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We study the decay of a helium/neon dimer after ionization and simultaneous excitation of either the
neon or the helium atom using Cold Target Recoil Ion Momentum Spectroscopy (COLTRIMS). We find
that, depending on the decaying state, either direct Interatomic Coulombic Decay (ICD) (i.e. mediated
by a virtual photon exchange), exchange ICD (mediated by electron exchange) or radiative charge transfer
occurs. The corresponding channels are identified.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

After the prediction of Interatomic Coulombic Decay (ICD) in
1997 by Cederbaum and coworkers [1] it was found that this elec-
tronic decay process involving two or more atoms or molecules of a
loosely bound compound of matter is a very common phenomenon
[2]. As ICD occurs, an electronic excitation of one atom or molecule
decays by a transfer of the excitation energy to a different, neigh-
boring atom or molecule. It was experimentally confirmed in the
early 2000s by three pioneering experiments employing electron
spectroscopy [3], Cold Target Recoil Ion Momentum Spectroscopy
[4] and the lifetime analysis of photoelectron spectra [5]. ICD has
been found since then in a manifold of atomic and molecular sys-
tems and different excitation schemes [2,6].

ICD of HeNe mixed dimers has been studied already about
6 years ago by Sisourat et al. [7]. Intriguingly, it turned out, that
in case of Ne(2s) shake-up ionization it is the nuclear motion that
dominates the Interatomic Coulombic Decay. Depending on the
exact state populated, Sisourat and coworkers identified, that ICD
may only occur after the dimer stretches to rather large internu-
clear distances of up to 7 Å, as the decay is energetically forbidden
for smaller internuclear distances. Accordingly, a drastic increase
of the decay width was observed to occur with the periodicity of
the vibrational motion of the dimer’s nuclei. In the present article
we give a comprehensive overview over all ICD channels following
photoionization of HeNe and identify all decaying states and decay
processes involved after shake-up ionization of either the Ne or the
He atom. The decay rate of ICD can be described theoretically (in
the lowest pertubation order) by the electron/electron-Coulomb-
matrix element. In the prototype case of ICD (i.e. ICD after Ne(2s)
innervalence ionization) the decay rate is proportional to

jVL2p;R2p;L2s;k � VL2p;R2p;k;L2sj2, where the two contributions to the
overall matrix element

VL2p;R2p;L2s;k ¼
RR
/�

L2pð~r1Þ/L2sð~r1Þ e2
j~r1�~r2 j

/�
R2pð~r2Þ/kð~r2Þd~r1d~r2

ð1Þ

and

VL2p;R2p;k;L2s ¼
RR
/�

L2pð~r1Þ/kð~r1Þ e2
j~r1�~r2 j

/�
R2pð~r2Þ/L2sð~r2Þd~r1d~r2

ð2Þ

are referred to as direct and exchange contribution in the literature
[8,9]. L2s and L2p denote the 2s and 2p orbitals located at the left
atom and R2p denotes the 2p orbital situated at the right atom.

In direct ICD the excited valence electron fills the vacant hole in
its own atom. In the case of exchange ICD the electron, which fills
the hole, comes from the atom that did not have the initial
vacancy. Fig. 1 shows a sketch of both contributions to the ICD
matrix element. The resulting electrons and ions are indistinguish-
able, but the processes depend very differently on the internuclear
distance R. As exchange ICD requires an overlap of the electron and
hole orbitals both located at different atoms its probability
increases with smaller internuclear distances.
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Fig. 1. Sketch of the direct contribution (top) and the exchange contribution
(bottom) to the ICD transition matrix element as ICD in a neon dimer occurs after
inner valence ionization.
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In 2007 Jahnke et al. demonstrated that these contributions can
be disentangled in an experiment due to the R-dependence of their
probability [10]. The experimental data presented in this article
shows similar signatures of direct and exchange ICD depending on
the parity of the decaying shake-up states.

2. Experimental technique

The experiment was performed at the BESSY synchrotron radi-
ation source at beamline U125-2_SGM in single bunch operation
using the COLTRIMS technique [11–13]. A supersonic gas jet con-
taining 93% He and 7% Ne was expanded through a nozzle of
20 lm diameter and then intersected with a linearly polarized
photon beam. The gas jet was precooled to 40 K to create helium/-
neon mixed dimers. The ions and electrons were guided by homo-
geneous electric and magnetic fields towards two position and
time sensitive microchannel plate detectors with delay line read-
out [14]. The electron arm of the spectrometer employed McLaren
time focusing [15] with an overall length of 6.8 cm, while the ion
arm consisted solely of an homogeneous acceleration region of a
length of 2.4 cm. From their times-of-flight and positions of impact
we obtained the momentum vectors and thus the energy of all
charged reaction fragments in coincidence. The two singly charged
ions in the final state are emitted back-to-back with equal momen-
tum. Accordingly, by requiring a zero sum momentum of the two
measured ions we were able to distinguish the HeNe dimers from
the vast amount of monomer background. Additionally, due to the
coincidence measurement we were able to distinguish Ne2 dimers,
which are also created in the expansion, from HeNe dimers. Two
measurements were conducted. The first one at a photon energy
of hm = 55.8 eV, below the threshold to create He+⁄(n = 2) and a sec-
ond one at hm = 72.4 eV, i.e. above that threshold. The field
strengths of the spectrometer were 5.2 V/cm and 0.5 mT for the
first measurement and 8.9 V/cm and 0.7 mT for the second one.

