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Abstract
Vacuum ultraviolet (VUV) fluorescence emission from neon clusters of different sizes is
investigated after excitation with photons of energies between 34 and 49 eV, i.e. near and far
below the Ne 2s-electron photoionization threshold. Undispersed VUV fluorescence (<120 nm)
excitation functions in the Ne 2s-regime display a series of distinct features attributed to
2s→np resonant cluster excitations with subsequent cluster-specific decays. Features connected
with resonant interatomic Coulombic decay are visible for all cluster sizes. For larger clusters
they appear to be less prominent due to additional emissions. This emission has a threshold
energy of 35.8 eV and increases with exciting-photon energy. It also increases with increasing
cluster size and is interpreted as being caused by inelastically scattered 2p-photoelectrons
(photoelectron impact induced luminescence).

Keywords: electronic excitation and relaxation process, resonant interatomic Coulombic decay,
Ne clusters, inelastic intracluster photoelectron scattering, VUV fluorescence

(Some figures may appear in colour only in the online journal)

1. Introduction

The interaction between high-energy photons and weakly
bound systems such as van-der-Waals or hydrogen-bonded
clusters usually causes ionization. Parallel to or as a con-
sequence of a photoelectron ejection event there are
mechanisms leading to a variety of electronic excitation
processes where a larger amount of energy is deposited in the
electronic system of the cluster. This energy may be released
by intra-atomic processes like Auger electron or fluorescence
emission, or by interatomic relaxation processes involving
neighboring sites, like the well-known ultrafast and efficient
non-radiative interatomic/intermolecular Coulombic decay
(ICD) [1] which is in the focus of numerous theoretical and
experimental investigations [2–12]. In the latter case the

excess energy of an inner-valence ionized atom or molecule is
transferred to a neighboring site to eject slow electrons (ICD
electrons), thereby ionizing this entity. Electrons with low
kinetic energy are generally proven to be genotoxic and can
efficiently induce irreparable damage in living tissue [13, 14].
In extended weakly bound systems, however, additional slow
secondary electrons can be produced by inelastic scattering of
fast photoelectrons or Auger-electrons [15] and may experi-
mentally mask the ICD electrons. These two effects have been
investigated in the past [16, 17] on Ne clusters. Additionally it
was found that the probability for inelastic scattering increa-
ses with cluster size. Inelastic intracluster photoelectron
scattering was investigated before by photoemission methods,
and it was shown to lead to the production of excitonic
satellites that are not present in the atomic case [18, 19], and
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also to the formation of zero-kinetic-energy photoelectrons
[20]. Additionally intracluster inelastic scattering of emitted
ICD electrons may occur [21] as shown for Ne clusters
multiply excited by intense free electron laser radiation, and it
was found that it affects the ICD relaxation of Ne bulk atoms.

As reported in previous work [22–24] vacuum ultraviolet
(VUV) and UV/visible fluorescence emissions can be used to
efficiently track a special variety of ICD, the resonant ICD
(RICD) process [25–31]. Due to the longer escape length of
photons versus slow electrons in dense matter this method
may potentially be used to investigate RICD in real samples.
Furthermore, fluorescence spectroscopy can be used to study
cluster size effects on a variety of processes occurring in
extended systems [32–34]. Here we report a systematic
experiment of VUV fluorescence emission from large Ne
clusters of varying size after being excited by photons of
energies near and far below the Ne 2s-electron photoioniza-
tion threshold.

2. Experimental methods

The experiment was performed with an established set-up for
photon-induced fluorescence spectroscopy [35] at the syn-
chrotron radiation (SR) facility SOLEIL, Paris, at the
PLEIADES beamline in its multi-bunch operation mode. A
slit width of 300 μm of the plane grating monochromator was
chosen corresponding to a bandwidth of the exciting photons
of about 13 meV at 44 eV. The Ne cluster jet was produced by
supersonic expansion through a 32 μm diameter nozzle
cooled by a liquid helium flow cryostat which separates the
high pressure stagnation chamber from the vacuum in the
expansion chamber.

