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Efficient neutralization of core ionized species in
an aqueous environment

Eetu Pelimanni, *a Andreas Hans, ab Emilia Heikura,ab Marko Huttula a and
Minna Patanen a

Core ionization dynamics of argon–water heteroclusters ArM[H2O]N are investigated using a site and

process selective experimental scheme combining 3 keV electron irradiation with Auger electron–ion–

ion multi-coincidence detection. The formation of Ar 2p�1 vacancies followed by non-radiative decay to

intermediate one-site doubly ionized states Ar2+(3p�2)�ArM�1[H2O]N and subsequent redistribution of

charge to the cluster environment are monitored. At low argon concentrations the emission of an

[H2O]n0H
+/[H2O]n00H

+ ion pair is the dominant outcome, implying on high efficiency of charge transfer to

the water network. Increasing the condensation fraction of argon in the mixed clusters and/or to pure

argon clusters is reflected as a growing yield of Arm0
+/Arm00

+ ion pairs, providing a fingerprint of the pre-

cursor heterocluster beam composition. The coincident Auger electron spectra, resolved with better

than 1 eV resolution, show only subtle differences and thereby reflect the local nature of the initial Auger

decay step. The results lead to better understanding of inner shell ionization processes in heterogeneous

clusters and in aqueous environments in general.

1 Introduction

Inner shell ionization is one of the central primary interaction
mechanisms between X-rays or high energy particles and
matter, followed by complex charge and energy redistribution
dynamics and radiolysis. These processes are fundamental in
nature, in radiotherapy, and also widely exploited in various
spectroscopic material characterization techniques with atomic
specificity.1 Concerning ionization of hydrated atoms/mole-
cules in particular, unique insights to the effect of neighbour-
ing water molecules have been obtained from recent
experiments on pure and doped water clusters.2–7 Generally,
molecules neighbouring the primary ionization site influence
the electronic decay cascade for example by opening non-local
decay pathways, enable the exchange of charge and vibrational
energy, and may open or close specific fragmentation channels.
As condensed yet spatially confined samples, in gas phase
clusters the reaction products (electrons and ions) can be
probed using the same electron and ion spectroscopic methods
that have been well-established in single molecule studies, building
understanding of the role of the environment. In hydrated clusters,
both suppression3,7 and increase5,6 of radiation damage have been
reported compared to the free molecule case.

The properties of clusters are intermediate to those of free
molecules and macroscopic matter, with energetics of the
transition states, number of degrees of freedom and mobility
during the fragmentation process (structural reorganization)
being sensitive to the size and composition of the probed
system.5 In core ionization, charge and energy distribution to
the water network are connected to the core vacancy being filled
via (a cascade of) local or interatomic non-radiative decay
channels that lead to multiply ionized states.4,7 In-depth under-
standing of the detailed mechanisms and energetics can be
obtained especially from the application of multi-particle coin-
cidence detection schemes, i.e., simultaneous detection of the
emitted electron(s) and ion(s), as demonstrated, e.g., in recent
work using X-ray ionization,7 and in the present work using
high energy electron ionization.

In this work, we investigate inner shell ionization dynamics
in argon–water clusters. These heterogeneous systems are
composed of adjacent domains of a hydrogen bonded network
of water molecules and van der Waals bonded inert gas atoms.
When the number of argon atoms is sufficiently high, core–
shell (water–argon, respectively) type configuration can also
take place.2,8,9 The example structure illustrated in the abstract
figure is taken from Lu et al.9 Mass spectroscopic studies of
argon–water clusters, mainly upon (inner/outer) valence ioniza-
tion, have been previously carried out at least by Shinohara
et al.,10 Jongma et al.,11 Golan and Ahmed,12 and Kočišek et al.2

It has been found that ionization of the argon matrix can act as
a mediator for water cluster ionization, and also provide
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cooling for the water cluster cation via neutral evapo-
ration.2,11,12 Excitonic charge transfer reactions from argon to
water were observed with resonant VUV excitation by Golan and
Ahmed,12 while low energy electron irradiation was examined
by Kočišek et al.2

In the present experiment, we exploit high energy (3 keV)
electron irradiation to induce core ionization from the 2p-core
level of an Ar-site, followed by L2,3M2,3M2,3 Auger decay to a
one-site doubly ionized state Ar2+(3p�2)�ArM�1[H2O]N. This
process and the following redistribution of charge within the
cluster are unambiguously singled out using an Auger electron–
ion–ion multi-coincidence detection scheme. Overall, the high
energy resolution detection of the Auger electron in coinci-
dence with the ions provides not only elemental selectivity but
also information on the localization of the initial ionization site
(surface/bulk), the initial electronic decay step (L2,3M2,3M2,3)
and the potential influence of neighbouring water molecules to
it (local vs. non-local decay).