3. Results – A. ICD after Ne(2s) shake-up

ICD in the HeNe dimer can either be induced by exciting the
neon atom or the helium atom. As mentioned in the introduction,
the former was investigated already in an earlier work by Sisourat
et al. [7]. There it was shown that the contribution to ICD of the
decay of the He–Ne+ð2s�1) state is very small because the dimer
needs to stretch before ICD becomes energetically possible and
instead the main contribution comes from He–Ne+ð2p�23s)
shake-up states. Here we show that, additionally, there is a signif-
icant contribution from the decay of the He–Ne+ð2p�23p) shake-up
states. The transition from Ne+ð2p�23p) to the ICD final state
Ne+ð2p�1) is dipole forbidden. Therefore, the decay rate via direct
ICD is very small as a decay of that kind is dominated by a dipole
transition due to the virtual photon exchange [17]. Instead
exchange ICD may occur. In earlier work by Jahnke et al. on
shake-up ICD of Ne2 dimers the two contributions were disentan-
gled experimentally by investigating the kinetic energy release
(KER) of the two ions after the decay (and the subsequent Coulomb
explosion). Within the reflection approximation [16] the kinetic
energy release is a direct measure of the internuclear distance of
the dimer’s atoms at the instant of the decay. At the large internu-
clear distances of interest the potential energy curves of the repul-
sive doubly charged states are in good approximation �1/R.
Therefore, in atomic units, the internuclear distance R is obtained
as R ¼ 1=KER. The decay probability of the two contributions scales
differently with the internuclear distance of the two atoms
involved in the decay: while the direct ICD is dominated by a
dipole/dipole-interaction and thus scales with 1=R6 [17,18], the
exchange ICD depends on an orbital overlap of the contributing
electron and hole states. Its probability decreases exponentially
with increasing R. Accordingly, the two contributions occur within
different KER ranges, namely direct ICD at smaller KER values (as it
occurs at larger internuclear distances) and exchange ICD after the
dimer contracted significantly (as compared to its ground state
mean internuclear distance) and thus after establishing a sufficient
amount of orbital overlap. Fig. 2 shows the corresponding results.
We identify two groups of kinetic energy releases. Small KER val-
ues correspond to a decay at large internuclear distance (pathways
A1–A4), close to the equilibrium distance of the neutral HeNe.
These events result from direct ICD. The group of events at larger
KERs (B1, B2) result from electron exchange ICD.

In Fig. 2 we plot the measured energy of either of the two elec-
trons emitted during the process. Horizontal features of a constant,
KER-independent, electron energy indicate a photoelectron, while
diagonal lines for which the sum of the KER and the electron
energy is constant depict measured ICD electrons. This allows to
identify the corresponding states (see Table 1). The direct ICD con-
tributions occur in a range of 1:5 eV < KER < 5 eV. This correlates
to a range of internuclear distances of 2.9 Å to 9.6 Å. A1 marks
the decay of He–Ne+ð2s�1). A2 and A3 mark decays of the 2p�23s
shake up states with symmetry 3P and 1D [19,20]. The energy posi-
tions can be found in Table 1. The notations used are the ones for
the atomic states in the dissociation limit. In our earlier work by
Sisourat et al. [7] the corresponding molecular terms were
employed. Accordingly, the A1 state corresponds to a molecular
state with 2Rþ symmetry. For A2 there are two corresponding
molecular states with 2R� and 2P symmetry and for A3 the corre-
sponding molecular state has 2Rþ symmetry.

