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We report the observation of the radiative decay of singly charged noble gas ground-state ions embedded
in heterogeneous van der Waals clusters. Electron-photon coincidence spectroscopy and dispersed photon
spectroscopy are applied to identify the radiative charge transfer from Kr atoms to a Neþ2 dimer, which
forms after single valence photoionization of Ne atoms at the surface of a NeKr cluster. This mechanism
might be a fundamental decay process of ionized systems in an environment.
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Photo-induced charge transfer is among the most impor-
tant mechanisms in many biochemical processes. The
de- or relocalization of charge across complex organic
molecules or whole biological systems accompanies or
even enables a variety of photosynthetic and photocatalytic
reactions [1,2]. While the nature of such reactions and
their detailed role in biochemistry or technology may be
of almost arbitrary complexity, the fundamentals of these
charge transfer processes can be studied on an atomic level
in prototypical and well-defined cluster systems. For
weakly interacting constituents of such a cluster system,
it was recently discovered that doubly charged ground-state
ions can deexcite by charge transfer from their environ-
ment, even if the ion is not part of an actual chemical bond.
For instance, electron transfer mediated decay (ETMD)
was observed in NeKr clusters [3]. Here, a 4p electron is
transferred from a Kr atom to fill one of the two 2p valence
vacancies in a Ne2þ dication, and the released energy
ionizes another adjacent Kr atom.
However, this relaxation path is energetically forbidden,

if the dication is located in a homogeneous environment, as
the energy excess due to the transfer of an electron from a
neutral atom to a doubly charged neighbor is not sufficient
for further ionization of the same species. Since the final
state with two delocalized charges is still energetically
favored compared to the one-site dicationic state, an
electron is transferred and a photon is emitted. This process
was termed radiative charge transfer (RCT) and observed
indirectly in the form of missing energy in electron-ion
coincidence studies on Ne and Ar dimers [4–6]. Recently,

a direct measurement of the emitted photons after RCT
in Ne clusters was achieved [7].
The preparation of the initial states of this class of charge

transfer processes requires the creation of a doubly charged
ground-state ion. Direct single-photon double ionization
creates such states [6], but usually with a comparably low
cross section [8]. Therefore, inner-shell photoionization
followed by Auger decay is used in most studies [4,5,7],
which requires the use of soft x rays.
A far more general photoionzation process is single

valence ionization, for which typically photon energies
from the ultraviolet (UV) to extreme ultraviolet (EUV)
spectral range are sufficient. Although irradiation by
photons of any energy above the ionization energy may
cause valence ionization, the relaxation of the resulting
ground-state ions embedded in an environment has not
been investigated in detail so far.
Here, we show that singly photoionized atoms in their

ionic ground state can be subject to a radiative electronic
decay by charge transfer from an environment. As dis-
cussed below, such processes pave the way to measure
relative ionization cross sections of condensed samples
over a wide range of photon energies, which poses
currently a challenging experimental task. A recently
developed setup for electron-photon coincidence spectros-
copy was used to unambiguously correlate valence ioniza-
tion with the subsequent interatomic radiative decay in
van der Waals clusters.
Singly valence ionized states in homogeneous clusters

cannot decay by electron transfer between equal sites, as
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this would create indistinguishable and energetically degen-
erate states. If, however, a singly ionized atom is part of a
heterogeneous environment, e.g., in the vicinity of another
atom with lower valence ionization energy, the system can
release energy by transferring an electron from the valence
orbital of the neighbor to the initially ionized site releasing
the surplus energy by photon emission. Because the final
state of this charge transfer does not necessarily leave a
signature in the electron or ion spectrum, the unambiguous
identification of this process is only possible with photon
spectroscopy and only the indirect observation of related
processeswas reported before [9]. In the present experiment,
we observe radiative charge transfer after single valence
ionization of Ne atoms in the prototypical system of
heterogeneous NeKr clusters. This process is the response
of a condensed sample to the exposure to UV and EUV
radiation and therefore is fundamentally different from
radiative charge transfer processes observed earlier in
collisions of ions with neutral atoms [10,11].
Luminescence from pure and doped condensed noble

gases has also been investigated intensely before, mainly in
the context of the formation and dynamics of excitonic
excitations (see, e.g., Refs. [12,13] for overviews and
Refs. [14–17] for NeKr). However, a radiative charge
transfer process has not been reported.
To identify the proposed mechanism, an experiment was

