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Radiative charge transfer (RCT) from cationic to neutral atoms is a fundamental and frequently occurring
process in ion-neutral collisions and in van der Waals clusters. In contrast to collisions with only two collision
partners, RCT in clusters is more involved as it may depend on the cluster size, the cluster stoichiometry, and
the local arrangement of atoms in the cluster. Here, we present a systematic investigation of an RCT photon
spectrum as a function of cluster size, stoichometry, and local atom arrangement. For this purpose, we utilize
RCT in heterogeneous NeKr and NeXe clusters after Ne 2p photoionization. Our results confirm that Ne dimer
ions form prior to RCT if enough Ne is available and we observe that different features dominate the photon
spectrum depending on the cluster production parameters. Additionally, we find that the lifetime of the radiative
decay is sensitive to the cluster stoichiometry, which we explain and interpret by theoretical calculations on the
RCT decay width for different local geometric structures of the involved atoms. We conclude that RCT properties
such as photon spectrum and lifetime in turn exhibit information on the mean size and stoichiometry of a cluster
jet and the arrangement of the involved atoms.
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I. INTRODUCTION

The role of interatomic processes in the decay of electroni-
cally excited van der Waals clusters has been studied intensely
throughout the past decades, since it had been predicted in
1997 that even such weak bonds may completely change the
decay route of excited atoms or molecules [1]. In the fol-
lowing years a large family of interatomic energy and charge
transfer mechanisms has been identified [2–4].

Experimentally, coincidence experiments on photoexcited
or -ionized dimers often enable insight of striking clarity [4].
The coincident detection of photoelectrons, secondary elec-
trons, and the resulting ions allows the reconstruction of
single and/or cascade decay mechanisms of electronically
excited states [5]. This approach, however, becomes chal-
lenging for clusters of increasing size or for investigations
on bulk matter. Scattered electrons and ions and evaporat-
ing neutrals hinder the full energetic reconstruction of the
addressed initial process. Furthermore, systematic investiga-
tions on property changes of certain processes with cluster
size are absolutely nontrivial. Experiments on size-selected
neutral clusters, therefore, have only scarcely been performed
so far [6]. Supersonic expansion, which is predominantly used
to create van der Waals clusters, inherently produces a size
distribution of clusters [7] with mean cluster size 〈N〉, the
distribution of which may indeed be of width 〈N〉 [8,9]. Never-
theless, it is possible to investigate large clusters, considering
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that the experimental observables are averaged over a larger
cluster size distribution. In many cases conclusions can still
be drawn by investigating cluster jets of different mean cluster
size 〈N〉.

Recently, we reported the experimental observation of a
special member of the family of interatomic charge or energy
transfer processes: the radiative charge transfer (RCT) in het-
erogeneous NeKr clusters [10]. Remarkably, this mechanism
enables the electronic decay of singly valence ionized ground-
state ions. In earlier experiments, a closely related process
had been investigated in detail, in which an electron from
the neutral environment partially neutralizes the charge state
of a dication [11–13]. While in the latter case it is obvious
that charge transfer minimizes the energy by lowering the
Coulomb repulsion, in the singly charged case this is only
possible in a heterogeneous environment.

In the particular example of heterogeneous NeKr clusters,
the system’s energy is minimized if a valence 4p electron
from a Kr atom fills the vacancy in the Ne 2p valence shell.
The released energy is emitted as a photon in the ultraviolet
spectral range [10]. A detailed investigation of the RCT pho-
ton spectrum and the calculation of the Ne2

+ potential-energy
curve suggested nuclear dynamics to be relevant prior to the
RCT. Before the Kr 4p electron is transferred, the ionized Ne
atom forms Ne2

+ with a neighboring Ne atom. In contrast, the
creation of (NeKr)+ was not observed, which can be under-
stood by the much higher binding energy of Ne2

+ compared
to (NeKr)+ [10,14].

A similar, yet different RCT process has already been
observed earlier in high-pressure gas cell experiments using
discharge excitation [15]. The RCT photon spectrum observed

2469-9926/2022/105(2)/022815(9) 022815-1 ©2022 American Physical Society

https://orcid.org/0000-0003-1701-4348
https://orcid.org/0000-0001-7293-7589
https://orcid.org/0000-0003-4030-516X
https://orcid.org/0000-0002-0981-2289
https://orcid.org/0000-0002-4176-4766
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevA.105.022815&domain=pdf&date_stamp=2022-02-22
https://doi.org/10.1103/PhysRevA.105.022815


XAVER HOLZAPFEL et al. PHYSICAL REVIEW A 105, 022815 (2022)

in this experiment differs significantly from that observed in
the experiment with large heterogeneous clusters with the
main contributions originating from NeKr dimers. Obviously,
the Ne2

+ formation is only possible in the large clusters and
not in NeKr dimers.

