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Interatomic Coulombic decay (ICD) plays a crucial role in weakly bound complexes exposed to intense
or high-energy radiation. So far, neutral or ionic atoms or molecules have been prepared in singly excited
electron or hole states that can transfer energy to neighboring centers and cause ionization and radiation
damage. Here we demonstrate that a doubly excited atom, despite its extremely short lifetime, can decay by
ICD; evidenced by high-resolution photoelectron spectra of He nanodroplets excited to the 2s2pþ state.
We find that ICD proceeds by relaxation into excited He�Heþ atom-pair states, in agreement with
calculations. The ability of inducing ICD by resonant excitation far above the single-ionization threshold
opens opportunities for controlling radiation damage to a high degree of element specificity and spectral
selectivity.
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Highly excited atoms and molecules embedded in an
environment can efficiently decay by exchange of energy or
charge with an atom or molecule in their environment
through interatomic (intermolecular) electronic correlation.
These processes, termed interatomic (intermolecular)
Coulombic decay (ICD), cause ionization of the neighboring
center, thereby quenching concurrent decay processes [1–6].
Since the prediction of ICD as an efficient decay process of
clusters with an excited intermediate-shell electron [7], a
variety of related processes have been discovered involving
both neutral and ionic species. The general relevance of ICD
has been established, with implications for radiation damage
of biological matter [8–12].
A special class of electronic excitations is given by doubly

excited states of atoms and molecules that manifest them-
selves as resonances in photoionization (PI) spectra [13–18].
A paradigm system is the helium atom (He��) where the two
electrons occupy discrete excited states within the photo-
ionization continuum. Excitation into these states leads to
the same final state via two pathways; direct PI and auto-
ionization (AI) of the He�� both form a Heþ and an electron.
Quantum interference of the two indistinguishable paths
causes the well-known asymmetric Fano line shape [19].
The first series of these Fano resonances appears around
60 eV photon energy [20–22]. When a second ground state
He atom is placed next to the He��, an additional nonlocal
autoionization process may open up—ICD; see Fig. 1 for a

schematic representation. The decay of isolated He�� atoms
(upper pathway) has been studied in detail both theoretically
and experimentally; the lowest optically accessible doubly
excited state, 2s2pþ, decays by AI in only 17.5 fs [20,21].
Decay ofHe�� by ICD (lower path) has only been considered
theoretically for the diatomic system He��Ne [3]. In this
process, one of the two electrons decays to the ground state
and the resulting energy is transferred to a neighboring atom
which in turn is ionized. The decay by fluorescence emission
only becomes a relevant concurrent decay path for higher

FIG. 1. Schematics of a pair of He atoms where one is in a
doubly excited state that can decay by intraatomic autoionization
or by interatomic Coulombic decay.

PHYSICAL REVIEW LETTERS 132, 233001 (2024)
Editors' Suggestion

0031-9007=24=132(23)=233001(7) 233001-1 © 2024 American Physical Society

https://orcid.org/0000-0003-2820-8869
https://orcid.org/0000-0001-9881-8617
https://orcid.org/0000-0002-6904-4648
https://orcid.org/0000-0002-7617-8919
https://orcid.org/0009-0005-7994-3005
https://orcid.org/0009-0002-5658-0844
https://orcid.org/0000-0002-6163-7799
https://orcid.org/0000-0002-0068-679X
https://orcid.org/0000-0001-8585-626X
https://orcid.org/0000-0003-4959-5220
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.132.233001&domain=pdf&date_stamp=2024-06-03
https://doi.org/10.1103/PhysRevLett.132.233001
https://doi.org/10.1103/PhysRevLett.132.233001
https://doi.org/10.1103/PhysRevLett.132.233001
https://doi.org/10.1103/PhysRevLett.132.233001


states and is therefore disregarded here. A related resonant
ICD process which has been experimentally studied in neon
clusters is initiated by excitation of a single 2s inner valence
electron to a Rydberg state [23–26]; ICD then proceeds by
relaxation of a Ne 2p valence electron to fill the 2s hole
whereas the excited Rydberg electron does not participate in
the ICD process. In contrast, here two electrons are excited
from the ground state in a correlated fashion, one of which
decays again to drive the ICD process. In “resonant-Auger-
induced ICD” an inner valence shell-excited ion is created
by intraatomic resonant Auger decay and ICD proceeds
subsequently from this state interacting with a neutral
neighbor [27–30]. This process is similar to the originally
proposed ICD [7] (a single inner valence hole state triggers
ICD) but clearly distinct from the ICD mechanism
reported here.
ICD of doubly excited atoms is expected to be particu-

