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Influence of the ion charge state on emission energies of Auger electrons
exemplified in Ar and Xe clusters
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We report on the shift of energies released during Auger cascades in rare-gas ions, when the ions are not
isolated but embedded in a homogeneous cluster. By combining high-resolution electron spectroscopy with
multielectron coincidence spectroscopy of small Ar and Xe clusters, we investigate the dependence of Auger
electron emission energies on the charge state of the emitting ion in the polarizable cluster medium up to charge
states of +4. Our results show deviations from the predictions of the established electrostatic Born model by a
factor of ≈2 for the final step of the cascades.
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I. INTRODUCTION

Understanding complex radiation-induced processes at the
atomic level is an important aspect for fundamental atomic
and cluster physics and corresponding applied scientific fields
[1–3]. For experimentally probing fundamental processes
occurring in dense media, rare-gas (RG) clusters serve as
attractive prototype systems due to their inert behavior and
a considerable amount of knowledge on their properties.
Although the local electronic structure in rare-gas clusters
is often considered to be atomiclike, the influence of the
neighboring atoms on the energy levels [4–6] and relaxation
mechanisms of the photoionized or photoexcited site is appar-
ent (see Ref. [7] and references therein). The exact energies of
orbitals are a decisive factor for the accessibility of relaxation
processes (including nonlocal decay mechanisms) and for the
determination of the amount of energy that is released during
these processes. The origin of energy shifts of atomiclike
orbitals in clusters with respect to those of atoms is twofold:
(1) A delocalization of valence orbitals, resulting in a bandlike

*Contact author: niklas.golchert@uni-kassel.de
†Contact author: hans@physik.uni-kassel.de

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

structure [8] and (2) the polarization of the surrounding atoms
decreases the electrostatic potential energy of an embedded
ion [9]. In a simplified classical electrostatic model, where the
ion is assumed to be a sphere, charged with an integer multiple
z times the elementary charge e, and of fixed radius ri, that is
surrounded by a continuous, isotropic, polarizable dielectric
medium, the ion’s solvation energy is approximated by the
Born equation. For a single solvated ion, this translates to an
energy shift �Ez in ground state (GS) binding energies with
respect to the isolated ion. It is proportional to the square of
the charge state z [9]:

�Ez ∝ − z2

ri
. (1)

Additional information on the Born model and the detailed
derivation of Eq. (1) are provided in Appendix A. Despite its
simplicity, the Born model allows to make good predictions
with little computational costs and can be applied to several
problems, e.g., free solvation energy determination of ions
[10,11]. Although ions that are embedded in a rare-gas cluster
are not the typical target of electrochemistry, the origin of the
electrostatic energy difference is still the same. Therefore, by
studying binding energy shifts in rare-gas clusters, insights
about aspects of ion solvation as well as solvation models
can be obtained. Other models that describe ion solvation can
be divided into implicit solvent models, like the Born model,
and explicit solvent models. While explicit solvent models
can take molecular dynamics into account, they have high
computational costs depending on the sampling size [12].
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FIG. 1. Schematic illustration of the relative energies of selected
states in a generic RG atom (monomer, black solid) and cluster (blue
dashed) according to the Born equation (1). After core ionization
from the electronic GS, the excited RGz+

n ions decay via a multistep
Auger cascade, during which the energy shift of the states in the
cluster, relative to the atomic value, depends quadratically on the
charge.

More complex implicit solvent models like the generalized
Born model [13], the polarizable continuum model [14,15],
the Poisson model [16–18], or the Poisson-Boltzmann model
[12,19] treat the surrounding medium as a continuum, but
they take additional deviations into account, which are not
covered by the Born model. This includes, for example, treat-
ing (macro-) molecules as well as arbitrary shapes and charge
distributions as the solute [13,14] or including the presence
of counterions or electrolytes in the description of the solvent
[12]. Other models divide the solvent surrounding the ion into
a first solvation shell and a polarizable continuum beyond
the first solvation shell [4,20]. From microscopic simulations,
it was found that the polarization of the first solvation shell
saturates for a certain ionic charge, which leads to a smaller,
effective relative permittivity and, therefore, to smaller elec-
trostatic energy differences compared to the isolated ion than
predicted by the Born model [11]. While there is a manifold
of more advanced models describing the solvation of ions,
the mentioned extensions of the Born model, i.e., the implicit
solvent models, do not give further insight for the case of
rare-gas clusters beyond Eq. (1). Therefore, the dependence
of the solvation energy on the ionic charge should correctly
describe the relevant Auger electron kinetic energy shifts of
the present study. We report, however, experimental results
with significant deviations to the model, which may serve as
benchmarks for further theoretical descriptions.

For the following discussions, we assume the radius ri of a
certain ion and the permittivity εr of the cluster to be constant.

The energy differences according to Eq. (1) are visualized
in Fig. 1 for exemplary energy levels in differently charged
ions of a generic RG atom and cluster. Such a scenario of a
successively increasing charge of an ion is common during an
autoionization cascade, e.g., initiated by inner-shell photoion-
ization, for which in each autoionization step the charge of the
ion increases by one elementary unit.

Experimentally, the direct observable is not the (absolute)
energy of a specific state, but the energy difference between
two states in a transition. Most prominently, the kinetic energy
of an electron emitted in an Auger process corresponds to the
energy difference of two levels in two ions differing by one
elementary charge. The Auger process is exploited in various
applications, for example, in radiotherapy [21], material char-
acterization [22], as well as in the field of ultrafast electron
and nuclear dynamics [1,23–25]. The quadratic dependence
of the electron binding energy [Eq. (1)] shift on the ion’s
charge state results in a linear dependence of electron energies
released during Auger decay from an initial state with charge
z to a final state with charge (z + 1):

�EAuger
(z)→(z+1) = �Ez+1 − �Ez = ((z + 1)2 − z2))�E1

= (2z + 1)�E1. (2)

Here, �E1 is the shift observed for singly ionized atoms,
i.e., z = 1. For a single-step Auger decay in rare-gas clusters,
this relation is experimentally well quantified [26–28]. If an
atom or a molecule, however, is exposed to radiation from
state-of-the-art high-energetic or highly brilliant light sources,
the population of multiply charged states can become domi-
nant. This can proceed via sequential multiphoton absorption
[29,30] and/or deep inner-shell ionization followed by a cas-
cade of Auger processes [1,31–33].

Here, we report the first experimental observation of Auger
cascades leading up to quadruply charged ions inside a cluster.
For transitions in these cascades, we observe shifts of Auger
electron kinetic energies that increase for each additional step
in the cascade. For transitions where the (2z + 1) prediction
from the Born model does not agree with the experimental
results, we describe the deviations by shift factors defined as

k(z)→(z+1) = �EAuger
(z)→(z+1)/�E1. (3)

Experiments on Auger cascades face multiple challenges
due to the high number of emitted electrons and their as-
signment to accessible channels. In principle, time-of-flight
coincidence studies are capable of disentangling cascades of
electron emission [34–36]. They are, however, inferior in
energy resolution for electrons with relatively high kinetic
energies. Therefore, we combined results from three indepen-
dent experiments on homogeneous Ar and Xe clusters with
two different types of electron spectrometers.

