways leading to Ar4+ final states via Ar3+ intermediate states have
been assigned with the help of theoretical ab initio calculations. The weak correlated decay of the two core
holes by emission of a single Auger electron, leading to Ar3+ final states, has been observed at 458.5-eV kinetic
energy. Compared to the total decay of the 2p−2 double core vacancies, this two-electron–one-electron process
was measured to have a branching ratio of 1.9 × 10−3 ± 1.0 × 10−3. Furthermore, the remaining decay paths of
the Ar1+ (1s−1) core hole to higher charge states and their respective contributions to the total yield have been
analyzed and show very good agreement with theoretical results.

DOI: 10.1103/PhysRevA.107.063108

I. INTRODUCTION

Double core holes (DCHs) of the K shell were first
observed by Charpak et al. [1] in their study of electron
capture in 55Fe. Later on, the radiative decay of DCHs cre-
ated by synchrotron radiation was investigated by Hoszowska
et al. [2].

In 1986, Cederbaum et al. [3] predicted enhanced chemical
shifts for double-core-hole states, which was confirmed much
later by synchrotron light experiments on small molecules
like CO, N2 [4,5], NO and N2O [6], C2H2 [7], and benzene
[8–10]. Comprehensive overviews of the results obtained by
these experiments have been published by Penent et al. [11]
and Lablanquie et al. [12].

Recently, the focus has broadened to include the study
of hypersatellites (K−2 V ), which also involves probing of
dipole-forbidden core-hole transitions. Notably, studies uti-
lizing a magnetic bottle spectrometer have been done on
C2H2n [13], H2O [14], N2 [15], and CO2 [16], revealing
that the conjugate channel exhibits comparable intensity to
the direct shake-up channel. Electron spectroscopy studies on
hollow lithium have been done by Journel et al. [17] and
Diehl et al. [18,19] (following previous work by Ref. [20]),
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demonstrating the possibility to observe these states without
relying on coincidence measurement techniques. Goldsztejn
et al. [21,22] have analyzed Ne DCHs, likewise without apply-
ing coincidence techniques. Additionally, Püttner et al. [23]
and Koulentianos et al. [24] studied K−2 V states in Ar and
HCl, respectively. Recently, the cross sections of the charge
states resulting after K shell single and double ionization of
C− [25] and O− [26] have been studied, as well as the charge
states resulting from one-photon single and double ionization
of the L shell of Ar+ [27].

Studies of DCHs are still a challenging task from the ex-
perimental and theoretical point of view. Experimentally, a
low cross section for creation of the double vacancies with
absorption of a single photon and the subsequent isolation of
their signal pose significant challenges. It should be noted that
double ionization by absorption of a single photon [4,5] is
about 10−3 times less likely than single ionization [5]. On
the other hand, x-ray free electron lasers (XFELs) provide
the necessary intensity for efficient multiphoton ionization,
leaving behind the DCH states. Studies using XFELs have
been done, e.g., on CO [28], Ne [29], and several small
molecules [29,30]. While it is possible to study correlations
between the emitted particles by covariant mapping [31] using
XFELs, the well-established coincidence techniques used at
synchrotron facilities are highly beneficial for isolating the
DCH signatures from the prevailing direct single Auger de-
cay and other processes with spectral overlap. However, to
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reliably identify DCH states, threefold or higher coincidences
are needed, making an instrument like the magnetic-bottle-
type spectrometer, which is capable of collecting electrons
from almost the whole 4π steradian, almost mandatory.

In the present paper, we show a way of studying double
core holes at synchrotrons with a magnetic bottle, enabling us
to analyze the decay path in full detail. The double core holes
in the L shell of argon atoms are efficiently created by Auger
decay of single K shell holes, thereby circumventing the low
cross sections of direct double ionization processes. Although
this technique is not applicable for elements of the second row
or for the study of K−2 states, it has the advantage in studies
of less tightly bound DCHs in heavier elements.

Concerning decay of the argon 1s−1 states, studies of the
main KLL- and KLM-Auger transitions have been done by
Asplund et al. [32] in 1977, while Omar and Hahn [33]
have predicted the relative final ion yield in 1992. More
recently, Guillemin et al. analyzed the decay pathways fol-
lowing 1s ionization in detail, both experimentally [34,35] and
in comparison to theory [36]. Wang et al. [37] gave a further
theoretical prediction of the final ion yield.

A theoretical prediction on the decay of argon L shell
DCHs created by two subsequent photoionization events ex-
ists [38], but it was suggested it would only be possible to
be tested in hopefully available coincidence experiments with
XFEL light pulses in the future. Our experiment allows for a
direct test with relatively weak synchrotron light.

In the present paper, argon has been chosen as a show-
case, but our method is generally applicable for all atoms and
molecules where DCHs are formed by decays of deeper inner
shells [39]. Of specific interest in the present context would
be the HCl and H2S molecules, since they are isoelectronic to
argon, and similar spectroscopic signatures are thus expected.

II. EXPERIMENTAL APPARATUS AND PROCEDURE

The experiment was performed at the GALAXIES [40]
hard x-ray beamline at the SOLEIL synchrotron facility in
France. A detailed description of the experimental gas-phase
end station that was used can be obtained elsewhere [41].

