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Fig. 1 (Color online) Schematics of interatomic Coulombic decay;
ICD¥». When excitation energy of an excited ion is not
enough to ionize the excited ion, but enough to ionize
neighbor atom/molecule, the excited ion decays and
neighbor atom/molecule is ionized by ICD. Filled blue discs
indicate active electrons, and the positive charges are indicat-
ed by empty blue circles.
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Fig. 2 (Color online) Schematics of electron transfer mediated
decay; ETMD!3). An electron in an atom/molecule is trans-
ferred to an ionic atom/molecule. Another electron from the
atom/molecule or another atom/molecule is emitted by the
excess energy in the electron transfer. ETMD is classified as
ETMD (2) and ETMD (3) according to the number of spe-
cies involved.
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Fig. 3 (Color online) Schematics of process investigated. First step
(photoionization) : an ionizing X-ray photon ejects a Ne 1s
electron (photoelectron) from a Ne atom in the Ne—Kr mix-
ed cluster. Second step (Auger decay): Auger decay of the
resulting Ne ion leads to a dication with two holes in the va-
lence shell and an ejected electron (Auger electron). Third
step (ETMD (3)): one of the electrons of a neighboring Kr
atom fills one of the Ne valence holes, and one of the valence
electrons of another Kr atom is ejected (ETMD electron).
Fourth step (Coulomb explosion): the cluster explodes by
Coulomb repulsive forces, and releases one singly charged
Ne ion and two singly charged Kr ions. Filled blue discs indi-
cate active electrons, and the positive charges are indicated
by empty blue circles. Reproduced from ref. 17.
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Fig. 4 (Color online) Schematics of our experimental setup. The
electron—ion three-dimensional momentum coincidence
spectrometer was used in order to measure momentum-
resolved electrons and ions produced by the series of
events2022) | The spectrometer consists of two time-of-flight
spectrometers equipped with delay-line type position-sensi-
tive detectors. The left detects electrons, and the other de-
tects ions. Those face each other with the reaction point be-
tween them. The knowledge of position and arrival time on
the detectors allows us to extract information about the
three-dimensional momentum of each particle. The filled
blue disc indicates an electron, and the empty red ones indi-
cate ions.
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Fig.5 (Color online) Time-of-flight (TOF) spectra of ions
released from Ne-Kr mixed clusters showing results filtered
for events in which three ions were detected in coincidence.
The photon energy used was 888 eV. (a) TOF of the first ion
arriving at the detector. The region surrounded by a dashed
line was used to select events for a Ne monocation. (b) TOFs
of the second ion versus the third ion detected in coincidence
with the Ne ion as the first ion. The region surrounded by a
dashed line was used to select events in which two Kr mono-
cations were detected. The scale bar indicates counts.
Reproduced from ref. 17.
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Fig. 6 (Color online) Electron spectra in coincidence with the target ions: one singly charged Ne ion and two singly
charged Kr ions. Panels correspond to (a) a photon energy of 888 eV, (b) 878 eV and (c) of 860 eV (below the
Ne Is ionization threshold) . Correlation map of an electron and the target ions after subtracting the contributions
from Kr ionization (c), for a photon energy of (d) 888 ¢V and (e) 878 eV. Scale bar indicates counts in a—e. (f)
Projections of d and e on the electron energy axis. Two Gaussian functions fitted to the photoelectron peaks are
also shown as yellow fill patterns. (g) The same, after subtracting the contributions from photoelectrons, fitted by
two Gaussian functions. Error bars in f and g are defined as standard deviation. Reproduced from ref. 17.
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Table 1 Relative intensities of the various groups of electrons.
Measured values are extracted from Fig. 6. For compari-
son, estimated values are shown, which are extracted from
atomic Auger ratios and ICD branching ratios in small
clusters. Depending on the photon energy used to ionize the
Ne 1s shell in the cluster, the kinetic energy (KE) of the
photoelectrons is around 8 eV or 18 eV. Experimental rela-
tive intensities for the ETMD and ICD contributions are
valid for both photon energies. The estimated relative
intensity of ETMD is 1 because all cascades end with
ETMD, see Fig. 7. Reproduced from ref. 17.
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Fig. 7 (Color online) Schematic view of the decay pathways of Ne
ion produced by Ne Is photoionization in Ne-Kr mixed
clusters. The first step consists of Auger decay (indicated by
solid orange lines) of the Ne* (1s~!), giving rise to various
dicationic Ne states shown on the left, in the order of ascend-
ing energy. For each state, the abundance?” is shown at the
respective energy level. States with the electronic configura-
tion Ne2* (2p~2), which are the most abundant, can only
decay by ETMD (3), thus neutralizing Ne dication to mono-
cation. This is indicated by dotted red lines. The higher lying
dicationic states produced by Auger decay first decay by ICD
(indicated by dashed blue lines) and then further by ETMD
(3). Reproduced from ref. 17.
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Electron transfer to ground state ions in Ne—Kr
mixed clusters producing free slow electrons
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Kiyoshi UEDA

Abstract If an isolated atom is irradiated by x-rays, inner-shell ionization occurs and Auger decay follows,
yielding a highly charged ion. If the atom is in a loosely bound system, neutralization occurs in
which the charge of the ion produced via Auger decay is compensated by electrons provided by
other atoms or molecules. It was predicted that electron transfer mediated decay (ETMD) emit-
ting a low-energy electron provides an efficient neutralization pathway for the majority of ions
produced by Auger decay. Here we show the experimental proof of this pathway. We unambigu-
ously identified the low-energy ETMD electrons applying momentum-resolved electron-ion multi-
fold coincidence spectroscopy to Ne—Kr mixed clusters after core ionization of the Ne atom. The
observed pathway is rather general in loosely bound systems. It may thus occur also in the water-
abundant biological system irradiated by x-rays, contributing as a source of low-energy electrons
that may cause radiation damage.
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