In addition to the ICD electrons the corresponding photoelec-
trons are visible, as well, in Fig. 2. The photoelectrons belonging
to states A1 and A2 (see Fig. 2) occur at 7.3 eV and 6.3 eV, respec-
tively. In this energy range a structure occurs which rather resem-
bles a tilted line than two separated peaks. As mentioned above, a
tilted line is a typical fingerprint for an ICD electron. If this feature
stems from an ICD electron its corresponding photoelectron is
expected to have close to zero kinetic energy. This fits well to a
decay of the He–Ne(2p�23s) state where the Ne has 1S symmetry
in the atomic limit (labeled as A4) [19]. Accordingly, the ICD events



Fig. 2. The experimental yield is plotted as a function of the kinetic energy release
of the doubly ionized HeNe dimer and the kinetic energy of the measured electrons.
The measurement was performed at a photon energy of hm = 55.8 eV, �7 eV above
the Ne(2s�1) threshold. The different ICD channels A1, A2, A3, B1, B2 are given in
Table 1. The open arrowheads indicate the positions of the photoelectrons and the
full arrowheads the location of ICD electrons. The two regions of KER, which
correspond to the different processes (direct and exchange ICD), are indicated as
well.
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from decays of the states A1 and A2 seem to overlap with photo-
electrons from the decay of this 1S state (area within the red ellipse
in Fig. 2).

In the range of larger KER values (i.e. 5:5 eV < KER < 8 eV) the
contributions of exchange ICD are observable. The KER values cor-
respond to internuclear distances from 1.8 Å to 2.6 Å. The two vis-
ible decay pathways are labeled as B1 and B2 in the figure and
correspond to decays of the 3P and 1D states of He–Ne+ð2p�23p)
[19].

The relative intensities of the different contributions are
extracted from the experimental data and shown in Table 1. When
comparing the obtained ratios to those measured in experiments
on Ne monomers [19] the relative intensities extracted from the
dimer data differ strongly. The reason for that behavior in case of
direct ICD has been depicted in [7]: the Franck–Condon overlap
of the low lying excited states is very small (as it is only present
for very large internuclear distances) and accordingly the highest
shake-up state (A3) is predominantly populated. A similar effect
Table 1
The different states contributing to ICD after absorption of a photon of hm ¼ 55:8 eV or hm ¼
Fig. 2 and Fig. 3. Additionally, the regions of KER and photoelectron energies Ec are given

State Configuration Decay type KER [eV]

A1 Ne(2s�1) Direct 2
A2 Ne(2s22p43s) 3 P Direct 3
A3 Ne(2s22p43s) 1D Direct 2.8–4.5
A4 Ne(2s22p43s) 3P Direct 2–4
B1 Ne(2s22p43p) 3P Exchange 5.5–6.5
B2 Ne(2s22p43p) 1D Exchange 6–8
He n = 2 He+⁄(n = 2) – 3–9
could be responsible for the relative population ratios of the states
that undergo exchange ICD, but corresponding potential energy
curves to verify this assumption are not available in the literature.
4. Results – B. ICD after He(1s) shake-up

A second measurement was conducted at hm = 72.4 eV. At this
energy it is possible to ionize one electron of the He atom and
excite the other electron to the He+⁄(n = 2) state. In earlier work
on resonant ICD in HeNe Trinter et al. resonantly excited the He
atom of the dimer to the He(1s3p) state and investigated the occur-
rence of HeNe+ ions in dependence of the photon energy used for
the excitation [21,22]. The shake-up ionization examined here is
energetic enough to allow for the emission of a total of two elec-
trons. Fig. 3 shows the corresponding coincidence map of KER vs.
electron energy for the case of a breakup of the dimer into He+/
N+ in the final state. Even though the processes described in the
previous section are obviously energetically allowed as well, at
these higher photon energies, it turns out that the shake-up ioniza-
tion of the He atom and a subsequent ICD leading to the ionization
of the Ne atom is the dominant ICD pathway. The photoelectron
appears at an energy of 7 eV and its corresponding ICD electron
can be found along a diagonal line belonging to a constant sum
kinetic energy of the ions and the ICD electron. The corresponding
relative intensities are also given in Table 1.

Fig. 4 shows the kinetic energy release occurring due to ICD
after He+(n = 2)-shake-up ionization comparing it to the well-
known kinetic energy release distribution obtained for the same
excitation channel in the case of a He dimer [23]. In the previous
section the KER was employed to differentiate the direct from
the exchange contribution to the IC decay. This approach relies
on the fact, that the ICD due to the direct term is very efficient
and thus occurring close to the mean internuclear distance of the
dimer ground state (and thus resulting in small KER values). If
the overall ICD efficiency is too low, this differentiation is no longer
possible, as the contributions from both terms mix due to the
nuclear dynamics occurring prior to the decay. In that case a very
common, more general picture is helpful, in which the KER simply
images the vibrational wave packet of the excited state prior to ICD
[24,25]. Comparing the KER distributions obtained for He2 and
HeNe within this picture, distinct differences, as well as similari-
ties, can be found: firstly, the overall width of the KER distribution
is similar. This might seem surprising at first glance, as the helium
dimer is known to be a hugely extended system with a mean inter-
nuclear distance of approx. 50 Å [26]. However, the excited and
ionized state is much more tightly bound and has accordingly a
much smaller mean internuclear distance because of the strong
polarization induced by the singly charged He atom. As ICD in
the helium dimer occurs on a comparably long timescale, the mean
internuclear distance contributing to ICD is mainly dominated by
the smaller internuclear distances existing for the singly charged
and excited dimer. Secondly, the HeNe KER does not show sharp
72:4 eV. The relative intensities are extracted from the experimental data depicted in
.

