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Interatomic Coulombic decay (ICD) from an Auger-final dicationic state is observed in the Ar dimer. A
2p inner-shell vacancy created by photoionization is replaced with 3s and 3 p vacancies via intra-atomic
Auger decay. The Auger-final dicationic state is subject to ICD in which one of the 3p electrons in the
same Ar atom fills the 35 vacancy while one of the 3 p electrons from the neighboring Ar atom is emitted
as an ICD electron. This ICD process is unambiguously identified by electron-ion-ion coincidence
spectroscopy in which the kinetic energy of the ICD electron and the kinetic energy release between

Ar™ and Ar®* are measured in coincidence.
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When an electron from an inner-shell orbital localized at
a particular atomic site in the system is ionized, the inner-
shell ionized atom undergoes Auger decay in which the
inner-shell vacancy is filled by one of the valence electrons
and another valence electron is ejected (the Auger electron
[1]). Nearly a decade ago, Cederbaum et al. [2] proposed a
new mechanism of electronic decay where the environment
plays a role. An isolated atom or molecule with an inner-
valence vacancy is generally not subject to Auger decay
but may be subject to interatomic or intermolecular
Coulombic decay (ICD) if it is in close proximity to other
species. The interatomic nature of ICD is in contrast to the
usual Auger decay which is basically intra-atomic. In ICD,
an atom with an innervalence vacancy can transfer its
energy to a neighboring species which subsequently re-
leases its energy by emitting an electron from its outerva-
lence orbital [3]. As illustrated below, the ICD process is
often interpreted as a transfer of a virtual photon between
the two atoms or cluster units, which rests on the neglect of
the orbital overlap between them. Averbukh et al., how-
ever, showed that even in loosely bound van der Waals
clusters the orbital overlap is a crucial factor [4]. Further-
more, Santra et al. demonstrated that ICD emerges in
clusters following intra-atomic Auger decay, using exten-
sive ab initio calculations for the neon dimer as a prototype
sample [5].

Stimulated by the theoretical work of Cederbaum and
co-workers [2,3], Marburger et al. [6] studied experimen-
tally the ICD process in 2s ionized Ne clusters. Later,
Jahnke er al. [7] reported very convincing, clear experi-
mental evidence for ICD in 2s ionized Ne dimers by
identifying the process unambiguously using electron-
ion-ion coincidence spectroscopy in which the kinetic
energy of the ICD electron and the total kinetic energy
release (KER) between the two Ne ™ ions were measured in
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coincidence. To our knowledge, there has been no report of
an experimental study of the ICD process following Auger
decay, although it is relevant to numerous physical, chemi-
cal, and biological phenomena involving inner-shell va-
cancies in atoms and molecules in various environments. In
the present Letter, we report on such a study.

The ICD process that follows Auger decay predicted by
Santra et al. [5] is as follows. After creation of a 1s
vacancy, KL L,; Auger emission takes place and the 1s
vacancy is replaced by a 2s and a 2p vacancy in a single
neon atom. The atomic triple ionization threshold lies
higher than the Ne?* 257 12p~! Auger final states. How-
ever, ICD emerges in the Ne dimer because the triple
ionization threshold of the dimer lies below these Auger
final states: in ICD, one of the 2p electrons falls into the 2s
vacancy in the same Ne atom, emitting a virtual photon,
and the neighboring Ne atom absorbs this virtual photon
and emits one of the 2p electrons as an ICD electron. In our
experiment, we employ the Ar dimer, which shows analo-
gous processes. The schematic sequence is illustrated in
Fig. 1. In the first step, after creation of a 2p vacancy via
photoionization, L, ;M M, ; Auger emission replaces one
2p vacancy with one 3s vacancy and one 3p vacancy
within the same Ar atom [Fig. 1(a)]. The Ar%Jr dimer ion
then undergoes ICD, with the 3s vacancy being filled by a
3p electron from the same Ar atom, emitting a virtual
photon, and the neighboring Ar atom absorbing the virtual
photon and emitting one of the 3p electrons as an ICD
electron [Fig. 1(b)]. Finally, fragmentation into Ar" and
Ar?* occurs by Coulomb explosion [Fig. 1(c)]. For atomic
Ar, however, the single-configuration picture described
above does not hold in a strict sense since the dicationic
states which have dominant 3s7'3p~! configuration in
atomic Ar’>" are energetically forbidden to undergo ICD
in the Ar%+ dimer. In our experiment, we thus focus on the
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FIG. 1 (color online). Sequence of events observed in the Ar
dimer. (a) Photoionization creates a 2p vacancy in one of the
atoms. The 2p vacancy is filled by one of the 3s electrons and a
3p electron is emitted from the same atom (Auger decay).
(b) Interatomic Coulombic decay takes place, in which the 3s
vacancy is filled by one of the 3p electrons from the same atom
and the excess energy is transferred to the neighboring atom
which in turn emits one of its 3p electrons. (c¢) Fragmentation
due to Coulomb explosion takes place. The Ar** and Ar*
fragment ions along with the ICD electron emitted in (b) are
detected in coincidence.

