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L. Ben Ltaief ,1,* K. Sishodia ,2 R. Richter,3 B. Bastian ,1 J. D. Asmussen ,1 S. Mandal,4 N. Pal,3 C. Medina,5

S. R. Krishnan,6 K. von Haeften,7,† and M. Mudrich 1,‡

1Department of Physics and Astronomy, Aarhus University, 8000 Aarhus C, Denmark
2Quantum Center of Excellence for Diamond and Emergent Materials and Department of Physics,

Indian Institute of Technology Madras, Chennai 600036, India
3Elettra-Sincrotrone Trieste, 34149 Basovizza, Trieste, Italy

4Indian Institute of Science Education and Research, Pune 411008, India
5Institute of Physics, University of Freiburg, 79104 Freiburg, Germany

6Department of Physics, Indian Institute of Technology, Madras, Chennai 600 036, India
7DESY, Notkestraße 85, 22607 Hamburg, Germany

(Received 24 August 2023; accepted 28 November 2023; published 8 January 2024)

Interatomic Coulombic decay (ICD) processes play a crucial role in weakly bound complexes exposed to
intense or high-energy radiation. Using large helium nanodroplets, we demonstrate that ICD is efficient even
when the droplets are irradiated by weak synchrotron radiation at relatively low photon energies. Below the
ionization threshold, resonant excitation of multiple centers efficiently induces resonant ICD as previously
observed for intense pulses [A. C. LaForge et al., Phys. Rev. X 11, 021011 (2021)]. More surprisingly, we
observe ICD even above the ionization threshold due to recombination of photoelectrons and ions into excited
states which subsequently decay by ICD. This demonstrates the importance of secondary processes, in particular
electron scattering and recombination, in inducing ICD in extended condensed phase systems. High-resolution
ICD electron spectra in combination with coincidence imaging of electrons and ions reveal the relaxation
dynamics of highly excited and ionized weakly bound nanosystems.
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I. INTRODUCTION

When matter is exposed to ionizing radiation, both primary
ionization and secondary processes may occur. In biological
tissue, radiation damage is mostly induced by the latter, e.g.,
by multiple scattering of the primary photoelectron in the
medium followed by dissociative attachment of low-energy
electrons to vital biomolecules [1]. Another process creating
slow, genotoxic low-energy electrons is interatomic Coulom-
bic decay (ICD), where the energy deposited in one atom or
molecule is transferred to another which in turn is ionized [2].

ICD has been discovered and characterized in detail
for small van der Waals (vdW) molecules and clusters
[2,3]. More recently, the focus has shifted to more relevant
condensed-phase systems such as liquid water [4,5]. There,
the light-matter interactions are more complex and the pro-
cesses causing radiation damage are harder to decipher; in
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particular electron scattering tends to obscure the signatures
of ICD in electron spectra [6].

ICD induced by resonant excitation of an atom in an
environment has been termed resonant ICD [4,7,8]. While
originally an inner valence shell electron was excited to trigger
resonant ICD [7], it also occurs in multiply outer-valence-
shell excited clusters [9]. With the advent of free electron
lasers (FELs) that generate intense, tunable extreme ultravi-
olet (EUV) radiation [10,11], new types of resonant ICD have
been observed in rare-gas clusters and nanodroplets induced
by absorption of multiple photons per cluster [9,12–16].

In this work, we report on observation of resonant
ICD in resonantly excited large He nanodroplets after ir-
radiation with weak synchrotron radiation. By employing
high-resolution electron spectroscopy and electron and ion
imaging spectroscopy, we show that even weak quasicon-
tinuous synchrotron radiation can efficiently induce multiple
excitations in large He nanodroplets leading to resonant ICD,
as previously observed for intense FEL pulses [16]. More-
over, we find that elastic electron scattering can facilitate ICD
by inducing electron-ion recombination into highly excited
states which subsequently decay by resonant ICD. The goal
is to unravel the mechanisms and efficiencies of ICD in large
He nanodroplets in different regimes of excitation and near-
threshold ionization.

He nanodroplets are a special type of condensed-phase
system owing to their quantum fluid nature [17]. Atoms and
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molecules inside them are highly mobile, and electronically
excited species tend to form void bubbles which are expelled
to the droplet surface [18]. In contrast to other nanoclusters,
the electron spectra of He nanodroplets are often well re-
solved [15,16,19–21]. However, electron scattering leading to
low-energy electrons and electron-ion recombination occurs
in other types of condensed-phase systems as well [22]. In
particular, the decay of multiple excited states or excitons by
ICD-type processes has been observed for solid rare-gas clus-
ters [12,23], nanoplasmas [20,24–26], solid nanostructures
[27], and thin films [28–30].

He nanodroplets have previously proven well suited as
a model system for elucidating ICD and related processes.
In those studies, either high-energy photons were used to
excite into high-lying or ionized states of He [31–35],
or intense pulses multiply excited or ionized the droplets
[13–16,20,24–26,36]. Using EUV pulses from a tunable FEL,
the transition from the regime of ICD of weakly excited He
droplets to the regime of ultrafast collective autoionization
(CAI) of multiply excited He droplets was tracked [13,15].
EUV-pump, UV-probe studies of multiply excited He droplets
indicated that ICD predominantly occurs in pairs of nearest-
neighbor He∗ excited atoms within �0.4 ps, facilitated by the
merger of void bubbles forming around each He∗ [16].

An important aspect of the present study is that only weak
radiation with photon energies below or just above the ion-
ization threshold of He is used for inducing resonant ICD.
The He droplets are multiply excited or ionized owing to their
large size, �20 nm, and absorption cross section, �105 Å2.
In such bulklike systems, inelastic and multiple elastic scat-
tering efficiently slows down photoelectrons such that they
are recaptured by the photoions to populate both fluorescing
and metastable states, denoted as He∗ [35,37,38]. Resonant
ICD then proceeds in the droplets according to the reaction
He∗ + He∗ → He + He+ + e−

ICD [9]. Our results match well
with a physical picture of metastable excited He∗ which mi-
grate to and meet at the surface of the He droplets.

Additionally, by measuring the energy of the emitted ICD
electron e−

ICD, we gain detailed insight into the relaxation of
the photoexcited system. We find that different states of He∗

are populated prior to ICD in the different regimes of res-
onant excitation, autoionization, or direct photoionization of
the droplets. This is in agreement with previous studies of the
relaxation dynamics of singly excited He droplets, which have
shown that electronically excited He droplets relax into the
lowest excited singlet state 1s2s 1S within � 1ps [18,39–41].
When the droplets are excited above their adiabatic ionization
energy Edrop

i ≈ 23 eV, additionally triplet states are populated
by electron-ion recombination which relax by fluorescence
emission and droplet-induced electronic relaxation into the
metastable 1s2s 3S state [40,42]. Surprisingly, the ICD spectra
reveal that in large He droplets, electronic relaxation into the
1s2s 1S state occurs even well above Edrop

i and recombina-
tion into the 1s2s 3S state occurs up to several eV above the
vertical ionization threshold of He, Ei = 24.6 eV. Thus, in ex-
tended systems, multiple electron scattering and electron-ion
recombination is another efficient route to creating multiple
excitations which subsequently decay by ICD.