To clarify the notation used throughout this paper, the
neutral parent clusters ArM[H2O]N are denoted with uppercase
‘‘M’’ and ‘‘N’’ (M, N = 1, 2, 3,. . .), while corresponding lowercase
‘‘m’’ and ‘‘n’’ (m, n = 1, 2, 3,. . .) are used for the ionic fragments
Arm

+ and [H2O]nH+. In general m r M and n r N � 1 due to
cluster fragmentation, which in the case of electron ionization
is often extensive so that in practice m { M and n { N.13,14

When referring to a pair of fragments originating from the
same parent cluster, apostrophes are added for further distinc-
tion, e.g., Arm0

+/Arm00
+ and [H2O]n0H

+/[H2O]n00H
+, where m0 +

m00 r M and n0 + n00 r N � 2.

2 Experimental

The set-up consists of a Scienta SES-200 hemispherical deflec-
tion analyzer (HDA), a Wiley–McLaren type time-of-flight mass
spectrometer (TOFMS) with a focusing lens field,16,17 and a
SPECS EQ 22-35 electron gun (EG), all of which were installed at
901 angles with respect to each other. Argon–water heteroclus-
ters were produced in a continuous adiabatic expansion of a
mixture of argon and water vapor through a conical nozzle, with
a reservoir of liquid water (Milli-Q) in the gas line providing the
humidification. The nozzle had a diameter of 25 mm, a half
opening angle of 201, and a 5 mm long expansion cone.
Clusters were generated at three different source conditions
by varying the expansion pressure between 4.5 bar, 6 bar, and
10 bar. Only the argon feed pressure was varied, while in all
three cases the water reservoir was kept at room temperature
and the nozzle at 40 1C. The clusters passed through a skimmer
(0.3 mm orifice diameter) and then the repeller plate of the
TOFMS (a solid plate with a central few mm wide pinhole for
the clusters) to the interaction region. As such the initial cluster
velocity was readily directed towards the ion detector, which
together with the lens field resulted in a high ion collection
efficiency. During measurements the pressure was in the
10�4–10�3 mbar regime in the expansion chamber, and in the
10�8–10�7 mbar regime in the analysis chamber.

Non-coincident Auger electron spectra were measured by
operating the HDA in the conventional scanning mode. In turn,
in the coincidence measurements static voltages were kept so
that only electrons with kinetic energies (KE) within an B8 eV
wide window (203–211 eV) in the Ar L2,3M2,3M2,3 regime were
collected. A pass energy of 100 eV and a 2.5 mm entrance slit
were used, resulting in a kinetic energy resolution of B0.6 eV.
The kinetic energy scale was calibrated to the L3M2,3M2,3 (1S0)
atomic peak at 201.11 eV.15 A continuous 3 keV electron beam
crossed the cluster beam in the normally field free interaction
region, and each detected electron in the HDA triggered an
extraction field pulse for the ions. Bipolar pulses were applied
to the repeller plate (+195 V, 5.4 ms/�30 V, 57 ms), with the
negative after-pulse reducing the ion background. Protons are
not considered in the present analysis, as the measurement of
very short TOFs was prohibited by extraction pulse induced
noise in the ion detector. Position sensitive detectors were used
in both analyzers, with a RoentDek HEX75 microchannel plate/
3-layer delay line anode detector in the TOFMS, and a Quantar
3395A microchannel plate/resistive anode detector in the HDA.
A RoentDek TDC8HP card was used for ion data acquisition,
together with an ATC1 add-on card (with ADCs) for recording
also the electron positions.

