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Almost ten years ago, energetic neutral hydrogen atoms were detected after a strong-field double
ionization of H2. This process, called ’frustrated tunneling ionization’, occurs when an ionized
electron is recaptured after being driven back to its parent ion by the electric field of a femtosecond
laser. In the present study we demonstrate that a related process naturally occurs in clusters without
the need of an external field: we observe a charge hopping that occurs during a Coulomb explosion
of a small helium cluster, which leads to an energetic neutral helium atom. This claim is supported
by theoretical evidence. As an analog to ’frustrated tunneling ionization’, we term this process
’frustrated Coulomb explosion’.

Charging a molecule or cluster can lead to a Coulomb
explosion as the charged constituents repel each other
via the Coulomb force. This widespread phenomenon
occurs, for example, as a consequence of stripping off
electrons as molecular ion beams traverse a foil [1, 2], of
multiple ionization induced by Auger cascades [3, 4], of
multiple ionization by charge transfer [5], free electron
lasers radiation [6] or strong femtosecond laser pulses [7,
8]. Coulomb explosions have been successfully used to
image static molecular [8, 9] or cluster structures [10,
11] and to follow structural changes [12] or electronic
transitions [13] in real time.

A peculiarity concerning Coulomb explosions triggered
by strong laser fields has been reported almost ten years
ago. In a series of publications it has been demonstrated
that in strong-field ionization processes, not only charged
but also neutral energetic particles can be generated. A
first publication by Eichmann et al. reported on a cor-
responding observation in atoms [14] and a later work
extended that concept to the molecular case and the
Coulomb explosion process [15]. In that work the occur-
rence of neutral hydrogen atoms with kinetic energy of
several eV was noticed in a ’Coulomb explosion without
double ionization’. In all cases the strong laser field is vi-
tal for the process: after tunneling ionization the emitted
electron is driven back by the laser field and recaptured
by its parent ion. Even though the ion is neutralized,
it still has the kinetic energy obtained from its previous
acceleration in the laser field or from a Coulomb explo-
sion that occurred in the molecular case. As a result,
surprisingly energetic neutral particles are emitted and it
became obvious that this process, which has been termed

’frustrated tunneling ionization’, is actually a very com-
mon route in the interaction of strong laser fields with
matter.

In the present letter we demonstrate that a related
process may occur in loosely bound matter, as for ex-
amples clusters bound by the van der Waals forces, even
without the need of an external strong laser field. As a
charged particle emerges from the inner bulk of a clus-
ter, it may collide with other atoms of the cluster and
transfer parts of its kinetic energy to neutral fragments
by elastic scattering. This route of energy transfer is
routinely considered, especially in case of large clusters
or droplets. We report here on another, very efficient,
process: if the charged particle passes by another atom
of the cluster, the ion can capture an electron from the
atom and the charge is thus transferred between the two
collision partners. In that case, a charged ion with al-
most no kinetic energy is generated, while the initially
ionized particle is now neutral and possesses the kinetic
energy it acquired during its time as an ion. Especially
in case of a Coulomb explosion, where ions obtain large
amounts of kinetic energy due to the Coulomb repulsion,
energetic neutral fragments appear due to this charge
hopping scenario. It should be mentioned that the charge
hopping process has been already investigated in the case
of singly-ionized helium droplets, leading to He+2 forma-
tion. However, in the latter case the charge hopping is
a purely electronic process since it is faster than the nu-
clear motion [16, 17]. In the present case, nuclear motion
is fast due to Coulomb explosion and the charge hopping
does not lead to He+2 but to a fast neutral atom and a
slow ion.
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In order to investigate a possible occurrence of this
’aborted’ or ’frustrated’ Coulomb explosion, a shake-up
ionization of small helium clusters of size m (m < 5) to
the (n = 2)-excited states and subsequent Interatomic
Coulombic Decay (ICD) [18–20] is triggered employing
synchrotron radiation of hν = 66.4 eV photon energy:

Hem
hν−→ He+∗m (n = 2) + e−ph (1)

As ICD occurs, electronic excitation energy is trans-
ferred from the excited atom to one of its loosely bound
neighbors, which emits the received energy by releasing
a second electron [21–23]. After the process, two positive
charges are facing each other and the system fragments
rapidly in a Coulomb explosion. Due to the weak van der
Waals binding, the strong acceleration by the Coulomb
explosion, and the overall small cluster size, the resulting
ionic fragments typically consist of single atoms instead
of larger fragments:

He+∗m (n = 2)
ICD−−→ He+ + He+ + Hem−2 + e−ICD (2)

In case of helium dimers this ICD-route has been in-
vestigated in large detail by experiments and in theory
[13, 24–27]. From these studies the expected ion kinetics
are well known. Because of the weak binding forces, it
can be expected that the fragmentation into two singly
charged He ions and a residual neutral cluster should lead
in principle to very similar kinetics, which are dominated
by the Coulomb explosion of the two He+ ions. Accord-
ingly, the combination of shake-up ionization and subse-
quent ICD is a suitable tool to introduce two charges in
a cluster in a very well defined manner and investigate
the dynamics of the cluster fragmentation.

