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Radiation damage to living tissue stems not only from primary
ionizing particles but to a substantial fraction from the dissociative
attachment of secondary electrons with energies below the ioni-
zation threshold. We show that the emission yield of those low
energy electrons increases dramatically in ion–atom collisions
depending on whether or not the target atoms are isolated or
embedded in an environment. Only when the atom that has been
ionized and excited by the primary particle impact is in immediate
proximity of another atom is a fragmentation route known as
interatomic Coulombic decay (ICD) enabled. This leads to the emis-
sion of a low energy electron. Over the past decade ICD was
explored in several experiments following photoionization. Most
recent results show its observation even in water clusters. Here
we show the quantitative role of ICD for the production of low
energy electrons by ion impact, thus approaching a scenario closer
to that of radiation damage by alpha particles: We choose ion
energies on the maximum of the Bragg peak where energy is most
efficiently deposited in tissue. We compare the electron production
after colliding Heþ ions on isolated Ne atoms and on Ne dimers
(Ne2). In the latter case the Ne atom impacted is surrounded by
a most simple environment already opening ICD as a deexcitation
channel. As a consequence, we find a dramatically enhanced low
energy electron yield. The results suggest that ICD may have a
significant influence on cell survival after exposure to ionizing
radiation.
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Ionization caused by the impact of a charged particle underlies
numerous phenomena found in nature. It explains the occur-

rence of polar lights in the atmosphere and is responsible for
the dangers emanating from radiological material. Furthermore,
ionization is a fundamental physical process behind many appli-
cations of modern life: It is utilized, for example, in fluorescent
tubes or in tumor therapy. Despite its rather broad relevance, the
understanding of the dynamics inherent in such ionization pro-
cesses is far from complete (1). Most of the detailed studies
of ion impact ionization are performed for isolated atoms or
molecules in the gas phase. The energy introduced by the ionizing
projectile is deposited to the system and shared among the en-
ergy needed to overcome the binding potential, the emitted
electrons’ kinetic energy, and to a very small amount the recoiling
ion. Unlike in photoionization, where the photon energy and
consequently the amount of energy brought into the system can
be selected, ion–atom collisions accommodate different energy
transfers for each ionization process, leading to a continuous
energy spectrum of the emitted electrons. A typical example is
shown in Fig. 1 (solid line, solid squares) for single ionization
of a neon atom by an impinging helium ion

Neþ ð0.65 MeVÞHeþ → Neþ þ e− þHeþ: [1]

This continuous distribution of electron energies was believed to
not change significantly in case the target atom is located in a

chemical environment—i.e., in close proximity of other atoms
or molecules. Therefore, these continuous distributions are used
as initial electron energy distributions in all computer codes mod-
eling radiation damage. Recently this assumption of an environ-
ment having only a minor influence on the ionization process and
its reaction products was challenged by the discovery of a new
process termed interatomic Coulombic decay (ICD), which is
enabled only by the presence of surrounding atoms or molecules.
In ICD, first predicted by Cederbaum et al. in 1997 (2), an excited
species, typically an ion with a hole in an innervalence shell,
relaxes by transferring its excitation energy very efficiently to an
atomic or molecular neighbor where it leads to ejection of a low
energy electron. The first observation of ICD after its prediction
was reported in experiments with Ne clusters (3) and Ne dimers
(4) finally proving the existence of ICD. Since then a variety of
experiments examining ICD in dimer systems such as He2, Ar2,
Kr2, Xe2, ArKr, HeNe (5–9) as well as extensive theoretical work
(9, 10) was performed. Very recently ICD was even shown to
occur in water dimers and clusters (11, 12). Being already dis-
cussed in several previous publications (6), these studies finally
showed experimentally that there is a rather high possibility that
ICD may have a significant impact on radiation damage to living
tissue: As ICD occurs in water, it is a source for low energy elec-
trons that is located in the close environment of living tissue. Such

Fig. 1. Electron energy distribution created by 0.65 MeV Heþ ions impinging
on neon atoms (solid line, solid squares) and neon dimers (Ne2) (dotted line,
open circles). The two curves are normalized to the same number of target
atoms.
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low energy electrons were reported to contribute significantly to
the destruction of bio molecules by dissociative attachment to
constituents of DNA as, for example, shown in refs. 13 and 14.

