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0.1

Abstract

Helium nanodroplets are intriguing quantum fluid clusters with
unusual properties, able to pick up dopant atoms and molecules
via inelastic collisions. In case of multiple doping, embedded particles aggregate, forming molecules and clusters thermalized to the
droplet temperature of 0.4 K. In case of photoexcitation or ionization,
He nanodroplets undergo complex relaxation dynamics, that may
include: intra- and interband transitions, migration of excited atoms,
autoionization by forming He2+ molecular ions or charge hopping
dynamics of He+ “holes” inside the droplet. For doped He droplets,
Interatomic Coulombic Decay (ICD) or charge transfer ionization of
the dopants was found to be common.
The presented work is based on the results of eight experimental
campaigns carried out at the ’Elettra’ radiation facility in Trieste,
Italy, that are discussed in four published articles and three article
drafts attached to the main text.
The first article (Sec. 3.4) is dedicated to ICD in helium droplets
initiated by simultaneous ionization and excitation of a helium ion.
Inspired by finding the same type of process in He2 [39], this work
was supposed to study how the large number of neighbors influences the process. The second work (Sec. 3.7) main finding is a new
correlated electron decay process present for nanodroplets with the
size ≥ 105 . This process involves impact excitation or ionization of
the droplet medium by the initial photoelectron. The work includes
a Monte-Carlo trajectory simulation of the process. The subject of
the article presented in Sec. 3.8 is the inelastic scattering of photoelectrons in the nanodroplet after its photoionization, including
scattering on the nearest neighboring atom to the photoion. The
article in Sec.( 3.9) presents a new decay mechanism of intermolecular energy transfer discovered at double ionization of alkali dimers
ii

attached to He droplet. In the reported case it has the same or even
greater efficiency as a single ionization by energy transfer. The draft
in Sec. 3.10 presents the observation of electron transfer mediated
decay in the same system but in a different energy range. The studies
on charge exchange ICD in droplets doped with organic molecules
are discussed in Sec. 4.3, and the problem of the competition between
direct and charge exchange ICD mechanisms is touched in the draft
included in Sec. 4.3, which is yet at the stage of completion.
Being the result of enlisted studies the presented thesis contributes
to understanding various processes which take place upon helium
droplet photoexcitation or photoionization.

0.2

Resume

Helium-nanodråber er spændende kvantefluid-klynger med usædvanlige egenskaber, der er i stand til at blive dopet med atomer
og molekyler via inelastiske kollisioner. I tilfælde af doping med
flere partikler vil partiklerne aggregere og danne molekyler og klynger, der er i termisk ligevægt med dråbetemperaturen (0.4 K). I tilfælde af fotoexcitation eller ionisering gennemgår He-nanodråberne
en kompleks relaktionsdynamik, som kan omfatte: intra- og interbåndsovergange, migrering af exciteret atomer, autoionisering
ved at danne He2+ molekylære ioner eller spring af ladningi form af
He+ -”huller” inde i dråben. Interatomisk Coulomb henfald (ICD)
eller ladningsoverførselsionisering fra atomer/molekyler, dopet i
He-dråber, blev fundet at være almindeligt forekommende.
Det præsenterede arbejde er baseret på eksperimentelle resultater fra
otte eksperimentturer til ’Elettra’-synkrotronen, Trieste, der diskuteres
i fire offentliggjorte artikler og tre artikeludkast vedhæftet til hoviii

edteksten.
Den første artikel (Sec. 3.4) beskriver ICD i heliumdråber efter samtidig excitation og ionisering af helium. Ved at detektere den samme
type proces som i He2 [39], skulle dette eksperiment kontrollere,
hvordan det store antal af heliumnaboer påvirker processen. Den
næste del (Sec. 3.7) omhandler en nyopdaget proces for korreleret henfald af elektroner, der er tilstede i He-nanodråber med en
størrelse > 105 . Denne proces involverer excitering eller ionisering
af dråben ved kollision med den indledende fotoelektron. Afhandlingen inkluderer Monte-Carlo-banesimulering af processen. Emnet for
artiklen beskrevet i Sec. 3.8 er den uelastiske spredning af fotoelektroner i He-nanodråben efter dens fotoionisering, herunder spredning på den nærmeste nabo til fotoionen. Artiklen i Sec.( 3.9) præsenterer en ny henfaldsmekanisme for intermolekylær energioverførsel
opdaget ved dobbelionisering af alkalidimerer, der er dopet i Hedråber. I det rapporteret tilfælde har mekanismen samme eller større
effektivitet end den for enkelionisering ved energioverførsel. Udkastet beskrevet i sec. Sec. 3.10 præsenterer observationer af elektronoverførselsmedieret henfald (ETMD) i det samme system, men
i forskellige energiområder. Undersøgelser af ladningsudvekslingICD i dråber, der er dopet med organiske molekyler, diskuteres i
Sec. 4.3, og udfordringen i konkurrence mellem direkte ICD mekanismer og ladningsudvekslings ICD mekanismer er berørt i udkastet
inkluderet i Sec. 4.3, som endnu er under diskussion. De omtalte
resultater gør, at afhandlingen bidrager til forståelse af de forskellige processer, der finder sted efter heliumdråbe fotoexcitation eller
–fotoionisering.
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Preface

In the 20th century humanity was much better aware of the properties of gases than of condensed phase-liquids and solids. Hence the
idea to study clusters as a possibility to observe a gradual development of collective phenomena which characterize the bulk material
appeared, and obtained experimental implementation with technological progress in the 1960s. Cluster science developed along
several independent lines, one of which are Van der Waals atomic
and molecular clusters - weakly bound complexes held together
by van der Waals or hydrogen bonds. Unlike in purely molecular
systems where electron dynamics is limited to intramolecular processes, in some of the weakly bound complexes local excitations can
interact with neighbouring molecules leading to new intermolecular
relaxation mechanisms, for example an interatomic Coulombic decay
(ICD), predicted in 1997 [22]. A current opinion is that this type
of process is responsible for the cell damage by ionizing radiation
via DNA double strand breaks [10], which directly connects the
intermolecular relaxation mechanisms in such systems to the wide
field of radiobiology.
The phenomenon of superfluidity had been a hot topic long before
the time when cluster research became possible and its detailed
understanding was only possible by studying static and dynamic
properties of liquid helium at the microscopic level. Due to extremely
weak interatomic interactions, and the small mass, helium is the only
substance that doesn’t solidify but remains a liquid upon condensation down to the zero point of temperature at low pressures. It was
realized [90] that helium nanodroplets flying in vacuum can be used
as thermostats by dissolving external molecules, giving the possibility to probe them with high spectroscopic resolution, comparable to
the gas phase.
vii

Due to physical restrictions, building VUV and soft X-ray light
sources like synchrotrons, demands more effort than sources of lower
energy radiation. Modern, ultra-intense radiation sources, so-called
Free Electron Lasers (FEL), are able to produce strongly ionized
matter opening a fundamentally new possibilities. A promising
field is recording high quality diffraction images of individual nanoscale particles using single, intense short pulses of FEL. For example
in [87] a new phase retrieval technique is demonstrated, where
nanodroplet, that encapsulates an object, provides an approximate
scattering phase for the iterative image reconstruction.
Nowadays a large amount of experience on spectroscopy of doped
helium nanodroplets is acquired, opening possibilities to study more
complicated systems. For example a helium droplet would suit well
as a cryogenic matrix for organic molecule + water complexes and
studying the above mentioned radiation damage processes. The helium droplet medium can also be used for interaction with a dopant.
For these purposes one would need a light source in a ’Vacuum-UV’
range with high frequency resolution, as the excitation levels of helium lie too high for conventional light sources. The synchrotrons,
despite having much lower light intensity than FEL, fully fit this
purpose.
The experiments presented in this work were conducted at the
’Gasphase’ beamline of ’Elettra’ synchrotron, which is a source radiation in the range of 15eV - 200eV, with high energy resolution. This
range fully covers and goes above helium excitation and ionization
energies, and due to the low intensity of the radiation mostly only
single photon absorption events occurs, that allows only a single
photon ionization of a droplet this is a very suitable instrument
for studying intermolecular charge and energy transfer in helium
droplets.
viii

This work contains the results of several experiments, that were
devoted to photoelectron inelastic scattering in helium droplets, ICD
in helium droplets after He+ ion excitation, and ICD in doped nanodroplets leading to the dopant ionization. The structure of this work
includes the articles, published or near completion, which contain
even more extended discussions of the corresponding experimental
results.
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Chapter 1
Properties of He nanodroplets
1.1

Properties of pure He nanodroplets

Helium is an element with unique properties. Due to its closed
electron valence shell, the mutual interaction between He atoms is
extremely small, accompanied by an extremely low polarizability
and high ionization energy. Because of its high zero point energy,
He is the only element which remains liquid down to absolute zero
temperature at saturated vapour pressures [90]. Although the interactions between He atoms are week, they tend to form stable clusters
for all number sizes. The binding energy per He atom monotonically
increases from 1.3 · 10−3 K for the dimer to the bulk-phase value of
7.2 K for N ≥ 104 particles (1 K= 8.6 · 10−5 eV) [70, 86]. The term
’droplets’ is usually used for the large He clusters with N ≥ 103 4 He
atoms. In the ground state the 4 He droplets have a uniform density
everywhere except the surface region, their radii given by formula
1

R0 = 2.22 · N 1/3 Å. The particle density in the center of the droplet
is close to the bulk liquid value of 0.022 Å−3 [90].
Interpretation of experimental spectra usually needs simulations,
which get geometry of the system as an input data. Unlike other solid
clusters, where the geometries are fixed and the spectrum is determined by displacements along the appropriate normal coordinates,
He droplets are liquid and it is only possible to talk about probability
distribution. The atom-atom pair correlation function g(r ) for liquid
4 He is shown on Figure 1.1.b; it gives positional information about
the atoms in the droplet. If one picks an arbitrary He atom in the
cluster, there will be other He atoms nearby, with a distribution of
distances g(r ). The average He-He distance corresponds to 1.34σ,
where for 4 He, σ= 2.556Å is the distance at which the intermolecular
Lennard-Jones potential between the two particles has a minimum.
Though, the average interatomic distance is not the most important
for evaluating the observed photoelectron spectra, as shown in [66].
Only one of the He atoms in the first solvation shell is the closest,
and it will most likely be this atom which will play a main role in
affecting the energetics of processes.
The nearest-neighbor distribution nn(r) cannot be obtained from g(r),
as g(r) is an average of all the atoms, except that nn(r) should match
g(r) on the front edge, as at the shortest distances nearest neighbor
will be the dominant contributor. The nn(r) function shown in Figure 1.1.b was obtained from calculations in [66], using the average
density, and neglecting the surface of the cluster. The latter does not
affect the nn(r) significantly - the He density drops near the surface,
atoms are more widely spaced so contribute only to the tail of the
nn(r) distribution. The obtained nominal shortest He-He separation
is 2.1 Å, and the maximum in nn(r) occurs at 3.05 Å. The thickness
of the surface region, where the particle density falls from 90% to
2

Figure 1.1: Copied from [90] a) Dependence of particle density (PD) on
droplet radius (RD) for He droplet of 1000 atoms [8] b) Computed radial
distribution function, g(r), and nearestneighbor distribution, nn(r), for a
4 He droplet. Copied from [66].

10% of its bulk value (Figure 1.1.a), [8, 70] is theoretically predicted
to be about 6 Å, which is in good agreement with experiments [8,38]
[90].
Elementary excitations in a doplet [15] can be classified as either
volume or surface vibrational modes, according to the liquid-drop
model. The surface vibrational modes have low energy and cannot
have an influence on the dopant qualities, except the rate of atomic
evaporation from the surface, while the droplet propagates in the
vacuum. And volume vibrational modes are too high in energy and
are not excited at the low temperatures of the droplets.

1.2

Photoabsorption in He nanodroplets

One of the useful types of research conducted on He droplets is the
measurement of its fluorescence excitation spectrum (following infor3

mation is adapted from [45]). Electronic excitations in dense gases
show a direct correspondence to similar excitations in the isolated
atoms or molecules. Expected difference is that while the positively
charged core remains unaffected, any excited electron is perturbed by
the neighboring atoms, which leads to broadening of the absorption
lines. However, the mechanism of the excitation process changes
[80] fundamentally, if the particle density exceeds a critical value.
The spectrum of the dense gas in Figure 1.2.(c) shows clear similarity to the one of free molecules. All the peaks belong to the same
series of transitions from the 1s orbital into molecular states with
dissociation limit at atomic np states - one can see pronounced wings
on the high energy side of the position of atomic resonance lines.
The spectrum of large clusters (Figure 1.2.(b)) looks very different it shows several very broad (FWHM up to 0.55 eV) bands together
with the described sharp peak structure, that comes from atomic He
present in the beam.
Figure 1.2 shows fluorescence excitation spectra of extremely large
He droplets obtained by liquid jet fragmentation in panel (a), smaller
droplets, generated by expansion from gas phase in (b) (estimated
size N ≈ 104 atoms/cluster) and a fluorescence excitation spectrum
of dense He gas in (c) [34]. Below the ionization limit these spectra
correspond to the absorption coefficient.
Molecular transitions into excited states related to atomic 2s and 2p
states form the strong absorption bands A and B between 20.6 and
22.9 eV Figure 1.2.(c). These bands are also shifted 0.43 eV from
the energy of the atomic (1s → 2p) transition, due to the repulsive
interaction between the excited electron and the electron shells of
neighboring atoms. The absence of fine structure in the bands, together with the large width is a consequence of the large density
fluctuations in liquid He, and that nanodroplets do not have a well
defined sharp surface.
Band A is related to the 1s → 2s transition, which is dipole for4

Figure 1.2: EUV-induced
fluorescence spectra of He
droplets with mean atom
numbers N > 106 (a), N u
104 (b), and dense gas (c).
Adapted from [45].

bidden in the atom, but as a molecule it gains strength for small
internuclear separations. In the dense gas spectrum, it can be seen
at 20.6 eV as a narrow peak. Though, other absorption bands in the
energy range 23-25 eV have no clear atomic or molecular parentage.
Features D and E, associated with 1s2 → 1s3p, 1s2 → 4p excitations,
are more blueshifted than feature B, associated with 1s2 → 1s2p
excitations, possibly because of increased quantum confinement by
neighboring He atoms, as 1s3p, 1s4p wave functions are more ex5

tended. The excitation with even higher energy of 24.13 eV leads
already to fluorescence lines associated with the He2∗ excited dimer
[92].
In [49] the spectrum of bands in Figure 1.2 was reproduced using
a simple model in which quantum confinement of the excited electronic states decreases for atoms nearer to the droplet surface due to
the decrease of He density in the surface region.
Obviously electronic properties of liquid He are substantially different from that of the heavier rare gases. The exciton model that
describes electronic excitations in rare gas clusters is non applicable
to liquid He; the model of dense gas where the correspondence of
the spectrum to atomic states is still visible for small principal quantum numbers, have severe limitations for states with large principal
quantum numbers. Also, there are no signs of surface states, which
are quite pronounced in the heavier rare gases. It clearly indicates
that He droplets don’t have a well defined sharp surface.
Synchrotron photoionization experiments (Fröchtenicht et al) with
excitation to the bands B - E (Figure 1.2), in which photoions and photoelectrons were observed, detected the different trends from those
seen in the fluorescence measurements. For example absorption in
the 1s2p band, the most abundant in fluorescence spectrum, does not
give any significant quantity of photoelectrons. The photoelectron
production starts after the threshold of 23 eV, that corresponds to absorption into the 1s3p band [30]. One can conclude that the droplet
IP lies 1.6 eV below the gas phase atomic He IP, that equals to the
chemical energy released in the formation of He2+ products. In the
region between the droplet IP at 23 eV and the atomic He IP at 24.6
eV, the droplet photoelectron energy distribution is independent of
the photon energy, which points at indirect ionization.

6

1.3

Excitations in He nanodroplets

Historically the dynamics of liquid He was studied by bombardment
with charged particles. The excitation of He droplets was studied by
the bombardment with high kinetic energy electrons, for example in
[35] (this section contains the results form [35]). An interaction of
an electron with the liquid He medium is determined by the strong
short range repulsion between it and He atoms. In terms of energy,
it means the appearance of a conduction band, where an electron in
the undisturbed medium lies above the vacuum level by an amount
which depends on the local droplet particle density. At bulk liquid
density, its value was determined as 1.1 ± 0.1 eV - meaning that
an electron must overcome a potential barrier of this magnitude
to pass from the vacuum into the droplet medium. Also, (as was
experimentally shown in [93]), an electron in a He droplet tends to
pass (during 10−12 s. ) into a localized ’bubble’ state, which releases
1 eV to the thermal modes of the droplet.
The same type of behavior is observed for excited He atoms and
molecules [47] [85]. The mechanism of bubble formation is the following: The excitation has a form of a localized atomic or molecular
Rydberg state. Due to the Pauli principle, a Rydberg electron of
the excited state and the surrounding ground state He atoms have
repulsive interaction at intermediate distances. Therefore, the neighboring He atoms will be pushed away, so that a bubble grows until
the establishing of [64] equilibrium between the repulsive force and
the surface tension of the bubble. The excited He atom or molecule
inside the bubble interacts with the ground state liquid He weakly
and can remain for a long time in the highly excited states. Finally
it decays to lower excited states, causing emission in the visible or
near-infrared range. The emission lines are shifted and broadened
because of the He atoms perturbation around the bubble, which
7

Figure 1.3: Schematic diagram showing sequence of events following the
production and decay of two excitons in He clusters. Adapted from [35]
Stages: 1- Electron creates two triplet exitations, bubbles form; 2- He∗ exited
atoms trapped in surface well; 3- He∗ convert to vibrationally excited He2∗ ; 4autoionizing recombination on surface, ejection of small charged fragments

serves as an evidence for the existence of bubbles.
In [93], refering to the studies of electron bombarded superfluid He, it is noticed that in less than ≤ 1µs after the electron impact, both atomic He∗ (23 S1 and 21 S0 ) and molecular He2∗ (a3 Σ+
u and
A1 Σ +
,ground
vibrational
state)
are
formed.
Both
the
triplet
atomic
u
and molecular species quickly thermalize and form bubbles around
themselves, while the singlet excitations quickly decay to the ground
electronic state. The obtained triplet He∗ tend to combine with another neutral He atom, producing He2∗ in a highly excited vibrational
state. The He2∗ also forms a bubble, that provides isolation from surrounding liquid, so the relaxation to the ground vibrational state is
slow (≈30µs). During the relaxation, the vibrating molecule releases
the energy equal to the binding energy of He2∗ to the thermal modes
of the droplet .
Due to the negligible viscosity, metastable excitations propagate in
superfluid He along straight lines without noticeable attenuation.
The velocity of its motion calculated in [93] is around 7 m/s, which
is significantly below the Landau critical velocity (58 m/s). When
8

reaching the liquid-vapor edge, they can either evaporate or become
trapped in a weak attractive well (binding energy 10K) [35] (See
different stages in Fig. 1.3).

1.4

Ionization of He nanodroplets

He nanodroplets can be ionized for example by photons with energy
higher than the atomic He ionization potential. However a strong
ion and electron yield (Figure 4.1) is observed at the lower energies
because of droplet autoionization.
One of the electron impact excitation processes described in [35]
is the double excitation of He droplet by an electron with kinetic
energy above 41 eV. Once two triplet-excited atoms are created, they
form bubbles and move to the surface, where they are trapped in a
surface well. Every of the excited atoms will transform into a vibrationally excited dimer. If dimers approach each other, autoionization
happens, forming a positively charged cluster with He+ core. The
energy difference between twice the energy of excitation and that
needed for ionization, which is released after the latter, is enough
to evaporate almost the whole droplet, spent on the charged cluster
detachment.
The excitation to high energy levels may lead to the autoionization
of a He cluster [25]. The potential energy curves of a He2 and corresponding He2+ are shown in Figure 1.4. The solid arrows show the
process of direct vertical ionization - energy needed for ionization
is equal to the separation between the vibrational ground state of
the neutral dimer and the potential energy curve of the cluster ion at
the internuclear distance of the former. If the photon energy is lower
9

than the atomic ionization potential, the adiabatic value cannot be
reached directly.
The ionization of He2 can proceed in an indirect way, which needs
only the adiabatic ionization energy — the energy difference between
the vibrational ground state of the neutral dimer and the vibrational
ground state of the ion [55]. It proceeds though the excitation to
autoionizing Rydberg states followed by relaxation of the atomic
distance, loss of an electron leading to an ionized cluster, and charge
localization via a He dimer ion formation:
He N + e → He∗N + e → ( He2+ He N −2 ) + 2e + E →

→

Hen+

(1.1)

0

+ He N −n + 2e + E (n = 2, 3, 6)

From figure 1.4 it can be seen that the ionization of a He dimer is
characterized by a dramatic change of the geometry: the equilibrium
distance between atoms is shortened from 3.58 Å in the case of the
neutral dimer to 1.08 Å for the dimer ion. Another difference is the
binding energy of the cation (2.35 eV) which is much larger than for
the neutral (0.11 µeV). Hence it is expected that the adiabatic ionization energy for the dimer will be lower than that of the monomer by
an amount equivalent to the binding energy of the He2+ , which gives
22.2 eV. This mechanism is only possible if the cluster radius does
not exceed the orbital radius of the Rydberg electron.
Another feature that is often present in photoelectron spectra is electrons with extremely low kinetic energy (< 1 meV), referred to as
‘zero electron kinetic energy’ (ZEKE) electrons, and it is considered
that they originate from the formation of electron bubbles in the
droplets. This was also shown for example in [50] [49].

10

1.5

Charges in He nanodroplets

Positively charged species inside a liquid nanodroplet have low mobility. This is a consequence of the formation of a charged cluster,
called ’snowball’. The formation of snowballs is made possible by
combination of electrostrictive attraction [59], [58] and shortrange
repulsive exchange forces [24]. The electrostriction locally compresses the He shell to high pressures, so the ’snowball’ must be
considered a solid structure that surrounds the positively charged
center. The ’snowball’ formation starts from the formation of a He2+ ,
which takes time, as it involves nuclear dynamics (He2+ and He2
interatomic distance difference). During the dimer formation time
an electron from another He atom may tunel to the ion, neutralizing
it, so the positive charge ’hops’ to the neighbor atom. The competition between the resonant charge transfer and ion-induced dipole
interaction continues until the charge is self-trapped. From a classical
model, the mean free path for charge hopping was calculated as 34
Å, and on average the charge undergoes 11 hops before self trapping.
The mean time between charge transfer events is around 20 fs [36].
On this timescale the atomic nuclei move only little, since initially
the atoms are located on a flat region of the potential energy curve,
see Figure 1.4. The energy released during snowball formation was
estimated [35] to be 0.5-1 eV. Same as vibrational energy of He2+ ,
released during snowball formation, it is dissipated into the droplet
medium provoking evaporation of a few hundred atoms the droplet
and can push the newly formed ’snowball’ out from the droplet
medium.
Another process that follows the electron impact ionization is described in [35]: The external electron ionizes a He atom in the droplet,
spending all its kinetic energy. The electron forms a bubble state and
recombines with He2+ after it relaxes to its lowest vibrational state,
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forming the He2∗ in its lowest vibrational state.
Another reaction sequence proposed in [72] presumes two external
electrons each creating an excitation, and one of the electrons loses all
kinetic energy and forms an anion He∗− . Ionization after He∗− and
He∗ interaction leads to emission of one He ion and two electrons.
The negative charge carriers in He nanodroplets were studied for example in [56], where the formation of excited atomic and molecular
anions in droplet medium was studied. In the described experiment,
the external electron penetrates the surface of a droplet and excites a
ground state atom to the first excited state, losing almost all kinetic
energy and forming a bubble around itself. Attractive charge-dipole
induced forces (as He∗ is much more polarizable than ground state
He), make He∗ combine with the electron and form a He∗− anion,
which also forms a large bubble around itself. The He∗− anion has
a high mobility inside the droplet. Other phenomenon described
in [72] is autoionization of He droplet, which proceeds the following way: He∗− is formed by an incident electron, another incident
electron forms second He∗ atom, He∗− moves toward He∗ , Penning
ionization takes place on the surface, as He∗− is heliophobic; the
large excess energy liberated in the Penning reaction is enough to
eject He+ from the droplet. Among other types of processes [78], is
double ionization of iodine atom from CH3 I dopant molecule, after
the formation of two excited He atoms in the droplet. Ionization
of iodine atom happens in two sequential Penning-like ionization
processes.
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Figure 1.4: Energy level diagram for the ground and
excited states of the He
dimer, adapted from [35].
The lifetimes of some of the
metastable atomic states of
the free species are indicated at the right. Orange
arrows - direct vertical ionization, blue arrows - indirect ionization. Green arrow - 1s2p1 P excitation.

An important experimental method used for He droplets studies is femtosecond pump-probe photoelectron (and photoion) spectroscopy. In [97] it is described how the energetic structure of He in
different locations of the droplet can be studied. The distribution of
the average particle density in the droplet was discussed in Sec.1.1 near the surface it can be described as isolated atoms, and in the bulk
it acquires the density of liquid He. In simple terms, assuming that
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all states are localized, it can be said that excitation energies increase
accordingly with increasing depth starting from atomic values at the
surface to 0.5-1 eV blue-shifted values in the bulk - see Figure 1.5.b.
The depth-dependent blueshift of the energy levels in the narrow
surface region (< 10Å) results in a steep potential energy gradient,
that creates a force pushing excited atoms out of the droplet. Electronic energy of the blue shift of perturbed states is converted into
kinetic energy of the ejected excited atoms.
The interband relaxation was also observed in [97]. After a droplet
is excited to 3p or 4p band by pump pulse, it can undergo relaxation
to a lower lying 1s2p state after an average time of 360 fs. This is an
order of magnitude shorter than the lifetimes of these states in an
isolated atom. The reason why such quick relaxation can occur may
be that for short internuclear distances potential curves of n = 2 and
n = 3, (n = 4) have a crossing, that opens a way to efficient transfer
of the population from the upper to the lower droplet band during
He+He∗ collisions within the droplet.
Interband relaxation was also observed after 1s2p excitation - see
Figure 1.5.a. After the excitation to the 1s2p droplet state (purple
arrow), internal conversion happens in less than 1 ps due to level
crossings at short interatomic distance (see Figure 1.5.a) following
the pathway indicated by the orange dotted arrows. The local environment rearranges to accommodate the newly formed 1s2s excited
atom, and a part of the He∗ stabilize by forming He2∗ excimers.
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Figure 1.5: a- Potential curves of the singlet-excited He2∗ dimer correlating
to the 1s2s1 S and 1s2p1 P atomic states. The vertical straight arrow indicates
the pump laser pulse, the dotted curved arrows indicate the droplet relaxation pathway. Copied with permission from M. Mudrich [4]; b- Schematic
of band structure and Rydberg atom ejection trends near the surface of
large He nanodroplets. Excitation energies of localised, atomic-like states
increase with depth starting from approximately isolated atom values at
the surface to strongly (≈1 eV) blue-shifted values in the bulk. The downhill energy gradient from the inner to the outer surface regions results in
an outward radial force that leads to the ejection of Rydberg fragments.
Adapted with permission from O. Kornilov.

1.6

Dopants in He nanodroplets

The pick-up cross section is close to the geometrical cross sections
of the droplet, which can be of the order of 5000 Å2 or larger. This
means that a vapor pressure of about 10−4 mbar, which was typical
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in the experiments, presented in this work, is sufficient for picking up a single particle or several particles. Even species with low
volatility, for example, amino acids [54] or metals can be successfully embedded. For simplicity the decrease of the droplet size upon
pick-up events can be neglected. Then, in the approximation of the
constant pickup cross section, the probability for a droplet to pick-up
k particles is given by a Poisson distribution [90]:
Pk (z) =

zk
exp(−z).
k!

(1.2)

Here, z is the average number of collisions between the droplet and
dopant particles, which may end by capture of k particles by the
droplet [89]; it is easy to estimate from geometrical calculations as
for the ideal gas (applicable here as the concentration is low):
z = π · R2droplet · Lcell ·

Pdopant
k·T

Here the droplet radius Rdroplet - can be estimated as

(1.3)
q
3

N

4
3 ·π ·n

, where

N can be found in Table 2.1 for the given nozzle temperature, and
n = 0.022 atoms
, as described earlier in the text.
Å3
Lcell is length of the doping cell (in the presented setup it equals 8mm),
Pdopant is dopant substance partial pressure. Measuring the dopant
ion signal depending from the droplet size gives significantly different results, than the one predicted by the poissonian statistics in
Formula 1.2. For multiply doped droplets, the agreement is even
worse than for single doping. Figure 1.6.a-b shows the theoretical
doping curves according to poissonian statistics and the experimentally measured doping curves for potassium clusters. Interpreting
the measured signal with Poissonian statistics for picking up single
atoms one by one during the flight through the doping cell neglects
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Figure 1.6: a) Theoretical doping curves according to the Poissonian statistics; b) Experimental doping curves of potassium clusters detected by
means of multiphoton photoionization with an ultra-short laser pulse.
Adapted from [20].

the next important aspects [20]:
1.The droplet sizes at certain nozzle conditions are distributed in
a wide range; this issue can be solved with the convolution of the
droplet size distribution.
2.Every pick-up collision makes the droplet shrink, as the kinetic
energy of dopant atom, as well as the binding energy of the dopant
species to a dopant cluster is dissipated into the droplet medium
and released by the evaporative cooling process. Droplet shrinkage
means a decrease of the scattering cross section and the probability to collect additional particles is reduced. The average kinetic
energy dissipated by the droplet after collision is given by the relative velocity of particle to the droplet. It can be taken into account
by multiplying
s z, the average number of picked dopant atoms, on
coefficient:

hv2droplet i+hv2dopant i
hv2droplet i

, where hv2droplet i and hv2dopant i are the

mean square velocities of the He droplet beam and dopant atoms,
respectively.
-During the collision, the momentum of a dopant particle is also
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transfered to the droplet which makes it deflect from the beam axis.
If due to deflection the droplet misses the interaction region, the
signal from it is not registered. This effect depends on the geometry
of the experiment - distance between pick-up and interaction region
and size of the interaction region.
-Dopant clusters that are already bound to the surface tend to desorb after formation by releasing their binding energy. For example,
for the doping with alkali metal, it is important to understand in
what spin states the resulting molecules and clusters are formed.
It was experimentally shown that among molecules that sit on the
droplets’ surface, the molecules which have all spins of the valence
electrons in parallel are more likely to be formed because the binding
energies which must be dissipated upon cluster formation are much
lower. The best model is considering that the desorption probability
is proportional to the ratio of energy released by this process and the
binding energy of all He atoms located at the surface of the droplet.
The interaction of a dopant species with a He droplet strongly depends on the structure of the latter. Integrating the dopant particle
into the droplet structure costs energy, which can be roughly estimated as energy spent by removing the fluid out of a cavity with
radius R, for where the impurity will be accommodated. It must also
be multiplied by σR2 , where σ is the surface tension coefficient. The
energy gain is estimated as the number of atoms in the range of the
pair potential ρ R3 multiplied by the interaction energy - e, where ρ
is the number density of the fluid. The ratio of energy gain to energy
cost is proportional to the parameter proposed by Ancilotto [7]:
λ=

ρ ed r m
21/6 σ

(1.4)

where ρ is the He number density, ed is the potential depth of the
He–dopant diatomic interaction, rm and equilibrium separation of
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He and dopant atoms, and σ is the surface tension. The value of
λ for a He atom is 1.9; different dopant species can be classified as
either heliophobic, when λ is lower than this value for liquid He,
and heliophilic where it is higher. For example, alkali atoms are
prime examples of species that are heliophobic, due to the very weak
low-range interaction between alkali-atoms and He atoms. They
tend to locate at the nanodroplet surface, and the surface is distorted
around the dopant atom forming a type of a dimple - see Figure 1.7.
Molecules or rare gas atoms are heliophilic. The simulation by density functional theory methods allow to build the droplet particle
density distribution depending on the position of a dopant atom
inside the droplet. In [67] the simulation of a Xe-doped droplet
demonstrated that the xenon atom forms shells of higher density
around itself, so the density in the first shell is 2.6 times higher than
the bulk droplet value (see Figure 1.7.b). Figure 1.7.c-d shows the
density distribution for a rubidium doped droplet: the alkali-metal
atom is bound to He via weak van der Waals forces, but it causes a
significant irritation of the He density due to the electron repulsion.
The density profile also shows the dimple on the droplet surface, a
typical phenomenon for heliophobic dopants.
Owing to the superfluid state of the droplets, these embedded particles are free to move within the droplet and within a short time
(presumably t = 10−8 − 10−10 s) coagulate to form a single large
complex, or in some cases - several smaller complexes [53].
When a He droplet that contains a captured particle is ionized, the
following processes take place [55]: He+ is created in the cluster.
The positive charge migrates through the cluster, localizes either on
the dopant atom, or couples with another He atom forming He2+ ,
as was described earlier. Any of these processes terminates charge
migration and the excess ionization energy is spent on cluster fragmentation. He2+ binding energy is enough to divide the droplet
into fragments, but if the charge finds a dopant atom before He2+ is
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Figure 1.7: a) He density distribution of a Xe-doped and Rb-doped droplets
with N=500. The color coding of the contour plot (left) is scaled to the bulk
density value of 0.02185 atoms per Å3 . b) The radial density distribution of
a Rb- and Xe-doped droplet (right, blue) is compared to the results obtained
for the singly doped Rb–He500 (black) and Xe–He500 -droplet (red). Adapted
from [67].

formed, the amount of energy released at the charge transfer will be
even more significant. The simulations from [21] for He droplets
doped with argon, has shown that the average probability of charge
transfer after every He+ hop. The simulated average hopping time
for the positive hole in the cluster is 20 fs. This gives a mean time for
charge transfer from He+ to the Ar dopant of 60–80 fs.
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Chapter 2
Experimental methods
2.1

Droplet sources

Macroscopic droplets of He, which appear as a fog upon rapid
Joule–Thomson cooling of the gas, were first observed about 100
years ago [88]. Today He droplets are produced in free jet expansions, mostly of gaseous He, but research is also made on expansions
of liquid He. He-droplet production in gas expansions was first
demonstrated by Becker et al. in 1961 [9]. Beams containing He
droplets with between several hundred and 104 atoms are produced
today by expanding the gas at a high source pressure P0 =20–100 bar
and a low source temperature T0 =5 - 20 K, through a tiny nozzle of
several microns diameter or a narrow thin-walled orifice into vacuum (Figure 2.3.b) [17, 18, 64, 90]. An alternative to continuous flow
nozzles are pulsed nozzles - electrically controlled pulsed valves
which have a flux within the pulse orders of magnitude higher than
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the flux of continuous droplet beams. However, if the pulse length
lies between 20 and 100 µs and the repetition rate is below 1 kHz (to
avoid nozzle local heating due to the dissipation of electric power),
the gas load is significantly reduced compared to that for continuous flow operation, which means much lower requirements for the
nozzle chamber pumping speed. The pulsed nozzles are especially
advantegeous for experiments with pulsed lasers at low repetition
rate, so that light pulses are matched with the opening phase of the
nozzle valve. The other peculiarity of the pulsed flow is that due to
velocity dispersion, the droplet size distribution within one gas pulse
is inhomogeneous, which may be a disadvantage or an advantage
for certain types of experiments.
All experiments in the present work were performed with a synchrotron light source. The light intensity of a synchrotron pulse is
much lower than that of a short laser pulse, and its pulse to pulse
distance is only 2ns. Thus in order to obtain a reasonable data acquisition speed, the only possible choice was the continuous mode of
operation with a continuous flow nozzle.
In the usual mode of operation, called “subcritical” expansion
(see (Figure 2.2)- bottom) [90], it is assumed that the initial state
in the source is well within the ’gas’ region of the phase diagram
(Figure 2.1). [17] The expanding He gas in the jet is adiabatically
cooled while the point that represents its state is moving along isentropes in the phase diagram to the final ambient temperatures and
pressures well beyond the vapor–liquid phase transition. As a result
of the cooling the gas starts to extensively condense into droplets
(Figure 2.3.b). In the further course of the expansion, at distances of
about 1000 orifice diameters from the source, collisions among the
expanding atoms gradually go down and finaly the beam consists
of a mixture of He atoms and droplets [17, 18] (Figure 2.3). In the
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Figure 2.1: The pressure–temperature phase diagram of 4 He. Dashed
lines show typical supercritical (upper) and subcritical (lower) expansion
isentropes. Adapted from [90].

vacuum environment the droplets undergo further evaporation until
they cool down to the level of T=0.4K [90].
Alternatively, in the “supercritical” regime (Figure 2.2-top) the initial
state of expanding He is in the ’liquid’ region of the phase diagram
and the expansion isentrope crosses the coexistence line from the
liquid side (Figure 2.1).
In the experiments presented in this work, the He gas pressure at
the nozzle was always kept at 50 bar. The nozzle temperature could
be changed from 40 K, so that the droplets are no longer formed in
the He jet, and down to 7 K, where after leaving the orifice liquid
He fragments are split into large droplets as a result of cavitation.
For the main part of our experiments, the nozzle temperature was
kept at 14 K, which corresponds to 10000-12000 atoms per droplet for any lower temperature, the average droplet size becomes hard to
control. The droplet size-temperature dependance, averaged over
different sources [31] is shown in Table 2.1
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Table 2.1: Droplet size dependance from 5µm nozzle temperature (50 bar)

Nozzle
Average number Approximate
temperature,
of atoms in
droplet
K
a droplet
radius, Å
7.3
16800 ·106
5671
6
7.8
1430 ·10
2495
8.2
308 ·106
1495
6
8.8
59 ·10
862
6
9.5
9.6 ·10
471
10.9
5.3 ·106
386
6
12.2
1.8 ·10
269
12.9
325000
152
13.6
63900
88
14.3
14000
53
15
8100
45
16.3
2400
30
17.7
2800
31
19
4500
37
21.5
2670
31
24
1480
25
28
700
20
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Figure 2.2: Overview of the mean number size ( N̄4 ) and liquid-droplet
diameters (DD ) of He droplets formed in different types of continuous
modes of jet operation. Adapted from [90].

