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Low energy electrons are the most abundant product of ionizing radiation in
condensed matter. The origin of these electrons is most commonly understood to be
secondary electrons® ionized from core or valence levels by incident radiation and
slowed by multiple inelastic scattering events. Here, we investigate the production of
low-energy electrons in amorphous medium-sized water clusters, which simulate
water molecules in an aqueous environment. \We identify a hitherto unrecognized
additional source of low energy electrons produced by a non-local autoionization
process called Intermolecular Coulombic Decay (ICD)? The unequivocal signature of
this process is observed in coincidence measurements of low energy electrons and
photoelectrons generated from inner valence states with vacuum-ultraviolet light.
Because ICD is expected to take place universally in weakly bound aggregates
containing light atoms between carbon and neon in the periodic table??, these results

could have implications for our understanding of ionization damage in living tissues.
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Electronic vacancy states can be produced in matter by ionizing radiation, such as X-ray
photons or fast charged particles. When a state with a high electronic excitation energy has
been produced by impact of such particles, electron correlation can cause the ejection of
electrons. Auger decay is the best known representative of this class of secondary processes
that is more generally termed autoionization. In the case of Auger decay a vacancy in an
inner shell is filled by a transition involving electrons of lower binding energy at the same
atom. For extended systems of weakly bound constituents, such as van-der-Waals or
hydrogen-bonded clusters, Cederbaum et al.? have found that a different mechanism
pertains. They predicted that in such systems electron correlation can effectuate an Auger-
like autoionization transition in which valence electrons on neighbouring sites participate.
In other words, the mechanism is a concerted transition in which a single hole in an inner
shell is replaced by two vacancies in the outer valence shells of two adjacent molecules,
and a free electron. This decay channel was termed Intermolecular (Interatomic, in the case
of atomic clusters) Coulombic Decay and was subsequently observed in rare gas clusters*”’.
The process is shown schematically in Fig. 1. A resonant variant of ICD, which may take
place after photoexcitation into an unoccupied orbital, has also been discussed’™. In the
present paper, we consider ICD of inner valence vacancy states, for which case the ejected

electrons have a low kinetic energy.

On the basis of energetic considerations, ICD can take place whenever the binding
energy of the ionized state lies above the double ionization threshold of the corresponding
cluster or liquid. This prerequisite for ICD is fulfilled in hydrogen-bonded systems**, but
so far the process has not been seen. Calculations of the energy spectrum of electrons
ejected by ICD of small water clusters give a hint as to why it has escaped observation: A
broad, rather unstructured distribution of energies is expected, which peaks at zero eV, If

we consider an experiment with a conventional electron energy analyser on a bulk or liquid



NPHYS-2009-06-00979a

sample, an electron spectrum with this shape can hardly be distinguished from the

"1 for secondary electrons (Fig. 2). In this respect our work differs from

“universal curve
earlier experiments, which were either restricted to dimers>”, or dealt with simpler cases
where an ICD feature appears from simple electron kinetic energy spectra®®®. Producing
primary electrons of a well-defined energy by photoionization and detecting them in
coincidence with the ICD electron has allowed us to overcome the aforementioned
problem. Here, we demonstrate that ICD follows the photoionization of medium-sized

water clusters and show that — above the corresponding photoionization threshold — ICD

electrons make an important contribution to the low kinetic energy spectrum.

In our experiment, a jet of water clusters with a mean size (N) of 40 or 200 was used.
Such clusters are believed to form amorphous structures, which resemble the hydrogen-
bonded network of liquid water rather than that of crystalline ice'!. Inner valence vacancies
were produced by photoionization using synchrotron radiation. The complete non-
coincident photoelectron spectrum of water clusters, recorded in a separate experiment with
a hemispherical electron energy analyser*?, is shown in Fig. 2. It is similar to that of liquid
water recorded previously®®. At the excitation energy range covered in this work the ICD
process can take place for the 2a; inner valence vacancy states, which are mainly derived

from the O 2s orbitals.

