


continuum. A common decay path of such core-excited species
is spectator RA decay. Here, a valence electron fills the inner-
shell vacancy and another valence electron is emitted, while the
initially excited electron stays as a “spectator” in its orbital
(Figure 1b). The internal excess energy of the RA final states is
typically not enough for further local autoionization. If the atom
or molecule does not have neighbors, further decay is only
possible radiatively and/or via dissociation. The presence of
neighbors, however, enables further autoionization of the system
as a whole via ICD: the excited ion decays to its ground state
transferring the excess energy to ionize a valence electron from a
neighbor (Figure 1c). The emitted electron, the so-called ICD
electron, has typically a rather low kinetic energy below 30 eV.
The potential relevance of ICD and related phenomena in
radiation biology has been discussed intensely.9−11

Soon after RA-ICD and its potential for medical applications
were recognized in pioneering theoretical work1 and in an
experimental study on molecular van der Waals dimers,2 it has
also been observed in Ar dimers.12 Simultaneously, it was shown
that in heterogeneous rare-gas dimers the energies of the emitted
LEEs can be adjusted by choosing a neighbor atom with
appropriate ionization energy.13−15 Despite its intriguing
application potential, however, no attempt has been reported
to transfer RA-ICD from prototypical van der Waals dimers to
more realistic samples. Most studies on liquid samples discuss
ICD of electronic inner-shell vacancies, a variant which has been
named “core-level ICD”.16−18 In this case, ICD directly
competes with Auger decay and the ICD electrons have kinetic
energies in the range of typical Auger emission (depending on
the system under investigation, for Ca ions around 300 eV). It is
important to differentiate RA-ICD and core-level ICD as two
related mechanisms with yet fundamentally different impact on
the photochemistry of the system due to their different reaction
products. As demonstrated recently, core-level ICD can, e.g., be
applied to study the chemical environment of a solvated ion.18

However, it does not directly produce LEEs and is therefore
regarded to be less relevant in a biochemical or radiation
chemistry context.
From the viewpoint of medical applications, RA-ICD provides

an intriguing advantage. Resonant inner-shell excitation with X-
rays is highly element-selective, meaning that at a particular
resonance energy, photons are nearly exclusively absorbed by
one species of atom, while the rest of a system is basically
transparent. This can be utilized for targeted energy deposition,
e.g., via a marker element, while leaving the surroundings mostly
unaffected. The destructive LEEs and radicals are thus produced
locally at the point of interest.
A major challenge for the investigation of LEE-emitting ICD

and related mechanisms in larger and more complex systems,
e.g., in liquids, is the overwhelming background of LEEs due to
other processes, mainly electron-impact excitation or ionization
and quasi-elastic scattering processes.19 In the present study, we
overcome this challenge by applying electron−electron
coincidence spectroscopy to an aqueous solution and report
the first observation of RA-ICD in liquids.

■ RESULTS AND DISCUSSION

As an explicit example, we consider the 2p → 3d resonant
excitation of solvated Ca2+ ions. To obtain information for both
the high-resolution resonant Auger spectra as well as the
subsequently emitted LEEs, we used the results of two
independently performed experiments. These combine the
benefits of high-resolution electron spectroscopy using a

hemispherical analyzer and low-resolution, but coincident
detection using a magnetic-bottle coincidence spectrometer
(see Methods section).
In both experiments, the energetic positions of the Ca2+ 2p→

3d resonances were identified by scanning the exciting-photon
energy stepwise and recording the total or partial electron yield.
Typical electron yield curves are shown in Figure 2. Two

prominent resonances attributed to the 2p1/2,3/2 → 3d fine-
structure doublet are present.20 The weaker side structures,
assigned to crystal field effects, have been discussed else-
where.20−22 Note that even after careful photon-energy
calibration, a slight deviation on the order of 200 meV in
resonance energies remains between the two experiments, with
neither exactly matching previously reported values.20 The
origin of this deviation cannot be reconstructed. It is, however,
most likely a result of the fact that the calibrations were done not
exactly in the energy range of the Ca L-edge and can be regarded
as uncertainty for the observed resonance energies. Since the
resonances were identified in each experiment individually, this
does not affect our conclusions in any way.
Using high-resolution electron spectroscopy with the hemi-