It is now an intriguing question whether and how the RCT
spectrum changes if the conditions of the supersonic expan-
sion, which determine the stoichiometry of the clusters, are
changed such that the amount of Ne atoms is decreased to
gradually suppress Ne2

+ formation and support the forma-
tion of NeKr dimers. In other words, does the RCT photon
spectrum contain information on the stoichiometry of the
heterogeneous clusters and the dynamics happening after pho-
toionization and prior to RCT?

In the present work, we first corroborate our model of Ne2
+

formation prior to RCT by substituting Kr by Xe and identi-
fying a spin-orbit split doublet in the RCT photon spectrum.
Subsequently, we investigate the RCT photon spectra and life-
times for NeKr clusters of different sizes and stoichiometries.

II. EXPERIMENTS

To elucidate the properties of RCT for different clus-
ter stoichiometries, several complementary experiments were
performed at the synchrotron facility BESSY II (Helmholtz-
Zentrum Berlin) at the UE112 PGM-1 and U125-NIM
beamlines [16]. The experimental setup of the main experi-
ments on dispersed photon spectroscopy has been described in
detail in previous works [10,17]. Briefly, a mixture of 98.8%
Ne and 1.2% Kr was expanded through a conical copper
nozzle into the vacuum and clusters formed in the resulting
supersonic expansion. We used nozzles with a full opening
angle of 30◦ and diameters of 40 µm and 60 µm. A skimmer
of 1.5 mm diameter separated the expansion and interaction
chambers. In the interaction chamber, the cluster jet was
crossed with linearly polarized monochromatic synchrotron
radiation. Subsequently RCT photons are emitted, which were
measured using dispersed photon spectroscopy [17,18].

The 1 m normal incidence spectrometer, used for the dis-
persed photon detection, was equipped with a 1 mm entrance
slit, a grating with 600 lines per mm, and a position sensi-
tive single-photon detector with a CsTe photocathode and a
MgF2 window, sensitive in the spectral range from 120 nm to
300 nm [17].

Dispersed luminescence spectra were measured at fixed
exciting-photon energies above the first ionization threshold
of atomic Ne I at 21.56 eV [20]. Additionally, the excitation
energy was varied stepwise between 19 eV and 24 eV, and
dispersed emission functions of NeKr clusters were recorded.
Expansion conditions for the different measured spectra are
given in Table I. We also list the mean cluster sizes which
would result from expansion of a homogeneous gas according
to commonly used scaling laws [19]. We are not aware of
any work reporting on a procedure to determine the size and
stoichiometry of heterogeneous NeKr clusters produced by
coexpansion of a gas mixture. Because of a lacking model
to estimate the cluster stochiometry accurately, we ensured
proper cluster conditions by measuring other spectroscopic
characteristics with the present conditions. The exciting-
photon energy was also scanned stepwise across the Ne

TABLE I. Experimental conditions used in the present exper-
iments. Homogeneous cluster sizes for Kr and Ne are calculated
according to Ref. [19] from the corresponding expansion conditions.
All jets are expanded with a 1.2% mixture of Kr in Ne. Measure-
ments presented in Fig. 2 were acquired at beamline UE112 PGM-1
and the spectra in Fig. 3 and Fig. 5 at beamline U125-NIM. The
exciting-photon bandwidth �E is given in the last column.

T, d, p0 〈N〉Kr, 〈N〉Ne �E
(K), (μm), (bar) (atoms) (meV)

Fig. 2(a) 120, 40, 3.26 2380, 16 15
Fig. 2(b) 156, 40, 4.00 1160, 8 29
Fig. 2(c)a 144, 60, 2.78 1560, 11 57
Fig. 3 90, 60, 0.70 900, 24 50
Fig. 5 140, 40, 3.50 1430, 10 50

aThe calculated sizes of homogeneous clusters contradict the experi-
mental observations in Fig. 2(c). These parameters should, therefore,
be interpreted with caution (see text).