FIG. 1. Sketch of the experimental setups used in this work.
(a) He nanodroplet beam source and coincidence velocity-map imag-
ing (VMI) time-of-flight (TOF) spectrometer. (b) Hemispherical
electron analyser (HEA) coupled to a microchannel plate (MCP)
detector.

II. EXPERIMENTAL SETUP

To probe the ICD electrons emitted from He droplets at
variable photon energy, a He nanodroplet apparatus com-
bined with a photoelectron-photoion coincidence velocity-
map imaging (PEPICO-VMI) detector [43] was used at the
GasPhase beamline of the Elettra synchrotron facility in
Trieste, Italy. The advantages of this technique are that (i)
electron spectra inferred from VMI span the full energy range
from zero to the maximum electron energy (typically 20–
100 eV), (ii) electron angular distributions can be obtained,
and (iii) electron spectra and angular distributions are detected
for specific fragmentation channels by filtering the data ac-
cording to the mass of the detected ion. Electron spectra were
inferred from the VMI using the maximum entropy velocity
legendre reconstruction (MEVELER) inversion method which
is numerically efficient and robust with respect to noise [44].
In a second arrangement, a hemispherical electron analyzer
(HEA, model VG-220i) was mounted at the magic angle and
combined with the He nanodroplet apparatus to measure high-
resolution ICD electron spectra (see Fig. 1). Advantages of the
HEA are (i) its high resolution of <0.1 eV, (ii) the possibility
to “zoom” into a small range of the electron spectrum while
suppressing electrons whose energies lie outside this range,
and (iii) the selective detection of electrons emitted in a small
acceptance volume. In this way, spurious electrons emitted
from the residual gas along the photon beam and from stray
light hitting spectrometer surfaces are suppressed. The magic-
angle geometry is chosen to ensure that the measured yields
of electrons are independent of their angular distributions.

The He droplet apparatus has been described in detail else-
where [45,46]. Briefly, a continuous beam of He nanodroplets
of variable droplet radii ranging from R = 5 nm for droplets
containing an average number of He atoms 〈N〉 ∼ 104 up to
R = 75 nm (〈N〉 ∼ 108) is generated by expanding He out of
a cryogenic nozzle at a temperature ranging from 16 down to
8 K at 50 bar of He backing pressure. A mechanical chopper
is used for discriminating the He droplet beam-correlated
signals from the background.

In this study, the photon energy was tuned in the range
hν = 21.0–28.0 eV, i.e., across the He absorption resonances
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FIG. 2. Background-subtracted total electron spectra measured
for pure large He nanodroplets (R = 75 nm) at different photon ener-
gies near the ionization energy of He using (a) the VMI spectrometer
and (b) the HEA. The inset in (a) shows a raw total VMI recorded at
hν = 21.0 eV. For better visibility, all of the spectra shown in (b) in
the kinetic energy range 14.0–16.0 eV are scaled up by a factor of 20.
All electron spectra are normalized to the flux of the incident EUV
photon beam.

and across Ei. The use of a variable-angle spherical grating
monochromator ensured narrow-band radiation with a time-
averaged photon flux � ≈ 5 × 1011 s−1.

III. RESULTS AND DISCUSSION

A. Total electron and EUV fluorescence spectra

The strongest resonant absorption bands of large He nan-
odroplets are those correlating to the 1s2s 1S and 1s2p 1P
states of He atoms at photon energies hν = 21.0 and hν =
21.6 eV, respectively [45,47]. As these excitation energies stay
below the adiabatic ionization energy Edrop

i , no direct electron
emission is expected. Nevertheless, high yields of electrons
are detected when the size of the He nanodroplets exceeds
R ≈ 20 nm [see Figs. 3(a) and 4(a)].

Electron VMI measured under these conditions displays a
sharp-edged, perfectly isotropic ring structure [see the inset
in Fig. 2(a)] recorded at hν = 21.0 eV. The total electron
spectra shown in Fig. 2(a) are inferred from VMI recorded
at hν = 21.0 eV (black line), hν = 21.6 eV (red line), and
hν = 23.8 eV (blue line). All electron spectra exhibit a sharp
peak around 16.6 eV. At hν= 23.8 eV, an additional narrow
feature close to zero electron kinetic energy is present in

the spectrum which is due to autoionization of superexcited
He droplets [19,48,49]. The peak present in all three spec-
tra is centered at the electron energy expected for ICD of
two He∗ in 1s2s 1S states, Ee = 2E1S − Ei = 2 × 20.6 eV −
24.6 eV = 16.6 eV, irrespective of hν. Here, E1S is the exci-
tation energy of the 1s2s 1S state. This indicates that the He
droplets mostly relax from the initially excited 1s2s-, 1s2p-
, and 1s3p-correlated states of the droplet into the lowest
excited 1s2s 1S singlet state of the He∗ atom prior to ICD.
Fast vibronic relaxation preceding ICD has been observed
before [16,21]. This sets a lower bound to the ICD decay
time to �1 ps, the relaxation time of electronically excited He
droplets previously measured by time-resolved photoelectron
spectroscopy [18,39–41].

This ICD process was previously observed using FEL
pulses at much higher intensity, �109 W cm−2 [15,16], but not
unambiguously using synchrotron radiation [19,21,46,49–53].
This is due to the low probability for multiple excitation of one
nanodroplet by synchrotron radiation which has much lower
intensity. However, in the following we show that large He
droplets can indeed absorb multiple photons even from syn-
chrotron radiation at intensities �0.1 W cm−2. In the present
experiment the He droplets were produced by supercritical
expansion of liquid He; in this regime the droplets are much
larger (radius R > 10 nm, 〈N〉 > 105 He atoms per droplet)
than those conventionally used for He-nanodroplet isolation
spectroscopy, 〈N〉 � 104 [54]. Accordingly, their absorption
cross section is larger and the rate of resonant absorption
of a droplet with, e.g., 〈N〉 = 106 is rabs = σ2p〈N〉�/w2 ≈
104 s−1. Here, the photon beam radius is w ≈ 300 µm and the
absorption cross section at the 1s2p resonance of He droplets
at hν = 21.6 eV is estimated to σ2p = 25 Mbarn [13,46].
Accordingly, the probability that such a droplet resonantly
absorbs one photon during its flight through the interaction
region is p1 = σ2p〈N〉ttr�/w2 ≈ 1% for a transit time of the
droplets through the focus ttr ≈ 1 µs. As it takes two photons
to excite a pair of He∗ atoms in one droplet which subse-
quently decay by ICD, the ICD rate is rICD ≈ rabs/2, assuming
a unity probability that ICD occurs in a pair of He∗’s [9].
For an estimated number density of He droplets in the jet
of nHeN ∼ 106 cm−3 and an active length of the focal volume
of d ≈ 2 mm, the total ICD rate is RICD = rICDnHeNw2d ≈
106 s−1. This value roughly matches the rate of detected
ICD electrons in the experiment considering the detection
efficiency of the HEA is ∼10−3.

Note that RICD ∝ � scales linearly with photon flux �

although two or more photons have to be absorbed by one He
droplet to induce ICD. Only for much higher intensity as in
previous FEL experiments would the excited-state population
and hence RICD be saturated [13,14]. This linear dependency
of RICD on � is experimentally confirmed (see Fig. 10 in
Appendix A). When varying the photon flux by gradually
opening and closing the exit slit of the monochromator and
measuring all ICD electrons produced at hν = 21 eV, we
observe essentially a linear dependency over more than one
order of magnitude variation of the photon flux, irrespective
of the He nanodroplets size.