In this combined experimental-theoretical study, we
employed a Cold Target Recoil Ion Momentum Spec-
troscopy (COLTRIMS) setup [28–30] in order to inves-
tigate the ejection of He+ ions from small He clusters.
The experimental setup was similar to the one described
in [24]. Briefly, a supersonic gas jet (precooled to ap-
prox. 8 K) was intersected with photons (hν = 66.4 eV)
from the synchrotron lightsource BESSY II in Berlin [31].
Charged fragments (electrons and ions) created in a pho-
toreaction were guided by weak electric and magnetic
fields towards two time- and position-sensitive particle
detectors [32]. By measuring the flight times and the
positions of impact on the detectors, the particle tra-
jectories inside the COLTRIMS spectrometer were re-
constructed yielding the initial vector momenta of all
charged particles. The ion arm of the spectrometer con-
sisted of a short acceleration region of 3 cm length, while
the electron arm incorporated a Wiley-McLaren time-
focussing scheme [33] consisting of an acceleration region
(5 cm) with an electric field strength of 6 V/cm and a
field-free drift region (10 cm in length). A superimposed

homogeneous magnetic field (7 Gauss) yielded a full solid
angle of detection of electrons of up to 15 eV kinetic en-
ergy. By measuring the momenta of all emitted electrons
and ions in coincidence, reactions of clusters in which
ICD occurred were discriminated from He monomer re-
actions. Furthermore, the emission angles in the labo-
ratory frame of all particles are deduced from the mea-
sured momenta and from these relative emission angles
between detected particles can be inferred, as well. By
changing the He stagnation pressure and the gas nozzle
temperature, the condensation properties of the super-
sonic expansion can be adjusted such, that apart from
monomers (i.e. helium atoms that do not condensate at
all) the condensed part of the gas jet is mainly a mix-
ture of He2 and He3 or e.g. a mixture of slightly larger
clusters (He3, He4).

The ICD process and the subsequent Coulomb explo-
sion were simulated with a semiclassical approach com-
bined with a diatomics-in-molecules (DIM) technique.
Both are described in detail in [34] and [35], respectively.
In brief, the motions of the nuclear quantum wave pack-
ets are replaced by a swarm of classical trajectories. Each
trajectory propagates on the potential energy surface of
one of the excited states until a decay condition is met
[34]. After the decay, the trajectories are further propa-
gated on the potential energy surface of one of the doubly
ionized states. Each trajectory can hop from one surface
to another according to a Landau-Zener probability (see
[36]). Furthermore, a Mulliken population analysis is per-
formed on the DIM eigenvectors to obtain the charge of
each atom along the trajectories. The initial conditions
are obtained according to the Hem ground state nuclear
wave functions by Rick et al. [37], and the starting po-
tential energy surface is drawn uniformly among all the
He+∗m electronic excited states. The energy gradients and
the ICD rates needed for the propagation are obtained
from the DIM technique [35]. The diatomic energies and
the ICD rates of He+∗2 (2p) states were taken from [38].
He+∗2 (2s) states were neglected since they contribute less
to ICD [25]. For computing the final states, the energies
of the lowest states of He+2 were taken from [39] and we
used a Coulombic potential for each pair of He+-He+ as
these are valid for all ICD-relevant distances [38]. The
He-He fragment potential energy was taken from [40].
The experiment has a constant momentum resolution,
and hence an energy resolution which depends linearly
on the measured energy. In order to emulate this en-
ergy resolution, our theoretical spectra have been convo-
luted with a Gaussian function with an energy-dependent
width.

Figure 1 depicts a coincidence map of ion kinetic en-
ergies occurring after the shake-up ionization and sub-
sequent ICD. A good agreement between the simulation
and the experiment is seen. The map can be divided into
three parts: a narrow diagonal feature, weak and contin-
uous vertical/horizontal lines for one ion kinetic energy
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FIG. 1. Coincidence map of ion kinetic energies occurring
after the shake-up ionization and ICD. a) Theoretical results
for He3, b) measured distribution using a mixture of small
clusters consisting mainly of He3.

around 4-5 eV, and two surprisingly strong islands where
one of the ions has a kinetic energy close to zero. The
diagonal line corresponds to a dimer-like Coulomb ex-
plosion where the two ions repel each other and do not
exchange energy with other surrounding atoms. It turns
out that the two other features are signatures of energy or
charge transfer processes between one ion and a neutral
helium atom within the cluster.