A low event rate of o10 electrons per s was used to minimize
the false coincidence yield, with a data acquisition time of
B1–4 weeks for each expansion pressure. The data analysis was
carried out using the CoboldPC (RoentDek Handels GmbH)
and the Igor Pro 8 (WaveMetrics, Inc.) softwares, the latter with
the curve-fitting package SPANCF.18,19 False coincidences were
subtracted using a ‘‘random’’ trigger reference method, the
details of which can be found elsewhere.20 The ‘‘random’’
trigger reference was conveniently obtained from the randomly
observed dark counts at the electron detector. While dark
counts were observed throughout the detector surface, elec-
trons from the narrow cluster beam were concentrated only at
the center of the detector (due to the spatial focusing effect of
the electrostatic lens). Hits at the center were thus considered
as the electron coincidence statistics, and hits at the edges as
the random statistics.

3 Results and discussion

For an overview of the induced Auger transitions, non-
coincident electron spectra measured at a broad kinetic energy
range from argon atoms, argon clusters and argon–water
clusters are shown in Fig. 1. The rich structure emerges from
the decay of L1,2,3

�1 states to various doubly and triply ionized
final state configurations, for which detailed assignments can
be found elsewhere.15 The present electron–ion coincidence
measurements were targeted to the strongest features at 203–
211 eV, involving L2,3M2,3M2,3 transitions to final states with
3p�2 configuration. Overlapping contributions from L1 ioniza-
tion to triply ionized states are weak in this region. The
coincidence yield of Ar3+ was observed to be lower than 4% of
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the value for Ar2+ (as determined from the coincident time of
flight spectra shown in Fig. 2).

Multiply charged ions are not observed from argon
clusters21 or argon–water clusters where the charge is efficiently
transferred to neighbouring sites. This becomes apparent from
the Ar2+-coincident electron spectrum shown in Fig. 1, which
although extracted from the cluster measurement, is essentially
identical with the non-coincident electron spectrum of atomic
Ar and thus originates only from the uncondensed fraction of
Ar in the interaction region.

The total electron-coincident ion time-of-flight spectra are
shown in Fig. 2, where all events are included irrespective of the
number of detected ions in each event. The spectra are shown
both before and after subtraction of false coincidences. The
expression for the subtraction is It = Ie � (Ne/Nr)�Ir, where It is
the true (t) ion statistics (color filled spectra), Ie (line spectra)
and Ir are the statistics of all ions obtained with electron (e) and
random (r) triggered events, and Ne and Nr are the numbers of
electron and random triggered events for normalization.20 In
the true ion statistics, it is seen that the continuous background
as well as obvious false coincidence peaks such as the N2

+ and
O2

+ traces from residual air are cleanly eliminated.
The mass spectra are dominated by two main series of

fragments, [H2O]nH+ and Arm
+. Some of the Arm

+ ions might
also be of the type ArmH+ as previously reported,2 but in our
measurement these are not clearly distinguishable due to
broadening of the peaks by ion momentum. In previous
investigations of argon–water clusters also [H2O]n

+ (n r N)
water cluster ions have been observed as cluster cooling by
evaporation of the argon atoms allows the OH radical to be
retained in the water cluster.10,11,22 In contrast, we do not
observe significant contributions from them at any pressure,
which may be due to large excess energies remaining in the
clusters after (double) ionization and/or to the average cluster
size being smaller in the present experiment.2,10 Mixed species
containing both argon and water (e.g. Arm

+�H1–3O+) have also

only minimal yields. Potential origins of such species have been
discussed in other works.2,10

Regarding the cluster size, conventional scaling law
approaches for mean size estimation are not readily applicable
for the mixed gas expansion.2 We however note that the values
calculated for pure argon expansions are hMi = 9 (4.5 bar), hMi =
14 (6 bar) and hMi = 32 (10 bar) atoms per cluster on average.23

Although the presence of water molecules changes the con-
densation dynamics, based on these we suspect that the true
sizes are on the order of few to few tens of atoms and/or
molecules per cluster. Relatively small mean sizes are sup-
ported also by the fact that the 4.5 bar measurement is close
to the minimum pressure where clusters were observed. A
reliable size estimate from the relatively small fragment sizes
observed in the mass spectrum is prohibited since significant
fragmentation is expected.24