All of the above mentioned experiments on ICD, however,
were performed by photon impact at synchrotron radiation facil-
ities. A first indication that ICD could be induced by charged
particle impact was given in a recent study by Titze et al. (15).
They investigated the break-up dynamics of a He2 after impact
with He2þ ions in the minor channel of electron transfer to
the projectile. In the present article we finally take the studies
of ICD to a scenario that more closely resembles that of radiation
damage. Radiation damage to tissue is highest at the so called
Bragg peak. This is the region along a pathway of an ion through
matter where the energy deposited per path length (dE/dx)
is maximal. It is, for example, the part of the ion path that is
employed in heavy ion cancer therapy in order to destroy tumor
cells (16). Therefore, in order to elucidate the relevance of ICD
for radiation damage, we investigate the quantitative importance
of ICD after ion impact at projectile energies that correspond
to the Bragg conditions described above.

As a clean model system we chose the neon dimer Ne2, be-
cause it offers some particularly advantageous properties as a
testbench. Firstly, Ne2 has been already subject to many experi-
mental and theoretical studies of ICD (4, 17–27) and thus can
be regarded as a well known model system for the ICD process.
Secondly, it allows us—due to our experimental technique—to
directly compare the change in electron emission between an iso-
lated gas phase atom with one that is embedded in an environ-
ment: The dimer consists of a neon atom that is surrounded by
a single second atom bound only by the van der Waals force
(3 meV or 0.07 kcal∕mol). Both species—the monomer and the
dimer—are simultaneously present in our target beam and can
be distinguished from the reaction fragments measured. There-
fore, systematical errors are vastly reduced in our approach.

Results
The key result of our work is shown in Fig. 1. It compares the
energy distribution of electrons emitted after Heþ impact on
Ne, where the neon atom is either isolated or in the environment
of another atom as part of a neon dimer. The full line shows
a featureless energy spectrum of electrons yielding from ioniza-
tion processes of the isolated atom as described by Eq. 1. In com-
parison, the dotted line in Fig. 1 depicts the energy spectrum
for electrons created in ion–dimer collisions. The two main pro-
cesses* contributing to these ion–dimer collisions are described
by Eqs. 2 and 3.

Ne2 þ ð0.65 MeVÞHeþ → Ne2
þ þ e− þHeþ [2]

Ne2 þ ð0.65 MeVÞHeþ → Neþ þNeþ þ 2e− þHeþ [3]

For the dimer collisions we observe an enhancement of low
energy electrons (below 2.5 eV) by a factor of 14 as compared
to the atom. In order to enable a comparison of the absolute
occurrences of the ion–atom to ion–dimer channels, the data
obtained from our experiment needed to be properly normalized.
The two curves are scaled such that they show the yield of
electrons per eV emitted for the same total number of target
atoms. In the relative normalization of both curves we took an
ion detector efficiency of 40% as well as the number of freed
electrons into account. As expected, the spectra coincide for
higher electron energies. These higher energy electrons are cre-
ated in a direct interaction of the projectile with one of the Ne
atoms, for which a possible environment does not play a major
role for the total yield.

To unravel the mechanism responsible for the dramatic
increase in low energy electrons we plot in Fig. 2 the energy
correlation between the particles created in ion–dimer collisions.
The kinetic energy released (KER), which is the sum of the
energy of Coulomb exploding Neþ ions (Eq. 3), is plotted against
the energy of one of the measured electrons. The color of each
bin represents the measured count rate obtained in the experi-
ment. In this histogram events are located in two regions of
KER around KER1 ¼ 4.5 eV and KER2 ¼ 7 eV. Within these
two KER areas the electrons are spread continuously over the
complete electron energy range with the exception of a dominant
diagonal structure within a KER range of 3 eV–5.5 eV ending at
about 2.5 eV in electron energy. The events along the diagonal
account for 44% of all events in the histogram.