Ne clusters covering the average size range from 〈N〉∼ 40
up to 〈N〉∼ 7000 were used in the experiment. The average
cluster size was varied by choosing appropriate expansion
parameters with the temperature fixed at 60 K and stagnation
pressure ranging from 3 up to 11 bar; except for the average
cluster size of 〈N〉∼ 7000 with 40K and 9 bar. The average
cluster sizes were estimated according to [36]. After passing
through a 1.5 mm diameter skimmer, the jet entered the inter-
action chamber, where it crossed the linearly polarized photon
beam of the monochromatized SR.

A stack of two bare microchannel plates (MCPs) was
mounted in a differentially pumped chamber, separated from
the interaction chamber by an aperture and used to detect
undispersed VUV photons. As the quantum efficiency for
photons drops below 1% for photon wavelengths longer than
about 120 nm (see, e.g. [37, 38]) and remains at around 10%
for shorter wavelengths this detector will essentially detect
photons with wavelengths below 120 nm. An operating
voltage of −2580 V was applied to the front of the MCPs
stack with respect to the rear side of the second MCP. By that,
electrons were rejected. Additionally, a −133 V voltage was
applied between the rear side of the second MCP and the
anode, which was kept at ground potential. Positively-charged
ions were rejected by a mesh in front of the first MCP set to
+36 V. A −19.3 V voltage was applied to an electrically

connected electrode opposite to the detector aperture in order
to measure the yield of positively-charged Ne+-ions. A
Faraday cup mounted behind the interaction region was used
for monitoring the transmitted light through the cluster jet.

First, the Ne+-ion yield from an atomic Ne jet was
recorded in an exciting-photon energy range of 44.0–48.7 eV
with energy steps of 10meV and then normalized for the
photocurrent of the last refocusing mirror. Undispersed VUV
fluorescence yield was collected in the exciting-photon energy
range of 44.0–48.7 eV with energy steps of 25meV, and in the
range of 34.0–48.7 eV with energy steps of 100 meV for dif-
ferent cluster sizes. Except for very big clusters (〈N〉∼ 7000),
here the undispersed VUV fluorescence yield was recorded
with an energy step width of 250 meV in the exciting-photon
energy range of 34.0–49.0 eV. The exciting-photon energy was
calibrated against the 2s-ionization threshold of Ne atoms at
48.475 eV [19, 39], which is present in the recorded fluores-
cence excitation spectra due to the interaction of the SR with
the monomers in the produced mixed monomer/cluster beam.

3. Results and discussion

Figure 1(a) shows the relative yield of Ne+-ions after pho-
toionization of Ne atoms for exciting-photon energies
between 44.0 and 48.7 eV, normalized for the flux of the
exciting photons. The Ne+-ion yield is dominated by a series

Figure 1. (a) Relative Ne+-ion yields of free Ne atoms normalized on
the photocurrent of the last refocusing mirror. (b) VUV fluorescence
excitation functions below the Ne 2s-electron photoionization
threshold for different average sizes of Ne clusters. The grey-shaded
region from 46.9 to 47.6 eV highlights the two RICD features at
about 47.06 and 47.51 eV [22]. The assignments have been made
according to [39] for atomic 2s→np excitations energies in (a), and
[43] for the 2s→np (n=3, 4, 5, 6) cluster excitations in (b). The
Ne 2s-electron photoionization threshold is pointed out by a vertical
solid line at 48.475 eV [19, 39] in (a) and (b).
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of Fano-profiles [39–41] corresponding to autoionizing
2s12p6np-Rydberg states embedded in the 2p-electron con-
tinuum. This Rydberg series converges to the Ne 2s-electron
ionization threshold at 48.475 eV [19, 39]. In addition, the
atomic Ne+-ion yield exhibits a feature at around 44.98 eV
due to a transition to the atomic 2p4(3P)3s(2P1/2,3/2)3p-state
and its subsequent autoionization [39]. These well-known
features measured on a pure atomic jet (no clusters in the jet)
have been used to calibrate the scale of the exciting-photon
energy and to check the linearity of the nominal versus the
true photon-energy scale of the beamline.

Figure 1(b) displays the undispersed VUV fluorescence
excitation functions recorded by the MCP detector for Ne
clusters of several average cluster sizes (from 40 atoms up to
7000 atoms per cluster). This graph is used for the discussion
of the spectral features and is not yet normalized for the
exciting-photon-flux.