The droplets are doped when the droplet beam is passing through
a pick-up cell filled with the vapor of the dopant substance. Lowvapor-pressure species, such as metals or large organic molecules,
are sublimated in a heated cell. The concentration of dopant vapor
can be estimated like for an ideal gas, see Formula 1.3. The dopant
partial pressure in present setup equals to the chamber pressure,
k is the Boltzmann constant and T is the temperature of the oven
containing the dopant substance, measured constantly during the
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Figure 2.3: Schematic representation of the processes leading to the formation and subsequent cooling of He droplets in a gas expansion. Adapted
from [90].

experiment with a Cr-Al termocouple wire.

2.2

Synchrotron radiation

Although the technically simplest experimental method to probe the
droplets is bombardment with charged particles, the universal instrument for studying such systems is a photon source. Synchrotron
beamlines operate in a broad energy range, that covers UV and VUV
light - unachievable for common lasers, with the possibility to vary
the light frequency with λ/δλ ≈ 10000 precision in the whole range.
This is an especially important characteristic for experiments with
He clusters, because of the high He excitation energies and ionization threshold. Obviously, synchrotrons (except Free Electron Lasers)
can’t compete with coherent light sources in the pulse length, but
that doesn’t play a role if it is used as a constant radiation source.
The foundations for the production of synchrotron radiation were
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Figure 2.4: a) Emission characteristic of a highly
q relativistic particle, that
2

moves on a circular path with speed v. γ1 = 1 − vc2 is a Lorentz-factor,
where c is the speed of light, adapted from [2]. b) Schematic structure of an
undulator with N segments, with formulas for the opening angle and the
bandwidth, adapted from [77]. c) The structure of a typical synchrotron,
adapted from [76].

independently developed by Veksler and McMillan in 1944 and 1945
[57, 91]. Since then, many synchrotrons have been built (ELETTRA,
CERN, DESY, et al.) and are being further developed so that electron energies of several GeV can be achieved. The high energies
are possible by means of a ring accelerator in which the electrons
pass through an alternating electric field and are held in the ring
by adjustable magnetic fields. In order to have sufficient intensity
in the beamline, modern synchrotrons have so-called undulators
or wigglers (Figure 2.4.b). For the relativistic speed of electron the
energy of radiated photons is very high, that allows to apply this
phenomenon to spectroscopy in the UV range up to the X-ray range.
Another advantage is the large spectral width of the radiation, with
suitable monochromators it is possible to tune the photon energy
over a wide range.
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In synchrotron storage rings electrons have a constant total energy
and by magnetic resonance emit radiation. For this purpose, the electrons are first pre-accelerated in a linear accelerator, and the energy
loss due to the radiation in the undulators is compensated on the
straight lines by an alternating electric field.
New electrons are constantly supplied into the ring, as electrons
scatter on atoms of residual gas or interact with inhomogeneities
of the magnetic field, so a certain number of electrons constantly
leaves their trajectory and is lost, colliding with the wall. Focusing
optics (Figure 2.4.c), like electrical and magnetic lenses, stabilizes
the particle trajectories, and in the same time an ultra-high vacuum
(P < 10−7 mbar) must be prevailed inside the entire storage ring.
According to classical electrodynamics, the accelerated electrons
always emit part of their energy as electromagnetic waves (Figure 2.4.a). Since the acceleration in the case of undulator always
acts perpendicular to the direction of motion, the emission characteristic corresponds to that of the Hertz dipole. The radiated power can
be calculated in the non-relativistic limit using the Larmor formula:
P=

e2 · a2
6πe0 c3

(2.1)

where e is the elementary charge, e0 is the electric field constant, c is
the speed of light and a is the acceleration. However, in synchrotrons
electrons are accelerated until they almost reach the speed of light,
so for radiated power Pemit the relativistic calculations must be made,
which will change the radiation diagram, making it extremely asymmetric and much narrower (Figure 2.4.a). For a storage ring with
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radius R and electrons of the rest mass m0 and energy E.
Pemit =

E 4
e2 · c
(
)
2
6πe0 R m0 c2

(2.2)

The width of a light pulse is essentially determined by the length of
electron bunches. For the Elettra synchrotron light, the actual pulse
length is δt = 130 · 10−12 s.
An undulator is a sequence of magnets of alternating polarity. These
are mounted in the straight parts of the storage ring and force the
electrons on a fast oscillating path. In (Figure 2.4.b) (a) the schematic
structure of an undulator including the electron trajectory and the
emitted light is sketched. Similar to normal deflection magnets of the
storage ring, each magnet of the undulator produces highly focused
radiation in the direction of the electron motion. Waves generated by
all the electrons
superimpose and the beam opening angle becomes a
√
factor 1/ N smaller (N is the number of magnets in the undulator).
At the same time, the relative spectral width is reduced by a factor
of N1 . It is possible to shift the spectral maximum of the radiation
by varying the distance between the poles of the magnets of the
undulators. For many spectroscopy experiments, it is important
to have as monochromatic light as possible – for that purpose the
generated light passes through a monochromator. The light beam
passing through the entrance aperture is directed to a grid via a
mirror, which reflects the light, splitting it by the wavelength and
sends it through an exit aperture. The grating is rotatable so that the
wavelength of the light passing through the shutter can be adjusted.
Since the monochromator should work over a large wavelength
range, there are some difficulties. There are no mirrors that have a
sufficiently good reflectivity for the high photon energies, so only
grazing incidence on the mirror reflects sufficient light intensity.
Also, diffraction gratings do not exist for the entire wavelength range
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Figure 2.5: a) Schematic structure of a ’Gasphase’ beamline at ’Elettra’
synchrotron, adapted from [5] b) The transmittion diagram of a 0.2 micron
thick tin filter (by The Center for X-Ray Optics in LBNL), from [1].

that a synchrotron generates, but it is possible to change the grids and
thus cover the whole area. The schematic image of ’Gasphase’ beamline of ELETTRA synchrotron in Trieste [11] is shown on Figure 2.5.a.
The monochromator of this beamline has an energy resolution of
E/δE > 10000 a photon energy range of 13.5-900 eV, stable spot size
and high flux. The branch line where all the experiments presented
in this work were conducted, can receive the light in the energy
range 17-200eV. The light source of the beamline is an undulator
of period 12.5 cm in the Elettra storagering; The lowest photon energy produced with the ring running at 2 GeV is 16 eV. It should be
noted, however, that especially at low energies (below 20eV) there
is a non-negligible amount of higher-order light which can only be
suppressed by a filter. The 200 nm thick tin filter has a transmission
window at 19-23eV (Figure 2.5.b) , which corresponds to the lower
exited states of He, and matches the energy range, used for studying
Penning ionization of various dopants, significantly reducing the
ionization of He atoms by higher harmonics of synchrotron radia-
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tion. The source chamber with the constant flow nozzle for droplets
generation is constantly located on the ’Gasphase’ beamline, being
used in the present setup.

2.3

Experimental setup

The schematic drawing of the experimental setup and the scheme
of the similar apparatus which is currently under construction can
be seen in (Figure 2.6.a-b). He nanodroplets are created by He expansion from a cold nozzle into vacuum. This happens in the Source
chamber. The gas pressure in the nozzle during experiments is 50
bar. To ensure that the nozzle orifice (diameter: 5 µm) is not blocked
before the experiment, He is continuously flowing through the nozzle with at least 4 bar pressure. Only 99.9999% purity He is used
for low nozzle temperatures, in order to prevent nozzle blocking.
The He jet flows to the next chamber through a skimmer. Its small
diameter of only 0.4 mm ensures that non-condensed He at the edge
of the jet can’t get into the next chamber.
The doping of the He droplets proceeds in the second chamber with
vacuum quality of approximately 10−4 − 10−7 mbar, depending on
the required doping pressure. Doping is achieved when the He beam
passes through the dopant gas, in case of gas doping, or vapor, in
case the dopant is solid at room temperature. In the latter case the
crucible with dopant is been radiatively heated to a temperature to
obtain the required vapor pressure. In order to carry out reference
measurements without He droplets, a ’beam chopper’ is additionally
installed in the chamber. When the ’chopper’ is closed the He jet is
blocked from going further, and only background He gas comes to
the detector chamber (including the dopant substance).
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Figure 2.6: The principal scheme of He-droplet experimental setup (top,
adapted from [16]) and the overall drawing of the setup, built for the
ASTRID-2 AMO beamline (adapted with permission from M. Mudrich).

In order to ensure the same conditions for the measurements with
open and closed chopper, the measurements were carried out while
the chopper is constantly rotating with a frequency ≈ 60 turns/second.
The chopper position signal is coupled with the detection software,
that allows to record all the experimental data for ’background gas
only’ (includes dopant vapour and chamber remaining gas), with
exacly the same timings as the data with open He jet. Subtraction of
these two signals gives the signal from He jet only, as if there was no
background gas in the chambers.
The doping chamber is connected to the reaction chamber through
a 3 mm skimmer. In the reaction chamber, the interaction of the
synchrotron light with the droplets takes place, the pressure here
must be ca. 10−8 mbar to achieve reasonable data quality.
After the ionization process, ions are directed by the electric field, to32

Figure 2.7: a) The schematic drawing of velocity map imaging principle, b)
obtained image after Abel inversion. Adapted from [27].

wards a time-of-flight mass spectrometer (TOF), while the electrons
fly to a delay line detector (DLD). Since the electrons are produced
during photoionization, this defines the modules of their velocity
vectors v~0 ; the directions of these vectors must be distributed symmetrically around the axis of the light beam. Positions of all the
electrons in every moment of time after ionization event, would
form an expanding sphere (so-called Newton’s sphere) (Figure 2.7).
Obtaining the radius of this sphere would mean obtaining the initial
velocity of the particles and would allow to build their kinetic energy
spectrum. The 2D image recorded by delay line detector can be
recalculated into a 3D ’Newton’s sphere’, through the inverse Abel
transformation [14]. For this purpose, it should be assumed that
the polarization vector of the synchrotron light is directed along z
axis.p
This results in a cylindrically symmetric function f (r, z), where
r = ( x2 + z2 ), which represents the mentioned ’Newton’s sphere’.
Using the distribution, recorded on the two-dimensional detector
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p(y, z) one gets:
1
f (r, z) =
π

Z +∞ d p(y, z)
dy
r

p

y2 − r 2

dy

(2.3)

The detector (Figure 2.8) can be visually divided in two parts: the
part for velocity map imaging and the part with a field free space,
where the time of flight ion measurements can be taken. The cluster
beam-light beam intersection point is marked on image as a red dot.
Electric potential gradient directs negatively and positively charged
particles to the oposite sides of the construction. In this example,
we consider that electrons are directed to the velocity map imaging
detector, and ions - to the time of flight mass spectrometer.
The important element of the VMI technique is the electrostatic
lens, which consists of three ring-shaped electrodes. The lens for
electrons has positive potentials on the side ”rings”, and ground potential on the central one. The electric field configuration focuses the
electrons of certain initial velocity in a certain focal point, which lies
on the axis of the detector. The proper position of the detector plane
will give the best possible resolution in a certain electron velocity
range. Behind the lens, the channel plate is located. The voltage,
applied to the surfaces of the plate, provokes a chain reaction, accelerating all secondary electrons, knoked out from the surface of a
channel by the initial photoelectron. A mesh, located on the edge of
electrostatic lens, allows to apply an additional accelerating voltage
to the charged particles, before they interact with the channel plate.
This makes sense in case of ion VMI, if ions are initially too slow to
kick out secondary electrons from a channel plate.
In the presented configuration, the ions fly though the electric field
isolated region, created by a pair of meshes on a ring-electrode. In
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Figure 2.8: The scheme of the electrodes of VMI-TOF detector setup (top),
and the schematic diagram of electric potentials inside the detector. The
electrode voltages are configured for recording the electron velocity map
(Adapted with permission from R.Richter).

the end, ions interact with another channel plate, to multiply the
signal current. Behind the plate a flat anode is installed, which
receives the ”shower” of secondary electrons, turning them to a current pulse. On the VMI side, the electron ”shower” interacts with
a crossed delay line detector. In every of the two perpendicularly
oriented wires it invokes two current pulses moving along the wire
in opposite directions. It means that every photoelectron causes a
current pulse in each of the four contacts of the delay line, and by
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time delay between the pulses one can reconstruct precisely position
of the electron impact, as the length and resistance of the delay line
wire are known with high precision. Due to electronic noise, pulses
produced by electrons can have different amplitude. Due to this, it is
important to use constant fraction discrimination for recording the
time of the pulse appearing, in otherwise the electron velocity image
will be absolutely unreadable.
Using the THR02 - Time-Digital converter (manufactured by Elettra
Synchrotron Facility), connected to a personal computer, one can
observe the overall electron velocity map image in real time regieme
(Figure 2.9). Also, the data packets with detection time of all four delay line signals are transfered to the AM-GPX module by ”ACAM”,
which is responsible for data aquisition.
On the opposite side of the detector, current pulses created by the
photo ion also pass the discriminator. The constant fraction method
is not important here, as it deals with independant single pulse. The
generated pulse passes through the electronic logics scheme, where
it is split in three branches, two of which are merged with ”chopper”
output signal by the ”AND” logic element. As a result, one of three
channels just transmits the initial pulse, other one gives pulse only
when the chopper is in ”open” position, third one - only if chopper
is in ”closed” position. This is important for further analysis and
subtraction of background signal and separating the signal from
cluster beam. Three ’ion channels’ are also connected to GPX module. The latter one is attached directly to PCI card, mounted in the
computer. That computer operates only with GPX data, saving it
in .mat file format, prepared for processing by Matlab. The files are
transfered to the user computer by fast Ethernet cable, and stored
there. This scheme is built to guarantee the better reliability and
faster interaction of the computer with GPX module.
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Figure 2.9: Scheme of the electronics used for PEPICO.

2.4

Data evaluation

PEPICO (Photoelectron-photoion coincidence) technique is used to
obtain and evaluate photoelectron images, for only that electrons,
which came together with certain sort of ions. A simplified scheme of
the setup can be found in (Figure 2.9. The data acquired during the
experiment is an array of current pulse characteristics - the precise
timing of certain pulse and the the electrode, where the pulse was
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registered.
Here is a bit more extended descriptions of algorithms, which are
applied to the recorded data in order to convert it to an array of
’events’ - electron and ion (few ions) coincidence.

Figure 2.10: The schematic representation of data systematization and
visualization routines.

The data recorded as described in previous paragraph, is stored
on the hard disc of the computer. Data file contains a data structure
with several array fields, the most important of which are: ’channel
number’ and ’time’ and ’tick number’ - they all have equal length,
which corresponds to the number of recorded events (signals). The
’tick number’ is just a time stamp which helps to devide data file
into equal parts. The ’time’ array contains the time (in system ticks,
which can be converted to picoseconds) of registration of every signal pulse. The ’channel’ array has the channel number for every
signal: four channels are reserved for two delay lines of the delay
line detector, and using time intervals between signals from at least
three of them, from the single event, one can localize the electron
colision with the detector. Three remaining channels are reserved
for ions, which are detected after passing the time-of-flight detector.
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Figure 2.11: Electron kinetic energy spectra, electron-ion coincidence event.
An array of x,y- coordinates of all electrons that were recorded in coincidence with a certain ion (a) forms a velocity map image (b). After the image
aspect ratio correction and inversion the electron kinetic energy spectrum
(c) is obtained.

The electrod (channel plate), which collects ions, is merged through
the ’AND’ and ’AND NOT’ logic devices with the chopper position
detectror, that allows to record every ion with one of three flags:
’chopper open’, ’chopper closed’, ’chopper undefined’(if it is right
in between ’fully opened’ and ’fully closed’ positions). Every flag
corresponds to one of three channels, reserved for the ion signals.
The data processing is based on a core function, which receives three
abovementioned arrays, and returns the ’coincidence event’, found
by forward or backward search. The main program steps through
the ’channel’ array, searching for any ion channel. For example, certain member of an array has channel number, which corresponds
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to one of the ion channels. The ’coincidence search core’ function is
initiated - it’s task is to find an electron, which came from the same
process with aforementioned ion (if such electron exists). Electrons
are much faster than ions, so an electron would have come earlier,
and a core function starts performing the backward search. The
core function has numbers of channels (numerated from ’one’ to
their total number - ’seven’) as initial parameters, and in this case it
recieved four numbers, that correspond to delay line contacts. The
core function operates in an infinite cycle, which will be aborted if
one of the following events takes place. First: the backwards search
comes to the values with another tick number (treated as another
data set - technical feature of the program). Second: the difference in
’time’ values - between an initial array member and the one being
checked - exceeds the size of a set time window - the longest allowed
time of flight (for the presented experiments it was usualy set to 12
microseconds). A too big time window would restrict the maximal
amount of counts registered per time unit. Third, an event is detected
when a coincidence is found.
The core function contains a set of ’rate’ variables, one for every
wanted ’channel number’ (in our case - one of four electron channels). In the begining all of these fields equal ’0’. On every iteration
of a cycle function moves to the next count in the list of recorded
signals, and if its ’channel number’ value is equal to one of wanted
channels, the ’rate’ of this channel increases on ’1’, and data about
the found count stored in the function structure. Also, on every step
the function checks, if all the needed ’rate’ parameters are not yet
equal to the number of particles, that participate in coincidence (in
our case ’1’). If this is the case, the coincidence is approved, and the
data (time stamp) about all (four) found counts is recorded in the
coincidence array. Also, if any ’rate’ value exceeds the needed value
(in our case becomes ’2’), the search is aborted, as this coincidence
event appears to be spoiled - that can happen, for example when two
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Figure 2.12: Ion kinetic energy spectra, electron-ion coincidence event. An
array of x,y- coordinates of all ions of a certain type (a), that were recorded
in coincidence with electron forms a velocity map image (b). After the
image aspect ratio correction and inversion the ion kinetic energy spectrum
is obtained (c).

electrons hit the delay line detector simultaneously.
In the same way one can find multiple ion with electron coincidences, just by adding one more set of ion channels to the function
parameters, or do the same for ion imaging, when the electron is
registered by the time of flight spectrometer, and ions - by VMI detector. In this case everything is the same, only the forward search
is performed instead of backward. Also, electron hits can be found
without a coincidence with ion.
After the core function returns the ’coincidence’ structure, that contains all counts that participate in the process, with their channel
numbers and time stamps, final actions can be performed. By the
time difference between delay line signals, one finds the position of
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Figure 2.13: Electron kinetic energy spectra, electron-ion-ion coincidence
event. An array of x,y- coordinates of all electrons that were recorded in
triple coincidence with two certain ions (a) forms a velocity map image (b).
After the image aspect ratio correction and inversion the electron kinetic
energy spectrum is obtained(c).

a hit (as the pulse travel time in delay line is known with precision).
The time difference between ion and electron signals equals to the
ion time of flight, that gives ion mass. After the data is processed
and the list of electron-ion or electron-ion-ion coincidence events
is recorded into a file, the data can be visualized, as it is shown on
Figure 2.10. The polarity of the VMI detector voltages determines if
the VMI imaging will be performed for electrons Figures 2.11, 2.13,
or ions Figures 2.12, 2.14. Then, as it was described, the preprocessing can be made for multicoincidence mode, that means searching
for all possible ions that came after the electron in the certain time
window, or the program can stop after it finds the first ion - that
gives a single coincidence dataset. As shown in Figures 2.11, 2.12 for
single coincidence dataset, it makes sense to build a mass spectrum
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Figure 2.14: Ion kinetic energy spectra, electron-ion-ion coincidence event.
An array of x,y- coordinates of all ions of a certain type, that were recorded
in triple coincidence with electron and ion of another type (a) forms a velocity map image (b). After the image aspect ratio correction and inversion
the ion kinetic energy spectrum is obtained (c).

histogram for all time of flight values, then pick a narrow range that
correspnds to the mass certain specie, and build the velocity map
image for all events, that have TOF parameter inside that narrow
range. After subsequent Abel inversion and application of calibration the kinetic energy spectrum ’in coincidence event’ is obtained.
For double coincidence, it is convenient to build a color map plotting
the TOF of ’first’ and ’second’ ions along the horizontal and vertical
axis. The script which was used by us is designed to check if the
certain point belongs to the arbitrary chosen polygon (Figure 2.13).
After the needed events are picked from the list the energy spectrum
is built by the same methods as for the single coincidence events.
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Chapter 3
Interatomic Coulombic Decay
in He nanodroplets
3.1

Interatomic Coulombic Decay in weakly
bound systems

An excited state of an isolated atom or molecule usually decays by
either photon or electron emission. Energetically low lying states,
like the excitation of an outer shell electron, decay radiatively and
have comparatively long lifetimes (nanoseconds). Highly excited
states, like the inner-shell excitation, tend to decay more efficiently
by emitting an electron (Auger decay), and their lifetimes are typically much smaller. Such electron emission can happen only in
the system, where the ionization energy used to produce the initial
vacancy exceeds the double ionization threshold of the system [40].
For the case of atomic or molecular clusters the surrounding particles
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do not have much influence on the lifetime of a deep vacancy, though
some environmental effects on the Auger decay can still be expected
for vacancies in intermediate shells [22]. While the ionization potential of intermediate shells in clusters differs only slightly from that
of single molecule, double ionization threshold of some clusters is
significantly lower with respect to the monomer [75]. The reason is
that the two hole states can have the vacancies located at different
sites, so that Coulomb repulsion energy is lower than in the isolated
monomer.
In [22] the (HF)3 is taken as the example, and shown that the 2s levels
of fluorine in the HF molecule cannot autoionize because of too high
double ionization potential. However, double ionization potential of
the molecular trimer is about 9 eV lower than in the monomer,that
allows the decay of 2s state with ejected electron kinetic energy of
about 5 eV. The described decay process is intermolecular: a 2p electron of the fluorine monomer, which carries the initial 2s vacancy,
falls into this vacancy and the excess energy is used to eject a 2p
electron from a neighboring fluorine monomer. By this and other
examples with (H2 O)n and (O2 )n it was shown in [22] that states
of clusters with an excited intermediate shell electron can efficiently
decay by an intermolecular Coulombic mechanism. As the bounds
in molecular clusters are usually weak, repulsion of the two ionized
particles should lead to a fragmentation of the cluster into smaller
units at specific sites.
Same as the other autoionization processes interatomic (intermolecular) coulombic decay proceeds though the Coulomb interaction
between the electrons that participate in the transition. The matrix
element of such process can be written as:

hiv, k̂e|V |ov, ov0 i
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(3.1)

where V is the Coulomb operator, |ivi is state of an inner valence
electron, hk̂e| the continuum orbital with momentum k̂ energy e, and
|ovi and |ov0 i are the outer valence orbitals located at the two sites
respectively.
The ICD rate has a strong dependence on the distance R between
the two involved particles. It drops as R−6 , as a process driven
by dipole–dipole coupling, if the particles are far enough one from
another and it can be considered that their orbitals |ovi and |ov0 i do
not overlap. As it will be discussed in Sec.3.2, the matrix element
3.1 factorizes into two terms: direct and exchange, the first one is
associated with energy transfer between the two sites and the second
- with charge transfer. It means that in reality when R is decreased
the rate increases much faster than ∼ R−6 as overlap sets in.
In clusters the rate of interatomic coulombic decay usually depends
strongly on the number of nearest neighbours, for example for neon
it saturates at the cluster size corresponding to one full shell of nearest neighbors. Neon clusters are suitable example of ICD in rare gas
clusters [40]. The atomic Ne excited on 2s level cannot autoionize,
and will undergo relaxation by fluorescence. However, in Ne dimer
or any larger cluster a decay into a doubly ionized state of the dimer
(Ne+ 2p−1 )2 is energetically allowed. Coulomb explosion of the neon
dimer as a result of the decay was detected in [44], showing that in
the tree body system the kinetic energy release of two dimer ions
mirrors the kinetic energy of the ICD electron.
It was shown that ICD happens also in water clusters, and tends to be
faster than the timescale of a proton migration, which is a common
process after electronic excitation of water clusters. However, the
ICD in inner-valence ionized states of water clusters happens with
significantly lower probability than ICD in neon clusters [42].
It is now prominent that ICD happens in a number of different van
der Waals force or hydrogen bonded systems. The most intriguing
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is the hypothesis that DNA single and double strand breaks might
occur efficiently after low energy electrons attaching to it [13], and
electrons generated by ICD process in water clusters fit this description [40].

3.2

The mechanism of Interatomic Coulombic decay

Figure 3.1: Two-potential-curve model for Penning ionization, adapted
from [82]. E is the center-of-mass kinetic energy of collision; e0 is the separation of the reagent and product potential asymptotes, e0 = E∗ · ( A∗ ) −
IE( B); E(r) is the (classical) local heavy-particle kinetic energy, including
centrifugal energy; and e0 is the kinetic energy of the Penning electron
when Penning ionization takes place at separation r.
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The process of interatomic autoionization is simply represented by
the reaction A∗ + B → A + B+ + e− , where the (*) denotes electronic
excitation of species A,(atom or molecule), and B - anything from a
ground-state atom to a macroscopic metal crystal or a complicated
molecule.
In the case of rare gas clusters doped with atomic or molecular impurities, traditionally the term ’Penning ionization’ was used [30],
[74], [19], [48], in analogy to the collisional autoionization occurring
in crossed atomic beams involving excited atoms, mostly rare gases
in metastable excited states. It was considered that this process is
mainly driven by charge exchange between two interacting atoms or
molecules which come so close to one another that their valence orbitals overlap. However, as mentioned in Sec. 3.1, the autoionization
rate contains a second contribution describing energy transfer by exchange of a virtual photon. Generally, for many processes discussed
in this work both of the components should be taken into account.
In this work a process which is known to proceed predominantly via
charge exchange will still be called ’Penning ionization’
The simple model of a process with two particles can be illustrated
with a Figure 3.1. The upper potential curve is for Van-der-Waals
interaction between excited A∗ atom and B atom. E – is the total
kinetic energy of the colliding particles. V + is the interaction potential of the positively charged ion B+ with the neutral atom A. e(r ) is
the kinetic energy which ’Penning’ electron receives, when ’Penning
ionization’ takes place at separation distance r.
According to Born and Oppenheimer [12], due to the separation of
the nuclear and electronic wave functions, the problem is reduced
to the description of electronic structure of the system at each inter−
→
−
→
nuclear distance R = | R |,with R being the internuclear distance
vector (next sequence of actions is partially adapted from [33]).
Coulomb interaction between the two electronic configurations is
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set by interaction potential V0 ( R). A discrete state |Φ0 i within this
potential V0 ( R) describes the approaching particles before scattering. Setting the collision energy as E, the relative velocity v and
the reduced mass µ determines the kinetic energy, so the incoming
channel on the V0 potential can be depicted as shown on figure 3.1.
It appears that the state |Φ0 i is in a continuum of states of the ionic
potential V+ , which originates from the Coulomb interaction of the
two approaching particles.
If the discrete state |Φ0 i of the incoming particle couples to one of the
states |Φe i in the continuum, this coupling transfers the incoming
state |Φ0 i to an ionic state |Φe i, and the ejected electron carries away
the difference energy e = V0 − V+ while the collision energy Ecoll ( R)
is distributed among the scattering particles. The rate of coupling of
the discrete state |Φ0 i to the continuum state |Φe i can be rewritten
via the electronic part of the Coulomb Hamiltonian, as:
k=

2π
ρ(e)|hΦe | Hel |Φ0 i|2
h̄

(3.2)

The rate k has a form of Fermi’s golden rule, [23], where ρ(e) is the
density of states of the ionic potential and Hel is the full electronic
Hamiltonian. Due to Coulomb repulsion of the electrons the Hamiltonian contains a dependence on the relative distance r12 between
the electron 1 and 2, where 1 is the electron in the excited state and 2
is the electron which then escapes the reaction complex [65].
e2
Hel ≡ −
→
|→
r1 − −
r2 |

(3.3)

where r1 and r2 are the positions of the two electrons in the laboratory
frame. The interaction of the electrons with the nuclei is neglected as
well as the repulsion among the nuclei. By the use of Fano’s approach
[29], one finds the solution for the discrete-state contribution, that
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has a Lorentzian shape centered at E+ + e = E0 − ∆ and of width:
Γ = 2π |V0e |2

(3.4)

The rate of the ionization is then given by
k = Γ/h̄;

(3.5)

which is the same as in equation (3.2) (except for a normalization
factor of the density of states ρ(e)). Typically the width increases
exponentially as the internuclear distance R → 0. Γ mainly depends
on the two terms [60]:
V0e ≈ hφe (2)φ A (1)| Hel0 |φ A∗ (1)φB (2)i − hφe (1)φ A (2)| Hel0 |φ A∗ (1)φB (2)i
(3.6)
where H 0 is the part of Hel containing the factors with the distance
between both involved electrons: 1/r12 . Indexes A and B in equation
(3.6) denote the neutral atoms and A∗ - the excited atom. Indexes 1
and 2 indicate the first and second involved electrons. The first term
represents a process, where the excited atom A∗ is deexcited and
transfers the energy to atom B, by virtual photon radiation, so that
atom B is ionized (the second electron in atom B is transferred from
φB (2) to the free electron wave function φe (2)). The electron from
the excited state in the atom A: φ∗A (1) is transferred to the state of
deexcited atom A: φ A (1). This term represents the radiative process.
The second term describes the process where the electron in atom
B, φB (2), is transferred to the lower lying shell of the excited atom
A∗ , and ends up in the excited orbital: φ A (2), and atom B is ionized.
And the additional electron in atom A: φ∗A (1) is ejected into the continuum state: φe (1). This is called an exchange process.
The radiative process, represented by the first term, requires a deexcitation of the atom to happen; if an atom was in a metastable state,
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its lifetime is extremely long. In classical experiments on Penning
process ionization when two atoms collide in crossing beams, the
interaction time is less then a picosecond. In this case only the exchange term in equation (3.6) remains significant.
In the other types of systems the situation will be different: for example in an inner-shell ionized atom A is weakly bound to a neighboring atom (atom B), if Auger decay is energetically forbidden. As
the time of the process is not restricted, a valence electron in A can
recombine into the core hole, releasing energy that is transmitted
to atom B by a virtual photon and ionizes it. The exchange term
is also taken into account - a valence electron from B is exchanged
to the core hole of A, and valence electron in A is emitted into the
continuum.
The virtual photon exchange is possible if the transition in atom A
is dipole-allowed. The exchange term is significant if an overlap
of the electronic wave functions of orbitals of A and B is large; it
means that it highly depends on the distance between the decay
partners. It makes the process which involves the radiative term
expected in the environments such as clusters, where the distance between both atoms is typically larger than needed for making collision
processes dominating. As was mentioned, the ’Penning ionization’
typically involves a scattering process with a metastable atom, and
the metastability originates from a dipole-forbidden excitation of
the atom, so that the transition of an electron to the ground state is
not dipole allowed. The most important property which is different
in these two pathways is the dependence of the ionization width
on the internuclear distance R of the partners. For charge exchange
ionization, the width is proportional to e− R due to shape of probability distribution. For the virtual photon exchange mechanism, it is
proportional to R−6 - the interaction of induced dipole moment in
atom A (B) with the charges in atom B (A).
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3.3

Interatomic Coulombic Decay in He
dimers

The next Section 3.4 tells about the experimental studies on ICD in
He nanodroplets. Those were inspired by observation in [39] of
the He2+∗ de-excitation via interatomic Coulombic decay. The aim
of our research was to study the similar process with large amount
of neighbors in the vicinity of He+∗ and smaller initial internuclear
distance that in He2 . However, the mechanism of the process in
a dimer and a droplet is same, and it will be useful to discuss the
studies on He2+∗ here in some detail.
The existence of the He dimer was predicted in 1928 by Slater [84]
and remained disputed until the 1990-s, until the detection of the He
dimer by means of a matter-wave diffraction method [79], [42]. The
two electrons of the He atom are bound very strongly to the core,
which makes He different from any other chemical element, which
have also more weakly bound electrons. This makes He the most
unpolarizable element, leading to the existence of a very weak van
der Waals interaction between He atoms. Due to that, the He dimer
will have extremely shallow potential where only a single vibrational
state can exist. The potential minimum is located at an internuclear
distance R = 2.96Å and has a depth of almost 1 meV, but the dimer
binding energy is only around 10−7 eV [68]. Due to such shallow potential, the detection of He2 was so technologically demanding. The
other specific feature of the dimer is its huge interatomic distance it was measured to be 52Å [32], and the tail of the vibrational wave
function extends to 100 Åfar beyond the potential well into to the
classically forbidden region. This makes He2 suitable for the studies
of energy transfer and nuclear dynamics in ultra long range.
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As He atoms have no inner-valence electrons, the standard ICD process like the one described in 4.3 for Ne2 cannot occur. However in
[83] another kind of ICD process was experimentally studied. One
He atom within the He2 is simultaneously ionized and excited, so
that the amount of energy stored inside this excited ion is sufficient
to ionize the neighbouring neutral He atom. When the excited ion relaxes to He+ (1s) releasing the energy of 40.8eV, the second, neutral
He atom is ionized to He+ (1s), and emits the ICD electron. Then the
resulting two He+ (1s) fly apart undergoing a Coulomb explosion.
hν

+
+
−
−
He − He −
→ He+∗ − He + e−
ph → He + He + e ph + e ICD

(3.7)

After the ionization of the one of He atoms, the interaction forces between atoms are strong and ICD process should be described consid2 +
2
ering only molecular states of He2+ : 2 Σ+
g (2pz ), Σu (2pz ), Πu (2p x,y ),
2 Π (2p ) states which have minima around 2Å, and the states
x,y
g
2 Σ+ (2s ) and 2 Σ+ (2s ) with shallower minima centered around 5Å.
g
u
3 +
All the respective electronic states can decay to 1 Σ+
g or Σu states of
He+ − He+ system.
From the comparison of ICD rates for each of these states (it quickly
decreases with inter atomic distance) with corresponding radiative
decay rates of every state, one can see that ICD is the dominant decay
channel at distances below 10 Å for all the decaying electronic states.
The radiative decay is an atomic property of the He ion and its rate
is not changed by the presence of the second neutral He atom, so it
can be assumed to be constant. The potential energy curves and ICD
rates as functions of interatomic distance are used as an input for
computing the kinetic energy release spectra of the two He+ ions by
the wave packet propagation method described in [61]. The KER
distributions for each electronic-state symmetry contain series of
peaks in the energy range from 1 to 9 eV, their intensities increase
53

from lower to higher energy. This shows that the nuclear dynamics
of a specific quantum nature is the key factor in this ICD process.
A total nuclear wavefunction of the system is a linear combination of
the vibrational states of certain electronic state. The vibration period
of He2+ is about 300 fs, and the lifetime of these vibrational states
before ICD happens is from 20 fs to 50 ps, so on average the dimer
can make up to 100 vibrational cycles before it decays by coulomb
explosion. In the upper panel of Figure 3.2 the probability density
of the most populated vibrational state (ν=7) of the 2 Σ+
u (2pz ) electronic state is shown. The minima and maxima of probability density
correspond to nods and extrema of vibrational wavefunction. To
obtain the kinetic energy release distribution the reflection principle
is used: the squared module of the wavefunction is projected onto
the potential energy curve of two ions resulting into a direct relationship between the internuclear distance and the KER (see Figure 3.2).
Also before the ’reflection’ the weight factor R−6 must be applied
to the probability distribution to take into account the decay-rate
dependence predicted by the virtual photon transfer mechanism.
As this system is extended over large interatomic distances, such
a weight factor plays a significant role. Other several vibrational
states also contribute to the KER spectrum on the figure, but these
have smaller contributions. In presented method it is not possible to
experimentally distinguish between the ICD processes starting from
different He+ (n = 2)−He states, but the peak structure remains well
visible in the sum over all electronic states. (Figure 3.3.b).
Measuring the emitted ions and electrons in coincidence revealed the
typical fingerprint of ICD - the 45◦ -diagonal feature of the electron
kinetic - KER dependence. The distribution shown on Figure 3.3.a is
the energy of one of the detected electrons versus the KER at photon
energies of E ph = 68.68eV. A horizontal line corresponds to the (n =
2)-shakeup photoelectron, and the diagonal line originates from the
events where the ICD electron was measured in coincidence with
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the two He+ -ions. A modulation of the KER visible on diagonal spot
correspond to the peak structure on the 3.3.b, that is obtained from
the sum of distributions from different decaying electronic states
with different symmetries. In this way ICD can be used to map the
vibrational wavefunctions of the ionized-and-excited He dimer. Using reflection principle one assign each KER signal to an interatomic
distance. The intense peak at 8.5 eV corresponds to interatomic separation around 2 Åand signals at smaller KER come from the larger
internuclear distances, til 14Å which gives the lowest visible signal
at 1 eV.
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Figure 3.2:
Ultralongrange character of the
quantum nuclear dynamics during ICD, adapted
from [83]. Top panel:
density probability of the
most populated vibrational wavefunction of he
2 Σ+ : 2p electronic state
z
g
after photoionization of
He2 (red dashed–dotted
line) and the same density
probability multiplied by
R−6 (black dashed–dotted
line).The factor R−6 is
included to take into
account the decay-rate
behaviour. Middle panel:
PEC of the He+ −He+
singlet final state (red
line). Right panel: KER
spectrum of the two
He+ ions after ICD for
2 Σ+ : 2p decaying into
z
g
the He+ −He+ singlet final
state. Shown that the KER
spectrum is the projection
of the vibrational states
weighted by R−6 onto
the repulsive (He+ −He+ )
final curve.
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Figure 3.3: a) Kinetic energy release of the He+ −He+ fragments versus
the energy of one of the two electrons from photoionization excitation
of He2 at photon energies of 68.86 eV. The arrows indicate the expected
position of photoelectron (horizontal line) and the corresponding ICD
electron (diagonal lines) for excitation to the intermediate state He∗ + (n) −
He. b) Kinetic energy release of the He+ −He+ fragments for intermediates
excited states with principal quantum n=2 [He∗ + (n = 2)−He]. Data are
obtained by projecting the respective diagonal line in 3.3(a) onto the KER
axis. Adapted from [39].

