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Experimental Separation of Virtual Photon Exchange and Electron Transfer in Interatomic
Coulombic Decay of Neon Dimers
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We investigate the interatomic Coulombic decay (ICD) of neon dimers following photoionization with
simultaneous excitation of the ionized atom (shakeup) in a multiparticle coincidence experiment. We find
that, depending on the parity of the excited state, which determines whether ICD takes place via virtual
dipole photon emission or overlap of the wave functions, the decay happens at different internuclear
distances, illustrating that nuclear dynamics heavily influence the electronic decay in the neon dimer.
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Until about ten years ago, it was assumed that the
chemical environment of an atom does not dramatically
affect its decay dynamics. In 1997, Cederbaum et al.
showed that this is not true for some van der Waals or
hydrogen bound systems [I]; a phenomenon termed
“Interatomic Coulombic Decay” (ICD) was proposed.
As ICD occurs, the energy of an excited atom in van der
Waals or hydrogen bound matter is used to release a low
energy electron from a neighboring atom. During the last
three years, the existence of ICD has been proven experi-
mentally by means of electron spectroscopy [2] and multi-
particle coincidence momentum spectroscopy techniques
(COLTRIMS) [3]. Later experimental evidence of ICD in
species other than a neon cluster was found, as well [4].

Extensive theoretical work has been carried out on ICD
in neon clusters [5—10] and many other species [1,11]. For
the case of ICD after 2s photoionization in neon dimers,
the decay rate is proportional to |VL2P‘ Rop,L2sk —
Viop.r2p i, 1252, where the two electron-electron Coulomb
matrix elements

Viaprop 125k =f 12, (F1) Prag(F1)
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ViopR2pkL2s :f b1, (F1)Pi(F1)
62 # > > > >
X W¢R2p(72)¢ms(rz)dﬁdr2 2

are denoted as “direct” and ‘“‘exchange’ contribution,
respectively [6,12]. These two matrix elements are sche-
matically illustrated in Fig. 1. The indices of the wave
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functions in Egs. (1) and (2) are chosen according to
Fig. 1 with “R” denoting an orbital from the ‘“right”
neon atom and “L” one from the left atom of the dimer.
The notations ““2s”” and “2p’’ describe the involved shells,
and “k” refers to the continuum photoelectron. The de-
scription given above looks identical to that of an Auger
decay, where the two contributions Viy, gop 125 and
Viap rop kL2 arise from the simple fact that the electrons
that are involved in the decay are indistinguishable. An
essential difference occurs when the participating electrons
are located at two different atoms, as in the case of ICD in a
neon dimer. The direct integral [Eq. (1)] describes the case
in which a 2p electron of the same atom drops into the
previously created 2s hole and a 2 p electron from the other
atom of the dimer is emitted. [See Fig. 1(a), left pathway.]
The exchange integral [Eq. (2)] describes a process of
electron transfer: the 2s hole at the left neon atom is filled
by a 2p electron from the right atom, leading to the
emission of another 2p electron from the left atom. [See
Fig. 1(a), right pathway]. The contributions from these two
integrals to the decay rates depend very differently on the
internuclear distance R of the involved atoms [12,13]. The
exchange integral requires some overlap of the two wave
functions, and thus the decay rate exponentially decreases
with increasing R, whereas the direct term decreases more
gently and survives at large R where the overlap of the
wave function is negligible [6]. The direct integral of
Eq. (1) may alternatively be called ‘“‘virtual photon ex-
change” in contrast to the “electron exchange” of
Eq. (2) [13]: the 25 hole in the left atom is filled with a
2p electron in the same atom by the virfual photon emis-
sion, and a 2p electron in the right atom is ejected by the
virtual photon absorption. The ICD rate due to this virtual
photon exchange is proportional to 1/R® at large internu-
clear distances [13].
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FIG. 1 (color online). (a) Two possible paths of decay in a
neon dimer after creation of a 2s hole (adapted from [6]). Left
pathway: a virtual photon is transferred between the two atoms
of the dimer, leading to the emission of a 2p electron of the right
atom. Right pathway: competing process in which an electron is
transferred leading to the emission of a 2p. (b) Corresponding
process after population of 2p shakeup states, which is inves-
tigated in the present experiment.