2s → np resonances in the energy range 45–49 eV, at which
characteristic photon emission due to resonant interatomic
Coulombic decay (rICD) can be observed [21]. Through a
comparison of cluster specific and atomic features we con-
firmed during the experiment that we changed the parameters
of the cluster production such that we indeed move from
larger to smaller clusters and from high to low amount of
condensed Ne [22]. Another, independent, confirmation is the
observation of a slightly shifted onset of 2p photoionization,
which is in line with the above considerations and will be
discussed in more detail below. When comparing the results
from empirical scaling laws for homogeneous clusters with
our experimental observations, we found that, according to the
scaling laws, the calculated cluster sizes of Fig. 2(c) contradict
the experiment (see also Sec. III). This contradiction cannot
fully be resolved with the present data. We therefore conclude
that either the scaling laws are significantly inaccurate for
the production of heterogeneous clusters or the documented
experimental parameters are faulty. The latter can occasion-
ally happen if, for example, the nozzle is partially blocked by
condensing gas or impurities. We emphasize, however, that
this fact does not influence our qualitative conclusions, since
proper conditions were monitored by spectroscopic measure-
ments throughout the experiment.

Both the dispersed emission spectra and emission functions
cannot be compared on an absolute intensity scale because
of the unknown target density and composition. For better
presentability the emission spectra have been normalized to
one in their maximum. The emission functions have been nor-
malized to the photon flux and scaled to coincide at 21.56 eV
for easier comparison.

While the main experiment on the emission spectra of
NeKr was performed at the UE112 PGM-1 beamline, the
experiment on NeXe was carried out using the identical setup
at the U125-2 10m NIM beamline. Here, the expansion con-
ditions were 121 K and 6 bar using the 40 µm nozzle. The
reference spectrum of homogeneous Xe clusters was taken at
190 K, 3.5 bar, and 40 µm nozzle. Also a cross-check NeKr
spectrum and the emission function of the pure Kr features
were taken at this beamline (see Sec. III and Table I).
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The experiments on emission spectra were performed in
the multibunch hybrid operation mode of the storage ring.
This operation mode offers high exciting-photon flux, which
is beneficial for the emission spectra acquisition. However,
it is in general not practical to determine radiative life-
times, because the temporal spacing between consecutive
exciting-photon pulses is too short. Experiments on the ra-
diative lifetime, hence, need to be performed in single bunch
operation mode, which provides 800 ns spacing between
consecutive pulses, but only about 5% of the photon flux
of multibunch hybrid mode. Consequently, emission spec-
tra and lifetimes practically cannot be obtained in the same
experiment. We therefore reanalyzed the data of our earlier
experiment on RCT, performed in single bunch mode, and
determined the lifetimes for two different expansion condi-
tions (see Sec. III D). For experimental details we refer to
Ref. [10].

III. RESULTS AND DISCUSSION

A. Emission spectra of NeXe

In our previous work, we suggested the formation of Ne2
+

in the heterogeneous clusters prior to RCT [10]. Only the
nuclear dynamics and subsequent charge transfer from one Kr
atom to Ne2

+ can explain the observed RCT photon spectrum.
The central emission wavelength may then be determined
by subtraction of the Kr 4p binding energy from the energy
difference of the Ne2

+ and Ne2 potential-energy curves at
the equilibrium internuclear distance of Ne2

+. The resulting
value of 4.6 eV (270 nm) is in good agreement with the ex-
perimental spectrum, which is broad but shows a pronounced
maximum at about 265 nm.

In this estimate only the spectral feature resulting from
charge transfer from the Kr 4p3/2 level is considered. In Kr the
4p3/2/4p1/2 spin-orbit splitting is about 0.6 eV. In addition
to the observed feature, a second maximum at 0.6 eV lower
energy (4.0 eV = 310 nm) is thus expected. Due to the rapidly
dropping quantum efficiency of the used photon detector with
CsTe photocathode [17] no reliable conclusion could be drawn
from the NeKr spectra for the 4p1/2 transition with lower
emission energy. We therefore performed an analogous exper-
iment on NeXe clusters. In Xe, the 5p3/2 to 5p1/2 spin-orbit
splitting is 1.3 eV and, importantly, the 5p binding energy
is about 1.9 eV lower than that of the Kr 4p level. If the
model of Ne2

+ formation is correct, we expect two features to
be observed in the RCT photon emission spectrum of NeXe
clusters, separated by 1.3 eV and shifted by 1.9 eV compared
to the NeKr case, i.e., at approximately 6.5 eV (191 nm) and
5.2 eV (238 nm).