In the following, we shall consider the studied cascades
that lead to Ar4+ and Xe4+ ions. As studied for Ar monomers,
quadruply charged states are efficiently populated by 1s pho-
toionization and three consecutive Auger decays [33]:

hν + Ar → Ar+(1s−1) + e−
photoelectron, (4)

Ar+(1s−1) → Ar2+(2p−2) + e−
KLL Auger, (5)

Ar2+(2p−2) → Ar3+(2p−13p−2) + e−
LMM(1) Auger, (6)

Ar3+(2p−13p−2) → Ar4+(3p−4) + e−
LMM(2) Auger. (7)
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FIG. 2. Simplified energy level diagrams of Ar and Xe ions,
containing the ionic states and transitions discussed in Eqs. (5)–(7)
and (9)–(11).

In Xe, a similar cascade can be initiated by ionization of
the 3d orbital [32]:

hν + Xe → Xe+(3d−1) + e−
photoelectron, (8)

Xe+(3d−1) → Xe2+(4d−2) + e−
MNN Auger, (9)

Xe2+(4d−2) → Xe3+(4d−15p−2) + e−
NOO(1) Auger, (10)

Xe3+(4d−15p−2) → Xe4+(5p−4) + e−
NOO(2) Auger. (11)

Both cascades are visualized in Fig. 2, where the binding
energies of ionic states in Ar and Xe, as well as the Auger tran-
sitions outlined in Eqs. (5)–(7) and (9)–(11), are shown. These
cascades are well investigated for atomic Ar and Xe [31–35].
Among the plethora of competing channels [31–33,35], we
exclusively focus on the channels highlighted in Fig. 2 since
they are dominant and also well defined by the kinetic ener-
gies of the emitted electrons. They therefore serve as good
showcases for the cascade from neutral atoms to quadruply
charged ions.

II. EXPERIMENTS

The experiments were performed in three independent
campaigns (I–III). Two experiments (I and II) were performed
on Ar clusters, both at the GALAXIES beamline [37] of
the synchrotron SOLEIL, and one (III) on Xe clusters at the
FinEstBeAMS beamline [38] at the synchrotron MAX IV.

Using the HAXPES endstation [39] for the first experi-
ment (I), high-resolution electron spectra of Ar were obtained.
The HAXPES endstation features a high-resolution Scienta
EW4000 hemispherical electron analyzer (HEA). This in-
strument was used in combination with a rare-gas cluster
source, with the cluster jet crossing the synchrotron beam
at a 90◦ angle and pointing directly toward the opening of
the HEA. Cluster formation happens when the gas expands

supersonically from a high-pressure reservoir (8 bars) through
a 5 mm long conical nozzle with 20μm orifice and a full
opening angle of 40◦. By adjusting the nozzle position, only
the center of the cluster jet passes the 300μm opening of
a skimmer that separates the expansion chamber from the
interaction chamber and therefore reduces the amount of
uncondensed monomers in the interaction region. Using em-
pirical scaling laws for cluster size determination [40–42]
with the gas-specific constants from Ref. [43], an average Ar
cluster size of 〈N〉 = 20 was determined. The photon energy
was set to 3300 eV being well above the Ar 1s ionization
threshold (Ebin = 3206.3 eV [44]). For the detected kinetic
energy range 2655–2672 eV, a pass energy of 200 eV and a
curved entrance slit of 0.8 mm were selected at the HEA.
For the range 180–235 eV, these parameters were changed
to a pass energy of 100 eV and a straight entrance slit of
1.5 mm. Both settings result in a kinetic energy resolution of
about 400 meV. A large part of the kinetic energy range of
the LMM(1) Auger electron [see Eq. (6)] of Ar is essentially
free of other overlapping features, which is not the case for
the kinetic energy range of the LMM(2) Auger electron [see
Eq. (7)] [33]. It is therefore possible to obtain a clear and
highly resolved spectrum of Auger decays up to triply charged
states, but not further.

Consequently, we performed two further experiments (II
and III) applying time-of-flight multielectron coincidence
spectroscopy. This method allows to disentangle energeti-
cally overlapping features by using coincidence conditions.
These experiments were conducted using a customized setup
equipped with the same cluster source as in experiment I but
combined with a 60 cm long magnetic-bottle-type time-of-
flight electron spectrometer (MBES) [45]. The MBES is a
spectrometer that collects electrons emitted from an interac-
tion region with an angular acceptance of almost 4π sr by
using a combination of a strong inhomogeneous magnetic
field (≈0.5 T) close to the interaction region with a weak
homogeneous magnetic field in a drift region [45,46]. The
time of flight of the electrons is measured with respect to a
start signal and converted into units of kinetic energy. The
time-resolved measurement enables the coincident detection
of electrons originating from the same process, if the time
between consecutive excitation pulses is sufficiently long. By
applying static voltages between the interaction region and the
drift tube, electrons may be accelerated or decelerated either
to detect very slow electrons or increase the resolution for fast
electrons. A number of electrons detected within a selected
time interval are referred to as being coincident and are stored
in a format where the time of flight of these coincident elec-
trons is sorted according to their arrival time, where an earlier
arrival time directly corresponds to a higher electron kinetic
energy. However, with the present experimental equipment,
two electrons with very similar kinetic energies cannot be
detected in coincidence with one another if their time-of-flight
difference is below the detector dead time. Consequently, this
leads to a distortion in the spectra of correlated electron-
emitting processes that have similar emission energies. In the
present work, this is relevant for the Xe NOO(1) and NOO(2)
spectra.

Experiment II was again conducted at the GALAXIES
beamline, using the single-bunch operation mode of SOLEIL.
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TABLE I. Temporal order in which the electrons emitted during
the pathways outlined in Eqs. (4)–(7) and (8)–(11) are detected with
the MBES. An exciting photon energy of 3600 eV (688 eV) was used
for the measurements on Ar (Xe).

e−
1 e−

2 e−
3 e−

4

Ar: KLL Photoelectron LMM(1) LMM(2)
Xe: MNN NOO(1) NOO(2) Photoelectron

Now, the cascade after 1s ionization in Ar clusters (〈N〉 = 13
according to Ref. [41]) was investigated using the described
coincidence technique. Here, an exciting photon energy of
3600 eV and a retardation potential of Uret = −175 V at the
MBES were chosen. An experimental kinetic energy res-
olution of (Ekin + eUret )/�Ekin ≈ 17 was achieved for the
relevant energy range 180–235 eV.

