Eur. Phys. J. D 36, 173-178 (2005)
DOI: 10.1140/epjd/e2005-00223-5

THE EUROPEAN
PHYSICAL JOURNAL D

Radiative relaxation in 2p-excited argon clusters
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Abstract. The emission of ultraviolet fluorescence radiation from variable size argon clusters is investi-
gated with high spectral resolution in the Ar 2p-excitation regime. The fluorescence excitation spectra
reveal strong fluorescence intensity in the Ar 2p-continuum, but no evidence for the occurrence of discrete
low-lying core-exciton states in the near-edge regime. This finding is different from the absorption and
photoionization cross section of argon clusters and the solid. The dispersed fluorescence shows a broad
molecular band centered near 280 nm. The present work indicates that double and triple ionization via the
LMM-Auger decay are required to initiate the fluorescence processes in the Ar 2p-continuum. The present
results are consistent with the formation of singly charged, excited moieties within the clusters, which are
assigned as sources of the radiative emission in the 280 nm regime. A fast energy transfer process (inter-
atomic Coulombic decay (ICD)), which has been proposed by recent theoretical work, is assigned to be
primarily the origin of these singly charged, excited cations besides intra-cluster electron impact ionization
by the Auger electrons. Our findings give first possible experimental evidence for ICD in the core level

regime.

PACS. 32.30.Rj X-ray spectra — 36.40.Mr Spectroscopy and geometrical structure of clusters

1 Introduction

Relaxation processes occurring in the regime of inner-
shell excitation and inner-valence shell excitation have
been subject of several recent studies. Cederbaum and co-
workers have predicted from theoretical work that there is
a fast energy transfer process which is active in the inner-
valence shell [1-5] as well as in the core level regime [6].
This process is called interatomic Coulombic decay (ICD),
which is found to be dominant compared to other possible
relaxation processes, such as charge transfer. In the inner-
valence shell regime such fast energy transfer processes
are expected to occur in dimers and clusters below the
threshold of direct double ionization of the corresponding
isolated species. More recently, first experimental evidence
for the occurrence of ICD in the inner-valence shell regime
has been reported [7-9)].

The emission of ultraviolet and vacuum ultraviolet ra-
diation from gaseous and solid argon has been the sub-
ject of numerous studies in the past, where several con-
tinua are observed [10-24]. Specifically, the assignment of
the molecular continua has been the subject of debate,
where the “first” and the “second continuum” emission
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are quite well understood. However, the mechanisms lead-
ing to the emission of the “third continuum” are not fully
known, even though several attempts for its interpreta-
tion have been made. There are two different plausible
assignments: (i) the radiative decay of singly charged, ex-
cited argon molecules gives rise to the emission of “third
continuum” radiation [13,20,22] and (ii) doubly charged
atomic cations are considered, which decay after having
formed charge transfer excimers into two singly charged
cations [14,15]. Moreover, the potential energy curves of
excited molecular states have been calculated in order to
elucidate the origin of the emission process [23,24]. It has
been pointed out in more recent work that there is not only
one “third continuum” rather than several continua, which
reflect different radiative processes and may explain the
experimental findings in earlier spectroscopic work [17].
This is consistent with a more recent study by Wieser
et al. [19], where systematic time resolved experiments
using particle beam excitations were performed.

We have investigated earlier the “third continuum” of
2p-excited argon clusters by dispersed fluorescence spec-
troscopy [25]. However, there were several drawbacks and
uncertainties with this experimental work. Specifically,
the energy resolution (E/AE = 150) of the soft X-ray
monochromator used for the Ar 2p-excitation was quite
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poor (cf. Ref. [26]) and did not allow us to resolve properly
the core-excited Rydberg- and exciton-states. Moreover,
the resolution of the secondary vacuum monochromator
was also fairly low (AX &~ 5 nm), so that is was not clear
whether narrow features would occur, if a high-resolution
set-up is used. This is the main motivation for the present
work, where we have overcome these experimental draw-
backs. We re-examine the emission of ultraviolet radiation
initiated by Ar 2p-excitation of variable size argon clus-
ters. Besides the experimental progress, our work is also
stimulated by recent theoretical and experimental studies
on fast relaxation pathways after primary inner-valence
shell- and core-level-excitation of van der Waals dimers
and clusters [1-9]. Together with these results, the present
work provides new insight into the relaxation processes
occurring in 2p-excited argon clusters. This allows us to
derive a plausible mechanism on the radiative processes of
core-excited rare gas clusters, which can also be applied
to the corresponding solids.

