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Relaxation dynamics of *He and “He clusters and
droplets studied using near infrared and visible
fluorescence excitation spectroscopyt

Klaus von Haeften, /2 *+ Tim Laarmann, Hubertus Wabnitz and Thomas Moller§

The relaxation dynamics of electronically excited He and *He clusters and droplets is investigated using
time-correlated near-infrared and visible (NIR/VIS) fluorescence excitation spectroscopy. A rich data set
spanning a wide range of cluster and droplet sizes is produced. The spectral features broadly follow the
vacuum ultraviolet excitation (VUV) spectra. However, when the NIR/VIS spectra are normalised to the
VUV fluorescence, regions with distinctly different cluster size and isotope dependence are identified,
enabling deeper insight into the relaxation mechanism. Particle density, location of atomic-like states
and their principal quantum number, n, are found to play an important role in the relaxation. For states
with n = 3 and higher, only energy within the surface region is transferred to excited atoms which are
subsequently ejected from the surface and fluoresce in vacuum. For states with n = 2, energy from the
entire region within clusters and droplets is transferred to the surface, leading to the ejection of excited
atoms and excimers. Here, the energy is transferred by excitation hopping, which competes with
radiative and non-radiative decay, making ejection and NIR/VIS fluorescence inefficient in increasingly

rsc.li/pccp larger droplets.

1 Introduction

The prospect of investigating geometrically confined quantum
fluids, free from external interactions in vacuum using helium
cluster and droplet beams, has excited scientists across dis-
ciplines for almost half a century." The research activity and
continued interest in this topic within the scientific community
is reflected by numerous review articles.>™® The research
addresses intrinsic properties of helium clusters, including
the highly quantum nature of helium-complexes,**'* as well
as applications in nanoscience, exploiting specific features of
helium droplets. The latter includes the pick-up technique to
isolate single atoms or molecules within an ultra cold liquid
matrix on a nano-scale,'® or to assemble molecular complexes
or clusters, taking advantage of the weak-interaction and super-
fluid nature of *He droplets.'”*® These features have enabled
the fabrication and the study of metal clusters with good
control of their size and temperature, which, in helium
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droplets, is much lower than what can be achieved for free
metal clusters in beams.** > Very recently, the pick-up techni-
que had been extended to produce metal clusters and nano-
particles using ionic helium droplets.>®?” Profound insight into
molecular quantum level structure and molecular dynamics in
superfluids has been obtained using traditional infrared laser
spectroscopy in the frequency domain®*7> as well as in the
time domain, using rotational coherence spectroscopy.**>*
Comparative experimental studies between clusters of the
stable isotopes *He and “He, aiming at elucidating effects of
superfluidity, have been performed, although these attempts
remain rare given the effort required to cope with only
very limited quantities of the expensive *He gas during the
experiments.**°

This paper deals with the relaxation dynamics of electro-
nically excited *He and *He clusters and droplets.”’*° It builds
strongly on previous work on electronically excited bulk liquid
and the use of fluorescence spectroscopy for detection.’®®* The
topic of electronically excited helium clusters has also been
addressed by theory.®>">

Previous studies of electronically excited “He clusters estab-
lished the presence of perturbed atomic-like states related to
the 2p'P « 1s'S and dipole-forbidden 2s'S « 1s'S transitions
of helium atoms.*" Similar features are observed in bulk liquid
helium.”®> Comparison between *He and “He clusters and
droplets showed that the magnitude of the perturbation is
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controlled by the particle density.’” A comprehensive study,
spanning a wide range of cluster and droplet sizes, revealed the
location of higher electronically excited features at the surface
of helium clusters and droplets.*® In very small “*He clusters,
the radius of the electronically excited orbitals is larger
than that of the clusters. These states can be understood as
a Rydberg electron orbiting around a positively charged
cluster.”>””*

After electronic excitation, the energy localises in electro-
nically excited atomic and molecular states,”® very similar to
electronically excited bulk liquid helium.*** Depending on
the cluster size, this happens preferentially at the surface,
leading to fast ejection of excited atoms and molecules*®*”®
or, in the case of very large droplets, in the bulk volume where
spherically symmetric excitations form bubbles wherein the
electronically excited helium excimers are confined.*®

Detailed information about the timescales between electro-
nic excitation of helium droplets and the ejection of excited
atoms and molecules has been obtained using pump-probe
experiments***®*”7778 and ion detection.'® These experiments
confirmed the overall picture of the localisation of energy in
singlet and triplet atomic and excimer states and the relevance
of fast ejection of atomic and molecular species.*’

To date, our picture of the relaxation dynamics in helium
clusters and droplets remains nevertheless incomplete as the
energy ranges and size ranges covered in the research so far are
rather limited. To fill this gap and work towards a comprehen-
sive understanding of the relaxation dynamics in helium clus-
ters and droplets, we present new spectroscopic data, spanning
a wide range of excitation energies and cluster sizes, including
both stable isotopes *He and “He.

Complementary to our previous work,*® the fluorescence
excitation spectra of clusters and droplets presented here cover
the same broad range of sizes, but are recorded with detectors
sensitive to the near-infrared and visible (NIR/VIS) spectral
ranges. Such spectra are indicative of the fluorescence emitted
from ejected atoms and molecules following electronic excita-
tion of the clusters and droplets. By normalising these spectral
data with the corresponding VUV fluorescence excitation spec-
tra reported earlier,® it is possible to deduce the efficiency of
energy localisation at the surface and subsequent ejection of
excited species. Examination of the cluster size dependence
and time-correlation of the detector signals help to identify
states correlated with the atomic 2p levels, where excitations
are found to hop between neighbouring atoms, localise and
eventually reach the surface. There, excited atoms or excimers
are ejected, emitting NIR/VIS fluorescence in great distance of
the surface in vacuum. States correlated with the atomic 2s
levels do not show this behaviour. Instead, VUV fluorescence to
the ground state or ejection of meta stable atoms are the
preferred relaxation channels. For levels at higher energy, the
location of the excitations in the surface region and the wider
reach of the excited wavefunctions towards the centre determine
the relaxation. We identify energy bands where immediate ejec-
tion dominates, whereas in other bands non-radiative decay into
lower-lying excited states prevails.
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2 Experiment

The experiments were performed at the permanent experi-
mental station CLULU at beam-line I at the former DORIS III
positron storage ring at DESY in Hamburg.

*He and “He clusters and droplets were produced in an
ultra-high-vacuum molecular beam apparatus by supersonic
expansion of 6.0 helium gas at stagnation pressures of p, =
40 bar for “He and p, = 7 bar for *He through an orifice of 5 pm
in diameter into the vacuum. Due to the high costs, *He gas was
recycled throughout experimental runs and stored in a gas
cylinder for future experiments. The maximum gas pressure
delivered by the compressor used in the recycling apparatus
was 7 bar. Further details are available in the literature.”*”®
In other experiments, different orifice diameters were used
with very good results for 20 um orifice diameter.”” The data
presented here have throughout been recorded using a 5 pm
orifice with the objective to facilitate assignment of the cluster
and droplet size, taking benchmark size measurements
reported by Harms et al. as reference 80, who operated their
apparatus using a 5 pm orifice. However, the different stagna-
tion pressures used represented an obstacle to the interpreta-
tion of the data. Harms et al. used 10, 20 and 25 bar, whereas
here 7 bar was used because of the limited maximum pressure
of the membrane compressor used in the recycling apparatus.®®
As the cluster size is a central issue in this paper and the
relation between orifice temperature T, and the average num-
ber N of atoms in a cluster or droplet has been investigated
thoroughly in specific size ranges only, T, is indicated for every
spectrum. We note that for a given average number of atoms,
N, the average half-width of the size distribution is roughly N
as well.