For better comparison of the relative ion yields at different
expansion pressures, the true coincidence yields extracted from
the peak areas of these spectra are presented in Fig. 3(a). The
relative strong yield of protonated water cluster fragments
readily indicates that final charge localization to water is
favoured over argon, particularly in the 4.5 bar measurement.
Interestingly, when this is combined with the removal of excess
energy after ionization by strong Ar evaporation,2,11 the mere
presence of argon in the precursor clusters generated at 4.5 bar
is not readily apparent from the mass spectrum alone, but is
only revealed by the combined information from the Auger
electrons. Note that the remaining ‘‘true’’ intensity in Ar+ at
4.5 bar peaking at a sharp TOF distribution (Fig. 2) is attributed
to be mostly due to a very slight inaccuracy in subtracting the
exceptionally high number of false coincidences for this peak.
At higher pressures a clear but rapidly decaying series of
coincident Arm

+ peaks appears alongside the [H2O]nH+ series,
reflecting an increasing number of pure argon clusters and/or
increasing fraction of argon (layer thickness) in the heteroge-
neous clusters.

Fig. 1 Overview Auger electron spectra resulting from Ar L-shell ionization measured in non-coincident scanning mode (lines). The L2,3M2,3M2,3

transitions in Ar atoms are also designated (sticks).15 The same features in clusters, targeted in the electron–ion coincidence measurements, are broader
and found at slightly higher kinetic energies.
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Further insight to the origin of the mass spectrum and the
cluster beam composition can be obtained from the electron–
ion–ion correlations shown in Fig. 3(b–d). In these correlation
maps, the colour and size of each circle indicates the number of
true counts for the pair of ions specified at the horizontal and
vertical axes. Note that the presentation is distinct from the
traditional ‘‘TOF 1 vs. TOF 2’’-maps, also in that the ions are not
ordered as a function of TOF (or m/z). These statistics were

obtained using eqn (5) of ref. 20, which is not repeated here in
detail due to its lengthiness. Qualitatively, the overall ion pair
statistics consist of four types of events, where the first (1) and
second (2) ion are either true(1)/true(2), true(1)/false(2), false(1)/
true(2) or false(1)/false(2). To obtain the true(1)/true(2) statistics
presented here, the other three contributions have been sub-
tracted from the overall electron triggered statistics. Note that
the intensities of ion pairs in the diagonals (e.g. H3O+/H3O+) are

Fig. 3 (a) Total e–in coincidence yields. The intensities at different pressures are scaled to comparable [H2O]nH+ intensities for better comparison.
(b–d) e–i–i coincidences at 10 bar, 6 bar and 4.5 bar expansions.

Fig. 2 Total electron coincident ion time of flight spectra measured at 4.5 bar, 6 bar and 10 bar expansions. The spectra are shown both before (lines)
and after (filled) subtraction of false coincidence statistics.
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underestimated due to the reduced detection efficiency of two
ions arriving nearly simultaneously to the detector, and as
mentioned above, some additional uncertainty is involved in
the Ar+/X+ pairs due to the high number of Ar+ false
coincidences.

It is seen in Fig. 3(b–d) that the Arm
+ and [H2O]nH+ series

originate mainly from Arm0
+/Arm00

+ and [H2O]n0H
+/[H2O]n00H

+ ion
pair formation, respectively. However, in all three pressures
Arm

+ ions rarely coincide with the protonated [H2O]nH+ (n 4 1)
fragments, suggesting that as long as the number of water
molecules in the cluster is sufficiently high (and perhaps the
number of Ar atoms is sufficiently low, keeping in mind the
core–shell structure at large sizes), both charges are efficiently
transferred to the water network. Some Arm

+/H2O+ and Arm
+/

H3O+ pairs appear, which likely originate mostly from clusters
where just one or a couple of water molecules were present.