Discussion
Fig. 2 reveals that the high yield of low energy electrons appear-
ing in Fig. 1 for the dotted curve of the dimer ionization origi-
nates from that intense diagonal structure. This diagonal
corresponds to a constant sum of the electron energy Ee and
the KER (KERþ Ee ¼ 5.35 eV). It is a characteristic of ICD,
well known from experiments with synchrotron radiation (4, 26).
It results from the decay of an excited state of Ne2

þ where a 2 s
electron is removed from one site of the dimer, which requires an
energy of 48.47 eV. The 2 s hole is then filled by a 2p electron
from the same site releasing 26.91 eV. This energy is not sufficient
to emit a second 2p electron of the now singly charged Neþ. In-
stead a 2p electron (eICD) of the neighboring neutral Ne atom is
ejected for which only 21.56 eV are needed. The energy balance
for the overall process thus yields: 48.47 eV − 2 · 21.56 eV ¼
5.35 eV. This energy is split among the KER and the Ee;ICD
resulting in the observed diagonal.

After the ICD electron has been emitted, the two Neþ ions
repel each other and fly apart back-to-back. During the breakup
the potential energy of 1∕R (where R is the internuclear distance
at the instant of double ionization) is then converted to kinetic
energy. Within the reflection approximation (29) the mean inter-
nuclear distance of R0 ¼ 3.1 Å of the neutral Ne2 (18) corre-
sponds to a KER ¼ 4.6 eV, which is close to the observed
maximum. This shows that the Neon dimer does not change
its geometry much before ICD occurs (this is not true for all
systems; see. e.g., refs. 5, 9, and 10).

Furthermore, events located at 3 eV < KER < 5.5 eV in
Fig. 2 that have a higher (continuous) electron energy than
2.5 eV have two sources. Firstly, they result from cases where
our detector did not detect the ICD electron but the primary
electron emitted from the 2 s shell. Secondly, they originate from
another fragmentation route, termed two-step process, observed
by Titze et al. in experiments on helium dimers (15). Here the

Kinetic energy release [eV]

]
Ve[

ygrene
nortcel

E

0 2 4 6 8 10 12
0

10

20

30

40

50

60

70

8

12

16

20

4

0

Fig. 2. Correlation of electron and ion energies created by 0.65 MeV Heþ

ions impinging on neon dimers (Ne2) creating two Coulomb exploding
Neþ ions emitted back-to-back. Horizontal axis: sum energy of both Neþ ions
(kinetik energy release), vertical axis: energy of the first of the two emitted
electrons.

*For the studied projectile energy the cross sections for electron capture and electron loss
are reported to be orders of magnitude smaller than for ionization (28).
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projectile interacts sequentially with both atoms of the dimer.
After the ionization of one atom it travels in beam direction,
reaching the second site on an attosecond time scale. As soon
as the second atom of the dimer is ionized, the dimer will frag-
ment in a Coulomb explosion, which is initiated at the ground
state equilibrium distance of the dimer.

The events located at KER ≈ 7.5 eV indicate breakups at
RKER≈7.5 ≈ 1.9 Å. They result mainly from collisions where the
fast projectile doubly ionizes one of the atoms of the dimer.
The electrons emitted in this process are both ejected from
the 2p shell and show the expected continuous energy distribu-
tion. After double ionization, the Ne-Ne2þ starts to contract as
the doubly charged site induces a strong dipole moment. After
a lifetime of approximately 100 ps, the two atoms of the dimer
approach internuclear distances that are small enough to allow
for one electron changing sites. The excess energy gained from
this electron exchange is emitted by a photon (24) and finally
—as in the other processes observed—the dimer will fragment
into two singly charged neon ions.

Another ICD process where a 2 s ionization plus an additional
excitation takes place would be located in the same KER region
(21). However, this would create an additional diagonal feature
that we do not observe. We thus conclude that these additional
ICD channels are weak in ion–dimer collisions.

The current results show a substantial contribution of ICD to
dimer ionization processes, which leads to a dramatically boosted
production of low energy electrons. This finding may be of par-
ticular interest to radiobiology. Our experiment was performed
at an incident projectile energy of 162.5 keV∕u. This energy is
close to the maximum of the calculated and, where available,
experimentally confirmed stopping power of liquid water for
alpha particles (30–32) and therefore likewise corresponds to the
peak of the Bragg curve. The Bragg peak, which is utilized in
radiotherapy to deposit energy dominantly in tumorous tissue,
defines the region with the highest density of ionization thus is
fostering ICD as well.