Using the HEA, the ICD features seen at the electron
energy Ee = 16.6 eV in the VMI spectra are much better
resolved. Figure 2(b) shows high-resolution total electron
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spectra measured using the HEA at various photon energies
below and above Ei. The spectra clearly show a substructure
of the ICD peak. Additionally, a low-amplitude wing structure
extends from Ee = 16.2 eV down to about 14 eV, indicating
that 1s2s 3S–excited He∗ atoms and correlated states of the
He∗∗

2 dimer contribute to the ICD signal to a small extent.
ICD electrons that lose kinetic energy by elastic scattering
at He atoms in the droplets likely contribute to this wing
structure, in particular at hν = 21 and 21.6 eV [38,50,51]. The
main ICD peak at these photon energies exhibits one peak at
Ee = 16.4 eV originating from ICD of pairs of He∗’s in the
1�g state correlating to two atoms each in the 1s2s 1S state
[16], and a shoulder that extends up to 16.8 eV featuring
two smaller peaks. This feature closely resembles the one
previously observed for subthermal binary collisions of He∗

atoms in an atomic jet [55,56]. The oscillatory structure was
interpreted as a quantum interference effect in the entrance
channel of the pair of colliding metastable atoms. The lack of
any distortion of the ICD electron spectra caused by the He
droplet indicates that ICD takes place in pairs of He∗ atoms
that have emerged from the bulk of the droplets to the surface
where they remain weakly bound [57].

Electron spectra recorded in the droplet autoionization
regime at 23.8 � hν � 24.6 eV exhibit two small maxima at
15.5 and 15.8 eV in addition to the main ICD features. They
can be ascribed to ICD out of 3�g, u states correlating to a
mixed pair of metastable He∗(1S, 3S). The structure of these
two peaks resembles very well the structure of electron spec-
tra previously observed in the binary collision experiments
[55,56]. Interestingly, these two small peaks that involve the
1s2s 3S states only appear in the electron spectra at hν �
Edrop

i = 23 eV. The main ICD features around Ee = 16.5 eV
are still visible up to hν = 25.0 eV and disappear for hν �
26.0 eV whereas the small peaks at Ee < 16 eV are still faintly
visible. This implies that autoionization and photoionization
are followed by electron-ion recombination, leading to the
formation of He∗ in the metastable 1s2s 3S state which in
turn undergoes ICD by interaction with another 1s2s 3S or
1s2s 1S He∗ atom [40,42]. Note that formation of metastable
triplet states by electron-ion recombination was previously
reported in He+

2 ion-electron collision experiments and the-
oretical works [58,59]. It was found that electron capture by
He+

2 and the ensuing dissociative recombination (DR) prefer-
entially leads to the population of He∗ in triplet states. The
structure of the high-resolution ICD electron spectra between
Ee = 16.0 and 17.0 eV in Fig. 2(b) will be discussed in more
detail in Sec. III C.

To get an overview of the ICD efficiency across the
entire photoexcitation spectrum of He droplets, the pho-
ton energy was tuned from hν = 20 to 26.5 eV while
measuring the yield of all ICD electrons with the HEA.
Figure 3(a) shows the HEA signal integrated in the electron
energy range Ee = 16–17 eV for He droplets of various sizes
in the range R = 6–75 nm. The ICD yield spectra exhibit
four main features: A sharp peak at hν = 21.0 eV associated
with the 1s2s 1S droplet resonance and two broad features
peaked at hν = 21.4 and hν = 23.8 eV associated with the
1s2p 1P and 1s3p/1s4p droplet states, respectively [47,60].
A fourth maximum appears at hν = Ei = 24.6 eV, where a
high density of Rydberg states is expected. These features
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FIG. 3. Total yield spectra of (a) ICD electrons and (b) EUV
fluorescence measured for He nanodroplets of various sizes. The
EUV fluorescence data shown in (b) are reproduced from Ref. [60].
All curves are background corrected and normalized to the photon
flux. The purple line is the absorption spectrum of bulk liquid He
taken from Ref. [61].

are invisible for small droplets (R < 20 nm) [see red line in
Fig. 3(a)]. They are clearly visible at R = 20 nm and become
more and more pronounced when the droplet radius is further
increased to R = 75 nm and at the same time the total number
of He atoms in the focal volume rises [black line in Fig. 3(a)].

For comparison, Fig. 3(b) shows previously measured
EUV fluorescence yield spectra of He nanodroplets (red
lines) [60]. The dark line, showing the EUV fluorescence
spectra for the largest He droplets (R = 75 nm), features
a similarly distorted peak structure as the ICD spectra; the
1s2s 1S–correlated peak at hν = 21.0 eV is enhanced, the
1s2p 1P–correlated peak at hν = 21.6 eV is flattened and
asymmetrically broadened, and the 1s3p/1s4p-correlated fea-
ture around hν = 23.8 eV is enhanced as compared to the
fluorescence spectra for small He droplets (R � 6 nm). The
feature around hν = 24.6 eV remains sharp in the fluores-
cence spectra for all sizes, likely due to the contribution of
free He atoms and small He clusters accompanying the He
droplets in the jet. Note that the fluorescence spectra contain
contributions from all singly excited He species decaying to
the ground state, whereas ICD spectra are selective to large
He droplets which absorb at least two photons in the course of
their interaction with the photon beam.

It is also interesting to note that, contrary to the ICD yields
shown in Fig. 3(a), the EUV fluorescence yields for large He
droplets (R > 4.5 nm) are reduced in intensity at the main
resonances. This suggests that for large He droplets, where
two or more absorption events per droplet become probable,
a large fraction of the excited He atoms decay by ICD instead
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FIG. 4. (a) Droplet-size-dependent total ICD electron yields
measured at various photon energies. (b) Integrated ICD signal mea-
sured in coincidence with He+ (gray curve) and He+

2 (black) at hν =
21.6 eV and as a function of droplet size. The ICD signals shown in
(a) and (b) are normalized to the number of He atoms in the focal
volume and the photon flux. [(c) and (d)] Droplet-size-dependent
intensity of 1S and 3S ICD electrons relative to photoelectrons
measured at hν = 23.8 eV and at hν = 25.0 eV, respectively. The
estimated uncertainty (statistical and systematic) is 15%, i.e., smaller
than the symbol size.

of decaying by fluorescence emission. It would be interesting
to quantify the branching ratio of ICD and fluorescence emis-
sion. In future experiments both channels should be measured
simultaneously.

The most striking feature of the ICD spectra of large He
droplets is the enhanced intensity of the peak at hν = 21.0 eV
which becomes the highest peak for droplet sizes R > 36 nm.
Note that the absorption cross section at the 1s2s 1S resonance
of medium-sized He droplets is smaller than the absorption
cross section of the 1s2p 1P resonance by a factor ≈7 [47].
The enhancement of the peak at hν = 21.0 eV for large
droplets can also be seen from the total electron spectra shown
in Figs. 2(b) and 4(a) which compare droplet-size-dependent
ICD electron yields measured at different photon energies.
Three regimes can be identified (see Appendix B for a quanti-
tative discussion):

(i) Droplets smaller than a certain size (R ∼ 5 nm) do not
undergo ICD because the average number of excitations per
droplet is small, 〈Nexc〉 	 2.