To exclude contributions from pure Xe clusters, the UV
photon emission spectrum of homogeneous Xe clusters, ex-
cited by photons of 21.5 eV energy, is shown in Fig. 1(a).
Three overlapping features can be identified, all of which
have been already assigned to emission from Xe∗

2 at 165 nm
and 176 nm (M1, M2) and (Xe4

+)∗ at 188 nm [23,24]. At
the present exciting-photon energy, all these features can be
induced by photoelectron impact excitation [25]. Because of
the low Xe content in the mixture used for production of
heterogeneous clusters, none of the features is observed in the

FIG. 1. Dispersed emission spectra of homogeneous Xe clusters
(a) and heterogeneous NeXe clusters (b) for an exciting-photon
energy of 21.5 eV and 50 meV photon bandwidth. See text for
discussion of the observed features.

respective emission spectrum of heterogeneous NeXe clus-
ters; see Fig. 1(b). Instead, two pronounced maxima (labeled
A and B) appear around 193 nm and 240 nm, matching well
with the expected emission wavelengths for RCT from the
5p3/2 and 5p1/2 levels of Xe to Ne2

+ and confirming the
picture of Ne2

+ formation prior to RCT.

B. Emission spectra of NeKr

After confirmation of the Ne dimer ion formation prior to
RCT in heterogeneous clusters, we move on to investigate
the influence of cluster stoichiometry on the resulting photon
spectrum. Three photon spectra emitted from heterogeneous
NeKr clusters excited by 23.4 eV photons are shown in Fig. 2.
We emphasize that no reliable procedure is known for how
to estimate the stoichiometry of heterogeneous clusters from
the expansion conditions, i.e., the mean cluster size and mean
ratio of the numbers of Ne atoms to Kr atoms in the present
case. From semiempirical scaling laws [19,26] and our own
previous experiments [27] it is evident that in general the
mean cluster size decreases with increasing nozzle temper-
ature and decreasing reservoir pressure. We, therefore, only
know that the cluster size decreases from Fig. 2(a) to Fig. 2(c).
As the binding energy of Ne atoms in a Ne cluster is much
lower than that of Kr atoms in a Kr cluster [28], we further
assume that the ratio of condensed Ne to condensed Kr will
be lower for higher nozzle temperatures. Consequently, the
amount of small clusters, dimers, and monomers increases,
and the ratio of condensed Ne compared to condensed Kr
decreases from Fig. 2(a) to 2(c).

Five different emission features are observed, which are
discussed in the following. The spectrum shown in Fig. 2(a)
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FIG. 2. Dispersed emission spectra of heterogeneous NeKr
clusters with different mean sizes and stoichiometries for an exciting-
photon energy of 23.4 eV. The spectrum in (a) is identical with
the one published earlier (Ref. [10]). In (b) and (c), only the new
emerging features are labeled. For individual expansion conditions,
see Table I.

has already been published [10] and shows two prominent
features I and II. Feature I around 159 nm has been attributed
to photon emission from Kr excimers in neutral or ionic
clusters [29], or Kr4

+ [30], following the results of investi-
gations using electron bombardment. The lowest ionization
potential of Kr I 4s24p6 lies between 11.9 eV for solid Kr
and 14.0 eV for the atom [31]. The 4p ionization potential
of Kr clusters is in between these values and depends on the
cluster size: for large clusters values of about 12.25 eV and
for small clusters about 12.88 eV have been reported [31].
At an excitation energy of 23.4 eV, photoelectrons with ki-
netic energy of approximately 11.1 eV are released. This
kinetic energy is enough to excite different excitons in ho-
mogeneous Kr clusters between 9.95 eV and 10.3 eV via
electron scattering [32–34] and explains the appearance of
feature I.

Feature II in Fig. 2(a) corresponds to RCT of a Kr 4p
electron to Ne2

+, which formed prior to the RCT after
the photoionization of a Ne atom. In our previous work,
the photon emission was unambiguously correlated to 2p
ionization of condensed Ne by electron-photon coincidence
spectroscopy [10].