The helium cluster and droplet beam was directed into the
focal spot of the monochromatic synchrotron light beam using
a x-y-z manipulator to maximise fluorescence yield by adjust-
ing the overlap of the cluster beam with the synchrotron light.
To achieve maximum cluster and droplet density in the focal
spot, the option of using a skimmer was abandoned. The
distance between focus and orifice was about 3 mm, taking
into account that the focal region extended from 0.5 mm after
the nozzle to 5.5 mm downstream. Likewise, stray light emer-
ging from light scattered off the cluster source was minimised
to reach a good compromise in signal-to-noise ratio. Further
details are reported in the literature.>

Synchrotron radiation emitted from a bending dipole mag-
net was deflected upwards, leading vacuum ultra-violet syn-
chrotron radiation via mirrors to two experimental stations,
which shared a 15°-normal-incidence McPherson monochro-
mator. Details of the experimental set-up comprising of the
molecular beam apparatus CLULU and the differentially
pumped beam-line are provided in the literature.®!

The fluorescence intensity was recorded using the time-
correlated photon counting technique, taking advantage of
the specific time-structure of the synchrotron light pulses
emitted from discrete positron bunches. Short-lived fluores-
cence is indicative of non-radiative decay, operating in parallel
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to fluorescence decay, whereas long-lived fluorescence is indi-
cative of the absence of such competing decay channels.

In addition, different detectors sensitive to specific spectral
wavelength ranges were used. VUV fluorescence was recorded
using a thin plate coated with a film of sodium salicylate before
a window in vacuum and a XP 2020 photomultiplier (Valvo/
Philips) outside in air. With this arrangement, VUV photons
were converted to the spectral sensitivity range of the photo-
multiplier. Previous experiments established that visible
photons emitted from the helium clusters were not detected,
thus excluding double-counting and cross-detection.”® The
number of absorbed photons is to, a very good approximation,
proportional to the number of detected VUV photons.”>%
There are only few limitations such as auto-ionisation above
23 eV or annihilation for very large droplets. In large droplets, more
than one excitation per synchrotron light pulse may occur.”>*?

Fluorescence emitted in the visible and near-infrared spec-
tral ranges (NIR/VIS) was guided via a lens system to a R 943
detector (Hamamatsu), a feature of the experimental apparatus
that is central to the present paper. This detector was insensi-
tive to VUV photons. Consequently, it was possible to investi-
gate dynamic processes after electronic excitation of the
clusters and droplets, which lead to fluorescence in the NIR/
VIS ranges. This NIR/VIS fluorescence is due to transitions to
excited levels that are lower in energy.”® In some cases, energy
is transferred to states from which transition to the ground
state is forbidden and consequently, the NIR/VIS fluorescence
can become rather intense.®

Time-resolved excitation spectra were recorded by counting
photons selectively in different, specific channels, taking
advantage of the pulsed nature of synchrotron radiation. The
pulses generated from each detected photon by the photo
multipliers were counted in their entirety in a counter for the
integral fluorescence. In addition, the signal was split into two
further channels, which were gated using Time-To-Amplitude
(TAC) converters and Constant-Fraction-Discrimination, pro-
viding a method to count photons only during dedicated time
windows. For both VUV and NIR/VIS detection, a time window
of 3 to 18 ns after the excitation pulse was set to measure short-
lived fluorescence and a time-window of 40 to 172 ns was set to
record long-lived fluorescence.

The sensitivity of the NIR/VIS channel was calibrated against
the VUV channel using the known ratio of the Einstein-
coefficients of emission A for the 3p'P — 2s'S and 3p'P — 1s'S
transitions.®* The calibration was performed using an atomic
helium beam when the cluster source was at room temperature
and cluster formation could be safely excluded. Following this
procedure, the count rate of the R 943 detector was multiplied
with a calibration factor of 0.45 whenever the fluorescence of
the two different wavelength ranges was compared.

Otherwise, the experimental data presented in the this paper
were acquired during the same experimental run and therefore
under identical conditions as outlined in ref. 39, notably at
a constant photon flux (in eV bandwidth intervals) and a
resolution of 26 meV (using 100 pm-wide entrance and exit
slits). All other calibration procedures were identical.

This journal is © the Owner Societies 2023
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3 Results

3.1 Cluster and droplet-size dependence

In the following section, excitation spectra of the fluorescence
emitted in the NIR/VIS spectral range of ‘He clusters and
droplets are shown. Fig. 1-3 are organised in a sequence from
high to low cluster source temperatures, corresponding to average
cluster sizes from N = 80 atoms to 10> atoms. The presentation
follows the sequence of figures in our previous publication.*

In Fig. 1, the NIR/VIS excitation spectrum is dominated by
sharp peaks at the position of the transition to the np'P atomic
levels of helium. To reveal finer details, a tenfold enhanced
spectrum is shown as well (in light-green, scale on right). In the
enhanced spectrum, it can be observed that there are also sharp
peaks close to the atomic 3s'S level and also a shoulder close to
the atomic 4s'S levels (the energies of the singlet s levels are
indicated in Fig. 6). Furthermore, the sharp peaks are accom-
panied by smoothly decaying wings on the high-energy sides.
The spectrum of N = 360 shows a bump at 21.5 eV, indicating
that the wing starts to evolve into a band. In summary, the
features are very similar to the excitation spectrum of the VUV
fluorescence presented earlier®®, with the exception that the
features close to the atomic 2p'P level are much less intense
than their counterparts seen in the VUV fluorescence excitation
spectrum.

Fig. 2 shows the NIR/VIS excitation spectrum of increas-
ingly larger “He clusters between N = 450 and N = 1800 atoms.
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Fig. 1 Excitation spectrum of the NIR/VIS fluorescence emitted from
small *He clusters (x10 in light green, scale on right). The N = 80 spectrum
on the top is affected by artefacts between 22.5 and 22.9 eV and between
23.2 and 23.7 eV. The stagnation pressure for all experiments with “He was
po = 40 bar.
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Fig. 2 Excitation spectrum of the NIR/VIS fluorescence emitted from
medium-sized *He clusters. The wings merge into broader features.
At 21.5 eV a distinct, Gaussian shaped feature emerges, labelled Band B
in earlier publications.

With increasing size, the bump at 21.5 eV in Fig. 1 evolves into a
distinct band when the average cluster size reaches N = 1000
and beyond. Above 23 eV, the wings close the gap between the
np'P (n > 2) atomic levels. When the cluster size approaches
N =1000, the wings merge to a continuous band which extends
up to the ionisation threshold of helium atoms at 24.56 eV.
Different to the VUV fluorescence excitation spectra presented
earlier® there is almost no NIR/VIS fluorescence beyond
24.56 €V.

Fig. 3 shows the NIR/VIS excitation spectrum of very large
clusters and droplets, corroborating the trends observed in
Fig. 1 and 2. Below T, = 15 K, the spectral features are distorted.
This can be attributed to a number of artefacts that are related
to the photo-excitation of large droplets such as saturation,
multiple photon absorption and light scattering.®’ Artefacts
are also observed in the VUV fluorescent excitation spectra
presented earlier.”

In summary, the NIR/VIS excitation spectrum of *He clusters
and droplets largely follows the VUV fluorescence excitation
and the photo-absorption, respectively. However, it should be
noted that in the region below the 2p'P « 1s'S transition of
helium atoms at 21.2 eV no intensity is observed, despite the
fact that the VUV fluorescence excitation spectrum is showing a
distinct band, labelled A in earlier publications.?”***" Also, the
VUV fluorescence excitation spectrum shows intensity above
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Fig. 3 NIR/VIS excitation spectrum of very large clusters and droplets.
At cluster source temperatures below 15 K, the cluster growth process
changes. Here, helium cools during the expansion below the phase
transition temperature and large droplets are formed by fragmentation
of liquid helium. The corresponding spectra are characterised by artefacts
due to multiple photon absorption and absorption saturation effects.

the ionisation threshold of helium atoms at 24.56 eV when the
clusters and droplets become very large.”® In this region, NIR/
VIS fluorescence is practically absent.