The spectra were recorded with a magnetic bottle time-
of-flight spectrometer based on the kind developed by Eland
et al. [42]. The specifications of the present instrument have
been described elsewhere [43], and the details on its modifi-
cation for ion detection, and a schematic of the setup, can be
found in Fig. 2 of a recent publication by Ismail et al. [44].
However, for the sake of simplicity, our choice in the present
experiment was to use a constant extraction potential of 3 V
instead of a pulsed ion extraction of 200 V that could generate
parasitic signals on the rising edge of the extraction pulse
(due to radiative, inductive, or capacitive coupling). Further,
the plate in front of the magnet was placed at a distance
of about 3 mm from the gas-introducing needle, instead of
2 mm in Ref. [44]. The instrument uses a permanent magnet
(field strength ≈0.5 T) that acts as a magnetic mirror and
confines the electrons into an ≈2-m-long drift tube which
is surrounded by a homogeneous solenoid for guiding the
electrons towards the detector [microchannel plate (MCP)
stack]. The field strength in the drift tube is about 1 mT. In
the opposite direction from the target, a 4-mm hole in the

FIG. 1. The (simplified) energy diagram of the discussed states.
After 1s ionization (ionization energy of 3206.26 eV given by
Ref. [46]), KLL-Auger decay to 2p−2 DCH levels takes place. The
intensities of the levels of the 2p−2 DCH are given by Ref. [62].
Only two (1S0 and 1D2) of these levels were sufficiently intense to
be measured. The decay from 2p−2 to Ar5+ final states (threshold
219 eV [65]) could not be observed although it is energetically
possible. The numbers in brackets refer to the equations in the text.
Transitions including photons are represented by dashed lines.

FIG. 2. The experimental unfiltered electron spectrum (black
line) in the region of interest (i.e., the region that contains the main
Auger lines associated with 2p−2 decay) is compared to the measured
spectrum filtered by the 1s photoelectron signal at 344 eV (red line)
or by the corresponding satellite signal at 320-eV (blue line) kinetic
energy. For better visibility, an offset for the full electron spectrum
and the spectrum filtered with respect to the 1s photoelectron has
been introduced. The zero intensity levels are indicated by dashed
lines. An inlet surrounded by a dashed box indicates the 1s electron
and its satellite with unchanged kinetic-energy scale and the intensity
given by the left axis.
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permanent magnet allows the ions to fly into a short (≈15 cm)
electrostatic time-of-flight tube. The positive ions are repelled
by a mesh at a potential of +3 V at 10 mm from the hole.
Because the photon beam crosses the effusive gas beam at
a position ≈3 mm from the magnet, the Arq+ ions acquire
a kinetic energy of ≈q × 1 eV when they enter the hole.
They are then accelerated to 1 keV by a set of electrodes
polarized with a resistive voltage divider in a 12-cm flight
tube, and finally to ≈2 keV at the front of the MCP to allow
for efficient detection of the ions. The MCP back is set to a
potential of ≈ + 200 V via a 1-to-10 resistive voltage divider
and the signal is collected on a grounded metallic anode by
capacitive decoupling. The constant extraction field of 3 V/cm
generates a potential change of 100 mV across the interaction
region defined by the photon beam size of about 300 µm. This
reduces the electron energy resolution by 100 meV.

The flight times of both ions and electrons are measured
by a time-to-digital converter (TDC), which compares the
arrival times to the ring clock of the synchrotron. Because the
single pulse period at SOLEIL is 1184 ns, the ring clock is
not directly suitable for measuring longer flight times without
overlap from the next pulses. Instead, a chopper was used,
which extended the time interval between two pulses to about
10 µs. The ring clock was validated by a channeltron detector,
which registered light pulses that passed the chopper (see
Ref. [45] for more details).

The spectra were measured at 3550-eV photon energy,
well above the 1s ionization threshold of argon at (3206.26 ±
0.3) eV [46]. The electrons were decelerated by a voltage
of +165 V applied to the 2-m-long electron drift tube. The
deceleration occurs in a 3-mm distance between two high
transparency (≈95%) gold grids, the first one being grounded
and the second one at the potential of the drift tube. This
avoids any eventual lensing depending on electron energy.
This deceleration method has been previously reported about
in Ref. [9].

The well-studied LMM decay of Ar1+(2p−1) states to
Ar2+(3p4) states [47,48] was used for calibration, in addition
to the primary Ar1+(1s−1) to Ar2+(2p−2 1D2) KLL peak at
2660.5 eV [32].

By comparing the total count rates with the count rates
in coincidence with the final ionic charge states or other
electrons emitted with specific kinetic energies, the detec-
tion efficiencies were estimated. It turned out that ions of all
charges were detected with an efficiency of about 10%, except
for doubly charged ions, which had about 12% detection ef-
ficiency. Electrons were detected with an efficiency of about
20% at a kinetic energy of 20 eV, 12% at 200 eV, and 1.3% at
3000 eV, which is less than previously reached with this setup
and was due to an unintendedly high MCP signal threshold.
The resolution in the main region of studied electron kinetic
energies (180–240 eV) was approximately 600 meV.

III. COMPUTATIONAL DETAILS

The calculations were carried out using Flexible Atomic
Code (FAC) [49]. The program was run in relativistic Dirac-
Fock-Slater configuration-interaction mode. In this method,
the atomic states are modeled as linear combinations of con-
figuration state functions, which in turn are antisymmetrized

j j-coupled linear combinations of N-electron Slater determi-
nants. The radial parts of the one-electron wave functions in
the system were optimized in the average energy-level scheme
via the self-consistent field Dirac-Fock method and the weight
coefficients of the configuration state functions were obtained
by diagonalizing the relativistic Hamiltonian operator. For
details on the method, see Ref. [50].

The states for each Auger decay step leading from Ar2+ to
Ar4+ were constructed by including all levels from all possible
electronic configurations of orbitals occupied in the ground
state of Ar which are energetically allowed in the single
configuration approximation. In addition, configuration inter-
action was added by allowing single and double excitations to
the 3d orbital from 3s and 3p orbitals. For the sake of sim-
plicity, the Ar1+ case was modeled in the single configuration
approximation. In the cases of Ar2+ and Ar3+, the calculations
were divided into two groups, one of which included at least
one L orbital hole and one that had all L orbitals closed. This
was done because the two groups of levels are far apart in
energy, leading to negligible configuration interaction and at
the same time causing problems in describing the states with
average level optimization. The total size of configuration
space in the case of Ar1+ was 1, in Ar2+ 793, in Ar3+ 1269,
and in Ar4+ 225.