The spectrum in Fig. 2(b) originates from a cluster jet with
smaller mean cluster size [compared to Fig. 2(a)] and lower
Ne content in the clusters. Two weak new features, labeled
III and IV, appear. A further decrease in mean cluster size
and amount of condensed Ne results in the spectrum shown
in Fig. 2(c). Now, features III and IV have grown significantly
compared to feature II and an additional feature V is observed.

FIG. 3. Emission function of feature I across the Ne 2p ioniza-
tion threshold.

C. Dispersed emission functions of NeKr

To identify the origin of the different features, dispersed
photon spectra were measured while varying the exciting-
photon energy stepwise across the Ne 2p edge. The integrated
intensity of the individual features (“emission function”) is
then plotted versus the exciting-photon energy. The origin of
each feature can then be deduced from the onset of the emis-
sion function, i.e., the exciting-photon energy at which the
signal intensity rises above noise level. Most importantly, all
features corresponding to RCT will have their onset slightly
below the atomic Ne 2p threshold because of the shifted
ionization energy in clusters. Additionally, the shift will be
larger for larger Ne clusters. Hence the change in clustering
conditions can be checked by small changes in the onset value.

The emission function corresponding to feature I is shown
in Fig. 3. Its onset appears at about 22.3 eV. This obser-
vation strongly supports our earlier interpretation of I as
emission from homogeneous Kr aggregates after excitation
via photoelectron impact excitation. The photoelectron im-
pact excitation has its onset when the photoelectron kinetic
energy is just enough to excite the lowest exciton, which is
9.95 eV + 12.25 eV = 22.2 eV for Kr.

Two emission functions of feature II are shown in Fig. 4(a),
comparing the intensity of feature II for medium-sized [solid
line, conditions as for the spectrum in Fig. 2(b)] and small
clusters [dashed line, conditions as for the spectrum in
Fig. 2(c)]. The onset of photon emission by RCT for clusters
is between 20.5 eV and 21 eV, matching well our previ-
ous observation [10]. The threshold of 2p photoionization in
clusters is redshifted compared to the monomer. Going from
larger to smaller clusters, the onset is slightly less redshifted
to exciting-photon energies around 21.0 eV. The different
onset of RCT can be explained by the ionization potentials of
differently sized clusters: ionization energies for large clusters
converge to the value for solid Ne at 20.3 eV [25]. For very
small clusters, i.e., composed of only a few atoms, the ion-
ization energy should be near the ionization limit of atoms at
21.56 eV [10]. This observation thus confirms that the clusters
in spectrum Fig. 2(c) are indeed somewhat smaller than in
Fig. 2(a). The shape of feature II does not change qualitatively
for the different expansion conditions. We conclude that this
kind of RCT is not influenced by the exact cluster size or
stoichiometry, as long as enough Ne is present to form Ne2

+.
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FIG. 4. Emission functions between 19 eV and 24 eV of the
observed features as spectrally assigned in Fig. 2. The individual
curves are labeled according to the respective feature and the sub-
script indicating the expansion conditions (see Table I). (a) Feature
II for large (IIb, solid line) and small (IIc, dashed line) clusters.
(b) Features III (dashed line) and IV (dotted line) for small clusters.
(c) Feature V (dashed line) for small clusters. For comparison, the
emission function IIb is shown in all panels.

The emission function of feature III is shown in Fig. 4(b).
For comparison, also the emission function of RCT in large
clusters (feature II) is shown in the same panel. The onset of
III is at about 21 eV, suggesting its origin to be RCT, just like
feature II for small clusters.

Indeed, the emission band III around 174 nm in Figs. 2(b)
and 2(c) can be assigned to photon emission originating from
an electron transfer in an ionized NeKr dimer, which had
already been reported from high-pressure gas cell experiments
using discharges as the excitation source [15]. The broad
emission consists of contributions from different vibrational
states which are not well resolved in the present experiment,
from approximately 162 nm to 183 nm. Vibrational struc-
tures are often not observable in clusters above a certain

size, because the vibrational energy dissipates and leads to
evaporation of atoms [35]. The photon emission for different
vibrational states of RCT in ionized NeKr dimers is also well
explained by theory [14].