3.2 Isotope dependence

In Fig. 4 and 5, NIR/VIS fluorescence excitation spectra of *He
droplets are shown. *He does not form bound states in dimers
or small clusters. Calculations show that clusters smaller than
26 atoms are unstable.®® Also, beams of *He droplets are
formed by fragmentation of liquid *He during expansion of
*He gas. As a consequence, the size distribution of the droplets
in the beams is entirely different from *He and characterised by
the absence of small clusters.®® Previous measurement of *He
droplet sizes using the cross-beam-deflection method showed a
sharp on-set of droplet formation at a certain temperature.
With decreasing temperature, the average droplet sizes were
found to decrease slightly.®® Here, we take these size measure-
ments as a benchmark, however, we note that the beam length
of the apparatus used in ref. 86 was about 100 times longer.
Also, the stagnation pressures p, differed. The membrane
compressor could not deliver stagnation pressures higher than
Po =7 bar, compared to Harms et al. who were using 10, 20 and
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Fig. 4 NIR/VIS fluorescence excitation spectra of *He. At orifice tem-
peratures of Ty = 11K, only *He atoms are excited. At Ty = 10.6 K increased
noise indicates that droplets of *He begin to form. For lower orifice
temperatures the spectral features of *He droplets are fully evolved.
The stagnation pressure for all experiments with *He was po = 7 bar.

25 bar, respectively. Thanks to the stagnation pressure depen-
dence, observed in ref. 86, it was possible to extrapolate some
droplet sizes that would be expected at p, = 7 bar. Because of
these circumstances, the peculiar droplet formation for *He,,
and ongoing fragmentation of droplets along their journey
towards the detector, we have to take uncertainties in the stated
sizes of the *He droplets into account. The orifice temperature
indicated in Fig. 4 and 5 serves as an additional reference to
assess droplet size trends and as a guide for discussion.

In Fig. 4, the NIR/VIS excitation of *He droplets is shown.
At a source temperature of T, = 11 K, only peaks at energies of
the dipole-allowed np'P « 1s'S transitions are observed,
indicating that only atoms are in the beam. An exception is
the 2p'P « 1s'S transition energy where hardly any intensity is
measured in the NIR/VIS detection channel. After population of
the 2p'P state, two fluorescent decays are possible: (i) to the
ground state, producing VUV fluorescence and (ii) to
the slightly lower lying 2s'S level, producing fluorescence in
the NIR. The intensity of the 2p'P « 1s'S transition is so small
because the Einstein coefficient of emission of the 2p'P — 2s'S
transition (A,p s = 1.9746 x 10° s~ ',*’) is much smaller than
that of the 2p'P — 1s'S transition (A,p 15 = 1.7989 x 10° s™1,*");
the ratio between the two is proportional to the third power of
the transition energy.
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Fig. 5 NIR/VIS fluorescence excitation spectra of large *He droplets
produced at orifice temperatures between 9.0 K and 7.4 K. The overall
shape of the spectral features shows little change. However, the overall
intensity decreases with decreasing orifice temperature. Note the varying
intensity scale.

In this respect, we emphasise that for very small “He clusters
the situation is different. While the shape of the spectral
features around 21.2 eV are not much different from atoms,
the comparatively high intensity in the NIR/VIS region seen in
the spectra of *He,, clearly indicates that the fluorescence must
be due to small clusters (compare with Fig. 1). Hence, the
absence of any NIR fluorescence at 21.2 eV is strong evidence
for the purity of the *He atomic beam, i.e. the complete absence
of clusters, including the smallest clusters.

For higher energies, the NIR/VIS fluorescence intensity of
the excited np'P levels increases progressively. This observation
is expected because of the increasing lifetime of Rydberg states
and the associated change of the VUV-NIR/VIS fluorescence
branching ratios. With increasing principal quantum number,
the Einstein-coefficient of transitions to the ground state
decreases. As a consequence, the transitions to the lower lying
excited s and d states, which fluoresce in the NIR/VIS spectral
ranges and compete with the VUV fluorescence, are progres-
sively favoured.

Furthermore, Fig. 4 shows the onset of droplet-related
fluorescence at source temperatures of 7, = 10.6 K. At T, =
10.2 K, the NIR/VIS fluorescence excitation spectrum is fully
evolved, showing features typical for large droplets and similar
to those of large “He droplets. The rather abrupt appearance of
*He droplets within a relatively small range of the source
temperature of less than 0.8 K corroborates the peculiar droplet
formation characteristics of *He which are fundamentally
different from their bosonic “He counterpart.
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Fig. 5 shows that this trend is unchanged when the source
temperature decreases further. The extrapolated droplet size of
around N = 10* remained broadly constant. Again, this can be
attributed to the specific formation process of *He droplets by
fragmentation and the entire absence of small clusters due to
the lack of bound states. Below T, = 9.0 K, extrapolation was not
possible, but the data reported by Harms et al. suggest that size
begin to increase strongly.®®

The intensity of the NIR/VIS fluorescence excitation bands of
droplets exceed the NIR/VIS fluorescence intensity of atoms.
With decreasing source temperature, the intensity at the
energies np'P increases and remains at its maximum value at
To = 9.4 K to 8.0 K.

3.3 Introduction into normalisation of NIR/VIS fluorescence
excitation spectra

Fig. 1-5 show that there are distinct differences between the
NIR/VIS and VUV fluorescence excitation spectra, such as the
absence of band A and the rather weak NIR/VIS intensity
above the ionisation threshold. Otherwise, the spectral features
of the NIR/VIS fluorescence excitation spectra appear rather
similar to those of their VUV fluorescence excitation spectra
counterparts,®” particularly their overall shape.

Closer inspection of the intensities, however, reveals more
subtle differences between NIR/VIS and VUV fluorescence
excitation spectra. These differences are nevertheless signifi-
cant. They distinctly depend on the cluster and droplet sizes as
will be shown below.

To visualise and interpret these differences, it is helpful to
normalise the excitation spectra of the NIR/VIS fluorescence to
the VUV fluorescence. The VUV fluorescence excitation spectra
of helium clusters and droplets are to a good approximation
proportional to the photo absorption.’® Therefore, the normal-
ised spectra represent quantum efficiencies of NIR/VIS fluores-
cence and also of the ejection of excited atoms and excimers,
the underlying process that is associated with NIR/VIS
fluorescence.

Fig. 6 shows how the normalised spectra are generated. In
the top panel, the VUV fluorescence excitation spectrum of
“He droplets of size N = 2900 atoms are shown. We note that
this spectrum, and all other VUV fluorescence spectral data
required for the normalisation, has been reported earlier.’>® In
the middle panel of Fig. 6, VUV and NIR/VIS features are shown
alongside for comparison. It is apparent that the shapes of the
features in both spectra are very similar, however, the intensity
of the NIR/VIS fluorescence spectra is always lower than the
VUV fluorescence.

In the bottom panel of Fig. 6, the normalised NIR/VIS
spectrum is shown. The normalised spectrum is produced by
division of the NIR/VIS spectrum by the VUV spectrum multi-
plied by a calibration factor to take account for the different
sensitivities of the detectors, as mentioned above.