larly efficient because these states are more sensitive to
perturbations by neighboring atoms than those where
only a single electron is excited [3]. In a more complex
environment, which has not been considered until now, this
type of ICD may be even faster; generally the ICD rate
steeply rises for decreasing interatomic distance between
the excited and the neighboring atom and it scales approx-
imately proportionally to the number of neighbors [7,31].
Here we present a combined experimental and theoreti-

cal study of ICD of doubly excited He atoms in He
nanodroplets. He nanodroplets have proven to be particu-
larly well suited test beds for exploring ICD processes due
to the simple electronic structure of the He atom which
makes electron spectra easy to interpret and theoretical
calculations tractable [32–40]. Double-excitation spectra of
He nanodroplets feature Fano profiles with similarly
asymmetric shape as the atomic lines. However, the droplet
profiles are blueshifted and significantly broadened due to
repulsive interaction between the excited electrons (as well
as He� states) and the surrounding He environment [41].
In this work we use two different techniques to measure

photoelectron spectra: (i) A velocity-map imaging (VMI)
spectrometer located at the synchrotron radiation source
ASTRID2 at Aarhus University allows us to detect electrons
and ions in coincidence [42]. (ii) A hemispherical electron
analyzer (HEA) used at the Gasphase beamline of Elettra
synchrotron inTrieste (modelVG220imounted at themagic
angle) allows us tomeasure high-resolution electron spectra.
With the VMI spectrometer we detect the full distribution of
electron energies Ee at photon energies in the range
hν ¼ 58–63 eV. In both setups, background and foreground
data were measured intermittently using a chopper wheel
that periodically blocks and unblocks the droplet beam.
To compute the total and partial decay widths of the

Heð2s2pÞ − Heð1s2Þ 1Σu and 1Πu states, we used the R-
matrix method [43] as implemented in the UKRmolþ
package [44] according to the details in the Supplemental
Material Sec. I [45].

The electron spectra inferred from the VMI measure-
ments contain two prominent features, see Fig. 2(a). A
sharp peak at Ee ¼ hν − Ei electron kinetic energy,
denoted as photoline (PL), is due to direct PI and AI
which are indistinguishable processes. Here, Ei ¼
24.59 eV is the ionization energy of He. The small peak
around Ee ¼ 15 eV results mainly from electron energy
loss by inelastic scattering (EEL) of the outgoing photo-
electron at He atoms in the nanodroplet surrounding the
photoion, according to the reaction [60]

FIG. 2. Photoionization spectra of He nanodroplets
(hNi ≈ 4.3 × 104 He atoms per droplet) around the 2s2pþ Fano
resonance. (a) Photoelectron spectra recorded at hν ¼ 58 and
60.4 eV using the VMI spectrometer. (b) Yield of direct photo-
electrons and total electrons as a function of photon energy.
(c) Yield of electrons subjected to energy loss due to inelastic
scattering or ICD. (d) The ratio of energy loss to total electrons
features a pronounced maximum indicating ICD at the resonance.
For fits of the Fano profile in (b) and (c), only full circles were
considered to exclude the sharp helium atomic line due to the
atomic component in the droplet beam.
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HeN þ hν → HeþHeN−1 þ e−PL → HeþHe�HeN−2 þ e−EEL:

In addition, ICD may contribute to this feature,

HeN þ hν → He��HeN−1 → He�HeþHeN−2 þ e−ICD:

As the two reactions yield the same final state up to
different 1snl levels of He�, they are hard to distinguish
in the electron spectra; see also Supplemental Material
Fig. S1 [45]. However, ICD can only occur when the
photon energy is tuned to a He�� resonance, while the
inelastic scattering cross section is rather constant across
the resonance such that the ratio of inelastically scattered to
total electrons stays constant. Thus, we identify the ICD
contribution by analyzing the yields of EELþ ICD elec-
trons and total electrons as a function of photon energy hν.
For each value of hν, the electron counts as a function of
electron energy loss El ¼ hν − Ei − Ee are integrated from
−2 to 2 eV for the photoelectrons, from 18 to 23 eV for the
EELþ ICD electrons, and over the full range to obtain the
total electron yield.
Figure 2(b) shows the yield of electrons emitted from He