3.4

Article: ’Interatomic Coulombic decay in
He nanodroplets’

This article presents the first study of ICD in He nanodroplets. Irradiation of He nanodroplets with 67.5eV photons simultaneously
ionizes it and excites it to the 2p ionic state with a single photon.
The probability of such event after interaction with the photon of
this energy equals to 10% [96]. After a the similar decay process
as in He dimer was supposed to happen - see equation 3.7. The
average interatomic distance in a He droplet is much smaller than
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that of He dimer, but due to the steep dependence of the ICD rate
on the interatomic distance, nuclear dynamics before the energy
transfer process is still involved. By the same reason, it is likely that
ICD tends to occur between the ionized atom He+∗ and its nearest
neighbor, while three-body effects and interactions with surrounding
atoms may give only small contributions.
However, the outgoing ions, that acquired some kinetic energy after
Coulomb explosion, strongly interact with the surrounding He atoms
and eventually form stable ionic complexes He+
k . The electron-ionion triple coincidence measurements clearly shows the simultaneous
formation of two He+
k , in progressions up to k = 36 for a droplet
size of 30000 atoms; though the most abundant coincidences are
between the smallest ions with k=1..3. The ICD feature in the photoelectron spectra measured in droplets closely resembles that of free
He2 , which indicates that ICD proceeds as a binary process with little
effect of the droplet medium on the outgoing electron (Figure 3.4.a).
In contrast, the kinetic energy distributions of ions are significantly
influenced by the droplet medium.

Figure 3.4: a) Kinetic energy distribution of photoelectrons for various
droplet sizes (He+ coincidences), in comparison to the similar spectrum for
He2 b)-c)Kinetic energy distributions of He+ and of He2+ for electron-ionion coincidences for hν=77eV, and electron-ion coincidences for hν=26eV
for comparison.
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Visually, the distribution of the He+ ion kinetic energies has two
peaks, both attributed to Coulomb explosion of the pair of He+
ions generated by ICD. Some of the He+ ions created by ICD in He
droplets are emitted nearly unperturbed, forming the peak around
4.2 eV (Figure 3.4.b). This can easily occur at the droplet surface
where the He density is low. The narrow peak near 0 eV is attributed
to direct photoionization of atomic He which is always present in the
droplet beam - this component becomes dominant in the regime of
small He droplets and photon energy above the atomic He ionization
threshold.
The broad peak around 1 eV (Figure 3.4.b) originates from ICD
and Coulomb explosion happening deeper under the surface of the
He droplet. This is shown by the spectrum recorded slightly below
the ICD threshold at hν = 64.5 eV, which contains neither of two
described ICD related peaks, but only a peak of lower (0.7 eV) energy, that may come from inelastic electron-He collisions leading
to the production of a second He ion and repulsive coulombic interaction between two He+ . Friction-like multiple elastic scattering
of He+ with He atoms inside the droplets may lead to He+ energy
loss, which would give a large low-energy component in the kinetic
energy spectrum. However, the ratio of integrals of 1 eV and 4.7 eV
peaks rises insignificantly when the droplet size increases by several
orders of magnitude, which means that the 1 eV feature must be
related to ICD occurring in the surface region of the droplets, and
the same must count for the 4.7 eV feature.
In case ICD occurs deeper inside the droplets, it is followed by
complete loss of initial ion kinetic energy and by He+
k ion complex
formation, which is also seen by the steep rise of the detected He+
k
to He+ ratio with increasing droplet size. Comparing the He2+ and
He3+ correlated spectra for photon energies below and above the
threshold of the ICD process (Figure 3.4.c), it is possible to separate
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the ICD-related components from low energy features and learn
more about the dynamics that follows after the ICD. If one He+
k
complex forms inside the droplet and another one He+
quickly
l
escapes from it, He+
is
ejected
by
vibrational
relaxation
as
in the case
k
of single-droplet ionization at hν ≥ 24.6eV.
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Figure 3.5: Schematic potential energy level diagram. The blue arrows show
the sequence of events: Initially one He+∗ ion (labeled ’2’) is excited in
step I, approaches a neighboring He atom ’1’ in step II, and decays by ICD
(step III). In the Coulomb explosion of He+ ions ’1’ and ’2’ (step IV), each
He+ ion flies away from the other until it reaches its neighboring neutral
He atom ’3’ located in the line of flight. There, an energetic billiard-like
collision takes place in which the He+ ion transfers its KE to the He atom
and thus stops moving if the collision is central (step V).

To find the origin of the massive loss of kinetic energy of He+ in the
case when ICD occures in He droplets, in comparison to ICD in free
dimers, one dimensional ion dynamics simulation was performed.
We propose the following mechanism, illustrated in Figure 3.5. In
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step I, one He+∗ ion (labeled ’2’) is excited, on step II it approaches
a neighboring He atom ’1’ , and on step III decays by ICD. In the
Coulomb explosion the He+ ions ’1’ and ’2’ (IV), fly away from one
another, until both or a single one of them reaches its neighboring
neutral He atom ’3’ located in the line of flight. There, an energetic
billiard-like collision takes place, in which the He+ ion transfers its
kinetic energy to the neutral He atom and fully stops (V), (assuming
that collision was central). It means that Coulomb explosion of the
two He+ ICD ions restarts from a larger distance as if ICD occured
between non-nearest neighbors, resulting in a lower final kinetic
energies. The simulated system consists of two charged particles
- He+ ions - and two neutral particles - He atoms. The electrons,
produced by ionization of He escape the system in so short time that
ions had no change in their positions.

Figure 3.6: a-Potentials created by He+ and He atoms; b-Forces acting on
He+ and He atoms.

The input data includes the initial positions of ions and atoms,
determined by particle density in the droplet, which depends on
radius. In the beginning of the simulation the particles start moving
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in the potentials of each other Figure 3.6.a: charged ions interact with
each other via Coulomb force, interaction potential of He+ ion with
neutral He has a shallow minimum, He-He interaction between neutral atoms becomes noticeable only at short distance. The interaction
force is obtained by differentiation of the potentials - see Figure 3.6.b.
The simulation is divided into time steps (size of a step is chosen to
have reasonable simulation time), on every step the Newton equation is solved with initial speeds and coordinates of every particle,
rewriting them and the calculations are repeated with new parameters. The trajectories of all the particles are shown on Figure 3.7.a:
charged ions simultaneously suffer the central collision (angle=180
degrees as only one dimension exists) with neutrals, giving away
all the acquired kinetic energy. After that the Coulomb repulsion
again sends the particles in opposite directions, and they already
have smaller kinetic energy Figure 3.7.b.

Figure 3.7: a- Classical trajectories of a He+ ion colliding with a neighboring
He atoms in the course of Coulomb explosion for the linear configuration
He-He+ -He+ -He. b- Kinetic energies of He and He+ .

To apply this algorithm to our case it would be needed to perform
a set of simulations with a number of initial inter-particle distances
63

(see Figure 3.8.a), which correspond to kinetic energy release distribution for He dimers, obtained experimentally in [39]. Another
necessary implementation is the dependence of initial inter-particle
distance from the position inside the droplet (distance from its center) - however that plays a role only in the surface layer Figure 1.1.a.
Taking a spherical integral for a certain radial coordinate would
give a weighting coefficient for every initial interatomic distance
in distribution Figure 3.8.b. However that would make sense only
in complex with the probability of He+
k formation since, as it was
+
discussed previously, the He ions from the bulk of a droplet do not
preserve their kinetic energy. In this simple estimation, the droplet
density is considered homogeneous.

Figure 3.8: a- Interatomic distance distribution, obtained from Kinetic energy release distribution for He dimers, adapted from [39]. b-Ion kinetic
energy distribution without taking the nearest neighbor function into account. c- Interatomic He-He distance distribution in He droplet, used
for simulation - obtained from convolution of (a) with 1.1.b. d- Ion kinetic energy distribution obtained from (b) for 1D-simulation of He+ ion
dynamics.

In a first cycle, a simulation program goes through a set of different
64

initial distances between He ions while the distance between ion and
neutral atom remains the same. The obtained function
Ekin (dHe+ −He+ ) is then convoluted with the distribution of initial
inter-particle distances N (dHe+ −He+ ). Figure 3.8.a, shows the ion
kinetic energy distribution for Coulomb explosion of He2+ , obtained
experimentally in [39]. These gives the distribution N ( Ekin ) Figure 3.8.d. This actions are repeated in another cycle for a set of all
possible ion-neutral distances dHe+ −He+ normalized on the nearest
neighbor distance distribution in the droplet. After this convolution,
one gets a diagram on Figure 3.8.c which is compared with experimental data.
The result of the simulation could be closer to real measurements, if
it would represent 3-dimensional collisions including the non-zero
scattering angle.
Personal contribution I performed the experiment on every its stage,
processed and analyzed all the data, actively participated in discussion of its interpretation, prepared all the figures and their description for the published article.
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Interatomic Coulombic decay (ICD) is induced in helium nanodroplets by photoexciting the n = 2 excited
state of He+ using XUV synchrotron radiation. By recording multiple-coincidence electron and ion images we
find that ICD occurs in various locations at the droplet surface, inside the surface region, or in the droplet interior.
ICD at the surface gives rise to energetic He+ ions as previously observed for free He dimers. ICD deeper inside
leads to the ejection of slow He+ ions due to Coulomb explosion delayed by elastic collisions with neighboring
He atoms, and to the formation of Hek + complexes.
DOI: 10.1103/PhysRevA.96.013407
I. INTRODUCTION

II. METHODS

Isolated atoms or molecules excited by energetic radiation
typically decay through intramolecular processes such as the
emission of an electron or photon. In contrast, in weakly
bound complexes, locally generated electrons can additionally
interact with neighboring atoms or molecules, leading to
new interatomic or intermolecular interactions. Interatomic
Coulombic decay (ICD) is a particularly interesting decay process which occurs when local electronic decay is energetically
forbidden [1]. Thus, ICD offers a new, ultrafast decay path
where energy is exchanged with a neighboring atom leading
to its ionization. Since its discovery, ICD has been observed in
a wide variety of weakly bound systems from He dimers [2,3]
and rare-gas clusters to biologically relevant systems such as
water clusters; for reviews, see [4,5]. Today, the focus is on
condensed-phase systems where ICD is involved in complex
relaxation mechanisms [6–8], which can generate genotoxic
low-energy electrons and radical cations [9]. Recently, it
was suggested to utilize this property of ICD for cancer
treatment [10,11].
Here we present the first study of ICD in helium nanodroplets. Helium nanodroplets are generally considered as an
ultracold, inert spectroscopic matrix for embedded, isolated
molecules and clusters [12,13]. Upon ionization by intense or
energetic radiation, however, He droplets turn into a highly
reactive medium, inducing reactions and secondary ionization
processes of the embedded species [14]. Their homogeneous
quantum liquid density profile and simple structure of atomic
constituents make He droplets particularly beneficial as
benchmark systems for elucidating correlated decay processes.
Recent examples include the collective autoionization of
multiply excited pure He droplets [15,16] and the creation
of doubly charged species by one-photon ionization of doped
He droplets [17]. In this work we fully characterize the
product states generated by ICD and secondary processes in
He nanodroplets using coincidence imaging techniques.

The experiments were performed using a He droplet
machine attached to a velocity map imaging photoelectronphotoion coincidence (VMI-PEPICO) detector at the GasPhase beamline of Elettra-Sincrotrone Trieste, Italy. The apparatus has been described in detail elsewhere [18,19]. Briefly,
a beam of He nanodroplets is produced by continuously
expanding pressurized He (50 bars) of high-purity He out of a
cold nozzle (10–28 K) with a diameter of 5 μm into vacuum.
At these expansion conditions, the mean droplet sizes range
between N  = 700 and ∼5 × 106 He atoms per droplet. In
the main detector chamber, the He droplet beam crosses the
synchrotron beam perpendicularly in the center of a combined
VMI and time-of-flight (TOF) detector. By detecting either
electrons or ions with the VMI detector in coincidence with
the corresponding particles of opposite charge with the TOF
detector, we obtain either ion mass-correlated electron spectra
or mass-selected ion kinetic energy (KE) distributions by Abel
inversion of the VMIs [20]. The XUV photon energy is tuned
near the first excited level of He+ , hν  E(He+∗ , n = 2) =
65.4 eV [2].
The elementary ICD process

*
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−
−
−
He2 + hν → HeHe+∗ + esat
→ He+ + He+ + esat
+ eICD

generates two electrons and two He+ ions flying apart due
to Coulomb repulsion. Here, He+∗ denotes a He ion in an
excited state with principal quantum number n > 1. The
−
satellite photoelectron esat
is emitted directly with kinetic
energy Esat = hν − E(He+∗ ) upon simultaneous ionization
−
and excitation of a He atom. The ICD electron eICD
is created
by energy transfer from He+∗ to the neighboring He atom
resulting in EICD = E(He+∗ ) − 2Ei − KER ∼ 8.5 eV [2].
Here, Ei = 24.6 eV denotes the ionization energy of He and
KER is the KE release of the He+ -He+ fragments.
When ICD takes place in He droplets, the primary process
is likely to occur between the ionized atom He+∗ and its
nearest neighbor due to the steep dependence of the ICD
rate on interatomic distance [3]. Three-body effects and
more complex interactions give only small contributions [21].
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FIG. 1. Ion-ion-electron coincidence time-of-flight mass spectrum recorded at hν = 67.5 eV and for a mean droplet size of N  =
4000 He atoms. The inset shows photoelectron spectra measured in
coincidence with He+ for various N  and for free He2 [3].

However, in He droplets the outgoing ions can interact with
the surrounding He atoms and eventually form stable ionic
complexes Hek + [22,23].
III. RESULTS AND DISCUSSION

The simultaneous formation of two Hek + ions is indeed
clearly observed. Figure 1 displays coincidences of one
electron and two ions with masses m1 (horizontal axis) and
m2 (vertical axis) as bright spots. The visible lines between
integer values are due to false coincidences. While we see
Hek + progressions up to k = 36 for N  ∼ 30 000, the most
abundant ion-ion coincidences are those of the smallest ions
He1–3 + , highlighted by circles. Unfortunately, coincidences
involving two identical ion masses cannot be resolved with
our setup.
Photoelectron spectra recorded in coincidence with ions
He+ and He2–3 + (not shown) at hν = 67.5 eV for various
N strongly resemble one another and closely match that of
free He2 , see inset in Fig. 1. The shown spectrum for free
He2 is obtained from the measured KER distribution using
the unique relation between KER and photoelectron energies
given by the Coulomb potential [3]. The sharp line at 2.2
−
eV represents esat
and the asymmetrically broadened feature
−
extending from 6 to 16 eV reflects eICD
created by ICD at
various interatomic distances [3]. The close resemblance of
the ICD feature measured in droplets and that of free He2

confirms that ICD proceeds as a binary process with little
effect of the droplet on the outgoing electron.
The crucial influence of the He droplet on the ICD process
is revealed by the KE distributions of ions inferred from ion
VMIs. Figure 2 shows the mass-selected ion KE of Hek +
complexes recorded for different experimental parameters. For
comparison, the ion KE spectrum measured for free He2 at
hν = 68.86 eV is shown in Fig. 2(d) [2]. The distribution
peaked around 4.2 eV is attributed to KER from Coulomb
explosion of the pair of He+ ions generated by ICD [2,3]. The
KE distributions of He+ ions measured with droplets feature
a slightly broader structure in the same energy range. Thus,
some of the He+ ions created by ICD of pairs of He atoms in
He droplets are emitted nearly unperturbed. This is most likely
to occur at the droplet surface where the He density is low.
Aside from this clearly ICD-related feature, the He+ KE
spectra contain an additional broad peak at about 1 eV and a
very narrow peak near 0 eV. The peak near 0 eV is present for
all photon energies exceeding Ei , see the spectrum recorded at
hν = 26 eV shown in Fig. 2(a) as a red (lowest) line. Moreover,
it is most dominant in the regime of small He droplets where a
substantial fraction of free He atoms accompanies the droplet
beam. Thus, we attribute this peak to direct photoionization of
atomic He. The broad peak around 1 eV is predominantly due
to ICD in He droplets. This can be concluded from comparing
with the spectrum recorded slightly below the ICD threshold
at hν = 64.5 eV, shown in Fig. 2(a) as a green (light gray)
line. That spectrum contains neither the peak at 4.7 eV nor
the high-energy part around 1 eV; only a peak around 0.7 eV
and a broad flat feature extending to about 6.5 eV are present.
The origin of the broad structure measured at hν = 64.5 eV
is not unambiguously identified at this point. We speculate
that secondary processes, in particular inelastic electron-He
collisions leading to the production of a second He ion, play a
role. Note that this structure is absent for hν = 26 eV where
only direct single-droplet ionization can occur.
The prominent feature around 1 eV in the He+ ion spectra
evidences efficient energy loss for He+ ions in droplets,
as the coincidence electron spectra show no indications for
a corresponding upshift in energy. Obviously, friction-like
multiple elastic scattering of He+ with He atoms inside the
droplets may lead to He+ energy loss. However, the ratio of
peak integrals of the feature around 1 eV in proportion to that
at 4.7 eV only slightly rises from 2.2 to 2.7 when varying the
He droplet size N  from 700 to 5 × 106 . In contrast, the ratio
of the number of He atoms in the bulk of the droplets to those
in the surface region (<90 % of bulk density) increases from
2 to 54 [24]. Thus, the 1 eV feature must be related to ICD
occurring in the surface region of the droplets.
What is the origin of the massive loss of KE of He+
when ICD occurrs in He droplets? We propose the following
mechanism, illustrated in Fig. 3(a): Initially one He+∗ ion
2 ) is excited in step I, approaches a neighboring He
(labeled 
1 in step II, and decays by ICD (III). In the Coulomb
atom 
1 and 
2 (IV), each He+ ion flies away
explosion of He+ ions 
from the other until it reaches its neighboring neutral He atom
3 located in the line of flight. There, an energetic billiard-like

collision takes place in which the He+ ion transfers its KE to
the He atom and thus stops moving if the collision is central
(V). Subsequently, Coulomb explosion of the two He+ ICD

013407-2

INTERATOMIC COULOMBIC DECAY IN HELIUM . . .
1.2

(a) He+

1.0

1.0

<N> =
hν,
82 eV, 27000
67.5 eV, 27000
64.5 eV, 27000
26 eV, 7000

0.8
0.6

(d) He+

<N> =

0.4
0.2

0.0

0.0

0

1

2

3

4

1.2

5

6

7

8

9

10

1.0
0.8
0.6
0.4

0.0
0.0

0.6

0.5

1.0

1.5

2.0

0

1

2

3

4

5

6

7

8

9

10

1.0

0.0

0

1

2

1.0

(e) He2+

0.8

0.8

0.6

0.6

0.4

0.4

0.0
2.5 0.0

3

4

5

(h) He2+

6

7

+

0.4

0.6

0.8

1.0

1.2

0.0
0.0

+

+

He2+larger
hν = 26 eV
+
He2

0.5

1.0

1.5

2.0

2.5

(f) He3+

0.0
0.0

0.5

1.0

1.5

1.0
0.8

0.4

0.6

0.8

1.0

1.2

0.0
0.0

.5

hν = 77 eV
He+3
He+3+He+
He+3+He+2

0.4

0.2

2.

<N> = 27000

(i) He3+

He+3 +larger
hν = 26 eV
He+3

0.2
0.2

10

hν = 77 eV
+
He2

0.6

0.0
0.0

9

He2+He

0.2

0.5

0.5

8

<N> = 27000

He+2+He+3

1.0

(c) He3+

He++He+3
hν = 26 eV
He+

0.4

0.2

0.2

hν = 77 eV
He+
He++He+2

0.2

1.0

(b) He2+

<N> = 27000

(g) He+

0.8

27000
7000
4500
1200
2

0.6

0.2

1.0

hν = 67.5 eV

0.8

0.4

Ion intensity (arb. units)

PHYSICAL REVIEW A 96, 013407 (2017)

0.2

0.4

0.6

0.8

1.0

1.2

Ion kinetic energy (eV)
+

FIG. 2. Kinetic energy distributions of He1–3 ions for various photon energies (left column), He droplet sizes (center), and double-ion
coincidences (right column). See text for details.

ions restarts from a larger distance as if ICD occurred between
non-nearest neighbors [25], giving rise to a lower final KE.
This model is supported by a classical trajectory simulation for a linear configuration of atoms He-He+ -He+ -He.
2 as a red (lowest)
Figure 3(b) shows the trajectory of He+ ion 
3 as a black (upper)
solid line, and of the neighboring He atom 
solid line for initial distances between neutral atoms of 3.6 Å
and between the ICD ions of 1.7 Å, respectively [3,26]. In
contrast to freely moving He+ ions (dashed line), in the linear
four-atom system, a central collision takes place at t = 37 fs.
The corresponding ion KE, shown in Fig. 3(c), is massively
reduced by the collision and converges toward 0.8 eV, in good
agreement with the experimental finding. When we run this
simulation for a distribution of initial distances between He+
ions given by the measured KER spectrum of the free He2 [3],
and for a distribution of initial He-He distances corresponding
to the He density distribution for N = 1000 [24], we obtain
the red (lower) smooth spectral feature shown on the right-hand
side of Fig. 3(c). It nicely matches the low-energy edge of
the 1 eV feature in the experimental droplet spectrum. To
simulate the high-energy part, noncentral as well as many-body
collisions would have to be included, which falls beyond
the scope of this work. When determining the initial He-He
distance distribution we assume the active surface layer for the
described collision process to be constrained toward the bulk of

the droplet by the mean free path of He+ in He droplets of 3 Å,
inferred from the gas-phase elastic collision cross section [27].
Since the He density distribution inside this layer only weakly
varies with N , the simulated energy distribution is robust
against variations of N .
In case ICD occurs deeper inside the droplets, ICD is
followed by Hek + ion complex formation. This we conclude
from the sharply rising ratio of detected Hek + to He+ ions for
k > 1 from 0.4 to 3.4 in the range N  = 700 to 5 × 106 . Most
likely ion complex formation is assisted by elastic stopping
collisions to generate slow He+ ions surrounded by He atoms
as a precursor.
The He2 + and He3 + KE distributions strikingly differ from
those of He+ in that only low-energy ions ( 2 eV) are present,
see Figs. 2(b)–2(i). This is in line with the concept that Hek +
complexes are formed from the stopped He+ by subsequent
aggregation of He atoms inside the droplet. Similar to the
low-energy part of the He+ KE spectra [Fig. 2(a)], the He2 +
and He3 + spectra feature two partially overlapping peaks.
However, for He2 + and He3 + the low-energy component
(∼0.3 eV for He2 + , ∼0.1 eV for He3 + ) is already present when
singly ionizing the droplets at hν = 26 eV [red (lowest) lines
in Figs. 2(b) and 2(c)]. In contrast to atomic He+ , Hek + ionic
complexes (k > 1) can be ejected out of neutral He droplets
with substantial KE  2.3 eV released by the stabilization of
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(b) Classical trajectories of a He+ ion colliding with a neighboring
He atoms in the course of Coulomb explosion for the linear
configuration He-He+ -He+ -He. (c) Corresponding kinetic energies
and the simulated and experimental energy distributions (bottom
right).

the complexes in deeply bound vibrational levels [28]. The
components at higher KE (∼0.6 eV for He2 + , ∼0.35 eV for
He3 + ) are already present at hν = 64.5 eV where ICD is not
energetically allowed, but electron impact ionization can create
a second ion in the same droplet [green (light grey) lines in
Figs. 2(b) and 2(c)]. Thus, these parts of the spectra appear
to be related to the formation of two He2,3 + ions in the same
He droplet, either by ICD or by electron impact ionization.
Accordingly, for small droplets with N = 1200 [turquoise
(lowest) lines in Figs. 2(e) and 2(f)], these components are
significantly reduced because electron-impact ionization is
improbable and ICD is likely to occur near the droplet surface
where at least one ion promptly escapes.
A further confirmation for the 1 eV feature in the He+
KE spectra stemming from ICD is obtained from analyzing
the data with regard to multiple ion coincidences. Figure 2(g)

shows the KE distributions of He+ detected in coincidence
+
with He+
2 or He3 molecular ions [pink and light blue (intermediate) lines], along with He+ single-coincidence spectra at
hν = 26 and 77 eV [blue (upper) and red (lowest) lines]. Aside
from differing signal-to-noise ratios, the ion-ion coincidence
spectra, which are characteristic for ICD, closely match
the single-coincidence KE spectrum. Thus, even pairs of free
ions, He+ + He+ , generated by ICD at the droplet surface, are
subjected to elastic stopping collisions.
In stark contrast to the KE spectra of He+ , the Hek + doubleion-coincidence spectra for k = 2, 3 [Figs. 2(i) and 2(h)]
clearly differ from one another depending on the size  of
the second ion detected in the Hek + + He + events. While the
Hek + spectra recorded in coincidence with He+ closely match
the single-droplet ionization spectra at hν = 26 eV, those
recorded in coincidence with larger complexes ( > k − 1)
are shifted to higher energies by 0.25–0.35 eV. Consequently,
the single-coincidence He2,3 + spectra are superpositions of
low- and high-energy components, where the high-energy
peaks clearly dominate. The different energetics of Hek + ion
ejection may arise from the dynamics following ICD. In the
case that one Hek + complex forms inside the droplet and
+
one He+
 ,  < k, quickly escapes from it, Hek is ejected by
vibrational relaxation as in the case of single-droplet ionization
at hν = 26 eV. This explains the large low-energy peak in the
spectrum of He3 + recorded in coincidence with He+ and He2 +
[pink and light blue (lowest two) lines in Fig. 2(i)]. In contrast,
when two complexes Hek + + He + form deep inside the same
droplet, Coulomb interaction between the two induces more
violent dynamics such as mutual repulsion and even droplet
fission.
IV. SUMMARY AND CONCLUSIONS

In summary, we found that in He nanodroplets the primary
ICD process occurs as in the free He dimer, and emitted
electrons are only weakly perturbed. In contrast, a large
fraction of He+ ions undergoes massive energy loss by elastic
stopping collisions with neighboring He atoms. Mediated
by these collisions, ICD occurring in the droplet interior
gives rise to the formation of slow Hek + complexes, whose
energetics crucially depends on the ion escape dynamics.
Even more complex reactions might be triggered by such
secondary collision processes involving ions and atoms—not
only electrons—in other condensed-phase systems exposed to
energetic radiation.
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3.5

Ion dynamics after ICD in small
He clusters

Since the time of publication of the results from section Sec. 3.4, the
more profound simulations were performed by Sisourat et al. This research concerns only the clusters of 4 to 7 atoms, but explains another
type of ion dynamics after the Coulomb explosion, that also leads
to the experimental results from Sec. 3.4. In recent work [46], the
profound simulation methods were used for modeling the Coulomb
explosion in small He clusters, where the two ions that participate in
explosion have several neutral neighbors. The simulations methods
are based on a semi-classical approach - a combination of quantum
electronic structure calculations with classical description of nuclear
motion, where the nuclear quantum wave packets are replaced by
a set of classical trajectories. Every trajectory starts on the potential
energy surface of one of the He+∗ −Hen−1 electronic states, chosen
randomly. Particles propagates along trajectory on the potential energy until a decay happens. The probability of decay on every time
step is given by the decay rate times the length of a time step, where
the rate is obtained by diatomics-in-molecule technique using the
potential energy curves of each pair of atoms within the system. After the decay, the particles propagate further on the potential energy
surface of one of He+ −He+ states, with a probability to hop from
one surface to another. For computing the final states, a Coulombic
potential was also used for He+ −He+ pair.
A coincidence map of ion kinetic energies occurring after the shakeup ionization and subsequent ICD is shown of Figure 3.9.a. This
experimental data shows a good agreement with the simulation
Figure 3.9.b. A narrow diagonal feature corresponds to dimer-like
Coulomb explosion where the two He+ ions do not exchange energy
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Figure 3.9: Coincidence map of ion kinetic energies occurring after the
shake-up ionization and ICD. a) measured distribution using a mixture
of small clusters consisting mainly of He3 . b) Theoretical results for He3 .
Adapted from [46].

with surrounding atoms. Two abundant ’islands’ where one of the
ions has a kinetic energy close to zero, represent the energy or charge
transfer processes between one ion and a neutral He atom within
the cluster. While in section 3.4 only the kinetic energy transfer via
elastic collision was discussed, the simulations in [46] show that in
majority of cases the charge transfer from one of He+ to the neutral
atom takes place.
According to theoretical model, after the ICD occurs, the two He+
ions are generated at an interatomic distance of 1.6 Å, which is the
turning point of the He2+∗ (2p) dimer potential, and a third, neutral
atom is 5 Å from one of the ions and 2.1 Å from the straight line
connecting two ions. After the ions repel each other and one of them
approaches the neutral, the positive charge is delocalized over two
atoms. While the charge transfer takes place there is only a little
exchange of kinetic energy (≈0.3eV) between the fast ion and neu72

tral, and after the transfer, the neutralized particle keeps nearly its
initial kinetic energy. In the same time, the other He+ that didn’t
participate in collision gains the majority of the available energy
from the repulsion and reaches up to 5.0 eV kinetic energy during
the whole process.
The simulations also allow to receive more detailed information
about this scattering (materials of lecture by N. Sisourat [3]), for example the ion kinetic energy spectra for the cases when only one ion
participated in a charge transfer, both ions did, or none of them. The
model also includes the elastic collisions between ion and neutral
without charge transfer, and it appears that the probability of the
latter event is very small compared to that of a charge transfer: for
He4 it is only 4%, for He7 already 2%. Although the probability of
elastic collision becomes higher for the bigger number of neighbors,
the percentage of charge transfer remains very high.
The considerable change of the ion kinetic energy distribution for
the small clusters compared to the dimer case, discussed in [46], has
fundamental interest, as could allow to experimentally probe the
size of small He clusters.