In order to further investigate the two non-diagonal
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FIG. 2. Measured ion kinetic energy versus relative emission
angle between both ions. a) Full dataset, b) events where
one of the ions was detected with low kinetic energy (see
text). The white, dashed line in a) shows the deflection-angle-
dependent energy loss of a perfect elastic scattering event of
an ion with an initial energy of 3.9 eV colliding with a neutral
He atom initially at rest.

features observed in Fig. 1, we show in Fig. 2 a) the
energy of one of the ions versus the relative angle be-
tween both measured ions. Here we show the experimen-
tal data, which is well reproduced by the calculations
(not shown). The most intense feature results from emis-
sion with a relative angle of 180◦ between the two ions.
These events belong to an undisturbed (i.e. dimer-like)
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Coulomb explosion. Furthermore, a curved line occurs
(highlighted by the white, dashed line): a classical binary
collision leads to a distinct energy transfer, which is (for
a fixed initial energy) solely dependent on the scattering
angle after the collision. Such a dependency has been
seen recently in [41] and such elastic scattering processes
have been identified previously already by Shcherbinin
et al. They observed an energy loss appearing in the ki-
netic energy distributions of the ions generated after ICD
in large helium clusters (between 1200 and 27000 atoms)
and suggested an elastic collision mechanism (one ion
transfers its kinetic energy to a neutral atom) in order to
explain its occurrence [42]. Finally, there is an island at
ion kinetic energy around 4-5 eV and emission angles be-
tween 120◦ and 180◦. This broad feature survives when
restricting the dataset to events where one ion has a ki-
netic energy close to zero, as demonstrated by Fig. 2 b).
These are events of frustrated Coulomb explosion as we
demonstrate below.

We examined the trajectories of ions of such events
using our theoretical model. One characteristic example
of such trajectories is described here: initially, as ICD
occurs, the two ions (labeled (a) and (b)), are generated
at an interatomic distance of 1.6 Å (which is the inner
turning point of the He+∗2 (2p) dimer potential). A third,
neutral, atom, denoted as (c), is located at 5.0 Å from
ion (b) and 2.1 Å from the (a)-(b) internuclear axis. The
upper panel of Fig. 3 shows the temporal evolution of
the charge of these particles. During the first thirty fem-
toseconds, the two ions repel each other with no influence
from (c). Then, as (b) gets closer to (c), the positive
charge is delocalized over the two atoms. At t = 44 fs,
which corresponds to the isosceles geometry with equal
(ab) and (ac) distances, both atoms bear the same par-
tial charge of 0.5. From t = 44 fs onwards, the charge of
(b) decreases and becomes zero at around t = 60 fs. The
charge is thus transferred and the two particles (a) and
(c) are ions from now on. Additionally, the lower panel
shows the change of the kinetic energy of these particles
over time. It depicts, that the charge transfer takes place
with almost no exchange of kinetic energy between (b)
and (c) (less than 0.3 eV). After the charge transfer, the
neutralized particle (b) keeps a nearly constant kinetic
energy. On the contrary, now (a) and (c) repel each
other due to their Coulomb repulsion. As (a) is much
faster than (c) and the kinetic energy scales with the
square of the velocity, (a) gains the majority of the avail-
able energy from this repulsion and reaches up to 5.0 eV
kinetic energy during the whole process. Note that this
is even more than what can be gathered from a two-body
Coulomb explosion starting at 1.6 Å. This extended en-
ergy range is well confirmed by the experiment and the
theory as shown in Fig. 1 where the non-diagonal part of
the correlation spectra reaches ion kinetic energies up to
5.5 eV while the diagonal part does barely exceed 4.5 eV.

Finally, we show in Fig. 4 the computed energy of

FIG. 3. Upper panel: temporal evolution of the charges
during a Coulomb explosion between the ions (a) and (b),
with (b) transferring its charge to a neutral atom (c). Lower
panel: kinetic energies of the three involved particles. The
horizontal line at a kinetic energy of 4.5 eV corresponds to
the asymptotic energy of the ions after a two-body Coulomb
explosion.

the neutral atom as a function of that of the faster ion.
A nearly diagonal feature is recovered since, as shown
above, there is only a weak exchange of kinetic energy
during the charge hopping process. After the frustrated
Coulomb explosion, neutral helium atoms with kinetic
energies up to 4.5 eV are formed.

To conclude, our theoretical and experimental study
shows the occurrence of a charge hopping process during
a Coulomb explosion of a small He cluster which leads to
energetic neutral particles (with energies of several eV).
Since the charge hopping probability increases with the
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FIG. 4. Computed energy distribution of the neutral He
atom as function of the kinetic energy of the faster He+ ion.

cluster size, multiple charge transfers are thus possible for
larger clusters and the neutral atoms might as a result
gain the majority of the available kinetic energy. It is
expected that this process is a very common route of
fragmentation of loosely bound matter.
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etz, N. Sisourat, T. Jahnke, and R. Dörner, Phys. Rev. A
90, 022515 (2014).

[27] U. Frühling, F. Trinter, F. Karimi, J. B. Williams, and
T. Jahnke, J. Electron Spectrosc. Relat. Phenom. 204,
237 (2015).

[28] R. Dörner, V. Mergel, O. Jagutzki, L. Spielberger, J. Ull-
rich, R. Moshammer, and H. Schmidt-Böcking, Phys.
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