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Fano Resonances observed in Helium Nanodroplets
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Doubly-excited Rydberg states of He nanodroplets have been studied using synchrotron radiation.
We observed Fano resonances related to the atomic 2,0, series as a function of droplet size. Although
qualitatively similar to their atomic counterparts, the resonance lines are broader and exhibit a
shift in energy which increases for the higher excited states. Furthermore, additional resonances
are observed which are not seen in atomic systems. We discuss these features in terms of localized
atomic states perturbed by the surrounding He atoms and compare them to singly excited droplets.

Electronic correlation is of fundamental importance
in atomic and molecular systems. Especially the inter-
action of energetic photons with multiple electron sys-
tems is governed by electron correlation leading to pro-
cesses such as shake-off in single photon double ioniza-
tion [1], post collision interaction in Auger processes [2],
and doubly-excited autoionization [3]. Furthermore, the
presence of weakly-bound neighboring atoms offers addi-
tional correlative processes between atoms such as inter-
atomic Coulombic decay (ICD) [4] and has been fertile
research subject in recent years. In particular for the He
dimer, electronic correlation via ICD was shown to exist
even though the He atoms have a separation of 52 A in
the ground state [5, 6].

Generally speaking, electronically excited free atoms
and small molecules exhibit a wealth of fine structure
in their Rydberg and double excitation spectra, while in
condensed matter these structures become broad and less
resolved or simply vanish. The general explanation for
this effect is that the wave functions of excited atoms
are spatially extended, and in the condensed state, these
wavefunctions are strongly perturbed by their neighbors.
Confinement of the final state orbital may lead to energy
shifts, and singly excited Rydberg states may evolve into
excitons when condensed (e.g. [7, 8]).

Doubly excited states occupy a special place in studies
of electronic structure as their existence is due to elec-
tron correlation. As they contain two excited electrons,
they are more sensitive to perturbation by the environ-
ment. As originally shown by Fano [9], the ionization
cross section is given by

OFano = O'O(

is the reduced energy containing Fy and I' as the respec-
tive position and width of the resonance, /i is Planck’s
constant, and oy is the ionization cross section in absence

of the double excitation resonance. At the double exci-
tation resonance, the ionization cross section exhibits an
interference between the direct ionization and autoion-
ization pathways. For an overview of the work on this
topic, see Rost et al. [10].

For rare gas clusters and condensed neon, broad fea-
tures were observed near the well-known atomic window
resonances [3] attributed to surface and bulk excitations,
but the assignments of the features has remained tenta-
tive [11-15]. As these studies were performed on crys-
talline rare gas systems, the broadening may be inhomo-
geneities due to site-specific interactions, rather than due
to the heterogeneous environment of the excitation. He
droplets offer a unique system of an extremely weakly
bound van der Waals superfluid with a homogenous den-
sity distribution. Besides, as the helium atom is the sim-
plest system to study double excitations, it is therefore
amenable to accurate calculation [16].

In this Letter, we report the resonant double excitation
of He atoms condensed into nanodroplets, measured by
XUV synchrotron radiation. In contrast to a recent series
of experiments where many atoms in the droplet were
resonantly excited by intense XUV radiation [17, 18],
here, the excitation is limited to a single atom within the
droplet and Fano profiles similar to those of atomic sys-
tems are observed when scanning across the resonances.
The peak positions and widths along with the resonance
energies are discussed in the context of perturbation in-
duced by couplings to the cluster.

The experiment was performed using a mobile He
droplet source attached to an imaging photoelectron-
photoion coincidence (PEPICO) detector at the Gas-
Phase beamline of Elettra-Sincrotrone Trieste, Italy. The
setup has been described in some detail earlier [19, 20],
and only the significant parts will be addressed here. A
beam of He nanodroplets is produced by continuously ex-
panding pressurized He (50 bar) of high purity (He 6.0)
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Figure 1. a) Electron signals of He atoms at a nozzle temper-
ature of T =40 K (black) and of He droplets (red) consisting
of 10° He atoms (T = 8 K) (red) as a function of the pho-
ton energy. b) Fano profile fit (red) to the 2,02 resonance of
the atomic state (black) c¢) Fano profile fit (red) to the 2,02
resonance of the droplet state (black) The atomic 2,02 res-
onance convoluted with the line profile of the droplet 1s2p
singly excited state taken from Ref. [8] (blue).