We will see below that for the understanding of relaxation
dynamics normalisation is very helpful, providing a more
meaningful presentation of spectral data. For example, normal-
ised NIR/VIS fluorescence excitation spectra can reveal sharp
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Fig. 6 Example how normalised fluorescence excitation spectra of He
clusters and droplets are produced. Top panel: VUV spectrum (as pub-
lished earlier in ref. 39). Middle panel: NIR/VIS (yellow) and VUV spectrum
(blue). Bottom panel: NIR/VIS normalised by VUV spectrum (calibrated, see
text). The bands are labelled in line with the literature (ref. 41). The energies
of the atomic s and p singlet resonances are indicated by vertical arrows .88

peaks close to the position of dipole-forbidden atomic transi-
tion energies that are very difficult to spot otherwise.®* In the
sections below, we will therefore show normalised spectral data
of the integral, short-lived and long-lived NIR/VIS fluorescence
alongside charts that investigate the cluster size dependence.
The labels shown in Fig. 6 indicate the location of reference
energies of specific interest, such as Band A, B and E and the
atomic singlet s and p energies of helium.

3.4 Normalised integral, short-lived and long-lived NIR/VIS
spectra of “He,,

Normalised NIR/VIS spectra of *He, clusters are shown in
Fig. 7-9. The normalised spectra of the entire NIR/VIS fluores-
cence (filled squares, blue colour) are shown alongside spectra
recorded in short (filled circles, red colour) and long (filled
triangles, green colour) time windows after the excitation light
pulses.

The normalised NIR/VIS spectrum of small *“He clusters is
characterised by very sharp and very intense peaks close to the
positions of the atomic 3s'S « 1s'S and 3d'D « 1s'S transi-
tions. These peaks reach up to 75% of the normalised NIR/VIS
intensity. In other words, out of four emitted VUV photons
(transitions to the ground state), three photons are emitted due
to transitions into lower lying electronically excited states. In
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Fig. 7 Normalised NIR/VIS spectra of small *He, clusters. The spectrum
of N = 80 clusters at the very top is unfortunately affected by artefacts
between 22.5 and 22.9 eV (not shown) and between 23.2 and 23.7 eV. The
total NIR/VIS fluorescence is shown in blue colour with filled square
symbols, whereas the NIR/VIS fluorescence in the short time window is
shown in red with filled circles and the NIR/VIS fluorescence in the long
time window is shown in green with filled triangles. This colour and symbol
code is kept consistently in this paper.

addition, peaks are identified close to the atomic 4s'S « 1s'S,
5s'S « 1s'S and 6s'S « 1s'S transition energies - transitions
that are all dipole-forbidden for helium atoms. The 3s'S « 1s'S
resonance and these higher energy peaks are all slightly blue-
shifted with respect to the atomic transition energy. The peak
at the 3d'D « 1s'S energy does not show any appreciable
blue-shift. The blue shift will be discussed in a separate
section below.

The sharp features at the position of the atomic transitions
are also visible in the short-lived and long-lived correlated NIR/
VIS fluorescence excitation spectra, showing an interesting
intensity pattern: the 3s'S « 1s'S related feature is favoured
in the long-lived correlated spectrum, whereas the 3d'D « 1s'S
related feature is more short-lived; likewise the 4s'S « 1s’S-
related transition shows higher intensity in the long-lived-
correlated spectrum. Furthermore, the 3d'D « 1s'S related
feature is sharper in the short-lived spectrum than in the long-
lived.

With increasing cluster size from N = 225 to N = 360, broad
bands quickly evolve alongside the sharp peaks. We note that
these bands are apparently already evolved for cluster sizes
where the VUV fluorescence spectrum hardly shows intensity,
for example, between 23.1 eV and 23.6 eV. Because of the
sensitivity of the normalised spectra to regions of low VUV
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fluorescence intensity, artefacts from the cluster size distribu-
tion can arise in regions where rapid changes with cluster size
are observed. We nevertheless emphasise that, although the
photo absorption may be low, it does not exclude quantum
efficiency of NIR/VUV fluorescence being high.

The feature close to the atomic 2p'P energy level, Band B,
shows that transitions to lower lying electronically excited
states are present in this region. Energy dispersive fluorescence
spectroscopy shows that alongside the atomic 2p'P — 2s'S
transition a multitude of excimer transitions also take place,
including from singlet states C, D, and higher having energies
of 19.5 eV and 20.5 eV, respectively. These transitions show that
the excited atoms are reactive and form excimers prior to
ejection. However, the efficiency of these transitions is rather
low and always smaller than 10%. In the energy range from
21.25 to 21.45 eV, the short-lived correlated spectrum of N =225
clusters shows higher intensity in Band B than the long-lived,
likewise, the broad feature at 23.25 eV. This indicates that in
this region non-radiative decay to lower lying states is compara-
tively efficient.

With the rise of bands, sharp dips at the np'P transition
energies are observed. The width of these dips is limited by the
monochromator resolution.

Fig. 8 shows spectra of larger “He clusters. The normalised
NIR/VIS fluorescence of excitations of B and B decreases in
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Fig. 8 Normalised NIR/VIS fluorescence spectra of medium-sized “He,,
clusters (blue filled squares). Short-lived normalised NIR/VIS fluorescence
spectra are shown in red with filled circles and long-lived in green, with
filled triangles.
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Fig. 9 Normalised NIR/VIS fluorescence spectra of very large “He,, clus-
ters and droplets (blue filled squares). Short-lived normalised NIR/VIS
fluorescence spectra are shown in red with filled circles and long-lived
in green, with filled triangles.

intensity with increasing cluster size. The broader feature at
23.25 eV evolves progressively into a double-structure. This
trend can also be seen in the spectra of even larger “He,, clusters
and droplets in Fig. 9. Overall, with increasing droplet size, the
efficiency of NIR/VIS fluorescence decreases. The 3d'D « 1s'S
resonance disappears almost completely.

The spectrum of normalised very large “He droplets
recorded at source temperatures lower than 15 K, and particu-
larly that of T, = 7.3 K, are affected by artefacts related to
limitations of VUV fluorescence measurements of large dro-
plets mentioned above.

3.5 Normalised integral, short-lived and long-lived NIR/VIS
spectra of *He,,

The normalised NIR/VIS fluorescence excitation spectra of *He
droplets are shown in Fig. 10 and 11.

In broad terms, the normalised NIR/VIS fluorescence excita-
tion spectra of *He droplets looks very similar to those of *He,
however, the following difference should be noted: the intensity
of the NIR/VIS fluorescence emerging from excitations of Band
B is in all cases smaller than 8%. The feature close to the 3s'S
« 1s'S dominates the spectrum with strong intensity, likewise,
the feature peaking at 23.15 eV. The dips at the position of the
np'P energies are deeper than those of their “He counterparts,
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Fig. 10 Normalised NIR/VIS fluorescence excitation spectra for *He
droplets for source temperatures in the range from 9.4 K to 11 K.
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most likely indicating a higher percentage of uncondensed
atoms in *He droplet beams than for “He.

With the exception of these dips, the NIR/VIS-VUV intensity
ratio is always higher than for “He droplets of similar size at
energies of the 3s'S « 1s'S resonance and above. This is
particularly obvious for the long-lived fluorescence which is
indicative for relaxation channels involving rapid ejection prior
to competing non-radiative decay to lower lying states.

Like for “He droplets, the sharp peaks close to the atomic
3s'S « 1s'S, 4s'S « 1s'S, 55'S « 1s'S and 6s'S « 1s'S
transition energies are all blue-shifted with respect to the
atomic transition energies, however, within the resolution of
our apparatus, the magnitude of the shift is progressively
smaller with increasing principal quantum number and also
much better discernible than for “He. These shifts will be
discussed in a forthcoming section.

Spectra of the NIR/VIS-VUV fluorescence ratio of large
droplets of *He and “He are shown for comparison in Fig. 12
where these subtle features can be observed with greater
clarity.