(ii) In an intermediate size range (5 � R � 50 nm), the
ICD yield rises with increasing droplet size because more
and more droplets contain a larger number of He∗’s which
all contribute to the ICD signal except one for those droplets
where Nexc is an odd number.

(iii) In the regime of large droplets (R � 50 nm) when
Nexc 
 1, nearly all He∗’s contribute to ICD and the ICD
yield (normalized to the number of He atoms in the interaction
volume) saturates. In this regime, the measured ICD rate only
depends on the intensity of the radiation, �/w2.

The change of the structure of the ICD and EUV fluores-
cence spectra for increasing He droplet sizes R > 20 nm may
lead to the assumption that the spectra for large He droplets
approach the characteristic absorption spectrum of bulk

superfluid He. Intriguingly, the latter (measured in reflection
from the surface of liquid He) resembles the spectra measured
for small He droplets, though [see the purple line in Fig. 3(b)]
[61]. This indicates that the modified peak structure for large
He droplets is related to their intrinsic properties. In particular,
nano-optical effects, as observed in other types of nanoparti-
cles [62], may be expected to influence the absorption and
emission spectra in this range of photon energy and He droplet
size.

The limited penetration depth of near-resonant EUV ra-
diation leads to a shadowing effect in He droplets with R �
20 nm [38]. Accordingly, at the 1s2p 1P resonance a larger
part of each He droplet is shaded by those He atoms facing
toward the incident radiation and the total number of He∗

excitations per droplet saturates. This explains the relatively
lower ICD yield at the resonance, i.e., in the range hν = 21.3–
21.8 eV, than in the ranges next to it, i.e., around hν = 21 and
hν = 22 eV. The fact that at the weaker 1s2s 1S resonance
(hν = 21.0 eV), the ICD yield outgrows that at hν = 21.6 eV
may be due to the smaller amount of energy deposited in the
droplet by the He∗ relaxation [18,41] which likely raises the
probability of the He∗ to remain bound to the droplet and
decay by ICD.

Additionally, the index of refraction is expected to signif-
icantly deviate from 1 by about ±0.5 in the range ±0.5 eV
around the 1s2p 1P droplet resonance peaked at 21.6 eV [63].
In this range, nanofocusing effects may be expected; i.e., the
light intensity is concentrated in certain regions of the droplet.
This may lead to an enhanced ICD yield because in these re-
gions He∗’s are produced at higher density [16]. Additionally,
the wavelength of the EUV radiation, λ = 59 nm, matches
the He droplet size studied here which may lead to resonance
effects and the enhancement of the light absorption. Further
experiments and simulations should be done to investigate this
interesting nano-optical system in detail.

At hν > Ei, where direct emission of photoelectrons from
He droplets is observed [19,46], one would probably not
expect to detect any ICD and EUV fluorescence signals.
However, both ICD and EUV fluorescence are detected up
to hν = 26 eV or even higher for large He droplets with
R � 20 nm (see the shaded area in Fig. 3). The ICD electron
yield appears as a broad feature peaked at hν = Ei = 24.6 eV
which reaches up to hν = 26 eV. The EUV fluorescence sig-
nal appears as a tail that continuously drops even beyond
hν = 26 eV. This indicates that electron-ion recombination
is effective for photon energies exceeding Ei by several eV
[40,42,49,58,59,64–68]. Electron-ion recombination may be
expected to be particularly efficient for hν � Ei + V0 =
25.6 eV, where V0 ≈ 1 eV is the gap to the conduction-band
edge of superfluid He [57,66,69]. Photoelectrons created with
kinetic energy Ee � V0 promptly localize in the droplet by
forming bubbles, which facilitates the recombination with
their parent ions. The excited He∗ atoms formed in this way
subsequently decay either by fluorescence emission or by
ICD.

B. Electron-ion coincidence spectra

More detailed insights into the relaxation of large He nan-
odroplets are obtained from electron and ion spectra recorded
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FIG. 5. Background-subtracted electron spectra of large pure He
nanodroplet (R = 50 nm) measured in coincidence with He+ and
He+

2 ions at photon energies below and about the ionization energy
of He. The two dotted lines indicate the kinetic energies of electrons
expected for ICD of two He atoms in their metastable 1s2s 1S and
1s2s 3S states. Insets show the raw electron VMI in coincidence with
He+

2 . The polarization of the EUV light was vertical (in the paper
plane) and the EUV beam was incident on the droplets from the
left-hand side. The electron spectra are normalized to the photon flux.

by coincidence detection. Figure 5 shows typical electron
spectra measured in coincidence with He+ (black lines) and
He+

2 (red lines) for large He nanodroplets (R = 50 nm) at
hν = 25.0 eV [Fig. 5(a)], 23.8 eV [Fig. 5(b)], and 21.6 eV
[Fig. 5(c)]. The corresponding raw electron VMI in coinci-
dence with He+

2 are displayed as insets. At hν = 21.6 eV, one
sharp-edged, perfectly isotropic ring structure is seen due to
ICD electrons. At hν = 23.8 eV, the ICD ring is still present

but an additional central bright spot appears which is due to
emission of electrons by autoionization. At hν = 25 eV, an
anisotropic small ring at the center of the image is due to
direct emission of photoelectrons. Note that this ring features
a forward-backward asymmetry with respect to the propaga-
tion direction of the photon beam due to the shadowing effect
[38]. The perfectly isotropic distribution of ICD electrons
emitted from large He droplets [see also the inset of Fig. 2(a)]
whose photoelectron emission pattern is strongly anisotropic
supports the picture of He∗’s emerging to the droplet surface
where they redistribute evenly around the droplet prior to ICD.

At hν= 21.6 eV, both electron spectra measured in coin-
cidence with He+ and He+

2 exhibit only one main peak due
to ICD of two He∗ atoms in the 1S state which is populated
by electronic relaxation after exciting the He droplets to the
1s2p 1P resonance [45,47].

At hν = 23.8 eV, the ICD electron spectra measured in
coincidence with He+

2 [Fig. 5(b)] feature a double-peak struc-
ture. At this photon energy, the He droplets are excited into
the 1s3p and 1s4p absorption bands [39,40] which then decay
by ultrafast electronic relaxation into the 1s2s 1S atomic state
and by autoionization. The latter pathway can be followed
by electron-ion recombination and leads to formation of He∗

2,
which in turn either stabilizes in the droplet or dissociates
into a ground-state He atom and a He∗ preferentially ex-
cited in the 1s2s 3S state [40,42,58]. Therefore, the shoulder
structure at about 15 eV appears at the electron energy ex-
pected for two He∗ in the 3S state decaying by ICD, Ee =
2E (3S) − Ei = 2 × 19.8 eV − 24.6 eV = 15.0 eV. The peak
at near-zero electron energy is due to electrons emitted by
droplet autoionization that do not recombine [19,49].