Experiment III was performed on Xe clusters at the FinEst-
BeAMS beamline [38] at the Swedish synchrotron MAX IV,
operated in single-bunch mode. The cluster source conditions
were set so that an average Xe cluster size of 〈N〉 = 30 was
produced according to Ref. [41]. Using a photon energy of
688 eV, core ionization of the 3d5/2 orbital (Ebin = 676.4 eV
[47]) in Xe is possible. A small retardation voltage of
Uret = −4 V was applied at the MBES to enhance the reso-
lution [(Ekin + eUret )/�Ekin ≈ 30] of the features relevant to
this work. Note that in all experiments the cluster target con-
tains uncondensed monomers. By detuning the nozzle from
the skimmer, atomic reference spectra have been recorded.
The expected temporal order of detection for the electrons
emitted during the pathways outlined in Eqs. (4)– (7) and (8)–
(11) is given in Table I.

III. RESULTS AND DISCUSSION

A. Ar clusters—high-resolution spectra

In this section, high-resolution Auger electron spectra
of Ar monomers and clusters, measured above the 1s
ionization threshold, are presented. In Figs. 3 and 4, the
black solid lines depict the Auger electron spectrum of
Ar monomers, while the gray filled areas, labeled Total,
display the measured spectrum from a partially condensed
jet. For the interpretation of the Total spectra, we use
an approach to reproduce them by shifting the atomic
spectra by respective values for cluster surface and bulk
components [5]. The sums of the measured monomer and
the modeled surface and bulk contributions (blue dotted
lines, labeled Total) are then compared with the experimental
Total spectra. The parameters for this modeling are derived
from the relative intensities, shifts, and widths of cluster
contributions in our experimental photoelectron spectra.
Details on the analysis of the photoelectron spectra are given
in Appendix B, with the results summarized in Fig. 10 and
Table II. Briefly, the energy shifts of surface (S) and bulk (B)
components are determined from the Ar 2p photoelectron
spectrum (�E1,S = 0.66 eV and �E1,B = 0.95 eV). These
values are assumed to be identical for the Ar 1s core hole
(our first ionization step) and all other core holes in Ar
[6]. As the escape probability of electrons from the bulk
or from the surface of clusters depends on their kinetic

FIG. 3. High-resolution Ar KL2,3L2,3 Auger electron spectra
[Ar+(1s−1) → Ar2+(2p−2 1D2)] after 1s-electron photoionization at
a photon energy of 3300 eV. The presented spectra are obtained
from diffusive Ar gas (black, solid line) and from a partially con-
densed cluster jet (gray, filled area), the latter containing signal
from Ar clusters and monomers alike. Additionally, modeled cluster
contributions, consisting of surface and bulk, are depicted (blue,
hatched areas). These are copies of the monomer spectrum in
the range 2658.4–2662 eV (black, filled area), shifted by 1.98 eV
(3 × 0.66 eV) for the surface component and 2.85 eV (3 × 0.95 eV)
for the bulk component according to the Born model and convolved
with Gaussians of 0.86 eV width, respectively (see main text for
details). The blue dotted line shows the sum of the experimental
Monomer and modeled Surface and Bulk contributions.

energy [48], their relative intensities in the two spectral
ranges (180–235 eV for the L-shell decay and 2655–2672 eV
for the KL2,3L2,3 Auger decay) differ. The same argument
holds for the cluster-to-atom ratio. Therefore, the intensity
ratios are taken from photoelectron spectra recorded at
similar kinetic energies. For the low kinetic energy range,
the cluster-to-atom and surface-to-bulk intensity ratios
(IC/A = 3.5 and IS/B = 2.1) were determined from the 1s
photoelectron spectrum measured at 3336 eV, resulting in
photoelectron kinetic energies of about 130 eV. For the high
kinetic energy range, intensity ratios of IC/A = 16.7 and
IS/B = 1.2 are obtained from the 2p photoelectron spectrum
recorded at 2920 eV, approximately 2670 eV above the 2p
ionization threshold. In Fig. 3, the electron spectrum of Ar
monomers and clusters in the range of the Ar KL2,3L2,3 Auger
decay leading to the Ar2+(2p−2) 1D2 state is displayed.

TABLE II. Results of the photoelectron fits. �E1 denotes the
binding energy difference between the monomer and the surface
or bulk atom. WA,S,B gives the Gaussian standard deviation of the
atomic, surface, and bulk profiles. In the case of Voigt profiles, this
corresponds solely to the Gaussian part of the profile. Finally, the
intensity ratios IS/B of surface-to-bulk and IC/A of cluster-to-atom are
shown.

�E1,S �E1,B WA WB WS

(eV) (eV) (meV) (meV) (meV) IS/B IC/A

Ar 2p 0.66 0.95 159 179 179 1.2 16.7
Ar 1s 0.66 0.95 186 187 187 2.1 3.5
Xe 4d 0.73 1.02 201 263 263 3.7 4.3
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FIG. 4. High-resolution LMM Auger electron spectra measured at a photon energy above the Ar 1s ionization threshold. The spectra are
obtained from diffusive Ar gas (black, solid line) and from a partially condensed cluster jet (gray, filled area), the latter containing signal
from Ar clusters and monomers alike. The spectrum to the right of the vertical dotted line contains predominantly signal from the LMM(1)
Auger decay [Ar2+(2p−2) → Ar3+(2p−13p−2)] with only minor contributions from other processes [33,35]. In the range 180–210 eV, further
Auger channels associated with the Ar L-shell decay are shown in Refs. [33,35]. Additionally, modeled cluster contributions, consisting of
surface and bulk, are depicted (blue, hatched areas). These are copies of the monomer spectrum in the range 210–234 eV, shifted by 3.3 eV
(5 × 0.66 eV) for the surface component and 4.75 eV (5 × 0.95 eV) for the bulk component according to the Born model and convolved with
Gaussians of 2.0 and 1.5 eV width, respectively. The blue dotted line shows the sum of the experimental Monomer and modeled Surface and
Bulk contributions.

The Total spectrum peaks at a higher kinetic energy than
the monomer spectrum, due to the contributions from
clusters. The shift of the modeled contributions is applied
according to the Born model; while the photoionization
process changes the charge of the atom from 0 to +e,
the KLL Auger decay marks a transition from +e to +2e
[see Eqs. (4) and (5)]. According to Born’s law [Eq. (2)
with z = 1], the energetic shift of the Auger transition is
�EAuger

1→2 = (2 × 1 + 1) × �E1 = 3 × �E1. Consequently,
the kinetic energy shifts for the KLL Auger electrons
were set to 1.98 and 2.85 eV for surface and bulk atoms,
respectively. Both cluster contributions have been convolved
with Gaussians, thereby accounting for cluster-specific
broadening effects that arise mainly due to the cluster size
distribution. Moreover, the contributions of the monomer
and the modeled surface and bulk spectra were scaled by the
respective intensity ratios, which were determined from the
2p photoelectron spectrum. The experimental spectrum is
well represented by the sum of the experimental monomer
and the modeled cluster contributions, which becomes
evident when optimizing the Gaussian widths used for the
convolution. The best agreement to the experimental spectrum
was found by optimizing the modeled Gaussian widths using
the differential evolution algorithm as implemented in SciPy
[49], which is based on the original method by Storn and
Price [50], yielding widths of 0.85 eV for both the surface
and bulk components. Here and in the following, the standard
deviation of the Gaussian is referred to as the Gaussian width.
The differential evolution method, which is also applied
for optimizations in the following sections, is a stochastic
approach to find the minimum of a multivariate function. As it
is not gradient based, it is useful for finding global minima of
the used difference function. It does not, however, return any
uncertainty on the fit parameters [49,50]. The agreement of
the experimental data with the predictions of the Born model
lets us conclude that the Born model is a good approximation
to describe the difference in solvation energy between a singly

charged and a doubly charged ion in the same homogeneous
environment.