performed at the synchrotron radiation source BESSY II of
the Helmholtz-Zentrum Berlin. Dispersed photon spectros-
copy was applied to measure the photon emission spectrum
of a heterogeneous NeKr cluster jet after valence ionization
using the setup described in Ref. [18]. The 1 m normal
incidence photon spectrometer was equipped with a 1 mm
entrance slit, a grating with 600 lines per mm and a single
photon detector with CsTe photocathode, sensitive for the
spectral range from 120 to about 300 nm [18]. A pure Ne
cluster jet was produced by supersonic expansion of Ne gas
at a stagnation pressure of 3.3 bar through a conical nozzle
(opening angle α ¼ 30°) of 40 μm diameter, cooled to
120 K with liquid nitrogen. Heterogeneous NeKr clusters
were produced by coexpansion of a mixture of 98.8% Ne
and 1.2% Kr gas at the same conditions. Using common
scaling laws [19], these conditions would result in Ne
clusters of mean size hNiNe ≈ 16 and Kr clusters of mean
size hNiKr ≈ 6400 in the case of expansion of pure Ne or
Kr gas. We emphasize, however, that the final size and
composition of mixed NeKr clusters cannot be determined
easily since in general, this does not reflect the properties of
clusters produced in coexpansion of mixed gases (see, e.g.,
Ref. [20]). The cluster jet was crossed with monochrom-
atized synchrotron radiation of the UE112 PGM1 beam
line. The exit slit of the beam line monochromator was set
to 500 μm resulting in a bandwidth of about 15 meVat the
atomic Ne ionization energy of 21.56 eV.
The UVemission intensities, integrated over the spectral

region from 120 to 300 nm, of the pure Ne jet and the

heterogeneous NeKr jet as a function of the exciting-photon
energy across the Ne valence ionization edge are shown in
Fig. 1. The emission intensity of the pure Ne jet is on the
detector’s noise level and does not show any significant
features. From pure Ne cluster jets no photon emission is
expected after irradiation with photons at energies between
the 2p threshold and the onset of intracluster photoelectron
scattering at about 36 eV [21]. The signal from the NeKr jet
is on a higher background level below the edge and has
a steep increase at about 20.6 eV. This energy can be
assigned to the 2p valence ionization of small Ne clusters,
which is slightly shifted to lower energies compared to
atomic Ne. The shape of the NeKr curve suggests that the
process leading to photon emission from the heterogeneous
clusters is initiated by valence ionization of condensed Ne.
The higher background level of the NeKr signal below the
Ne 2p edge may be attributed to higher harmonics radiation
from the beam line undulator.
The underlying mechanism leading to photon emission

is further elucidated by a measurement of the dispersed UV
emission spectrum at a fixed exciting-photon energy of
23.4 eV. The spectrum is shown in Fig. 2 and consists of
two main features peaking at about 160 and 260 nm
(corresponding to 7.8 and 4.8 eV), of which the latter
one is far more intense. The low-energy cutoff of the
emissions cannot be identified unambiguously in the
present experiment, because the sensitivity of the CsTe
photocathode of the detector drastically decreases beyond
300 nm [18]. The resolution can be estimated from the
zeroth order of the spectrometer (appearing at 0 nm wave-
length in the emission spectrum) and is about 2 nm. The
width of the spectral features therefore is of physical origin.

FIG. 1. UV photon excitation function of a heteronuclear NeKr
(red solid line) and a pure Ne (black dashed line) jet, recorded in
zeroth order of the photon spectrometer (i.e., integrated emission
in the interval between 120 and 300 nm). The atomic Ne 2p
valence ionization threshold and the onset of 2p cluster ionization
are indicated by solid arrows. The dashed arrow at 23.4 eV
indicates the photon energy at which an emission spectrum was
recorded (see text).
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Photon emission in the range and shape of the feature at
160 nm has been reported before from pure Kr clusters after
electron bombardment, and has been attributed to emission
from Kr�2 in neutral or ionic clusters [22], or ðKrþ4 Þ� [23].
Photoelectron impact excitation of neutral Kr is possible at
the present exciting-photon energy of 23.4 eV [21,24,25],
and a weak contribution from higher harmonics radiation
from the beam line undulator, enabling the creation of
excited Kr complexes in ionic clusters, cannot be excluded.
However, the origin of this feature in the present spectrum
cannot be explained with certainty.
To the contrary, no emission resembling the shape and