The recorded total VUV fluorescence excitation func-
tions of the mixed Ne-atom/cluster jet exhibits for all cluster
sizes a sudden increase at an exciting-photon energy of
48.475 eV. This increase is due to the 2s-electron photo-
ionization in Ne atoms and the subsequent fluorescence
transitions 2s12p6 2S1/2→2s22p5 2P3/2,1/2 at 46.0 and
46.2 nm within Ne II [42].

In the present experiment the following observations are
made which display characteristic changes with increasing
cluster size: (1) at lower energies within the investigated
exciting-photon energy range the fluorescence intensity is
structureless and continuously increases for beam conditions
producing larger average cluster sizes. (2) The fluorescence
signal recorded for the smallest cluster size shows a series of
features, which may be identified as 2s→np excitations of
cluster-surface atoms [43] resulting in VUV fluorescence
emission. These features are visible for all cluster sizes but
appear to be less prominent in the fluorescence excitation
functions of the larger clusters due to increasing fluorescence
intensity around the features. The grey-shaded exciting-photon
energy region of figure 1(b) highlights the two fluorescence
features at 47.06 and 47.51 eV which were interpreted in
previous works as originating from RICD [22]. (3) A
number of additional comparatively broad features are
becoming more prominent as the average cluster size
increases. The most obvious example is the feature centered
at around 46.66 eV.

We discuss in the following the three observations:

(1) The structurelessly increasing intensity at small excit-
ing-photon energies is interpreted as due to fluorescence
excitation by inelastically scattered 2p-photoelectrons
(photoelectron impact induced fluorescence). The
process leading to VUV fluorescence emission after
photoelectron impact is exciton excitation in the cluster.
Formation of excited ions with VUV fluorescence
emission is not possible for the present exciting-photon
energies. In order to experimentally investigate this
hypothesis the exciting-photon energy range has been
widened as compared to the experiments of figure 1:
figure 2 shows the VUV fluorescence excitation

functions of Ne clusters for exciting-photon energies
from 34.0 eV up to 49.0 eV and for four selected
average cluster sizes (〈N〉∼ 40, 270, 700 and 7000).

The onset of the almost continuous fluorescence
signal increase lies at ≈35.8 eV. In the data displayed in
figure 2, the constant background of the detector due to
electronic noise and a small contribution of stray light
from incident synchrotron beam has been determined at
exciting-photon energies below 35.5 eV and assumed to
be constant throughout the whole exciting-photon
energy range. This background has then been subtracted
from the raw data. Then the background- corrected data
has been normalized to the current of the last refocusing
mirror in the beamline, as a measure for the incoming
photon-flux. Care has been taken that beam position
variations during data acquisition did not influence the
proportionality between measured mirror current and
photon-flux in the interaction region by comparing the
mirror current to the signal measured by the Faraday
cup mounted behind the interaction region.

Closely above the onset energy a broad feature at
≈37.9 eV is seen, which becomes more and more
prominent with increasing cluster size. It is attributed to

Figure 2. VUV fluorescence excitation functions for four average
cluster sizes (〈N〉∼ 40, 270, 700 and 7000) of Ne clusters in the
exciting-photon energy range of 34.0–49.0 eV, after being first
background-corrected and then normalized for the flux of the
exciting photons. The prominent features in the exciting-photon
energy range of 45.0–47.8 eV correspond to the 2s→np resonant
excitations [43] in Ne clusters. The structureless increase of the
fluorescence signal observed at lower exciting-photon energies and
above the exciton excitation is interpreted as due to fluorescence
excitation by inelastically scattered 2p-photoelectrons, as discussed
in the text. The onset of the measured VUV fluorescence signals of
clusters and the Ne 2s-electron photoionization threshold are
indicated by a vertical arrow at about 35.8 eV and by a vertical solid
line at 48.475 eV [19, 39], respectively.
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photoelectron impact excitation of the lowest excitonic
state in the cluster as identified in [18]. The required
electron energy to excite this state is about 17.6 eV
[18, 44], which together with the 2p-electron binding
energy in solid Ne (20.3 eV [45]) corresponds to
37.9 eV, in good agreement with the observation. At
exciting-photon energies above the photoelectron
impact exciton excitation the observed fluorescence
signal increases approximately linearly with energy
with a larger increase for gas jet conditions resulting in
larger clusters. If this signal is due to inelastically
scattered 2p-photoelectrons, the cross section of the
VUV fluorescence emission σfl(hν) seen by the detector
must be proportional to the product of the cross sections
of 2p-electron photoionization σ2p(hν) and for VUV
fluorescence emission by electron impact σfl,EI(Ekin)=
σfl,EI(hν− EB,2p):