Note that measuring the 1s photoelectron spectrum and the
KLL Auger spectrum intrinsically yields the binding energy of
the Ar2+(2p−2) 1D2 double core-hole (DCH) state. The for-
mation of such DCH states through decay from deeper holes
or one-photon-two-electrons processes has been described
for isolated atoms and molecules [34,51,52]. Recent investi-
gations demonstrate a great potential of DCH spectroscopy
using sequential multiphoton absorption at x-ray free-electron
lasers [53,54]. To the best of our knowledge, however, DCH
states in weakly bound matter have only been identified by
their Auger decay [55], but no DCH binding energies in a
medium have been reported so far. Our measurements align
with the literature value for the atomic Ar2+(2p−2) 1D2 state
of 545.8 eV [35] and the observed shift results in values of
543.2 ± 0.2 eV for the surface and 542.0 ± 0.2 eV for the
bulk of Ar clusters.

Figure 4 shows the high-resolution electron spectrum of
Ar in the kinetic energy range between 180 and 234 eV,
excited by a photon energy of 3300 eV, i.e., above the Ar
1s ionization threshold. The monomer spectrum (solid black
line) shows the well-known Auger transitions, consisting of
several contributions connected with the decay of Ar L-shell
vacancies. Using the experimental results from Refs. [33,
35], these features are assigned to specific transitions. To
the right of the vertical dashed line at 210 eV, only the
LMM(1) Auger transitions Ar2+(2p−2) → Ar3+(2p−13p−2)
[33,35] have significant contributions. In Fig. 4, the assign-
ments in the energy range of 180–210 eV show overlapping
Auger transitions of different charge states and, therefore,
of different energy shifts. Because of this, the following
analysis focuses on the energy range 210–235 eV. The To-
tal spectrum, which contains contributions from monomers
and clusters alike, exhibits no clearly distinguishable features
in that energy range but a pronounced shift of intensi-
ties to higher kinetic energies. As described above for

023032-5



NIKLAS GOLCHERT et al. PHYSICAL REVIEW RESEARCH 8, 023032 (2026)

the KL2,3L2,3 decay, modeled cluster contributions are dis-
played in Fig. 4 as well. Their energy shift is chosen
according to Eq. (2), with charge state z = 2. Consequently,
the kinetic energy shifts for the LMM(1) Auger electrons
were set to be �EAuger

2→3 = (2 × 2 + 1) × �E1 = 5 × �E1,
resulting in 3.30 and 4.75 eV for surface and bulk atoms,
respectively. The cluster features are convoluted with Gaus-
sians to account for broadening and then scaled to each other
according to the respective intensity ratios determined from
the 1s photoelectron spectrum. The modeled spectrum is in
excellent agreement with the experimental spectrum, which
is again demonstrated by optimizing the Gaussian widths that
are used for the convolution. By using a differential evolution
algorithm [49,50], widths of 2.0 and 1.5 eV were found for
the surface and bulk components, respectively. Therefore, we
conclude that the Born model is a good approximation to
describe the solvation energy for ions with up to three ele-
mentary charges in a homogeneous cluster.

B. Ar clusters—coincidence spectra

The high-resolution approach presented in the previous
section is only applicable up to the LMM(1) Auger step
[Ar2+(2p−2) → Ar3+(2p−13p−2)] in Ar clusters, since the
following LMM(2) step [Ar3+(2p−13p−2) → Ar4+(3p−4)]
lies in a spectral region where the charge states of the lev-
els involved in the Auger transitions cannot be disentangled
without coincidence spectroscopy [33,35] (see above). For the
experimental investigation of an Auger transition from charge
state +3 to +4, it is therefore necessary to apply coincident
electron detection.

Along the pathway in Eqs. (4)–(7), a total of four electrons
are emitted from Ar. Therefore, data sets with exactly four
electrons detected in coincidence following one excitation
pulse have been analyzed. The coincident detection allows
for applying filter conditions to the data, i.e., reducing the
dataset to those events for which one or more of the detected
electrons occur in a specific window of kinetic energies. This
way, a specific decay cascade [like that in Eqs. (4)–(7)] can be
separated from other channels.

For an exciting photon energy of 3600 eV, fourfold coin-
cidence events have been filtered for the kinetic energy of the
second electron (e−

2 ) to be about 394 eV, identifying this as the
Ar 1s photoelectron [47]. The acceptable kinetic energy range
of the first electron (e−

1 ) has then been set by a second filter
to be between 2612 and 2680 eV, which is the range for the
KL2,3L2,3 Auger electron [56,57], restricting the coincidence
events to processes involving the 2p−2 intermediate state.
When filtering on the KL2,3L2,3 Auger electron, the energy
limits were deliberately set to cover a large range, as the
experimental resolution in the required energy range does not
allow a distinction between the individual fine-structure peaks
of the KL2,3L2,3 spectrum.

The energy distribution of the remaining two electrons
provides the structure of the LMM(1) (e−

3 ) and LMM(2) (e−
4 )

Auger electrons that are of interest. In order to extract the con-
tribution of clusters to the total measured spectrum, the atomic
contribution is subtracted using the data from a monomer ref-
erence measurement after intensity normalization in the range

FIG. 5. Coincident Ar LMM(1) Auger spectra [Ar2+(2p−2) →
Ar3+(2p−13p−2)] measured from Ar monomers (black, solid line)
and from Ar clusters (gray, filled area), the latter obtained by
subtraction of the atomic reference spectrum from the mixed
cluster/monomer jet. Additionally, modeled cluster contributions,
consisting of surface and bulk contributions, are depicted (blue,
hatched areas). The blue dotted line represents the sum of the mod-
eled surface and bulk signals. Note the similarity to the high-energy
part of Fig. 4.

Ekin(e−
3 ) between 215 and 217 eV and Ekin(e−

4 ) between 184
and 186 eV. This energy window is chosen because, as seen in
the recorded spectra, there are only minor contributions from
clusters.

In Figs. 5 and 6, the monomer and cluster spectra of
the LMM(1) and LMM(2) Auger processes described by
Eqs. (6) and (7) are shown, respectively. Comparing the
experimental monomer and cluster spectra in Figs. 5 and
6, a significant energy shift is observed. In order to quan-
tify this shift, modeled cluster contributions are displayed
analogously to the analysis of the spectra in Figs. 3 and

FIG. 6. Coincident Ar LMM(2) Auger spectra [Ar3+(2p−1

3p−2) → Ar4+(3p−4)] measured from Ar monomers (black, solid
line) and from Ar clusters (gray, filled area), the latter obtained
by subtraction of the atomic reference spectrum from the cluster
measurement. Additionally, modeled cluster contributions, obtained
by shifting, broadening, and scaling the monomer spectrum, are
displayed. The blue dotted line shows the modeled cluster spectrum
according to the Born model, while a larger shift factor k3→4 = 14.0
is used to model the red dashed curve, which fits the experimental
spectrum. The surface and bulk components of the modeled spectrum
are displayed as well (red, hatched areas).
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4 and compared to the experimental data. Those modeled
contributions consist of two instances of the monomer spec-
trum that are shifted in energy and broadened by convolution
with a Gaussian, once for cluster surface and once for cluster
bulk.