out of a cold nozzle (T = 7 — 40 K) of diameter of 5
pm into a UHV chamber. Under these expansion con-
ditions, the mean droplet sizes range from 1 to 10! He
atoms per droplet [21, 22]. After passing a skimmer (0.4
mm) and a mechanical beam chopper for discriminating
the droplet beam signal from the He background, the He
droplet beam next crosses the synchrotron beam inside a
PEPICO detector consisting of an ion time of flight de-
tector and a velocity map imaging detector operating in
coincidence. For the experiments reported in this work,
only the electron and mass-gated ion signals were mea-
sured for photon energies below the doubly excited res-
onances (hv = 58 — 68 eV) [3]. The photon energies
of the gap and monochromator were scanned simulta-
neously with a typical step size of 20 meV and energy
resolution of E/AE of ~ 10%. The peak intensity in the
interaction region was estimated to be around 15 W /m?.
The intensity of the radiation was monitored by a cali-
brated photodiode and all photon-energy-dependent ion
and electron spectra shown in this work are normalized
to this intensity.

Fig.1a) shows the electron signals from a He beam
at a nozzle temperature of 40 K (black line) which is

almost exclusively atomic (>99 %), and at a nozzle tem-
perature of 8 K (red line) which forms a droplet beam
with an average size of 10° atoms. For the atomic signal,
we observe the same resonance lines as were initially re-
ported by Madden et al. [3]. The relative peak heights of
the resonances from higher quantum numbers are slightly
more imprecise due to their narrow widths and the finite
scan steps chosen for this measurement. As these res-
onances have been measured numerous times (e.g. [23]),
here we will only use their well-known resonance energies
and shapes as references for the droplet resonances. In
comparison, the resonances observed in the He droplet
case are significantly broadened and blue-shifted. In ad-
dition to the electron signal, ion signals correlated to the
He monomer and dimer showed a similar lineshift and
broadening. Due to its close proximity to the atomic res-
onance, we attribute the large feature around hv = 60.4
eV to the droplet equivalent of the 2,05 resonance. To
gain a more quantitative understanding of the droplet
resonances, we fit the resonance with Fano’s formula for
the cross-section, Eq. 1. The results are compared to
the experimental spectra in Fig.1b) and c¢) for both the
atomic and droplet resonance, respectively. From the fit,
we find the resonance energy and width for the droplet to
be 60.4 eV and 420 meV, respectively while the ¢ param-
eter is -2.36. In comparison, the resonance energy and
width for the equivalent atomic resonance are 60.15 and
37 meV, respectively [23]. Thus, the droplet resonance is
blue-shifted by about 300 meV while the ¢ parameter is
slightly lower than that of the atomic state, ¢ = —2.77.

Similar line broadening and energy shifts were previ-
ously observed for single excitations of He droplets by
Joppien et al. [8]. In that work, fluorescence spectra of
He clusters were measured for photon energies of hv =
20 - 25 e€V. The observed band structures were compared
to absorption lines of heavier rare gas clusters [24] which
were explained in terms of either the Frenkel or Wan-
nier exciton model. However, exciton models could not
explain the results observed for He clusters. The inter-
pretation given by Joppien et al. [8] in terms of perturbed
localized excited atoms instead of excitons as in heavier
rare gas clusters is mainly based on the low density as
well as the low dielectric constant of liquid He. In this
model it is observed that for the lowest singly excited
states, the exciton radius is smaller than the nearest-
neighbor distance of He atoms in liquid droplets. The
blue-shift is then interpreted as due to the repulsive in-
teraction between the excited electron and the neighbor-
ing He environment whereas the large linewidth is related
to both the inhomogeneous density in the extended sur-
face region of the cluster as well as quantum mechanical
density fluctuations. Recently, Kornilov et al. [25] used
a simple model which gave good agreement with exper-
iment to explain these effects by treating the excitation
as localized at a single atom within the droplet which is
then perturbed by the mean field of the surrounding He
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Figure 2. a) Electron signals of He at various nozzle tem-
peratures corresponding to gas phase atoms to nanodroplets
of 10" atoms as a function of the photon energy. b) elec-
tron spectra centered around the 2,02 resonance. c) Baseline-
subtracted electron signal for the energy ranges of 58.8 - 60.2
eV (left) and 61 eV - 66 eV (right) along with the atomic 2,02
resonance (blue line).

atoms. Plotted in Fig. 1c) is the atomic 2,05 resonance
convoluted with the line profile of the 1s2p singly excited
state of the droplet from Joppien et al. [8] together with
the droplet 2,0o resonance for a nozzle temperature of
8 K. Overall, there is very good agreement between the
convoluted atomic data and the droplet data and, there-
fore we believe the observed line broadening and lineshifts
in doubly excited He droplets can be attributed to simi-
lar interactions between localized excited atoms and the
surrounding ground state He atoms, as in singly excited
droplets.

