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Abstract

Energy and charge transfer processes play an important role in many fundamental

reactions in chemistry, biochemistry, and even technology. If an entity being part of a

larger system is photoexcited, its energy will dissipate, for example by rearrangement

of electron density in a large molecule, or by photon emission (fluorescence). Here, we

report about the experimental observation of free electrons from a heterogeneous van

der Waals cluster, in which some sites act as electron emitters receiving their energy

efficiently from other ‘antenna’ sites that are resonantly excited in the UV range.

By complementing electron spectroscopy with fluorescence detection, we can directly

observe that electron emission via this mechanism completely quenches fluorescence

once the channel opens. We suggest this mechanism to be important for both quenching

of fluorescence as well as resonantly enhancing free electron production in a variety of

systems.
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Ever since the discovery of the photoelectric effect,1 i.e. the release of a free electron

initiated by absorption of a photon, the efficiency of this mechanism has been subject of

intense research.2–4 Photoionization is of fundamental importance in many fields of physics,

chemistry, and biochemistry and nowadays, many complex technological applications rely

on this mechanism.

Direct photoionization in the single-photon interaction regime is a non-resonant process,

where the only condition the ionizing radiation of frequency ν has to fulfill is that the energy

E = hν of the single photon has to be larger than the ionization energy EI of the respective

material. This results in a step-like photoionization cross section at the energetically lowest

ionization threshold and a relatively smooth behavior with increasing photon energy. For

higher thresholds, also autoionizing resonances in the ionization continuum are common.5,6

Resonant excitation of valence electrons below the ionization threshold typically leads to

fluorescence emission, in molecules possibly accompanied by nuclear rearrangement and/or

dissociation. If a system (e.g. atom or molecule) is embedded in an environment, several

non-local ionization processes have to be considered when discussing the ionization pathways.

In weakly bound matter, like van der Waals or hydrogen bound clusters or liquids, such

mechanisms were recently investigated intensely.7,8 In processes like interatomic Coulombic

decay (ICD) or electron-transfer mediated decay (ETMD), ionization typically occurs if a

system is excited into states which energetically lie above its ionization energy, but below the

one-site double ionization potential. Since the two-site double ionization potential often is

considerably lower, further ionization can be achieved by transferring energy between sites.9

Having such mechanisms in mind, it is straightforward that ICD in an extended system

can occur, if the energy stored on a site A is above the ionization energy of a partner B,

although it is below the ionization energy of A. The cross section of photoionization of

site B can thereby be enhanced tremendously, possibly by orders of magnitude, if site A is

resonantly excited by incoming radiation. Site A acts as an antenna to receive energy and

then transfers it to its neighbor.
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Figure 1: Sketch of the process under investigation. In a pure Ne cluster, resonant outer
valence excitation is followed by fluorescence emission (upper left magnification). Contrary,
in heterogeneous Ne-Ar clusters, the energy is transferred to ionize a neighbouring Ar atom
(lower right magnification), leading to a resonantly enhanced ionization cross section of Ar.

Such processes have been observed by detection of ionic fragments in pioneering works

targeting small noble gas–benzonitrile clusters,10 Ar–water clusters,11 doped He droplets12

and He-Ne dimers.13,14 We consider the energy transfer mechanism to be a regular member

of the variety of ICD processes, but note that this process has been termed also “two-center

resonant photoionization”15 or “excitation transfer ionization”16 in some contexts. Note that

this process is considerably different to the more commonly discussed Penning ionization,

in which ionization is usually mediated in collisions of excited atoms with neutrals.17 In

this article, we report the direct observation of the ICD-like energy transfer in large Ne-Ar

clusters. The process is sketched in Figure 1. We directly measure the resonantly enhanced

photoemission cross section of Ar, and the accompanying quenching of fluorescence from

excited Ne.

Heterogeneous Ne-Ar clusters were produced by supersonic co-expansion of Ne gas ad-

mixed with a controlled amount of Ar atoms (see experimental section). The development

of the outer valence resonances in Ne clusters, corresponding to the atomic 2p1/2,3/2 → 3s
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Figure 2: VUV fluorescence yield as function of the exciting-photon energy for different
mixing ratios of a co-expanding Ne-Ar gas mixture. The Ar content (volume percentage) in
the expanding gas mixture is given in the inset, resulting in differently composited (hetero-
geneous) clusters. Features appearing due to excitation of atomic Ne or surface and bulk
components of Ne clusters are labelled.18

transitions (at about 16.67 eV and 16.84 eV), is known and has been investigated by fluores-

cence spectroscopy.18 These resonances are energetically below the Ne 2p ionization energy,

and therefore decay by fluorescence. The resonances of clusters are blue-shifted with respect

to the atomic resonances, with three distinct main components in the range from 16.8 eV to

18.0 eV. Since the components can be attributed to excitation of bulk or surface sites of the

cluster,18 their relative intensity is an indicator for the mean size of the clusters in the beam

under investigation.