3.6

Simulation of electron scattering and
recombination in He nanodroplets

The discussion of publications in Sec. 3.7 and Sec. 4.4 will involve the results of Monte Carlo electron trajectory simulation, that
includes elastic and inelastic collisions of an electrons (photoelectron,
ICD electron) in He droplet medium. For example, electron spectrum
recorded in gas phase experiment on ’Penning’ process at binary collisions with He atom, can be used as an input data, together with the
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position of dopant particle inside the droplet and droplet size. From
these one can obtain the expected electron kinetic energy spectrum
from the similar ’Penning’ process in a doped droplet.
In this section the simulation principles are described, which in next
section will be supplemented due to specifics of a modeled problem
(see Sec. 3.7). There one is interested in that electrons, which have not
escaped the droplet, but recombined inside of it, having previously
lost all their kinetic energy in elastic and inelastic collisions.
The program code was originally written by Thomas Fennel, Uni
Rostock, and adapted with his permission.
The program for the simulation of electron dynamics in droplet
medium is based on Monte Carlo methods with use of pseudorandom numbers generator. The main structures that the program
operates with are: the particle and the cross section table. The electron initial energy is set as a simulation parameter, the electron
velocity module is set according to kinetic energy, direction is set to
arbitrary. Electron initial position is set randomly within the droplet
(its radius-vector module is smaller than droplet radius), or set at
the droplet center, like for the case described in Sec. 4.4. The position
of the ion is away from the electron initial position on the minimally
possible distance - the simulation starts right after the photo ionization event. The electron starts moving in the coulomb potential of an
ion with its initial velocity.
The time step is chosen to be equal to the period of the electrons free
motion - time until its first collision (elastic or inelastic) happens.
The time of collision event is generated randomly from the mean free
path of the electron in the medium of the droplet, which depends on
the total scattering cross section of electron on He atoms; it makes
time steps unequal.
The type of scattering process (elastic or one of the inelastic) is also
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chosen in probabilistic way. In the middle of every time step the
coulomb force that is applied to electron from ion is updated for
the new electrons coordinates. The ion position never changes. If
the distance from electron to the center of the droplet at some point
becomes larger than droplet radius, the simulation finishes and it is
considered that electron has escaped the droplet, and will be registered by the detector. Kinetic energy of such electron is recorded into
the simulation result - electron energy spectrum.
If electron looses its kinetic energy while scattering and its total energy becomes lower than 1.1 eV, the simulation also finishes and
the electron is considered remaining in the conduction band of a
droplet, because its energy is too low to leave the droplet potential.
As the ion is also present in a droplet this electron will recombine
with the ion. The approach of the electron to the ion and its motion
in a steep part of coulomb potential is not simulated in order to spare
time. If electron is far from the ion, the electrostatic force is calculated by coulomb formula, but if the ion is close, the specially made
lookup table for regularized Coulomb potential is used instead. This
is done to avoid extremely large values of potential when electron
goes through the center of ion potential well.
As initially total electron energy equals to its kinetic energy, when it
leaves the potential well of the ion, part of it turns to potential energy
in the electric field, and electron slows down. If an electron with low
kinetic energy approaches an ion it will fall into potential well of
the ion and will keep oscillating there, slowly loosing its energy on
elastic scattering, until it becomes lower than energy cutoff. Then it
is considered that this electron has recombined with the ion.
In this way, the program operates with two main structures: Particle
and cross section table. ’Particle’ contains information about electron
position in cartesian coordinates ( vector points on electron from
droplet center ) and velocity in the droplet, position of ion inside the
droplet, electric field vector, calculated from the distance between
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electron and ion (3D -vectors), and also electrostatic Coulomb potential of the electron in the field of the ion, total energy of electron
(sum of its kinetic end potential energies), electron charge and mass
(constants) and counters that contain the total numbers of every type
of elastic and inelastic collisions that every particular electron has
participated in.
The cross section table contains a vector of collision cross section as
a function of kinetic energy of colliding particles, differential collision cross sections (only for elastic scattering) – cross section values
depending on angle and energy; also the flag about type of process (elastic, ionization, excitation on certain level) which gives an
amount energy transmitted to an atom – in case of inelastic collision.
The table of electron elastic scattering cross sections on He ion is prerecorded for 500 angle values in equal steps from 0 to π and energies
from 0 to 100eV in a step of 0.2eV (Figure 3.10).

Figure 3.10: Diagram of differential cross section for elastic scattering of
electron on neutral He atoms. Calculated by Thomas Fennel, Uni Rostock.

The inelastic cross sections are calculated using formulae for approximation the corresponding diagrams from [69]. On every sim76

ulation time step electrons kinetic energy is constant. Before the
scattering event happens, it is needed to compute the effective scattering cross section and choose which type of scattering process
happens.
The subprogram which gets a kinetic energy of electron as an input runs a cycle, that goes through all scattering types, sums crosssections for different scattering processes for the present kinetic
energy – and gives total cross section the probability that scattering
will take place on this step. Also it creates an array of ‘cumulative’
probability of scattering – an array, in which every element equals
to a cross-section for a certain type of scattering, normalized on
overall cross section of scattering, plus the sum of every previous
element of this array, so that elements in this array have ascending
values smaller than 1. Then another cycle goes through all elements
of cumulative cross section array, comparing them with a specially
generated random number from 0 to 1, and the index of the first
element that exceeds the mentioned random number gives the type
of scattering that is taking place on this step.
If the total probability of scattering is: P( x ) = 1 − exp(− Lx ), where
L is mean free path that equals σntot where n is atomic concentration,
σtot is the total cross section previously described. P is generated as
a random number from 0 to 1, then x - travel distance will be found
as x = − log(1 − P) · L, it determines the position of electron when
the scattering process happens.
If the scattering type happens to be ’elastic’, that is the only possible
variant if electron energy is lower than He lowest excitation potential, the total
R π cross section for certain kinetic energy of electron is
σtot = 2π 0 σ(θ ) ∗ sin(θ )dθ. Using the cumulative sum of cross section values for every angle (as described earlier for the process type
determination), the distribution of probability to scatter on every
angle normalized to unity is built, and comparison with the random
value from 0 to 1 will pick a scattering angle for the present event.
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Once having a scattering angle and velocity of the particle, the program builds a new velocity vector after scattering. Particle velocity
x,y,z- components are normalized on the module of its velocityvector, and a scattered vector with the same module is created. Then
the laboratory system is rotated together with the initial velocity
vector in such way that the latter one matches the velocity vector
after the scattering event. The angle of scattering plane rotation is
chosen randomly from 0 to 2π, as the system is symmetric around
this axis.
The last step is to change the electron kinetic energy. The He atom
is assumed at rest, so the relative velocity in the frame of center-ofmass of electron-atom system is equal to electron velocity. Having a
new direction of the electron propagation, program obtains its new
velocity values from the momentum and energy conservation laws
for the electron-atom system.

3.7

Article: ’Observation of electron
trapping-induced correlated decay in He
nanodroplets’

In this article, a new correlated electron decay mechanism is
described, that becomes significant in large He nanodroplets. The
photon energy dependence of electron emission and the droplet size
dependence of photoelectron spectrum allows to define the stages of
the investigated multi step process. This decay channel gains intensity for the photon energies ≥ 45.7 eV, when a primary photoelectron
can create the He∗ by collisional excitation (Figure 3.12.a.I.(1)). After
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that the photoelectron slows down via the friction emerging from
electron-He collisions: (Figure 3.12.a.I.(2)), and recombines with the
parent ion: (Figure 3.12.a.I.(3)), to form the second He∗ . The correlated electron with energy ≈ 15 eV (see Figure 3.11.a), is the evidence
of subsequent decay of the two He∗ (Figure 3.12a.(4)-(5)), that becomes dominant above droplet sizes R ≥ 15 nm ( Tnozzle ≤ 13K),
where the droplet formation regime changes from cluster condensation out of a cold He gas to the break-up of a liquid He jet (Figure 2.2).

Figure 3.11: Experimental a) and simulated spectra b) of electrons emitted
by He droplets of variable size.

The link of the observed new process with the impact excitation
becomes evident from the photoelectron yield energy scan in the
photon energy range of 45-46.5 eV. The steepest rise takes place at the
narrow photon energy window, where an excess energy of photoelectrons is sufficient for exciting He atoms to the 1s2p1 P-state, which
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has the highest cross section among the impact excitation channels.
Though the spectral position of peak ’C’ on Figure 3.11.a is consistent
with annihilation of a pair of 1s2s3 S atomic-like states, indicate that
complete electronic relaxation to the lowest excited state takes place.
Aside from the impact excitation, impact ionization can give the identical result, in particular for the photon energy hν=55 eV, which was
used for recording the photoelectron spectrum in Figure 3.11.a. It can
happen that after the electron impact ionization (Figure 3.12.a.II.(1))
both initial photoelectron and secondary impact-generated electron
get trapped by the droplet via elastic scattering (Figure 3.12.a.II.(2))
than they automatically recombine with two ions (Figure 3.12.a.II.(3)(4)). In the case if after recombination atoms remain in meta stable
triplet excited level: 1s2p3 P or 1s2s3 S, the next two stages proceed
identically to what was described before (Figure 3.12.a.(4)-(5)).
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Figure 3.12: Schematic representation of the mechanism of recombinationinduced correlated decay. a) Sketch of the dynamics. b) Time-evolution of
the electron kinetic energies for three selected classical trajectory simulations for a He droplet size R = 100 nm and hν = 55 eV.

For the verification of this hypothesis, classical Monte Carlo trajectory simulations (3.6) of the photoelectron propagation inside the
He nanodroplet medium were performed. The evolution of the total
electron energy is shown on Figure 3.12.b along three selected trajectories. Figure 3.12.b.(1) represents the case when the electron rapidly
reaches the droplet surface before it undergoes an inelastic collision,
it then escapes with insignificant loss of energy, caused only by elastic scattering. However the probability for electron to undergo an
inelastic collision before it leaves the droplet after about 50 fs, is high.
Thereby suddenly losing up to 24.6 eV of its kinetic energy electron
keeps loosing energy via multiple elastic collisions with individual
He atoms, and can either escape the droplet (Figure 3.12.b.(2)) or
be trapped inside and recombine with the ion after about 100 ps
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(Figure 3.12.b.(3)). From the trajectory simulations the synthetic
PES which contains all three relevant classes of electron signals is
obtained, and can be compared to the experimental data: Figure 3.11.
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Figure 3.13: For three different photon energies (in the image the photoelectron kinetic energies are shown) the droplet radius dependence is shown
for the count rate of: - free electrons, that didn’t scatter inelastically; - electrons that scattered inelastically but didn’t recombine; - total CED signal
from He∗ −He∗ autoionization; - CED, when the photoelectron excited an
atom to triplet state, and then recombined - also to triplet states; - CED,
when photoelectron excited two atoms to triplet states; - CED, when photoelectron ionized an atom, then recombined - to triplet state, and a newly
created electron also recombined to a triplet state with other ion.

To adapt the simulation program from Sec.3.6 to the system de83

scribed above, several major add-ons were introduced. The system is
able to contain up to three ions: a parent ions and up to two created
by electron impact. The Coulomb interaction with all present ions
is taken into account in the motion equations of every electron. A
subprogram that processes an electron impact ionization, when calculating the
√ electrons speed components after scattering, multiplies
them by 1 − R, where R is a quasi-random number in a range 0..1.
Then the new electron, which was created by the impact of a first
one, is created,√and receives the same speed as initial electron, but
multiplied by R. In this way a homogeneous distribution of the
kinetic energies of initial and newly formed electrons is obtained,
which is a characteristic for electron impact ionization spectra. The
position of newly formed electron is set as the same as the initial
electron position at the time of scattering, same values are set for
the position of a new ion. The both electrons are simulated from
this point in two different cycles, without any influence from one
another.
In the end of a cycle, if last electron has recombined, the last of the
created ions disappears. If the electron escaped, and didn’t recombine, than all ions remain present, and pay influence on dynamics of
the next simulated electrons. In this scheme, the electron dynamics
and ions for recombination are chosen in reverse order of how they
were created; of course more realistic model would be that where all
electrons move in parallel, so that in every time step all present electrons change their positions. Another possible improvement could
be that if an electron kinetic energy became lower than a threshold
of 1eV, so that the electron recombines, the ion, which participates in
recombination, is chosen by the closest position to that electron (not
by the number in the list of the ions). These changes are planned for
the next versions of simulation package.

84

Figure 3.14: Photon energy dependence of the discussed CED, normalized
on ’free electron’ counts, all the components of CED, ’free electron’ counts
and the counts of events, when only one of all electrons recombined, so
CED didn’t happen.

This cycle goes through every electron, generated by scattering of
first electron. The present simulation code has variables for three
ions, and can simulate dynamics of three electrons, generated in any
order. When the simulation of the dynamics of all the electrons ends
with their escape or recombination, the simulation ends, recording
the number of events of excitation on different levels, ionization
and the energies of all the electrons that escaped the droplet - for
building the simulated photoelectron spectrum like on Figure 3.11.b.
The simulation results in Figure 3.11.b are convoluted with gaussian
functions (1 eV full width at half maximum) to account for the lim85

ited spectrometer resolution. The count rate of the correlated decay
process of our interest is found as a sum of count rates of all possible
sequences, that lead to two atoms excited to triplet state: either by
impact excitation or electron-ion recombination. In the latter case
the overall number of events is multiplied by 34 as a simplified way
to take the recombination rate to triplet state into account. The count
rate of all different processes, related and unrelated to the studied
CED, are shown on Figure 3.13, in dependence from droplet radius.
The coefficients related to recombination into triplet state are taken
into account in ’icd’ diagram, that can make its values lower than
of some of its components (like ’icd through two recombination
events’). The Figure 3.14 shows the photon energy dependence of
CED count rate, normalized on that of the free electrons (the ones
which hadn’t had any inelastic collisions before they escaped the
droplet). The diagrams for all channels that form the CED signal are
also shown.
Personal contribution: I wrote the add-on for the simulations program, adapting it for the needed types of processes, performed all
the computer simulations, processed and analyzed the results of simulations, actively participated in discussion of their interpretation,
prepared all the figures that concern the simulation results and their
description.
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Abstract
Radiation damage of liquids and solids by light of sufficiently short wavelength
is central for various applications, including radiation therapy. Correlation-induced
intermolecular relaxation and transfer of energy or charge are particularly important
for the underlying photophysics in weakly-bound molecular systems such as liquids
or van der Waals clusters. Here, we report the observation of a hitherto unknown
correlated electronic decay mechanism in large helium nanodroplets. It relies on the
formation of two excited He∗ atoms from only one absorbed XUV photon. A primary
photoelectron creates the first He∗ by collisional excitation and is then slowed down via
the friction emerging from electron-He collisions and recombines with the parent ion
to form the second He*. The subsequent correlated decay of the two He* is evidenced
by characteristic electron signals that reveal its role as the dominant photoemission
channel of large droplets at photon energies . 45.7 eV. Although the current system
is quite unique, the underlying process should be ubitiquitous in dense, fluid-like
samples.
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If a weakly-bound complex or cluster is locally excited, e. g. by an energetic photon, intermolecular interactions can dominate the resulting photophysics through the opening of relaxation pathways that are absent in isolated atoms and molecules. Recently, a number of such
intermolecular decay processes based on electron correlation have been discovered, including
interatomic Coulombic decay (ICD) [1–5], electron transfer mediated decay (ETMD) [6–10],
and nanoplasma-mediated correlated electronic decay [11, 12]. Weakly-bound systems are
ubiquitous in nature, especially in biology, where hydrogen-bonded complexes are essential
building blocks of living tissue. There, intermolecular correlated electronic decay (CED) processes play important roles in radiation damage through the production of radicals and slow
secondary electrons [9, 13–17]. Mechanistic insight is therefore essential for minimizing the
detrimental effect of ionizing radiation, or for controlling it, e. g., in radiotherapy [16, 18, 19].
So far, CED processes have mostly been studied on van der Waals molecules or clusters
following local excitation by x-ray photons [2, 3, 9, 16, 19] or by generating multiple excitations or ionizations with intense infrared or XUV pulses [11, 20, 21]. Recently, first steps
have been taken to study biologically relevant condensed phase systems such as liquid and
solid water [10, 14] and hydrated biomolecules [17]. Our understanding of CED mechanisms
active in this class of targets is, however, far from being complete.
Here, we study He nanodroplets as scalable model system for a liquid with weak interatomic bonding. We report a so far unidentified CED process following XUV single-photon
ionization. From the distinct photon energy dependence of electron emission and from its
scaling with droplet size we unravel the individual stages of the underlying multistep process.
We find that the process begins with the generation of a single primary photoelectron that
produces a pair of excited He atoms, one of them via collisional excitation and the other one
by electron re-capture. This second formation mechanism represents the main novelty of
our study and can only be explained by a slowdown of the electron via quasi-elastic electron
atom collisions that resemble friction-like motion. After migration of the resulting excited
atom pair to the droplet surface, CED under the emission of an electron with characteristic
energy takes place. This correlated multistep process even becomes the dominant electron
emission channel for droplet sizes approaching the bulk limit.
He nanodroplets are particularly well-suited for fundamental studies of correlation effects
as the electronic structure of the He atom is simple, interatomic van der Waals interactions
are extremely weak, and the homogeneous structure of the superfluid droplets is nearly
2

size-independent [22].
Furthermore, elastic scattering cross sections of electrons with He are similar to those
of water (∼ 10−16 -10−14 cm−2 ) [23], making He nanodroplets ideal prototypes for studying
how collisional processes can affect relaxation dynamics in biologically relevant systems. He
droplets have a tendency to eject free electrons and electronically excited species such as He∗
and vibrationally excited ions such as He+
2 [24]. This allows us to sensitively detect ionization
processes even for large He droplets which are essentially determined by the properties of
bulk superfluid He.

I.

RESULTS

Typical raw photoelectron velocity map images (VMIs) detected in coincidence with He
photoions at a photon energy hν = 55 eV are depicted in Fig. 1 a) for various values of the
source temperature T0, i. e. for varying droplet sizes (see section III). VMIs are twodimensional projections of the electron’s momentum spheres which are then inverted to obtain
kinetic energy distributions. When going from small to medium sized droplets (left to middle
panel), the outermost ring from direct photoelectrons gradually vanishes while a second ring
feature emerges that is attributed to inelastically scattered electrons [25]. The data for even
larger droplets (right panel), however, shows an unusual qualitative change in the electron
spectra expressed by an additional ring structure outside the inelastic feature. The
corresponding electron energy spectra [Fig. 1 b)] show the detailed evolution of these three
main components with droplet size. For small droplets with average radii R . 5 nm (T0 & 15
K), the direct photoline at E ≈ 30.3 eV (peak A) dominates and matches the excess energy
expected for photoionization from the He 1s level (30.4 eV, black dashed line). The additional
component (peak B) in the energy range 7 . E . 12 eV starts to appear at droplet sizes R & 5
nm (T0 . 15 K). It reflects electrons that undergo one inelastic collision (impact excitation)
with another He atom in the droplet. Note that impact excitation leading to He in the 1s2p1P
-state, which has the highest cross section [26], would lead to an excess energy marked by the
blue dashed line, in reasonable agreement with our spectra.
Most importantly, the growth of the pronounced third peak at E = 15.4 eV (peak C)
begins above droplet sizes R & 15 nm (T0 . 13 K), where the transition from cluster
condensation out of a cold He gas to the break-up of a liquid He jet occurs [22]. At such low
3

Figure 1.

Experimental signatures of the recombination-induced autoionization of large He

droplets. a) Typical photoelectron images (normalized brightness) of He droplets of varying size
recorded at hν = 55 eV. b) Photoelectron spectra inferred from the images by Abel inversion. c)
Total electron yield as a function of hν around threshold. d) Peak positions of the three main
components of the photoelectron spectra; dashed lines indicate expected energies for atomic term
values.

temperature, the mean He droplet size rises sharply up to ∼ 109 He atoms per droplet at
T0 = 7 K, corresponding to a droplet radius R ≈ 250 nm [27]. The energy associated with
the upcoming peak C matches well the value expected for the decay of two He atoms in
their lowest excited 1s2s3 S-states via CED (15.1 eV), i.e. according to the reaction He∗ +
He∗ → He + He+ + e− [28, 29]. The widths of both the new peak C and the direct photoline
(peak A) are limited by the spectrometer resolution. This indicates that these electrons are
emitted either from He atoms accompanying the droplet beam or from the droplet surface so
4

that they reach the detector without massive energy loss through scattering with He atoms.
Our assignment of the peaks to the specific mechanisms is further supported by the hνdependence of the corresponding peak positions (Fig. 1 c). While the peaks of inelastic and
direct electrons shift linearly with hν (dots and slanted lines), peak C shows an appearance
threshold at hν ≈ 45 eV and does not shift when further increasing the photon energy up
to hν = 120 eV and possibly higher. This clearly points at an autoionization process that
results from a transient excited state, has no memory of the initial excitation, and depends
only on the specific electronic structure of the target.
The link of the observed new decay process with impact excitation becomes evident from
the onset behavior of the signal associated with peak B (Fig. 1 d). The signal onset occurs
in a quite narrow photon energy window and shows the steepest rise for photon energies
that generate photoelectrons with an excess energy sufficient for exciting He atoms to the
1s2p1 P -state, which is the impact excitation channel with the highest cross section. The
facts that (i) mostly the 1s2p1 P -state and possibly higher excited states initiate the new
decay process, and that (ii) the spectral position of peak C is consistent with annihilation of
a pair of 1s2s3 S atomic-like states, indicate that complete electronic relaxation within the
excited state manifold takes place [24]. Note that ultrafast relaxation and population transfer
to triplet states following EUV excitation of He nanodroplets was observed before [24, 30].

II.

DISCUSSION

At this point, the seemingly natural interpretation of peak C would be a process where
multiple photons induce multiple individual photoionization events in one droplet. The
multiple primary photoelectrons could then create two (or more) excited He atoms, a scenario
that becomes more and more likely for larger droplets. While this sequential multiphoton
process possibly contributes to the signal to some extent, we argue that another mechanism
is by far more important – the CED due to electron trapping-induced formation of the
second He∗ inside the He droplet. This mechanism, which is illustrated in Fig. 2 a), relies
on the formation of the first excited He atom by the above mentioned impact excitation
and subsequent continuous slowdown of the electron via quasi-elastic scattering with He
atoms in the droplet. Once the electron is slowed down far enough to get trapped and
eventually re-captured by the initial residual ion, the second He∗ could be formed. The two
5

Figure 2. Schematic representation of the mechanism of recombination-induced correlated decay.
a) Sketch of the dynamics. b) Time-evolution of the electron kinetic energies for three selected
classical trajectory simulations for a He droplet size R = 100 nm and hν = 55 eV.

He∗ created in this way can subsequently autoionize in an ICD-like process as it was recently
proposed [28].
To verify our hypothesis, we performed classical Monte Carlo trajectory simulations
(MCT) of the photoelectron propagation inside the He nanodroplets subjected to elastic
and inelastic scattering (for details see Methods). Fig. 2 b) shows the evolution of the total
electron energy along three selected trajectories. When the electron undergoes only elastic
scattering, it rapidly reaches the droplet surface and escapes with insignificant loss of energy
(blue line). However, given the atomic density of He droplets close to that of bulk superfluid
He (0.022 Å−3 ), the electron has a high probability of undergoing an inelastic collision before
it leaves the droplet after about 50 fs, thereby suddenly losing up to 24.6 eV of its kinetic
energy (black and red lines). This step is denoted by (1) in the corresponding schematic
illustration in Fig. 2 a). Subsequently, the electron undergoes multiple elastic collisions with
individual He atoms (2) which leads to a slow, friction-like additional energy-loss within
about 10 ps. Despite the large mismatch of electron mass and He atomic mass (1/7300),
the resulting diffusion-like electron motion can be fully stopped given the large sizes of He
6
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Figure 3. Experimental a) and simulated spectra b) of electrons emitted by He droplets of variable
size.

droplet R & 100 nm we consider here. The Additional Material contains estimates that
support this result.
In case the electron is fully stopped before leaving the droplet, it is eventually drawn
back to the He+ ion via Coulomb attraction and recombines (3) after about 100 ps (red
line). In our simulation, we assume that any He∗ created either by electron impact or by
recombination eventually relaxes into the lowest 1s2s3 S excited state due to interactions
with the He droplet, given the long time scale (10-100 ps) of the recombination dynamics.
Subsequent migration of the two He∗ to the droplet surface (4) [31] and their correlated
decay (5) generates electrons assigned to peak C in Fig. 1 b).
From the trajectory simulations we obtain synthetic PES which contain all three relevant classes of electron signals and can be compared to the experimental data, see Fig. 3.
Theory results in Fig. 3 b) are convoluted with gaussian functions (1 eV full width at half
maximum) to account for the limited spectrometer resolution. The threshold for electron
trapping and recombination of electrons and ions is set to 1 eV electron energy to account
for the conduction band edge that forms in large He nanodroplets as they approach the bulk
limit [31–34].
The MCT simulation results reproduce several general experimental trends: For small
He droplet sizes (R . 1 nm), only direct photoelectrons are predicted; for droplet radii R &
7

2 nm, inelastical scattering sets in, accompanied by a tail of slow electrons due to subsequent
multiple elastic electron-He scattering. As the droplet size increases to R & 28 nm in the
experiment and R & 80 nm in the simulation, the CED signal sharply rises to become
the highest peak in the size regime R & 150 nm. The earlier onset of the CED signal in
the experiment indicates that elastic scattering inducing recombination is underestimated
by the binary collision model used here. We had previously found that electron energy
loss in He droplets is more efficient than expected from a binary collision model for low
electron energies . 10 eV [34]. At low energies, a bubble forms around the electron thereby
facilitating even the attachment of electrons to neutral He nanodroplets [35, 36]. Besides,
in the MCT model we neglect the possibility that the inelastic electron-He collision creates
a He+ ion and a second electron followed by the recombination of the latter. This process
would further add to the CED signal.
Finally, we scrutinize the proposed new decay process against the autoionization process
induced by multiphoton absorption. As the He droplets grow very large, two or more photons
can be absorbed by one droplet even at the low photon fluxes given at synchrotrons. Each
photon absorption leads to the emission of one photoelectron and creates one He∗ excitation
with the probability given by the electron-impact excitation cross sections [26]. Thus, in this
alternative model, correlated autoionization of two or more He∗ could occur even if electron
relocalization were inefficient. However, in this case the primary emitted electrons would
still remain the dominant component in the electron spectra; in the most favorable case of
two-photon ionization followed by impact-excitation of two autoionizing He∗ , the ratio of
electrons created by this autoionization process with respect to the primary electrons would
be 1/2.
A quantitative analysis of the signal ratio of the new CED process (peak C) with respect to
the sum of directly emitted electrons (peak A) and inelastically scattered electrons (peak B)
as a function of He droplet size is shown in Fig. 4. In the experiment we find this ratio to rise
from 2 to 67 % for droplet sizes of R = 25-250 nm; the efficiency of the process predicted by
MCT (red line) steeply rises in the range R = 60-200 nm and nearly reaches the experimental
result for the largest droplets. We estimate the uncertainty in determining the experimental
mean droplet size in this size range to 50 % [27]. In contrast, the simulation of multiphoton
ionization (blue line) only rises to a relative efficiency of about 10 % at R = 400 nm. As in
the MCT model, we assume that all He∗ created by electron-impact excitation contribute
8
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Figure 4. Experimental and simulated relative signal integrals of electrons emitted by correlated
decay as a function of droplet radius. The thin black line is to guide the eye. The shaded area at
the bottom of the graph indicates the estimated noise level in the experimental data.

to the CED signal; electron-impact ionization events add to the contribution of primary
electrons. As such, we can conclusively state that peak C is primarily due to CED.
In summary, we have discovered a new CED process which becomes relevant for large He
nanodroplets approaching the bulk limit. The steep rise of the corresponding electron signal
with droplet size reaching comparable count rates as for the primary electrons is essentially
reproduced by a MCT simulation based on elastic and inelastic electron-He scattering facilitating electron-ion recombination. Multiphoton ionization possibly contributes to the signal
for very large He droplets, but cannot alone account for the observed high signal rates. This
result shows that new CED process can occur in extended condensed phase systems due
to multiple scattering of the primary electron inside the medium. The resulting reactive
species formed by electron-ion recombination as well as slow electrons play important roles
in radiation damage of biological matter.

III.
A.

METHODS
Experiment

The experiments are performed using a mobile He droplet apparatus attached to the
GasPhase beamline of Elettra-Sincrotrone Trieste, Italy. The experimental setup is described
9

in more detail elsewhere [37, 38]. In short, a continuous beam of He nanodroplets containing
500 up to ∼ 109 He atoms per droplet is generated by expanding He out of a cryogenic nozzle
with 5 µm diameter at a pressure p0 = 50 bar and at a temperature T0 = 7-28 K [27]. An
adjacent vacuum chamber contains a mechanical beam chopper for discriminating electron
signals correlated with the droplet beam from background signals due to ionization of the
residual gas. In the detector chamber further downstream, the He droplet beam intersects
the synchrotron light beam [1018 photons/(s m2 )] in the center of a photoelectron-photoion
coincidence velocity map imaging (VMI) spectrometer. Measuring electrons and ions in
coincidence allows us to extract from the data both ion mass spectra and mass-correlated
photoelectron spectra (PES).

B.

Simulation

Elastic and inelastic scattering of the electron with He atoms is implemented in a MonteCarlo trajectory (MCT) approach employing energy-dependent inelastic (1, 2 S,

12

P -states)

and differential elastic scattering cross sections for binary electron-He collisions [26, 39].
Each trajectory is initialized with random initial position inside the He droplet, propagated
under the influence of the Coulomb potential of the residual ion and using Monte-Carlo
sampling of the collisional dynamics, and terminated when either the electron escapes from
the droplet with continuum single-particle energy or if the electron is trapped by the He+
ion that is fixed at its initial position.
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[12] B. Schütte, C. Peltz, D. R. Austin, C. Strüber, P. Ye, A. Rouzée, M. J. J. Vrakking, N. Golubev, A. I. Kuleff, T. Fennel, and J. P. Marangos, Phys. Rev. Lett. 121, 063202 (2018).
[13] T., Jahnke, H. Sann, T. Havermeier, K. Kreidi, C. Stuck, M. Meckel, M. Schöffler, N. Neumann, R. Wallauer, S. Voss, A. Czasch, O. Jagutzki, A. Malakzadeh, F. Afaneh, T. Weber,
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3.8

Article: ’Electron scattering in He nanodroplets’

Being a unique type of condensed medium due to superfluidity, He nanodroplets have homogeneous density distribution of
superfluid He and consist of atoms with extremely simple electronic
structure. This gives a chance for fundamental understanding of the
electron scattering processes inside them by precise velocity measurements, using a simple model electron-atom elastic and inelastic
collisions, with excitation or ionization in the latter case. Unlike in
experiments described in 1.5, where the droplet was initially excited
by external electron, in the presented research the scattered electron
is generated by a photon in arbitrary location in nanodroplet. Then,
it can be emitted out from it with its initial kinetic energy, lose a large
part of it by inelastic scattering and be emitted or recombine with its
original ion. Information about the mechanisms of electron scattering and their cross sections may be useful for the further research on
the spectroscopy of embedded molecular species.
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Figure 3.15: Photoelectron spectra recorded in coincidence with He (a)
and He2+ (b) ions at a photon energy hν = 51 eV. A multi-peak structure
is generated by inelastic scattering of the primary photoelectron with He
atoms thereby exciting them into various excited states.

The following research has few main outcomes which are briefly
presented here. At photon energies above 45 eV, electron spectra
of He droplets are strongly affected by secondary processes, like
inelastic electron-He collisions. The velocity map imaging technique
used in the experiment allows to resolve the kinetic energy spectrum
of photo electrons, which suffered an inelastic collision - gray curve
on Figure 3.15.
The high spectral resolution provided by synchrotron light sources
102

allows to record high-resolution electron impact spectra. On Figure 3.15 one can see the line shapes of different He droplet excitation
levels, including those which are not directly accessible by optical
excitation - like 1s2p3 P and 1s2s3 S. The smooth curves of different
colors illustrate a set of gaussian functions which are simultaneously
fitted to the experimental spectrum. The broad feature in the range
from zero to 3.5 eV electron energy is due to electron impact ionization of He - the energy is shared between the two electrons according
to a uniform distribution function, giving the flat structure.
Measurements and fits like on the Figure 3.15 were made for the
photoelectrons in coincidence with He+ and He2+ in the range 44 to
56 eV photon energy with the step of 1 eV. General correspondence
of fitted peak energies to the literature values was found appropriate
[69], however all the measured excitation energies are systematically
up-shifted in energy on 0.2-1eV compared to atomic values. This
up-shift was connected to the repulsive interaction of He∗ excited
atom and the ground state He atoms surrounding it Sec.1.5.
Other finding was a significant probability of events when a photoelectron collides with the nearest neighbor of the photoion which
it was emitted from; This follows both from characteristic peaks in
electron spectrum for the He∗ He+ bound state and by He+ −He+
Coulomb explosion observed in kinetic energy spectra of ions. The
key finding was the two additional small peaks in the He+ coincidence spectra (Figure 3.15.a). They represent the excitation at energies about 1 eV below the lowest excited atomic level 1s2s3 S, which
was unexpected. This is connected with the process when primary
photoelectron undergoes an inelastic collision with a neighboring
He atom whose excitation energy is down-shifted by the presence of
newly formed nearby photoion. As this happens inside the droplet,
one would expect this feature to come in coincidence with He2+ and
larger He cationic clusters, instead of He+ . A possible explanation is
that the bound He∗ −He+ pair of atoms is expelled towards the sur103

face of droplet where it stays until radiative decay into an unbound
pair of atoms He+He+ .
Also from comparison of He+ and He2+ spectra follows that significant contribution to the photoelectron signal is due to the electron
photoemission from free He atoms accompanying the droplet beam,
which collide with the He droplets.
Personal contribution I performed the experiment on every its stage,
processed and analyzed all the data, actively participated in discussion of its interpretation, prepared the figures and their description
for the published article.
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ABSTRACT
We present a detailed study of inelastic energy-loss collisions of photoelectrons emitted from He nanodroplets by tunable
extreme ultraviolet (XUV) radiation. Using coincidence imaging detection of electrons and ions, we probe the lowest He droplet
excited states up to the electron impact ionization threshold. We find significant signal contributions from photoelectrons emitted from free He atoms accompanying the He nanodroplet beam. Furthermore, signal contributions from photoionization and
electron impact excitation/ionization occurring in pairs of nearest-neighbor atoms in the He droplets are detected. This work
highlights the importance of inelastic electron scattering in the interaction of nanoparticles with XUV radiation.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5074130

I. INTRODUCTION
Energetic electrons created inside a condensed phase
system primarily interact with the individual atoms of that
substance, and their scattering can be predicted quite accurately. In contrast, low-energy electrons interact with the
whole molecular network, and their scattering is currently too
complex to make accurate predictions. In particular, a complete understanding of inelastic and elastic scattering of slow
electrons in water is lacking.1 Therefore, precise measurements using simple model systems can add to the fundamental
understanding of electron scattering in the condensed phase.
Here, we present experiments with helium (He) nanodroplets
which feature (i) an extremely simple electronic structure
of the He constituent atoms, (ii) a homogeneous, superfluid
density distribution,2,3 and (iii) a high electrophobicity, which
facilitates the emission of slow electrons out of the droplets
and thus allows for their sensitive detection.
He nanodroplets are commonly regarded as “ideal spectroscopic matrices” providing a transparent, cold, and weakly
perturbing environment for the spectroscopy of embedded
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molecular species.3,4 They can be seen as flying nanocryostats in which individual molecules are isolated and
cooled upon pickup of a single molecule per droplet. When
doping two or more molecules per droplet at elevated vapor
pressure of the dopant species, aggregation into ultracold
complexes with sometimes unusual configurations occurs.5–7
Thus, applying advanced spectroscopic techniques to dopants
inside He nanodroplets may open new ways of probing the
structure and dynamics of unconventional molecular complexes and nanoparticles.8–11
While photoionization combined with ion detection has
proven to be a useful technique to probe neutral and cationic
molecules,12–17 the powerful technique of photoelectron
spectroscopy is less established. Most photoelectron studies
have been carried out using resonant two-photon ionization
by nanosecond laser pulses, where local rearrangement of the
He solvation shell around the intermediate excited dopant
may impact the spectra.18–22 A few studies of photoelectron
spectra using one-photon ionization by extreme ultraviolet
(XUV) radiation have been reported for pure23–26 and doped
He droplets.27–30 However, in the latter case, dopants were
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ionized indirectly either by Penning ionization or by charge
transfer from ionized He nanodroplets. Therefore, no information about the dopants was extracted from the measured
electron spectra.
One difficulty in performing ultraviolet photoelectron
spectroscopy (UPS) or even x-ray photoelectron spectroscopy
(XPS) of doped He nanodroplets is that the emitted photoelectrons interact with the He matrix on their way from the photoionized dopant to the detector. This can lead to unwanted
loss of angular information (anisotropy), to distortions of the
electron spectra, or even to electron-ion recombination. Note
that He droplets are even capable of trapping electrons when
bombarding the droplets with electrons of several eV of kinetic
energy.31 Anionic He droplets as well as anionic atomic and
molecular He ions are also detected at electron impact energies around 22 and 44 eV.32 At these energies, the impinging electron excites one or even two He atoms inside the
droplet and subsequently attaches to one excited He∗ atom.
Similarly, by photoionizing He droplets at photon energies hν
> 44 eV, we have previously found indications that the photoelectron undergoes inelastic collisions with the He thereby
losing around 22 eV of kinetic energy.24 In contrast, the spectra of electrons originating from ionization and correlated
decay processes revealed only weak perturbations by the He
droplets.26
The present study is devoted to inelastic scattering of
photoelectrons with He nanodroplets. We resolve individual
components of the electron energy-loss spectra measured
at various photon energies. From the analysis of peak positions and amplitudes, we infer various inelastic scattering
scenarios.