Note that the 3S ICD feature is only seen in the electron
spectrum measured in coincidence with He+

2 but not in coin-
cidence with He+. In contrast, the 1S ICD feature is present
in both coincidence electron spectra. This can be seen from
the integrated 1S and 3S ICD signals shown in Figs. 13(c) and
13(d) in Appendix D. Thus, 3S ICD generates only He+

2 ions,
whereas 1S ICD generates both He+ and He+

2 ions. This points
at two different scenarios for ICD in He nanodroplets in the
autoionization regime:

(i) He∗ atoms excited in the 1S state are formed by elec-
tronic relaxation accompanied by the migration of the He∗’s to
the droplet surface. There, two He∗’s undergo ICD with only
little influence by the He droplet. Accordingly, mostly He+

ions are produced. Low yields of detected He+
2 are likely due

to the binding of a He atom to the He+ product as it escapes
from the droplet [32,70]. Enhanced formation of He+ ions
compared to He+

2 by 1S ICD can also be seen from Fig. 4(b)
showing integrated 1S ICD signals measured in coincidence
with He+ and He+

2 at hν = 21.6 eV as a function of He droplet
sizes. Both these 1S ICD signals qualitatively follow the total
ICD yields shown in Fig. 4(a).

(ii) He∗ atoms in the 3S state are formed by DR of He+
2 oc-

curring mainly in the bulk of the droplets. Two He∗’s formed
in this way undergo ICD prior to their ejection to the droplet
surface. Therefore, the resulting He+ product has a high
chance of picking up another He atom to form a He+

2 which
is eventually ejected from the droplet. Associative ionization,
i.e., direct formation of stable He+

2 by ICD, can be ruled out
as it is a minor channel [55].
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When the photon energy is tuned across Ei up to hν =
25 eV, direct photoemission becomes the dominant process
[see the sharp peak at Ee = 0.4 eV in Fig. 5(a) which matches
the expected position of the photoline at Ee = hν − Ei]. Re-
markably, ICD features are still clearly visible, implying the
presence of two or more neutral excitations in one droplet. In
this regime, ICD out of the 1s2s 3S state is the main indirect
decay channel in the electron spectra measured in coincidence
with He+

2 . Thus, DR which populates the 1s2s 3S state ap-
pears to contribute more abundantly to the electron-He+

2 ion
coincidences than electronic relaxation which mainly leads to
the 1s2s 1S state. This can also be seen from the He droplet
size dependence of the 1S and 3S ICD components measured
at hν = 25.0 eV [see Fig. 4(d)]. Beyond the onset of ICD
at a droplet radius R ≈ 20 nm, ICD of the 3S state clearly
dominates over 1S ICD. The opposite is true at the photon
energy hν = 23.8 eV just above Edrop

i [see Fig. 4(c) which is
based on the electron spectra shown in Figs. 13(a) and 13(b)].

This enhanced efficiency of 3S ICD over 1S ICD when
detecting electron-ion coincidences can be rationalized by the
atomic motion occurring in the encounter of two He∗ excited
atoms along the He∗∗

2 potential energy curves (see the pink
arrows in Fig. 6 [16]; see Sec. III C for a more detailed dis-
cussion). As the potential well depths of the He(3S)-He(3S)
dimer states are twice as deep as for the He(1S)-He(1S) dimer
state, the ion produced by 3S ICD is released with higher
kinetic energy and therefore it is ejected out of the He droplet
more efficiently. Thus, detection of electron-ion coincidences
is more sensitive to 3S ICD which is particularly abundant at
higher photon energies hν � 25 eV. This explains our ability
to detect ICD up to several eV above Ei using PEPICO-VMI
despite a low absolute ICD rate (Fig. 3).

The He+
2 - and He+-correlated electron spectra recorded

at hν = 23.8 eV and hν = 25.0 eV contain another weak
component in the range 7–13 eV that was also seen in FEL
experiments at hν = 23.8 eV [grey line in Fig. 5(b)] [16].
This feature is interpreted as a consequence of ICD involv-
ing He∗

2 excimers. Interestingly, it is only observed in the
electron spectra recorded at hν � Edrop

i = 23 eV and not in
the electron spectra at the 1s2p resonance at hν = 21.6 eV
[see Fig. 5(c) and Fig. 14 in Appendix D]. This suggests
a picture where electron-ion recombination leads to the for-
mation of He∗

2’s in He nanodroplets [35,57]. Note that both
atomic and molecular triplet emission lines due to relaxation
of He∗

2 were previously observed in fluorescence spectra of He
clusters at 23.1 � hν � 24.6 eV [42]. Likewise, He∗

2 excimers
are formed in bulk liquid He following primary ionization
[71–74]. While electron recombination with He+

2 usually is
dissociative as mentioned above, inside a He droplet fraction
of the He∗

2’s formed by recombination can be stabilized by
the cold He environment. When the stabilized He∗

2 excimer
subsequently decays into the electronic ground state by ICD,
the amount of energy transferred to the reaction partner (He∗
or He∗

2) is significantly lower compared to ICD, where an
excited He∗ decays to the ground state; the He∗

2 excitation
energy is lower by 2.5 eV and the He2 ground-state potential
is strongly repulsive at the He∗

2 equilibrium distance (1.08 Å)
(see the red line in Fig. 6) [75,77]. This He∗

2 ICD feature is also
observed in large droplets at hν � 44.4 eV where inelastic
scattering facilitates the population of excited states [35].
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FIG. 6. Potential energy curves of ground-state He2 (red line)
[75], ground and first excited states of He+

2 (grey and blue lines) [76],
and 1�g states of doubly excited He∗∗

2 (black and green lines) [16].
The pink arrows indicate the atomic motion in the course of ICD of
a pair of He∗’s along the He∗∗

2 and He+
2 potential energy curves. The

two red circles indicate the He∗∗
2 excited dimer, while the cyan and

orange circles represent the ICD products—a neutral He and a He+

ion and electron, respectively. The well depth of the He∗∗
2 potential

�E is the maximum potential energy converted into kinetic energy
of the two atoms decaying by ICD.

For even higher photon energies we expect that electron-
ion recombination becomes the only way of inducing ICD, as
the electron promoted into the conduction band detaches from
the He+ core and has to undergo multiple elastic collisions
in the droplet to lose enough energy and return to the He+.
Indeed, when tuning the photon energy from hν = 21.6 to
28.0 eV, we see a transition from 1S ICD to 3S ICD, and for
hν > 25 eV, 3S ICD clearly dominates the electron spectra
measured in coincidence with He+

2 [see Figs. 7(a) and 7(b)].
Note that the signature of 3S ICD in generating mainly He+

2
was previously observed for large He nanodroplets irradiated
with higher-energy photons at hν > 44.4 eV where He∗ exci-
tation occurs by inelastic collisions of the photoelectron with
He atoms in the droplet [35,70]. The ratios of 1S and 3S ICD
peak areas versus photoelectrons are shown in Fig. 7(c). They
are obtained from fitting Gaussian functions to the 1S and 3S
ICD peaks in the electron spectra measured in coincidence
with He+ and He+

2 , and as the weighted average of their 1S and
3S ICD peak heights, respectively (see Appendix E). Below
the He ionization threshold, hν � Ei, the near-zero kinetic
energy peak resulting from droplet autoionization is fitted in-
stead of the photoline at hν > Ei. In this representation of the
data, the transition from relaxation-dominated ICD leading
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FIG. 7. (a) Background-subtracted ICD electron spectra mea-
sured in coincidence with He+ (gray lines) and He+