As described above, it is necessary to record simultaneously both electrons involved
in order to show that ICD actually occurs. For this co-incidence experiment we have
employed a so-called magnetic bottle time-of-flight electron spectrometer, which is well
suited for this purpose due to its large acceptance angle and good transmission for electrons
down to very low kinetic energies (see Methods section). In the lower right panel of Fig. 3,

we show the yield of electron pairs (e1, ;) recorded in a coincidence experiment at a
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photon energy of 45 eV. The kinetic energy of the higher energy electron e; increases along
the vertical axis; that of the lower energy electron e, along the horizontal axis. Correlating
the energies along the e; axis with Fig. 2, we can see which parts of the spectrum are
characterised by strong emission of very low energy electrons. We observe in particular the
feature between the two red lines in the figure: These pairs consist of an e; electron with a
kinetic energy corresponding to inner valence photoionization and an e, electron, with a
very low kinetic energy. The energy spectrum of all e, electrons detected in coincidence
with an inner valence electron e;, within the energy interval marked by the red bars in

Fig. 3, is displayed in the top panel. It consists of a convolution of the singly ionized states
with binding energies in the range of 28-35 eV'° with all available two-hole final states.
The resulting intensity profile decreases from zero towards higher kinetic energy and has
similarly been found in calculations™ for water clusters up to the tetramer. In analogy to
earlier experiments on rare gas clusters*’, we identify this autoionization process with
Intermolecular Coulombic Decay. As expected, the respective feature is not observed for a
beam consisting purely of water monomers (see the Supplementary Information, Fig. S1).
We can further confirm the assignment by following the photon energy dependence: the e;
energy of the ICD feature should vary linearly with photon energy, while the e, energy
remains constant. Exactly this behaviour is observed in Fig. 4, which shows the results of

coincidence experiments at 45, 60 and 80 eV photon energy.

The doubly charged final states, which are populated by the ICD process, can be
inferred from a plot of the electron coincidence intensities as a function of final two-hole
state energy (Fig. 3, green curve). This curve is obtained by integrating along lines of
constant total energy, which are diagonals in the main panel parallel to the green line. This
line itself marks the minimum final state energy expected, namely 22.1 eV corresponding

to twice the HOMO ionization potential of a large water cluster*?. As the final state
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spectrum is composed of numerous combinations of outer valence single vacancies™, and is
further broadened by summation over different cluster geometries, a broadened double
ionization spectrum between 23 and 36 eV is observed. These final state energies
correspond to the production of two outer-valence vacancies, mostly as a result of ICD. The
intensity of the electron coincidences (green curve) at higher binding energies is partly due
to direct photo-double-ionization of uncondensed molecules in the jet, which can result in
the creation of molecular dicationic states with up to 47 eV binding energy™*. Intra-cluster
scattering processes also make a minor contribution to the electron pair intensities in Figs. 3
and 4. Further details in connection with these figures, such as subtraction of random

coincidences, are discussed in the Methods Section and the Supplementary Information.

The above analysis was made under the assumption that no nuclear relaxation occurs

5,15

during ICD. The time scale of this process has been investigated experimentally>™ and by
calculations®*® for a number of systems, including water clusters'. Transition times in the
fs range have been found. This is even faster than the proton rearrangement associated with
the ionization of water*’. Autoionization via ICD therefore will dominate over alternative
relaxation channels, such as fluorescence or nuclear rearrangement. For Ne clusters, 100 %

efficiency of ICD for the relaxation of 2s vacancies has been demonstrated®.