nanodroplets by PI and AI and 2(c) shows the yield of
EELþ ICD electrons. The ratio of the two signals, shown
in 2(d), reflects the probability of forming He�; it features a
maximum at hν ¼ 60.41� 0.01 eV, coinciding with the
resonance energy that lies in the falling edge of the Fano
profile. The relative contribution to this feature from
electron-He inelastic scattering is not expected to signifi-
cantly vary in the narrow tuning range hν ¼ 60–61 eV
around the He�� double excitation [54]. The resonant
increase of the ratio compared to its average for off-
resonant photon energies hν < 59.9 eV is therefore attrib-
uted to ICD. From the difference to the off-resonant ratio,
we estimate the ICD electron yield shown in Fig. 2(c), see
Supplemental Material Eq. (2) [45]. Interestingly, the
spectral line shapes in Figs. 2(b) and 2(c) clearly differ
from one another. Fits of the standard Fano profile [21,41]
to the data (solid lines) result in an asymmetry parameter
(or Fano parameter) q ¼ −2.13� 0.05 for the photoline
and q ¼ −2.36� 0.07 for all electrons. The latter coincides
with a previous measurement of all emitted electrons
(mostly photoelectrons) [41] and comes close to the value
for the atomic Fano profile (q ¼ −2.77, [21]). For the
EELþ ICD profile we find a similar value q ¼ −2.8� 0.1,
while the ICD profile yields q ¼ 0.00� 0.02. Note that for
q ¼ 0 the Fano resonance profile is identical to the Breit-
Wigner or Lorentzian formula for resonant excitation of a
two-level system. The ICD signal is expected to follow the
latter resonance curve because ICD can only occur for the
one path involving He�� excitation, whereas the path of
direct photoionization cannot lead to ICD. Symmetrically
broadened ICD lines were previously observed for inner-
valence-shell excited rare-gas dimers and clusters [61].

VMI measurements at different expansion temperatures
allow us to analyze ICD probabilities relative to total
electrons as a function of droplet size [see Eq. (3),
Sec. III, and Table I in the Supplemental Material [45] ].
As ICD mostly occurs between nearest neighbors, no
pronounced size dependence is expected in the studied
range of droplet sizes; the apparent drop of the ICD
probability in Fig. 3 for large droplets is attributed to the
trapping of slow ICD electrons in bubbles that remain
transiently bound to large droplets [55]. To quantify this
effect, we assume a simplemodel,pICD ¼p0 expð−d̄=lslowÞ,
where d̄ is the mean distance of the ICD electron
to the droplet surface [see Supplemental Material
Eqs. (9)–(12) [45] ] and lslow is a mean free path. The fit
to the data, shown as a solid red line in Fig. 3, yields lslow ¼
ð11.1� 1.1Þ nm andp0 ¼ ð3.2� 0.2Þ% as the nascent ICD
probability inside the droplet. This gives an ICD decay time
of ≈ 530 fs; see Supplemental Material Sec. IX [45].
Extrapolation to larger droplets shows that only one per
thousand ICD electrons will be ejected out of a droplet of
radius 100 nm which roughly matches the photoelectron
trapping range of 150 nm for 15 eVelectrons obtained from
simulations, see the supplemental material of [56]. ICD and
electron impact excitation probabilities for total electrons
and electron-ion coincidences with Heþn (n ¼ 1; 2; 3) as a
function of droplet size are presented in Supplemental
Material Sec. VI [45].
Our theoretical computations give a rough estimate of

the ICD probability in competition with AI in the He��He
system for the 1Σþ

u and 1Πg doubly excited states at five
different pair distances r from 2.1 to 3.2 Å, respectively. As
detailed in Supplemental Material Sec. VIII [45], we fit the
average probability with an exponential function pðrÞ
and weight it with the pair-distance distribution function
gðrÞ [57,58] to obtain the overall ICD probability relative to
the total ionization rate in the He droplet environment

FIG. 3. Probabilities for the detection of ICD electrons relative
to the total number of electrons as a function of average droplet
size. The HEA point is computed as a product of the ICD to
EELþ ICD ratio and the EELþ ICD probability for VMI data at
a comparable average droplet size. The VMI data are fitted with a
simple model to estimate the nascent ICD probability p0.
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ptheory
0 ¼ fres

Z
pðrÞgðrÞdr ¼ ð1.6� 1.4Þ%;

where fres ¼ 0.51� 0.03 is the fraction of double excita-
tion relative to total ionization at the resonance energy
Er ¼ 60.4 eV, inferred from fits of the Fano profile (see
Supplemental Material Sec. VIII [45]). The theoretical
estimate is based on calculations for a helium dimer.
Many-body effects of the surrounding helium atoms are
therefore neglected which may explain the difference to the
somewhat larger experimental value. Increased ICD to
AI ratios are expected for higher-lying doubly excited states
but preliminary results in Supplemental Material Figs. S3(e)
and S3(f) [45] cannot discern the expected resonance in the
EELþ ICD to PL ratio from the noise level.
To obtain more detailed insights into the ICD process we