2 (black lines) for
pure large He nanodroplets (R = 50 nm) at different photon energies
below and above the He ionization energy Ei. All ICD electron
spectra are normalized to the photon flux. All spectra measured at
hν � 25 eV are multiplied by a factor of 7 to make the ICD features
better visible. The red and blue dotted lines indicate the kinetic
energies of an electron emitted by ICD of the 3S and 1S states, respec-
tively. (b) Yield of ICD electrons relative to photoelectrons recorded
in coincidence with He+ (gray dots) and He+

2 (black dots). (c) Ratio
of 1S (blue dots) and 3S (red dots) ICD electrons to photoelectrons
(near-zero-energy electrons for the case hν � Ei). The dashed areas
in (b) and (c) indicate the noise floor. The estimated uncertainty
(statistical and systematic) is 15%, i.e., smaller than the symbol size.

mostly to 1S ICD, to recombination-dominated ICD leading to
the 3S ICD, occurs right at hν = Ei. The 1S ICD signal drops
to the noise level for hν � 25.5 eV whereas recombination-
induced ICD remains visible even at hν = 28 eV.

C. Ion kinetic energy distributions

Complementary information about the relaxation dynamics
of EUV-irradiated large He droplets is obtained from ion
kinetic energy distributions. Figure 8 shows kinetic energy
distributions of He+ and He+

2 ions measured in coincidence
with one electron at various photon energies below Ei. The
He+

2 ion spectra shown in Fig. 8(b) have the same struc-
ture with a broad kinetic energy distribution centered around
Eion = 0.3 eV that extends up to 1.4 eV.

The majority of He+
2 ions detected at hν = 23.8 and

24.2 eV are created by autoionization (cf. Fig. 5), and their
kinetic energy distributions follow the one measured at hν =
25.0 eV or higher [see Fig. 12(b)], in agreement with previous
photoionization measurements [70]. In contrast, ions detected
at hν = 21.6 eV are mainly created by ICD [cf. Fig. 5(c)]. In
both cases (autoionization and ICD), the He+

2 ions are ejected
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FIG. 8. He+ and He+
2 ion kinetic energy distributions measured

for pure large He nanodroplets of radius R = 50 nm at different
photon energies below and above the He ionization energy. All ion
spectra in (a) and (b) are background subtracted and normalized
to the EUV photon flux. The black dotted curve in (a) is obtained
by linear transformation of the electron spectrum measured at hν =
21.6 eV [see red line in Fig. 2(b)] according to Eq. (1).

out of the He droplet by a nonthermal, impulsive process in
the course of vibrational relaxation [78].

The kinetic energy distributions of He+ ions are shown
in Fig. 8(a). Interestingly, all He+ ion energy distributions
recorded at hν < Ei are similar in shape with a pronounced
maximum at 0.27 eV. They can only originate from ionization
of excited He∗’s by ICD following two-photon absorption by
the droplets. Furthermore, the shape of these spectra clearly
differs from the shape of the He+ spectrum measured at hν =
25.0 eV, where only one main broad feature peaking around
0.1 eV with a tail extending to 0.5 eV is observed. The latter
broad feature is also visible in the ion spectra recorded for
small He droplets. Remarkably, it does not change structure
when varying the He droplet size and when tuning the photon
energy above Ei [see Fig. 12(a)]. We interpret this generic dis-
tribution of ion energies by photoionization into the repulsive
A state of the He+

2 molecular ion (see the blue line in Fig. 6).
For small He droplets (R < 20 nm), an additional sharp

peak near 0 eV is present in the ion spectra recorded at hν >

Ei [see Fig. 12(a)]. It is due to photoionization of the free He
atoms accompanying the He droplets in the jet, as discussed
in Refs. [38,70]. Note that the He+ and He+

2 ion spectra
recorded at hν > Ei for large He nanodroplets (R > 20 nm)
should include a contribution of He+ and He+

2 ions created
by ICD. However, these ICD ions are hard to identify due
to the overwhelming contribution from ions created by direct
photoionization.

The proposed relaxation pathway of two He∗’s formed
by absorption of two EUV photons by one He nanodroplet
(resonant excitation or electron-ion recombination) leading
to the ejection of an ICD electron and ion is illustrated in
Fig. 6 [16,75,76]. Following photoexcitation, the two He∗’s
are accelerated toward each other from a large interatomic dis-
tance R along the attractive 1�g potential curve of the doubly
excited He dimer, He∗∗

2 ; when they reach shorter distances R,
the ICD probability rises and ICD likely occurs near the well
of the potential around R = 4 Å, leading to the emission of an
ICD electron with an energy corresponding to the difference
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potential between the initial He∗∗
2 state and the final He+

2 state
at the distance R. The maximum kinetic energy acquired by
the two He∗’s is given by the depth of the potential well with
respect to the He∗+He∗ atomic asymptote, �E . As the kinetic
energy acquired by the two colliding He atoms in the 1�g state
is not significantly affected by the ICD process, the He and
He+ atoms in the final state continue their trajectory toward
short R where they are reflected at the hard-core potential
of the He+

2 ground state X . In this process, the ICD electron
energy is reduced to the same extent that the kinetic energy of
the products increases in the course of the collision; therefore,
the ICD electron spectrum can be transformed into a kinetic
energy distribution of the He+ ICD ion according to

Eion = (2EHe∗ − Ei − Ee + dE )/2. (1)

Here, EHe∗ = 20.62 eV is the excitation energy of each He∗

atom (1s2s 1S state) and dE = 0.3 eV is a droplet-induced
energy shift which subsumes the upshift of EHe∗ [47,70] and
the downshift of Ei [19,79] induced by droplet interactions.
The factor 1/2 accounts for equal sharing of the kinetic energy
released to the two dissociating He atoms. This calculated ion
kinetic energy distribution from the high-resolution electron
spectrum measured at hν = 21.6 eV [red line in Fig. 2(b)]
matches the corresponding He+ ion energy distribution sur-
prisingly well [see the dotted black line in Fig. 8(a)]. This
indicates that the He+ created by ICD is indeed ejected from
the He nanodroplet by a binary collisionlike process where the
He and He+ products dissociate without undergoing further
scattering. This confirms our conjecture that ICD happens
predominantly out of relaxed He∗ atoms that have migrated
to the He droplet surface.

IV. CONCLUSION

In summary, we have studied in detail the decay of multiply
excited He nanodroplets by resonant ICD. Owing to the large
absorption cross section of He droplets of sizes �20 nm,
even low-intensity monochromatic EUV synchrotron radia-
tion can induce multiple excitations in one droplet. Using the
advanced techniques of high-resolution electron spectroscopy
and PEPICO-VMI, the individual steps of the ICD process out
of 1S and 3S states are unraveled at hν below and up to a few
eV above the helium ionization energy Ei. The main results
obtained in this work can be summarized as follows:

(i) At hν = 21.6 eV where the He nanodroplet is excited
into the 1s2p-correlated absorption band, the highly resolved
electron spectra and the perfectly isotropic distribution of the
emitted electrons indicate that ICD takes place between two
fully relaxed excited He atoms in metastable states that roam
about the He droplet surface. Therefore, this type of ICD may
be expected to be a slow process with a time constant on
the order of 10 to 100 ps mainly determined by the roaming
dynamics.