For this approach, boundary conditions, like the intensity
ratio between surface and bulk contributions as well as their
individual kinetic energy shifts, were applied. First, the ratio
of the surface and bulk contributions was kept at 2.1, like
in Fig. 4. As experiments I and II were conducted with the
same cluster source using similar cluster-jet parameters, we
assume for both experiments a similar cluster size distribu-
tion. As the cluster-to-monomer intensity ratio could not be
determined for the coincidence experiment, the intensities
of the monomer and cluster spectra are scaled manually to
each other for better comparability. Then, the energy shift
has been determined according to Eq. (2) using the single
core-hole binding energy shift �E1 determined in experiment
I (see Appendix B). For the LMM(1) spectrum (Fig. 5), the
cluster contribution is displayed using 2z + 1 = 5 as predicted
by the Born model [Eq. (2)]. The surface and bulk com-
ponents were convolved with Gaussians of 2.0 and 1.5 eV
width, respectively (see Sec. III A for further information).
The LMM(1) spectrum can be compared to the high-resolution
spectrum seen in Fig. 4. Both spectra are consistent, and
the agreement with the predictions of the Born model is
confirmed.

Similarly, modeled curves are shown for the LMM(2) spec-
trum in Fig. 6, but for two different energy shifts. The spec-
trum labeled Clusters: Born model uses the factor 2z + 1 = 7,
as predicted by Eq. (2). Here, a significant discrepancy be-
tween the prediction and the experiment is observed. A better
agreement with the measured spectrum is achieved by em-
ploying a different shift factor k3→4, which is obtained by
minimizing the difference between the modeled and the exper-
imental curve using a differential evolution algorithm [49,50].
In addition, optimized values for the Gaussian widths W3→4

were obtained using this method. As discussed in Sec. III A,
the applied fitting method is not gradient based, making it
useful for finding global minima of the difference function.
This is advantageous because the different combinations of
widths, shifts, and amplitudes allow multiple local minima.
The disadvantage is that no uncertainties on the fit parameters
are returned.

In order to determine an uncertainty of the fit result that
represents the uncertainty of the most impacting fixed parame-
ters, i.e., the surface-to-bulk intensity ratio IS/B and the binding
energy shift �E1, Monte Carlo error propagation is used, sam-
pling these parameters according to their estimated variance
and covariance. As �E1 is a fixed parameter in the fit of the
Ar 1s photoelectron spectrum, it is sampled from a truncated
Gaussian distribution that reflects its uncertainty. A standard
deviation of 0.02 eV and an upper bound at �E1,S, max =
0.664 eV are chosen for the latter distribution to compare with
experimental results from literature [4,58,59]. The differential
evolution fit is performed for 10 000 samples. The central
value of each derived quantity (k3→4, WS,3→4, and WB,3→4)
was taken as the median of its Monte Carlo distribution,
with uncertainties defined by the 2.5th and 97.5th percentiles.
The results are k3→4 = 14.0+0.8

−0.6, WS,3→4 = 6.34+0.20
−0.16 eV, and

FIG. 7. (a) Electron-electron coincidence map of the NOO(1)
and NOO(2) Auger electrons (e−

2 vs e−
3 ) measured from a partially

condensed Xe cluster jet. The ranges of Filter A and B [see text and
Eqs. (14) and (15)] are depicted as gray patches in the coincidence
map. (b) Black solid line: Intensity integrated along the kinetic en-
ergy of the NOO(2) electron as a function of the NOO(1) kinetic
energy. Gray solid line: Integrated intensity of the filter range A,
magnified by a factor of 1.5. (c) Black solid line: Intensity integrated
along the kinetic energy of the NOO(1) electron as a function of the
NOO(2) kinetic energy. Gray solid line: Integrated intensity of the
filter range B, magnified by a factor of 4.

WB,3→4 = 4.56+0.15
−0.12 eV. The discrepancy to the prediction of

the Born model is further discussed in Sec. III D.

C. Xe clusters—coincidence spectra

For investigating whether the observed deviation from the
Born model is only characteristic for Ar clusters or whether
a more general conclusion can be drawn for other rare-gas
clusters, we have also investigated Xe clusters (〈N〉 = 30).
The transitions of interest are the two NOO Auger decays
from the 4d−2 double core-hole state in Xe according to
Eqs. (10) and (11). The 4d−2 state is efficiently populated
through 3d photoionization and a subsequent MNN Auger
decay [31]. For an exciting photon energy of 688 eV fourfold
coincidence events have been filtered for the kinetic energy
of the fourth electron (e−

4 ) to be about 11.6 eV [47], iden-
tifying this as the Xe 3d5/2 photoelectron. The acceptable
kinetic energy range of the first electron (e−

1 ) has been set
to be between 510 and 540 eV [31,60], which is the range
of the M5N4,5N4,5 Auger electron, restricting the coincidence
events to processes involving the 4d−2 intermediate state. A
distinction of electrons from monomers and clusters in the
M5N4,5N4,5 Auger spectra is beyond the present experimental
resolution. The energy distribution of the remaining two elec-
trons represents the structure of the NOO(1) (e−

2 ) and NOO(2)
(e−

3 ) Auger decays. The energy correlation between e−
2 and e−

3
is displayed in Fig. 7 in a coincidence map.
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FIG. 8. Coincident Xe NOO(1) Auger spectra [Xe2+(4d−2) →
Xe3+(4d−15p−2)] measured from Xe monomers (black, solid line)
and from Xe clusters (gray, filled area). The cluster spectrum is
extracted by applying Filter A [see Eq. (14)]. Additionally, modeled
cluster contributions for surface and bulk are depicted (blue, hatched
areas). The blue dotted line represents the sum of the modeled surface
and bulk signals.