The matrix elements of the Auger decay were calculated
using the standard Coulomb operator formulation, described
for instance in Ref. [51] and references therein. In the case
of calculating a large number of Auger transitions, solving
the continuum wave function individually for each decay can
be a highly time-consuming task. In using FAC, this problem
is solved by approximating the continuum wave close to the
nucleus by a highly excited bound orbital [49]. This provides
a considerable speed-up and was seen to provide sufficient
accuracy in the present case.

IV. RESULTS AND DISCUSSION

A. Coincidence results and possible decay paths
after 1s ionization

In order to isolate the decay processes of the Ar2+ (2p−2)
DCHs, careful coincidence selection is necessary. To guide the
reader through this selection and the plethora of possible de-
cay pathways after 1s ionization, Fig. 1 provides an overview,
including the corresponding equation numbers from the text.
While we are mainly interested in the decay of the DCH, we
first give a summary of all other possible pathways for 1s−1

decay, to understand their spectroscopic signature and thus be
able to eliminate them from the final data.

First, however, we have to ensure that 1s ionization does
indeed occur. Besides the 1s shell, the selected photon energy
is high enough to cause transitions involving the satellite
states accompanying the 1s main line, and also less strongly
bound 2s and 2p shells can be ionized, despite much smaller
photoionization cross sections at 3550 eV. Figure 2 shows the
raw experimental spectrum in the well-known LMM-Auger
electron kinetic-energy range 180–270 eV, and the results in
the same region in coincidence with the 1s photoelectron or
the accompanying 1s−1 3p−1 4p satellite structure at 320-eV
kinetic energy (assignment according to Ref. [52]). The result
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for the main Auger lines until about 230 eV is remarkably
similar between the latter two, except for the lower intensity
in case of the signal in coincidence with the satellite. It fol-
lows that the 1s satellite decay is largely a spectator decay
of the core, leaving the Auger electron’s energy practically
unchanged. Importantly, the Auger decay of the 1s to 4p
resonance [36] partly leads to population of the same config-
urations as the satellite spectator Auger decay does [e.g., the
Ar2+ (2p5 3p4 4p1) configuration reached after KLM satellite
Auger decay of the satellite and KLL-Auger decay followed
by LMM-Auger decay of the 1s to 4p resonance]. Because
similar features are observed in both cases, it can indeed be
confirmed that the satellite decay can largely be understood
in terms of spectator Auger decay. However, this picture
breaks down for higher Auger energies, where the spectrum
corresponding to the satellite decay exhibits two broad peaks
centered at around 240 and 255 eV, which are not present
in the decay in coincidence with the 1s photoelectron. These
two peaks are in coincidence with Ar4+ ions and potentially
correspond to participator Auger decay to Ar3+ (2p5 3s1 3p5)
and (2p5 3p4) intermediate configurations, which then further
decay, yielding Ar4+ ions. Notably, Lablanquie et al. [53]
measured a similar structure at 229 eV in case of argon 2p−1

satellite decay that remains unassigned.
In order to eliminate these high-energy contributions, we

filter all following spectra with respect to the measured kinetic
energy of the photoelectron (≈344 eV). Accordingly, Fig. 2
shows in red only decay after 1s ionization.

A knock-down transition of the satellites leading to 2p−2

DCH states is possible [54], but was measured to amount to
only 0.5% of the overall satellite decay [54].

Second, we filter the whole set of decay pathways after
1s ionization by final ionic charge [Fig. 3(b)] and compare
to calculations [Fig. 3(a)]. The electrons are measured in
coincidence with the ion charge state at the end of the decay
path, even if those electrons were emitted during intermediate
decay steps. This is due to the lifetime of Ar1+ (1s−1) being
approximately 1 fs [35,55], that of Ar2+ (2p−2) being 2.8 fs
[35,55], and the longest lifetimes of the intermediate states of
the Ar3+ to Ar4+ transitions being on the order of picoseconds
[56], all of which are much shorter than the lifetime of the ex-
perimental time of flight (on the order of microseconds). The
calculations are likewise arranged according to the final ionic
charge, for easier comparison. The results can be compared to
Guillemin et al. [36], who also studied the decay of argon
after 1s ionization. However, using a single hemispherical
Scienta electron analyzer they could not implement electron
coincidence filtering techniques. Hence, their spectra are pos-
sibly affected by the signal from decay of less strongly bound
shells, as described above. Further, Guillemin et al. could not
filter the spectra with respect to the final ionic charge. They
had to rely on comparing their experimental spectrum to the
sum of the calculated electron yield for each decay path. The
use of a coincidence setup, however, allows us to directly com-
pare each decay pathway to theory, but this comes at the cost
of reduced spectral resolution, as Guillemin et al. reported a
spectrometer resolution of 180 meV, compared to 600 meV in
our case. Since comparison of our experimental data to their
original theory revealed significant differences, especially for
the Auger electrons with kinetic energies in the 190–200-eV

FIG. 3. The calculated theoretical (a) and experimental spectra
(b) in the kinetic-energy range from 170 to 240 eV, filtered by
coincidence detection of the final ion charge. The calculations are
improved versions of those previously published in Ref. [36].

range that are related to decay pathways leading to Ar3+ and
Ar4+, we decided to carry out another set of calculations.
Figure 3 shows our improved calculations together with the
experimental results. The agreement between experiment and
theory is generally very good (see details below).