II. METHODS
The experiments are performed using a He nanodroplet apparatus combined with a velocity map imaging
photoelectron-photoion coincidence (VMI-PEPICO) detector
at the GasPhase beamline of Elettra-Sincrotrone Trieste, Italy.
The apparatus has been described in detail elsewhere.24,28
Briefly, a beam of He nanodroplets is produced by continuously expanding pressurized He (50 bars) of high purity out of
a cold nozzle (10-28 K) with a diameter of 5 µm into vacuum.
At these expansion conditions, the mean droplet sizes range
between hNi = 700 and ∼5 × 106 He atoms per droplet. Further
downstream, the beam passes a mechanical beam chopper
used for discriminating droplet-beam correlated signals from
the background.
In the detector chamber, the He droplet beam crosses
the synchrotron beam perpendicularly in the center of the
VMI-PEPICO detector. By detecting either electrons or ions
with the VMI detector in coincidence with the corresponding
particles of opposite charge on the TOF detector, we obtain
either ion mass-correlated electron VMIs or mass-selected
ion VMIs. Kinetic energy distributions of electrons or ions are
obtained from the VMIs by Abel inversion.33 The energy resolution of the electron spectra obtained in this way is ∆E/E
& 5%. In this study, the XUV photon energy is tuned in the
range hν = 44–64 eV. Ion mass distributions from the He
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droplet beam recorded at these photon energies contain a
series of cluster masses He+n , n = 1, 2, 3, . . ., but by far the
most abundant fragments are He+ and He+2 .24 All electron and
ion spectra discussed in this work are measured at a He nozzle temperature of T0 = 14 K which corresponds to a mean
number of atoms per droplet of N = 23 000, unless otherwise
specified.

III. RESULTS AND DISCUSSION
Photoelectron spectra and photoelectron angular distributions of He nanodroplets near the ionization threshold have
been studied before.23,24,34 In the experiment using PEPICOVMI recorded in coincidence with He+ , both the electron
energy and the anisotropy was found to match that of the free
He atom (β = 2).24 In contrast, electrons measured in coincidence with He+2 were slightly upshifted in energy and their
anisotropy was reduced to β ≈ 1. Therefore, we concluded that
He+ ions created near the ionization threshold predominantly
originate from free He atoms accompanying the He droplet
beam, whereas He+2 and larger molecular ions He+n , n > 2 are
ejected from ionized He nanodroplets.
When the photon energy is tuned to hν & 44 eV, additional peaks and broad features appear in the electron spectra
which are shifted to lower energies by &18.5 eV; see Fig. 1. The
peaks are due to inelastic scattering of the primary photoelectron with the He nanodroplets thereby exciting He atoms
into excited states or into the ionic continuum. The fraction
of inelastically scattered electrons with respect to those emitted directly with a kinetic energy around hν − Ei rises from
0 up to >1 when the mean radius R of the He droplets is
increased from 2 to about 20 nm by lowering the temperature of the He nozzle from T0 = 28 to 12 K; see inset in Fig. 1.
Here, Ei = 24.59 eV is the atomic ionization energy of He. The
red line depicts the estimated fraction of inelastic collisions,
exp(σnHe R) − 1. Here, σ = 0.29 Å2 is the total inelastic collision cross section at hν = 55 eV,35 and nHe = 0.0218 Å−3

FIG. 1. Spectra of total electrons emitted from He nanodroplets at a photon energy
hν = 55 eV. The mean size of the droplets is varied by changing the temperature
of the He nozzle. The inset shows the ratio of integrals over the low-energy peak
(inelastic scattering) vs. the high-energy peak (direct photoemission).
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is the density of He atoms in He nanodroplets.2 The reasonable agreement of our simple estimate with the experimental
data confirms our interpretation. Accordingly, the mean free
path of electrons with a kinetic energy of hν − Ei = 30.41 eV
in He nanodroplets due to inelastic scattering is 1/(σnHe )
= 15.8 nm. When the mean He droplet size is further increased
to >100 nm (not shown), this ratio of inelastic collisions versus directly emitted electrons further rises to >10, but an
additional feature eventually dominates the electron spectrum
which will be discussed elsewhere.

A. Electron energy-loss spectra
In the present work, we analyze electron energy-loss
spectra recorded at a higher resolution and in coincidence
with He+ and He+2 , as shown in Figs. 2(a) and 2(b), respectively. The photon energy is set to hν = 51 eV. The fact that
the electron energy loss spectra measured in coincidence with
He+ and He+2 ions are very similar indicates that both types of
electrons undergo inelastic scattering from He nanodroplets.
Assuming that the electrons detected in coincidence with He+
are emitted from free He atoms as in our previous interpretation,24 this implies that these electrons inelastically scatter with the droplets coming from outside. To scrutinize this
assumption, we inspect the yields of electrons detected in
coincidence with He+ and He+2 in dependence of the temperature of the He nozzle, T0 . The latter controls the mean He
droplet size as well as the fraction of free He atoms accompanying the droplet beam. Figure 3(a) shows this dependence
for the total yield of He+ and He+2 correlated electrons. Essentially the same dependence is measured at hν = 26 eV, where

FIG. 2. Photoelectron spectra recorded in coincidence with He+ and He+2 ions at a
photon energy hν = 51 eV. Only the low-energy part is shown, where a multi-peak
structure is generated by inelastic scattering of the primary photoelectron with He
atoms thereby exciting them into various excited states.
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FIG. 3. (a) Total yield of electrons detected in coincidence with He+ and He+2 ions
as a function of the He nozzle temperature (bottom axis) which controls the He
nanodroplet size (top axis). (b) Ratio of total and inelastically scattered electrons
detected in coincidence with He+ versus He+2 . The straight lines are linear fits to
the data in the range 14 ≤ T 0 ≤ 22 K.

inelastic scattering is absent (not shown). As T0 is increased
from 14 to 22 K and thus the mean droplet size decreases
from about 1.9 × 106 to 2700 He atoms per He droplet, both
the yields of He+ and of He+2 ions and their correlated electrons slope down, mainly due to a dropping intensity of the
He droplet beam. However, the proportion of He+ to He+2 correlated electrons increases in this range of T0 from about
0.2 to 0.6; see the open symbols in Fig. 3(b). This rise in the
ratio of He+ to He+2 -correlated electrons reflects the increasing fraction of free He atoms in the beam as the expansion
conditions approach those of a pure atomic jet. The filled symbols in Fig. 3(b) show the ratio of He+ to He+2 -correlated electrons that were subjected to inelastic scattering (integral over
electron spectra from 0 to 8 eV). While this ratio increases
similarly to the one for the total electrons, it is overall larger by
about 2. Thus, it appears that the yield of inelastically scattered
electrons coincident with He+ is enhanced at the expense of
the inelastically scattered electrons coincident with He+2 . The
process that likely causes this effect is discussed in Sec. III B.
Next, let us discuss the structure of the electron energyloss spectra shown in Fig. 2. The smooth bell-shaped curves
in Fig. 2 depict gaussian functions which are simultaneously
fitted to the experimental spectrum. Due to the limited quality of the experimental data, only 8 peaks can be identified
with high confidence. We attribute them to the lowest excited
states 1s2s3 S up to 1s3p1 P as well as the ionization continuum.
As these states have the highest impact excitation cross sections,35 they are expected to dominate the spectrum. From the
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peak positions of the fit curves, we infer the energy loss which
equals the excitation energy of the respective state (see the
legend). The peak integrals correspond to the relative probabilities of exciting the various states by electron impact; see
Sec. III D.
The broad feature in Fig. 2(b) reaching from zero up to
3.5 eV electron energy is due to electrons created by electron impact ionization of He. The flat structure of this feature
indicates that the energy is shared between the two electrons according to a uniform distribution function, in accordance with previous findings.36 Note that in our experiment,
we detect only one of the two electrons due to the finite
dead time of the detector. While the peaks in Figs. 2(a) and
2(b), corresponding to excited states, are similar in positions
and amplitudes, the distribution assigned to impact ionization is more pronounced in the coincidence measurement
with He+2 .
Another significant difference between the spectra in
coincidence with He+ and with He+2 is the occurrence of two
small peaks at an electron energy between 7 and 8 eV in
the He+ electron spectrum [Fig. 2(a)], and not present in the
He+2 electron spectrum. These peaks are present in all He+ correlated spectra except for those recorded at expansion
conditions when large He droplets (N > 105 ) are formed (nozzle
temperature T < 14 K).
To get an overview of the results at all measured photon
energies ranging from 44 up to 56 eV, we plot in Fig. 4 the
energies of the He states excited by electron impact, E∗ = hν
− Ei − Ep , obtained from the fitted peak positions Ep . The error
bars indicate the widths of the fitted peaks (standard deviation). The choice of the atomic ionization energy as the value
of Ei is well justified when analyzing the He+ coincidence electron spectra which are primarily due to photoionization of free
He atoms. As for the He+2 coincidence data, the corresponding
value of Ei may be slightly reduced by about 0.1 eV as observed
in photoelectron spectra recorded near-threshold.24,34 However, for the sake of consistency with the representation of the
He+ data and since the shift of Ei is small compared to the resolution of our spectrometer, we use the same value Ei = 24.59
throughout.
The horizontal dashed lines in Fig. 4 represent the He
excited state energies E∗ for the He atomic values Ep .37
The slanted dashed lines tangent to the onset of the data
points at low photon energies represent the highest possible energy that the primary photoelectron can transfer by
exciting a He atom, hν − Ei . The slanted dashed lines that
nearly match the fitted positions of the broad impact ionization feature represents the linear function hν − 3Ei /2, that
is, the expected energy of electrons created by impact ionization when assuming equal energy sharing between the two
electrons.
Overall we find a good correspondence between the fitted peak energies and the literature values.37 However, the
experimental atomic excitation energies are systematically
up-shifted in energy by 0.2-1 eV, where the higher excited
states are up-shifted more than the lowest He excited state
1s2s3 S. We attribute this up-shifting to the repulsive interaction of He∗ excited atoms (assuming prompt localization of the
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FIG. 4. Compilation of the fitted peak positions E p in electron spectra recorded
in coincidence with He+ (a) and with He+2 (b) as a function of the photon energy
hν. The results are represented as energies of the He states excited by electron
impact, E ∗ = hν − E i − E p , where E i denotes the atomic ionization energy of He.

excitation on one atom) with the surrounding ground state He
atoms inside the He nanodroplet. This concept is commonly
adopted to explain the broad, blue-shifted features in photoabsorption spectra of He nanodroplets.38–40 For the higher
excitations into 1sn`-states with principal quantum number n
= 3, 4 and ` = 0, 1, 2, even the ejection of free Rydberg atoms
was observed.40 In our experiment, we find an average upshift of the excitation energy of the 1s2p1 P-state of ∆E1 P = 0.8
± 0.2 eV, which matches the blue-shift of the absorption peak
very well.38 In this way, we can specify the energetic up-shift
for the optically forbidden states 1s2s3 S and 1s2p3 P to ∆E3 S
= 0.35 ± 0.1 eV and ∆E3 P = 0.45 ± 0.2 eV, respectively. Likewise,
we obtain values for the full widths at half maximum (FWHM)
for each peak. These values range from 0.7 ± 0.1 eV (1s2s1 S and
1s2p1,3 P), 0.9 ± 0.2 eV (1s2s3 S) to 1.6 ± 0.6 eV (1s3p1 P). The peak
widths for the optically allowed states are in good agreement
with those measured by photoabsorption spectroscopy.
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B. Nearest-neighbor excitation and ionization
by electron collision
In addition to the peaks corresponding to atomic excitations of He, we find two small peaks at energies about 1 eV
below the lowest excited atomic level 1s2s3 S in the He+ coincidence spectra [Fig. 2(a)]. How can an electron lose less energy
than the lowest He excitation in an inelastic collision with a He
nanodroplet? We have mentioned that the presence of neutral
He atoms around the impact-excited He atom can only cause
an up-shift of the energy of the low-lying levels. The interpretation we propose is based on the peculiar shape of potential
curves for a pair of He atoms where one is excited and the
other is ionized; see the green and blue lines in Fig. 5. In the
range of most probable He-He interatomic distances inside He
nanodroplets, around 3.6 Å,34 the lowest two potential curves
+ correlating to the pair of atoms He∗ + He+ feature a shal22 Σg,u
low well with a depth of 0.6 and 1.0 eV with respect to the
He∗ (1s2s3 S) + He+ atomic asymptote, respectively. Thus, we
assume that the primary photoelectron undergoes an inelastic
collision with a neighboring He atom whose excitation energy
is down-shifted by the presence of the nearby photoion. We
mention that this process resembles the well-known shakeup and knock-up processes in an atom or a molecule, where an
electron is emitted by the absorption of an energetic photon
and simultaneously the remaining photoion is electronically
excited.43 Interatomic shake-up, which is driven by electron
correlation, is less likely to play a role here given the large distance between two He atoms.44 However, we cannot exclude
its contribution to the measured signal given that more than
one atom surrounds the ionization center which may lead to a
collective enhancement.

FIG. 5. Selected potential energy curves for the He2 ground state up to the doubly
ionized state He+ + He+ , taken from Refs. 41 and 42. The thick vertical dashed
line indicates the average distance between He atoms inside He nanodroplets.
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According to our interpretation of the two additional
peaks in terms of He∗ + He+ molecular excitations, we have
added dashed horizontal lines at excitation energies of 18.8
and 19.2 eV in Fig. 4(a). The good agreement of these values
with the experimental peak energies confirms our model. The
missing up-shift for these states is due to the fact that now the
nearest neighbor of the He∗ is the He+ photoion which causes
the down-shift of the level. This is in contrast to the more
frequent cases where the photoion is at some distance away
from the He∗ , and the nearest neighbor to the He∗ is a neutral He atom causing an up-shift of the He∗ level, as discussed
above. Note that there may be more down-shifted features
due to molecular excitations correlating to the higher-lying
excited atomic levels superimposing on the electron energyloss spectrum. However, given their low relative amplitudes
and the limited quality of our data, we cannot unambiguously
identify any.
But why are the two He∗ -He+ molecular features observed
only in coincidence with He+ atomic ions? Clearly, the combined process of photoionization and scattering on the next
neighbor occurs inside the droplets where we expect He+2 and
larger He cationic clusters to form. Note that the penetration
depth of the XUV photons 1/(σ abs nHe ) & 1800 Å is much larger
than the mean He droplet size so that we may expect nearly
uniform illumination of all He atoms in the droplets. Here,
σ abs = 0.026 − 0.012 Å2 is the photoionization cross section
of He in the photon energy range 44-64 eV.45 Our speculative explanation is that the bound He∗ -He+ pair of atoms is
expelled towards the He droplet surface where it decays into
an unbound pair of atoms He + He+ . In the bound excited state,
the excited electron is delocalized over the two He atoms and
therefore the system represents a vibronically excited molecular ion. Vibrationally excited15,46 as well as electronically
excited molecular ions47 and even excited atomic ions48 have
been found to be efficiently ejected out of He nanodroplets by
a nonthermal, impulsive process. The He∗ He+ system either
detaches from the droplet, or it stays very weakly bound at
the surface until it radiatively decays into an unbound pair
of atoms He + He+ with an interatomic spacing around 4 Å
given by the minima of the potential wells (green and blue
curves in Fig. 5). Our observation of the disappearance of the
He∗ He+ molecular features for large He droplets is in line
with previous observations of reduced ion yields for larger
droplets.15
Now that we have established the formation of He∗ He+
bound excited states, we turn back to the observation of a
larger fraction of scattered electrons in coincidence with He+
to He+2 as compared to that fraction for the total electrons
(Sec. III A). Upon photoionization inside the droplet followed
by electron-impact excitation of a He∗ atom at some distance
from the parent photoion, we expect that mostly He+2 form
which tend to be ejected as free ions.46 However, owing to
long-range polarization forces acting between the He+ photoion and the He∗ excited atom, and due to the high mobility
of the latter inside the He droplet, the two species can be
dragged towards each other and again form a bound He∗ He+
complex. Note that the interaction of an ion with a He∗ created
by impact excitation inside a He droplet has been reported
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before.49 Subsequently, the He∗ He+ is ejected and decays into
an unbound pair He∗ + He+ as in the previously discussed case
of He∗ He+ formed by next-neighbor impact excitation. Thus,
He∗ He+ formation facilitates the ejection of the He+ which
would otherwise form He+2 or larger cationic complexes.

C. Ion kinetic energy distributions
Our interpretation of the two additional peaks in the
He+ electron energy-loss spectra [Fig. 2(a)] in terms of nextneighbor impact excitation is supported by measurements of
the He+ and He+2 ion kinetic energy distributions, as shown
in Figs. 6(a) and 6(b), respectively. In these experiments, the
He nozzle temperature was set to 16 K which corresponds
to a mean number of He atoms per droplet of 5500. At photon energies below the threshold for electron inelastic scattering, hν = 44 eV, He+ ions predominantly have low kinetic
energies <0.2 eV. The kinetic energies of the He+2 cations are
distributed around 0.15 eV with the highest energies reaching
up to about 1 eV. The more extended low-energy distribution
for He+2 ions as compared to He+ is due to nonthermal ejection
of vibrationally excited He+2 .15,50 At hν = 50 eV, where various
electron impact excitation channels open up, the He+ and He+2
ion kinetic energy distributions are nearly unchanged. In contrast, at hν = 55 and 64 eV, where electron impact ionization
is the dominant channel, the ion kinetic energy distributions
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qualitatively change; a second maximum appears as a shoulder in the ion spectrum of He+ which is peaked around 0.7 eV
and reaches up to about 2.7 eV. Similarly, the He+2 spectrum
develops a shoulder peaked around 0.6 eV which extends up
to about 1.7 eV.
The higher kinetic-energy component of the ion energy
distributions associated with electron impact ionization
results from Coulomb explosion of pairs of ions created at relatively short distance. This is no surprise given the relatively
large ionization cross section σ i = 0.15 Å2 at hν = 64 eV,35
which yields a probability of electron scattering with a neighboring He atom in a droplet at a distance of d = 3.6 Å of
1 − exp(−σ i nHe d) = 1.2%. The Coulomb explosion of two adjacent atoms in a He nanodroplet spaced by 3.6 Å results in a
kinetic energy release of about 4 eV; see the uppermost potential energy curve in Fig. 5. This corresponds to a gain of kinetic
energy of the He+ ion of about 2 eV when assuming binary
dissociation.
The experimental higher kinetic-energy shoulder in the
He+ distribution at hν = 64 eV contains 50% of the total signal (25% at hν = 55 eV) and spans the wide energy range
0.35–2.7 eV. How can we rationalize this finding? The highenergy edge (2.7 eV) matches well the maximum energy that
a He+ ions can acquire when Coulomb explosion starts at the
minimum distance between nearest neighbors (2.4 Å).34 The
low-energy onset (0.35 eV) corresponds to a distance between
He+ ions of about 20 Å, which roughly coincides with the mean
He nanodroplet radius (32 Å). Thus, it seems that all electronimpact ionization events contribute to the shoulder structure
in the He+ energy distribution. Considering that scattering of
the photoelectron with any atom in the entire He droplet may
occur, we set d = 32 Å and obtain an estimated scattering
probability of 20%, which comes close to the experimental
value. As in the case of electron-impact excitation of a neighboring atom discussed above, a correlated or even collective
one-photon double ionization process akin to shake-off51 may
enhance the signal amplitude.
The shape of the shoulder distribution is given by the
distribution function of distances at which impact ionization
occurs. In addition, collisions of the accelerated ions with
neighboring He atoms on their way out of the droplet likely
cause a shift towards lower energies. Such elastic ion-atom
collisions have recently been observed for pairs of ions created by interatomic Coulombic decay (ICD) inside He droplets
at an even shorter distance.26 When an ion collides elastically with a neighboring He atom it can lose all of its kinetic
energy (head-on collision), in which case Coulomb explosion
restarts at a larger distance and the final kinetic energy is
reduced. An accurate modeling of the measured ion kinetic
energy distributions would require a three-dimensional scattering simulation, which goes beyond the scope of this paper,
though.

D. Electron impact cross sections
FIG. 6. He+ (a) and
photon energies.

He+2

(b) ion kinetic energy distributions recorded at various
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Finally, we inspect the relative intensities of the various inelastic electron scattering channels as a function of
photon energy. Figure 7 displays the integrals over individual
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IV. CONCLUSION

FIG. 7. Integrals of the fitted peaks in the electron spectra recorded in coincidence
with He+ and He+2 [(a) and (b), respectively]. Panel (c) shows the cross sections
for electron impact excitation and ionization of various states of He extracted from
Ref. 35.

fitted peaks in the electron spectra recorded in coincidence
with He+ (a) and with He+2 (b). For comparison, the theoretical results by Ralchenko35 are shown in panel (c). In the range
46 ≤ hν ≤ 51 eV, the order of the experimental peak integrals
roughly matches that of the theoretical cross section. Thus,
1s2s3 S excitation is most probable, whereas 1s2p1 P is least. At
hν > 51 eV, the peak integrals are of similar order of magnitude,
which agrees with the theoretical cross sections.
Likewise, the predicted pronounced rise of the cross section for impact ionization for hν > 49.2 eV is well reproduced by the electron data in coincidence with He+2 . In the
He+ coincidence spectra, the impact ionization signals are
slightly underrepresented with respect to the impact excitation channels. This is likely related to the discussed process of He+ He∗ formation following electron impact excitation
(Sec. III B). Since He+ He∗ formation enhances the yield of free
He+ ions, the corresponding coincident electron yields are
increased with respect to the yield of electrons subjected to
impact ionization, which does not facilitate He+ ejection. Thus,
the overall agreement of the measured peak integrals with
the theoretical cross sections is satisfactory. This indicates
that electron impact excitation and ionization proceed essentially with the same probabilities in He droplet as in free He
atoms.
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When He nanodroplets are irradiated by XUV light at hν
& 44 eV, emitted photoelectrons undergo inelastic collisions
with He atoms in the nanodroplets. The fraction of scattered
electrons can exceed that of directly emitted electrons when
the droplets grow large with radii &20 nm. The amplitudes of
the individual inelastic channels (excited states of He, ionization) detected in the two ion mass channels He+ and He+2 are
slighlty distorted by the relaxation dynamics that follows the
photoionization and scattering events, but roughly agree with
theoretical predictions for the He atom.
Previously, we had concluded that photoionization events
occurring inside the droplets mostly generate He+2 molecules
and larger clusters in a process labeled by (1) in Fig. 8. In
contrast, He+ ions mostly originate from photoionization of
free He atoms that accompany the He droplet beam; see process (2). However, when photoionization takes place inside the
droplet, He+ ions and correlated electrons originating from
inside the He droplets can be detected as well. In the case
that a He atom adjacent to the parent photoion is excited into
low-lying levels by collision with the photoelectron, a transient bound He∗ He+ molecular state is populated [process (3)].
This is seen as two small peaks in the electron spectrum corresponding to excited levels lying below the lowest excited
state of the He atom. But even in process (1), He∗ He+ species
can form owing to He∗ -He+ attractive forces, thereby facilitating the ejection of free He+ . In case that the next neighbor
is impact ionized, the two He+ ions undergo Coulomb explosion and both He+ and He+2 ions are detected with higher
kinetic energy of up to 3 eV [process (4)]. Thus, the two
processes (3) and (4) are the pertinent new features related
to He nanodroplets. The possibility that correlated or even

FIG. 8. Schematic representation of four possible photoionization and electron-He
inelastic scattering processes occurring upon photoionization of He nanodroplets
at hν > 44 eV. Excited He∗ atoms are marked by stars, and He+ ions are shown
as circles containing crosses. See the text for details.
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collective effects contribute to the amplitudes of these processes is an intriguing thought that hopefully incites theoreticians to investigate this system.
These results add to the fundamental understanding of
the interaction of relatively low-energy electrons with condensed phase systems. Electron scattering in biological matter plays a crucial role in radiation biology and DNA damage.52 Besides, our findings show that electron scattering
may impose severe limitations for the use of He nanodroplets
as a substrate for photoelectron spectroscopy of embedded
molecules and complexes when using XUV or x-ray radiation. In a forthcoming study, we will discuss the importance of elastic scattering of electrons created inside large He
nanodroplets.
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Article: ’Highly efficient double ionization of mixed alkali dimers by intermolecular Coulombic decay’

A new decy mechanism is reported in the article, where different
alkali dimers attached to He droplets are doubly ionized by intermolecular energy transfer from 1s2s1 S excited nanodroplet. Initially
a nanodroplet absorbs a single 21.6 eV photon, which correlates to
the 1s2p1 P-state of atomic He, but after ultrafast intraband relaxation
forms 1s2s1 S atomic excitation. The 1s2s1 S-state of a He atom in a
droplet is dipole-coupled to the ground state [45], which means that
it can be de-excited via ICD-like energy transfer. The studies were
made for droplets doped with mixed alkali dimer systems: K–Rb,
Na–K, Na–Rb, and small homogeneous alkali clusters of Li, Na, K,
Rb and Cs. On the Figure 3.16.a, one can see the electron–ion–ion
coincidence time-of-flight spectrum for K–Rb dimers attached to the
surface of He droplets. The position of a bright spot identifies two
ions created by multiple ionization - the brightest spot is centered
around the respective masses of K and Rb. The shape of distribution
gives information about the dissociation process: sharp, negative
sloping features indicate a back-to-back emission of the ions which
points on the dicationic dissociation of the dimers.
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Figure 3.16: Coincidence spectra for discriminating possible involved decay
mechanisms applied while measuring the energetics of the constituent ions
and electrons. The ionization process is triggered by energy transfer from
the excited 1s2s1 S He atom (Ee = 20.6 eV). a) Ion–ion coincidence time-offlight spectrum for K–Rb dimers attached to the surface of He droplets. b)
Kinetic energy distributions for K+ (blue line) and Rb+ (grey line) taken in
triple (e− , 39 K, 85 Rb) coincidence. c) Electron kinetic energy distributions
taken in triple (e− , 39 K,85 Rb) coincidence (red line) and double (e− , 39 K)
coincidence (black line).

For photon energies out of 1s2p1 P He droplet resonance no such
distributions are observed, indicating that ionization proceeds through
excited He atoms. Figure 3.16.b shows ion kinetic energy distributions for the 39 K ion (blue line) and 85 Rb ion (grey line) measured in
triple (e− , 39 K,85 Rb) coincidence. The sum of kinetic energies corresponds to the kinetic energy release of the ion pair in the dicationic
state.
To interpret the the spectra in terms of double ICD process, the
Franck–Condon factor (FCF) simulations of the ion and electron
kinetic energy distributions were performed. The initial state was
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represented by ground 1 Σ+ state potential curve of K–Rb dimer,
the final dicationic state was calculated using a Coulomb potential
shifted to match ionization energy of the free atoms as an asymptote,
the vertical transition between these two potential energy curves was
assumed. The simulations give a kinetic energy release that matches
the measured values quantitatively, but don’t explain the much
larger width of the peak. The hypothetical reason of broadening
of the experimental distributions is dopant–He droplet interactions.
The potential curve of a free alkali dimer used for simulations will be
perturbed, same as the curve of the final ionic state. The possible configuration of dopant and He atoms could be the transient attachment
of the localized excited He atom to the K–Rb dimer. Depending on
the configuration at which this system stabilizes, double ICD of the
K–Rb dimer proceeds at different internuclear distances, resulting in
a broader distribution of the fragmented ion kinetic energies.
Diagram on Figure 3.16.c shows the electron kinetic energy distribution (red line) measured in triple (e− , 39 K,85 Rb) coincidence. Simulated excess electron energy for double ionization of K–Rb dimers
matches the 8eV peak, fitting well with the sum electron energy. The
overall distribution has a U-shape indicating that one electron takes
nearly all of the excess energy while the second electron is emitted
with nearly zero kinetic energy. Such distributions were discussed
for example in [95], for the case of single-photon double ionization
of atoms. In the case of a single atom being doubly ionized, the faster
electron is less attracted to the remaining ion due to the screening
of the Coulomb field by the slower electron, which makes the energy distribution between both electrons to become U-shaped. This
was found to be a signature of a mechanism known as ’shake-off’,
which can be possible also in diatomic molecule, being a one-step
process and opposed to other mechanism - two-step electron impact
ionization, such as ’knockout’. Though the process occurs relatively
close to the double ionization threshold, where in atomic ’shake-off’
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process the equal energy sharing typically has preference, on Figure 3.16.c the electron energy distribution is clearly unequal. This
can be a specific peculiarity of alkali atoms, due to the low ionization
potential of the valence electron. The double ICD was registered for
both homo- and hetero-nuclear dimers of K, N, Rb and Li, in proceeding simultaneously with usual ICD, and showing comparable,
if not larger, ionization rates.
Personal contribution I performed the experiment on every its stage,
processed and analyzed the data, actively participated in discussion
of its interpretation, prepared main part of the figures and their
description for the published article.
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Highly efficient double ionization of mixed alkali
dimers by intermolecular Coulombic decay
A. C. LaForge 1,2*, M. Shcherbinin3, F. Stienkemeier
and M. Mudrich3
As opposed to purely molecular systems where electron
dynamics proceed only through intramolecular processes,
weakly bound complexes such as He droplets offer an environment where local excitations can interact with neighbouring
embedded molecules leading to new intermolecular relaxation mechanisms. Here, we report on a new decay mechanism leading to the double ionization of alkali dimers attached
to He droplets by intermolecular energy transfer. From the
electron spectra, the process is similar to the well-known
shake-off mechanism observed in double Auger decay and
single-photon double ionization1,2, however, in this case, the
process is dominant, occurring with efficiencies equal to, or
greater than, single ionization by energy transfer. Although
an alkali dimer attached to a He droplet is a model case, the
decay mechanism is relevant for any system where the excitation energy of one constituent exceeds the double ionization
potential of another neighbouring molecule. The process is, in
particular, relevant for biological systems, where radicals and
slow electrons are known to cause radiation damage3.
The correlated action of multiple electrons after photon absorption in atomic and molecular systems has led to the discovery of a
variety of radiation-induced decay processes (for example multiple
excitation and/or ionization or various autoionization channels)1,4,5.
When the system complexity is increased to larger, more complex
systems, new and diverse intermolecular decay mechanisms open
up. In particular, processes such as intermolecular Coulombic decay
(ICD)6 where energy is exchanged between electronically excited
atoms or molecules and their neighbours have been of broad interest (for reviews, see refs. 7,8). ICD and related intermolecular processes are a potentially important channel for radiation damage of
biologically relevant systems9,10. Recently, ICD was measured for the
first time in a hydrated biomolecular system11.
Owing to their simple electronic structure and high ionization
potential, weakly bound He complexes have served as a model
system for studying intermolecular processes such as ICD12–14 and
electron-transfer-mediated decay15,16. Additionally, He complexes
have been used to observe a related type of ICD. In this case, when
He droplets17,18 or He–Ne dimers19 are resonantly excited, the energy
can be transferred to neighbouring constituents leading to their
ionization. An example of such a process is shown in the electron
kinetic energy distribution in Fig. 1d for K atoms attached to the
surface of He droplets. A photon (hν = 21.6 eV) is initially absorbed
by a He nanodroplet at the resonance correlating to the 1s2p1P-state
of atomic He (ref. 20). Through ultrafast intraband relaxation within
the droplet21,22, an excited 1s2s1S He atom (Ee = 20.6 eV) is formed.