configuration-mixed state in which 3p~33d and 35~ !13p~!
configurations are strongly mixed in atomic Ar’>". This
state is not subject to autoionization in atomic Ar’>* but
can be subject to ICD in the Ar3* dimer.

Our experimental approach is similar to that of Jahnke
et al. [7]. We employ electron-ion-ion coincidence spec-
troscopy in which the kinetic energy of the ICD electron
and the KER between Ar' and Ar’* are measured in
coincidence. The energy difference between the Auger
final states (i.e., the initial state of ICD) and the two frag-
ment atomic ions (i.e., the final state) is equal to the sum of
kinetic energy of the ICD electron and the KER in the
fragmentation. Thus our coincidence measurement allows
us to unambiguously identify the ICD process following
Auger decay.

The experiments were carried out on the ¢ branch of the
soft x-ray photochemistry beam line 27SU [8] at SPring-8.
The storage ring was operated in the 35 single-bunches
+6/42 filling mode, which provides a single-bunch sepa-
ration of 114.0 ns. Argon dimers were produced by ex-
panding argon gas at a stagnation pressure of 2 bar cooled

to a temperature of about 170 K through a pinhole of
30 pwm diameter and 0.25 mm thickness. The molecular
beam was directed vertically and the dimer fraction in the
molecular beam was determined to be at least 2%. The
photon beam was focused to a size of less than 0.2 mm in
height and 0.5 mm in width at the point of crossing with the
molecular beam. The coincidence measurements described
below were performed with the E vector orientated verti-
cally, at a photon energy of 257.05 eV, i.e., 8.4 and 6.3 eV
above the atomic Ar2p~' 2P, and 2p~' *P, , ionization

thresholds [9]. The photon bandwidth was ~30 meV.

Our electron-ion-ion coincidence momentum imaging is
based on recording the electron and ion times of flight
(TOFs) with multihit two-dimensional position-sensitive
detectors. Knowledge of position and arrival time on the
particle detectors, (x, y, and ¢), allows us to extract infor-
mation about the linear momentum (p,, py, and p;) for
each particle. The two TOF spectrometers are placed face
to face, and the TOF spectrometer axis is horizontal and
perpendicular to both the photon beam and the molecular
beam. The apparatus employed has been newly constructed
[10], based on that used for previous measurements [11-
14]. The lengths of the acceleration region and the drift
region of the electron spectrometer are 33.7 and 67.4 mm.
For the ion spectrometer, the length of the acceleration
region is 16.5 mm and no drift region is provided. The TOF
spectrometer for the electron is equipped with a hexagonal
multihit position-sensitive delay line detector of effective
diameter of 120 mm, while that for the ion is of effective
diameter 80 mm [15]. The static extraction field was set to
~1.53 V/mm, while a uniform magnetic field of 4.5 G was
superimposed to the spectrometer by a set of Helmholtz
coils outside the vacuum chamber. Under these conditions,
all the electrons up to ~12 eV in kinetic energy and all the
Ar* and Ar’' ions up to ~14 eV kinetic energy, both
ejected in 47 sr, were accelerated onto the MCP detectors.
The TOFs of the electrons and ions were recorded with
respect to the bunch marker of the synchrotron radiation
source using ultrafast multihit time-to-digital converters
(TDCs, c027, Hoshin Electronics Co. Ltd.) [16]. These
TDCs have a timing resolution of about 120 ps, a multihit
capability of up to 6 events, and a time span of 40 us.
Appropriate gates select only those electron signals syn-
chronized with the single bunches, and we record only
events in which at least one ion and one electron are
detected in coincidence.