The fluorescence excitation function of the pure Ne cluster jet in the present experiment

is shown in Figure 2a. Comparing to literature spectra, the signal corresponds to a jet

with a size distribution around a medium mean cluster size.18 The exact size of each cluster

does not affect the interpretation presented here. As apparent from Figures 2b-f, significant

changes appear in the excitation function, if the Ar admixture is enhanced stepwise from

0% to 7.7%. Note that the given mixing ratios present the composition of the co-expanding

gas mixture, not the final composition of the clusters.19,20 For low Ar admixture, the bulk
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component decreases drastically and already vanishes for a ratio of 98.5% Ne and 1.5% Ar

(Figure 2c). If the amount of Ar is increased further, the intensity of the surface component

also decreases until only the 2p → 3s fine structure components of atomic Ne remain, at

7.7% Ar admixture in the gas reservoir. The overall expansion conditions, i.e. stagnation

pressure and nozzle temperature, were not changed during this series of excitation functions.

The efficient fluorescence quenching therefore cannot be caused by a lack of condensed Ne.

Instead, with higher Ar admixture, the probability for incorporation of Ar atoms into a

cluster rises, in particular because for the given expansion conditions the condensation of

Ar is much more likely than Ne condensation.19 We conclude that upon increase of the Ar

fraction, only some remaining small clusters of pure Ne fluoresce, because all larger clusters

contain one or several Ar atoms and decay by the proposed ICD mechanism.

Figure 3: Electron spectrum of a heterogeneous Ne-Ar cluster jet produced by a co-expanding
gas mixture containing 5% Ar, using 0.58 bar stagnation pressure and 65 K nozzle temper-
ature and recorded at 23 eV photon energy. The contribution from Ar atoms and clusters
cannot be separated in the overall valence electron spectrum. Therefore, another electron
spectrum was recorded at identical expansion parameters but with a low retardation voltage,
repelling the Ne electrons and increasing the resolution in the range of Ar 3p binding ener-
gies. The inset shows the spectrum of Ar electrons, resolved for contributions from clusters
and atoms, including the fine structure.

To characterize the cluster jet composition and unambiguously identify the fluorescence

6



quenching mechanism, we have performed a second experiment in which the electron spectra

of a comparable cluster jet were measured. The valence electron spectrum of a cluster jet

produced by co-expansion of 95% Ne and 5% Ar, ionized by photons of 23 eV energy, is shown

in Figure 3. The spectrum consists of three distinct features: the 2p photoelectron line of

atomic Ne at 21.6 eV binding energy, a small amount of 2p photoelectrons from condensed Ne

with maximum at about 21.0 eV, and electrons from Ar with a maximum at about 15.0 eV.

The valence spectra of Ne-Ar clusters have earlier been used to investigate the geometric

structure of such clusters.19 Electrons from Ar clusters and atoms cannot be resolved with the

spectrometer settings used to obtain the full valence spectrum of Figure 3, but a retarding

voltage was used to zoom into the Ar electrons for the same cluster jet conditions. The

separated peaks from atoms and clusters as well as the 3p1/2,3/2 fine structure splitting are

visible in the inset of Figure 3. By comparing the areas of atomic and cluster contributions

it can be estimated, that about 90% of the Ar is condensed in clusters. Similar electron

spectra of pure Ar clusters and mixed Ne-Ar clusters have been recorded earlier.19,20

In Figure 4a, the photoelectron spectrum of the heterogeneous clusters for a series of

photon energies is shown. With the settings of the electron spectrometer used for this

measurement, atomic and cluster contribution cannot be separated, however, because of the

high condensation (see Figure 3) the Ar feature can be regarded as originating basically from

Ar clusters. The onset of the electrons from Ar clusters seems to be somewhat shifted to

higher binding energies compared to the spectrum of Figure 3. As the target parameters

were identical in both measurements, this is most likely an artefact of the reduced energy

resolution for higher kinetic energies of the electrons, since the spectrum in Figure 3 was

recorded at 4.5 eV to 6.5 eV higher photon energies than the spectra of Figure 4.

The total emission cross section of electron from Ar in Figure 4b shows overall little

structure, exhibiting only one broad maximum at about 17 eV. Position and shape of this

maximum match well with the fluorescence excitation function of small Ne clusters, which

is also shown for comparison. However, the maximum in the electron yield is caused by
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resonant excitation of a Ne atom sitting on the surface of a large Ar cluster. As the Ne

assembles as a shell around the Ar core,19 it is reasonable to expect a signal shape which is

similar to that of small Ne clusters.