(ii) The significant changes of the absorption spectrum of
large He droplets point at a shadowing effect occurring in such
large He nanodroplets resulting in saturation of the number of
excited atoms in the droplets at the strongest resonance. Nano-
optical effects such nanofocusing and resonance enhancement
of the radiation inside the droplets may play a role as well.

(b)

(a)

FIG. 9. (a) Schematic illustration of ICD induced by electron-ion
recombination in large He droplets following absorption of two ion-
izing EUV photons. (1) The emitted photoelectrons undergo elastic
scattering inside the droplets and lose their kinetic energy. Depending
on the excursion time of the electron, the He+ photoions form stable
He+

2 dimers before recapturing the decelerated electrons (2). Once
the electrons have recombined with the ions, excited He∗

2 dimers
form which dissociate into a ground-state He atom and a He∗ in the
3S state (3). The two 3S He∗ atoms tend to migrate to the surface of
the droplet, where they decay by ICD (4). (b) Energy level diagram
illustrating the dynamics (2) by the brown dashed arrow, (3) by the
red dashed arrow, and (4) leading to ICD as shown in (a). The green
dashed arrows indicate electronic relaxation into the 1S state.

(iii) ICD is efficient even at photon energies exceeding the
adiabatic ionization energy of He droplets and up to a few eV
above Ei due to electron-ion recombination into excited He
states.

(iv) The electron spectra measured in coincidence with
He+ and He+

2 show that 1S ICD occurs by electronic relax-
ation in the entire range of resonant photoexcitation, even at
hν exceeding Ei by about 1 eV.

(v) In the energy range from the adiabatic to the vertical
ionization energy of He droplets, a smooth transition occurs
from droplet-induced electronic relaxation of excited He to
electron-ion recombination by which mainly He∗ atoms pop-
ulated in triplet states are formed.

(vi) In the electron spectra recorded in coincidence with
He+

2 , 3S ICD appears more prominently due to the enhanced
ejection of He ions formed in this way; a crossing of the
3S ICD yield and the 1S ICD yield occurs when tuning hν

across Ei.
(vii) The strongly differing abundances of He+ and He+

2
products for 1S vs 3S ICD point at different scenarios of ICD
taking place at the surface or in the bulk of the droplets,
respectively.

013019-9



L. BEN LTAIEF et al. PHYSICAL REVIEW RESEARCH 6, 013019 (2024)

(viii) ICD involving He∗
2 excimers occurs only at hν �

Edrop
i due to formation of stabilized He∗

2’s by electron-ion
recombination.

The individual steps of the 3S ICD process occurring at
hν > Ei due to electron-ion recombination are schematically
illustrated in Fig. 9. Following photoionization of two He
atoms, the emitted electrons perform a diffusionlike motion
inside the droplets by which they lose their kinetic energy.
Owing to long-range Coulomb attraction, the electrons are
drawn back to their parent ions, which tend to form He+

2 dimer
ions by interaction with the surrounding He. Electron-ion
recombination then leads to the formation of 3S-excited He∗

atoms or 3�-excited He∗
2 excimers. These metastable species

are expelled toward the droplet surface, where they meet and
decay by ICD.

To assess the general relevance of this process, other types
of nanosystems should be studied in a similar size range, e.g.,
heavier rare-gas clusters and molecular clusters such as water
nanodroplets. Some of these can be resonantly excited and
ionized with conventional lasers [23]. Electron-ion recom-
bination to create highly reactive excited species may play
an even more important role in bulk liquids and biological
systems when exposed to ionizing radiation.
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APPENDIX A: DEPENDENCY OF THE ICD ELECTRON
YIELD ON PHOTON FLUX

To probe the dependency of the ICD electron yield on the
intensity of the photon beam, we recorded the total yield of
ICD electrons with the HEA in the electron energy range
Ee = 16.2–16.7 eV at hν = 21.0 eV and for different droplet
sizes R (see Fig. 10). The photon flux was varied by gradually
opening and closing the exit slit of the monochromator of the

FIG. 10. Yield of ICD electrons as a function of photon flux
measured at hν = 21.0 eV for He droplets of various droplet sizes
set by controlling the temperature T of the He nozzle. The photon
flux was measured as photocurrents at a photodiode and at a mesh
inserted into the photon beam.

beamline. It was measured using a photodiode placed at the
end of the beamline as well as by measuring the current at a
mesh placed into the photon beam. The latter two currents
were perfectly proportional to one another. In the range of
lowest photon flux where the slit was nearly fully closed the
ICD electron yield appears to show a slightly nonlinear depen-
dency on the photon flux. This may be due to changes in the
size and shape of the intensity distribution in the interaction
region given by diffraction effects of the light passing through
the narrow slit.

APPENDIX B: SIMULATION OF THE He DROPLET SIZE
DEPENDENCE OF THE ICD YIELD

In Sec. III A of the main text, the ICD rate is given
as rICD = rabs/2. This holds for the limit of large droplets
when the number of He∗ excitations per droplet of mean
size 〈N〉 is large, 〈Nexc〉 = pHe〈N〉 
 1. Then the number of
ICD events is related to the number of excitations per droplet
by NICD ≈ Nexc/2. Here, pHe = �ttrσ/w2 ∼ 10−7 is the ex-
citation probability of a He atom. However, in the regime
of small droplets where Nexc ∼ 1, it becomes relevant that
singly excited droplets do not undergo ICD as it takes at least
two He∗’s per droplet for ICD to occur. For small numbers
Nexc > 1, the ICD yield is given by NICD = Nexc � 2, i.e., by
the integer division of Nexc by 2. Taking into account that
the He droplet sizes follow a normalized linear logarithmic
size distribution in the regime of supercritical expansion [80],
P〈N〉(N ) = exp(−N/〈N〉)/〈N〉, we can model the yield of ICD
events as a function of mean droplet size 〈N〉, normalized to
the total density of He atoms, as

NICD(〈N〉) =
∞∑

Nexc=1

P〈N〉×pHe (Nexc)
Nexc � 2

Nexc
. (B1)
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FIG. 11. Simulated yield of ICD events as a function of mean He
droplet size for excitation at the 1s2s and 1s2p resonances.

Here, P〈N〉×pHe (Nexc) is the distribution of the number
of He∗ excitations for a given mean droplet size. The re-
sulting ICD yield NICD plotted vs the mean droplet radius
〈R〉 = 3

√
3〈N〉/(4πρHe) is shown in Fig. 11. Here ρHe = 22

nm−3 is the number density of He atoms in He nanodroplets.
The resulting model curves show a close resemblance with

the experimental data [see Figs. 4(a) and 4(b) in the main text.
The experimental parameters are those given in Secs. II and III
of the main text except for the photon flux, which was taken
an order of magnitude higher than estimated in Sec. II. Nev-
ertheless, we are confident that the model [Eq. (B1)] captures
the essential physics, despite its simplicity.