2 Experimental

The experimental set-up consists of a continuous super-
sonic jet that is used for variable size argon cluster prepa-
ration. The stagnation temperature in the high-pressure
reservoir of the jet expansion containing the argon (com-
mercial sample (Messer Griesheim), purity: 99.99%) is var-
ied at a stagnation pressure of 5 bar between —120 °C
and room temperature. This corresponds to average clus-
ter sizes (N) ranging between 200 and 10 using the size
calibration procedure of Karnbach et al. [27]. Note that
the average cluster size is estimated to be between 750
and 50, if the calibration of Farges et al. [28] is used. The
cluster jet is excited by monochromatic synchrotron radi-
ation at the U49/2-PGM1-beam line of the electron stor-
age ring BESSY-II (Berlin, Germany). The first harmonic
of the undulator is used and the monochromator is oper-
ated with a 600 ¢/mm plane grating. The energy resolving
power (E/AE) of the beam line is higher than 5 x 103,
as evidenced from photoion yield and fluorescence excita-
tion spectra of the atom in the Ar 2p regime (cf. Fig. 1).
The total fluorescence in the ultraviolet regime is detected
by a cooled photomultiplier tube, which is mounted be-
hind a quartz window (EMI 9789QB), similar to previous
work [25]. This set-up is also used to measure fluorescence
excitation spectra. The dispersed fluorescence is collected
in the ultraviolet/visible regime by a spherical mirror and
a UV silica lens. It is focused onto the entrance slit of a sec-
ondary Czerny-Turner monochromator with a focal length
of 460 mm (HRS-460, Jobin-Yvon, f/5.3). This device is
equipped with a 300 ¢/mm grating providing an ultimate
wavelength resolution of 0.2 nm [29,30]. The resolution
is set during the experiments to 1.5 nm, as established
from the atomic argon transitions. The fluorescence light
is detected by a liquid nitrogen cooled CCD-detector with
a chip size of 800 x 2000 pixels (Lumogen& VISAR, SITe
(Tektronix)). The spectral detection covers the range from
200 nm to 1000 nm with a quantum efficiency of the order
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Fig. 1. Comparison of the Ar™ yield, the total fluorescence
excitation spectrum of atomic argon [(a) and (b)] and the Ary
yield [(c)] with a series of fluorescence excitation spectra of
variable size argon clusters recorded in the Ar 2p regime at
different average cluster size (N) [(d)—(h)]. The vertical dashed
lines mark the energy positions of the distinct onsets in the
fluorescence excitation spectra (see text for further details).

of 25% in the ultraviolet regime. The transmission func-
tion of the spectrograph is estimated to be low at wave-
lengths below 250 nm. It reaches ~10% at 300 nm and
increases to ~50% at 500 nm [29,30]. The energy scale
of the spectrograph is calibrated using the known fluores-
cence transitions of atomic argon [31,32] and the molecu-
lar nitrogen cation (B-X-transitions) [33,34], respectively.
This allows us to calibrate the absolute wavelength scale
with an accuracy of smaller than 1 nm. The dispersed flu-
orescence signal is weak. Therefore, the signal strength is
substantially increased by tuning the undulator gap to the
appropriate photon energy (245—265 eV), while leaving
the X-ray monochromator in zeroth order. The harmonic
of the undulator radiation is found to have a slightly asym-
metric profile as a function of the photon energy with a
typical band width of photon energy in the Ar 2p exci-
tation regime of 6 eV for the full width half maximum.
This is sufficient for experiments in the Ar 2p-continuum
of variable size clusters, where only broad continuum fea-
tures are observed [35,36]. Total and partial cation yields
are measured using a time-of-flight mass spectrometer,
which has been described before in greater detail [36,37].