Figure 3 displays the Auger spectra associated with 2+ to
7+ final ion charges. In the following, the pathways to reach
these charge states are presented. In principle, the electronic
ground state of singly charged argon can be reached via radia-
tive decay, namely the Kβ decay [35]:

γ (3550 eV) + Ar → Ar1+(1s1) + e−
Photo(≈ 344 eV), (1)

Ar1+(1s1) → Ar1+(3p5) + γ [≈3190 eV(see Ref. [57])].
(2)

However, since we cannot measure the emitted photon with
the present setup, pathway (2) is absent from the experiment
and calculations. For clarity, it is shown in Fig. 1 with a dashed
line. The probability of this decay has been reported to be
0.9% of the overall 1s hole decay [36].
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In general, radiative decay of the argon 1s hole has been
estimated to constitute in total between 10.6% [34,36] and
11.2% [58] of the overall decay. The majority (78.3%) [36]
of radiative decay is leading to Ar2+ ions via Kα decay (also
shown by a dashed line in Fig. 1):

γ (3550 eV) + Ar → Ar1+(1s1) + e−
Photo(≈344 eV), (3)

Ar1+(1s1) → Ar1+(2p5) + γ [≈2958 eV(see Ref. [57])],

(4)

Ar1+(2p5) → Ar2+(3p4), (3s13p5)

+ e−
Auger (≈205 eV)[e−

Auger (190 eV)], (5)

with zero or one 3s holes. Decay pathway (5) leads to the
emission of LMM-Auger electrons in our region of interest.
This is corresponding to the green curve in Fig. 3, leading
to Ar2+ ions. While the transition to 3p4 final states is accu-
rately matched by the calculations, the transition to 3s1 3p5

final states was found at slightly higher energy and with
smaller splitting than calculated. Note that this is not the only
possible decay channel terminating at doubly charged ions;
KMM-Auger decay has been observed [59], too, with a decay
probability of 0.4% [34]. Additionally, Ref. [53] reported dou-
ble and triple Auger decay of the argon 2p−1 hole. However,
the energies of the electrons emitted in these processes lie
below that of our region of interest. In total, Ar2+ contributed
9.7% of all measured ions, in perfect agreement with the
results of Ref. [36].

Radiative decay to more than triply charged ions is neg-
ligible [36]. Besides the above-mentioned multiple Auger
processes, the main contribution to Ar3+ ions (blue curve in
Fig. 3) is via KLM- (7) and LMM-Auger decay (8):

γ (3550 eV) + Ar → Ar1+(1s1) + e−
ph(≈344 eV), (6)

Ar1+(1s1) → Ar2+(2p53p5) + e−
Auger1(≈2920 eV), (7)

Ar2+(2p53p5) → Ar3+(3p3) + e−
Auger2(≈195 eV). (8)

This process has a probability of 13.6% of the overall non-
radiative decay after 1s ionization [36]. The electron emitted
in Eq. (8) is one of the original reasons for performing our
own calculations, since the calculations reported by Guillemin
et al. differ considerably from the experimental results in
structure and put the transition about 10 eV higher than mea-
sured [36].

The transition of Eq. (8) was further analyzed by Huttula
et al. in Ref. [60], where more details can be found.

The dominant Ar1+ (1s−1) decay path is KL2,3L2,3-Auger
decay, which constitutes 49.1% [56,58] of the overall decay of
the 1s hole (including both radiative and nonradiative decay
pathways). This decay path, which is discussed in detail in
Sec. IV B, terminates at Ar4+, which indeed contributes 49%
of all ions we measure. This leads us to the assumption that
virtually all quadruply charged ions in our experiment are
created via KLL-Auger decay leading to 2p−2 DCH states,
which further decay by emission of two Auger electrons. Our
measured yield of 49% compares well to the 46% previously
reported [36,61] and calculated [37].

We believe our Ar5+ signal to be contaminated by false
coincidences at the only discernible structure at 200–220 eV,
due to its close resemblance to the total spectrum. This struc-
ture was also not observed in Ref. [36], where all measured
electrons lie below 190 eV. Furthermore, strong signal ringing
is visible in our spectrum for energies below 180 eV. We thus
omitted Ar5+ [gray curve in Fig. 3(b)] from our calculations,
as well as the weak signals of Ar6+ (yellow curve) and Ar7+

(purple curve), which combined contribute 3% to the total ion
yield, which is lower than the 6% reported by Ref. [36].

In conclusion, while coincidence filtering with respect to
Ar4+ ions ensures that only decay of the DCH contributes
electrons to the final data, no other decay pathway involves
two correlated electrons in the correct range with any dis-
cernible structure. We can thus safely restrict filtering to
threefold coincidences (1s photoelectron plus two Auger elec-
trons in the range 170–240 eV), resulting in better statistics
than when additionally including ion filtering.

B. Decay of Ar2+ (2p−2 ) double core holes

The DCHs are created via KLL-Auger decay after 1s ion-
ization. The most populated Ar2+ (2p−2) DCH level is the
1D2 level, but also 3P0,1,2 and 1S0 are populated (with 1.2
and 13% probability, respectively, when normalized to the
probability of decay to the 1D2 state [32,62]). These levels
then undergo further decay, dominantly via a cascade emit-
ting two more Auger electrons (denoted by the subscripts
A1 and A2):

γ (3550 eV) + Ar → Ar+(1s1) + e−
ph(≈344 eV), (9)

Ar+(1s1) → Ar2+(2p4) + e−
KLL

× [≈2660.5 eV
(

1D2
)
(see Ref. [32])

]
, (10)

Ar2+(2p41D,1S,3P)

→ Ar3+(2p53p4) + e−
A1(≈210 − 230 eV), (11)

Ar3+(2p53p4) → Ar4+(3p2) + e−
A2(≈175 − 190 eV). (12)

Alternatively, Eqs. (11) and (12) can involve one or two 3s
holes:

Ar2+(2p4) → Ar3+(2p53s13p5) + e−
A1(≈195 − 230 eV),

(13)

Ar3+(2p53s13p5) → Ar4+(3s13p3), (3s03p4)

+ e−
A2(≈170 − 190 eV). (14)