The occurrence of dimers can be explained by two contri-
butions. The first one is the direct creation of dimers due to
the chosen expansion conditions. The conditions support the
formation of relatively small clusters; therefore, a significant
amount of NeKr dimers should appear in the target although
it cannot be quantified. Second, vibrationally excited ionized
clusters may relax via the redistribution of vibrational en-
ergy, finally leading to the evaporation of atoms [35]. Since
the binding energy of noble gas clusters is typically very
weak, vibrational relaxation may easily evaporate large num-
bers of atoms and lead to the formation of ionized NeKr+

dimers from small clusters. If the vibrational energy is larger
than the binding energies of all neighboring atoms, the ex-
cited cluster cannot relax into the vibrational ground state
by desorption of atoms, which is the reason for the width of
feature III.

The emission function of feature IV is also shown in
Fig. 4(b) (dotted line). The feature is located around 201 nm,
with a width of approximately 8 nm. Within the experimental
statistics, the emission function is identical to those of features
II and III for small clusters. The appearance of feature IV
can therefore unambiguously be attributed to the ionization of
condensed Ne. No emission from homogeneous Ne or Kr nor
from heterogeneous NeKr clusters other than RCT is known
to have its onset at the 2p ionization threshold of condensed
Ne. Compared with features I and III, however, feature IV
apparently can neither be attributed to the formation of Ne2

+
in large clusters nor to emission from NeKr dimers. The origin
of this feature cannot be identified unambiguously with the
present data. Its appearance at shorter wavelengths in the
spectrum suggests that it represents RCT from Kr to Ne2

+
dimers which are not in the 2σu

+ ground state (see Ref. [10]).
It remains, however, unclear why the feature only appears in
the spectrum of relatively small clusters.

Finally, the emission function of feature V around 191 nm
is shown in Fig. 4(c) and compared to feature II. The intensity
of feature V does not vary with changing exciting-photon
energy in the investigated energy range. Combining the infor-
mation from the emission spectrum and the emission function,
feature V cannot be attributed to any emission from con-
densed Ne or Kr. Its independence of exciting-photon energy
suggests that it originates from higher-order radiation of the
synchrotron beamline, e.g., from the radiative decay of pho-
toelectron satellite states in Ne atoms. The population of
photoelectron satellite states of Ne 2p4nl character with n �
3 and l = s, p, and d is well investigated [36,37]. Opti-
cal transitions from ns and nd orbitals to the Ne II 2s22p5

ground state correspond to wavelengths below 50 nm and
cannot be detected in the present experiment [20]. Due to
dipole selection rules, Rydberg states with np character decay
via fluorescence cascades. The 2p43p photoelectron satellite
states decay by optical transitions to intermediate 2p43s states
between 187 nm and 194 nm. These wavelengths fit well
to the observed feature V and therefore we assume that the
observed emission originates from optical decays of photo-
electron satellite states.
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FIG. 5. Dispersed emission spectrum of small NeKr clusters at
an exciting-photon energy of 21.9 eV, measured at the U125-2-NIM
beamline.

Features I and III overlap in emission wavelengths as
can be seen by comparing Figs. 2(a) to 2(c). As a cross-
check of the observed RCT emissions, an emission spectrum
with excitation energy of 21.9 eV is shown in Fig. 5, mea-
sured in a separate experiment (see Experiments section).
At this exciting-photon energy the kinetic energy of the cre-
ated photoelectrons is not large enough to excite Kr excitons
and therefore feature I is absent. The emission ranges from
160 nm to 188 nm, which, except for a slight shift of the
high-wavelength cutoff, agrees well with the observation of
Ref. [15]. Under the experimental conditions of Ref. [15],
only dimer formation is expected; thus our interpretation
agrees well with the observation. In Table II, we provide an
overview of the observed features and their assignments based
on the present data.

D. Lifetimes

Following the observations of the preceding sections, it is
an intriguing question whether further properties of the RCT
process are influenced by the cluster stoichiometry. Besides
the photon spectrum, another characteristic property of radia-
tive decays is the lifetime of the decaying state. To estimate
whether the lifetime will be affected by the stoichiometry, we
performed calculations of the decay widths for different local
arrangements of the involved atoms. The decay width is di-
rectly connected to the lifetime of the RCT initial state, which
is an accessible experimental observable. Our calculations
predict RCT lifetimes in NeKr+ dimers, Ne2

+Kr trimers, and
Ne2

+Kr2 tetramers in the order of nanoseconds. As expected,

TABLE II. Overview of the assignments of the different observed
features in the photon spectra.