APPENDIX C: ION KINETIC ENERGY DISTRIBUTIONS

A compilation of He+ and He+
2 ion kinetic energy dis-

tributions measured for various He nanodroplet radii R and
photon energies hν is shown in Fig. 12. The He+

2 spectra have
the same shape up to variable amplitude; they all feature a
maximum around 0.3 eV and a broad tail that extends up to
1.6 eV. This generic kinetic energy distribution of He+

2 was
previously observed and interpreted by an impulsive ejection
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FIG. 12. Ion kinetic energy distributions of (a) He+ and (b) He+
2

measured for different droplet conditions and different photon en-
ergies hν at and above Ei = 24.6 eV. All the ion spectra in (a) and
(b) are background subtracted and normalized to the EUV photon
flux.

mechanism [78]. The only remarkable trend is a dropping
amplitude for large He droplets (R = 50 nm). This is likely
due to the tendency of large He droplets to efficiently trap
ions as any ion tends to solvate in liquid He by forming a
dense solvation complex [37].

The He+ spectra feature two peaks: a sharp one near zero
kinetic energy, which is most prominent for small droplets
(R = 4 nm), and a broad one peaked around 0.1 eV, which
is present for all values of R and hν. The former is due to
free He atoms accompanying the He droplet jet, whereas the
latter is characteristic of photoionization of He nanodroplets.
For small nanodroplets the two-photon ionization probability
is negligibly small. Therefore, Coulomb explosion of two
He+ photoions created in the same droplet can be ruled out.
Moreover, one would expect a shift of the most probable
energy of ejected He+ ions as a function of droplet size as
ions created in the bulk of large droplets would likely undergo
binary collisions leading to a reduction of their kinetic energy
[32]. However, the 0.1-eV feature remains unchanged up to
amplitude variations.

Therefore, we rationalize the observation of He+ ions
with kinetic energies peaked at 0.1 eV by photoionization of
nearest-neighbor pairs of He atoms into the repulsive A state
the He+

2 molecular ion (see the blue line in Fig. 6 in the main
text). The transition from the He2 ground state to the A state
is forbidden in the free He2 system. However, it may become
partly allowed due to symmetry breaking when the transition
takes place in the He droplet environment. The estimated ion
kinetic energy released following the dissociation along the A-
state potential curve is 0.06 eV, which is in decent agreement
with the experimental value (0.1 eV).

APPENDIX D: ELECTRON SPECTRA

1. Droplet-size dependence

In addition to Fig. 5 in the main text, further information
on the droplet-size-dependent ICD electron yield for pairs
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FIG. 13. Electron spectra of He nanodroplets measured in coinci-
dence with (a) He+

2 and (b) He+, respectively, for different He droplet
sizes and at hν = 23.8 eV. Integrated (c) 1S and (d) 3S ICD signals
measured in coincidence with He+

2 and He+, respectively, and as a
function of droplet radius. Both 1S and 3S ICD signals in (c) and (d),
respectively, are normalized to the target density.
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FIG. 14. Logarithmically scaled electron spectra of He nan-
odroplets measured at different photon energies in comparison with
an electron spectrum measured at a FEL at hν = 23.7 eV. The syn-
chrotron spectra are the sum of the He+ and He+

2 electron spectra
shown in Figs. 5(a)–5(c) of the main text.

of 1S and 3S He atoms can be obtained from the electron
spectra shown in Fig. 13. Figures 13(a) and 13(b) show
electron spectra of He nanodroplets of variable droplet sizes
(R = 4.5 nm up to 75 nm) measured at hν = 23.8 eV in coin-
cidence with He+

2 and He+, respectively. Clearly, ICD starts to
occur for droplets with radius R � 20 nm and becomes more
and more pronounced when the He droplet size increases.
Electron spectra measured in coincidence with He+ exhibit
only one feature at 16.6 eV which is assigned to ICD out of the
1S state, whereas the electron spectra measured in coincidence
with He+

2 show two features; one 1S ICD feature at 16.6 eV
and one at 15.0 eV attributed to ICD out of the 3S state. The
droplet-size dependence of the integrated 1S and 3S ICD elec-
tron yields are shown in Figs. 13(c) and 13(d). Surprisingly,
the 3S ICD feature in the He+

2 coincidence spectra appears
more pronounced at smaller droplet sizes, whereas at larger
droplet sizes R � 40 nm, the 1S ICD feature again dominates.

2. Photon energy dependence

The coincidence electron spectra measured at hν =
23.8 eV, presented in Fig. 5(b) in the main text, do not clearly
show an excimer ICD feature as the FEL spectrum does.
However, in a logarithmic representation of the spectra taken
at hν = 21.6, 23.8, and 25.0 eV, shown in Fig. 14, an excimer
ICD feature is clearly visible.

APPENDIX E: RELATIVE ICD INTENSITY

The relative experimental ICD intensities IICD[He+] and
IICD[He+

2 ] plotted in Fig. 7(b) in the main text are obtained
from the calculated ratios between the integrated ICD elec-
tron yields S measured in coincidence with He+ and He+

2 ,
respectively, and of the photoline. Both of these ratios contain
correction factors to account for the second-order radiation
(2hν) present in the photon beam,

IICD[He+] = SICD[He+]

Spl [He+]
− ε1

Spl (2hν)[He+]

Spl [He+]
, (E1)

IICD[He+
2 ] = SICD[He+

2 ]

Spl [He+
2 ]

− ε2
Spl (2hν)[He+

2 ]

Spl [He+
2 ]

. (E2)

Here, ε1 = SICD(hν ′ )[He+]/Spl (hν ′ )[He+] and ε2 =
SICD(hν ′ )[He+

2 ]/Spl (hν ′ )[He+
2 ] are taken from Ref. [35] and

defined as the efficiency of ICD[He+] and ICD[He+
2 ],

respectively, at higher photon energy hν ′ = 2hν � 44.4 eV.
The relative experimental 1S and 3S ICD yields plotted in

Fig. 7(c) as well as those plotted in Figs. 4(c) and 4(d) are
evaluated by

I1S−ICD = α1S × I1SICD[He+] + β1S × I1SICD[He+
2 ], (E3)

I3S−ICD = α3S × I3S−ICD[He+] + β3S × I3S−ICD[He+
2 ]. (E4)

Here, I1S−ICD[He+] and I3S−ICD[He+] are obtained sepa-
rately but in a similar way as in Eq. (1). I1S−ICD[He+

2 ] and
I3S−ICD[He+

2 ] are obtained separately but in a similar way as
in Eq. (B1). α1S , β1S , α3S , and β3S are weighting factors:

α1S = A1S−ICD[He+]

A1S−ICD[He+] + A1S−ICD[He+
2 ]

,

β1S = A1S−ICD[He+
2 ]

A1S−ICD[He+
2 ] + A1S−ICD[He+]

,

α3S = A3S−ICD[He+]

A3S−ICD[He+] + A3S−ICD[He+
2 ]

,

β3S = A3S−ICD[He+
2 ]

A3S−ICD[He+
2 ] + A3S−ICD[He+]

.

Here A1S−ICD[He+] and A1S−ICD[He+
2 ] denote the peak heights

of the 1S ICD signals measured in coincidence with He+ and
He+

2 , respectively. A3S−ICD[He+] and A3S−ICD[He+
2 ] denote the

peak heights of the 3S ICD signals measured in coincidence
with He+ and He+

2 , respectively.
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