The creation and decay of the DCHs is schematically shown
in Fig. 1, including the branching ratios of the 2p−2 levels.
The dominant decay pathway [Eqs. (11)–(14)] to Ar4+ final
states is shown in red. The other two possible decay pathways,
the weak decay to Ar3+ ions and the potentially possible but
not successfully measured decay to Ar5+ ions, are further
discussed in Sec. IV C. The main 2p−2 level, 2p−2 1D2, has a
binding energy of ≈545.75 eV, as given by subtracting the
kinetic energy of the Auger electron from the 1s binding
energy (also see Ref. [63]). Note that this value is slightly at
odds with the results of Ref. [64], who created the DCH levels
by double photon ionization and measured a binding energy
of 546.9 eV.
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The spectrum of the electrons emitted by processes (11)–
(14) is given by the red trace in Fig. 3. The lower-energy
part up to 190 eV corresponding to the second Auger step
of the cascade [Eqs. (12) and (14)] agrees well with the-
ory. However, for those transitions of Eq. (13) that fall into
the kinetic-energy range 195–210 eV, the splitting has been
overestimated by the calculations. Furthermore, the calculated
first step of the Auger cascade at an energy of 215–230 eV
is shifted by about 5 eV to higher energies in comparison
to the experimental results. For assignment, we aligned the
calculations with respect to the most intense line at 216.28 eV
(Table I).

Previous calculations performed for XFEL experiments
[38] predicted an energy range for the first [Eqs. (11) and (13)]
and second Auger electron [Eqs. (12) and (14)] of 181–241
and 140–198 eV, respectively, and thus an overlap in the en-
ergy range 181 – 198 eV. Our results of 195–230 and 170–190
eV do not confirm this overlap for any transition of significant
intensity. According to Ref. [38], when an Auger electron
is measured in the kinetic-energy range 208–241 eV (even
in a single electron spectrum without applying coincidence
techniques), that is sufficient evidence for the occurrence of a
2p−2 DCH.

However, to gain further insight into the dynamics of the
decay of the DCHs, and to analyze the intermediate states,
we constructed a two-dimensional coincidence map (Fig. 4),
correlating the two subsequent Auger electrons eA1 and eA2,
with eA1 on the horizontal axis and eA2 on the vertical axis.
The coincidence map shows “island” structures, correspond-
ing to the individual (two-step) decay pathways. Importantly,
we can distinguish between decay from 2p−2 1D2 and 1S0

because the binding-energy difference of the two levels of
9.6 eV [32] leads to an equal shift in kinet ic energy of the
first emitted Auger electron eA1. Because a kinetic energy of
eA1 of 223 eV corresponds to decay from 2p−2 1D2 to the
Ar3+ ground state, any transition with higher kinetic energy
can safely be assigned to decay from 2p−2 1S0. However, this
is the only energy region for which this separation is safely
possible. The other parts of the coincidence map could show
contributions from both initial 2p−2 levels, but since 1D2 is
the most strongly populated by a factor of 8, this level can in
first approximation be seen as the sole contributor (hence the
labeling). The 2p−2 3P levels were too weakly populated to
be measured.

To further disentangle the region where overlap between
the decay of the levels happens, theoretical calculations were
necessary. Because the energy of eA1 [Eqs. (11) or (13)] is
generally smaller than that of eA2 [Eqs. (12) or (14)], we
can consider projections on the horizontal axis of Fig. 4
to reveal Ar3+ intermediate states. The results of both cal-
culations and experiment are given in Fig. 5 and Table II,
in binding energy. Note that the axis is reversed to allow
for easier comparison with the preceding figures given in
kinetic energy. The experimental spectrum is separated into
decay from the different 2p−2 levels only where possible
(the cutoff in the spectrum for 2p−2 1S0 corresponds to the
above-mentioned 223-eV kinetic energy, beyond which the
black curve shows dominantly, but not exclusively, decay
from 2p−2 1D2). The calculations suggest a strong difference
between decay from the different DCH states; however, this

FIG. 4. Two-dimensional map showing three particle coinci-
dences between the 1s photoelectron and the two Auger electrons
of Eqs. (11) and (12), or Eqs. (13) and (14). The projection on the
horizontal axis gives the kinetic energy of the first Auger electron
[Eqs. (11) and (13)], and the vertical projection gives that of the
following Auger electron [Eqs. (12) and (14)]. The Ar4+ final states’
histogram is given by the sum of the kinetic energy of the Auger
electrons (see Fig. 7). The most prevalent decay pathways are marked
by boxes of dashed lines, the most intense one leading from 2p4 1D2

to 3s2 3p2, others being 2p4 1D2 to 3s1 3p3 or 3s0 3p4, and 2p4 1S0

to 3s2 3p2 or 3s1 3p3. The states which are visible in the figure but
are not labeled (most notably at

∑
E ≈ 385 eV) belong to satellite

transitions leading to final states of the form 3s2 3p1 nl1 that we do
not study further in this paper. The employed color scale is linear.

FIG. 5. The Ar3+ intermediate states, which decay further to the
Ar4+ final states shown in Fig. 7. The experimental results are shown
in black (decay from 2p−2 1D2) and red (from 2p−2 1S0); the dashed
black (from 2p−2 1D2) and dashed red curves (from 2p−2 1S0) are
the calculated results. The alignment between theory and calcula-
tion was done with respect to the most intense peak at 329.47 eV.
The correspondence is good enough to allow for the assignment of
involved states. The labeled peaks refer to Table II, where precise
binding energies are listed.
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TABLE I. The kinetic energies (KE) of the Auger electrons of the transition 2p−2(1D2 or 1S0 ) → (2p53s23p4 + 2p53s13p5 + 2p53s03p6)
are listed with the relative transition rates given in terms of percent of the dominant transition at 216.28 eV. The intensities for all possible
transitions were calculated and labeled numerically. However, the contributions with less than 0.5% intensity and those outside the selected
energy range (180–240 eV) have been omitted, except when their counterpart from the other starting configuration leads to a transition with
significant intensity. Identical labels for the different starting configurations 1D2 and 1S0 refer to transitions to the same state. The most
prominent experimental peaks are given for comparison. Entries marked by an asterisk (*) are not fully confirmable.

Calc. Expt.
Configuration Label 2J KE (eV) I (a.u.) KE (eV) I (a.u.)