We will now briefly comment on the possible impact of these results. It is well
known that even low doses of ionizing radiation can lead to cell damage in living matter,
and that such events primarily are caused by double strand breaks (DSB) in the DNA
involved'®?. The mechanisms which lead from absorption of the radiation energy to DSBs
are far from understood. One possible process is the chemical attack by OH radicals
resulting from the radiolysis of water'*?°. Recently the potential importance of low kinetic

21,22
d

energy electrons has been recognize , as it was found that they can efficiently induce
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DNA strand breaks by dissociative attachment?*?. These results have now been confirmed
in humid air, thus resembling more closely conditions in the cell (L. Sanche et al., to be
published). As electron attachment can be promoted via so-called shape resonances there is
practically no lower limit for the electron energy at which an interaction with DNA ceases
to occur?®?’. Intermolecular Coulombic Decay provides a production mechanism for low
Kinetic energy electrons not considered previously. For primary ionization with large
impact energy, it differs from other mechanisms, such as multiple inelastic scattering of
high Kinetic energy photoelectrons, by the fact that the ICD electron is produced
immediately at the site of ionization. Quantitatively, for VUV photon energies, an upper
limit for the amount of slow electrons expected from ICD is given by the relative inner
valence photoionization cross section, which is 18 % for hv = 80 eV (Ref. 13) and could be
higher near threshold. For higher primary energies, ICD can also occur as part of a cascade
process following normal Auger decay®. Although it is difficult to assess the number of
resulting ICD electrons as a fraction of the “true” secondaries (largely because of the

problem of quantifying the latter), their contribution is clearly important.

Another aspect contributing to the relevance of ICD is the production of two
positively charged ions in its final state. For our system, their nuclear Coulomb repulsion
energy, calculated at the original water-water bond length®, is around 4.9 eV. This will
lead to a Coulomb explosion in a small system, and to structural changes at the site of ICD

in larger aggregates.

Finally, we see important perspectives in the study of ICD in inhomogeneous, for

example chemical systems; DNA itself might participate in such a process.

Note added: The Coulomb explosion of water dimers after ICD has very recently

been observed by T. Jahnke et al.?®
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Methods Summary

Cluster production. Clusters were produced by supersonic expansion of water vapour
from a heated reservoir inside the vacuum chamber. Data specific to our instrument are:
conical copper nozzle, diameter 80 um, length 1.1 mm, half opening angle 15°. Expansion
chamber and main chamber are pumped by two 210 I/s and one 1000 I/s turbopumps,
respectively and are separated by a conical skimmer of 1 mm diameter. Background
pressure in the main chamber was kept below 10™ mbar. The cluster size was estimated
from the empirical formula given in Ref. 29. Cluster formation was monitored by recording

the HOMO photoelectron peaks of water monomers and clusters at 14 eV photon energy™.

Electron Detection. The magnetic bottle spectrometer we have employed uses an

adaptation of the design by Lablanquie et al.*°

to experiments with the bunch period of
BESSY II, which is 800 ns. We have therefore shortened the drift tube to 60 cm. The
guiding field is produced by a coil of Kapton-insulated cable wound around the drift tube
inside the vacuum. The anisotropic field near the interaction region is produced by a
permanent magnet, generating a magnetic field strength of approximately 0.4 T.
Backscattering of electrons from the magnet surface is prevented by a mesh in front of the
magnet to which a positive bias voltage was applied. Electrons with kinetic energies down
to 100 meV were detected without loss of transmission, which was verified by recording
He 1s photoelectron spectra with photon energies down to the ionization threshold. A small

accelerating field (1.2 V) along the interaction region was used to achieve a time-of-flight

of the slowest electrons below 800 ns.

The complete non-coincident valence photoelectron spectrum shown in Fig. 2 was
recorded in a separate experiment, which is described elsewhere®?. Briefly, a conventional

hemispherical analyser was used to record photoelectron emitted under the magic angle
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with respect to the polarization direction of the light, and in the plane perpendicular to its
propagation direction. A pass energy of 20 eV was used. Although we have not quantified
it, we expect that under these conditions the transmission function of the analyser leads to a
decrease in the detection efficiency for electrons with kinetic energies below about 8 eV. A
quantitative comparison of Fig. 2 to the low kinetic energy electron spectra acquired with

the magnetic bottle spectrometer is hampered by this problem.