, R. Richter4, R. Moshammer5, T. Pfeifer5

1

The excess energy is then transferred by ICD to the K atom leading to its ionization while the He atom relaxes to its ground state.
The characteristic electron kinetic energy is the difference between
the He excited state and the acceptor’s ionization potential. For the
case of K atoms, this results in a kinetic energy of about 16.3 eV,
which matches the position of the pronounced peak in the spectrum (black line in Fig. 1d). A question that arises is how the situation changes for systems where double ionization is energetically
allowed. For endofullerenes, it has been theoretically proposed that
double ICD (dICD) can become a viable decay mechanism23. Here,
we show that, indeed, dICD is not only a possible decay path, but
can even be the dominant decay mechanism occurring with efficiencies equal to, if not exceeding, single ionization.
To gain detailed insight into the process, we investigated alkali
dimers, the simplest metal cluster. Furthermore, to circumvent issues
with detector dead times, the dimers were composed of alkali atoms of
different mass, K and Rb. The process of dICD is schematically shown
in Fig. 2 along with the potential energy curves of free K–Rb dimers in
the ground 1Σ+ state (black line)24 and dicationic state (red line). The
dicationic curve was calculated using a Coulomb potential shifted
to match the asymptotic ionization energy of the free atoms, shown
as dashed lines in Fig. 2. Similar to the ICD ionization of K atoms
described above, dICD occurs by a transfer of energy from the excited
1s2s1S He atom (Ee = 20.6 eV) to the K–Rb dimer. However, in this
case, the double ionization potential of the K–Rb dimer is energetically less than the excited He atom, resulting in the emission of two
electrons along with the dicationic dissociation of the ions.
Direct evidence for dICD is thus determined by measuring multiple coincidences of electrons and ions produced by this process.
Figure 1a shows the electron–ion–ion coincidence time-of-flight
spectrum for K–Rb dimers attached to the surface of He droplets
for a photon energy of 21.6 eV. In general, distributions observed
in ion–ion coincidence maps identify ions created by multiple ionization while the shape of the distribution gives information about
the dissociation process25. In this case, the coincidence map is centred around the respective masses of K and Rb where several sharp,
negative sloping features are observed. These distributions indicate
that fragmentation occurs through dicationic dissociation of the
dimers leading to back-to-back emission of the ions. The primary
ion pair originates from dimers of 39K and 85Rb while the neighbouring distributions come from the isotopes, 41K and 87Rb. There are
additional, weaker distributions due to complexes of an alkali ion
with a few He atoms attached. For cases where the He droplet is not
resonantly excited, no such distributions are observed indicating
that ionization proceeds through excited He atoms. Additionally,
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spectrum for K–Rb dimers attached to the surface of He droplets. b, K+, Rb+ and electron VMIs taken in triple (e−, 39K, 85Rb) coincidence. The momenta
scales are given in atomic units. c, Kinetic energy distributions for K+ (blue line) and Rb+ (grey line) taken in triple (e−, 39K, 85Rb) coincidence. d, Electron
kinetic energy distributions taken in triple (e−, 39K, 85Rb) coincidence (red line) and double (e−, 39K) coincidence (black line). Note that the black line in d
was a separate measurement where single K atoms were attached to the surface of He droplets. The expected electron kinetic energy from single K atoms
is given by a dashed vertical line. The filled lines in c and d correspond to the respective ion and electron kinetic energy distributions for K–Rb dimers
calculated from FCF simulations (see text for details).
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Fig. 2 | The potential energy curve of K–Rb dimers in the ground (black)
and dicationic (red) state. The asymptotic limit of the dicationic state is
given by the dashed red line along with the individual ionization potentials
of K (dashed blue line) and Rb (dashed grey line). A schematic of the
process is given where the K–Rb dimer is represented by blue and grey
spheres, the He atom by a red sphere, and the He droplet by a yellow
sphere. The photon (hν =21.6 eV) is initially absorbed by the He droplet
at the 1s2p1P resonance. Through ultrafast intraband relaxation within the
droplet21,22, an excited 1s2s1S He atom (Ee =20.6 eV) is formed. The excess
energy is then transferred by dICD to the K–Rb dimer leading to its double
ionization while the He atom relaxes to its ground state.

using electron–ion–ion coincidence imaging techniques, one can
extract electron/ion kinetic energy spectra from the individual ion
pairs in the coincidence map (Fig. 1c,d).
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Figure 1b shows the raw velocity map images (VMIs) of ions and
electrons measured in triple (e−, 39K, 85Rb) coincidence. VMIs are
two-dimensional projections of the charged particle’s momentum
sphere that are then inverted to obtain kinetic energy distributions
for the respective electrons and ions26. The left and middle images
show VMIs of K+ and Rb+ ions, and the right image shows the electron VMI. The clearly visible ring structure in all VMIs indicates a
non-zero kinetic energy component.
From the VMIs, we determine the kinetic energy distributions
by Abel inversion26. Figure 1c shows the ion kinetic energy distributions for the 39K ion (blue line) and 85Rb ion (grey line) measured in triple (e−, 39K, 85Rb) coincidence. The ions have broad
kinetic energies centred around 3.75 eV and 1.5 eV, respectively.
The sum of these energies corresponds to the kinetic energy
release of the ion pair in the dicationic state, as illustrated in
Fig. 2. To assess this conjecture, we performed Franck–Condon
factor (FCF) simulations of the ion and electron kinetic energy
distributions assuming vertical transitions between the potential
energy curves given in Fig. 2. The initial state is assumed to be
an excited He atom in the 1s2s1S-state (Ee = 20.6 eV) interacting
with the alkali dimer in its vibronic ground state17,18. The results
are shown as filled peaks in Fig. 1c. Note that the 1s2s1S-state of a
He atom in a droplet is still dipole-coupled to the ground state20,
thereby allowing ICD-like energy transfer to occur. The kinetic
energy release from the FCF simulations, shown in Fig. 1c, gives
quantitatively similar results to the measured values, but drastically underestimates the width. Broadening of the experimental
distributions is likely due to perturbations of the initial and final
ionic state by dopant–He droplet interactions. In particular, the
transient attachment of the localized excited He atom to the K–Rb
dimer may lead to its stabilization. Depending on the configuration of the state, dICD proceeds at different internuclear distances
Nature Physics | VOL 15 | MARCH 2019 | 247–250 | www.nature.com/naturephysics

Letters

NATure PHysics
a

Li+
Li+ + Li+
ICD

dICD

b

Na+

Electron intensity (arbitrary units)

Na+ + Na+

c

K+
K+ + K+

d

Rb+
Rb+ + Rb+

0

2

4

6

8

10

12

14

16

18

20

Electron energy (eV)

Fig. 3 | Electron kinetic energy distributions from the ionization of small,
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the alkali metals shown in a–d. The excited 1s2s1S He atom (Ee = 20.6 eV)
triggers the energy transfer process.

of the K–Rb dimer, resulting in a broader distribution of the
fragmented ions.
Figure 1d shows the electron kinetic energy distribution (red
line) measured in triple (e−, 39K, 85Rb) coincidence. The spectrum
shows two peaks centred at 0 eV and 8 eV, which arise from double
ionization of alkali dimers. The simulated excess electron energy
for double ionization of K–Rb dimers is 8 eV (filled peak in Fig.
1d) fitting well with the sum electron energy. The measured kinetic
energy spectrum shows a U-shaped distribution indicating one
electron takes nearly all of the excess energy while the second electron is emitted with nearly zero kinetic energy. Similar distributions
have previously been observed in single-photon double ionization
of atoms (SPDI)2,5 and double Auger decay (DAD)1,27. In those
cases, the mechanism, known as shake-off, is due to the sudden
removal of the primary electron leaving the system in a perturbed
ionic state; the secondary electron then has a probability of relaxing
to an unbound state resulting in an unequal sharing of the excess
energy. The electron energy distribution in Fig. 1d shows a similar
distribution to shake-off, but, in contrast, occurs relatively close to
Nature Physics | VOL 15 | MARCH 2019 | 247–250 | www.nature.com/naturephysics

the double ionization threshold. This could, in part, be due to the
low ionization potential of the valence electron for alkali atoms. The
overall similarity to shake-off indicates that dICD proceeds through
a one-step process as opposed to other two-step electron impact
ionization mechanisms in SPDI such as knockout2.
We verified dICD for several mixed alkali dimer systems
(K–Rb, Na–K, Na–Rb), small homogeneous alkali clusters
(Li, Na, K, Rb and Cs), and even alkaline earth atoms (Ba). Figure 3
shows the electron kinetic energy distributions of small, homogeneous clusters of Li, Na, K and Rb attached to the surface of a
He droplet. The excited 1s2s1S He atom (Ee = 20.6 eV) triggers the
energy transfer process. The black filled lines were taken in double
(e−, Ak+) coincidence and the red filled lines were taken in triple
(e−, Ak+, Ak+) coincidence with the alkali metal ions, Ak+, where
Ak denotes Li, Na, K, Rb. The red filled lines show electrons emitted
from dICD and the black filled lines show electrons emitted from
ICD, occurring at higher kinetic energies, as well as dICD. Owing
to the comparable electronic structure and ionization potentials of
alkali metals, their distributions exhibit similar features. In all cases
shown, dICD is a prominent decay channel, leading one to conclude
that the process is ubiquitous and not limited specifically to K–Rb
dimers where the excited ionic state of Rb could also lead to double
ionization through a cascade mechanism. In particular, the asymmetric distribution observed in dICD is evidence of a similar onestep, shake-off-type ionization mechanism.
Surprisingly, as can be seen in Fig. 3, dICD is a highly efficient
process showing comparable, if not larger, ionization rates to ICD.
In contrast, for SPDI near threshold, the branching ratio to single
ionization is much less than 1% for atoms28 and small molecules29.
For DAD, the branching ratio to Auger decay is typically a few per
cent for atoms30. As such, one can conclude that dICD can even be
the dominant process in weakly bound systems for cases where it
is energetically allowed. In general, dICD should not be limited to
outer valence shell excited atoms; Auger-forbidden, inner-valenceshell excited/ionized atoms, which have even higher excitation
energies, have the potential for dICD as well. Additionally, the multiple ions and electrons formed in the process of dICD should play
an important role in biological systems. For instance, core–shell
ionization of a solvated magnesium dication leads to a variety of
cascade channels where Auger and intermolecular decay processes
occur31. For each step where ICD is allowed, dICD could also be an
energetically open decay channel leading to an enhancement in the
production of neighbouring water ions and low-energy electrons.
The subsequent ionization of water typically leads to proton transfer
and the formation of the hydroxyl radical, a highly reactive damage
centre32, while the production of low-energy electrons is a known
source of radiation damage for proteins and DNA3.
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Methods

Experimental set-up. The experiment was performed using a mobile He
droplet machine attached to a velocity map imaging photoelectron photoion
coincidence spectrometer33 at the GasPhase beamline of Elettra-Sincrotrone
Trieste, Italy. The set-up is described in detail in ref. 18, and only significant points
will be addressed here. In short, a beam of He nanodroplets was produced by
continuously expanding pressurized He (50 bar) of high purity (He 6.0) out of
a cold nozzle (T = 7–40 K) with a diameter of 5 μm into vacuum. Under these
expansion conditions, the mean droplet sizes ranged from 101 to 108 He atoms
per droplet34. For the current experiment, a droplet size of 50,000 He atoms was
used. After passing a skimmer (0.4 mm) and a mechanical beam chopper used for
discriminating the droplet beam signal from the He background, the droplets were
doped using the ‘pick-up’ technique35 with subsequent heated doping cells filled
with alkali metals. While most atomic and molecular species become submerged
in the interior of the He nanodroplets, the alkali atoms remain weakly bound on
the surface36. The He droplet beam next crosses the synchrotron beam inside of a
photoelectron photoion coincidence (PEPICO) detector consisting of an ion timeof-flight detector and velocity map imaging detector (5% ΔE/E resolution). With
this set-up, either electron or ion kinetic energy distributions can be recorded,
depending on the polarity, in coincidence with one specific ion mass or with
several ion masses in multicoincidence mode33. When electrons are recorded on
the VMI, only one electron for each coincidence event can be detected. The kinetic
energy distributions were reconstructed using the Maximum Entropy Legendre
Reconstruction method26. The polarization axis was perpendicular to the VMI
axis to ensure cylindrical symmetry that is required for the inversion process. The
photon energy was set to 21.6 eV and a tin filter was used to eliminate any higherorder light contamination. The pulse repetition rate was 500 MHz.

∫0

∞

ΨX, v =0(R)Ψ V

(R)dR

2

(1)

[KRb] 2 +

Here, ΨX,ν=0 is the vibrational wavefunction of the neutral K–Rb dimer, Ψ [KRb]2 + is
the continuum wavefunction of the dissociating [KRb]2+ dication at potential energy
V, and R is the K–Rb interatomic distance. Owing to the low temperature of the He
V
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 mRb

PK + (E K +) = F 
(V −E(v = 0)−Ip(K)−Ip(Rb)) 
 mK + mRb


(2)

where mRb and mK are the respective masses of Rb and K atoms. Here, E(v =  0) = 
−0.50 eV is the energy of the v = 0 lowest vibrational level in the 1Σ+ state potential
of K–Rb (ref. 24) and Ip(K) = 4.34 eV and Ip(Rb) = 4.18 eV denote the ionization
energies of K and Rb, respectively. Note the same transformation can be applied
to obtain the kinetic energy distribution of the Rb ionic fragment. Assuming
maximally unequal energy sharing between the two electrons generated by dICD,
the energy distribution of the energetic electron, Pe (E e ), is obtained from:
1

1

Pe1(E e1) = F [Ee−V ]

(3)

Here Ee denotes the energy of the excited 1s2s S He atom (20.6 eV).
1

Data availability

The data that support the plots within this paper and other findings of this study
are available from the corresponding author on request.
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FCF simulations of the dicationic dissociation and related ion/electron
kinetic energy distributions of alkali dimers created by double ICD on He
nanodroplets. The simulation of the kinetic energy distributions of the alkali
metal ions K+ and Rb+ generated by dICD and the spectra of emitted electrons
is based on the FCF for the vertical bound-continuum transition from the K–Rb
dopant ground state 1Σ+ into the doubly ionized state [K–Rb]2+ (Fig. 2):
F (V ) =

nanodroplet (0.37 K)34, we assumed K–Rb to be initially prepared in the vibrational
ground state (v = 0). Since alkali atoms and small clusters are attached to He
nanodroplets in weakly bound surface states36, the perturbation of the intramolecular
potential energy curves by the He droplet is neglected in the simulation.
F(V) is calculated numerically using the program BCONT 2.2 (ref. 37). From
F(V), we obtained the kinetic energy distribution of the K ionic fragment, PK +(E K +),
by linear transformation of the argument:

33. O’Keeffe, P. et al. A photoelectron velocity map imaging spectrometer for
experiments combining synchrotron and laser radiations. Rev. Sci. Instrum.
82, 033109 (2011).
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3.10

Electron Transfer Mediated Decay in He
nanodroplets

The term Electron Transfer Mediated Decay (ETMD) is used for another type of autoionization processes in loosely bound systems,
when the initial vacancy is filled by electron transfer from a neighbouring atom or molecule. The formal difference of ETMD process
from ICD is that the site that contained the initial vacancy, has one
less unit of positive charge after the decay than it had before the
decay, for example ion turns into neutral. The energy difference
between initial and final states of the transferred electron is spent on
the ionization of the second electron from neighbouring site, which
becomes doubly charged - process called ETMD(2):
He+ + M → He + M2+ + eETMD ;

(3.8)

or ionization of the third atom -ETMD(3):
He+ + M + M → He + M+ + M+ + eETMD .

(3.9)

While ICD proceeds thorough energy transfer, ETMD involves a
charge transfer between two sites, and from theoretical calculations
[40] it is found that the transition amplitudes for ETMD are orders
of magnitude lower than those involving energy transfer. In the
systems where both of these channels are open, the electron Transfer Mediated Decay is invisible in comparison to ICD, but in some
heterogeneous systems it might occur that ETMD remains the only
viable radiationless decay channel, and then it should become observable.
One of the systems where ETMD was predicted is the ArXe dimer after the Ar ionization from 3s level, which was observed in small ArXe
122

mixed clusters, [41]. Another prediction concerns the (H2 O)2 Li+
complexes [63], where after the 1s-ionization of lithium, no outer
shell electrons can fill the vacancy, and the only viable autoionization
channel is ETMD.
Recent observations show that the ETMD process is common for a
number of systems doped inside the He nanodroplet. For example
in [52] the ETMD was observed for Mg clusters embedded in He
droplets being a dominant ionization mechanism for the external
photon energies above the He ionization threshold. Due to the ultrafast formation of He2+ , the ETMD channel is closed for single Mg
atoms embedded in nanodroplets, but for the clusters of five Mg
atoms and greater, stable doubly ionized clusters were observed,
proving the presence of ETMD. Fragmentation of the charged clusters was also analyzed via the electron-ion-ion coincidence detection
technique.
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Figure 3.17: (a) Electron spectrum recorded in triple coincidence with
Na+ and K+ ions at hν=45 eV. The shaded grey curve derives from the
Franck-Condon (FC) profile for the transition out of the ground state of
the NaK dimer into the doubly ionized state Na+ −K+ . (b) Ion kinetic
energy distributions of the Na+ and K+ fragment ions detected in triple
coincidence.

3.11

Article: ’ETMD of mixed alkali dimers
in He nanodroplet’

One of the results presented in [52] was the electron spectrum with
a peak 1 eV wich was interpreted as the result of double ionization
of the Mg dopants by ETMD.
In the following article, ETMD was observed for Na, K, and Rb
mixed and homonuclear dimers, and the ETMD related feature in
the photoelectron spectrum fell in the range of 2-9 eV Figure 3.17.
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As described in Sec. 1.6, after photoionization of a He atom inside
a He nanodroplet, the He+ ion undergoes resonant charge-hoping,
end eventually localizes by either forming a He2+ cation, or by inducing charge transfer ionization of a dopant. He2+ can still move
around the atom due to the superfluid nature of He nanodroplets.
If it approaches a dopant dimer, an electron from one atom of the
dopant dimer neutralizes the He2+ ion via electron transfer, and the
released energy is transferred to the second atom of the dimer which
is ionized. As known from Sec. 1.6, alkali dopants reside in dimple
structures at the surface of He droplets, while the He+ charge migration is directed toward the center of the droplet. However, after
its formation the He2+ cation is ejected out of the He droplets due to
conversion of its vibrational energy into kinetic energy during the
stabilization process. Another reason to conclude that ETMD takes
place after charge localization and stabilization of the He2+ is that
the observed energetics of the emitted electron indicate that ETMD
proceeds from the fully relaxed He2+ state rather than from He+ .
To obtain deeper understanding of the observed ETMD(3) process
and to show the correspondence of electron and ion kinetic energy
spectra, Franck-Condon factor (FCF) simulations were performed
(see [51], ’Methods’ section). Though the electron kinetic energy
calculated from the FCF is found to be higher by about 2.7 eV as
compared to the experimental kinetic energy value (Figure 3.17).
This mismatch is reasonable, since in the FCF simulation not all the
binding energies (between dopant dimer and He atoms) are taken
into account. Similarly, the reason of the broadening of the experimental distribution - due to perturbations of the initial and final
ionic states by dopant-He droplet interactions, ETMD (3) proceeds
at different internuclear distances of the NaK-He2 -droplet system
resulting in a broad energy distribution of the fragmented ions.
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Introduction
Upon electronic excitation of a weakly bound system, e.g. van-der-Waals clusters or hydrogen bonded
complexes, by high energetic photons, a non-equilibrium configuration of the electronic and nuclear
structure is prepared. The new electron distribution at the perturbed site may lead to various
interatomic/molecular relaxation mechanisms by energy and charge transfer processes involving
neighboring sites. These interatomic/molecular decay processes currently attract considerable interest
due to their important role in understanding the interaction between high energetic radiation and
materials relevant for biology.
Among these relaxation mechanisms are the well-known interatomic/molecular Coulombic decay
(ICD) [1] and electron transfer mediated decay (ETMD) [2]. ICD and ETMD lead to ejection of lowkinetic energy electrons, which are generally proven to be genotoxic and can efficiently induce
irreparable damage in DNA such as DNA-double strand breaks [3, 4]. Both processes involve
neighboring sites since local electronic decay is energetically forbidden. ICD typically occurs on
the time scale of femtoseconds to picoseconds where the energy stored in one initially perturbed
site is transferred to another neighboring site leading to its ionization. ICD prevails in many systems
ranging from hydrogen-bonded molecular clusters to noble gas clusters [5, 6]. Recently, ICD was
observed for the first time in a hydrated biomolecular system [7].
ETMD proceeds by electron transfer from a donor to the initially created ion, through which the
released energy leads to emission of a second electron either from the donor, or from a second
neighboring site. Referring to the number of sites involved, ETMD is classified as ETMD (2) [8] or
ETMD (3) [9]. The charge transfer takes place when there is a crossing of the potential energy curves
describing the initial and final states of the system [10]. Alternatively, if no suitable crossings are
energetically accessible, radiative charge transfer (RCT) may occur [11, 12, 13]. ETMD was shown
to be a much faster and stronger decay channel than RCT, and to be the leading decay process
when ICD is energetically forbidden for such states [14]. In contrast to ICD, ETMD does change the
charge of the initially created ion. In RCT, the energy released upon neutralization of the ion is emitted
as a photon, while in ETMD it is converted into kinetic energy of an emitted slow electron and of the
ionic fragments. ETMD-driven rapid and efficient neutralization followed by ejection of slow electrons
was recently investigated by X-ray photoabsorption in microsolvated metal ions [15] and via
Auger decay following Ne 1s-photoionization of small and large Ne-Kr mixed clusters [16, 17]. It
was predicted to play an important role in the radiation damage of biological matter subjected to highenergy photons [15].
Due to their simple electronic structure and high ionization potential, He dimers and doped He
nanodroplets have served as a weakly bound model systems for studying ICD [18, 19, 20, 21, 22],
ETMD [14, 23] and related processes [24, 25]. In [14, 23], ETMD-driven single-photon double
ionization was shown to be an efficient decay channel for Mg metal species embedded in He
nanodroplets. Recently, a similarly efficient double ionization mechanism caused by an ICD process
(‘double ICD’) in He nanodroplets doped with alkali metal dimers has been recently demonstrated [26].
Alkali metals like sodium (Na), potassium (K) are essential to the vital functions of living tissues. They
are thus a suitable model case for studying reactive charged particles produced in dense media via
interatomic/molecular processes toward understanding radiation damage in biological matter.

Here, we report an experimental observation of ETMD (3) of different alkali metal dimers, Na2, K2, Rb2,
NaK, NaRb and KRb, attached to the surface of He nanodroplets. Upon one-photon EUV ionization of
a He atom within the He droplet, ETMD (3) leads to double ionization of the attached alkali dimer. Both
the electron spectra and the kinetic energy distributions of product ions show characteristic features
which are in good agreement with simulations of ETMD (3) involving a fully relaxed He2+ cation and a
ground state alkali dimer as the initial state.

Experiment
The discussed experiments were performed at the GasPhase beamline of Elettra-Sincrotrone Trieste,
Italy. The experimental setup consists of a He nanodroplet source and a doping unit, a time-of-flight
(TOF) spectrometer, and a velocity map imaging (VMI) spectrometer. A detailed description of the
experimental setup can be found in Ref. [24]. He nanodroplets are generated by continuous supersonic
expansion of pressurized high purity helium gas (He 6.0) through a cryogenically cooled (T 0= 13 - 33
K) nozzle of orifice diameter 5 µm and a skimmer of 0.4 mm diameter of the aperture. With these
conditions and backing pressure of 50 bar droplet sizes can be varied in the range between 200 and
17000 He atoms per droplet [27]. The He nanodroplets are doped with alkali atoms (Rb, Na, K) in one
or two heated cells with a length of 10 mm each.
The doping level of metals is adjusted by setting the temperature of the cells. In the most common
regime alkali cells are heated to 180 - 200°C for Na, and 140-150 °C for K which corresponds to vapor
pressure values around the level required for maximum likelihood of single atom doping. Low
concentrations of Rb atoms were obtained from the heated K sample which turned out to be
contaminated with Rb. The He droplet beam intensity as well as the alkali doping level is monitored
using a beam dump chamber attached to the end of the apparatus which contains a simple surface
ionization detector [28].
After passing through a second skimmer, the doped He droplet beam crosses the synchrotron beam at
right angles in the center of an electrode arrangement that accelerates photoelectrons onto a position and
time resolving delay-line detector, and photoions onto a microchannel plate detector that records flight
times [29]. The measurement of electrons and ions in coincidence allows us to extract from the data both
ion mass spectra and mass correlated photoelectron spectra, obtained from velocity-map images by
standard Abel inversion programs [30]. Depending on the voltage applied to the electrodes, electron or
ion kinetic energy spectra can be recorded. The synchrotron radiation at the GasPhase beamline exits a
U12.5 undulator and passes a variable angle spherical grating monochromator. The incident photon
energy can be varied on demand in an energy range between 13 and 200 eV with an energy resolution
E/ΔE of ≳ 104. For this experiment, the photon energy was set to 45 eV.
Results and discussion
Figure 1 (a) shows electron spectra measured in coincidence with dopant alkali ions Ak+ (Na+, K+ and
Rb+) and He2+ photoions at a photon energy hv=45 eV. The electron spectra are obtained from Abel
inversion of the raw velocity map images (VMIs) of emitted electrons recorded in coincidence with ions
as indicated in the inset. The raw electron VMI consists of an outer ring indicating the contribution of
fast electrons of high kinetic energy (photoelectrons), and of an inner broad ring indicating a large
contribution of slow electrons. Two distinct features are therefore apparent in the inverted electron
spectrum; one sharp peak corresponds to the photoline of He at 20.4 eV and a second, broader feature
at lower kinetic energy with a maximum around 5-7 eV. The peak at 20.4 eV measured in coincidence
with He2+ or with Ak+ dopant ions represents the photoline of He and thus reflects RCT from the attached
alkali metal atoms to the He photoion. The low-energy features which shift in energy depending on the
ionization potential (𝐸𝑖 ) indicate a second charge transfer process from the dopant to the ionized He
host, which we will discuss in the following.
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Figure 1: (a): Electron spectra recorded in
coincidence with dopant ions and with He+
ions at hv=45 eV. The inset shows a raw
electron VMI recorded in coincidence with K+
ions. The peak at 20.4 eV is the photoline of
He; ionization of the dopants occurs by
radiative charge transfer. The peaks in the
range 2-9 eV are due to ETMD of dopant
molecules or clusters. (b) Ion kinetic energy
distributions are under identical conditions.

10

Ion Kinetic energy (eV)

He-droplet electron spectra of Mg metal cluster-bound dopants were previously measured by directly
photoionizing the He host nanodroplets. The observed low energy peak in the electron spectrum at
about 1 eV was interpreted as due to double ionization of the dopants by ETMD [26]. In contrast, the
low kinetic energy features seen here [figure 1 a)] fall in the range of 2-9 eV. They are interpreted as
originating from an ETMD (3) process which leads to double ionization of an attached Ak2 to a He
droplet. The ratio of peak integrals of each of these ETMD (3) features to the He photoline is about
0.3. This ratio is given by the relative abundance of Ak monomers which form ions by RCT and of
Ak2 which undergo ETMD (3). Furthermore, the probability of ions to detach from the droplets to
reach the detector as free atomic ions can strongly vary. In particular, their initial kinetic energy
determines whether they sink into the droplet to form a strongly bound snowball complex, or whether
they escape from the droplet.
Following photoionization of a He atom inside a He nanodroplet, the He+ ion undergoes resonant chargehoping, end eventually localizes by either forming a He2+ cation, or by inducing charge transfer
ionization of a dopant [27, 28]. While the He2+ formation terminates the ultrafast charge migration by
resonant electron hopping, the He2+ and locally bound He atoms may still roam about the He droplets
on a timescale of ps up to ns owing to the superfluid nature of He nanodroplets. When approaching a
dopant dimer, possibly due to steering by long-range forces [29], an electron from one atom of the
dopant dimer neutralizes the He2+ ion via electron transfer, and the released energy is transferred to the
neighboring atom which is ionized [9]. The reason why we believe that ETMD takes place after charge
localization and stabilization of the He2+ is that Ak and Ak2 dopants reside in dimple structures at the
surface of He droplets, whereas the He+ charge migration is direct toward the bulk of the droplets.
Besides, the observed energetics of the emitted electron clearly indicate that ETMD proceeds from the
fully relaxed He2+ state rather than from He+. The overall ETMD (3) process in case of NaK dimers
attached to a He droplet is as follows: He2 + NaK + h ν He2+ + NaK + eph
 He2 + [NaK]2+ + eph + eETMD (3)

 He2 + Na+ + K+ + eph + eETMD.(3).
This process schematically illustrated in figure 2 using the potential energy curves of free NaK dimers
in the ground 1Σ + state (black line) [41] and the dicationic state (red line). The dicationic curve was
calculated using the Coulomb potential between two positive elementary charges shifted to match the
asymptotic ionization energy of the free Na and K atoms. Double ionization of the NaK dimer by charge
neutralization of He2+ is in fact energetically allowed with an excess energy of about 9.2 eV which is
converted into kinetic energy of the two back-to-back emitted ions and one ETMD electron.

Figure 2: Potential energy scheme illustrating the ETMD
process; Following photoionization of the He nanodroplet,
the charge localizes on a He2+ ion. This ion is neutralized by
ETMD of the NaK dopant molecule in the reaction He2+ +
NaK  He2 + [Na-K]2+ + e-.

The characteristic electron kinetic energy can be determined from the difference between the energy of
He2+, Ei(He2+) = Ei(He+) – 3.2 eV = 21.4 eV [33], the sum of ionization energies of the dopants, 𝐸𝑖 , and
the kinetic energy release (KER) of the Coulomb exploding ions, EK. For the examples Na2, NaK and
NaRb, this results in an electron kinetic energy of about 5.6 eV, 6.4 eV and 7.0 eV and 5.6 eV,
respectively. The experimental peaks, however, are found at somewhat lower energies. Similar
deviations in energy were found for all the other different alkali dimers. We attribute this deviation to
additional energy terms of the He2+-Ak2 system. A more accurate estimate of the electron energy for the
ETMD (3) process for the case of NaK is
+
2+
2+
𝜀 = 𝐸(He+
2 ) − 𝐸𝑖 (Na) − 𝐸𝑖 (K) − 𝐸𝐾 ([NaK] ) + 𝐸𝑏 (NaK) + 𝐸𝑏 (𝐻𝑒2 NaK) − 𝐸𝑏 (He[NaK] )

Here, 𝐸𝐾 ([NaK]2+ ) approximately equals the maximum of the kinetic energy release (KER) of the
Coulomb exploding Na+ and K + ions. It can be inferred from the experimental kinetic energy
distributions shown in figure 1 b). For reference, the measured kinetic energy distribution of the cation
He2+ is included. The He2+ cation is ejected out of the He droplets due to conversion of vibrational energy
into kinetic energy in the course of its stabilization [20]. The Na+ and K + ion kinetic energy distributions
are obtained from the raw Na+ and K + ion VMIs, as shown in the inset of figure 1 b). The term 𝐸𝑏 (NaK)
is the binding energy of the NaK alkali dimer in the 1Σg+ singlet ground state. Table 1 shows the estimated
full electron energy balance for the He2+-NaK system as well as for all other He2+-Ak2 combinations
studied here. The estimated electron energy values agree reasonably well with the observed peak

positions of about 4.2 eV, 5.7 eV and 6.7 eV. Thus, we attribute the low-kinetic energy electron features
in figure 1 to ETMD (3) of the dopant alkali dimers.
Na2
K2
Rb2
NaK
NaRb
KRb
21.4
21.4
21.4
21.4
21.4
21.4
E (He+
2 ) [eV]
2 Ei(Ak) [eV]
10.28
8.68
8.35
9.48
9.32
8.52
4.69
3.67
3.44
4.20
3.88
3.55
EK(Ak 2+
)
[eV]
2
Eb(Ak2) [eV]
-0.74 [34] -0.55 [35] -0.50 [36] -0.65 [37] -0.55 [38] -0.50 [39]
~0
~0
~0
~0
~0
~0
Eb(He+
2 ⋯ Ak 2 ) [eV]
~1
~1
~1
~1
~1
Eb (He ⋯ Ak 2+
2 ) [eV] ~ 1
~ 4.7
~ 7.5
~ 8.1
~ 6.1
~ 6.6
~ 7.8
ε [eV]
Table 1: Estimated ETMD (3) electron energies for different He2+-Ak2 systems
Further direct evidence for the ETMD (3) process is obtained by filtering the data for electron-ion-ion
triple coincidences. In this way, we obtain time-of-flight ion mass spectra and electron energy
distributions for those ionization events where two ions and at least one electron is produced according
to the complete electron energy balance. When doping He nanodroplets with three species of alkali
metals, Na, K, and Rb, dimers form in all possible combinations of species by aggregation of the dopant
atoms at the He droplet surface.
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Figure 2: Time-of-flight mass maps recorded in ion-ion-electron triplet coincidence at hv=45 eV.
Bright regions indicate enhanced signal rates. The anisotropic shapes of the signal distributions
indicate Coulomb explosion. The less intense replicas at larger masses are due to the formation of
ion-He complexes of the type [NaHe]+.
Figure 3 shows enlarged views of ion-ion coincidence time-of-flight maps for three different
heteronuclear alkali dimers (NaK, NaRb, and KRb) recorded at hv=45 eV. While the brightness
represents the abundance of the events, the shape of the distributions gives information about the
fragmentation dynamics [40]. The coincidence maps centered around the masses of two alkali ions show
several elongated features. Their negative slopes indicate that fragmentation occurs via dicationic
dissociation of the Ak22+ dications leading to back-to-back emission of the Ak+ ions due to Coulomb
explosion. Furtheremore, less intense replicas at large masses indicate the formation of complexes of an
alkali ion with a few attached He atoms. In addition, in each ion-ion coincidence map there is a
neighboring distribution to the primary ion pair which mainly originates from the less abundant isotopes
41
K and 87Rb. From the primary ion pairs observed in the coincidence maps of figure 3, one can extract
the kinetic energy spectra of the coincident electrons as presented in figure 4 (a) for the NaK case.
Figure 4 (a) shows the electron kinetic energy distribution derived from the electron VMI measured in
triple coincidence (e, 23Na, 39K). The spectrum shows two features; the one centered at 20.4 eV arises

from emission of photoelectrons by photoionization of He atoms within the He droplets followed by
electron transfer from the dopant NaK dimer. The other one centered at about 4.3 eV is due to ejection
of a slow electron from one alkali atom of the NaK dimer by ETMD (3).
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Figure 4: (a) Electron spectrum recorded in triple coincidence
with Na+ and K+ ions at hv=45 eV. The shaded grey curve
derives from the Franck-Condon (FC) profile for the transition
out of the ground state of the NaK dimer into the doubly
ionized state Na+-K+. (b) Ion kinetic energy distributions of the
Na+ and K+ fragment ions detected in triple coincidence.
Figure 4 (b) shows the ion kinetic energy distribution for the two back-to-back emitted ions, i.e. the
23
Na+ ion (red line) and 39K+ ion (green line), measured in coincidence with an electron emitted by
ETMD(3) with a kinetic energy eK, as indicated by the vertical arrow in figure 2. The ions have broad
kinetic energy distributions centered at about 2.8 eV and 1.7 eV, respectively. The sum of these energies
corresponds to the kinetic energy release (KER) of the ion pair in the dicationic state. To assess the
conjecture that the emission of electrons and ions are mainly determined by the ternary ETMD(3)
process of the He2+-NaK system, we performed Franck-Condon factor (FCF) simulations (see Annex 1
for more details) of the ion and electron kinetic energy distributions assuming vertical transitions
between the potential energy curves shown in figure 2.
The initial state is assumed to be the He+
2 ionic state in its vibronic ground state, interacting with the
ground state alkali dimer. The results are shown as filled red peak for 23Na+ and green peak for 39K+ in
figure 4 (b). The KER obtained from the FCF simulation is in good agreement with the measured values
with respect to the peak maxima, but drastically underestimates the width. Broadening of the
experimental distribution is likely due to perturbations of the initial and final ionic states by dopant-He
droplet interactions which are not taken into account by the FCF simulations. Depending on the
configuration of the state, ETMD (3) proceeds at different internuclear distances of the NaK-He2 droplet
system resulting in a broad distribution of the fragmented ions. From the FCF simulation we also infer
the electron spectrum shown in figure 4 (a) as a shaded grey peak at about 7 eV. The electron kinetic
energy calculated from the FCF is found to be higher by about 2.7 eV as compared to the experimental
kinetic energy value of about 4.3 eV. This mismatch of kinetic energy between experiment and
simulation is reasonable since in the FCF simulation all the binding energies Eb mentioned above are
not taken into account.
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Figure 5: Electron spectra recorded in triple coincidence for homonuclear alkali
dimers (left column), and for heteronuclear dimers (right column) attached to He
nanodroplets. To guide the eye, each electron spectrum is fitted with a Gaussian
function (dashed curve). The filled curves show the expected electron energies
from the FCF calculations.
Similar to the case of the He2+-NaK system, we also experimentally detect ETMD (3) in other pure and
mixed Ak2 dimers attached to He nanodroplets. Figures 5 and 6 show, consecutively, the electron and
ion kinetic energy distributions of all homonuclear (Na-Na, K-K, Rb-Rb) and heteronuclear (Na-Rb, KRb) Ak2 that can form from Na, K, and Rb dopant atoms attached to the surface of He droplets. Each of
the Ak2 first neutralizes the He+
2 ion, and then ETMD (3) takes place and leads to the ejection of a lowkinetic energy electron and double ionization of the Ak2. Owing to the similar electronic structure of all
Ak atoms, their electron spectra presented in figure 5 exhibit similar features with a noticeable energy
shift to higher energies due to the decrease in ionization potential from lighter (Na) to heavier (Rb)
atoms. The difference between experimental and simulated electron energies is systematic since the HeAk2 binding energies have not been taken into account in the FCF simulations.
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Figure 6: Ion kinetic energy distributions measured in triple coincidence for
homonuclear (left column) and heteronuclear (right column) alkali metal dimers.
To guide the eye, each ion spectrum is fitted with a Gaussian function (dashed
curve). The filled curves show the expected ion kinetic energies from the FCF
calculation.