The further data analysis is similar to the approach de-
scribed in Sec. III B. However, since in specific cases the
subtraction of the atomic contributions is less straightforward
than for argon, we use a different approach to obtain the
cluster contributions. In detail, for Xe, it is possible to filter
the measured multielectron coincidence events in a way that
monomer contributions are excluded by setting appropriate
conditions to at least one of the detected electrons. Such con-
ditions were obtained by comparison with the energy ranges
of the emitted electrons in reference measurements of the
monomers [34]:

22.7 eV <Ekin(e−
NOO(1),atomic) < 31.5 eV, (12)

13.0 eV <Ekin(e−
NOO(2),atomic) < 19.0 eV. (13)

Since the kinetic energies of Auger electrons from the
clusters are shifted to higher values, we can define conditions
that exclude any atomic contribution. The spectrum of the
NOO(1) Auger electron in clusters is obtained by applying
the condition

Filter A: 21 eV < Ekin(e−
3 ) < 35 eV (14)

to the NOO(2) Auger electron (e−
3 ), which is above its energy

range for monomers. In turn, a pure cluster spectrum of the
NOO(2) Auger electron is obtained accordingly by applying
the condition

Filter B: 33 eV < Ekin(e−
2 ) < 50 eV (15)

to the NOO(1) Auger electron (e−
2 ). Because spectra from Xe

monomers cannot fulfill these conditions, other electrons that
are measured in coincidence with Filter A or B must have
been emitted from clusters. The impact of applying filters
is demonstrated in Fig. 7. It should be noted that while all
monomer contributions are removed from the spectra using
these conditions, part of the cluster signal is omitted as well.
The exact shape and energy distribution of the resulting cluster
spectrum may therefore be distorted.

FIG. 9. Coincident Xe NOO(2) Auger spectra
[Xe3+(4d−15p−2) → Xe4+(5p−4)] measured from Xe monomers
(black, solid line) and from Xe clusters (gray, filled area). The
cluster spectrum is extracted by applying Filter B [see Eq. (15)].
The low-energy contribution to the cluster spectrum is associated
with a different NOO(2) Auger channel, namely, the decay
Xe3+(4d−15p−2) → Xe4+(5s−15p−3) (see Fig. 2), which is not
further analyzed here. In addition to the experimental spectra,
modeled cluster contributions, obtained by shifting, broadening, and
scaling the monomer spectrum, are displayed. The blue dotted line
shows the modeled cluster spectrum according to the Born model,
while a different shift factor k3→4 = 14.2 is used to model the red
dashed curve, which fits the experimental spectrum. The surface and
bulk components of the modeled spectrum are displayed as well
(red, hatched areas).

In Figs. 8 and 9, the spectra of the N4,5O2,3O2,3(1) and
N4,5O2,3O2,3(2) Auger electrons are shown. In both figures,
the solid black curves show the spectra of a pure monomer
target. The gray-filled curve was obtained from a partially
condensed cluster jet (containing both atoms and clusters) but
using Eq. (14) or (15), respectively, to exclude the monomer
contributions. Both spectra are scaled arbitrarily for better
comparability. Similar to the results for Ar clusters (see
Sec. III B), a clear difference between the predicted energy
shift by the Born model and the present measurement for
an Auger transition starting from a charge state of +3 is
observed. Quantitatively, the energy shifts and the intensity
ratio of surface and bulk contributions have been derived from
the Xe cluster 4d photoelectron spectrum recorded at 110 eV
exciting photon energy. They were determined to be �E1,S =
730 ± 17 meV for surface and �E1,B = 1020 ± 17 meV for
bulk, with an intensity ratio of IS/B = 3.7 (see Appendix B for
further details).

For the NOO(1) spectrum, the cluster contribution has been
modeled using an energy shift of �EAuger

2→3 = 5 × E1 according
to Eq. (2). Convoluting the modeled spectra with Gaussians
of width 2.0 and 1.5 eV achieves a reasonable agreement
with the experimental spectrum, although the peak position
of the experimental spectrum is not exactly reproduced by
the modeled curve. This is most likely caused by the spectral
distortion that occurs due to nearly equally fast electrons in
coincident particle detection that is described in Sec. II, and
that is graphically demonstrated by the cutoff close to the
diagonal in Fig. 7, where Ekin(e−

NOO(2) ) � Ekin(e−
NOO(1) ). Here,

this distortion changes the relative intensities in the measured
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cluster NOO(1) spectrum and, therefore, shifts its central
energy to a higher value compared to the actually emitted
spectrum.

For the NOO(2) spectrum in Fig. 9, the shift predicted
by the Born model (�EAuger

3→4 = 7 × �E1) does not properly
reproduce the experimental spectrum, which agrees with the
findings from the Ar LMM(2) case. The same method as in
Sec. III B is used to determine the optimal parameters for the
energy shift and the spectral widths.

Specifically, the two modeled contributions, representing
the surface and bulk contributions to the cluster spectrum,
are fitted to the experimental cluster spectrum, whereas each
modeled contribution is defined as an energy-shifted and ar-
tificially broadened instance of the experimental monomer
spectrum. The fit parameters for the applied differential evo-
lution algorithm (for further information, see Secs. III A and
III B) are the Gaussian widths W3→4 used for the broadening,
a factor k3→4 that determines the energy shift with respect
to �E1, and a scaling factor to match the intensities of the
spectra. The energy shift �E1 and the intensity ratio of the
surface and bulk components IS/B are fixed during the fitting
procedure. As discussed previously, no uncertainties on the fit
results are obtained from the differential evolution algorithm.
In order to still accommodate the uncertainties of the fixed
parameters �E1 and IS/B, Monte Carlo error propagation is
used, sampling both parameters according to their estimated
covariance. By fitting the experimental spectrum for each
sampled Monte Carlo realization (N = 10 000), a distribution
of results is obtained whose uncertainty represents the uncer-
tainty of the input parameters.

For each of the derived quantities, the central value was
taken as the median of its Monte Carlo distribution, with the
uncertainties defined by the 2.5th and 97.5th percentiles. In
the case of k3→4, this uncertainty is combined in quadra-
ture with the systematic uncertainty 2σ�E1 = 34 meV that
is induced by the conversion function (see Appendix B).
The results are k3→4 = 14.2+1.4

−2.0, WS,3→4 = 2.76+0.50
−0.17 eV, and

WB,3→4 = (2.65 ± 0.22) eV. The discrepancy of this result
with the predictions of the Born model is further discussed
in Sec. III D.

D. Discussion

The analysis of the experimental data shows that the pre-
dictions of the Born model for Auger electron energies are
reasonable for decays to charge states up to +3 in rare-gas
clusters. For transitions to quadruply charged states, signif-
icant deviations from the model are observed. In this case,
the experimentally observed shift is considerably larger than
predicted by the Born model, namely, 14.0+0.8

−0.6 × �E1 for Ar
and 14.2+1.4

−2.0 × �E1 for Xe, instead of 7 × �E1.
Assigning overall quantitative uncertainties for the deter-

mined values of k3→4 is challenging. By applying Monte
Carlo error propagation, a statistical uncertainty of the fit
results is obtained, depending on the variance of the most
impacting and uncertain parameters, i.e., the solvation energy
of the singly charged ion �E1 and the intensity ratio of surface
and bulk signals IS/B. However, it is hardly possible to quantify
the systematic influence of the coincidence filtering procedure

on the exact shape of the experimental spectra. A qualitative
distortion due to the coincidence conditions is assessed to be
irrelevant for the Ar spectra (shown in Figs. 5 and 6) but likely
for the Xe spectra presented in Figs. 7– 9. However, the eval-
uation of the Xe data using different coincidence filters did
not result in qualitatively different outcomes. In the following,
possible explanations for the observed behavior are discussed.