In the present Letter, instead of examining decay after 2s
ionization as shown in Fig. 1(a), we investigate decay from
different shakeup states created by photoemission of a 2s
electron with simultaneous excitation of another 2p elec-
tron, as depicted in Fig. 1(b). Our expectation is the fol-
lowing. Shakeup states of even parity—just like the 2s
ionized state investigated so far [2,3]—can decay to the 2p
ionized ground state via virtual dipole photon emission
(i.e., the dipole-allowed virtual photon exchange ICD
channel is open), whereas decay from excited states of
odd parity to the ionized ground state is dipole forbid-
den, and thus the ICD takes place only at small R where
the overlap of the orbitals becomes significant. Measuring
R at the instance of ICD by detecting the kinetic energy
release (KER) for each shakeup state separately, we have
successfully demonstrated that the dipole-allowed 1CD
takes place at the instant of photoionization at the equilib-
rium R of the ground state, whereas the dipole-forbidden
ICD takes place only after shortening of R, i.e., contraction
of the dimer.

Our experiment has been performed at beam line U125/
1-PGM of the BESSY II synchrotron radiation facility in
Berlin in single bunch operation using the COLTRIMS
(COLd Target Recoil Ion Momentum Spectroscopy) tech-
nique [14-16]. In brief, a supersonic jet is crossed with the
photon beam from the synchrotron, thus creating a well-
defined target region of approximately 0.5 X 0.5 X 3 mm?>.
Homogenous electric and magnetic fields are used to guide
charged fragments created in a photo reaction to two
position and time sensitive microchannel plate detectors
with delayline position readout [17,18]. By measuring the
time of flight and the position of impact on the detector, the
initial vector momentum of each particle is obtained during
offline analysis. The guiding fields (E = 5.4 V/cm and
B =7 Gauss, respectively) were chosen such that elec-
trons with an initial kinetic energy of up to 12 eV and ions
with an energy of up to 4 eV are detected in coincidence
with a solid angle of emission of 477. On the electron arm
of the spectrometer, a field free drift region is introduced in
order to employ McLaren-time focussing [19]. A triple
coincidence condition requiring detection of two singly
charged ions and at least one electron was used during
data acquisition in order to suppress events originating
from monomer and residual gas ionization. In about 10%
of the recorded data, all four particles from the complete
dimer breakup were detected in coincidence. Furthermore,
during offline analysis, valid events of a neon dimer break-
ing up after photoionization were identified by checking
for momentum conservation of the two ions: as the dimer
fragments in a Coulomb explosion, the ions’ momenta
have to be equal in magnitude and directed oppositely.

In [3], the key figure [Fig. 4(a)] showed the measured
electron energy in dependence of the KER of the Coulomb
exploding dimer. Events of ICD were identified as a di-
agonal line in that representation of the data. Figure 2(a)
shows that distribution on a logarithmic color scale. Apart
from the structures described in [3], a set of new features
appears at higher KERs and photo electron energies that do
not belong to ICD or 2s photoionization. In order to
identify the origin of those features, Fig. 2(b) shows the
sum of all particles’ kinetic energies for the case that all
four particles (two neon ions and two electrons) were
detected in quadruple coincidence. It peaks at a value of
15.6 eV for all KERs observed. Energy conservation re-
quires that

E, + E, + KER = hv — 2IP(Ne™), 3)

where hv = 58.8 eV is the photon energy. E; + E, +
KER = 15.6 eV in Fig. 2(b) thus corresponds to an ion-
ization potential I[P = 21.6 eV which is the energy needed
to ionize a 2p electron of a Ne atom with the singly
charged ion remaining in its ground state.

We now show that all features in Fig. 2(a) besides A and
B (see figure caption for explanation) result from ICD
following 2p ionization plus excitation of one of the Ne
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FIG. 2 (color online). (a) The measured electron energy E, and
kinetic energy of the ions KER on a logarithmic color scale.
Clearly visible are the features corresponding to ICD after 2s
ionization: the peak of 2s photoelectron (A) and the diagonal
line belonging to the detected ICD electrons (B). Furthermore,
some features at higher KERs and different photo electron
energies are visible. (b) Total measured kinetic energy (E,; +
E,, + KER) of the four particle breakup of the dimer in depen-
dence of the KER. The graph shows that for all events shown in
(a), the sum kinetic energy is, within the experiment’s resolution,
15.6 eV, thus showing that the photo ions are not electronically
excited in their final state and no energy was lost, e.g., by
emission of a photon during the process.