spectral range of the second feature was reported before,
indicating that these photons are emitted neither from
excited Ne nor Kr atoms within the cluster or after
evaporation from the cluster.
For an unambiguous attribution of the photon emission

to Ne cluster valence ionization, we applied electron-
photon coincidence spectroscopy to correlate the emitted
photons with the ionization process in a separate experi-
ment. A recently developed mirror assembly in combina-
tion with a magnetic bottle electron spectrometer as
described in Ref. [26] was used to enhance the efficiency
of electron-photon coincidence detection. The same detec-
tor as in the first experiment was used for photon detection.
In this second experiment, a NeKr gas mixture with the
same mixing ratio was expanded through a conical nozzle
of 80 μm diameter (opening angle α ¼ 30°) at a stagnation
pressure of 1.2 bar, cooled to 94 K using liquid He
(resulting in hNiNe ≈ 20 and Kr clusters of mean size
hNiKr ≈ 8800 in the case of expansion of pure Ne or Kr gas
[19]). Electron-photon coincidence spectra were obtained

at a photon energy of 23.0 eV with an exit slit width
of 250 μm.
The full valence electron spectrum of a NeKr cluster jet

ionized at this photon energy is shown in Fig. 3(a). Features
attributed to ionization of the Kr 4p and Ne 2p levels
can be identified around an electron binding energy of 14
and 21 eV, respectively. For all atomic photoelectron lines
the corresponding photoelectrons from clusters appear
at slightly lower binding energy. From a high-resolution
measurement of the Kr 4p feature [inset in Fig. 3(a)] it can
be estimated that about 85% of all Kr atoms in the jet are
condensed in clusters. The low-energy onset of photo-
electrons from condensed Ne at about 20.6 eV agrees well
with the observed threshold of photon emission in Fig. 1.
Figure 3(b) shows the electron spectrum obtained by
selecting only events in which also a photon was detected.
Random coincidences of uncorrelated electrons and pho-
tons have been subtracted [26]. Only the ionization of the
2p level in Ne clusters is correlated to photon emission,
which confirms the suggested observation of radiative
charge transfer.
The process can be investigated in more detail by

comparing the observed photon emission energies in
Fig. 2 with the measured electron binding energies of
condensed Ne and Kr in Fig. 3. Using a simplified NeKr
dimer model, the maximum in the emission spectrum can

FIG. 2. Dispersed UV photon emission spectrum of a NeKr
cluster jet excited with a photon energy of 23.4 eV. The sharp
peak is the 0th order of the spectrometer, which appears at 0 nm
and is shown as a benchmark for the spectral resolution. Note that
the high-wavelength side of the feature peaking at 260 nm is
strongly influenced by the detector efficiency which decreases
strongly beyond 300 nm [18]. FIG. 3. Valence electron spectrum of a NeKr cluster jet, ionized

at a photon energy of 23 eV. (a) The total electron spectrum
shows three distinct features attributed to electrons from Kr
and Ne atoms and clusters. In a high-resolution spectrum of
the Kr feature (see inset), two 4p fine structure components
from Kr atoms and the corresponding cluster signals can be
identified. (b) Electron spectrum filtered for true electron-photon
coincidences.
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be estimated using the difference of the maxima in binding
energies of Ne and Kr cluster electrons in the electron
spectrum. The resulting experimental value of about
21.0 − 14.0 eV ¼ 7.0 eV is in significant disagreement
with the observed photon spectrum.
However, it was observed before, that nuclear dynam-

ics plays an important role after ionization of noble gas
clusters [7,27]. If the subsequent relaxation is slow,
which is true for the radiative decay, nuclear dynamics
has to be taken into account when estimating the photon
emission spectra from ionized noble gas clusters. It was
observed recently for RCT to dicationic states, that the
ionized site forms a dimer with a random neighbor,
which additionally dissipates its vibrational energy to the
surrounding before the photon is emitted [7].
Furthermore, most heterogeneous noble gas clusters are

known to occur in core-shell structures with the heavier
element forming the core and the lighter element arranging
at the surface [28–30]. Because Ne is much lighter than Kr,
it is likely that an ionized Ne atom is at the surface of a large
heterogeneous NeKr cluster and forms a Neþ2 with another
Ne atom. Note that despite the large Kr core many Ne
neighbors may be available to an ionized Ne atom in the
surface shell. Although the exact size of the clusters and
their composition is not measured in the present experi-
ment, it is reasonable to employ a Ne dimer ion and a single
adjacent Kr atom as a model for the charge transfer process
to estimate the energetics.
We computed the ground-state potential energy curve