In extended systems like clusters, nonlocal relaxation
mechanisms, which compete with the local decay [7], can con-
tribute to the electron signal at higher kinetic energies. Most
prominently, core-level interatomic Coulombic decay (cICD)
is known to compete with the Auger decay, albeit with a small
branching ratio [28,61]. For the +3 to +4 transition, however,
the kinetic energies of the cICD electrons are expected to
be even higher than the observed shifts in our experiments.
Consequently, the cICD process is expected not to contribute
to the measured signal.

Regarding the validity of the Born model, it should be
noted that this is a simplified model considering the electro-
static energy of an ion, idealized as a charged sphere with
well-defined radius ri, which is embedded in a continuous,
isotropic, and polarizable medium. This approximation does
not account for all effects relevant to the present spectra. For
example, orbital-dependent core-level binding energy shifts
�E1 have been reported [26], which is in contrast to the
assumption of identical �E1 for all core shells used in the
present work. Furthermore, delocalization of outer valence
orbitals and overlap with the neighbor’s valence orbitals may
result in a bandlike electronic structure [8]. The latter effect
leads to a much broader energy distribution and a signifi-
cantly lower first ionization potential for these orbitals [4,8].
Additionally, valence holes created during multistep Auger
cascades in solids were observed to dynamically change en-
ergy inside the valence band during subsequent Auger decays,
increasing their energetic width [62]. Therefore, it is reason-
able to expect deviations of measurements from the Born
model, if the Auger decay produces an increasing number
of holes in valence orbitals. If, however, the involvement of
valence orbitals in a transition were the decisive factor for
the shift, deviations should be observable for the LMM(1)
and NOO(1) transitions as well. Instead, it is conceivable that
the presence of already existing valence holes, created at an
earlier stage, influences the potentials in the vicinity of the ion
and, therefore, the effect of polarization. For instance, contrac-
tions of the cationic radii, as a consequence of the increasing
effective nuclear charge, may occur. If the spatial extension of
the cations is indeed reduced during the relaxation pathways,
larger energy differences to the monomer are expected than
for a fixed ionic radius [see Eq. (A6)]. Furthermore, changes
of the cluster structure, i.e., contraction of shells or reorga-
nization of the cluster lattice around the ion would impact
the effective cationic radius and the local permittivity of the
medium. If we assume that the sudden deviation from the
Born model in the z = +3 to +4 step is an effect that purely
originates from dynamical behavior in the cluster, which is
associated with structural changes that influence the effective
ion radius or the polarizability of the medium, a saturation
of this effect can be expected. This may be, e.g., due to the
limited contraction of the ion and the first solvation shell or
due to the saturation of the polarization in the surrounding
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atoms. For an unambiguous statement, we encourage further
experiments on different systems and theoretical modeling.

IV. CONCLUSIONS

Auger cascades are the dominant decay pathways for inner-
shell ionization events occurring in a wide photon-energy
range from the soft to hard x-ray regime, leading to multi-
ply charged ions. In this study, we experimentally quantified
a gradually increasing kinetic energy shift of Auger elec-
trons emitted from intermediate-sized rare-gas clusters in
comparison to the monomer transitions along a multistep
Auger cascade. Although the magnitude of this shift, which
originates from an electron binding energy shift caused by
polarization screening, is reasonably described by the Born
model for the first three (auto)ionization events, it deviates
considerably for the transition from +3 to +4. Note that
the observed behavior is not yet described by other existing
implicit solvent models, which may, therefore, benefit from
further insights about the ion charge dependence of solvation
energies as well. Aspects potentially explaining this deviation
have been discussed, such as the limits of the model, the shell-
dependent core-level binding energy shifts, the delocalization
of valence orbitals, and structural changes in the cluster lat-
tice. From the present data, their individual influence and how
this deviation will develop for higher charge states remain un-
clear. Further experimental work and theoretical modeling are
thus warranted. For example, investigations of Auger decays
to highly charged states, where all of the involved orbitals
are localized core orbitals, could provide further information.
Such experiments are, however, challenging. Nevertheless,
our results contribute to the interpretation of complex electron
spectra of extended systems exposed to high-energy radiation
and serve as a starting point for further research on the ener-
getics of ions embedded in an environment.
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APPENDIX A: THE BORN MODEL

In the Born model, the electrostatic contribution to the sol-
vation energy of an ion is determined by assuming the ion to
be a charged sphere of charge ze and radius ri that is embedded
in a continuous, isotropic, and polarizable dielectric medium.
In this scenario, the electrostatic energy U of the introduced
charge is given by integrating the energy density of the electric
field over the volume V outside of the charged sphere [9]:

Umedium = ε0εr

2

∫
| 	E |dV, (A1)

where ε0 and εr are the permittivity of free space and
the relative permittivity of the medium, respectively. Us-
ing the absolute value of the electric field strength | 	E | =
(ze)/(4πε0εrr2), a simple expression is obtained:

Umedium = ε0εr

2

∫ ∞

ri

(
ze

4πε0εrr2

)2

4πr2dr (A2)

= z2e2

8πε0εr

∫ ∞

ri

1

r2
dr (A3)

= z2e2

8πε0εrri
. (A4)

When calculating the difference between this energy and the
energy U0, when the ion is not surrounded by any medium, a
quadratic dependence on the ion’s charge z is found:

�Ez = Umedium − U0 (A5)

= − z2e2

8πε0ri

(
1 − 1

εr

)
. (A6)

In this model, the electrostatic energy difference between an
isolated ion and an embedded ion, which are in the same
electronic state, solely depends on the charge of the ion z, its
radius ri, and the permittivity εr of the medium. Assigning
a radius to an ion is, however, only an approximation in the
framework of this model, as there is no unified definition of
an ionic radius.
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APPENDIX B: FIT ANALYSIS OF THE
PHOTOELECTRON SPECTRA

For a comparison of the experimental Auger electron spec-
trum with the predictions of the Born model, the solvation
energy of the singly charged ion must be determined us-
ing photoelectron spectroscopy. In this Appendix, a brief
overview about the energetics in photoelectron spectroscopy
of clusters is given and the fitting procedure is described.

The solvation energy �Ez in clusters is not constant but
depends, in our case, on the elemental composition (Ar or
Xe), on the size of the clusters, and on the site of the re-
spective atom. The elemental specificity is clearly given by
the influence of the ionic radius ri and the permittivity of the
environment εr , i.e., its element-specific polarizability. Hence,
different values for �Ez are expected for Ar and Xe clusters.
Furthermore, the polarization of its environment by a single
ion and, therefore, the magnitude of polarization screening
also depend on the position of the ion in the cluster [6], i.e.,
how many polarizable atoms surround the ion. Depending on
the number of nearest neighbors of the respective site of an
atom, sites can be categorized into bulk and surface, where
bulk atoms experience a larger polarization screening [5,59].
Surface sites can be further divided into corner, edge, and face
with an increasing number of nearest neighbors. This division
has been observed by high-resolution electron spectroscopy
[5]. It leads to a broader distribution of solvation energies
among surface atoms. The cluster size itself is decisive for
the relative abundance of sites [5,42] but also impacts the
value of solvation energy for each site, i.e., larger cluster
sizes lead to larger solvation energies. Additionally, the cluster
size distribution in the present experiments is broad. The
final photoelectron spectrum will reflect these distributions
of different cluster sites and sizes. The measured photoelec-
tron spectra, in turn, are also significantly influenced by the
kinetic-energy-dependent attenuation length of electrons in
clusters [48]. Therefore, we expect similar surface-to-bulk and
cluster-to-atom ratios in the photoelectron and Auger spectra
if the kinetic energies of the electrons are in the same range.