2p4 1D2 → 2p5 3s2 3p4 1 1 224.16 0.0
3 5 223.12 2.8
4 5 222.80 6.0
5 3 222.63 3.1
6 3 222.25 13.9
7 1 222.15 2.3
8 3 221.41 5.7
9 5 221.31 8.4

11 1 220.60 5.6
12 7 220.46 89.3 219.60 28.7
13 3 220.26 10.1
14 3 219.02 2.9
15 5 218.74 69.2 217.90 30.3
16 3 216.94 31.0
17 5 216.28 100.0 216.28 100.0
18 1 216.06 1.2
19 3 216.05 37.3
20 3 214.29 37.0
21 1 213.65 29.1 214.21 42.0

2p5 3s1 3p5 23 5 203.06 1.0
27 3 201.54 0.9
29 5 201.04 0.5
31 3 199.81 0.6
32 3 199.00 15.7
33 5 198.62 16.3 203.35 16.3
35 5 194.62 63.4 201.58 34.0
36 3 194.20 5.6
38 3 192.50 31.8 199.57 13.3

2p5 3s0 3p6 53 3 187.51 7.2 186.12 11.4
69 1 185.37 4.5 184.40 5.2

2p4 1S0 → 2p5 3s2 3p4 12 7 230.06 0.6
13 3 229.86 1.7
15 5 228.34 0.6
16 3 226.54 12.4
17 5 225.88 0.1
18 1 225.66 18.5 225.70 13.8
19 3 225.65 6.8
20 3 223.89 19.5 224.26 8.5
21 1 223.25 0.0

2p5 3s1 3p5 34 1 206.67 2.3
35 5 204.22 0.0
37 1 202.95 4.1
39 1 200.91 10.9 208.31* 4.9*

2p5 3s0 3p6 53 3 197.11 0.5
69 1 194.97 0.5

difference is most strongly pronounced in the region beyond
where we can clearly separate decay from 1S0 and 1D2. Fur-
ther, the calculations do not match the experiment well in this
region, shifting the structure of states 32–39 by about 5 eV
(see Tables I and II for the labels) and overestimating the
splitting. These states are of the configuration 2p5 3s1 3p5

and thus contain three open shells. For these systems, our
calculations apparently do not take electron correlation into
account, properly. To safely establish the difference in decay
from the two 2p−2 levels, we thus concentrate on the region
where we can achieve a clear experimental distinction, i.e.,
320–333-eV binding energy. In this region, the states 6 and 13
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TABLE II. The binding energies (BE) of the intermediate Ar3+

states reached by the transitions listed in Table I. The listed ex-
perimental binding-energy values follow by subtracting the Auger
electrons from Table I from the binding energy of the DCHs, which
are 545.75 eV for 2p−2 1D2 and 555.35 eV for 2p−2 1S0, respec-
tively (via subtracting the KLL-Auger electron’s energy from the 1s
ionization energy [63]). Entries marked by an asterisk (*) are not
fully confirmable.

Calc. Expt.
Configuration Label 2J BE (eV) BE (eV)

2p5 3s2 3p4 1 1 321.59
3 5 322.63
4 5 322.95
5 3 323.12
6 3 323.50
7 1 323.60
8 3 324.34
9 5 324.44
11 1 325.15
12 7 325.29 326.15
13 3 325.49
14 3 326.73
15 5 327.01 327.85
16 3 328.81
17 5 329.47 329.47
18 1 329.69 329.65
19 3 329.70
20 3 331.46 331.09
21 1 332.10 331.54

2p5 3s1 3p5 23 5 342.69
27 3 344.21
29 5 344.71
31 3 345.94
32 3 346.75
33 5 347.13 342.40
34 1 348.68
35 5 351.13 344.17
36 3 351.55
37 1 352.40
38 3 353.25 346.18
39 1 354.44 347.04*

2p5 3s0 3p6 53 3 358.24 359.63
69 1 360.38 361.35

(see Table II for the numerical labels) are predicted with weak
intensity but could not be observed. The states 12 and 15 were
measured only in case of decay from 2p−2 1D2, confirming
our calculations despite the overestimation in intensity. For
the following two lines, observed at 329–330 and 330–332
eV, respectively, it cannot immediately be decided to which
states they correspond. However, the calculations suggest de-
cay from 2p−2 1D2 to state 17 and to a mixture of states 20
and 21, while 2p−2 1S0 decays to state 18 and 20. We cannot
resolve these states experimentally, but if both 2p−2 levels
indeed decay to different Ar3+ states, their further decay to
Ar4+ final states is expected to differ as well. This, however,
can be experimentally verified by measuring the final states
in coincidence with different intermediate states that differ in

FIG. 6. (a) Experimental spectra of Ar4+ final states originating
from different initial DCH and in coincidence with Ar3+ intermediate
states. The given numerical labels (in parentheses) correspond to the
main states of each filtered binding-energy range, as listed in Table II.
(b) Corresponding calculated spectra.

kinetic energies of eA1. The result is given in Fig. 6 in binding
energies together with the calculations. The first two panels
reveal that the further decay of the two unresolved Ar3+ lines
is dependent on whether they are populated by decay from
2p−2 1S0 or 1D2, establishing that indeed different Ar3+ inter-
mediate states are populated. That these unresolved lines are
separate states was previously suggested in Ref. [56] and can
hereby be confirmed. Further, since the calculations reproduce
the decay to Ar4+ final states correctly, we can safely assign
the measured lines: 2p−2 1D2 decays mostly to state number
17 (experimental binding energy of 329.47 eV) and a mixture
of states 20 and 21 (331.54 eV). The 1S0 DCH on the other
hand does not decay to the states 17 and 21 at all, rather to
the neighboring states 18 (329.65 eV) and 20 (331.09 eV).
The calculations also reproduce the decay of states 12
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and 15 (solely populated by 1D2) well, confirming the
assignment.