Figure 2 shows an Ar dimer ion-ion coincidence spec-
trum. The x and y coordinates correspond to the TOFs of
the first and the second ions of the coincidence pair. Ar**
and Ar" ions with zero momentum are located at TOFs of
3.53 and 5.09 us, illustrated by dashed (Ar>*) and dotted
(Ar™") lines in the figure. One can see clearly the lines
corresponding to fragmentation into Art — Ar* and
Ar’T — Ar™. The experimental count rate for fragmenta-
tion into Ar’* — Ar™ is about 30% of that into Ar* — Ar*.
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FIG. 2 (color online). Ar dimer ion-ion coincidence TOF
spectrum. The dashed line shows the time-of-flight for zero-
momentum Ar?" ions, the dotted line for zero-momentum Ar™
ions.

This ratio is much larger than the ratio of the double Auger
process in the Auger decay in atomic Ar, which is ~0.1
[17]. The high production rate of Ar’* — Ar" suggests
that, besides the atomic double Auger process, there is an
additional process that emits three electrons in total from
the Ar dimer.

Our coincidence measurement for one electron and two
ions provides the electron kinetic energy together with the
KER between the two ions for each event. The relationship
of the electron energy and the KER in the fragmentation
into Ar’* — Ar™ is shown in Fig. 3. Figure 3(b) shows the
electron energy distribution in coincidence with the frag-
mentation into Ar>™ — Ar™. The two peaks located at 6.5
and 8.7 eV correspond to photoelectrons from the Ar 2p, /,
and 2p;/, inner shells. These energies coincide with the
atomic energies within an experimental uncertainty of
<0.2 eV, as previously reported [14]. The peak at
~2.1 eV corresponds to the ICD electrons, as we will
discuss below. Figure 3(c) shows the distribution of the
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FIG. 3 (color online). (a) Relationship between the electron
energy and the total kinetic energy release (KER) of the Ar,
fragmentation. (b) Electron energy distribution of the electron
ejected from Ar dimers. (c) The KER of the Ar, fragmentation.

KER between Ar’>" and Ar" from the Ar dimer. The mean
energy is 7.8 eV, which is close to the energy of 7.7 eV
calculated from the bond length of the neutral Ar dimer
3.76 A [18]. The KER measured in coincidence with the
ICD electron is the same as that with the Ar 2p photo-
electrons, because the ICD is the main process that leads to
the fragmentation into Ar>™ — Ar™. Figure 3(a) shows the
correlation between the electron energy and the KER.
There are three ‘“‘islands’’. The two islands in the right-
hand side are attributed to photoelectrons as described
above. The island on the left hand side tilts with a slope
of —1, suggesting that the sum of the electron energy and
the KER is constant. The location of this island is inde-
pendent of the photon energy, whereas the photoelectron
islands move proportionally. Thus we can identify this
island as corresponding to the ICD process following the
atomic Auger decay. The total energy between the ICD
electron and KER is 9.9 eV. Analogous to the Ne cluster
case, although the time scale for the ICD in the Ar dimer is
expected to be longer than a few fs, this slow ICD rate does
not affect the dissociation dynamics, because the nuclear
motion is slower than this time scale in the dimer
[3,5,6,19].

We now discuss the assignment of the levels involved in
the observed ICD process. The relevant Auger final states
of atomic Ar [20] are listed in Table I. In the single-
configuration approximation the two-vacancy Auger final
states of atomic Ar’* are 3p~2,3s '3p~!, and 35 2. In the
case of atomic Ar’*, however, the single-configuration
approximation completely breaks down. The two configu-
rations 3s'3p~! and 3p33d are completely mixed and
contribute equally to both in dicationic states at 61.23 and
70.64 eV. As aresult, the Ar atomic Auger transition to the
state at 70.64 eV designated as 3p 33d'P occurs with
significant intensity. The Auger lines of atomic Ar at
180.06 and 177.91 eV assigned to L, ;M M, by Siegbahn
et al. [21] are in fact the transitions to this configuration-
mixed state at 70.64 eV. The triple ionization threshold of

TABLE I. Ionization potentials of atomic Ar and dimer Ar,
relevant to the ICD [20].