4 Discussion
4.1 General remarks

The electronically excited states of helium clusters and droplets
are understood in terms of perturbed electronically excited
atomic states for a number of reasons: being energetically very
close, Band A and Band B are correlated with the atomic
resonances 2s'S « 1s'S and 2p'P « 1s'S, respectively.®”*!
Their orbital radii are smaller than the internuclear separation
of bulk liquid helium. As a consequence, localised states can
form.®”°® For the higher states, the situation is more complex.
The sharp peaks close to the atomic ns'S « 1s'S resonances
have been attributed to perturbed atomic states of helium
atoms that are located in the cluster surface region, which is
characterised by a gradually decaying radial particle density
over a region of 7 A in thickness. A feature at higher energies,
B and E, could be attributed to atomic-like states located at the
surface and characterised by a principal quantum number n = 4
because its intensity depended on the cluster size in the
specific way that is expected for surface states.®® Features that
would support an assignment of angular momentum have
nevertheless not been identified yet. Therefore, we attribute
this feature to ‘4l’, with the letter ‘I’ indicating the unknown
angular momentum.

It is established that after electronic excitation, helium
clusters and droplets eject electronically excited helium atoms
and excimers.*””’*7® These emit fluorescence in the NIR/VIS
spectral range due to transitions into lower lying electronically
excited states.”>”’® For very large droplets, excimers emit
fluorescence also within bubbles inside the droplets.*® There
is evidence that the bubbles move within the droplets and,
depending on isotopic composition, which affects the life- and
residence time, reach the surface and release the excited atoms
or molecules.*®
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Fig. 12 Comparison of the normalised NIR/VIS fluorescence excitation
spectra of large *He and *He droplets (N = 10%). Long-lived, short-lived
and integral normalised NIR/VIS fluorescence excitation spectra are shown
from top to bottom. The features comprise sharp resonances (arrows
indicating the atomic ns'S « 1s'S transition energies) and dips alongside
broad bands. The features are shifted with respect to the atomic reso-
nance energies. The NIR/VIS-VUV intensity ratio is higher for *He than for
“He droplets, but not in the region of Band B. See text.

How these processes depend on the excitation energy,
cluster size and localisation/delocalisation of the excitation as
well as how they compete with other relaxation channels will be
discussed in this section.

To facilitate the discussion, magnified normalised spectra of
large *He and “He clusters (N = 10?) are shown in Fig. 12.

4.2 Sharp intense peaks in the normalised NIR/VIS spectra

As mentioned above, the distinct sharp peaks previously
observed in VUV fluorescence excitation spectra of helium
clusters and droplets are attributed to transitions from the
ground state to states localised at the surface of clusters and
droplets. At the surface, the perturbation is low, favouring
narrow spectral features and comparatively small spectral
shifts. The energetic vicinity to the atomic dipole-forbidden
ns'S « 1s'S resonances facilitates their assignment and
indicates that these states have, to a large extent, s-character
and nearly spherical symmetry.>® It is indeed plausible that
these states can form because at the surface there is sufficient
free space to support n = 3 Rydberg orbitals. The formation of
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Table 1 Shifts of the maximum of the 3s'S-correlated features of “He,
with respect to the atomic 3s'S level. 8 The third column shows the energy
shifts in the NIR/VIS fluorescence excitation spectrum, the fourth column
in the VUV spectrum and the fifths column shows the shifts in the
normalised NIR/VIS spectrum. The spectra of the largest droplets, N =
10° and 107, are affected by artefacts as mentioned above and the reported
shifts have to be treated with care

Shift (eV) Shift (eV) Shift (eV)

N (atoms) R (A) NIR/VIS - 3s'S VUV -3s'S  Norm. - 3s'S
80 9.57 0.007 0.007 N.A.

225 13.50 0.007 0.046 0.007
280 14.52 0.015 0.049 0.015
360 15.79 0.048 0.073 0.036
450 17.01 0.048 0.075 0.044
570 18.41 0.044 0.070 0.048
720 19.90 0.048 0.070 0.05
1200 23.59 0.050 0.080 0.058
1800 27.00 0.058 0.080 0.058
2900 31.66 0.065 0.088 0.065
4650 37.05 0.070 0.093 0.068
9200 46.52 0.070 0.093 0.074

10° 103.0 0.070 0.093 0.07

10’ 478.3 0.074 0.096 0.074

such large-orbital atomic-like states is further supported by the
lower particle density within the surface region of helium
clusters, decreasing smoothly from bulk values to zero, as
mentioned above.

In the previous section, it is demonstrated that the NIR/VIS
spectra largely follows the VUV spectra. Hence, sharp peaks are
seen. The peaks are shifted with respect to the atomic 3s'S
energy. Their magnitude depends on the cluster size, however,
compared to the VUV spectrum, the shifts are lower in magni-
tude. Also, in the normalised NIR/VIS spectra, the peaks are
seen, however, again the peaks have slightly different shifts.
The magnitude of these shifts is shown in Table 1 for all sizes of
the “He clusters and droplets under investigation. Similarly, in
Fig. 13, the cluster size dependence of the shifts of the 3s'S «
1s'S transition with respect to the atomic transition is illu-
strated for the VUV, NIR/VIS and normalised NIR/VIS spectra.

We will see below that it is reasonable to interpret the shifts
seen in the normalised NIR/VIS spectra in terms of energy
barriers. These barriers are obstacles along the reaction trajec-
tory of electronically excited atoms in 3s'S states, leading to
their ejection from the cluster surface or to reactions with
ground state helium atoms, forming Hej in excited states that
are several eV lower than the atomic 3s'S state. We can write the
following photo reaction equations:

He, + hv — He, — He,_| + He" + AE (1)

He, + hv — He, — He,_» + He; + AE (2)

Eqn (1) describes in simple terms the photo excitation of a
helium cluster or droplet (on the left hand side) into a localised
3s'S surface state (middle) followed by ejection of a helium
atom in a 3s'S excited state and generation of excess energy AE
(on the right hand side). The magnitude of excess energy AE
produced in this photo reaction is identical to the shift
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displayed in a fluorescence excitation spectrum and shown in
Table 1 for the whole range of *He cluster sizes under study. AE
accounts for the generation of collective excitations (acoustic
phonons, surface ripplons) in the helium clusters and droplets
as well as the kinetic energy of the ejected helium atoms.

Eqn (2) is very similar, however, here the excited surface
atom reacts into an excimer. NIR/VIS fluorescence from singlet
and triplet excimer states has been observed after excitation of
the 3s'S surface state.”® The spectral lines of the fluorescence
emitted from these excimers are unshifted with respect to the
vacuum reference values, indicating that they emit after being
ejected from the clusters. Also, their fluorescence is emitted
from states, whose energies lie more than 3 eV below that of the
3s'S surface state. Prominent fluorescent bands emerge from
these states, including the C, D, E states, having energies of
19.5 eV, 20.5 eV and 20.6 eV, respectively and their triplet
counterparts.”® Further details on the findings from energy
dispersive spectroscopy will be published in a forthcoming
article.

Thus, Fig. 13 illustrates how the barrier evolves with the
cluster size. Small clusters appear to have very low barriers.
Extrapolation suggests that for the smallest clusters a barrier
hardly exists. With increasing cluster radius, R, the barrier
height rises quickly. For clusters larger than R = 18 A, the
barrier height increases only moderately, reaching a plateau of
approximately 70 meV.

These findings are not unexpected from the perspective
of the small heat capacity of small helium clusters and
their inability to support low-energy, ie. long wavelength
phonons.®>°® As a consequence, small clusters cannot cope
with the full excess energy in eqn (1) and (2). Excitation of 3s'S
surface states of very small helium clusters are therefore most
likely followed by subsequent ejection of atoms in 3s'S, without
any further non-radiative relaxation involved.