recorded high-resolution electron spectra of the EELþ ICD
feature using the HEA. Figure 4(a) shows the average of 39
spectra recorded in the range hν ¼ 58.4–62.2 eV (black
circles) and a spectrum on resonance (hν ¼ 60.5 eV, green
triangles). Certain regions of the spectrum around 19 and
22.5 eV are clearly enhanced on resonance. This is con-
firmed bymultipeak fits consisting of the sumof 8Gaussians
to account for various final states populated either by impact
excitation by the photoelectron or by ICD. The peak widths,
except that for the 1s2sð3SÞ state, and the positions of the
three Gaussian functions within the dominant 1s2p peak
were fixed to fit the spectra for each energy, with their values
determined from the well-converged fit of the average
spectrum [individual peaks and fit residuals are shown in
Supplemental Material Fig. S3(a) [45] ]. For each state and
photon energy, the (EELþ ICD)-to-total-electron ratio in
Fig. S3(b) of [45] is computed to estimate the ICD fraction
and total counts; see Secs. II and III [45].
The ICD counts are presented in Fig. 4(b). The atomic

He� components do not contribute to the ICD counts and
are solely caused by electron impact excitation. The same is
true for the electron impact ionization component, see
Supplemental Material Fig. S3(c) [45]. Impact excitation of
a He� atom in a He droplet by the photoelectron mostly
occurs at some distance from the Heþ photoion (see [60]
and Sec. VII in [45]). In contrast, ICD produces a He�Heþ
atom-pair state at short interatomic distance given by the
spacing between neighboring He atoms in droplets. This
explains that ICD counts are exclusively observed for
He�Heþ molecular product states.
The relevant potential energy curves in this range are

shown in Fig. 4(c). The gray arrow indicates the range
of typical distances from 3.0 Å (most probable next-
neighbor distance) to 3.6 Å (average He-He distance in
He droplets) [58]. The decay from He�� to the lowest
lying 2 2Σþ

u and 2 2Σþ
g as well as a range of higher He�Heþ

states match the resonant regions in the electron energy
loss spectrum in Fig. 4(a). The large peak around 21.3 eV
consists mainly of nonresonant 1s2s and 1s2p-correlated

FIG. 4. (a) HEA high-resolution EELþ ICD spectrum. Black
circles are averaged over 39 spectra recorded in the hν ¼
58.4–62.2 eV range. Green triangles show a spectrum at
hν ¼ 60.5 eV. The solid red and dash-dotted brown lines show
the respective multipeak fits of a sum of 8 Gaussians. Shaded
areas indicate regions where He�� decays by ICD into states
shown in (c). Vertical dashed lines annotate atomic excitations
with values from NIST [59]. (b) Photon energy dependence of
the total ICD counts for excitation of different molecular and
atomic excitations. (c) Potential energy curves of He2 after
double excitation of one atom and excited states of the Heþ2
molecular ion. The color encodes different symmetries as
indicated by the labels. Horizontal dotted lines give the
asymptotes for excitation of distant helium atoms by inelastic
scattering. The gray area indicates the range of distances
between neighboring He atoms in He nanodroplets where
ICD takes place [58]. The potential energy curves (PECs) of
He��He states were taken from Ref. [41], while the PECs of
He�Heþ states were computed using the full configuration
interaction approach, as implemented in Molpro, with the
aug-cc-pVDZ basis set.
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atomic excitations which are shifted and broadened in
droplets [60] and thus overlap with the resonant 3 2Σþ

g and
4 2Σþ

u components caused by ICD. The higher lying
2Σ=1Π states can energetically mix; we refrain from a
more detailed assignment of states in this region due to
congestions of electron spectra and the limited accuracy
of the potential curves. Increasing photon energies favor
higher levels of excitation (see Supplemental Material
Fig. S3(d) [45]).
In conclusion, we have presented the first experimental

evidence for ICD involving a doubly excited atom. ICD
manifests itself as enhanced yields of He�Heþ atom
pairs and corresponding electron spectra at the Fano
resonance. From the droplet-size dependence we estimate
an ICD probability relative to the total ionization rate of
(3.2� 0.2)% in decent agreement with theoretical results.
Consequently, ICD competes with AI despite the ultra-
short decay time of the latter (530 vs 17.5 fs [20,21]). For
higher-lying doubly excited states, the ICD probability is
expected to further increase relative to AI [3]. As all
atomic and molecular systems possess doubly excited
states [17,18,62], this type of ICD could be relevant
in other systems such as water [15] and solvated metal
atoms [63,64]. In superexcited molecular systems, other
ultrafast processes open up (e.g., dissociation, proton
transfer), but ICD is an important relaxation channel,
e.g., in water clusters and in liquid water [65,66]. Thus,
ICD induced by double valence-shell excitation may
present a way to site-selectively deposit energy in con-
densed media such as biological tissue [12,67].
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