In Fig. 2a), the electron signals are plotted for droplet
sizes ranging from (N) ~ 1 - 10! atoms in the full range
of measured photon energies. In contrast to atomic res-
onances which feature vanishing signal at the minima
of the Fano profile, the droplet resonances show a large
background signal on which the profile resides. Addition-
ally, for increasing droplet size, the total electron inten-
sity increases along with the contrast (maxima to minima

in the interference) of the droplet Fano resonances. For
the atomic case, the decay mechanisms are limited to ei-
ther autoionization or the slower fluorescence decay [26]
resulting in nearly perfect contrast in the interference be-
tween direct ionization and autoionization. Droplets, on
the other hand, exhibit a much weaker interference con-
trast due to the presence of additional decay mechanisms
in this condensed system. Besides the aforementioned
autoionization and fluorescence decay, ICD is energeti-
cally allowed [6] as well as direct ionization of the dimer,
trimer, and higher oligomer states [27].

The next question which arises is whether the con-
tributions of the homogeneous vibronic coupling versus
inhomogeneous effects related to the varying density at
the droplet surface? Fig.2b) shows the 2,02 resonance
for the transition from single He atoms to clusters. For
small clusters, (N) < 500 atoms at T > 26 K, the features
of the Fano profiles are nearly identical (in terms of line
shape and width) with their atomic counterparts. This
can be explained by the large atomic contribution to the
supersonic gas jet. At (N) ~ 2,000 (T = 22 K), the broad-
ened Fano profile initially appears with nearly identical
parameters (Ey = 60.39 eV, I' = 400 meV, ¢ = -2.2) to
those of the larger droplets in Fig. 1 when the atomic pro-
file is subtracted. As the average size of the nanodroplets
increases, the droplet Fano profile becomes the dominant
feature observed in the spectra superseding the atomic
profile at T = 12 K. The surprising observation that the
shape of the resonance profile remains nearly constant ir-
respective of the starkly changing ratio of surface to bulk
atoms for the various droplet sizes indicates that inho-
mogeneous broadening is negligible. On the contrary,
the observed profile can be regarded as the characteris-
tic line shape of bulk superfluid He which is dominated
by homogeneous broadening due to the repulsive inter-
action of excited atoms with the surrounding He. Over-
all, these results slightly differ from previous results on
singly excited He clusters where for small He clusters von
Haeften et al. [28] observed a steady broadening of the
atomic lines with increase in cluster size. However, the
discrepancies between the two results could possibly be
explained by a larger atomic contribution to the cluster
beam in the previous experiment due to the nozzle being
located close to the interaction region whereas the cluster
beam described here traverses two differentially pumped
vacuum chambers thus resulting in a lower atomic con-
tribution to the cluster beam.

For droplet sizes of (N) > 3107 atoms (T = 11 K)
and greater, additional Fano profiles appear at higher
photon energies in Fig.2a). To isolate these profiles as
well as any additional features, we fit the background
signal with a low-order polynomial, and perform a base-
line subtraction for a droplet size of 10!! atoms. Fig.2c)
shows the baseline-subtracted electron intensity for the
photon energy ranges of 58.8 eV - 60.2 eV (left) and 61
eV - 66 eV (right), respectively. Fig.2c) (left) addition-
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Figure 3. Computed potential energy curves for 2,02 (middle)
and 2,03 (top) resonances in He dimers along with the nearest
neighbor (nn) distribution (bottom) for He droplets (taken
from [27]). The potential curves accessible by dipole-allowed
transitions are plotted as solid lines, the dipole-forbidden ones
as dashed lines. The first three droplet resonances are given
as tick marks on the y axis.

ally includes the atomic 2,05 resonance (blue line) due
to its close proximity to the possible droplet resonance.
Black vertical lines indicate the energies of possible res-
onances. The most prominent features are the three se-
quential resonances at 64.3 eV, 65.3 eV, and 65.5 eV
(peak position). These are assigned to the higher mem-
bers of the 2,0,, series. Compared to the blueshift ob-
served in singly excited droplets [8] and the 2,02 droplet
resonance, the states with higher quantum numbers ex-
hibit a much larger shift in energy (about 720 (40) meV
for the droplet 2,03 resonance and about 815 (50) meV
for the droplet 2,04 5 resonance of a droplet consisting of
10! atoms). Since the blueshift is due to the repulsive
interaction between the excited electrons and the sur-
rounding He environment, the larger blueshift for higher
quantum numbers is due to a larger orbital radius which
then feels a stronger repulsion from the surrounding He.
There are two additional peaks at about 60.0 eV and 63.3
eV seen in Fig. 2¢). Given the symmetry breaking which
occurs at the droplet surface, additional dipole forbidden
atomic resonances are allowed in the droplet. To exclude
the possibility that the resonance at 60.0 eV is simply

due to the subtraction of the atomic resonance at 60.1
eV, the atomic resonance is included in Fig. 2c) (left).