Synchrotron Radiation. Experiments were performed at the undulator beamline UE
112-low energy-PGMa at the synchrotron radiation source BESSY Il (Berlin, Germany),
operating in single bunch mode. The light polarization was chosen as horizontally linear,
i.e. perpendicular to the cluster beam and within the plane spanned by the photon beam and

the central axis of the magnetic bottle spectrometer.

Data acquisition and analysis. Event-based data acquisition was performed with a
multi-hit capable time-to-digital converter of 60 ps bin width (GPTA, Berlin, Germany).
The electron flight times were transformed into kinetic energies according to calibration
data obtained from He 1s photoelectron spectra. The amount of random coincidences was
estimated from electron pairs produced by two different, subsequent synchrotron radiation
pulses, and was subtracted. In Fig. 3, additionally a background of coincident electron pairs
of apparative origin was subtracted. This background consists mainly of electron pairs with
a total kinetic energy below 10 eV, and was estimated from a spectrum of gaseous He
recorded at 44.7 eV, which was scaled with the ratio of outer valence photoelectron
intensities. No such subtraction has been performed in Fig. 4 to highlight the fact that the

background in this energy region is essentially constant in shape.

Typical acquisition times were 1000 s per panel. In this period, for Fig. 3 about 11

million total events were registered, which could be condensed to 366,000 true coincidence
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events, after background subtraction. These figures are typical for the other spectra as well.
The coincidence electron spectra in the three panels of Fig. 4 were normalized to equal

max. intensity.
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Figure Legends

Figure 1 | Schematic diagram of Intermolecular Coulombic Decay (ICD) of an inner
valence vacancy in a hydrogen-bonded network of water molecules. This interatomic
autoionization process takes place when an inner valence (iv) vacancy created by
(photo)ionization on molecule M (panel 1) is filled by an electron from an outer valence
(ov) orbital of the same molecule, while another outer valence electron is emitted from the
nearest-neighbour molecule M’ (see panel 2). 'vac' designates the vacuum level or

ionization potential, in an isolated system.

Figure 2 | Full photoelectron spectrum of water clusters recorded with a conventional
electron spectrometer'. Here, we describe autoionization of the 2a; vacancy states by
emission of low energy electrons, which contribute to the intensity below 10 eV. Formerly
this was thought to be composed solely of electrons that have been multiply inelastically
scattered. The sharp lines in the outer valence region are due to the vibrational fine

structure of the superimposed spectrum of water monomers.

Figure 3 | Coincidence spectrum of primary and secondary electrons produced by
ionization of (N) = 40 water clusters with photons of 45 eV energy. Lower right panel:
Intensity of electron pairs with kinetic energies as recorded on the right-hand vertical axis
(fast electron, e;) and on the horizontal axis (slow electron, e,) is shown as a colour-coded
map. The region between the two red bars is assigned primarily to photoelectron-ICD
electron pairs. The energy spectrum of ICD electrons, integrated over the above mentioned
range of photoelectron energies, is shown in the top panel. The photoelectron spectrum as a
function of kinetic energy, integrated over all energies of the e, electron, is shown in the
left panel (red dotted line, referring to the right-hand vertical axis; see Supplementary

Information). In this panel we also show the intensity of electron pairs as a function of pair

14
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binding energy, or two-hole final state energy (green trace, referring to the left-hand

vertical axis).

Figure 4 | Coincidence electron spectra of (N) = 40 water clusters recorded at three

different photon energies. A change of scale in the middle and right-hand panels has been
introduced for better visibility. Whereas the energy of e; increases with photon energy, the
energy spectrum of e, is virtually unchanged. This corroborates our interpretation as a two-
step process. An intensity of electron pairs with kinetic energies both below approximately
5 eV is always observed, and is believed to originate from events involving an unobserved

third particle, or from the spectrometer.