3 Results and discussion
Figure 1 shows a comparison of various energy scans

in the Ar 2p-excitation regime. The spectra have been
recorded with the same energy resolution, so that the
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band width of the primary photon source is identical, i.e.
EJAE > 5x10? (see Sect. 2). The top spectra (a) and (b)
show a comparison between the ArT yield and the atomic
fluorescence yield, respectively. The 2p°nf Rydberg states
are clearly resolved, so that the absolute energy scale and
the energy resolving power are established by these spec-
tra. A detailed discussion of these results has been pub-
lished before [25] and is not subject of the present work.

Figure 1c shows the argon dimer cation (Ary™") yield
recorded at (V) = 200 using the (N) calibration from ref-
erence [27]. This cation yield shows intense resonances in
the near-edge regime, which are characteristically blue-
shifted and broadened relative to the atomic transi-
tions [35,36]. Mass lines of larger clusters are observed,
these are known to yield similar spectral information
as the dimer cation [36]. These small, singly charged
fragments have been investigated before [37]. They are
assigned to be the result of fission from doubly or multi-
ply charged clusters, leading to a substantial kinetic en-
ergy release. We observe for the lowest energy features
a dominant contribution of 4s-bulk excitons occurring at
245.15 eV and a weak signal from 4s-surface excitons at
244.65 eV. The corresponding transition occurs in the
atom at 244.390 eV [38] (cf. Figs. la and 1b). The ori-
gin of these energy shifts has been discussed extensively
before [35], so that Figure 1c essentially serves for a com-
parison with the series of fluorescence excitation spectra
of variable size argon clusters and as an independent proof
for the proper operation of the jet and the formation of
clusters. Note that the photoion yields of mass-selected
clusters and the fluorescence experiments were performed
sequentially during the same beam time. Therefore, no
conclusions regarding the fragmentation of charged clus-
ters and fluorescence processes can be drawn. Fluorescence
excitation spectra of variable size clusters are shown in
Figures 1d-1h. The average cluster size (N) is system-
atically varied from (N) = 20 (Fig. 1h) to (N) = 120
(Fig. 1d). Note that the contribution of the atomic fluo-
rescence has been subtracted from the raw spectra. Sub-
sequently all spectra are normalized to the photon flux of
the soft X-ray monochromator, so that only contributions
from clusters remain. Evidently, the spectra suffer from
low signal strength and thus a limited signal-to-noise ra-
tio, since they were recorded with the same spectral reso-
lution as the atomic spectra. This was necessary in order
to prove whether discrete resonances from exciton states
occur in fluorescence excitation spectra in the Ar 2p near-
edge regime. Instead of smoothing the raw data, we have
chosen to bin the data points together, by reducing the ex-
perimental point density by a factor of four, corresponding
to an energy step width of 200 meV. This procedure im-
proves significantly the signal-to-noise ratio without loos-
ing spectral information for the dominant spectral fea-
tures. This statement has been verified by applying the
same procedure to the atomic spectra, for which all in-
tense Rydberg features, that are narrower than the exciton
features, are still observed. Note that the spectra shown
in Figures 1d—1h are vertically scaled on the same pre-
edge noise level, so that they can be compared to each
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other. This indicates that the fluorescence intensity in-
creases substantially with (N). It is of negligible intensity
in the low cluster regime, corresponding to (N) < 25.

The experimental results on fluorescence yields of vari-
able size clusters shown in Figures 1d—1h indicate that
there are distinct differences compared to the spectra
shown in Figures la—1c. The former spectra are compa-
rable to our previous work [25], but the spectral resolu-
tion was insufficient at that time to draw any quantitative
conclusions. Moreover, it was not attempted in that pre-
vious work to subtract the atomic contribution from the
raw fluorescence yields. This is easily possible with the
present data, since the atomic fluorescence occurs primar-
ily upon excitation of Rydberg states, i.e. in a narrow
spectral regime near the Ar 2p-edge from singly charged
ions Ar* [32]. The atomic fluorescence vanishes in the Ar
2p continuum as a result of the dominant normal Auger
effect in the Ar 2p continuum. The shape of the vanishing
atomic fluorescence signal above ~252 eV can be rational-
ized by post-collision interaction (cf. Fig. 1b) [39,40].