Feature Assignment

I Electron impact excitation of Kr
II RCT in large clusters (Ne2

+ formation)
III RCT in small clusters (NeKr+ formation)
IV RCT in small clusters
V Ne monomer photoelectron satellites

TABLE III. RCT lifetimes obtained for two different expansion
temperatures. All other experimental parameters were kept constant,
e.g., the mixing ratio in the gas reservoir, which was 98.8 % Ne and
1.2 % Kr. For more experimental details, see Ref. [10].

T (K) τ (ns)

93.5 70 ± 1
87.0 82 ± 1

the lifetimes are sensitive to the explicit local arrangement and
the internuclear distances. As a very general result, we ob-
serve that the RCT lifetime in NeKr+ dimers is considerably
shorter than in the case when Ne2

+ forms and an electron is
transferred from an adjacent Kr atom to the dimer ion.

To our knowledge, no experimental values of lifetimes of
this type of RCT have been reported yet. As a proof of prin-
ciple, that the RCT lifetime critically depends on the cluster
production parameters, we reanalyzed our earlier experiment
on RCT in single bunch mode with respect to time resolved
photon detection [10]. The lifetimes are obtained by measur-
ing the detection time of each individual photon event with
respect to the exciting synchrotron radiation pulse and fitting
an exponential decay to the histogram of these values (see
Ref. [17] for details). Only photons in coincidence with Ne
cluster 2p photoelectrons were considered, thus eliminating
possible radiative processes other than RCT. Since the photons
are not detected spectrally resolved in this experiment (see
Sec. II), the lifetime values are averages over all cluster sizes
and stoichiometries.

Also in this experiment, the target preparation does not
allow one to select specific cluster sizes or stoichiometries,
but averages over a wide distribution. By changing the ex-
pansion parameters, however, the average target properties
can be varied to obtain clusters of smaller or larger mean
size and containing different amounts of Ne. Two lifetime
measurements were performed, the parameters of which are
shown in Table III. The experimental data is well fitted by a
single exponential decay. It may, however, in fact be the result
of a large number of individual decay functions with different
lifetimes, corresponding to RCT for different local arrange-
ments, which cannot be disentangled. The obtained values
thus do not represent the change in lifetime of a single decay,
but rather give information about the statistical importance of
arrangements with shorter or longer lifetime.

We observe a significant increase in average RCT lifetime
for lower nozzle temperature, which is in agreement with our
calculations. As the nozzle temperature decreases, more Ne
will condense within the clusters and the contribution of RCT
in NeKr+ dimers will become smaller, thus increasing the
average observable lifetime.

In order to understand theoretically how the lifetime of
the RCT process changes with cluster size and stoichiometry,
we considered three clusters: the NeKr+ dimer, the Ne2

+Kr
trimer, and the Ne2

+Kr2 tetramer. In the case of the trimer and
tetramer, the two Ne atoms were kept at a distance of 1.7 Å
apart, which is a result of Ne2

+ formation prior to the RCT
process (see Ref. [10]). The geometries of the three types of
clusters are shown in Fig. 6.
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FIG. 6. Local atomic arrangements of three types of NeKr clusters—NeKr+ (left), Ne2
+Kr (middle), and Ne2

+Kr2 (right). The distance
between the Ne atoms in the case of the trimer and tetramer was fixed to 1.7 Å, whereas the distance between the two Kr atoms in the tetramer
was fixed to 4.0 Å.

The energies and transition dipole moments used to com-
pute the RCT lifetime were calculated with the multireference
configuration interaction (MRCI) method [38–40] as imple-
mented in the MOLPRO computational package [41,42]. The
aug-cc-pVDZ basis set [43,44] was used on both atoms in the
case of the trimer and tetramer, whereas in the case of the
dimer the aug-cc-pV5Z basis set was employed [43,44]. The
calculated RCT lifetimes for the initial RCT states Nen

+Krm

(where n, m = 1, 2) for the three clusters studied are shown
in Tables IV, V, and VI. The last column of all tables shows
the total lifetime for a given initial state. It was computed as
the inverse of the total decay width �, which is a sum of the
partial decay widths �i to all possible final states

τ = h̄

�
, � =

n∑

i=1

�i. (1)

For all three clusters, the RCT lifetime was computed for
various distances between Ne and Kr. In general, the lifetime
increases with the distance. This is a result of the decreasing
overlap between the initial and final states.