s n s n s nµ ⋅ -( ) ( ) ( )h h h E .Bfl 2p fl,EI ,2p

Here nh is the exciting-photon energy, Ekin is the kinetic
energy of the photoelectron, and EB,2p is the binding
energy of the Ne 2p-electron in solid Ne (20.3 eV [45]).
The measured VUV emission onset energy of ≈35.8 eV
is smaller than the sum of EB,2p and the threshold
energy for electron induced VUV fluorescence excita-
tion in Ne atoms (16.683 eV [46, 47], corresponding to
the decay of the 2p5 2P3/2 3 s [3/2] level to the Ne
ground state). Spectrally resolved VUV fluorescence of
solid Ne after 2.5 keV electron impact, however,
revealed a smooth onset of fluorescence between 15
and 16 eV of emitted-photon energy [48]. The corresp-
onding fluorescence feature has been attributed to
molecular type self-trapped excitons. In the spectrum
of this work a huge peak with finer structure at around
16.7 eV is visible, which has been attributed to atomic-
type self-trapped excitons. As we could not find
measured VUV fluorescence excitation functions of
solid Ne in literature the cited work can only be used for
identifying possible spectral features but not for an
analysis of corresponding cross sections for the relevant
processes. We conclude that these excitonic features can
well be excited by 2p-photoelectrons in our experiment
and that observed VUV fluorescence emission close to
the fluorescence onset energy in the present experiment
is due to clusters (excitonic excitations) only.

The 2p-electron photoionization cross section does
not vary significantly in the exciting-photon energy
range between 34 and 49.0 eV, when resonances are
neglected for the moment [49]. It is therefore assumed
to be constant. The electron impact induced VUV
fluorescence excitation function of Ne atoms, however,
has a steep, almost linear increase with electron energy
in the energy range between fluorescence onset and
about 15 eV above [50]. If we assume a similar
dependence of fluorescence excitation on the electron
energy for the clusters, also the product of these two
cross sections will increase almost linearly with

exciting-photon energy. Additionally, as the kinetic
energy of the emitted electron is increasing, more
channels for VUV fluorescence emission will open.

Consequently, the presented evidences suggest that
the fluorescence intensity increase indicates an intraclus-
ter photoelectron-impact induced fluorescence excitation,
which gets more and more significant with increa-
sing cluster size. Regardless of the energy transfer
process that leads to the occurrence of ICD in a cluster,
in the present experiment self-absorption may also appear
in Ne clusters when a photon is firstly emitted by an
excited atom and then absorbed by a neighboring atom.
This effect, however, cannot be quantified in the present
experiment.

(2) Figure 3 shows separately the VUV fluorescence excitation
functions observed for the smallest average cluster sizes
(〈N〉∼ 40, 100, 270), and which are already presented
above in figure 1(b) of the present experiment. As for such
experimental conditions photoelectron-impact induced
fluorescence is still weak, narrow features belonging to
resonant excitations of Ne I 2s12p6np-Rydberg states with
high principal quantum number n of uncondensed Ne
atoms are clearly seen close to the Ne 2s-electron
photoionization threshold in the recorded fluorescence
excitation function for 〈N〉∼ 40. The former atomic