2. Conclusion
We have reported the first experimental observation of ETMD (3) for the model system of alkali metal
dimers formed on the surface of He nanodroplets. This decay channel is found to be highly abundant in
proportion to radiative charge transfer. The recorded ion kinetic energy distributions are in good
agreement with simulations based on the vertical transition between the initial state -- a He2+ cation
interacting with a Ak2 alkali dimer in its ground state, and the final state – neutral He, a doubly ionized
dopant [Ak2]2+, and an electron, when taking the binding energies of the initial and the final states to the
He droplet into account. These experiments benefit from the droplet surface location of the alkali dimers
which facilitates the detection of free dissociation products generated by ETMD (3). For molecular
dopants embedded inside the droplets, ETMD (3) may be even more efficient due to the shorter range
of the initial state, but detection of the products may be hindered by scattering of electrons and ions at
the He shell surrounding the dopant molecule.
3. Annex 1
FCF simulation of the ion and electron kinetic energy distributions of alkali dimers created by
ETMD (3) on He nanodroplets.
The simulation of the kinetic energy distributions of the alkali ions Ak+ generated by ETMD(3) and the
spectra of the ETMD (3) electrons is based on the Franck-Condon factor (FCF) for the vertical boundcontinuum transition from the Ak2 dopant ground state 1Σ+ into the doubly ionized state [Ak2]2+ (Figure
4):
∞

2

𝑉
𝐹𝐶𝐹(V) = |∫ Ψ𝑋,𝜈=0 (R) Ψ𝐴𝑘
2+ (R) dR|
−∞

𝑉
Here, Ψ𝑋,𝜈=0 is the vibrational wave function of the neutral Ak2 dimer, Ψ𝐴𝑘
2+ is the continuum wave
2+
function of the dissociating [Ak2] at potential energy V, and R is the interatomic distance of the Ak2
dimer. Owing to the low temperature of the He nanodroplet (0.37 K), we assume Ak2 to be initially
prepared in the vibrational ground state (𝜈 = 0). Since alkali atoms and small clusters are attached to
He nanodroplets in weakly bound surface states [43], the perturbation of the intramolecular potential
energy curves by the He droplet is neglected in the simulation.

FCF(V) is calculated numerically using the program BCONT2.2 [44]. From FCF(V), we obtain the
kinetic energy distribution of the Ak1+ and Ak2+ ionic fragments, 𝑃𝐴𝑘1+ (𝐾𝐸), by linear transformation of
the argument:
𝑚𝐴𝑘2
(𝑉 − 𝐸(𝑣 = 0) − 𝐼𝑃(𝐴𝑘1 ) − 𝐼𝑃(𝐴𝑘2 ))]
𝑃𝐴𝑘1+ (𝐾𝐸) = 𝐹𝐶𝐹 [
𝑚𝐴𝑘1 + 𝑚𝐴𝑘2
where 𝑚𝐴𝑘1 and 𝑚𝐴𝑘2 are the respective masses of the 𝐴𝑘1 and 𝐴𝑘2 atoms of the Ak2 dimer. Here,
𝐸(𝑣 = 0) is the energy of the 𝑣 = 0 lowest vibrational level in the 1Σ+ state potential of the Ak2 dimer.
Ip(𝐴𝑘1 ) and Ip(𝐴𝑘2 ) denote the ionization energies of the 𝐴𝑘1 and 𝐴𝑘2 atoms, respectively.
The energy distribution of the ETMD (3) electron, 𝑃𝑒𝐸𝑇𝑀𝐷(3) , is obtained from:
𝑃𝑒𝐸𝑇𝑀𝐷(3) (𝐸𝑒𝐸𝑇𝑀𝐷(3) ) = 𝐹𝐶𝐹[𝐸 − 𝑉]

Here, E=21.4 eV denotes the energy of the He+
2 state.
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Chapter 4
Penning process in He
nanodroplets
4.1

Dopant ionization in He nanodroplets at
subthreshold photon energies

Cross-beam studies of Penning ionization of various components are
described for example in [82]. He appears to be a good candidate for
Penning reactions, due to its high excitation energy and long lifetime
of some He excited states. The ionization of rare gas atoms and diatomic molecules: H2 , O2 , N2 , CO by collision with He atoms excited
to 23 S and 21 S levels was studied in [81], and at least for rare gases
the cross section of Penning ionization was found to be independent
of the initial excited state of He, but depend on geometrical size of
the atoms.
However, in He nanodroplets the key factor is the location of dopant
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particle ( see Sec. 1.6) inside the droplet. As was explained in Sec. 1.3,
the He∗ tends to be pushed out from the droplet medium and stay
near the droplet surface. It means that the Penning ionization of
’heliophobic’ dopants is expected to be preferred, than of ’heliophilic’
which locate close to the droplets center and may approach close to
the localized He excitation only in small droplets.
First studies of Penning ionization in droplets, excited by synchrotron
radiation were described in [30]. Droplets were doped with SF6 , and
the first increase on the SF5+ yield curve appeared at 21.6 eV, which
is significantly higher than SF6 ionization potential. It points to the
efficient Penning ionization via an electronically excited He∗ in the
21 P state, while probability of direct ionization of the SF6 molecule
remains extremely low, despite its much larger geometric cross section.
In [74], Penning ionization is studied in doped He droplets, excited
by collision with electron. Droplets were doped with lithium atoms,
and ion yield of all species that contained Li had a resonance with
threshold energy near 19 eV, which roughly matches the 23 S excited
level of He.
Another field of research is the ionization of clusters, doped in nanodroplets. For example in [6], the mass spectrum of droplets multiply doped with Na was recorded at different energies. It was found
that the threshold energy of the appearance of Na+
n clusters was
suddenly shifts from 20 eV to 24 eV when the cluster size becomes
larger than 21 atoms. Same effect was observed for potassium clusters in [26] with a threshold value of 75 atoms. Such effect is directly
connected with the location of neutral alkali clusters inside the He
nanodroplet or close to its surface. The interaction of an alkali cluster
with a He droplet is determined by three factors: short range Pauli
repulsion, the surface tension energy of the cavity wall and the van
der Waals attraction. Small alkali clusters stay on the droplet surface
as described in Sec. 1.6, but when the cluster exceeds a critical size
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the van der Waals attraction becomes stronger than the repulsive
contributions and the energetically lowest energy position for such a
cluster should be inside the nanodroplet.
In more recent studies [71] the co-doping of alkali clusters with a
highly polarizable molecule was studied. It was found that adding
the C60 to the droplet makes alkali clusters of all sizes down to single
atoms submerge into the droplet. This is applied even to clusters of
Cs, which is the most ’heliophobic’ species, the only exclusion is the
single doping with Cs atom.
Penning photoelectron spectra from the dopants located in the bulk
of He droplets are quite different from those located close to the
surface. For example in [94] the photoelectron spectra of Xe and Kr
doped droplets excited with 21.6 eV photons were recorded. The
spectrum included a structured feature at 6-10eV which was considered to be the sum of Penning ionization and direct ionization of
background dopant gas. Both of these rare gases are ’heliophilic’ and
in case of doping must be located deep in the bulk of a droplet. Due
to this, another spectral feature appears: the broad peak between
0 and 7 eV was considered to be a result of an inelastic scattering
process in which a photoelectron deposits energy into the liquid
environment on its way out of the droplet. This is supported by
presence of a gap between 0 and approximately 1 eV, that appears
for large droplets, which must be a direct consequence of the 1 eV
conduction band described in Sec. 1.3.
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Figure 4.1: Photon energy dependence of the yield of photoelectrons and
He2+ ions (a), Ar2+ (b) and Li+ ,Na+ ,K+ ions (c) measured by illuminating
pure (a) and doped He nanodroplets (b and c). The vertical dashed lines
indicate He atomic level energies. Adapted from [19].

4.2

Penning process in He nanodroplets
studied with PEPICO-VMI detection

The first studies of Penning process in doped He droplets performed
with the apparatus described in Sec. 2.3 are discussed in [19].
The goal was the comparison of photoion and photoelectron signals measured for He nanodroplets ionization signals obtained from
alkali-doped (Li, Na, K) and rare gas doped droplets at different pho-
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ton energies in the range hν = 20−26 eV. Information about droplet
doping was obtained from the mass spectra recorded at hν = 21.6 eV,
which corresponds to the maximum of the 1s2s1 S → 1s2p1 P absorption band of He droplets and those recorded at hν = 25 eV, where the
He atoms in the droplets are directly ionized. The dopant monomer
and oligomer ions are present in mass spectrum for energies higher
than droplet ionization threshold due to charge transfer from He
ions, which are also very abundant in the mass spectrum. Rare gas
peak has high intensity, as its atoms are supposed to be located close
to the center of the droplet where the charge transfer is expected to
be efficient. Peaks of alkali atoms that sit close to the droplet surface
are also present, with small intensity. When the photon energy is
tuned to hν = 21.6 eV, the mass spectrum changes significantly. The
Li+ ion peak becomes 20 times larger compared to the spectrum of
25eV where charge transfer was possible. The Ar2+ ions found in a
spectrum are supposed to originate from charge transfer from He
atoms ionized by the second harmonic of the synchrotron light. This
indicates a dramatically enhanced Penning ionization probability for
Li as compared to Ar.
A more spectacular image of the Penning process is given by image
Figure 4.1, the record of electron and dopant ion signals for hν being
varied in small steps. The broad band structure at photon energies
23 < hν < 24.6 eV is in good agreement with autoionization spectra
recorded with pure He nanodroplets. The peaked structures around
21.8, 23.1, 23.8, and 24.7 eV can be assigned to excited He droplet
states: 1s2p1 P, 1s3p1 P, 1s4p1 P, and highly excited Rydberg levels of
atomic He. Autoionization form all excited droplet states higher
than the 1s2s, 1s2p bands is possible.
The most prominent difference can be seen in the ion spectra of Ar
and Li: the Ar2+ spectrum closely follows the one of He2+ yielding
highest count rates at hν > Ei,He , with a maximum around 24 eV and
a sharp increase for hν > 24.3eV. A weakly resolved broad maximum
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in the range of the 1s2p1 P band around 21.6 eV may indicate some
contribution to the Ar2+ signal from Penning ionization.
The Li+ spectrum is strongly peaked at the 1s2p1 P band around
21.6 eV. The small band at 21.2 eV coincides with the absorption
band of He droplets that corresponds to the atomic 1s2s1 S level. Its
presence shows that Penning ionization of surface-bound dopants
is as efficient when exciting short-lived (/550 ps) [28] states as for
metastable states.
Ion yield of studied alkali species: Li, Na and K closely follow the fluorescence spectrum, with only peculiarity that for K the band around
24 eV is slightly more pronounced. It is reasonable to think that
He∗ are mostly created in the droplet interior, then migrate toward
the surface, driven by repulsive short-range He−He∗ forces and
approach the alkali dopant possibly attracted by alkali-He∗ polarization forces. The probability of the He∗ to reach the alkali impurity
is likely to drop for large droplets when the migration time exceeds
the relaxation time into more deeply bound levels of He∗ (1s2s1 S,3 S)
or He2∗ .
The photoelectron spectra in [19] are obtained from electron images recorded in coincidence with alkali ions at hν = 21.6 eV where
Penning ionization were found to be the most intense. The peak in
the photoelectron kinetic energy spectra corresponds to the initial
He excitation on the 1s2p1 P or metastable lower lying states 1s2s1 S
and 1s2s3 S. Despite the low resolution of the spectra, it is clear that
photoelectron energies are shifted to lower values with respect to the
one expected for the atomic 1s2p1 P state, which clearly points to a
more complex, time-delayed ionization dynamics. The 1s3p1 P and
1s4p1 P states appear to relax to lower lying metastable levels of He∗
and He2∗ faster than the Penning ionization process happens.
The photoelectron spectrum correlating to Ar2+ dopant ions recorded
at hν = 23.8 eV, was similar to the one correlating to He2+ for hν ≥
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25 eV. It was suggested that the Ar dopants are indirectly ionized
through a two-step process: He2+ formation and charge transfer
ionization.

4.3

Article: ’Penning ionization of doped He
nanodroplets by direct versus charge exchange interatomic Coulombic decay’

As it was explained in Sec.3.2 in certain systems ’Penning’ and ICD
processes both can take place and lead to the identical final state
of the system. By experimental methods it is possible to separate a
process with charge transfer from that with virtual photon exchange.
On the example of a neon dimer, when the ionization proceeds from
the 2s level, the decay rate is proportional to the square module of
value obtained from equation (3.6). The direct (radiative process)
involves a 2p electron of the same atom dropping into the previously
created 2s hole and a 2p electron from the other atom of the dimer
is emitted. The exchange process implies 2p electron transfer from
the second atom to the 2s hole at the first neon atom, leading to the
emission of another 2p electron from the first atom.
In [43] the different process was studied: an electron from neon
atom’s 2p state was photoemitted, and another electron from 2p was
photoexcited on a higher level. In case of ground p-state the dexcitation from the higher state of odd-parity is dipole forbidden (the
parity of the ion state needs to flip due to the angular momentum of
the emitted virtual photon). This means that only the charge transfer
channel remains allowed, so the decay can happen only at small
internuclear distance where the orbitals strongly overlap.
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In this way, it was shown that the dipole-allowed ICD takes place instantly after photoionization at the equilibrium internuclear distance
of the ground state, whereas the dipole-forbidden charge transfer
ICD takes place only after the interatomic distance in the dimer
shrinks.

Figure 4.2: Electron spectra recorded for He nanodroplets doped with Li
atoms at a photon energy hν= 21.6 eV. a- Spectra of all electrons emitted
from the doped He nanodroplet. b- Spectra recorded in coincidence with
Li+ dopant ion. The spectra are normalized to the same scaling factors
to preserve their relative intensities. The red line in (b) shows Penning
ionization electron spectra (PIES) measured in crossed atomic beams [73].
The light blue line shows these PIES for adjusted relative contributions
of 1 S and 3 S components convoluted with the instrument function of the
spectrometer.
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The co-existence of the described two types of ionization processes is also expected in He droplets doped with Li or Cs atoms.
In the present article, ICD induced by virtual photon transfer was
distinguished from the charge exchange by means of electron-ion
coincidence detection method. The droplet is excited to the 1s2p1 P
band by synchrotron light, but relaxes into the lower levels close
to those of free He atoms in less than 1 ps [62]. The kinetic energy
spectra of those electrons which came in coincidence with Li (or Cs)
correspond well to the Penning ionization spectra of Li-He or Cs-He
systems obtained from the traditional cross-beam experiments (see
Figure 4.2). Due to extremely short interaction time during the collision, the decay rate is provided entirely by the charge exchange
ICD (’Penning’) mechanism. It was concluded that at short interatomic distances, the autoionization process is dominated by charge
exchange ICD, which can occur both for the 1s2s1 S (partly allowed
for He−Li∗ complex) and 1s2s3 S which remains metastable due to
the spin selection rule.
However the total number of emitted electrons is about a 100 times
larger than the number of electron-ion coincidence events. The overall electron kinetic energy spectrum differs from the coincident one,
peaked 1.5 eV higher.
When He and Li atoms, prior to decaying, move towards each other
along the attractive potential curves in direction of He∗ −Li potential
curve minimum, the difference in potential energy between He∗ −Li
and He−Li+ becomes smaller, so the energy taken away by the emitted electron is shifted down. The large ratio of electrons from virtual
photon exchange ICD to the charge exchange allows to conclude that
the direct ICD process is much more probable for the droplet-alkali
system. However, as was discussed in Sec. 1.3 excited atoms are repelled from the droplet environment, forming a void bubble around
themselves, while ions tend to be attracted towards the He and form
’snowballs’. After ionization, the alkali atom is likely to sink into
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the droplet and coincidence detection will not happen. But after the
charge exchange ICD process, ionization occurs near the well of the
potential energy curve, where the dopant atom acquires a maximal
kinetic energy. After the ICD process, the dopant atom spends this
energy on the escape from He droplet.
Personal contribution I performed the experiment on every its stage,
processed and analyzed the data, participated in discussion of its
interpretation.
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Abstract

Atoms and molecules attached to rare gas clusters are ionized upon resonant excitation of the host cluster by an interatomic autoionization process traditionally termed
`Penning ionization'. Here we analyze this process in the light of the interatomic
Coulombic decay (ICD) mechanisms using helium (He) nanodroplets doped with alkali metal atoms (Li, Cs). We show that ICD induced by energy transfer and by charge
exchange can be clearly distinguished by detecting electrons and ions in coincidence.
We nd that for alkali metals residing on the nanodroplet surface, ICD is dominated
1

by energy transfer from the 1s2s1 S state of the droplet which is populated by ultrafast
internal relaxation. Charge exchange ICD, detected through the ejection of the dopant
ion, reveals partial droplet relaxation into the metastable 1s2s3 S state.
Electronically excited weakly bound molecules and clusters can relax by interatomic autoionization if the excited state energy exceeds their adiabatic ionization energy. In the case of
rare gas clusters doped with atomic or molecular impurities, this process has traditionally
been termed Penning ionization, 17 in analogy to the collisional autoionization occurring in
crossed atomic beams involving excited atoms, mostly rare gases prepared in metastable
excited states. 8 This process is mainly driven by charge exchange between two interacting
atoms or molecules which come so close to one another that their valence orbitals overlap.
However, already in the early days of systematic Penning ionization studies it was realized
that the autoionization rate contains a second contribution describing energy transfer in the
form of exchange of a virtual photon. 9 Since the seminal work by L. Cederbaum in 1997, such
non-local autoionization processes involving two or more atomic or molecular centers have
been formulated in the framework of interatomic/intermolecular Coulombic decay (ICD). 10
As this approach mainly refers to weakly bound complexes excited by energetic photons or
electrons rather than to thermal collisions of metastable atoms, the virtual photon exchange
mechanism or direct process by energy transfer often dominates over the decay by charge
exchange. The former relies on the excited state being coupled to the ground state by an
electric dipole-allowed transition and the decay rate scales as ∝ R−6 with the interparticle
distance R, in contrast to the exponential scaling with R of the charge exchange term. 11
Therefore, direct ICD mediated by energy transfer occurs at rather large interatomic distances. 12 However, charge exchange can signicantly contribute to the ICD of excited dimers;
especially at short interatomic distances where there is a strong overlap between the valence
electron orbitals, thereby enhancing the decay rate by orders of magnitude. 13,14 Thus, the
decay by non-local autoionization of electronically excited clusters due to interatomic electronic couplings, traditionally named Penning ionization, can be regarded as one member of
2

the family of ICD processes and both terms are equally appropriate in the present case.
In experiments, the contributions to the non-local autoionization rate by charge and energy exchange are usually indistinguishable, since the nal products (electrons and ions) are
the same. However, T. Jahnke and co-workers have recently shown experimentally that the
two contributions can actually be disentangled for the case of Ne2 11 and HeNe 15 dimers by
inferring the interatomic distance where ICD takes place. In the current work, we present
a method to discern the two decay mechanisms for a very dierent system  helium nanodroplets doped with alkali metal atoms. This method relies on the property of clusters
and nanodroplets to solvate ions, provided they are formed with low kinetic energy so as
to prevent their detaching from the cluster. 16,17 We nd that direct ICD by energy transfer occurring at large dopant-helium distance strongly dominates over the ICD by charge
exchange. Furthermore, detailed insights into the electronic relaxation of the excited He
nanodroplets prior to non-local autoionization are gained.
In the experiment, a beam of He nanodroplets containing on average N̄He = 2.3 × 104 He
atoms per droplet is doped with alkali metal atoms (Li and Cs) and irradiated by extremeultraviolet (EUV) light generated by a synchrotron light source. The EUV light is tuned
to the strongest absorption band of He nanodroplets correlating to the 1s2p1 P state of He
at a photon energy hν = 21.6 eV and to higher bands. 19 Subsequently, the doped droplets
autoionize in the reaction He∗N + Li → HeN + Li+ + e− . The electron e− and the Li+ ion are
detected using electron-ion coincidence detection, where the electron is imaged by a position
sensitive detector operated in the velocity-map imaging (VMI) mode to measure the electron
kinetic energy, Ke . 7
Fig. 1 shows the electron spectra measured for He nanodroplets doped with Li atoms
[panels a) and b)] and with Cs atoms [panels c) and d)] at hν = 21.6 eV. The top panels a)
and c) show the spectra recorded when measuring all electrons emitted from the droplets,
to compare with the corresponding electron spectra measured in coincidence with the Li+
and Cs+ ions [panels b) and d)]. The vertical dashed lines illustrate the electron energies
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Figure 1: Electron spectra recorded for He nanodroplets doped with Li atoms a) and b) and
with Cs atoms c) and d) at a photon energy hν = 21.6 eV. a) and c): Spectra of all electrons
emitted from the doped He nanodroplet. b) and d) Spectra recorded in coincidence with Li+
and Cs+ dopant ions. The spectra in a) and b) as well as those in c) and d) are normalized
to the same scaling factors to preserve their relative intensities. The red lines in b) and d)
show Penning ionization electron spectra (PIES) measured in crossed atomic beams. 18 The
light blue lines show these PIES for adjusted relative contributions of 1 S and 3 S components
convoluted with the instrument function of the spectrometer.
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Ke = EHe −Ei calculated using the atomic level energies EHe of He atoms in the excited states
1s2s3 S, 1s2s1 S, and 1s2p1 P assuming relaxation of the droplet excited states to atomic levels.
The ionization energies of Li and Cs dopants are taken as the atomic values Ei = 5.39 eV
and 3.89 eV, respectively. 20 The vertical line marked by hν depicts the electron energy

Ke = hν − Ei one would measure if Penning ionization occurred directly from the resonantly
excited state of the He droplet. However, we nd that the excited He droplets initially relax
into lower-lying levels near those of free He atoms prior to the Penning ionization process. 5,7
The relaxation dynamics was recently directly mapped using EUV-UV pump-probe and a
relaxation time of about 1 ps was found. 21
The main nding here is that Penning ionization predominantly occurs out of the 1s2s1 S
state as seen from the sharp peaks in the total electrons spectra shown in the top panels a)
and c) of Fig. 1. The nite widths of the peaks is due to the limited resolution of our VMI
spectrometer. This nding is in agreement with the time-resolved relaxation measurements
which showed that most of the He droplets initially excited into the 1s2p1 P band end up
as nearly unperturbed He atoms in the 1s2s1 S state residing in void bubbles inside the
droplets or as free 1s2s1 S atoms ejected out of the droplets. 21 The fact that the peaks are
nearly unshifted with respect to the atomic 1s2s1 S level indicates that the dopant-droplet
autoionization occurs at large interatomic distance where the energy levels are only weakly
perturbed.
In contrast, in those events that generate both an electron and a free dopant ion [bottom
panels b) and d)], the electrons are emitted at slightly lower kinetic energies. Note that we
measure 30 (200) times more electrons in total as compared to the number of coincidence
events of electrons and Li+ and Cs+ ions. Assuming a detection eciency for ions of 30 %,
this results in ratios of total emitted electrons to coincident electrons of 9 and 60 for Li+
and Cs+ ions, respectively. This ratio is larger for Cs than for Li because the heavy Cs ion
is less likely to detach o the droplet surface compared to the light Li ion. This eect was
previously seen in similar experiments on various types of alkali atoms and dimers attached
5

to He nanodroplets, where the proportion of dopant ions ejected by ICD was lower for the
heavier species when comparing to the ion signal due to double ICD of the dimers. 22
The double-peak structure present in all coincidence electron spectra [Figs. 1 b) and d)]
resembles the Penning ionization electron spectrum (PIES) measured by M. W. Ruf and
co-workers using crossed atomic beams, shown as red lines. 18 This PIES is characteristic for
traditional Penning ionization occurring in collisions of He atoms prepared in both 1s2s1 S and
3

S metastable states with groundstate atoms of a dierent species at thermal beam velocities.

In such collisions, the interaction time of the colliding atoms is extremely short ( 1 ps)
such that the decay rate is entirely dominated by the charge exchange ICD mechanism which
is active at short interatomic distance. 23 The light blue lines show the results of convolving
the PIES with the instrument function of the VMI spectrometer. Thereby, the amplitudes
of the two components were adjusted to t the experimental spectra.
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Figure 2: Potential energy curves involved in the ICD process of Li and excited He∗ , taken
from. 24,25 Direct ICD by energy transfer takes place at large interatomic distance R (vertical
green arrow). Charge exchange ICD occurs at short R following the contraction of the He∗ -Li
complex to R =2.5-4 Å (vertical brown arrows).
Both the sharp peak in Fig. 1 a) and c) and the double-peak structures in Fig. 1 b)
and d) can be understood when considering the potential energy curves of the excited and
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ionized HeLi complex, shown in Fig. 2. When the dopant atom is ionized at large interatomic
separation R by a decay mediated by virtual photon exchange (direct ICD mechanism), the
electron is emitted with an energy given by the atomic 1s2s1 S level. While for the free
He atom the transition from this state to the 1s2 1 S ground state is dipole forbidden, this
transition becomes partly allowed for the He∗ Li complex due to the breaking of the atomic
symmetry (in the molecular symmetry the 1 Σ →1 Σ-transition is allowed).
When the He and Li atoms move towards each other along the attractive potential curves
prior to decaying, the potential energy dierence taken up by the electron is shifted down.
At short R . 5 Å, the non-local autoionization process is dominated by charge exchange
ICD. It can occur both for the partly allowed 1s2s1 S state and for the 1s2s3 S state which
remains metastable with respect to an optical transition due to the spin selection rule. Surprisingly, a considerable fraction of excited He droplets do relax into the 1s2s3 S state which
requires a change of the electron spin multiplicity. Previously, uorescence measurements
had indicated that triplet states would only be populated by electron-ion recombination
following He droplet autoionization occurring at hν > 23 eV. 26 Thus, we nd that droplet
relaxation pertains not only to the nuclear motion (bubble formation) and to the orbital
angular momentum state of the excited electron (interband relaxation 27 ), but even to the
spin degree of freedom.
From the large ratio of electrons created by the direct ICD process to those created by
charge exchange ICD, we conclude that the direct process is much more ecient for the
alkali-He nanodroplet system. But why is the coincidence detection of electrons and dopant
ions selective to the charge exchange process whereas the majority of electrons are created
by direct ICD? This is related to the peculiar property of He nanodroplets that excited
electrons are repelled from their local He environment thereby leading to the formation of
a void bubble, whereas ions tend to be attracted towards the He and form strongly bound
snowball complexes with a dense shell of He atoms around the ion. 28,29 As a result, an
alkali atom ionized at the droplet surface is likely to sink into the droplet and thus elude its
7

detection. 16,17 This happens when the atom is ionized by direct ICD as the ion is created at
the droplet surface nearly at rest. In contrast, in the charge exchange ICD process, ionization
occurs near the minimum of the potential energy well (Fig. 2) where the dopant atom has
acquired a maximum of kinetic energy. This kinetic energy is conserved in the ICD reaction
and therefore the dopant ion bounces back o the He atom and escapes from the droplet.
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Figure 3: Kinetic energy distribution of Li+ ions created by ICD on He droplets. The
red line depicts the Li+ kinetic energy distribution calculated from the collisional Penning
ionization electron spectrum. 18
This picture is supported by the distributions of dopant ion kinetic energy Ki inferred
from the ion velocity-map images recorded in electron-dopant ion coincidence detection
mode, see Fig. 3. The measured distribution (black line) features two contributions, a sharp
maximum centered around 0.1 eV, and a low-intensity tail reaching up to Ki > 1 eV. The
tail to higher energies is likely due to the dissociation of Li2 dimers and other Li containing
heterodimers forming on the He nanodroplets at low concentrations. The red line in Fig. 3
shows a simulated ion spectrum inferred from the literature PIES 18 by linearly transforming
its argument according to Ki = (EHe − Ei − Ke ) mHe /(mHe + mLi ). Here, EHe is the atomic
term values of the 1s2s1 S and 3 S states, and mHe and mLi are the atomic masses of He and
Li. This corresponds to assuming that any dierence between the measured electron energy
8

and the values for the atomic levels is converted into kinetic energy of the moving He and Li
atoms. The large peak at 0.1 eV is the contribution of the 1s2s1 S state undergoing exchange
ICD. It reproduces the narrow peak in the experimental distribution rather well. The second
peak at 0.27 eV is due to the 1s2s3 S state whose contribution is 0.65 times that of the 1s2s1 S
state, as inferred from the tted simulated electron spectrum shown by the light blue line in
Fig. 1 b). This peak is not directly seen in the experimental spectrum. We assume that it
is spread out towards large energies and adds to the extended tail in the range Ki > 0.2 eV.
Presumably the kinematics of the He-Li+ dissociation deviates from the assumed diatomic
system due to the presence of more He atoms nearby, as previously observed for laser-excited
alkali metal atoms detaching from He nanodroplets. 30,31 An accurate modeling of the dynamics ensuing dopant ICD would require a many-body simulation of the full process including
the correlated electron dynamics and the nuclear motion.
Finally, we address the question of how the ICD signals depend on the level of excitation of
the He nanodroplet. Fig. 4 shows electron spectra recorded for Li-doped He nanodroplets at
various hν when recording all emitted electrons (a) and only electrons detected in coincidence
with Li+ ions (b). At photon energies hν = 21.0 eV (blue lines), the He droplets are excited
directly to the 1s2s1 S state, whereas at hν = 21.6 and 22.0 eV (black and red lines), the
1s2p1 P state is excited. 19 At hν = 23.8, 24.0 and 24.2 eV (brown and pink lines), higher
states correlating to the 1s3p and 1s4p levels are reached. Most notably, at all values of hν ,
the electron spectra are dominated by ICD involving the 1s2s states. Only for hν > 23 eV
a contribution of the 1s3s, p and 1s4s, p states to the exchange ICD signal of about 10 %
of the corresponding signal from the 1s2s states is observed [Fig. 4 b)]. This indicates that
both direct and charge exchange ICD processes are much slower than the internal droplet
relaxation, which occurs within . 1 ps. 27 Such slow ICD was previously observed for multiply
excited Ne clusters. 32 To directly map the dynamics of the various ICD channels, pump-probe
experiments using ultrashort EUV laser pulses would be highly desirable.
In summary, we have shown that for He nanodroplets doped with alkali metal atoms,
9

a )

T o ta l e le c tr o n s [c p s ]

1 0 0 0

E le c tr o n s in c o in c id e n c e w ith L i+ [c p s ]

2 1 .6
2 2 .2
2 1 .0
2 4 .2
2 3 .8
2 4 .0

1 0 0

2 s 3S 2 s 1S 2 p 1P

e V

3 s ,p 4 s ,p

e V
e V
e V
e V
e V

1 0

b )
1 0

1

0 .1

1 0

1 1

1 2

1 3
1 4
1 5
1 6
E le c tr o n k in e tic e n e r g y [e V ]

1 7

1 8
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direct ICD by virtual photon transfer and charge exchange ICD can be distinguished using
electron-ion coincidence detection. Nearly irrespective of the initial level of excitation of
the He nanodroplet, ICD occurs out of the 1s2s-correlated He levels due to ultrafast droplet
relaxation. While direct ICD mostly involves the droplet perturbed 1s2s1 S state, exchange
ICD occurs out of the 1s2s1 S and 1s2s3 S states in close analogy to traditional Penning ionization of colliding atoms at thermal velocities. Besides giving insight into the fundamental
interatomic interactions, the method of measuring ICD electron and ion spectra for surfacebound atoms may be useful for probing the relaxation dynamics of other types of clusters
and nanoparticles as well.

Experimental methods
The experiments are performed using a He nanodroplet apparatus combined with a velocitymap imaging photoelectron-photoion coincidence (VMI-PEPICO) detector at the GasPhase
and CiPo beamlines of Elettra-Sincrotrone Trieste, Italy. The apparatus has been described
in detail elsewhere. 7,33 Briey, a beam of He nanodroplets is produced by continuously expanding pressurized He (50 bar) of high purity out of a cold nozzle (14 K) with a diameter of
5 µm into vacuum, resulting in a mean droplet size of N̄He = 2.3 × 104 He atoms per droplet.
Further downstream, the beam passes a mechanical beam chopper used for discriminating
droplet-beam correlated signals from the background. The He droplets are doped with Li
and Cs atoms by passing through two vapor cells containing elementary alkali metal heated
to 400 ◦ C and 90 ◦ C, respectively.
In the detector chamber, the He droplet beam crosses the synchrotron beam in the center
of the VMI-PEPICO detector at right angles. By detecting either electrons or ions with the
VMI detector in coincidence with the corresponding particles of opposite charge on the TOF
detector, we obtain either ion mass-correlated electron images or mass-selected ion images.
Kinetic energy distributions of electrons and ions are obtained by Abel inversion of the
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images. 34 The energy resolution of the electron spectra obtained in this way is ∆E/E = 6%.
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4.4

Article: ’Penning ionization of acene
molecules by He nanodroplets’

The straightforward way to obtain an evidence for Penning ionization of dopant molecules in He droplets is observing a yield of
dopant ions while scanning the photon energy across the droplets
absorption resonances. For the photon energies above 23 eV, He2+
ions are created by autoionization of highly excited droplets. Above
the 24.6 eV droplets are directly ionized, as well as free He atoms; ao
the dopant molecule in this range can be ionized by charge transfer
from He ion. The observed photon energy dependencies for dopant
ions do not have sharp peaks near the energies of atomic Rydberg
states like for He2+ . Atoms that after ionization form dimer ions come
from both droplets bulk and surface, but the sharp, atomic-like peaks
originate from the area near droplets surface, where the atoms are
less perturbed by the droplet medium. The dopant ions only have
the broadened absorption profile, that is associated with the droplet
bulk, that points on their location in the interior of the droplets.
All the studied molecules: antracene, tetracene, pentacene and C60
give a pronounced maximum in their ion yields at 21.6 eV, which
corresponds to 1s2p1 P level and directly points at Penning ionization
process (see 4.3). The intensity at 21-22eV, however, stays well below
its level in the range above 24.6 eV, in contrast to the same ion yield
scans for alkali dopants [19], where the peak around 21.6 was the
most intense feature. However, the yield of Ac+ , Tc+ , Pc+ remains
the highest among other molecular and rare gas dopants, and similar
by intensity to alkaline earth dopants, which are located more deeply
inside the He droplets than alkalies. This high efficiency of Penning
ionization may be related to the large sizes of the studied molecules,
and their structure offering many contact points where He∗ can ap161

Figure 4.3: Ion yield spectra of He2+ , anthracene (Ac), tetracene (Tc), and
pentacene (Pc) ions in the photon energy range around the He droplet
absorption bands up to the ionization threshold.

proach the dopant molecule, also the tetracene and pentacene have
more intense peak compared to antracene, which has less benzene
rings in its structure.
The PIES for He droplets doped with each of the mentioned species
were acquired and compared with corresponding gas phase PES
recorded with He-I line radiation (and the gas phase PIES, in case of
Ac). Although the PES spectra have complex peak structure, droplet
PIES are nearly structureless. The PIES for all four dopants are very
similar to each another. They are almost independent of the He
droplet size, the level of doping, and the photon energy in the range
hν = 21-24 eV. The signal has a long tail into the high energy range >
15eV, and a maximum around 1.5 eV with a steep drop and vanishing
signal below 0.5 eV.
The dominant effect leading to the massive loss of electron energy
and distortion of the spectrum must be the interaction of the Penning
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electron with the He droplet on its way to the surface. The signal
cut-off below 1 eV is likely due to the localization of the low energetic electrons followed by electron-ion recombination, as the cutoff
energy matches the conduction band edge for electrons in liquid He
- a state where electron can freely move through the droplet and can
not escape from it. The cut-off position remains same for all spectra,
although the average droplet size in the experiment (6 Å) which
would be considered too small for the conduction band to be fully
developed.
The main hypothesis was that the observed structureless PIES are
mainly determined by electron scattering in droplet medium. Therefore, Monte-Carlo simulations, described in Sec. 3.6, were carried
out. It was obtained that for the expected droplet sizes the peak
structure of initial distribution is distorted only in a minor way. Only
for droplet radius 50 nm the peak structure is completely smoothed
out, similar as in measured distribution. Though shape of simulated
spectrum remains somewhat different from experimental. It may
be concluded that electron-He interaction is underestimated by a
model based on binary collisions, and comparatively fast electrons
are significantly affected by the collective long range electron- He
Pauli repulsion, especially in presence of the positive photoion in the
droplet.
It is also mentioned that the falling edge of the PIES can be very
well modelled by a Maxwell-Boltzmann distribution. It would correspond to a thermal electron distribution at a temperature of 24,000
K (2.1 eV), cut below 1 eV due to electron-ion recombination. Some
link can be made for example to hot electron ionization model in
[37]. The process described for C60 proceed through excitation and
equilibration of a small subset of all possible molecular degrees of
freedom. In the model proposed in [37], photoexcitation promotes
163

the molecule to a highly excited electronic state with the vibrational
degrees of freedom, which on a short timescale acts as an inactive
continuum of states. In a period less than picosecond, the molecule
moves across a number of states towards the ones with lower electronic ground state energies and correspondingly higher vibrational
excitation energy. During this drift, an electron may be stochastically
emitted. The way in which the described model may relate to the
super fluid medium of a droplet, which surrounds the molecule,
remains unclear.
The photoion kinetic energy spectra for the molecular ions have
a shape of narrow peaks below 0.5 eV, and have different shape
from Maxwell-Boltzmann distribution, which characterizes molecular ions ejected from He droplets by infrared excitation, that may
point on different ejection model.
Personal contribution I performed the experiment on every its stage,
processed and analyzed all the data, actively participated in discussion of its interpretation, prepared the figures and their description
for the published article.
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ABSTRACT: Acene molecules (anthracene, tetracene, pentacene) and fullerene
(C60) are embedded in He nanodroplets (HeN) and probed by EUV synchrotron
radiation. When resonantly exciting the He nanodroplets, the embedded molecules M
are eﬃciently ionized by the Penning reaction HeN* + M → HeN + M+ + e−. However,
the Penning electron spectra are all broad and structureless, largely diﬀering from
those measured by binary Penning collisions, as well as from those measured for
dopants bound to the He droplet surface. Simulations based on elastic binary
electron−He collisions qualitatively reproduce the measured spectra only when
assuming unexpectedly large He droplets, indicating that electron spectra of
molecules embedded in helium nanodroplets are severely aﬀected by collective
electron−helium interactions.