spherical analyzer, the resonant Auger spectra on both
resonances and well above the 2p edge (binding energies of
352.8 and 356.6 eV for the 2p3/2 and 2p1/2 components16) were
measured and are displayed in Figure 3. The nonresonant Auger
spectrum, shown in Figure 3b, has been reported and discussed
earlier16,17 and serves as a reference for the interpretation of the
spectra recorded on the resonances. It contains a main
contribution of conventional Auger electrons between 280 and
290 eV and a weaker signal between 300 and 310 eV attributed
to core-level ICD. This latter variant of ICD is a direct
competitor to Auger decay, a valence electron from Ca fills the
core vacancy and a valence electron from a neighboring water
molecule is emitted.16 Relative to the nonresonant Auger
spectrum, the features in the two spectra on the resonances are
rather straightforward to assign. The fastest electrons in the
range from 330 eV to about 340 eV are mainly valence electrons
from water. The sharp prominent peaks at 318.7 eV (2p3/2
resonance) and 322.1 eV (2p1/2 resonance) represent the 3p
photoelectrons from Ca2+ with a binding energy of 29.8 eV.16

Figure 2. Total electron yield (FlexPES, black solid line and left y axis)
and partial electron yield (P04, magenta dashed line, right y axis, based
on data from ref 18, reused under CC BY 4.0.) as a function of the
exciting-photon energy across the Ca2+ 2p edge from both conducted
experiments. A slight shift is observed between the experiments at P04
and FlexPES, respectively, which is most likely a result of energy-
calibration uncertainties (see text).
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Their intensity is resonantly enhanced due to participator
resonant Auger decay. At about 19 eV lower kinetic energy,
another relatively sharp peak can be attributed to the Ca 3s
photoelectrons. In between the 3s and 3p photoelectrons, there
is a broader peak which originates from resonant core-level ICD,
which has recently been analyzed in detail.18 In the region
between about 282 and 295 eV, the spectator resonant Auger
spectrum corresponding to transitions from Ca2+(2p−13d) to
Ca3+(3p−23d) configurations can be observed, with a character-
istic “spectator shift”17 compared to the nonresonant Auger
spectrum. At even lower kinetic energies transitions to final
states with holes in the 3s level occur.
The remaining internal energy in the Ca3+ ion can easily be

estimated from the difference between the spectator resonant
Auger region and the 3p photoelectron peak in the kinetic-
energy spectrum, which represents the ionic ground state. This
energy amounts to about 28 to 37 eV and is available to be
transferred to neighbors. The kinetic energies of electrons
emitted in ICD of these states can then be coarsely calculated.
The ionization energy of water (11.3 eV in liquid phase23) and
the potential Coulomb energy between the resulting ions need
to be subtracted from the available excess energy. The Coulomb
energy between the Ca3+ and the H2O

+ ion strongly depends on
their interionic distance and the screening by the environment.
From the average Ca−O distance of 2.46 Å24 a nominal
Coulomb energy of 17.6 eV can be calculated,16 while at infinite
distance or for complete screening it is zero. Experimentally, the
Coulomb energy can be deduced from the energetic distance
between Auger and core-level ICD features in previous studies
or from the present kinetic energies in the spectra in Figure 3. It
turns out that there is almost perfect screening by the
environment and that the two-site ionization potentials of the
ICD final states are close to the sum of the ionization energies of
the individual ions.16 Consequently, a Coulomb energy of at
most a few eV needs to be considered. Note that the final ionic
states of core-level ICD and RA-ICD are identical, namely Ca3+

and H2O
+. Under these considerations we expect an RA-ICD

spectrum centered at about 20 eV and of about 10 eV width.
Except for slight changes in the spectral structure the energy
range is expected to be independent from the fine-structure
component, since this difference is mainly taken by the spectator
Auger electron.
This estimated kinetic-energy range of RA-ICD electrons lies