This interpretation is supported by the time-correlated
spectra. The 3s'S « 1s'S resonance in the long-lived normal-
ised fluorescence excitation spectra of small clusters shown in
Fig. 7 has very high intensity - the highest in these spectra. The
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Fig. 13 Shifts of the peak energies of the 3s'S « 1s'S transition with
respect to the atomic transition observed in the VUV (blue squares), NIR/
VIS (red spheres) and normalised NIR/VIS (green upper triangles) spectra.
The lines are guides to the eye.
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radiative lifetime of the 3s'S state is 54.2 ns.®* This matches the
time-window of 40 to 172 ns (‘long’). Therefore, the long-lived
fluorescence is sensitive for fast ejection of excited 3s atoms
and absence of non-radiative decay prior to the ejection.

Fig. 8 and 9 shows an asymmetry in the 3s'S « 1s'S
resonance in the long-lived normalised fluorescence excitation
spectra of larger clusters. The resonance exhibits higher inten-
sity on the low-energy side of the feature, which means that for
excitation energies below the barrier, ejection of excited 3s
atoms is the preferred relaxation channel.

We will now discuss the short-lived normalised fluorescence
spectrum which is indicative for the non-radiative decay accom-
panying the fluorescence, providing further support for our
interpretation. Fig. 14 shows a section view of Fig. 12, high-
lighting the observed asymmetry of the 3s'S « 1s'S resonance
in the long-lived normalised spectrum. The short-lived spec-
trum shows a plateaued 3s'S « 1s'S resonance with a rather
shallow maximum at slightly higher energies than the long-
lived features. The centre of gravity is at even higher energies.
We interpret this observation as follows: with increasing excita-
tion energy, it becomes more likely to overcome a barrier of
height AE; more energy is flowing into non-radiative decay. We
hypothesise that this excess energy is needed for the activation
of the excited surface atom, reacting to become an excimer
(eqn (2)), a process that occurs at the cost of the direct ejection
of excited atoms (eqn (1)). The scenario is schematically illu-
strated in Fig. 15.

For *He droplets, we are unable to produce similar data over
a wide cluster size range because of their peculiar formation
process in a beam, preventing us from producing small clusters
in a controlled way. However, *He droplets serve as an inter-
esting benchmark for higher ns'S states because their reso-
nance peaks are clearly discernible in the spectral data.

Fig. 12 shows, in addition to the 3s features, sharp reso-
nances close to the 4s and 5s states in the normalised NIR/VIS
fluorescence excitation spectra of *He droplets. In the spectra of
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Fig. 14 Section view of Fig. 12 showing the region of the 3s'S « 1s!S
resonance in the short- and long-lived normalised fluorescence excitation
spectra. The VUV-fluorescence excitation spectra is shown for compar-
ison. Arrows indicate the energy of the atomic 3s'S « 1s'S transition as
well as the position of the maxima as displayed in Table 1. The intensity
scales are in arbitrary units, having been scaled to match the spectral
features.
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Fig. 15 Schematic showing the process of photo excitation of ns'S
correlated states (n = 3, 4, 5) and subsequent relaxation in the presence
of an energy barrier. Excitations at energies below the barrier favours
ejection of excited helium atoms in 3s, 4s, or 5s states. Energies above the
barrier pave access to pathways that populate excimers states that are
more than 3 eV lower in energy.

Table 2 Energies and shifts of the maximum of the ns'S-correlated
features in the normalised NIR/VIS spectrum of *He,, with respect to the
atomic ns'S levels.®® The energies and shifts are averages of data from
three very close sizes around N = 10% as shown in Fig. 16. The magnitudes
of the shifts are interpreted as barrier heights

n Energy (eV) Shift i.e. barrier height (meV)
3 22.9885 68.5
4 23.7250 51.0
5 24.0218 10.8

*He droplets, only 3s features can be identified with sufficient
clarity. Like the 3s states, the 4s and 5s resonances are blue-
shifted with respect to the atomic energy (see Table 2). Fig. 16
shows the magnitude of these shifts for each principal quan-
tum number for several *He droplets of very similar sizes. The
dotted line shows the corresponding magnitude of the 3s-shift
for “He droplets (N = 10%). It can be seen that the barrier heights
decrease with principal quantum number. The fact that the
barrier heights of the 3s resonances of *He and “He droplets
have almost similar magnitudes indicates that electronic
effects are very likely responsible, rather than density effects
of the clusters or droplets. It is possible that these reactive
processes take place in small electronically excited complexes
within the surface of larger clusters and droplets, where these
complexes can stabilise.”” The absence of barriers in very small
clusters could indicate that such centres require a minimum
cluster size to fully stabilise. Blue-shifted features, correlated
with the np singlet levels of He atoms, have been observed in
the photo-absorption spectrum of dense He gas, indicating the
presence of barriers.”” In this work, a decrease of the blue-shift
with principal quantum number, 7, has been observed as well
and related to the decrease of electron density.

4.3 Broad 2p-related bands in the normalised NIR/VIS spectra

With increasing cluster size, the 2s- and 2p-related Bands A and
B evolve to the dominating spectral features in VUV fluores-
cence excitation spectra,®® yet this is not seen in the NIR/VIS
fluorescence excitation spectra (see Fig. 1-3). Band A is com-
pletely absent. Consequently, the normalised NIR/VIS fluores-
cence excitation spectra (see Fig. 7-9) show only weak intensity,
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Fig. 16 Shifts of the ns'S « 1s'S resonance in the integral normalised
fluorescence excitation spectra of medium-sized *He droplets, for princi-
pal quantum numbers n = 3, 4, 5. The dotted line shows the shift for *He
droplets (N = 10%).

progressively decreasing from less than 10% for very small
“He clusters to less than 1% for the largest “He droplets.

This dramatic decrease is in stark contrast with the moder-
ate decrease observed for the higher energy transitions. To shed
light on this phenomenon, we have analysed the cluster size
dependence of the normalised NIR/VIS fluorescence intensity
in greater detail and established average intensities of the
normalised NIR/VIS fluorescence for the 2p band in the region
21.21-21.75 eV, for 3s in the region 22.93-23.05 eV, for 3p in the
region 23.15-23.5 eV and for 4l in the region 23.78-23.90 eV.
The results are shown Fig. 17.

With the exception of very small “He clusters (< 15A), whose
spectral features lie outside our integration range, see below,
Fig. 17 shows that the normalised NIR/VIS fluorescence spectra
decrease with cluster size. For the 2p band, this decrease is by more
than a factor of 10. For the 3s and 41 band, the normalised NIR/VIS
fluorescence spectra are almost constant. The 3p band is an
intermediate case, showing a moderate decrease by a factor of two.

We recall that Band A and B have been attributed to
perturbed 2s'S and 2p'P atomic-like states. This assignment

NIR/VIS-VUV ratio

RIA]

Fig. 17 Dependence of the NIR/VIS — VUV fluorescence intensity ratio on
the radius, R, of “He clusters for selected spectral regions (see text). Note
the different scales for 2p (left) and 3s, 3p and 4l (right). For 2p-related
excitations, the normalised NIR/VIS fluorescence intensity decreases
rapidly with cluster size. 3p is an intermediate case. For 3s and 4l the
normalised NIR/VIS fluorescence intensity remains almost constant (see
text). The range of R is limited to the region that is free from artefacts (see
text).
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is readily supported by the fact that the size of these orbitals fits
within the space between the neighbouring ground state atoms.
As this holds for any site, there is no preference for surface or
bulk volume states.