Charge transfer to water appears justified by the much lower
ionization energy of water, but the details of this process can be
further considered. The fastest route for transferring the charge
to a neighbouring site would be directly after ionization via
core-level intermolecular coulombic decay (core-ICD) to delo-
calized final states. The probability of core-ICD strongly
depends on the species, the interatomic distance, orbital over-
lap, and transition energy.4 The importance of this process was
recently emphasized for hydrated biomolecules, where core-
ICD rates may compete and even surpass local Auger decay.7 In
comparison, lower contributions of just few % of the total decay
rate have been observed, e.g., for solvated ions,25,26 and even
smaller rates can be expected for van der Waals bonded species.
In pure argon clusters, Ar 2p�1 states predominantly decay via a
local Auger process, with the branching ratio of core-ICD being
o1% (appearing in the 212–218 eV kinetic energy range).27 To
see if the presence of neighbouring water molecules changes
this situation in the present mixed argon–water case, non-
coincident Auger electron spectra were measured at a broad
kinetic energy range from 146 to 231 eV from mixed argon–
water clusters and from pure argon clusters at 10 bar expan-
sions (Fig. 1 shows parts of these spectra, after subtraction of
the uncondensed atomic contribution). Any core-ICD channels
involving the 1b1, 3a1, 1b2 or 2a1 electrons should occur in this
energy range, but essentially identical non-coincident spectra
are however obtained. Moreover, below we discuss also the ion-
coincident electron spectra (Fig. 4), which likewise clearly show
that a significant fraction of the coincident electrons indeed
belong to the main features corresponding to local Auger decay.
These suggest that decay rates via core-ICD channels are not
substantial in the present conditions, and that charge transfer
dynamics occurring well after the first local Auger emission
step appear to drive the fragmentation process. Hence, before
fragmentation, an intermediate state is formed with a doubly
charged argon site in the cluster. It should be emphasised,
however, that this competing interatomic mechanism is not
ruled out in general. Given that core-ICD was observed in the
pure argon cluster case and for other hydrated species,7,25–27 it
seems reasonable to expect it to be possible in the present
argon–water system as well even if it is not prominent after Ar

2p ionisation compared to local Auger decay. Note that a small
overlapping contribution from core-ICD is difficult to extract
from the present electron spectrum due to the large number of
overlapping states (except in the case that a specific ionic
fragment would originate explicitly from this process). The
composition of the Auger electron spectrum is discussed in
more detail below.

The subsequent charge redistribution steps are not reflected
in the present measurements and further work is needed for
their precise determination. However, a brief discussion can be
given. In pure argon clusters, the here probed L2,3M2,3M2,3

decay leads to an intermediate non-dissociative one-site dica-
tionic state, which subsequently decays via Radiative Charge
Transfer (RCT): [Ar2+(3p�2)�Ar] - Ar+(3p�1) + Ar+(3p�1) +
hn.27,28 This radiative transition dominates since non-
radiative decay channels (causing further ionization) are ener-
getically forbidden. Thus, this should be the predominant
process producing the here observed Arm0

+/Arm00
+ ion pairs.

The energy released in this process is up to around B10.7 eV,27

and couple eV larger in the mixed cluster case if the highest
occupied molecular orbital (HOMO) of a neutral water molecule
contributes to the charge transfer (given its B3.5 eV lower
ionization energy compared to Ar). It is not fully clear whether
third ionization could occur in the heterogeneous environ-
ment, but here we have limited the analysis only up to 2 ion
correlations. Third ionization could occur also due to inelastic
scattering of the electrons on their way out of the cluster. The
coincidence detection excludes this possibility for the Auger
electron (discussed further below), but does not explicitly rule
it out for the primary impacting electron nor for the
initially ionized 2p-electron which are not measured. It was
recently observed that in argon–nitrogen heteroclusters,29 the
above mentioned RCT channel occurring in pure argon clusters
was efficiently quenched by competing nonradiative direct
single charge transfer (SCT) to Ar+�N2

+* states with crossing
potential energy curves. Similar mechanisms may then play a
role in other heterosystems as well, potentially also in the
present case.