Figure 3. VUV fluorescence excitation functions below the Ne 2s-
electron photoionization threshold for 〈N〉∼ 40, 100 and 270 as
average sizes of Ne clusters. The vertical solid lines in blue and
black indicate the energies of the 2s→np excitations in Ne clusters
obtained in [43] for 〈N〉=140 and in this work for 〈N〉∼ 100,
respectively. The vertical arrow points out the observed cluster bulk
excitation at about 46.66 eV. The Ne 2s-electron photoionization
threshold is marked by a vertical solid line at 48.475 eV [19, 39].
The narrow features in the VUV fluorescence signal for 〈N〉∼ 40
and close to the Ne 2s-electron photoionization threshold are the
resonant excitations of the Ne I 2s12p6np-Rydberg states with
subsequent fluorescence decay in the free Ne atoms [51].
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fluorescence features are already observed before by other
authors [51] in case of pure Ne gas. Apart from these
atomic fluorescence features and their subsequent fluores-
cence decays, other features in the fluorescence excitation
function for 〈N〉∼ 40 as well for 〈N〉∼ 100 and 270 are
belonging to resonant cluster excitations. A comparison
between VUV fluorescence excitation functions measured
for a pure atomic Ne jet and a cluster beam produced with
an average cluster size of 〈N〉∼ 20 have been already
reported in previous works [22, 23]. The exciting-photon
energies of peaks in the cluster fluorescence excitation
functions agree with energies calculated and measured for
2s→np (n>2) cluster excitations resulting in ion
production [43], except for the energy of the 2s→3p
cluster excitation which is observed in our case shifted to
lower energy by about 0.22 eV compared to the observa-
tion in [43] for 〈N〉=140, as indicated in figure 3.

Table 1 compares the energy positions of the 2s→np
cluster transitions obtained by using a Gaussian fit with the
finding in [43]. Compared to the atomic Ne 2s→np Rydberg
resonances shown in figure 1(a), the 2s→np (n>3) cluster
excitations are relatively shifted to lower energies whereas the
2s→3p cluster excitation undergoes a clear energy shift
towards higher energy by about 0.51 eV.

Essentially no shifts of the exciting-photon energies of
the observed peaks with changing cluster size are seen within
the resolution of the current experiment. Whereas the 4p, 5p,
and 6p excitations appear as well defined peaks (apart from
the 6p excitation which is observed weakly for 〈N〉∼ 40) in
the fluorescence excitation functions, the feature around the
energy of the 3p excitation is rather broad. With increasing
cluster size (〈N〉>40) the features at the 4p, 5p, and 6p
excitations are less and less prominent due to an increasing
contribution of photoelectron-impact induced fluorescence.
Observed features in the fluorescence excitation functions of
the smallest clusters do agree in energies with the corresp-
onding features in previous work [22–24].

(3) The observed feature at ≈46.66 eV increases in
intensity relative to the 2s→np excitation peaks with
increasing average cluster size. It appears weak for
clusters smaller than 〈N〉<100 and becomes more and
more prominent when the cluster becomes larger than
〈N〉∼ 100. In clusters the ratio of the number of bulk

atoms to surface atoms increases with increasing cluster
size. This feature can therefore be assigned to a bulk
transition, as highlighted by an arrow in figure 3. The
exciting-photon energy (≈46.66 eV) at which this
feature emerges can be compared with features in
published works observed in the total electron [52, 53]
and ion desorption [52] yields from condensed Ne.
There the bulk component of the 2s→3p excitation is
observed at 46.9 eV and 46.85 eV, respectively.
Although these exciting-photon energies are 0.24 eV
and 0.19 eV higher than the one we measure, we
tentatively identify the observed feature at ≈46.66 eV
with the 2s→3p excitation of the bulk. Note that in [4]
the same identification is also used for the observed
bulk feature in Ne clusters for 〈N〉=70, observed there
at 47.5 eV. An energy shift of this feature with
increasing cluster size cannot be determined from the
current experimental data but this feature becomes
significantly broader with increasing cluster size;
especially for 〈N〉∼ 7000 (see figure 1(b)) where the
shape of the VUV fluorescence excitation function is
comparable with the previously obtained absorption
cross section of solid Ne [54].

4. Conclusion

We have reported VUV fluorescence emission from variable
size Ne clusters triggered by photoelectron impact and also by
ultrafast electronic relaxation processes, specifically the
RICD, after SR excitation. At exciting-photon energies near
the Ne 2s-electron photoionization threshold, the cluster size
dependent VUV fluorescence excitation functions show a
series of distinct cluster fluorescence features; four of which
are attributed to the resonant 2s→np (n=3, 4, 5, 6) exci-
tations of atoms on the cluster surface and one to excitation of
atoms in the bulk. Included in these are the ones previously
identified to emerge from RICD. At lower exciting-photon
energies, a structureless VUV fluorescence is observed
increasing with exciting-photon energy as well with cluster
size. It is interpreted as due to inelastic scattering of the
initially outgoing 2p-photoelectrons with condensed neutral
Ne atoms.
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