(PEC) of Ne2 using the coupled cluster singles and doubles
and perturbative triples method [CCSD(T)], and the aug-cc-
pVQZ basis set [31]. The PECs of the singly ionized dimer
were computed with the Configuration Interaction (CI)
method. The CI expansion comprises all single and double
excitations from the reference configurations. The latter
comprise all possible one-hole configurations in which 15
electrons occupy the 8 valence orbitals of Ne2. The aug-cc-
pV5Z basis set [31] was employed in the case of the singly
ionized states. For all calculations, we used the MOLPRO

package [32].
As illustrated in Fig. 4, only 18.6 eV can be gained by a

transition from Neþ2 to Ne2 at the equilibrium distance of
the former (about 1.7 Å), to be compared with an ionization
energy of 21.6 eV. The additional electron, which is
necessary for this process, is transferred from an adjacent
Kr atom to the Ne dimer. An energy of 14.0 eV is required
to release the 4p electron from the Kr atom, resulting in
the remaining 4.6 eV for the emitted photon. This rough
estimate of the emitted photon energy is close to the
observed maximum in the photon spectrum. We think that
the width of the photon emission feature is explained by the
cluster size distribution and shifts of ionization energies in
the larger clusters in the present experiment. Thus, from
comparison of the experimental photon spectrum with our
calculations we conclude that under the present experi-
mental conditions a Neþ2 dimer forms prior to the charge

transfer also in heterogeneous NeKr clusters. The complete
process can be summarized as

NenKrmþhν→Neþð2p−1ÞNen−1Krmþephoto; ð1Þ

Neþð2p−1ÞNen−1Krm → Neþ2 ð2p−1ÞNen−2Krm; ð2Þ

Neþ2 ð2p−1ÞNen−2Krm → NenKrþð4p−1ÞKrm−1 þ hνRCT:

ð3Þ
The correlation between photoionization (1) and RCT

(3) is obtained by the photon-coincident electron spectrum
while the dimer formation (2) is deduced from comparison
of the experimental photon spectrum with theory.
We envision various applications of this new mechanism

for the investigation of ionizing processes in heterogeneous
clusters and at surfaces and interfaces. The measurement of
ionization cross sections of condensed samples is typically
challenging for common electron spectroscopy methods
due to the high scattering probability of electrons in bulk
matter. Furthermore, for photon energy dependent studies
the transmission of the electron spectrometer used needs
to be quantified carefully. Here, we present a method for
measurements of relative ionization cross sections which is
independent of the electron energy and unaffected by
scattering processes. It is therefore applicable over a wide
range of photon energies and even to the bulk of condensed
samples, from where photoelectrons typically cannot
escape. Using photon-electron coincidence spectroscopy,
our method enables us to filter electron spectra for ioniza-
tion events in a specified surrounding, e.g., at surfaces or
interfaces which allow radiative charge transfer.

FIG. 4. Potential energy curves of the neutral and valence
ionized Ne dimer as a function of the internuclear distance R. A
vertical arrow marks the transition at the equilibrium distance of
the Neþ2 dimer to the neutral dimer’s ground state yielding about
18.6 eV. As illustrated, the electron required for this transition is
transferred from a neighboring Kr atom (blue sphere) and a
photon is emitted.
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In conclusion, we have observed a radiative charge
transfer to singly ionized ground state ions embedded in
a heterogeneous environment. Unambiguous correlation of
Ne ionization and subsequent photon emission was con-
firmed by electron-photon coincidence spectroscopy on
NeKr clusters. Evidence for dimer formation prior to the
charge transfer was presented by comparing the observed
photon emission energies with calculations. We assume this
process to be a fundamental electronic decay mechanism in
weakly bound matter and suggest different applications for
the investigation of ionizing processes in clusters and at
surfaces and interfaces.
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