■

is transferred to the emitted Penning electron e−. Here, E* is
the energy of the metastable rare gas atom, Ei is the ionization
energy of the colliding particle M, and ΔE is a small energy
diﬀerence between potential energy curves of the incoming
He* + M and outgoing He + M+ + e− channels.16 Thus, by
measuring the distribution of Penning electron kinetic energies,
we obtain a spectrum of electron binding energies Ei of M akin
to its photoelectron spectrum (PES), provided E* is known
and ΔE is known or negligible.
Penning ionization of molecules (SF6) embedded in He
nanodroplets was already reported in the pioneering study of
the photoionization of large pure and doped He droplets using
synchrotron radiation by the group of Toennies.19 When
tuning the synchrotron to the most pronounced He droplet
resonances around hν = 21.6 and 23.8 eV, increased yields of
dopant ions were detected. These observations were essentially
reproduced by our earlier studies using alkali and alkaline-earth
metal atoms as dopants.6,18,20 The higher yields measured for
the latter dopants were rationalized mainly by the surface
location of these dopants, which is favorable for Penning
ionization given that the excited He* atom tends to be expelled
out of the bulk toward the surface of the droplet due to
repulsive He*−He droplet interactions.21,22 Note that Penning
ionization of dopants is also seen in experiments using electron
bombardment as a method of exciting doped He nanodroplets.23−25 Besides, Penning ionization of molecules
(benzene, benzonitrile, toluene, pyridine) attached to clusters
made of the heavier rare gases (neon, argon, and krypton) has
been reported.26−28

INTRODUCTION
He nanodroplets are widely used as cold and inert
spectroscopic matrices of embedded “dopant” molecules and
clusters.1,2 However, upon electronic excitation or ionization,
He nanodroplets can induce severe perturbations of the spectra
due to the interaction of the excited or ionized dopant with the
surrounding He atoms3−6 or due to electron−He scattering.7,8
To date, photoelectron spectroscopy has been employed by a
few research groups for probing dopants in He nanodroplets
and their relaxation dynamics.9−14 In those studies, resonant
multiphoton laser ionization was applied mostly to metal atoms
or clusters embedded in He nanodroplets. No photoelectron
spectra of dopants by direct one-photon ionization have been
reported so far.
An alternative method to photoelectron spectroscopy is
Penning ionization electron spectroscopy (PIES).15 This
method, which has been developed for many decades, has its
merits for its sensitivity to the spatial electron distribution of
molecules, clusters, and surfaces and to anisotropic interaction
potentials of the colliding reaction partners.16 Besides, Penning
ionization experiments involving clusters can reveal additional
details of complex ionization mechanisms such as autoionization of superexcited states16,17 and vibronic relaxation
of excitation.7,18 Traditionally, a rare gas atom, most often He,
due to its extremely high excitation energy, is prepared in an
excited metastable state and collides with another atom,
molecule, or surface, M, to induce the ionization of the latter
in the reaction
He* + M → He + M+ + e−

(1)

In this reaction, the excess energy
Ee = E* − E i + ΔE
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electrons with bulk liquid He, which showed that the relaxation
of hot electrons was mainly governed by elastic binary collisions
between the electron and individual He atoms.10,32 Electron−
He scattering is implemented by a Monte Carlo method based
on doubly diﬀerential (energy, scattering angle) electron−He
scattering cross sections.33 Assuming the initial Penning process
to occur in the center of the He nanodroplet, the classical
electron trajectory is calculated in three dimensions up to the
droplet surface while accounting for electron−He scattering
and Coulomb interaction of the electron with the ion which
remains ﬁxed at the droplet center. The He number density
inside the spherical droplet is taken as homogeneous with a
value of 0.022 Å−3.34 Assuming that the initial energy
distribution of the Penning electrons is that of the PIES
measured for gas phase Ac,35 the simulation is repeated for 105
electrons for each value of the initial electron energy and for
diﬀerent droplet radii. The ﬁnal droplet PIES is given by the
histogram of kinetic energies of those electrons that have
escaped out of the He droplets.

In the experiments using alkali metals and rare-gas atoms as
dopants of He nanodroplets, Penning ionization electron
spectra (PIES) were also measured.7,18 In the case of alkali
metal dopants, the PIES are dominated by one well-deﬁned
peak near E* − Ei, where E* = 20.6 eV (1s2s1S state of He)
and Ei is the ionization energy of the dopant atom. The PIES of
Kr and Xe featured two pairs of peaks, indicating that Penning
ionization of the rare-gas atom proceeded from He* either in
the 1s2p1P state or in the 1s2s1S state, the latter being
populated by droplet-induced relaxation. In addition, a broad
feature reaching down to an electron energy Ee = 0 was present,
which dominated the spectrum when increasing the He droplet
size to N > 104. This feature was discussed in the context of
electron−He scattering. However, we note that the atomic lines
remained visible in the PIES at all experimental conditions.
The aim of this study is to present and discuss PIES of the
molecular dopants anthracene (Ac), tetracene (Tc), pentacene
(Pc), and fullerene (C60). Contrary to our earlier ﬁndings for
surface-bound alkali metals and rare-gas atoms,7,18 the electron
spectra are broad and nearly structureless, largely diﬀering from
the respective gas phase PIES or PES. Unfortunately, He
nanodroplets appear to be of limited use for gaining detailed
information about dopants embedded inside He nanodroplets
by means of Penning electron spectroscopy. Therefore, we call
those for caution who may have high expectations regarding the
resolution of photoelectron or Penning electron spectra of
embedded molecules.

■

RESULTS
Clear evidence for Penning ionization of dopant molecules is
obtained by recording the yield of dopant ions while scanning
the photon energy across the absorption resonances of He
nanodroplets. Since fragmentation is nearly absent, we only
present unfragmented dopant ion yields and the corresponding
electron spectra. Figure 1 shows the ion yield for Ac, Tc, Pc

■

METHODS
The setup used for the present experiments has been described
previously.8,18 Brieﬂy, a beam of He droplets with an average
diameter of 6 nm is produced by continuously expanding
pressurized He (50 bar) out of a cold nozzle (diameter 5 μm,
temperature 14 K). The He droplets are doped with one
molecule on average by pickup inside a heated vapor cell
[length 1 cm, temperatures 35 °C (Ac), 110 °C (Tc), 165 °C
(Pc), 400 °C (C60)]. Under these conditions, the proportion of
molecular dimers with respect to monomers in the mass spectra
remain well below 10%. Therefore, we exclude substantial
contributions of dopant oligomers to the detected electron and
ion signals.
The EUV light beam at the Gasphase beamline of Elettra
Sincrotrone, Trieste, is narrow-band (ν/Δν > 103) and tunable
over the discrete absorption bands of He nanodroplets up to
the He ionization threshold.29 In the photon energy range 19−
23 eV, we use a 0.2 μm thick tin ﬁlter to suppress higher order
radiation. Electrons and ions created by photoionization of the
doped He nanodroplets are detected in coincidence using the
photoelectron−photoion coincidence velocity-map imaging
(PEPICO-VMI) technique.18,30 Either electron or ion velocity-map images are recorded in correlation with ion masses.
Inverse Abel transformation yields electron and ion kinetic
energy spectra and angular distributions.31 To discriminate
signals correlated with the He droplet beam from the
background gas (mainly water and dopant molecules eﬀusing
out of the heated cell along the He droplet beam axis), we use a
mechanical beam chopper which periodically blocks the He
droplet beam.
To simulate the inﬂuence of a He droplet on an electron
emitted from a dopant molecule located inside the droplet, we
compute classical electron trajectories through the droplet,
subjected to binary elastic collisions with He atoms. This
approach is inspired by previous studies of the interaction of

Figure 1. Ion yield spectra of He2+, anthracene (Ac), tetracene (Tc),
and pentacene (Pc) ions in the photon energy range around the He
droplet absorption bands up to the ionization threshold.

ions, as well as the yield of He2+ ions for reference. In the range
of photon energies between hν = 23 eV up to the ionization
threshold of He atoms (Ei = 24.6 eV), He2+ ions are created by
autoionization of highly excited He droplets.19,36 For hν > 24.6
eV, free He atoms as well as He droplets are directly ionized,
and we detect mainly free He+ and He2+ ions.
In these two ranges of hν, the yields of dopant ions closely
follow that of He2+. Whenever a He+ or He2+ charge is created
inside a He droplet, charge transfer to the dopant particles can
compete with the formation of free He2+. This leads to the
ejection of the bare dopant ion or of complexes of the dopant
ion with a small number of He atoms attached to it.18 Note,
however, that the He2+ yield curve features sharper peak
structures near atomic Rydberg states, which are not present in
the dopant ion spectra. This indicates that He2+ has formed,
following He ionization either in the bulk of the droplets or at
the droplet surface. Here, He atoms are less perturbed, and
therefore the absorption spectrum more closely resembles that
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Given the relatively high yields of Penning ions detected for
the acene dopants in He nanodroplets, we are in a position to
record the corresponding PIES using the PEPICO-VMI
technique. Figure 3 displays a compilation of He droplet

of free atoms. The dopant ions, however, follow the broadened
absorption proﬁle of the droplet bulk,29 consistent with their
location in the interior of the droplets.
Moreover, the ion yields of all three acenes feature a clear
maximum around hν = 21.6 eV, which corresponds to the
strongest droplet absorption resonance and correlates to the
1s2p1P state of the He atom. The yield of C60+ ions (not
shown) at hν = 21.6 eV is slightly lower than for the acenes and
amounts to 20% of that at hν = 25 eV. However, in contrast to
Penning ionization of alkali metal atoms,18 the acene and C60+
ion yields stay well below those measured in the range where
charge transfer ionization is active. The ratio of amplitudes of
the dopant ion signals at hν = 21.6 eV with respect to that at hν
> 24.6 eV ranges between 0.3 (Ac+) and 0.7 (Tc+). In this
respect, the acenes are similar to alkaline earth dopants, which
are located more deeply inside the He droplets,6,20 whereas
much higher Penning ion yields were measured for alkali
metals.18 However, compared to other molecular dopants
which have been studied so far (methane, ﬂuorinated
derivatives thereof, methanol, SF6,19,37 Ne, Ar, Kr, Xe
clusters7,18,38), the yields of Ac+, Tc+, and Pc+ Penning ions
are the highest observed so far.
To obtain more detailed insight into the Penning reaction
occurring inside the He nanodroplets, we have measured
kinetic energies of the dopant ions. Figure 2 shows the ion

Figure 2. Kinetic energy distributions of He and Tc dopant ions
generated by Penning ionization (hν = 21.6 eV) and by charge transfer
ionization (hν > 23 eV).

Figure 3. Comparison of gas phase photoelectron spectra (red
lines)35,39,40 and Penning electron spectra (black lines) for Ac (a), Tc
(b), Pc (c), and C60 (d) embedded in He nanodroplets. Panel (a)
includes the gas phase Penning electron spectrum of Ac.35

kinetic energy distributions of Tc+ ions recorded at various
photon energies by operating the VMI spectrometer in ionimaging mode. For reference, we include the kinetic energy
spectra of He+ and He2+ measured above the He ionization
threshold (hν = 27.5 eV). The angular distributions for all ions
are fully isotropic.
The kinetic energy of He+ falls below 0.05 eV, which
corresponds to the detection limit of our spectrometer at the
used voltage setting. This very low kinetic energy is in line with
our previous conclusion that free He+ atomic ions cannot be
emitted from singly ionized He droplets for energetic reasons.
Instead, the measured He+ ions originate from free He atoms
that accompany the droplet beam.30 In contrast, the He2+ ions
are ejected out of the droplets with a ﬁnite energy around 0.3
eV, driven by vibrational relaxation of He2+ into the ground
state.8,30 For the Tc+ ions, we measure kinetic energies around
0.1 eV, where charge transfer ionization (hν = 27.5 eV)
generates a slightly higher energy compared to Penning
ionization (hν < 24 eV).

PIES measured at a ﬁxed photon energy hν = 21.6 eV for Ac
(a), Tc (b), Pc (c), and C60 (d) together with gas phase PES
recorded with He-I line radiation. The latter PESs are extracted
from refs 35, 39, and 40. Only the PES of Tc is measured in this
work using a hemispherical electron analyzer and a dilute
eﬀusive beam of Tc. For this, the photon energy is set to hν =
20 eV (solid red line). The low-energy part of the spectrum
(dashed red line) is taken from the PES recorded at hν = 30 eV.
For Ac (a), the gas phase PIES was previously measured using
crossed atomic beams (blue line).35 It strongly resembles the
PES when taking into account the energetic down-shift due to
the diﬀerence (1.4 eV) between hν = 21.2 eV of the He-I line
and the energy of the metastable He(3S) atom inducing
Penning ionization, 19.8 eV.
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nanodroplets, this shift was found experimentally and
theoretically to be of the order of 0.1 eV, causing a slight
upshift of detected electron energies.10 However, it is highly
unlikely that much larger shifts with opposite sign should occur
for the molecules studied here.
Thus, the interaction of the Penning electron with the He
droplet after the Penning reaction seems to be the dominant
eﬀect leading to the massive loss of electron energy.7 The fact
that all PIES are quite similar in spite of the varying structure of
the gas phase PIES and PES supports this conjecture.
Electron−He scattering was previously found to perturb PES
of embedded molecules.7,10 However, peak broadenings were
only in the range <0.15 eV. Only PIES of Kr and Xe doped into
the interior of He nanodroplets displayed a similarly broad
feature as the one we see in the present work, as shown in
Figure 4a (black line, extracted from ref 7). Nevertheless, the

The PES features complex peak structures that have been
interpreted using electronic structure calculations.35,39,40 In
contrast, the He droplet PIES are broadened toward low
energies and nearly structureless. Moreover, the droplet PIES
for the four species are very similar to one another up to
diﬀerent levels of signal-to-noise ratio. Note that these spectra
are nearly independent of the He droplet size, the level of
doping, and the photon energy in the range hν = 21−24 eV.
The most notable features are a signal maximum around 1.5 eV
and a vanishing signal at Ee < 0.5 eV. The angular distribution
of droplet Penning electrons is isotropic [β = 0.0(2)], in
agreement with previous measurements.7,18

■

DISCUSSION
The high eﬃciency of Penning ionization of the acenes
compared to most other dopants is likely related to their larger
sizes, oﬀering more contact points for He* to approach the
dopant molecule before being ejected toward the droplet
surface. Accordingly, the Penning signal of Tc and Pc (four and
ﬁve benzene rings, respectively) is higher than that of Ac (three
benzene rings). Additionally, the delocalized conjugated
electron system of these aromatic molecules, which accounts
for their large absorption cross sections in the visible spectral
region, may also facilitate Penning ionization.
Aside from the eﬃciency of ionization, the eﬃciency of
ejection of the ions out of the droplets is an equally important
factor determining the yield of detected free ions. Thus, the
high yields of free ions may also be related to the degree of
internal excitation of Penning ions, which facilitates ion
ejection.41 Note that the measured kinetic energy distributions
(Figure 2) signiﬁcantly deviate from the Maxwell−Boltzmann
distribution (not shown). The latter features a sharp rise
starting from zero energy and an extended falling edge toward
high energies, whereas the measured distributions are peaked at
a ﬁnite energy value (0.1 eV). This ﬁnding is in contrast to
results obtained for molecular ions ejected from He nanodroplets by infrared excitation. In that case, the ion velocity
distributions perfectly matched the Maxwell−Boltzmann
distribution.41,42 Thus, in our case of indirect ionization by
the He droplets, apparently a more impulsive ejection occurs
compared to the ejection following laser excitation of
thermalized ions. While it is generally accepted that ions are
ejected from He nanodroplets by nonthermal energy
dissipation, a detailed understanding is still lacking. Further
systematic studies of dopant species of diﬀerent sizes, mass,
atomic and electronic structures, and locations with respect to
the He droplet surface will help elucidate this point.
The salient result of the present study is the extremely
broadened and shifted PIES of Ac, Tc, Pc, and C60 in He
droplet, which show no resemblance to the gas phase spectra.
This must be related to a massive perturbation of any of the
quantities on the right-hand side of eq 2 or by a modiﬁcation of
electron energies after the Penning reaction. Indeed, there are
indications that E* undergoes ultrafast relaxation from the
initial 1s2p1P state (21.6 eV) down to the atomic level 1s2s1S
(20.6 eV).7,18 Assuming that Penning ionization occurs at all
intermediate stages of the He* relaxation, this may account for
a down-shifting of electron energies by up to 1 eV. This is
insuﬃcient for explaining our measurements, though. While ΔE
is not expected to be notably aﬀected by the He droplet
compared to the gas phase, Ei is known to be shifted inside He
droplets due to the polarization eﬀect of He surrounding the
nascent Penning ion. For aniline molecules embedded in He

Figure 4. Comparison between the experimental Ac (red line, this
work) with (a) Xe Penning electron spectra (black line, taken from ref
7) and a Maxwell−Boltzmann distribution (blue line). (b)
Experimental Tc spectrum and simulated spectra assuming electron−He scattering and various He droplet radii R.

peak structure indicative for atomic-like Penning ionization
prevailed for all experimental conditions, contrary to the
present ﬁnding.
Furthermore, a sharp drop of electron signal at energies of <1
eV was observed under conditions, where very large He
droplets are formed by supercritical expansion; see the black
line in Figure 4 (a). The signal cutoﬀ is likely due to the
localization of the electron followed by electron−ion
recombination.7,10 The cutoﬀ energy of 1 eV matches the
conduction band edge for electrons in liquid He.7,21,43 For large
He droplets, this band edge represents a barrier for the
promotion of an electron into the conduction band, which is a
state where it can freely move through the droplet and escape
from it.7,44 Surprisingly, all our PIES feature a similar cutoﬀ at
energies of <0.5−1 eV, although the average size of He
nanodroplets generated at our experimental conditions (radius
R = 6 nm 1,2) would be considered insuﬃcient for the
conduction band to be fully developed. In contrast, in the Xe
experiments, a droplet size of R = 28 nm was used.7
To assess our hypothesis that the observed PIES are mainly
determined by electron−He scattering, we carry out Monte
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Carlo simulations as outlined in the “Methods” section. Figure
4 (b) includes the result of the simulation for three selected He
droplet sizes as green, blue, and orange lines. At the average
droplet radius R = 6 nm the peak structure of the initial Ee
distribution (PIES of ref 35) is hardly altered. Only when R
increases to around 50 nm is the peak structure at Ee > 6 eV
completely smoothed out in the simulated spectrum, similar to
the experimental one. However, the shapes of the spectra
between 2 and 13 eV still slightly diﬀer, indicating that even for
large droplets our model does not fully capture the mechanism
causing the observed broadening. The large deviation at Ee <
1.5 eV is due to the trapping of the electron below the
conduction band edge and the subsequent electron−ion
recombination as discussed above. In the simulation,
electron−ion recombination occurs only at Ee < 0 because
neither many-body eﬀects nor quantum eﬀects such as Pauli
repulsion acting between the electron and the He atoms are
taken into account.
The fact that large He droplets (R > 20 nm) are needed to
achieve a similar degree of a broadening in the simulation as in
the experiment, as well as the occurrence of a cutoﬀ energy in
the experimental PIES, seems to indicate that the He droplets
in our experiments are much larger than expected. Alternatively,
the experimental results would be understandable if our
detection scheme were much more sensitive to the large He
droplets component of the broad distribution of droplet sizes.
However, from the characteristics of our droplet apparatus as a
function of He nozzle temperature (pressures in the vacuum
chambers, electron and ion signals), we infer with great
certainty that droplet formation occurs in the subcritical regime,
where R < 10 nm. Likewise, we have no reason to assume that
large droplets contribute disproportionately to the measured
yield of electrons and ions. On the contrary, electron−ion
recombination in large droplets should reduce the detection
eﬃciency. Thus, we argue that in the relevant energy range of
0−15 eV, the actual electron−He interaction is drastically
underestimated by a model based solely on binary collisions.
This may have been expected for electron energies of <3 eV, at
which electrons impinging on pure He nanodroplets of the
same size as used here were found to localize by occupying
stable bubble states inside the droplets.45 The present results
indicate that even at energies where the electron is not captured
by the droplet, it is still massively aﬀected by the collective
long-range electron−He Pauli repulsion. The presence of the
positive photoion in our experiments may further enhance this
eﬀect. In comparison with Kr and Xe dopants, for which a
contribution of weakly perturbed Penning electrons remained
at all conditions, presumably the molecules studied here are
more strongly localized at the droplet center due to a higher
coordination number with the surrounding He so that an
electron emitted from the molecule always has to pass through
a layer of He before leaving the droplet. Clearly, more
experimental and theoretical studies are needed to gain a better
understanding of ionization processes in He droplets and the
subsequent dynamics of emitted electrons and ions.
Finally, we mention that the falling edge of the PIES can be
very well modeled by a Maxwell−Boltzmann distribution, as
shown for Ac dopants by the blue line in Figure 4 (a). This
corresponds to a thermal electron distribution at a temperature
of 24 000 K (2.1 eV), truncated at Ee < 1 eV due to electron−
ion recombination. While electron−He scattering should
eventually lead to thermalization of the electron, clearly the
temperature is incompatible with that of the He droplet (0.4

K). Extreme local heating of the environment around the
electron would have to be invoked, which appears highly
unlikely, though.

■

CONCLUSION
We reported eﬃcient Penning ionization of the acene
molecules Ac, Tc, Pc, and C60 doped into He nanodroplets.
The Penning ion kinetic energy distribution of Tc+ is peaked
around 0.1 eV indicating impulsive ejection, contrary to
previous measurements for laser-induced ejection of thermalized ions. Penning electron spectra are massively broadened
toward low energies and feature a pronounced signal cutoﬀ at
electron energies below 1 eV, in contrast to the corresponding
gas phase spectra and to previously measured He droplet
Penning electron spectra of surface-bound dopants. Simulations
based on electron−He binary scattering only reproduce the
experimental results when assuming unexpectedly large He
droplets. This indicates that the electron−He interaction in the
relevant energy range is much more eﬀective, presumably by
long-range collective electron−He repulsion.
These results show that electron spectra measured for
dopants embedded inside He nanodroplets may suﬀer from
massive broadening, thereby severely compromising the
achievable energy resolution. Further systematic studies for
diﬀerent types of dopants and diﬀerent conditions for
generating and doping the He droplet beam are required to
fully characterize the ionization dynamics of dopants inside He
droplets. In particular, the interaction of an electron with the
He droplet deserves further investigation at energies where He
polarization eﬀects set in and eventually the electron localizes
and recombines with the ion.

■

AUTHOR INFORMATION

Corresponding Author

*E-mail: mudrich@phys.au.dk.
ORCID

A. C. LaForge: 0000-0002-5758-6917
M. Hanif: 0000-0001-7971-3289
M. Mudrich: 0000-0003-4959-5220
Notes

The authors declare no competing ﬁnancial interest.

■

ACKNOWLEDGMENTS
The authors thank Thomas Fennel for providing them with the
code for the electron scattering simulation. Financial support by
Aarhus Universitets Forskningsfond (AUFF) and by Deutsche
Forschungsgemeinschaft (DFG, Grant MU 2347/10-1) is
gratefully acknowledged. A.C.L. gratefully acknowledges
support by the Carl-Zeiss-Stiftung.

■

REFERENCES

(1) Toennies, J. P.; Vilesov, A. F. Superfluid Helium Droplets: A
Uniquely Cold Nanomatrix for Molecules and Molecular Complexes.
Angew. Chem., Int. Ed. 2004, 43, 2622.
(2) Stienkemeier, F.; Lehmann, K. Spectroscopy and Dynamics in
Helium Nanodroplets. J. Phys. B: At., Mol. Opt. Phys. 2006, 39, R127.
(3) Bünermann, O.; Droppelmann, G.; Hernando, A.; Mayol, R.;
Stienkemeier, F. Unraveling the Absorption Spectra of Alkali Metal
Atoms Attached to Helium Nanodroplets. J. Phys. Chem. A 2007, 111,
12684.
(4) Pentlehner, D.; Greil, C.; Dick, B.; Slenczka, A. Line Broadening
in Electronic Spectra of Anthracene Derivatives Inside Superfluid
Helium Nanodroplets. J. Chem. Phys. 2010, 133, 114505.

1859

DOI: 10.1021/acs.jpca.7b12506
J. Phys. Chem. A 2018, 122, 1855−1860

Article

The Journal of Physical Chemistry A
(5) Theisen, M.; Lackner, F.; Krois, G.; Ernst, W. E. Ionization
Thresholds of Alkali Metal Atoms on Helium Droplets. J. Phys. Chem.
Lett. 2011, 2, 2778−2782.
(6) Mudrich, M.; Stienkemeier, F. Photoionisaton of Pure and Doped
Helium Nanodroplets. Int. Rev. Phys. Chem. 2014, 33, 301−339.
(7) Wang, C. C.; Kornilov, O.; Gessner, O.; Kim, J. H.; Peterka, D.
S.; Neumark, D. M. Photoelectron Imaging of Helium Droplets Doped
with Xe and Kr Atoms. J. Phys. Chem. A 2008, 112, 9356.
(8) Shcherbinin, M.; LaForge, A. C.; Sharma, V.; Devetta, M.;
Richter, R.; Moshammer, R.; Pfeifer, T.; Mudrich, M. Interatomic
Coulombic Decay in Helium Nanodroplets. Phys. Rev. A: At., Mol., Opt.
Phys. 2017, 96, 013407.
(9) Radcliffe, P.; Przystawik, A.; Diederich, T.; Döppner, T.;
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Chapter 5
Summary and outlook
The presented work contains the results of several synchrotron experiments on pure and doped helium nanodroplets. All the activities
can be divided into two types: Those involving excitation of helium
droplets which means operating at photon energies ≤ 23 eV, and
those where the droplets were photoionized at higher photon energies. The used setup allows to generate droplets with sizes up to 109
atoms, but practically the most often used droplet size was around
30000.
In Sec. 3.4 it was found that the primary ICD process in pure He
nanodroplets occurs as in the free He dimer, and emitted electrons
are only weakly perturbed. At the same time, a large fraction of He+
ions undergoes massive energy loss by elastic stopping collisions
with neighboring He atoms. ICD occurring in the droplet interior,
being mediated by these collisions, causes the formation of slow
He+
k complexes, whose energetics crucially depends on the escape
dynamics of the ion. The developed 1-dimensional ion-neutral col171

lision model could explain the ion kinetic energy spectrum, but is
applicable only in small percentage of ionization events; while more
sophisticated simulations were made later by [46].
In Sec. 3.7 a new correlated electron decay process was discovered,
which becomes relevant for large helium nanodroplets (size ≥ 105 ).
The steep rise of the corresponding electron signal with droplet size is
essentially reproduced by a Monte-Carlo trajectory simulation based
on elastic and inelastic electron-He scattering facilitating electron-ion
recombination.
The subject of Sec. 3.8 are the photoelectrons emitted from nanodroplets after undergoing inelastic collisions with He atoms. It
was found out that in the case that the photoelectron scatters off a
He atom, exciting it into low-lying level, in the close vicinity of the
photoion, a transient bound He∗ −He+ molecular state is populated.
In case when the neighboring atom is impact ionized, the two He+
ions undergo Coulomb explosion and both He+ and He2+ ions are
detected with higher kinetic energy up to 3 eV. It was concluded
that electron scattering must be taken into account for the use of
He nanodroplets as a substrate for photoelectron spectroscopy of
embedded molecules and complexes when using extreme ultraviolet
or x-ray radiation.
In Sec. 3.9 a new decay mechanism was reported leading to the
double ionization of alkali dimers attached to He droplets by intermolecular energy transfer. This process is similar to the shake-off
mechanism observed in double Auger decay, but in reported case
appears to be dominant, occurring with efficiencies greater or equal
to single ionization by energy transfer.
In Sec. 3.10 the experimental observation of ETMD(3) for the model
system of alkali metal dimers formed on the surface of He nanodroplets was reported. The detection of free dissociation products
generated by ETMD(3) is facilitated by the droplet surface location of
the alkali dimers, making a signal from this process highly abundant
172

in proportion to radiative charge transfer.
The Sec.4.3, still being at a stage of discussion, concerns the mechanisms of ICD in helium (He) nanodroplets doped with alkali metal
atoms (Li, Cs). The aim is to show that ICD induced by energy transfer and by charge exchange can be clearly distinguished by detecting
electrons and ions in coincidence. The clear difference in kinetic
energy spectra for electrons that come in coincidence with dopant
ions and the total electron signal shows that the two types of ICD
coexist.
Article Sec. 4.4 reports on Penning ionization of organic molecules
doped into helium nanodroplets, which are ’heliophilic’ and therefore located in the bulk of nanodroplet. Penning ionization of all
four molecules was shown to be efficient, but the electron kinetic
energy spectra are broad and structureless, demonstrating no resemblance neither with those measured by binary Penning collisions, nor
with those measured for dopants bound to the He droplet surface.
The similarity of electron spectra for all four dopants indicates that
spectra of embedded species are substantially altered by electron-He
scattering; in order to explain the mechanism simulations by MonteCarlo method were performed.
A few new directions of the presented research will be pursued in
the future or are in the process of development. A new velocity
map imaging detector is being built at the beamline of ’ASTRID 2’
synchrotron in Aarhus. It is expected to have hexagonal shape of
the delay line grid with three lines, which will allow us to record
simultaneously two charged particles without a deadtime. This was
impossible by using the detector with only two delay lines, thus
hindering us to get the full information for example about Coulomb
explosion of two ions of the same mass, or both ICD and satellite
electrons from the same event. Even further step would be the implementation double-VMI detector - a combinations of VMI detectors
on both electron and ion sides of the detector space, which would
173

record data about electrons and ions from the same process at once.
Data on the dynamics of processes similar to those described in this
work can be obtained from pump-probe experiments, using a synchrotron light pulse as a ’pump’, in combination with a laser ’probe’
pulse. While this method only allows for a time-resolution of about
100 ps, more precise measurements are nowadays possible using a
Free-electron laser, that has much larger intensity of a pump pulse
and opens a wide range of possibilities for multi-photon ionization.
As it was shown in Sec. 4.4, Penning spectroscopy of the ’heliophilic’
species, like organic molecules, appears to be problematic because
of efficient electron scattering in droplet medium. However, recent
experiments on C2 H2 doped helium droplets by Krishnan at al. show
that the possibility of recording a more resolved Penning electron
spectrum still exists, so the field requires further studies.
Another subject of interest is the direct photoelectron spectroscopy
of dopants, which has not been possible to perform with the synchrotron light. The higher order radiation which is always present
in synchrotron light beam at low levels ends to ionize the helium
atoms and via charge transfer - dopant molecules. The weak signal of
direct ionization will be lost at the background of this charge transfer
ionization signal. However this problem could still be approached
with large molecules or more intense light sources.
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Scheit, Till Jahnke, and Lorenz S Cederbaum. Ultralong-range energy transfer by interatomic coulombic decay in an extreme quantum
system. Nature Physics, 6(7):508, 2010.
[84] John C Slater. The normal state of helium. Physical Review, 32(3):349,
1928.
[85] Clifford Michael Surko and F Reif. Investigation of a new kind of
energetic neutral excitation in superfluid helium. Physical Review,
175(1):229, 1968.
[86] KT Tang, JP Toennies, and CL Yiu. Accurate analytical he-he van der
waals potential based on perturbation theory. Physical Review Letters,
74(9):1546, 1995.

184

[87] Rico Mayro P Tanyag, Charles Bernando, Curtis F Jones, Camila Bacellar, Ken R Ferguson, Denis Anielski, Rebecca Boll, Sebastian Carron,
James P Cryan, Lars Englert, et al. Communication: X-ray coherent
diffractive imaging by immersion in nanodroplets, 2015.
[88] Rijksuniversiteit te Leiden. Kamerlingh Onnes Laboratorium. Communications from the Kamerlingh Onnes Laboratory of the University of Leiden,
volume 9. Kamerlingh Onnes Laboratorium, Rijksuniversiteit., 1908.
[89] J Peter Toennies and Andrei F Vilesov. Spectroscopy of atoms and
molecules in liquid helium. Annual Review of Physical Chemistry, 49(1):1–
41, 1998.
[90] J Peter Toennies and Andrey F Vilesov. Superfluid helium droplets:
a uniquely cold nanomatrix for molecules and molecular complexes.
Angewandte Chemie International Edition, 43(20):2622–2648, 2004.
[91] VI Veksler. A new method of relativistic particle acceleration. In Dokl.
Akad. Nauk SSSR, volume 43, pages 346–348, 1944.
[92] Klaus von Haeften, ARB De Castro, M Joppien, L Moussavizadeh,
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