Regarding the region beyond 333-eV binding energy, the
weak states 34 and 37, which would reveal decay from
2p−2 1S0, could not be measured. The further decay of the
lines measured at 342.40, 344.17, and 346.18 eV agrees well
with the calculated decay of the states 32 and 33, 35, and 38,
respectively, and can thus be assigned. While the states 36
and 37 also contribute to this region, their calculated intensity
is small. State 39, which is only populated by decay from
2p−2 1S0, is potentially seen at 208.31-eV kinetic energy in
Fig. 4. This assignment is supported by the calculations of
Ref. [56] (resulting in 208.47 eV) and would lead to a wrong
binding energy in Fig. 5 (347.04 eV in Fig. 5, 337.44 eV
if the assignment as state 39 is correct), because we cannot
properly separate decay from the different DCH levels for
this energy. However, our calculations differ strongly from
the experimental results here, and the state was not measured
by Ref. [56]. Hence, the assignment remains doubtful. The
states 53 and 69, with a configuration of 2p5 3s0 3p6, could be
measured and agree well with theory. The states that are not
labeled in Fig. 5 could not be assigned safely. Decay involving
shake-up satellite states could potentially contribute to this
region, as well.

In addition to the partial yield of Ar4+ final states after de-
cay of the individual states discussed above, the full histogram
of final states is given by integrating Fig. 4 along diagonal
lines with the same kinetic-energy sum. The binding energy
then results from subtraction of this sum of kinetic energies of
eA1 and eA2 from the binding energy of 2p−2. The results are
given in Fig. 7 and Table III. There, the red line only indicates
states populated by decay of those Ar3+ intermediate states
that could clearly be identified as belonging to decay from
2p−2 1S0, while the black line corresponds to decay from all
other levels. The black line could thus include contributions
from 2p−2 1S0; however, those are expected to be small be-
cause 2p−2 1D2 is more strongly populated. Additionally, up
to 150 eV the separation between decay from the two DCH
levels is clear and complete, because decay to final states with
low binding energies involves emittance of electrons with high
kinetic energies, which can clearly be assigned, as discussed
above.

Binding energies of the Ar4+ electronic states are found in
the NIST database [65]. A shift of −0.5 eV between the NIST
values and our experimental results was found (see Fig. 7).
This is essentially caused by a small difference in the Ar4+

ground-state energy, which the NIST table lists at (143.704 ±
0.196) eV [66], while we measure (142.99 ± 0.50) eV. The
NIST values stem from measurements of the neutral [67] and
singly charged atom [68], and Dirac-Fock calculations for
the following charge states [69,70]. We note that von Busch
et al. [56] reported a similar discrepancy. They experimen-
tally obtained (143.04 ± 0.33) eV for the Ar4+ ground state,
which is in agreement neither with the NIST values given
at their time of writing (143.94 eV [71]) nor with the most
recent values we refer to above. However, the values by von
Busch et al. are in good agreement with our experimentally
obtained binding energy of the ground state. Our calculation
(aligned with the experiment by setting the energy of state
3 in Table III to 143.23 eV) reproduces the observed states

FIG. 7. The final electronic states of the decay of argon 2p−2

double core holes. The binding energy was found by subtracting the
energies of the two Auger electrons from Fig. 4 from the binding
energy of the 2p−2 DCH. The difference in binding energy between
2p−2 1S0 and 1D2 is 9.6 eV [32]. The final states reached via decay
from these two different levels are shown separately in the graph.
The energy of the states is compared to those given by the NIST [65]
database. This way the states could be assigned, which is exemplarily
done in this figure for the six most intense peaks, of which the
first three at lowest binding energy (3P, 1D, and 1S) have a leading
configuration of 3s2 3p2, and the next three (3D, 3P, and 1D) have a
leading configuration of 3s1 3p3. A complete list of the final states is
given in Table III. Note the shift of −0.5 eV between the (calculated)
NIST values and the experimental values.

with reasonable accuracy. However, there is a big energy
discrepancy regarding state 13, with the calculations differing
from the measurements by more than 5 eV. Generally, most
reasonably separated final states could be measured, even in
the case of small intensities. However, states separated by
less than 0.5 eV could not be distinguished due to resolution.
Thus, the different levels of, e.g., Ar4+(3s2 3p2 3P) could not
be individually measured. Another state causing difficulty is
the state measured at 176.66 eV. The NIST tables and our
calculation indicate a 3P configuration, while von Busch’s
calculations imply a 1D2 configuration [56].

The analysis above would have not been possible with-
out calculations and the coincidence experiments to which to
compare them. While previous works [56] have shown similar
calculations, they could only compare them to the total elec-
tron spectrum, which prevents a full analysis. Additionally,
while in case of the work of von Busch et al. [56] the calcula-
tions seem very precise, they are apparently done by placing
each set of states separately in terms of binding energy, which
is justified by their desire to assign the previously unassigned
states. To make a further analysis possible, however, we calcu-
lated the splitting between each contribution instead and only
aligned the whole set with respect to the experiment without
shifting the different contributions relative to each other.

C. Further decay pathways involving 2p−2 double core holes

Besides the dominant decay to Ar4+, the DCHs can also
decay via an interesting two-electron–one-electron (TEOE)
conversion, described in detail by Žitnik et al. [62] and given
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TABLE III. The binding energies (BE) of the final Ar4+ states
reached after decay of the DCH. The results of our calculations are
compared to the values given by the NIST database [65] and to the
experimental results. The term symbols and 2J values are listed. The
difference between the NIST values and the experimental values of
the present paper (especially in the low-binding-energy range, which
includes the most intense states; see Fig. 7) is mostly due to the
difference in the ground state of the NIST values; see Sec. IV B. The
alignment of the calculations in binding energy has been done with
respect to the measured 3s23p2 3P2 level at 143.23 eV.