The case of the dimer can easily be understood. The transi-
tion between Ne+Kr �+ and NeKr+ �+ states has the shortest
RCT lifetime of 7 ns at 3.3 Å (see Table IV). The Ne+Kr and
NeKr+ �+ states can be described with a main configuration

TABLE IV. RCT lifetimes for the NeKr+ dimer. The lifetimes
are presented at the equilibrium distance of the (neutral) NeKr dimer
(Req = 3.7 Å [45]) and at the distance corresponding to the mini-
mum of the potential-energy curve [R(Emin ) = 3.3 Å for Ne+Kr �+

state; R(Emin ) = 3.2 Å for Ne+Kr � state]. The last column shows
the total lifetime for a given initial Ne+Kr state.

RCT transition

Ne+Kr NeKr+ τ (ns) at Req τ (ns) at R(Emin ) τtot (ns)

�+ �+ 24 7 (3.3 Å) 24 (3.7 Å)/
7 (3.3 Å)

�+ � 4.9 × 105 1.92 × 105

� �+ 4623 1193 (3.2 Å) 1146 (3.7 Å)/
196 (3.2 Å)

� � 1524 234

where the hole is in the Ne 2pz and Kr 4pz orbitals, respec-
tively (where z is the interatomic axis). Since these orbitals are
oriented on the interatomic axis, the overlap between them is
large, which then results in a larger transition dipole moment
and a shorter RCT lifetime for the �+ → �+ RCT transition.

The shortest RCT lifetimes for the trimer and tetramer are
86 ns and 66 ns, thus being longer than the shortest RCT
lifetimes of the dimer. This result can be rationalized based
on the poorer overlap between the initial and final RCT states
in the trimer and tetramer. The lifetimes of the initial Ne2

+Kr
states of the trimer are longer compared to the tetramer most
probably due to the increased number of neighbors, and thus
decay channels through which RCT can occur.

The theoretical values are in an overall very good agree-
ment with the experimental ones. The differences can be
attributed to the fact that the experimental lifetime is an aver-
age value over a distribution of cluster sizes, stoichiometries,
and local geometries, whereas the computed lifetimes are for
a single atomic arrangement. Moreover, the nuclear motion
following ionization is not accounted for in the theoretical
calculation. If the distance between the Ne dimer ion and Kr
decreases, one should expect a faster RCT.

IV. CONCLUSION

We present a systematic study of radiative charge trans-
fer (RCT) in heterogeneous noble clusters using the photon
emission of NeKr clusters after Ne 2p photoionization.
Notwithstanding the lack of a model to accurately determine
the size and stoichiometry of the heterogeneous clusters, we

TABLE V. RCT lifetimes for the singly ionized Ne2
+Kr trimer.

The lifetimes are presented at a distance of 3.7 Å between Ne and
Kr, which corresponds to the equilibrium distance of the dimer [45].

Ne2
+Kr initial state τtot (ns)

2A1 86
3A1 4198
2B1 4008
2B2 2.3 × 104

3B2 944
1A2 1.3 × 105
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TABLE VI. RCT lifetimes for the singly ionized Ne2
+Kr2

tetramer. The lifetimes are presented at a distance of 3.7 Å between
Ne and Kr, which corresponds to the equilibrium distance of the
dimer [45].

Ne2
+Kr2 initial state τtot (ns)

2A2 1575
2B1 1.3 × 104

3B1 720
3B2 142
3A1 66
4A1 2142

observe pronounced changes in the photon spectra as a func-
tion of the cluster production parameters. The results are in
line with considerations on the mean cluster size and stoi-
chiometry for the different conditions. For large clusters and
high Ne concentration, the photon spectrum is dominated by
the emission corresponding to charge transfer from Kr to
Ne2

+, which forms after photoionization. For less Ne and
smaller clusters, other features emerge and finally take over,
which can be attributed to RCT in NeKr dimers. We conclude
that, under these conditions, the amount of Ne is too low to
enable Ne2

+ formation prior to RCT.

Theoretical calculations revealed that the RCT decay width
crucially depends on the nature of the charge transfer and
the local arrangement of the involved atoms. We confirmed
this fact experimentally by determining the average lifetimes
corresponding to the radiative decay for two different cluster
conditions. In agreement with the theoretical prediction, the
lifetime increases for larger clusters and higher Ne concentra-
tion.

We propose that the properties of RCT may be utilized in
general to characterize the size, stoichiometry, and dynamics
of heterogeneous cluster jets and hope that our results may
stimulate further effort to develop more accurate models on
the cluster formation.
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