This ultrafast deexcitation mechanism was reported to occur
in water clusters, which have equally small binding energies
and intermolecular distances as Ne2. This suggests a compelling
scenario in which alpha radiation significantly induces ICD. The
typical energies of electrons being emitted after ICD in water are
below 10 eV (11–33). Electrons of this low energy regime were
found to be responsible for damages in biomolecules including
DNA (an overview of the field is given by ref. 34). Sanche and
coworkers determined the yields for single strand and double
strand breaks in plasmid DNA films after irradiation with elec-
trons in the energy range of 3–30 eV (13) and 0–4 eV (35). They
found significant DNA damages at energies below the ionization
and electronic excitation thresholds, which was attributed to dis-
sociative electron attachment: The low energy electron attaches
to a DNA subunit (i.e., nucleobase, phosphate deoxyribose back-
bone, or structural water) leading to the formation of a transient
anion. A bond cleavage is induced by the decaying transient anion
and hence results in a strand break. A more recent theoretical
study (36) predicting a yield of 33% to undergo ICD also after

Auger decay in water dimers further emphasizes the role of
ICD in low energy electron production.

In light of ongoing investigations of ICD in aquaeous hydro-
xide solutions (37) and calculations that predict ICD for broad
classes of biomolecules after core hole ionization, and suggest
a new therapeutical approach in radiooncology (38), the under-
standing of basic mechanisms involving ICD is crucial. With the
present work we give the first experimental results on the quan-
titative contribution of ICD to the secondary electron production
by ion impact.

Our study shows that by enabling ICD the environment in-
creases the biological effectiveness of ionizing radiation. This
counteracts the recently discovered protective role of a solvation
shell to biomolecules (39, 40). A detailed understanding of the
interplay of these two effects can only be gained in future studies
using more complex and possibly aqueous environments than our
present rare gas model system.

In conclusion we show that the electron energy distribution of
Ne2 ionization induced by alpha particles differs dramatically
from that of electrons emitted from atomic neon. The energy
spectrum for electrons originating from Ne2 fragmentation shows
a peak between 0 eV < Ee;ICD < 2 eV, exceeding the electron
energy spectrum of atomic neon by a factor of 14. We demon-
strate that these low energy electrons stem from a fragmentation
channel termed ICD that is open only if the ionized particle is
located in a chemical environment.

Materials and Methods
The experiment was performed at the 2.5 MV Van-de-Graaff accelerator at
the Institut für Kernphysik of the Goethe-Universität in Frankfurt utilizing
the COLTRIMS (cold target recoil ion momentum spectroscopy) technique
(41–43). The neon dimers are created in a supersonic gas expansion through
a 30-μm nozzle that is cooled to 180 K at a driving pressure of 6 bar whereby
the fraction of Ne2 to Ne monomers is estimated to be approximately 1%.
Two skimmers with diameters of 0.3 mm and 0.5 mm reduce the target
jet area to 1.5 mm perpendicular to its propagation direction. The gas jet
is intersected with a Heþ projectile beam that is pulsed at a frequency of
2 MHz and collimated over a distance of 7 m to 0.8 mm × 0.6 mm. Homoge-
neous weak electric (6.28 V∕cm) and magnetic (6.8 Gauss) fields guide the
ions and electrons created in the reaction onto two time and position sensi-
tive delay-line detectors (44) with microchannel plates (MCPs), 12 cm in dia-
meter. Two ions and at least one electron were detected. The detected times
of flight (TOF) and the positions of the particles were measured in coinci-
dence with the bunch-marker signal of the pulsed projectile beam with a
timing resolution of 2.6 ns (FWHM). Hence, for a given spectrometer geome-
try and known masses, the three dimensional momentum vector at the in-
stant of reaction and the kinetic energy can be determined for each
measured particle. The Coulomb explosion of the two recoil ions leads to a
unique signature in the TOF of the first ion plotted against the TOF of the
second ion. This allows, in addition to momentum conservation, for an
efficient suppression of the background created through random events
and ionized monomers.
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