hm = 55.8 eV hm = 72.4 eV

Ec [eV] Rel. intensity Ec [eV] Rel. intensity

7.3 <5% 23.9 <5%
6.3 <5% 22.9 <5%
3.8 65% 20.4 15%
0 <5% 16.6 <5%
2.8 <5% 19.4 <5%
0 30% 16.6 20%
– – 7 60%



Fig. 3. The experimental yield is plotted as a function of the kinetic energy release
and the energy of the electron for a measurement at hm = 72.4 eV, 7 eV above the
He+(n = 2) threshold. The photoelectron and the ICD electron corresponding to ICD
after excitation of the He atom are indicated by dash-dotted lines. The open
arrowheads indicate the positions of the photoelectrons and the full arrowheads the
location of ICD electrons. The other structures belong to the two most probable IC
decays after excitation of the Ne atom which have been discussed in Section 3.

Fig. 4. The kinetic energy release of the HeNe dimer (black line) and He2 (red line)
after excitation of a helium atom to the He+⁄(n = 2) state and subsequent ICD. (For
interpretation of the references to colour in this figure caption, the reader is
referred to the web version of this article.)

Fig. 5. The experimental yield is plotted as a function of the sum kinetic energy of
all charged particles occurring after the photoreaction (Ne+ He+, e�c , e

�
ICD) and the

kinetic energy release. The three structures identified as radiative charge transfer
are indicated by red dotted-dashed lines. (For interpretation of the references to
colour in this figure caption, the reader is referred to the web version of this article.)
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vibrational features, which are observable in He2. In He2 they result
from high-lying vibrational states which are populated due to the
Franck–Condon overlap with the very delocalized neutral ground
state. Time-resolved studies of ICD in He2 [27] showed that these
features build up during longer decay times.

In Fig. 5 the total kinetic energy of all reaction fragments (i.e.
the kinetic energy of the two ions, the photoelectron e�c and the
ICD electron e�ICD) is plotted against the KER. As the different ICD
process pathways all result in the same final state of He+ð1s�1Þ–
Ne+ð2p�1) the kinetic energy sum has to be the same for all cases.
Its value can be calculated by subtracting the ionization potentials
of neon and helium from the photon energy employed:

Esum ¼ hm� IPNe � IPHe ¼ 72:4 eV� 21:56 eV� 24:59 eV

¼ 26:25 eV ð3Þ
Fig. 5 shows indeed a horizontal line at a sum energy of approx.

26 eV. Additionally, however, three more tilted lines occur at lower
energies. As these lines refer to cases where a certain amount of
the total energy is missing and as that amount depends on the
value of the KER, the underlying process can be identified as a
radiative charge transfer (RCT) where a photon carried away a cer-
tain portion of the total energy. In this process the Ne atom is dou-
bly ionized in the first step. In a second step the charge is
distributed by the emission of a photon. The three tilted lines vis-
ible belong to different doubly ionized Ne2+ states, not only occu-
pying the lowest lying state of Ne2+ð2p�2), which has 3P
symmetry in the atomic limit, but also the two other 2p�2 states,
which have 1D and 1S symmetry.
5. Conclusion

We reported on a comprehensive study of ICD in HeNe mixed
dimers after shake-up ionization of either the Ne or the He atom
of the dimer. Similar to previous results on shake-up induced ICD
(SICD) in Ne2 [10] two distinct regions of kinetic energy releases
are populated depending on the parity of the decaying state. This
is due to the fact, that either direct or exchange ICD takes place:
If the parity of the decaying state is even a decay mediated by
the emission of a virtual photon is allowed (i.e. a dipole allowed
decay) and the decay occurs close to typical internuclear distances
of the ground state of the dimer. If, however, the decaying state is
of odd parity, only exchange ICD is possible. Due to the need of
orbital overlap for these cases of ICD, the measured kinetic energy
release is increased, i.e. the dimer decays after substantially con-
tracting to much smaller internuclear distances. Additionally,
several occurrences of radiative charge transfer have been
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observed and assigned after shake-up ionization of the He atom of
the dimer.
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