Hence, we interpret the strong cluster-size-correlated
decrease of the normalised NIR/VIS fluorescence intensity as
the competition between VUV fluorescent decay (caused by
direct transitions to the ground state) and resonant excitation
transfer to a neighbouring atom. This type of transfer is
terminated when (i) the excitation is localised in helium
excimer states or when (ii) the surface is reached and an excited
atom is ejected. Once excimers have formed, resonant transfer
is no longer possible. The excimers can move freely in the
helium clusters and transport energy towards the surface, albeit
at much lower speed than via excitation hopping. At the sur-
face, they are ejected and emit NIR/VIS fluorescence outside the
clusters or droplets in vacuum. Unlike the 3s, 3p and higher
states, including 41, the 2p excited states are not restricted to
the surface and are abundant throughout the cluster. There-
fore, ejection and NIR/VIS fluorescence, the final step in the
transfer of energy to the surface, become less and less likely
when the cluster size increases.

In larger droplets, one expects an increased likelihood for
the excitation energy to localise in excimers states because of
the longer excitation hopping trajectory. In fact, an increase of
fluorescence from excimers with increasing clusters size has
already been observed in experiment’®”® and will be investi-
gated in more detail in the future. Fluorescent NIR/VIS transi-
tions including from high vibrational states up to v = 5 have
been observed, notably C'E," — A'Y," and D'S," - B'I,.
An investigation of the spectral region around the D'Z," —
B'Il, transition showed that inside large helium droplets
excimers emit fluorescence within bubbles alongside fluores-
cence from ejected species in vacuum.®® It is expected that
bubbles will stabilise around other spherically symmetric
excited states, including the C'%,’, its triplet counterpart and
the atomic 3s'S and 3s>S states, but not in connection with
non-spherical states such as the E'TI, which have been identi-
fied in the fluorescence spectrum.>® Recently, bubble formation
around the 2s'S state has been studied.*’

Therefore, the strong decrease of the intensity of the normal-
ised NIR/VIS fluorescence intensity with cluster size is readily
explained by energy transfer processes competing with direct
fluorescent decay to the ground state. After population of an
excited perturbed atom within the cluster, excitation transfer by
resonant hopping takes place. Previous work and our data
suggest that the excitation moves first in a random walk
fashion until the energy localises in an excimer state, forming
a bubble. The bubble would then travel ballistically towards the
surface, owing to the superfluid state of the “He droplets.*® The
negative linear slope of the normalised NIR/VIS fluorescence
intensity supports this interpretation.

We note that, as mentioned before, for very large *He
droplets the normalised NIR/VIS fluorescence intensity is
affected by artefacts. Therefore, only the range of radii is shown
where the spectral features are free of these artefacts.
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4.4 Broad 3s, 3p and 4l-related bands in the normalised NIR/
VIS spectra

The fact that the normalised NIR/VIS fluorescence intensity for
the 3s and 4l-related states remains almost constant is readily
explained by their localisation at the surface. It is reasonable to
assume that fast ejection of excited atoms must be an efficient
relaxation channel when the originating state is close to the
surface. In the previous section, we have seen that ejection of
excited atoms competes with non-radiative relaxation into
electronically excited states of lower energy, including He
excimer states more than 3 eV below than the 3s'S state.

To assess the cluster and droplet size dependence of non-
radiative relaxation, the normalised short-lived NIR/VIS fluores-
cence is illustrated in Fig. 18. The lines connecting the 3s, 3p
and 4l data points are very similar to their counterparts in
Fig. 17. The decrease with droplet size is even smaller, showing
hardly any dependence on the droplet size. This supports the
interpretation that non-radiative relaxation is very efficient at
the cluster and droplet surface.

The corresponding data for the long-lived NIR/VIS fluores-
cence is shown in Fig. 19. All lines connecting the 3s, 3p and 41
data points show a moderate decrease with droplet size. This
finding can be interpreted in terms of (i) a wider surface area
being involved in the fast ejection of atoms or (ii) by the lower
particle density in the surface region, effectively promoting fast
ejection.

Firstly, the width of the surface area targeted during photo
excitation defines the duration of the journey of the excitation
towards the surface and the increasing likelihood of direct
decay to the ground state, producing VUV fluorescence. It is
plausible that the width of this area is defined by the size of the
involved orbitals and the region where the particle density
decreases from the bulk value to zero (7-10 A). The data
suggests that fast ejection appears to be triggered by photo
excitation of states in this entire surface layer.

Secondly, the lower particle density in the surface area
readily explains an increase of efficiency of fast ejection
because the likelihood of collisions with ground state atoms
decreases. For increasing average cluster and droplet sizes, the
contribution of surface effects to the ensemble decreases,

NIR/VIS-VUV ratio

RIA]

Fig. 18 Short-lived normalised NIR/VIS fluorescence intensity depen-
dence on the radius, R, of “He clusters for selected spectral regions (see
text and Fig. 17). Note the different scales.

This journal is © the Owner Societies 2023

View Article Online

Paper

0,02 ﬁ% ‘

el .
® 0,015 %“%i£§i\ \ﬂ\tk
> N
2
3 0,01 S
P
% 0,005
L +2p
0 s Lo L0
0 10 20 30 40 50 60

RIA]

Fig. 19 Dependence of the long-lived normalised NIR/VIS fluorescence
intensity on the radius, R, of “He clusters for selected spectral regions (see
text and Fig. 17). Note the different scales.

hence, a moderate decrease in the overall ejection rate comes
not unexpected and is in fact observed in Fig. 19.

4.5 Absence of 2s-related bands in the NIR/VIS spectra

The absence of the 2s-related features in the NIR/VIS fluores-
cence excitation spectra indicates that a considerable part of
the excitation energy is transferred into the A'S," excimer state
or into 2s'S He atoms, which subsequently desorb.*® Most of
the VUV fluorescence is due to the dipole-allowed A'Z,," ->X'Z,"
transition’*%® of He excimer molecules, whereas radiative
decay of 2s'S He atoms is dipole-forbidden.

4.6 Comparison between *He and *He clusters and droplets

Fig. 20-22 show the normalised NIR/VIS fluorescence intensity
in selected energy bands for (N = 10%) large *He and ‘He
droplets, for comparison. Owing to the much lower NIR/VIS
fluorescence efficiency of the 2p features, different scales are
used, with the left hand side scales for the 2p features, and the
right for 3s, 3p and 4l.

The NIR/VIS fluorescence quantum yields of large droplets
shown in Fig. 20-22 are consistent with the finding discussed
above. Large *He droplets exhibit a very low NIR/VIS fluores-
cence quantum yield for the 2p correlated excitation that differs
from that of “He droplets by less than 50%. For the investigated
3s, 3p and 4l bands, the normalised NIR/VIS fluorescence is

o —0—°He 3s
= r O—°He3p O o 1
E 0.03 ro —A—He 4l D\—‘%/r\\a 102
=) —3—*He 3s |
g 002 o *Hedp S—b A ]
2 4 A
s A —A—“He 4l 0,1
X 0,01 -
= % 2p fﬁ‘ir‘ﬁk\ﬁk
—k—2p
- 0
46 47 48 49 50 51 52 53
RIA]

Fig. 20 Droplet radius dependence of the normalised integral NIR/VIS
fluorescence. The scale on the right applies for the 3s, 3p and 4l labelled
features of both *He and “He droplets. The scale on the left applies for 2p
for both *He and “He droplets. Some of the data points shown refer
directly to the spectra in Fig. 12.
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Fig. 21 Droplet radius dependence of the normalised short-lived NIR/VIS
fluorescence. Scales like in Fig. 20.
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Fig. 22 Droplet radius dependence of the normalised long-lived NIR/VIS
fluorescence. Scales like in Fig. 20.

higher and very similar to the values of “He droplets of similar
size for the integral and short-lived fluorescence.