Calc. Expt.
Configuration Label 2J Term BE (eV) [65] BE (eV)

3s2 3p2 1 0 3P0 142.99 143.70
2 2 3P1 143.08 143.80
3 4 3P2 143.23 143.96 143.23
4 4 1D2 145.45 145.72 145.09
5 0 1S0 149.04 148.40 147.76

3s1 3p3 6 4 5S2 153.65 154.13
7 2 3D1 160.53 158.78
8 4 3D2 160.53 158.79
9 6 3D3 160.54 158.81 158.14
10 4 3P2 163.29 161.28 160.59
11 2 3P1 163.28 161.28
12 0 3P0 163.27 161.30
13 4 1D2 167.54 162.82 161.93
14 2 3S1 167.70 167.45 166.59
15 2 1P1 170.44 167.93 169.01

3s0 3p4 16 4 3P2 175.72 176.49 176.66a

17 2 3P1 176.86 176.63
18 0 3P0 176.92 176.69
19 4 1D2 177.37 178.24
20 0 1S0 182.63 183.98

aThe assignment of this state is not entirely clear; see Sec. IV B.

by the blue line in Fig. 1. The decay path is as follows (see
Fig. 8):

γ (3550 eV) + Ar → Ar+(1s1) + e−
ph(≈344 eV), (15)

Ar+(1s1) → Ar2+(2p4) + e−
Auger1(≈2660.5 eV)

[KLL-Auger decay (see Ref. [32])] , (16)

Ar2+(2p4) → Ar3+(3p3) + e−
Auger2(458.5 eV). (17)

Here, the DCH gets simultaneously filled by two electrons
while the residual energy leaves the atom via a single Auger
electron of (458.5 ± 1.0)-eV kinetic energy (main transition;
this agrees very well with the 458.65 eV found by Ref. [62]),
leading to Ar3+ (3p3) final states. The emitted Auger electron
is well separated in energy from all other observed electrons
and can thus be observed despite the transition’s small cross
section. The measured spectrum is shown in Fig. 8.

The probability of the TEOE decay PTEOE is given by the
following quotient:

PTEOE = A(Ar3+, 458.5 eV)
1
2 A(Ar4+, 180 − 240 eV)

Pel(200 eV)

Pel(455 eV)

Pion(Ar4+)

Pion(Ar3+)
.

(18)

FIG. 8. Electron spectrum filtered by the Ar3+ ion and the
Ar1+ (1s) photoelectron. The two-electron–one-electron conversion
[62] is found in the dashed box (same kinetic-energy scale as the
overall graph, but intensity scaled by a factor of 100) at (458.5 ± 1.0)
eV (previously reported, 458.65 eV; see Ref. [62]). The region
300–350 eV is omitted due to false coincidences caused by overlap
with the satellite of the 1s photoelectron that were left even after
filtering with respect to 1s photoemission.

Here, A indicates the area under the spectrum, while Pel

and Pion are the detection efficiencies of the electrons and
ions, respectively. The electron detection efficiencies have to
be included in Eq. (18), because the TEOE process involves
electrons that are significantly faster (and thus harder to de-
tect) than the Auger electrons emitted in decay to Ar4+ final
states. The result of 1.9 × 10−3 ± 1.0 × 10−3 compares well
to the theoretical estimate of 1.4 × 10−3 given by Ref. [62],
and their experimental result of 2.2 × 10−3.

While coincidences with Ar5+ ions could be measured for
the K−L1−L3 (at 2599.7 eV [32]) and K−L2,3−L2,3 Auger
transitions, the statistics were too low to assert the subsequent
decay paths with certainty. It has been previously suggested
that the main process creating five times charged ions leads
from Ar2+(2s1 2p5) states via single Auger filling of the 2p
hole and double Auger filling of the 2s hole to Ar5+ final
states [35]. We cannot confirm this pathway here. However,
we can say with certainty that further decay to Ar5+ or higher
of the states mentioned in Sec. IV B is not possible because
they lie below threshold (219-eV binding energy [65]; see
Fig. 7, where the highest measured binding energy is about
185 eV). To our knowledge, no pathway including the 2p−2

DCH leading to Ar5+ final states has been detected. Fur-
thermore, according to Muller et al. [27], the cross section
of fivefold photoionization of Ar+ was found to become
important when 2s 2p or 2s 2s double-core-hole states are
energetically available.

V. SUMMARY

The full set of decay pathways following 1s ionization of
argon has been measured and compared to theory to very good
agreement. Electron-ion coincidences allowed us to separate
the final states by ionic charge. The dominant pathway has
been found to lead to quadruply charged final states (49% of
all decay pathways).

Decay processes following Ar2+ (2p−2) DCH intermediate
states have been isolated and analyzed in detail. The decay of
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this L shell DCH has been found to lead to Ar3+ (3p3) final
states with a decay probability of 1.9 × 10−3, otherwise to
Ar4+ final states.

The former of these two decay pathways involves a two-
electron–one-electron transition with a single Auger electron
emitted with a kinetic energy of 458.5 eV. The findings agree
very well with previously published work [62].

The dominant decay pathway of the DCHs leading to Ar4+

final states have been studied both in terms of intermediate-
and final-state energies and intensities. Importantly, the dif-
ferent 2p−2 levels, 1S0 and 1D2, lead to a different population
of intermediate and final states. The states have been assigned
by comparison to theory. A small discrepancy of −0.5 eV to
the (theoretical) Ar4+ ground state of the NIST reference table
[65] has been found.

This paper demonstrates the advantage of the chosen
method in disentangling processes that are strongly overlap-
ping in kinetic energy of the emitted electrons. This approach
allows us to compare selected subsets to theory instead of
comparing the overall spectrum and makes it possible to
compare decay from the different 2p−2 levels. Furthermore,

the technical difficulties in creating DCH states have been
circumvented by using an atom with dominant decay to an L
shell double core hole after 1s ionization. This enabled the use
of a synchrotron radiation source and thus a multicoincidence
setup. The used method is generally applicable to a wide range
of atoms and molecules. Especially molecules isoelectronic to
argon, such as HCl, could be an interesting target for further
study, employing the same method as published here.
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