The photoelectron spectrum of pure Ar clusters has also been investigated in detail in

the excitation energy range between 16.8 eV and 18.0 eV,21 coinciding with the Ne valence

excitations which are of interest in this work. An energy dependent structure of the 3p

photoelectron line was reported and assigned to an energy dispersion of the valence band.

Although weak changes in the spectrum off resonance can be found in the present experiment,

this feature is not observed with a comparable prominence. This might suggest that the

energy band dispersion is a surface effect. However, the present discussion of the signal from

the heterogeneous clusters is not affected by that.

Regarding the efficiency of the ionization process by energy transfer from resonantly

excited Ne, we suppose it to be orders of magnitude faster than the competing radiative decay

in pure Ne. The radiative lifetime of the 2p53s state in atomic Ne is about 1.6 ns,22 while the

electron emission happens on a femtosecond to picosecond time scale. From the relatively

high abundance of Ar compared to condensed Ne in the electron spectrum (Figure 3), we

can assume that all Ne clusters contain bound Ar also, which can serve as partner for the

energy transfer. It has been investigated before, that ICD-like processes are possible also

with non-nearest neighbors.23,24 The energy transfer leading to ionization can therefore be

regarded as an ultra-efficient quenching mechanism in loosely bound matter. Because the

Ne resonance is energetically above the Ar ionization threshold, the ionization mediated

by energy transfer can interfere with direct Ar photoionization.5,15 Indeed, an asymmetric

line shape is observed in Figure 3b. However, the influence of cluster size and composition

distributions and interference effects cannot be disentangled from the present data.

As can be deduced from Figure 4b, the ionization cross section of the co-expanded Ne-

Ar jet is enhanced by a factor of about 3 on top of the Ne resonance, compared to the

direct photoionization of Ar. We therefore envision this process also to be of relevance for
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Figure 4: a) Color-coded electron spectrum from heterogeneous Ne-Ar clusters for one set of
expansion parameters (see text) as function of the exciting-photon energy in the range of Ne
cluster valence excitations. The dashed white line indicates the atomic Ar 3p3/2 ionization
threshold. b) Integrated yield of electrons (blue solid line) with binding energies between
14 eV and 16 eV (area between red solid lines in panel a). For comparison, the fluorescence
yield from Figure 2 is also shown for pure Ne (open circles) and 4.6% Ar admixture (open
squares).
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artificially enhancing the ionization cross section of a given material by dopant substances

which resonantly absorb the radiation. As the increase in ionization cross section is caused by

resonant excitation, the mechanism could be exploited to tailor systems with unique, photon

energy dependent ionization characteristics in both fundamental research and technology.

In conclusion, we directly observed the resonantly enhanced production of free electrons

by ICD from excited states of one species into the ionization continuum of a van der Waals

bound partner. Any radiative decay from the excited states is quenched by this process.

The mechanism might be the origin of many fluorescence quenching processes and could

perspectively be exploited for tailored ionization cross sections in a variety of weakly bound

systems.

Experimental Methods

The experiments were performed at the UE112 PGM-1 beamline of BESSY II, Helmholtz-

Zentrum Berlin (HZB). Two different setups were used for measuring the resonance-enhanced

photoionization and the fluorescence quenching. Both setups have been discussed earlier in

great detail and will only briefly be described here. For electron detection, a magnetic bottle

type time-of-flight spectrometer was used.25 A supersonic jet of co-expanding Ne and Ar gas

with initial mixing ratio of 95% Ne and 5% Ar was used, resulting in a stagnation pressure

of 0.58 bar behind the conical copper nozzle of 80 µm diameter. The nozzle was cooled to

65±1 K using a liquid He cryostat. After passing through a 1 mm skimmer, the cluster jet

was crossed with circularly polarized synchrotron radiation. The storage ring was operated in

single bunch mode, providing 800 ns between bunches to measure the time-of-flight spectra.

To record the yield of Ar electrons as a function of the exciting-photon energy, the latter

was scanned stepwise and a full electron spectrum was recorded for each energy step. The

fluorescence quenching was observed using a similar setup and an open-face microchannel

plate detector sensitive for vacuum-ultraviolet radiation as described recently.26 Here, the
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clusters were produced by co-expansion of a Ne–Ar mixture with reservoir pressure 4.5 bar

through a conical nozzle of 40 µm diameter, which was cooled to 120±1 K using liquid

N2. The synchrotron was operated in multibunch mode, the exciting-photon energy scanned

stepwise and the yield of fluorescence recorded for each step.
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