atoms. Shakeup states of single neon atoms have been
studied in a wide range of photon energies (e.g., [20—
22]). Previous work in a photon energy region below
85 eV (thus being suitable for comparisons with our mea-
surements) can be found in [23]. A large amount of
satellite-states of the type Ne(2s22p*ni) are observed for
binding energies in a region from the 2s-threshold to 65 eV.
A comparison of that distribution with our data is shown in
Fig. 3. The distribution shown in Fig. 3 (bottom) is the
same as the one in Fig. 2(a) but on a linear color scale with
the intensity being cropped at 55 counts in order to enhance
the visibility of events that do not belong to the strongly
dominating 2s photoionization and its corresponding ICD.
In addition to all lines of the monomer appearing in [23],
our data on the dimer show some additional features such
as, for example, a prominent structure at a KER of
~4.5 eV and an electron energy of ~4.5 eV (labeled
“D2”). They result from interatomic decay of shakeup
states. The total sum kinetic energy that is available is
15.6 eV. Thus, for a KER of 4.5 eV, an energy of 11.1 eV
can be shared between the photo (shakeup) electron and the
second electron emitted. Every shakeup line has to have a
corresponding second feature in our plot which is located
at an energy of 15.6 eV—KER—E,;. In most of the cases,
those overlap in part with other shakeup lines but, for
example, electrons belonging to Ne(2s*2p*3s) (“D1”)
are the ones depicted as “D2.” Features belonging to-
gether are labeled in Fig. 3 with the same letter, with the
shakeup line being marked as “1” and the electron from
interatomic decay as ““2.”

A major feature is, however, that different states group in
two distinct regions of KER. For a diatomic system frag-
menting in a Coulomb explosion, the KER depends on the
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FIG. 3 (color online). The distribution of shakeup lines from
[23] (top) in comparison with our results (bottom). Our results
show the electron energy in dependence of the KER; the KER-
distribution itself is shown on the left. The internuclear distance
according to Eq. (4) is depicted on the right. Pairs of features
belonging to a shakeup state and its corresponding second
electron from interatomic decay are labeled with the same letters
followed by 1 (for the shakeup line) or “2” (for the correspond-
ing second electron). Shakeup states with even parity appear
close to the mean internuclear distance of the dimer’s ground
state of R = 3.3 A. Shakeup states of odd parity appear at a
higher KER > 5.5 eV, i.e., at smaller internuclear distances.

internuclear distance R of the two ions at the time the
Coulomb explosion is initiated. For a pure Coulomb po-
tential, which is a reasonable approximation for the large
internuclear separations relevant here, one obtains [24]:

_ 419
47T€0EKER ’

“4)

where R is the internuclear distance at the instance of
decay. Correspondingly, the measured internuclear dis-
tance is shown on the right hand side of Fig. 3 shows that
some states decay close to the mean internuclear distance
of the dimer of 3.2 A [25] (corresponding to a KER of
4.5 eV), others at a much smaller internuclear distance
<2.6 A (KER > 5.5 eV). The reason for this behavior
can be found when examining the configuration of the
shakeup states in more detail: the Ne™ ground state is of
odd parity. In an ICD-like process where the energy is
transferred via virtual photon exchange, the parity of the
ion state needs to flip due to the angular momentum of the
emitted virtual photon. It appears that all shakeup states of
even parity decay at the mean internuclear distance close to
that of the dimer ground state, while all states of odd parity
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decay at much smaller distances. These data directly show
that if the excited neon atom is in a state that can decay in a
dipole transition to the ground state, the process happens in
the same short time scale as for “normal” ICD after 2s
ionization, thus with the atoms of the dimer being at an
internuclear distance close to that of the initial ground
state. If, on the other hand, the dimer was excited to a state
whose decay is dipole forbidden, the Ne; is metastable at
this internuclear distance. It starts to contract following the
Ne; potential energy curve which, obviously, has a mini-
mum at much smaller R than the neutral Ne,. As soon as
the electron orbitals of the two neon atoms have sufficient
overlap, the ICD takes place; as in this case, a flip of parity
is not necessary. Therefore, in the case of odd shakeup
states, the kinetic energy of the ions reveal at what inter-
nuclear distance the overlap becomes significant, allowing
for a decay involving electron transfer.

In summary, we used COLTRIMS to investigate the
decay of neon dimers after ionization with photons of
58.8 eV energy. The multicoincidence measurement re-
veals the existence of an interatomic decay that occurs
after the population of shakeup states. As the parity of
the excited state determines whether ICD takes place due
to virtual dipole photon emission or overlap of the orbitals,
the decay happens at different internuclear distances lead-
ing to different kinetic energies of the ions. Electron ex-
change that happens only via overlap of the orbitals is
strongly suppressed compared to virtual dipole photon
exchange at the equilibrium internuclear distance of the
neon dimer. Similar to the case of doubly excited states
[26], the nuclear dynamics heavily influence the electronic
decay pathways in the Ne dimer. In turn, imaging this
dynamics in coincidence with the electrons unveils the
physical mechanism underlying the electronic transitions.
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