A notable difference is observed in Fig. 22 for the long lived
fluorescence. Whereas 3p and 41 data points are almost on top
of each other and also rather close to the “He data points, the 3s
normalised NIR/VIS fluorescence, showing a quantum yield of
0.09, is 1.5 times stronger than for “He droplets, which show a
quantum yield of 0.06. Building on our findings and discussion
above, particularly in relation to Fig. 19, this result is readily
explained by lower particle density facilitating rapid ejection of
excited atoms from photo-excited states in the surface region.
The increase of normalised NIR/VIS fluorescence by 150% is
broadly related to the density ratio of 1.33 between bulk liquid
“He and bulk liquid *He.

In relation to the discussion of cluster size dependence of
*He illustrated in Fig. 19, we emphasise the aspect that *He
droplet beams are free of contributions from small clusters. By
comparison, it is often possible to distinguish features related
to the low particle density as displayed in the surface region of
helium clusters or in *He droplets from size-related effects such
as confinement. In this respect, the *He data shown in Fig. 22
may provide valuable benchmark information.

4.7 Relaxation

Taking the observed isotope, cluster-size, energy and time-
correlation dependence of the NIR/VIS fluorescence into

1876 | Phys. Chem. Chem. Phys., 2023, 25, 1863-1880

View Article Online

PCCP

25 r
24 | o —_—

- fast

' non- ejection

. radiative

v relaxation
23 - H —_—

) fast

: ejection
22 -« fast

* excitation

: hopping/

: non-

. radiative

» relaxation
21 oot

\ —_—

' fast

' ejection
20 - - '

Fig. 23 Schematic illustrating the dominating relaxation channels. The
vertical scale gives the excitation energy in eV. A VUV fluorescence
excitation spectrum of *He droplets (N = 10) is shown, which to a good
approximation represents the photo absorption spectrum. On the right
hand side, prevailing non-radiative energy transfer and decay mechanism
are indicated, including fast ejection. Horizontal arrows indicate energy
regions where atoms and excimers are ejected even more rapidly. These
processes depend on the principal quantum number, n, and the location of
the excitations. The dashed vertical arrows indicate non-radiative decay to
electronically excited states that are lower in energy, including singlet and
triplet excimer states in the region between 19.2 and 21.4 eV.

account, the relaxation dynamics of electronically excited
helium clusters and droplets can be understood in terms of
perturbed atomic states, particle density and orbital size/prin-
cipal quantum number.

Fig. 23 shows schematically how these factors influence the
efficiency of ejection of excited helium atoms with emphasis
on the role of excitation energy. A VUV fluorescence excitation
spectrum of *He droplets, which is to a good approximation
proportional to the absorption spectrum, is shown as guidance.

At high energies, in the region between 23 eV and the
vertical ionisation threshold, the excitations of helium clusters
and droplets are localised at the surface. While after population
of these states, VUV fluorescence is the most important relaxa-
tion channel, relaxation can also proceed via (i) fast ejection
of excited atoms from the surface, which subsequently emit
NIR/VIS fluorescence or (ii) non-radiative relaxation into lower
lying states, which may then result in the ejection of atoms
or excimers and subsequent NIR/VIS fluorescence. At energies
close to the ns'S resonances, indicated by areas in orange
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2p 3s

Fig. 24 Schematic illustrating the prevailing relaxation channels for 2p
and 3s related levels. The top and bottom rows represents small and large
clusters, respectively. The 2p-related excitations are de-localised, whereas
3s and higher excitations are restricted to the surface region. As a
consequence, the efficiency of ejection of highly excited atoms and
excimers from the surfaces decreases for 2p related states with increasing
cluster size, whereas for higher excitations this efficiency remains con-
stant. For simplicity, random-walk and localisation features are not
illustrated.

colour in Fig. 23, process (i) is facilitated by the low particle
density within the outer surface region and can account for an
efficiency of up to 70%. The absorption bands in between,
indicated by yellow-green colour, support process (ii). Non-
radiative relaxation at the surface is characterised by the
presence of energy barriers whose heights depend on the
principal quantum number 7.

At low energies, in the region around the 2p energy, relaxa-
tion is characterised by resonant excitation transfer. Transfer of
energy to the surface competes strongly with direct fluorescent
decay to the ground state. It becomes less and less likely
with increasing cluster size which is reflected by much lower
NIR/VIS fluorescence efficiency, decreasing from 10% to less
than 1%.

Fig. 24 illustrates these processes in a simplified cross-
sectional view, highlighting the role of cluster size and
orbital-size. For simplicity, the random-walk of excitation hop-
ping is not shown. After random-walk-hopping, the excitation
localises within bubbles which, in the case of normal liquid
3He, then move towards the surface in a random walk fashion
or, in the case of superfluid *He, via ballistic trajectories.?

The fluorescence spectroscopy results presented here com-
plement recent photoemission results.*>”® While important
trends, such as rapid relaxation, are similar, some details, in
particular the branching ratios of the different relaxation
channels, appear to be different and need to be clarified in
future work.

5 Conclusion

In summary, the relaxation of electronically excited *He and “He
clusters and droplets has been investigated. Time-correlated
fluorescence excitation spectroscopy with selective detection in
the NIR/VIS range, spanning a wide range of cluster and droplet
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sizes has been employed. Previous work had shown that the NIR/
VIS fluorescence is indicative for the ejection of excited atoms and
excimers. However, for a comprehensive understanding of the
relaxation dynamics, detailed spectroscopic data was required.

With regard to their shape, the NIR/VIS fluorescence excita-
tion spectra were found to be broadly similar to the VUV
fluorescence excitation spectra. However, when the fluores-
cence excitation spectra were normalised to the VUV fluores-
cence, distinct differences were observed. The most striking
difference between the NIR/VIS and the VUV fluorescence
excitation spectra is the much lower intensity in the 2p region
compared to excitations at n = 3 and higher principal quantum
numbers. Also, the 2s-related Band A is absent.

The distinct cluster size dependence observed in the nor-
malised NIR/VIS fluorescence excitation spectra confirmed the
tentative assignment of atomic-like surface states with princi-
pal numbers of n = 3 and higher from previous work. Further-
more, evidence was found that that the dynamics of the
relaxation differed between states of n =2 and n > 3 principal
quantum numbers.

Owing to the relatively large internuclear separation in
liquid helium, the size of the wavefunctions related to the n =
2 states fits well within the space between neighbouring atoms.
As a consequence, atomic-like states can exist with only mode-
rate perturbation of the 2s and 2p levels. This is no longer the
case for n = 3 where the size of the orbitals greatly exceeds
internuclear separation. The surface of helium clusters or
droplets is an exception. At the surface, there is free space in
the direction of the surface normal vector. Furthermore, the
region is characterised by a particle density that smoothly
decreases from bulk densities to zero. Depending on the
location within this surface layer, the existence of s-states
related to n = 4 principal quantum numbers and higher could
be established.

The efficiency of the fast ejection of atoms and excimers is
very high for photo excitation of these surface states, leading to
a high NIR/VIS yield regardless of the cluster and droplet size.
For the 2p-related case, the NIR/VIS yield is low and decreases
with cluster size because the energy has to hop across the
clusters or droplets which competes with non-radiative decay to
lower states and VUV fluorescence to the ground state.

Non-radiative decay competing with fast, direct ejection of
helium atoms was also identified at the surface. A barrier
separates these two processes. The barrier height was found
to decrease with increasing quantum number 7.

Our interpretation is strongly supported by the findings for
*He droplets, which serve as a test ground for the variation of
particle density. The distinctly lower particle density in *He
droplets makes fast ejection of excited surface atoms more
efficient.
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