Charge Designation Energy (eV)
Ar" 3p7' 2Py, 15.75
Ar2+ 3p~23P, 43.37
Ar?* 3p2'D, 45.11
Ar?* 3p72ls 47.49
Ar?T 357 13p713P (76%) (+3p733d3P (17%))  57.48
Ar*T 3s713p7 1P (43%) (+3p33d'P (50%))  61.23
Ar*T 3p733d'P (48%) (+3s713p~ ' 1P (37%))  70.64
Ar?* 357218 74.34
APt 3p734Sy), 84.27
INch 3p723P +3p~12P + KER (7.8 eV) 66.9
Nl 3p72'D, +3p~12P + KER (7.8 eV) 68.7
Nl 3p723S, +3p 12P + KER (7.8 eV) 71.0
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atomic Ar (84.27 eV) is above any Auger final states
listed in Table I and thus these states are not subject to
autoionization in an isolated Ar atom. However, the triple
ionization threshold for the Ar, dimer is significantly
lower, as shown in the last three lines of Table I,
where the triple ionization potentials are estimated as the
sum of the energies of the Ar>" and Ar" states and the
KER (7.8 eV). The state at 61.23 eV designated as
35 !13p~ 1P is not subject to ICD. However, the state at
70.64 eV designated as 3p33d ' P is subject to ICD. It is
worth noting that, though this state is populated via atomic
Auger decay via the mixed configuration component
35 !'3p~!, as noted above, both 3p~33d and 3s '3p~!
configurations contribute to ICD: the 3d electron (one of
the 3p electrons) in the 3p~33d (35 '3p~!) configura-
tion jumps to the 3p (3s) orbital via virtual photon
emission, while the other Ar atom virtually absorbs the
photon and emits one of the 3p electrons as an ICD
electron. The final states of ICD (virtual photon exchange)
can be Ar’*3p~23P + Ar*3p~!12P and Ar**3p~2'D +
Ar*3p~12P (see Table I). The estimated kinetic energy of
the ICD electron is 3.7 and 1.9 eV for former and latter
final states, and the observed ICD peak at 2.1 eV coincides
well with the expected value of 1.9 eV. The ICD final state
is thus assigned mostly to Ar**3p~2!D + Ar*3p~12P.
ICD to Ar*"3p 23P + Ar*3p ! 2P is also likely to be
observed on the higher-energy side but limited experimen-
tal resolution prevented us from separating this component.

Genotoxic damage by high-energy ionizing radiation («,
B, x, and 7y rays), including the breaking of DNA strands
in living cells, is not caused by direct ionization but is
induced by the secondary particles produced by the pri-
mary ionizing radiation. Low-energy secondary electrons
are the most abundant of these secondary particles, and
Boudaiffa et al. [22] have found that low-energy (1 to
20 eV) electrons can break DNA strands. Later, Hanel
et al. [23] demonstrated that the uracil molecule, one of
the base units of RNA, is efficiently fragmented by elec-
trons with energies <1 eV, i.e., below the threshold for
electronic excitations. The ICD can undergo in biological
molecules in the biological environment, following Auger
decay as well as innervalence ionization caused by incident
radiation as well as by the secondary process. Generally,
the kinetic energy of the ICD electron is much lower than
that of the atomic Auger electron. Thus, one can expect
that at least a relevant portion of the secondary low-energy
electrons generated by high-energy ionizing radiation are
generated via ICD.

In conclusion, we have unambiguously identified the
ICD process from the Auger final state in the Ar dimer
by simultaneously determining the kinetic energy of the
ICD electron and the KER between Art and Ar?* using an
electron-ion-ion coincidence technique. We emphasize
that ICD following atomic Auger decay is a very general
decay channel leading to the emission of low-energy elec-

trons following inner-shell ionization and is relevant to
numerous physical, chemical, and biological phenomena
involving inner-shell vacancies in clusters and other forms
of spatially extended atomic and molecular matter, such as
biological molecules in biological environment.
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