The cluster size dependence of the fluorescence ex-
citation spectra indicates that there is hardly any sig-
nal detected at (N) = 20, corresponding to a stagnation
temperature of —25 °C at 5 bar stagnation pressure (see
Fig. 1h). Note that at these conditions one observes strong
contributions from clusters in photoionization mass spec-
tra (cf. [36]). A weak fluorescence signal is observed at
(N) = 25 (cf. Fig. 1g, dashed lines) with two weak step-
like onsets at photon energies of ~248 eV and ~250 eV
(cf. Fig. 1g). At (N) = 40 these are slightly red-shifted
to 247.3 eV and 249.4 eV, respectively, and there is weak
fluorescence intensity above the background level at pho-
ton energies above 246 eV (cf. Fig. 1f). Moreover, there
is a broad resonance between 254 eV and 259 eV, which
has been observed before [25,36]. The spectrum recorded
at (N) = 60 is similar in shape (see Fig. le). The clear-
est spectral dependence of the fluorescence is observed at
(N) = 120 (cf. Fig. 1d). The step-like onset energies are
also observed at 247.3 eV and 249.4 eV and there is an
onset above the background noise level at 246.6 eV.

These results indicate that there is almost no evidence
for contributions to the fluorescence from variable size
clusters from low-lying surface and bulk exciton states,
which are superimposed to the step-like structures. These
exciton features are clearly seen in the photoion yield spec-
tra displayed in Figure 1lc. Similarly, there is barely evi-
dence in the fluorescence yield for the occurrence of the
lowest 4s-exciton band around 245 eV [35,36]. The step-
like onsets, which are observed in Figures 1d-1g, show a
slight red-shift as a function of cluster size. We assign these
step-like onsets to the Ar 2p ionization energies in clusters,
which are known to shift to lower energy as a function of
cluster size as a result of polarization screening [35,41].
Evidence for this assignment comes on one hand from the
energy difference between both step-like features, which
are separated by the spin-orbit splitting of 2.1 eV [42]. On
the other hand, the energy position of the step-features
is similar to the onset of direct 2p photoionization from
bulk sites, as published by Bjérneholm et al. [35]. However,
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Fig. 2. Dispersed fluorescence spectrum recorded using undis-
persed, quasi-monochromatic undulator radiation at F =
263 eV. The sensitivity of the detector drops at wavelengths
below 250 nm. Therefore, the signal shown in this regime is
essentially due to background noise. Clusters are formed at a
stagnation pressure of 5 bar and a stagnation temperature of
—100 °C, corresponding to an average cluster size (V) = 80.

a close inspection of the values derived from reference [35]
indicates that the step-like onsets already occur at the
low energy part of the features that are observed in pho-
toelectron spectra, i.e. somewhat below the vertical core
ionization energies of bulk sites. This is quite expected for
a threshold signal, which extends into the regime below a
vertical transition. In the case of small clusters the onsets
of the fluorescence yield occur at somewhat higher ener-
gies, which are assigned to weak fluorescence from surface
sites. The size evolution of the signal strength indicates
that radiative relaxation comes preferably from bulk sites
of large clusters. This interpretation is also in agreement
with the occurrence of the broad continuum feature be-
tween 254 eV and 259 eV, which is found in total electron
yields of large clusters [36]. It is a result of single and mul-
tiple scattering processes of bulk sites. Furthermore, the
weak fluorescence intensity that is observed at even lower
energy than the 2p-ionization energies of bulk sites may
be due to high-lying exciton states of bulk sites.

The wavelength regime of fluorescence radiation that
contributes to the excitation spectra is shown in Figure 2.
It consists of a broad resonance located in the wavelength
regime between 250 nm and 300 nm. Such a feature has al-
ready been observed in our previous work [25], which was
performed under low resolution conditions compared to
the present set-up. The spectrum shown in Figure 2 indi-
cates that there are indeed no discrete features including
atomic lines in the spectral regime under investigation.
But there is a remarkable difference in comparison with
the previous work, where a broad double-hump feature

The European Physical Journal D

was observed with maxima at 200 nm and 270 nm, re-
spectively [25]. The short wavelength feature near 200 nm
is not observed in the present work. A plausible explana-
tion for this difference is found by the fact that different
experimental set-ups are used. The previous one was opti-
mized for the spectral regime around 200 nm [25], whereas
the present one looses substantially detection sensitivity
with decreasing wavelength [30]. Thus, we expect that the
transmission drops significantly below 250 nm and only
the long wavelength feature is detected by the present
set-up (cf. Sect. 2). The results on fluorescence excita-
tion spectra indicate, however, that the observed energy
dependence of the fluorescence yield is comparable to pre-
vious work [25].