15
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Supplementary information for "A hitherto unrecognized source of low

energy electrons in water" by M. Mucke et al.

1. Comparison of water monomers with water clusters

One important cross-check for the interpretation of our experimental results is the
comparison with a jet containing only uncondensed, isolated water molecules. Inner
valence ionization of water monomers requires that a binding energy of 32.6 eV>! be
overcome, which is below the molecular double ionization potential of 34.4 eV**. Satellite
states of the two hole-one particle type, which in principle could mix with inner valence
single vacancies, have been found experimentally to be unimportant for molecular water at
binding energies higher than the inner valence ionization potential given above®2. The
molecular inner valence hole states therefore do not have sufficient energy for
autoionization, and consequentially no ICD feature should be observed in such spectra. For
comparison with our cluster results, we have therefore recorded an electron-electron
coincidence spectrum for which water vapour was leaked into the chamber via a needle
(inner diameter circa 250 pm) from a reservoir kept at room temperature. Under such
conditions, the formation of water clusters is negligible. In Fig. S1 we compare the
spectrum obtained in this way with a coincidence map from a water cluster jet with
conditions corresponding to (N) = 200. ICD electrons from water molecules are clearly
absent. The coincidence electron spectra were normalized by their accumulated synchrotron

radiation intensity.



2. Contribution of other processes to the electron pair intensity

A number of other processes can contribute to the coincident electron pair intensity seen in
Figs. 3, 4 and S1. Since the clusters have finite dimensions, electron impact ionization by
photoelectrons will take place to some extent. An estimate shows that only intra-cluster
scattering processes can contribute (as opposed to inter-cluster scattering, where an electron
collides with another cluster in the jet). The final state of such an event would consist of
two outer valence vacancies on two different sites within one water cluster, as in the ICD
process. The energy sharing between the two electrons is not restricted a priori. However,
since their total energy is fixed, electron pairs pertaining to this process would be located
along specific lines with unit slope (diagonals) in the lower right-hand panel of Fig. 3 and
S1. The green line represents approximately the case of highest total shared electron energy
corresponding to a final state with two 1b; vacancies. In high contrast plots of the data in
Figs. 3, 4 and S1, there are in fact striations parallel to the green curve indicating that this

effect occurs but is not very important.

The contributions of direct photo-double-ionization of uncondensed monomers can also be
seen in Fig. S1 (left panel), and in fact resemble the spectrum which was measured by

Eland'* with a similar method.

A possible explanation for the remainder of the intensity, also seen in Fig. 4 for (e, €2)
energies below approximately 5 eV of both electrons, is the involvement of a third,
unobserved particle in these processes, i.e. an outer valence photoelectron might ionize

another valence electron by impact and subsequently lose energy in another inelastic



collision. A background of spurious electron pairs from the apparatus is also seen in this

kinetic energy region; it has been corrected for in Fig. 3 (see Methods Section).

The intensity of electron pairs as a function of energy of the fast electron e;, integrated over
all energies of the slow electron e,, are shown for completeness in the panels on the left-
hand side of the colour-coded coincidence map by red-dotted lines. These traces represent a
different aspect of the processes than the intensity of electron pairs as a function of total
final state energy (green lines). The red-dotted curves can be interpreted as the energy
spectrum of primary electrons, which leave the system in a state capable of emitting

another electron.

Finally, it should be noted that the fan-like structure appearing in the cluster signal of
Fig. S1 as well as in Fig. 4 is an experimental artefact. The same is true for the faint
horizontal variations of the ICD intensity which are visible in the 80 eV panel of Fig. 4 and

in Fig. S1, right hand side.

Supplementary Fig. S1. Comparison of the electron-electron coincidence spectra from
water monomers (left) and (N) = 200 water clusters (right) at 60 eV photon energy. The
absence of 1CD for the water monomers can clearly be seen. See Fig. 3 for explanation of

the plots.
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