energetically within the typical background of LEEs observed in
electron spectra from liquids.19 Without further discrimination,
the identification of a broad feature in this range is extremely
challenging using conventional electron spectroscopy. We
therefore applied electron−electron coincidence spectroscopy
to reduce the background of inelastically scattered electrons
tremendously. Due to the large photoexcitation cross section on
the Ca2+ 2p resonances, the resonant Auger electrons in the
range between 282 and 295 eV can be unambiguously identified
in the electron spectrum,25 although the resolution is
significantly inferior to the hemispherical analyzer. We then
select events of two-electron coincidences (resonant Auger
electron and RA-ICD electron). In Figure 4, the kinetic-energy

spectra of the second, slower electron are plotted for both
resonances with the coincidence condition that the first electron
was the spectator Auger electron. The off-resonant spectrum of
single-electron events serves as a reference. The spectra have
been normalized to their maximum to allow for comparison of
spectral features within a single graph and additionally are
plotted in a magnified presentation to emphasize features in the
region of lower intensity above 10 eV. The expected energy
range (15−25 eV) of the RA-ICD electrons has been
highlighted. For a more detailed description of the coincidence
data treatment see the Supporting Information.25

It is evident that also the coincidence filtering cannot
completely suppress the LEE tail increasing toward zero kinetic
energy, which is omnipresent in the spectrum of the second
electron. Note that the spectral shape close to zero eV may not
be accurate due to the difficulty of measuring very slow electrons

Figure 3. (a) Resonant Auger spectra after Ca2+ 2p3/2 → 3d (349.4 eV,
blue) and 2p1/2 → 3d (352.7 eV, green) photoexcitation. An offset has
been applied to the latter for better visibility. (b) Auger spectrum after
2p photoionization, recorded at 460 eV exciting-photon energy. The
main features are labeled, for detailed discussion see text. Based on data
from ref 18, reused under CC BY 4.0.

Figure 4. LEE spectra of a 4 M CaCl2 solution exposed to X-rays of
different energies. The gray dotted curve is a reference spectrum of
single-electron events above the Ca2+ 2p ionization threshold taken at
405 eV exciting-photon energy. The blue dashed line and the green
solid line represent spectra on the 2p3/2 → 3d and 2p1/2 → 3d
resonances at 349.25 and 352.5 eV, respectively. The spectra on the
resonances were filtered using the coincidence condition that the first of
two coincidentally detected electrons is the Ca2+ 2p → 3d spectator
resonant Auger electron. All spectra are normalized to their maximum
and are additionally plotted magnified to emphasize the low-intensity
region. The red shaded area indicates the expected range of the RA-ICD
electrons.
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from a liquid.19 Importantly, however, on top of the LEE
background, for both resonances a significant structure can be
observed which perfectly matches the estimated RA-ICD
kinetic-energy range and is absent in the reference spectrum.
We thus conclude that the observed feature between about 15
and 25 eV kinetic energy originates from RA-ICD of solvated
Ca3+ ions. A second feature may be identified around 10 eV,
which gradually merges into the LEE background and is
therefore less discernible. Its origin cannot be unambiguously
identified from the present data and could possibly include RA-
ICD ionizing water valence orbitals with higher binding
energies, or electron-transfer-mediated decay of Ca3+ ions
subsequent to RA-ICD.26,27

It is worthmentioning that for concentrations of about 4M, as
used in the present coincidence experiment, the effect of ion
pairing has been observed.18 That means, that the counterion
(Cl−) is present in the first solvation shell and can be ionized
through any ICD variant as well as water molecules. The
contribution attributed to ion pairing is, however, weak18 and
since the coincidence spectra were only taken at one
concentration, it cannot be identified here. We suggest that
future studies should address the impact of ion pairing on RA-
ICD.
While the feature assigned to RA-ICD may seem rather weak

compared to the remaining LEE background, it is important,
however, to consider this in proper context. First, it is
remarkable that the RA-ICD feature contrasts so clearly from
the reference spectrum at all. All other works reporting LEE
emission from liquids after soft X-ray irradiation used some
background-subtraction method to make the features of interest
visible (e.g., refs. 26,27). Second, the experiment integrates over
an interaction and acceptance volume (unfortunately not
sharply delimited), in which much more water molecules than
Ca ions are present. In the immediate environment of the ions,
the emission of RA-ICD electrons should be more efficient than
the average LEE emission. A quantification of this is not possible
here and should be subject to future investigations.
Regarding the efficiency of the RA-ICD process itself, for van-

der-Waals-bound dimers, RA-ICD was found to be very
efficient, occurring on a time scale below 20 fs.2 A similar time
range was reported for direct core-level ICD of 2p-ionized
solvated Ca ions.16 ICD of valence-ionized states inMg ions was
predicted to be even faster, below 1 fs.28 Although none of these
cases is equivalent to the presently discussed variant of ICD and
a quantification is not possible from the present data, it is
reasonable to assume a similar lifetime here.
We emphasize the resonant and site-selective character of the