In order to determine the binding energy difference of Ar
surface and bulk components with respect to Ar monomers, a
least-squares fit is performed on the Ar 2p photoelectron spec-
trum, measured at an exciting photon energy of hν = 2920 eV
using a high-resolution hemispherical electron analyzer. This
spectrum is displayed in Fig. 10(a). Six Voigt profiles on top of
a constant background are used to fit the experimental curve.
The Voigt model, which is implemented in the used LMFIT

Python package [63], allows a description of the measured
spectral line shape that is governed by the Gaussian shape of
the spectrometer resolution and the Lorentzian shape of the
lifetime broadening, which is about 112 meV [64]. The Voigt
model is defined as

V (x; A, μ, σ, γ ) = ARe[w(z)]

σ
√

2π
, (B1)

where

z = x − μ + iy

σ
√

2
, (B2)

w(z) = e−z2
erfc(−iz), (B3)

FIG. 10. Fitted photoelectron spectra of (a) Ar 2p, (b) Ar 1s,
and (c) Xe 4d . The experimental spectra (gray, filled area) contain
a mixture of uncondensed monomers and clusters. The components
of the fit represent the contribution of monomers (black, filled area),
cluster surface atoms, and cluster bulk atoms (both blue, hatched
areas) to the overall fitted spectrum (blue, dotted line).

and erfc() is the complementary error function. Due to the
limited experimental resolution in all of the present photo-
electron spectra, it is not possible to find an unambiguous
solution for the decomposition of each photoelectron fea-
ture into three components (atom, surface, and bulk) without
applying boundary conditions. Physical boundary conditions
are applied to approach the most reasonable solution, i.e., the
binding energy shift of surface features should not exceed
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the values found in literature for large clusters [8,26,48,59],
the binding energy difference between surface and bulk
should not deviate significantly from the, rather constant, val-
ues reported in literature [8,26,48,59], and the width of the
bulk features should not exceed the ones from surface fea-
tures [8,26]. The latter constraint relates to the more diverse
site distribution of surface atoms (corner, edge, and face) in
comparison to bulk atoms. Additionally, the energies and in-
tensities of spin-orbit components were forced to correspond
to the spin-orbit characteristics of the respective atomic fea-
tures. In the framework of these boundary conditions, a good
estimate of the intensities and shifts of the cluster features is
obtained.

The boundary conditions for the fit of the Ar 2p photo-
electron spectrum specifically include that the binding energy
shift of the surface contribution cannot exceed the values re-
ported in literature for clusters of intermediate size (�E1,S �
0.66 eV) [8] and that the binding energy shift of the bulk con-
tribution with respect to the surface contribution is only within
the small range of 0.27–0.31 eV as reported in Refs. [58,59].
The result of this fit is given in Table II. Most impor-
tantly, the binding energy differences �E1,S(2p−1) = 0.66 eV
and �E1,B(2p−1) = 0.95 eV were determined for surface and
bulk components, respectively. As the result for �E1,S is at
the limits of the boundary conditions, no meaningful un-
certainty for �E1 is obtained from the fit. Considering the
choice of boundary conditions and the consistency with re-
sults from literature [4,8], the obtained results are found
to give the best representation of the cluster contributions
to the photoelectron spectrum. Therefore, the determined
intensity ratios are assumed to be representative of Ar
electron spectra recorded at approximately 2.6 keV kinetic
energy.

In order to determine the intensity ratio of surface and bulk
components in the lower kinetic energy regime (180–235 eV),
another photoelectron fit is performed using the Ar 1s pho-
toelectron spectrum, which is shown in Fig. 10(b). This
spectrum was recorded at an exciting photon energy of hν =
3336 eV, leading to a nominal kinetic energy of ≈130 eV.
Here, three skewed Voigt profiles on a constant background
are fitted to the experimental spectrum, in order to accom-
modate for the asymmetric line shape that is possibly caused
by postcollision interaction [65]. The skewed Voigt profile is

defined as

f (x; A, μ, σ, γ , c) = V (x; A, μ, σ, γ )

{
1 + erf

[
c(x − μ)

σ
√

2

]}
,

(B4)

where erf() is the error function. For the fit, the binding energy
differences obtained from the Ar 2p photoelectron fit are used
as fixed input. The results, most prominently the intensity
ratios IS/B = 2.1 and IC/A = 3.5, are given in Table II.

Finally, a fit of the Xe 4d photoelectron spectrum is per-
formed to obtain information about the site distribution and
energy shifts in Xe clusters in the present experiment. The fit-
ted spectrum is displayed in Fig. 10(c). Six Gaussian profiles
and a linear background are used to model the experimen-
tal curve. Here, Gaussian profiles are used instead of Voigt
profiles because the width of the line shapes are majorly
governed by the spectrometer resolution and not the lifetime
broadening. The specific boundary conditions that are applied
here include that the binding energy difference of the surface
component is in the range known for Xe clusters of small to
intermediate size (0.6 eV � �E1,S � 0.8 eV [59]), while the
binding energy difference of the bulk component with respect
to the surface component is fixed to 0.29 eV.

The fit yields binding energy differences �E1,S(4d−1) =
0.73 eV and �E1,B(4d−1) = 1.02 eV for surface and bulk
components, respectively (see Table II). This is in good agree-
ment with literature values for small Xe clusters (�E1,S,lit =
0.70 eV and �E1,B,lit = 1.01 eV for 〈N〉 ≈ 90 [59]) but is
significantly lower than the values found for large Xe clusters
(�E1,S,lit = 0.80 eV and �E1,B,lit = 1.11 eV for 〈N〉 ≈ 300
[59], �E1,S,lit = 0.83 eV and �E1,B,lit = 1.12 eV for 〈N〉 ≈
1000 [8], and �E1,S,lit = 0.86 eV and �E1,B,lit = 1.15 eV for
〈N〉 ≈ 1900 [26]). The fit is, therefore, found to be a good
representation of the spectral composition in the present ex-
perimental Xe spectra.

The results for the Xe photoelectron fit are dependent on
the applied conversion function that transforms the raw time-
of-flight data to kinetic energies. The conversion function
has an uncertainty of δEkin ≈ 0.3 eV in the relevant range,
which induces an uncertainty in the determined Xe 4d binding
energy shift. Using the Jacobian and covariance matrix of the
conversion function, a standard deviation of σ�E1 = 17 meV
is determined.
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