Kočišek et al.2 have also discussed charge transfer mechan-
isms from argon to water after electron ionization from the
threshold region up to 80 eV electrons. They also reported that
in their experiment surface ionization was dominant so that the
argon atoms effectively shielded the internal water cluster. In
comparing the results, it should be noted that our clusters are
likely to be smaller than those in the experiment of Kočišek
et al.,2 considering differences in the expansion conditions and
the mass spectra. Additionally, the probe depth should be
considered as the inelastic mean free path (IMFP) of electrons
varies largely in the considered energy range. The energy of the
here probed Auger electrons (B200 eV) settles close to the
minimum of the IMFP curve in water, where the IMFP is
B1 nm.30 In turn, the IMFP of the incident 3 keV electrons
in water is significantly larger, around 10 nm (note that the
IMFP rises steeply also for low energy electrons).30 These values
suggest that in our experiment the incident electrons should
relatively easily penetrate into the cluster, while inelastic
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scattering of the outgoing Auger electron is more probable
since its IMFP is roughly comparable to the cluster size.

Since the kinetic energy of the Auger electron depends on
the final state polarization screening efficiency by the environ-
ment, initial coordination of the ionization sites should be
reflected as fine structure in the Auger electron spectra. On the
bottom right of Fig. 4 we show an example fit of the non-
coincident spectrum measured at 10 bar. The fit is performed
by first fitting the atomic L2,3M2,3M2,3 spectrum (for simplicity,
with 4 peak profiles), and applying the result to the cluster
spectrum with fixed intensity ratios and energy splittings, but
with broadened profiles that are also shifted in energy. It is
seen that the experimental spectrum can be reasonably well
reproduced with two sets of peaks, which have been previously
assigned to surface (lower KE) and bulk (higher KE) coordi-
nated atoms.31 The respective KE shifts from the atomic
spectrum are B1.9 and 2.8 eV. Besides the main lines, a
Shirley-like cumulative profile is simultaneously applied in
the fit to account for the non-constant background and
potential minor contributions from overlapping structures.
This profile was selected given that the main Auger lines lose
intensity to lower kinetic energies due to inelastic intracluster
scattering (ionization or excitation of the same or neighbouring
sites) of the incident electron, the ionized 2p electron or the
Auger electron itself.31,32 Note that some processes like ‘‘shake’’

transitions and post-collision interaction may also increase the
Auger electron energy.32 While the applied profile is therefore
somewhat arbitrary (in other works simple line profiles have
also been used31,32), a detailed account of these processes is
beyond the scope of this work. As noted above, ionization by
inelastic scattering of the Auger electron leading to triply
ionized states can be ruled out since corresponding spectral
features would be out of the coincidence detection window. The
minimum energy loss in this Auger electron induced shake-off
process is \ 10 eV (adiabatic ionization energy of a neutral Ar
or an H2O site33) and therefore these electrons lie outside
(lower kinetic energy side) of the monitored kinetic energy
region. Other processes may still contribute in the monitored
region, however, although their intensities appear much
weaker than the normal Auger lines.

On the left part of Fig. 4 we show the ion-specific electron
spectra, obtained by taking the events where exactly one of the
designated ions was detected (along with 0, 1, 2, . . . other types
of ions), and then subtracting the false coincidence back-
ground (see eqn (3) and related discussion in ref. 20 for details).
While the data are thus not filtered to specific ion–ion correla-
tions, the origins of the individual ions are however implied in
the ion–ion correlations discussed above. Firstly, the electron
spectra obtained in coincidence with the Ar2+ ion are shown on
the top left. The obtained spectra are practically identical at all

Fig. 4 Selected ion specific electron spectra recorded in the coincidence mode. For comparison, a non-coincident electron spectrum of pure argon
clusters measured at 10 bar is shown on the bottom right.
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three pressures, resembling the non-coincident spectrum of
argon atoms. These ions thus originate from the uncondensed
fraction of argon atoms in the cluster jet, as was already noted
above. The rest of the plots show electron spectra that were
obtained in coincidence with various ions originating from the
clusters. As expected, the profiles appear broadened and
shifted to higher kinetic energies compared to the atomic
spectrum.