LEE emission triggered by RA-ICD, which was the fundamental
idea in refs. 1,2 to suggest its application for medical purposes.
Through the resonant excitation as a precondition for RA-ICD,
the production of LEEs and radicals should only appear in a very
narrowwindow of the X-ray photon energy (sub 1 eVwide in the
present case). Naturally, the LEEs originating from RA-ICD are
only emitted locally from the immediate surroundings of the Ca
ions. While Ca is abundant in the biosphere, the scenario could
be transferred to another marker element, which may artificially
be introduced into an organism, enriched, e.g., in cancer tissue.
Choosing the resonant photon energy of the marker element,
destructive LEEs can then be produced efficiently and locally,
while the rest of the tissue is basically transparent for the X-rays.
Higher atomic number Zwill increase the contrast/selectivity, as
the photoionization cross section for C, N, and O drops with
increasing photon energy. Moreover, deep core-level vacancies

in high-Z elements give rise to more electrons due to cascade
decay.26 It should also be noted that the damage caused by LEEs
depends on their kinetic-energy distribution. For example, the
impact of electrons with different kinetic energies may mainly
cause single, double, or multiple strand breaks to DNA.3−5,29 In
general, the distribution of kinetic energies of electrons emitted
due to RA-ICD can be steered by choosing an appropriate
system.

■ METHODS

High-resolution Auger spectra were recorded using a hemispherical
electron analyzer coupled to a liquid microjet device.30,31 The
instrument was installed at the P04 beamline32 of the PETRA III
synchrotron facility (DESY, Hamburg, Germany). A 1.5 M solution of
CaCl2 was prepared by dissolving a commercial salt (Sigma-Aldrich,
99% purity) in ultrapure water (resistivity 18.2 MΩ/cm) and
subsequent filtration and degassing. For typical operation conditions
of the liquid microjet we used 30 μm diameter glass nozzles and a flow
rate of 0.8 mL/min. All spectra were recorded by applying a −50 V bias
voltage to the liquid jet, allowing to suppress water gas-phase
contributions to the spectra.23 The photon energy of the beamline
was calibrated against known gas-phase K-edge absorption lines of
different gases (CO, N2, SF6, and Ne). We operated with a photon
bandwidth of about 60 meV and an analyzer resolution of 200 meV,
which is sufficient to resolve all features in the Auger spectra.

For monitoring LEE emission occurring subsequently to resonant
Auger decay we used a setup for electron−electron coincidence
spectroscopy.26,33 This experiment was performed at the FlexPES
beamline at the MAX IV Laboratory in Lund, Sweden34 during single-
bunch delivery. A magnetic-bottle time-of-flight electron spectrometer
was used to efficiently record coincidences of two electrons emitted in
pairs after a single excitation. Details of the setup are described
elsewhere.26,33 A 4 M solution of CaCl2 was prepared by the same
procedure as in the first experiment. The sample was introduced into
vacuum at a temperature of 4 °C and at flow rates between 0.6 and
0.8 mL/min. For measuring the LEE spectra, a +26 V bias voltage was
applied to the drift tube of the magnetic bottle in order to accelerate
electrons with near zero kinetic energy such that they arrive at the
detector within the time window between two consecutive pulses
(320 ns) and a −3 V bias voltage was applied to the jet itself. The
exciting-photon energy axis was calibrated at the Ar L-edge and the
time-of-flight axis was converted to kinetic energies by measuring water
O 1s photoemission (for which the binding energy is known) at various
exciting-photon energies. Using a procedure of data acquisition during
several consecutive exciting-photon pulses, the relevance of random
coincidences was estimated to be negligible.25
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