A comparison with other studies on “third continuum”
fluorescence of gaseous and solid argon indicates that the
present experimental conditions give rise to the emission of
somewhat longer wavelength UV-radiation, than that ob-
served in previous studies on gaseous and solid argon [10—-
22]. This gives evidence for the fact that likely some-
what different processes are probed in the present work.
Especially, in solid argon one observes a broad photon-
or electron-induced luminescence band around 200 nm,
where the fluorescence extends only up to 225 nm [12,20].
Previous work by Ogurtsov et al. [21] indicates that the
fluorescence near 200 nm is clearly due to singly charged
argon, which follows from the low excitation energies in
the outer shell excitation regime, where double ioniza-
tion cannot occur. This result is in agreement with work
of Amirov et al. [22], who developed a model in order
to rationalize the emission of continua of UV-radiation.
Specifically, it was proposed that the continua can be at-
tributed to transitions from low-lying Rydberg states of
singly charged dimer cations to low repulsive states. Note
that results published by Krotz et al. [18] and Wieser
et al. [19] give different assignments of the radiating
species near 200 nm by considering doubly charged dimers
and trimers. Furthermore, results from high-pressure gases
that are ionized by discharges in high pressure plas-
mas [16], pulsed X-rays [17], heavy ion impact [18,19],
and a-particles [10,13] yield fluorescence emission up to
wavelengths of 300 nm, which is in the same regime as in
the present work.

The fluorescence observed in the present work indi-
cates that this process occurs almost exclusively in the
2p-continuum. The fact that there is hardly any evidence
for UV-fluorescence from clusters in the pre-edge regime
already indicates that the process is initiated by the oc-
currence of the 2p-core hole and the ejection of the core
electron into the 2p-continuum. It is clear that this process
is tightly related to double or even multiple ionization of
clustered atoms, that are preferably located in the bulk of
the clusters. Further support for this interpretation comes
from the step-like onset behavior of the fluorescence ex-
citation spectra, since resonant excitations into low-lying
near-edge exciton states lead preferably via spectator au-
toionization to singly charged products. It is, however, not
clear that necessarily doubly charged atoms are the origin
of the fluorescence photons in clusters.
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Time resolved experiments indicate that the radiative
processes, especially those leading to fluorescence at wave-
lengths larger than 240 nm, occur in the nanosecond time
regime [19]. Such temporal evolution is slow compared
to the regime of de-excitation processes, which occur af-
ter the formation of the 2p-core hole. Electronic relax-
ation of the core hole via the Auger decay takes place
in the femtosecond time regime, as it is known from re-
sults in the frequency and time domain on argon or other
rare gases [43,44]. The key point of the de-excitation pro-
cesses is the fate of the initially doubly or triply charged
atom that is produced after absorption of an X-ray pho-
ton, if it is bound in a cluster, especially in its bulk in-
terior. Our previous assignment [25] was in line with the
model of Langhoff [14,15], who considered the formation
of charge transfer excimers. More recent theoretical work
by Cederbaum and co-workers predicts that there are ef-
ficient, ultrafast energy transfer processes active in inner-
valence shell-excited clusters, which take place in the fem-
tosecond time regime [1-5]. These are termed interatomic
Coulombic decay (ICD). The lifetime of these multiply
charged states is significantly reduced for bulk sites com-
pared to dimers. Related work predicts that ICD is not
only present in inner-valence-excited, but also in core-
excited clusters [6]. This implies that ICD will follow the
Auger decay, which is localized to the excited atom. The
ICD lifetime is expected to drop with the number of near-
est neighbors of the excited center [4,6], implying that
bulk sites are most sensitive to this ultrafast process. Ex-
perimental evidence for the occurrence of ICD has been
found recently, which also includes short lifetimes of the
order of a few femtoseconds [7-9].