In general, fully quantum mechanical theoretical cal-
culations on large scale systems such as nanodroplets are
challenging. Instead, ab initio calculations on simpler
systems (e.g. dimers) can give insight into the effect of
complex formation on the electronic properties of a dou-
bly excited atom. Therefore, we calculated the potential
energy curves for He dimers for the lower doubly excited
states which are shown in Fig.3 along with the near-
est neighbor distribution (bottom) for He droplets [27].
For details of the theoretical calculation of the poten-
tial energy curves, see the supplementary material. For
comparison, the peak positions of the first three droplet
resonances are given as tick marks on the vertical scale.
Overall, the n = 2 droplet resonances are in very good
agreement with the theoretical potential energy curves if
one considers vertical transitions at He-He nearest neigh-
bor distances (~3 A) inside the droplet. The peak at
60.0 eV corresponds most likely to the dipole forbidden
2p? state. In fact, the blueshift would fit better to an
average distance of about ~3.6 A corresponding to a
surface state [27]. The 2s2p state is further blueshifted
than the 2p? state but is also in good agreement with the
molecular potential curves. Furthermore, the splitting of
the potential curves along with the broad nn distribution
could therefore partially explain the observed broadening
and blueshifting. For the n = 3 states the droplet reso-
nances exhibit a much stronger blueshift than given by
the molecular states. For instance the droplet 2,03 res-
onance (hv = 64.3 eV) corresponding to the blue and
cyan lines falls outside of the range of Fig.3. Assuming
a similar blueshift (~ 500 meV) for the resonance at 63.3
eV, one could assign it to the atomic 2,03- resonance [23]
or with a slightly smaller blueshift (~ 500 meV) to the
dipole forbidden 2s3s state [29]. Overall, the experi-
mental data is in good agreement with the theoretical
calculations especially considering that the calculations
were performed for He dimers whereas the atoms are an
average six-fold coordinated in liquid He.

Finally Fig.4 shows a) the shifts of the droplet reso-
nances with respect to the atomic resonance, and b), the
values of the ¢ parameter for the first three resonances of
the 2,0,, series as a function of the droplet size. The reso-
nances were fitted using Eq. 1. All three resonances have
widths close to that of the droplet 2,05 resonance (400
(50) meV), however their respective ¢ parameters drop
to -1.75 for the droplet 2,03 resonance and -1.25 for the
droplet 2,04 resonance. The 2,02 resonance shows a slight
droplet-size dependence of the relative shift, whereby
smaller droplets are closer to the atomic resonance. The
higher resonances show no such dependence within the
limited statistics of the weak signals. The ¢ parame-
ter appears to be constant over the entire temperature
range for all resonances suggesting no change in the rel-
ative scattering amplitudes (e.g. excitation, ionization,
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Figure 4. Droplet-size dependence of the shift of the droplet
resonance with respect to the atomic resonance (a) and the
Fano ¢ parameter (b) for the first three resonances of the
2,0, series. Dashed lines are linear fits to guide the eyes. The
respective atomic q parameters are shown as colored ticks on
the y-axis.

and autoionization) with droplet size.

In conclusion, we have observed autoionizing doubly
excited resonances in the van der Waals bonded He nan-
odroplets along with corresponding Fano profiles when
scanning over the resonance energies. Relative to the
atomic lines, the droplet resonances are significantly
broadened and blue shifted similar to features seen in
singly excited droplets [8] due to the localized doubly
excited He atoms being perturbed by the neighboring
droplet environment. Furthermore, a clear size depen-
dence is observed in the overall electron intensity such
that the strongest Fano profiles occur for droplets con-
sisting of 106 - 10! atoms; however, the Fano parameters
show little to no droplet-size dependence leading one to
conclude that the ionization/excitation mechanisms do
not depend on droplet size.

Overall, the observation of localized doubly excited
states in weakly bound systems opens a variety of new
directions for research. For instance, with mass-selected
oligomer beam production [30], one could resolve the
molecular states theoretically shown in Fig. 3 along with
possible blueshifts and line broadening for more molec-
ular systems (e.g. dimers and trimers). Additionally,
the presence of neighboring atoms allows for competing
decay mechanisms such as ICD where instead of energy
exchange between excited electrons, the energy of one or
both electrons is transferred to a neighboring atom re-
sulting in ionization. The influence of additional decay
mechanisms could help to identify the extent of localiza-
tion of the doubly excited state.
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