Considering if the efficiency of charge localization to water
depends on the initial coordination site of the ionized argon
atom in the cluster (e.g., an atom adjacent to a water molecule
vs. a surface atom with multiple atomic layers in between), it is
remarkable that differences between the Arm

+ and [H2O]nH+

coincident electron spectra are overall relatively subtle. All of
the spectra show similarly broad energy distributions, and with
increasing stagnation pressure the increasing mean cluster size
and compositional diversity broadens the energies similarly for
both Arm

+ and [H2O]nH+. Above we also noted that the non-
coincident spectra between pure and heterogeneous clusters
measured at 10 bar (Fig. 1) are virtually indistinguishable. The
coincident electron spectra appear also rather similar to the
non-coincident measurement at 6 bar, as one might expect, but
there is some discrepancy between the coincident and non-
coincident electron spectra measured at 10 bar (the 4.5 bar non-
coincident spectrum was not measured). Particularly the spec-
tra of the smallest fragments appear less resolved, and
weighted to lower kinetic energies. The reason for this discre-
pancy at 10 bar is not fully clear, but one can speculate that the
decreasing detection efficiency of ions with increasing mass
may play a more significant role here, and that the smallest
fragments might be more likely to coincide with inelastically
scattered electrons. Clearly, the charge transfer dynamics (and
therein the efficiency of charge migration to water) are subject
also to any transient nuclear dynamics occurring during and
after the lifetime of the intermediate dicationic state (which in
pure argon clusters was reported to be up to several ns34),
which could be an interesting subject of further theoretical
work on the matter.

4 Conclusions

In this experiment, we have combined the production of
aqueous heteroclusters in an adiabatic expansion, core ioniza-
tion by a compact electron source, and site and process
selective Auger electron–ion–ion multi-coincidence detection
with high resolution hemispherical electron and ion time of
flight analyzers. Argon–water heteroclusters were investigated
with 3 keV electron ionization by selectively monitoring the
formation of 2p core level vacancies on Ar-sites, Auger decay to
Ar 3p�2 intermediate states and subsequent charge redistribu-
tion to the environment. The coincidence scheme was of
particular importance in singling out the core level process,
which for few keV electrons has an order of magnitude lower
cross section than valence ionization35 (while with soft X-rays,
e.g., in synchrotron and free electron laser experiments the Ar

2p cross section is an order of magnitude higher than the
valence36,37).

Multi-ion detection allowed breakdown of the mass spec-
trum mainly to the formation of [H2O]n0H

+/[H2O]n00H
+ and Arm0

+/
Arm00

+ ion pairs, with relative yields correlating strongly with the
precursor cluster composition. It was found that in low argon
concentrations the production of Arm

+ ions was effectively
suppressed by the combined effects of charge transfer to water
and Ar evaporation, but with the applied electron–ion coinci-
dence scheme it was still possible to reveal the presence of
argon in the precursor clusters. This observation also empha-
sizes that, generally, care should be taken in assessing the
precursor cluster composition from mass spectroscopy alone.
The large number of emitted [H2O]n0H

+/[H2O]n00H
+ ion pairs

with close to negligible yield of Arm
+ ions at low argon concen-

trations also demonstrates how multiply charged species can
be efficiently neutralized by charge migration to the surround-
ing water molecules. This contributes to the significant interest
presently given in assessing the detailed dynamics and out-
come of inner shell ionization processes in hydrated clusters,
and aqueous environments in general.
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20 G. Prümper and K. Ueda, Nucl. Instrum. Methods Phys. Res.,
Sect. A, 2007, 574, 350–362.

21 H. Fukuzawa, Y. Li, D. You, Y. Sakakibara, S. Yamada, Y. Ito,
T. Takanashi, M. Oura, N. Saito and K. Ueda, Phys. Rev. A,
2019, 99, 042505.

22 K. Mizuse and A. Fujii, J. Phys. Chem. A, 2013, 117, 929–938.
23 U. Buck and R. Krohne, J. Chem. Phys., 1996, 105, 5408–5415.
24 J. Lengyel, A. Pysanenko, V. Poterya, J. Kočišek and
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27 A. Hans, C. Küstner-Wetekam, P. Schmidt, C. Ozga, X. Holzapfel,
H. Otto, C. Zindel, C. Richter, L. S. Cederbaum, A. Ehresmann,
U. Hergenhahn, N. V. Kryzhevoi and A. Knie, Phys. Rev. Res.,
2020, 2, 012022.

28 N. Saito, Y. Morishita, I. H. Suzuki, S. Stoychev, A. Kuleff,
L. S. Cederbaum, X.-J. Liu, H. Fukuzawa, G. Prümper and
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