It is clear that de-excitation of 2p-excited argon clus-
ters is dominated by the LMM-Auger decay, yielding
an excited dication [45]. Previous work by Santra and
Cederbaum on core-excited neon dimers as a simple model
system indicates that more than 20% of all dications that
are produced by the Auger process will undergo ICD form-
ing a trication [6]. The doubly charged species are calcu-
lated to be inner-valence shell excited. Considering the
reduced ICD lifetime of bulk sites mentioned above [4,6],
the importance of ICD will increase with cluster size.
A result of ICD is, that sites next to the core-excited
atom undergoing the Auger decay become singly charged,
where the net charge of the cluster becomes at least +2.
The charges located on different atoms, as a result of
the ICD-mechanism, will repel each other. This may even
lead to fission [46], if doubly charged clusters contain
less than 91 atoms [47] or triply charged ones less than
226 atoms [48].

Additionally, one may consider that the Auger elec-
tron can also be inelastically scattered at neighboring
sites within the cluster (cf. [49]), a process also occur-
ring in the femtosecond time regime. This process will
also lead to triple or multiple ionization of clusters, simi-
lar to ICD. Such electron impact ionization of the nearest
neighbor shell within a cluster or a solid will preferably oc-
cur in large clusters and solids, where inelastic scattering
is most efficient for sites deep in the bulk. This is unlike
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ICD, which is mostly sensitive to the nearest neighbor
shell [4,6]. Thus, in ICD the shells of further distant sites
are less important than in inelastic scattering. As a result,
ICD is likely more important, probably even dominating
for bulk sites of small clusters, i.e. the cluster size regime
under investigation.

De-excitation processes of resonantly core-excited
atoms and molecules lead to the formation of excited
cations. In these systems the resonant Auger effect is most
efficient for the formation of the excited, singly charged
species, which are stabilized by the emission of fluores-
cence radiation in the ultraviolet/visible regime [32,33].
In the case of weakly bound clusters, there is the addi-
tional ICD process following the Auger decay, leading to
charge de-localization via an energy transfer. As a result,
singly charged, excited moieties in clusters are formed,
which cannot be stabilized via the emission of electrons.
Their radiative de-excitation is assumed to be observed in
the present experiments. Moreover, the Auger decay may
also lead to the formation of excited dications, which are
expected to emit radiation, but likely in a different wave-
length regime. The central question is in which wavelength
regime singly or doubly charged moieties within a cluster
decay via the emission of ultraviolet radiation. Consider-
ing the work by Wieser et al. [19], the emission of fluores-
cence radiation near 200 nm, which was observed in our
previous work [25], is a result of sites that contain dou-
bly charged moieties. In contrast, long wavelength radia-
tion, observed in the present experiments around 280 nm
is most likely due to the emission from excited, singly
charged sites. These sites are assigned to be preferably
formed via ICD in the cluster size regime under inves-
tigation using the present experimental results. This re-
sult provides evidence that fluorescence spectroscopy is a
sensitive probe for the predicted ICD-mechanism of core-
excited clusters. Finally, we note that this result goes be-
yond recent experimental work, where photoelectron spec-
troscopy has been used as a probe for the occurrence of
ICD in the inner valence shell regime [7-9].

4 Conclusions

We have investigated the ultraviolet fluorescence of vari-
able size argon clusters in the Ar 2p-excitation regime.
The present results are obtained with substantially im-
proved resolution of the primary soft X-ray monochroma-
tor, indicating that excitation of low-lying exciton states
in the near-edge regime gives no significant contribution
to the fluorescence yield. High resolution dispersed fluo-
rescence experiments indicate that only a broad molec-
ular band occurs in the regime A < 300 nm, similar to
previous work and related experiments on gaseous and
condensed argon [10-22]. The present assignment of the
processes occurring in 2p-excited clusters leads to the con-
clusion that core level excitation initiates the formation of
excited, molecular moieties within a cluster. Rapid elec-
tronic relaxation via the Auger decay and subsequent en-
ergy transfer processes (ICD) lead primarily to the forma-
tion of singly and doubly charged, excited moieties within
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clusters, where the former ones are assigned to be the ori-

gin

of the detected fluorescence in the ultraviolet regime

near 280 nm.
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