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Core photoionization of the argon dimer in the photon-energy range of 255-340 eV studied
by a photoelectron-photoion-photoion coincidence technique
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Single-photon multiple ionization of the argon dimer van der Waals complex, Ar,, is studied by the
photoelectron-photoion-photoion coincidence technique using synchrotron radiation in the photon-energy range
of 255-340 eV, which covers the Ar 2p and Ar 2s ionization continua. Dissociation processes into Ar™ + Art,
Art + AT, Art + AT, and Ar*T 4+ Ar®t ion pair channels are observed. The Art + Art and Art + Ar’t
channels show the most intense ion-ion coincidences, compared to other observed dissociative channels. For the
four observed channels the intensities are integrated and compared as functions of photon energy.
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I. INTRODUCTION

The van der Waals interaction is very important in many
areas of chemistry such as molecular scattering, chemical
reaction precursor complexes, energy transfer intermediates,
molecular recognition, protein folding, stacking of nucle-
obases, some types of self-assembly and supramolecular
chemistry, solvation, condensation, and crystal packing [1-5].
From a fundamental point of view, the complexes formed by
these noncovalent interactions are significant, as they bridge
the gap between free molecular systems and the corresponding
condensed phases [6]. Rare-gas van der Waals complexes have
small dissociation energies ranging from ~0.09 meV for He,
[7] up to 12 meV for Ar, [8,9] resulting in large internuclear
distances, such that they often behave as if each atom is
nearly independent. These systems allow the investigation
of a number of phenomena which emerge when an atom
is embedded into an environment not observed for isolated
atoms. Although the electronic ground states are very weakly
bound, most rare-gas dimers support some vibrational levels
with a shallow minimum [8—10]. The ions of the rare-gas
dimers usually exhibit much deeper local minima in their
potential energy surfaces and some of them present obvious
chemical bonding characteristics [11-13]. The same holds for
the doubly charged ions. For example, the well depth of the
argon dimer dication, Ar§+, is predicted to be 0.27 eV [14].

In recent years, in particular, the response to electronic
excitation of atoms within small noble-gas clusters has been
studied. In high-energy photoionization of light atoms, mainly
ionization of inner-shell electrons occurs, and is usually
followed by the Auger decay [15,16]. In clusters, the relaxation
via electron emission can also result from energy or electron
exchange between neighboring atomic sites, which was first
predicted theoretically by Cederbaum et al. [17]. The compet-
ing decay mechanisms include interatomic Coulombic decay
(ICD), electron transfer mediated decay (ETMD), and radia-
tive charge transfer (RCT) [18,19]. Since fragmentation of
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the formed multiply charged ion occurs subsequently, various
channels engaged in high-energy photoionization experiments
can be disentangled using coincidence measurements [20-24].

Tonization experiments on argon dimers have been carried
out using various techniques. The single ionization of Ar,
by electron and photon impact has been investigated [24-28].
Imaging of the structure of the argon dimer and trimer has been
carried out by measuring the momenta of all singly charged
fragments in coincidence, following a double ionization
process [29]. The double ionization potentials of argon clusters
and the influence of the cluster size in the ionization process
have been studied using the photoion-photoion coincidence
(PIPICO) method [30,31]. Furthermore, the photoelectron-
photoion-photoion coincidence (PEPIPICO) technique has
been used to investigate the angular distribution of the
photoelectron using photon energies of 252.0, 264.3, and
294.9 eV. No significant difference was found between the
angular distributions of the Ar 2p photoelectrons of the argon
monomer and dimer [32]. In addition, the mechanism of argon
dimer multiple ionization and its following processes have
received much attention from scientists in recent years. The
ICD process in argon dimer ionization in the energy range of
32—77 eV has been investigated theoretically [33]. Lablanquie
et al. have observed the ICD process after inner-valence
ionization of Ar, Kr, and Xe dimers using synchrotron radiation
[34]. Some papers have reported evidence of different decay
mechanisms after core ionization or excitation of argon dimers
by photons [35-40], which will be further discussed in the
Results and Discussion section. Moreover, an ion impact
ionization experiment has been carried out on argon dimers and
the contribution of direct double ionization and RCT process
in the production of Ar" + Ar" ion pair has been discussed
[8,41]. Furthermore, following electron impact ionization
(with electron energy of 120 eV), Ar™ + Art, Ar*™ + Art,
Art + Ar', and Arf + Ar" ion pair channels have been
observed and their production has been attributed to the ICD or
RCT processes. Since the electron projectile energy (120 eV)
was not sufficient to ionize core electrons, the whole ionization
mechanism has been attributed to the valence or inner-valence
ionization. Finally, another mechanism has been discussed in
the context of the ion impact experiments, namely sequential
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two-site ionization in which the two atomic centers are ionized
subsequently by the projectile [42].

The double photoionization of a van der Waals complex
has its own peculiarities. Such experiments on Ar, and ArNe
complexes have recently been carried out at the Gas Phase
Photoemission beamline of the Elettra synchrotron [40]. By
scanning the synchrotron energy in the region of the Ar
2p;/123d, 2p;/124d, and 2p37125d resonances, the effect of the
neighboring atom on the resonance energy has been revealed.
Furthermore, the empirically predicted electron energy spectra
(based on the experimental Auger spectra of the atom) at
the three resonance energies have been compared to the
experimental spectra, revealing that ICD is a major channel
in the decay path following core excitation of the Ar, dimer.

In the present work, the single-photon multiple ionization
of Ar, has been investigated by the PEPIPICO method in
the energy range of 255—340 eV. Formation of the Ar" +
Art, AT+ Art, AT + AP, and AT 4+ Artojon pairs
observed after core ionization of the argon dimer in the entire
energy range is discussed.

II. EXPERIMENT

The experiment is performed at the Gas Phase Photoe-
mission beamline at the Elettra Synchrotron Laboratory. The
beamline [43] and the end station [40] have already been
described in detail elsewhere, so only a brief description of
the experimental setup and conditions is presented here.

The experiment setup is shown schematically in Fig. 1. The
setup used for the PEPIPICO experiment is a time-of-flight
(TOF) apparatus with a 10.5-cm flight tube mounted along
the polarization vector of the incident light at the end of the
low-energy branch of the Gas Phase beamline.
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electron MCP detector

crossing with
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FIG. 1. A schematic diagram of the PEPIPICO experimental
setup used in this study.
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The cluster jet was created by supersonic expansion of
Ar gas using a nozzle of 50 um diameter, ~15 mm distant
from a skimmer of 500 um diameter. The nozzle was cooled
down to about —56 °C during the experiment. The stagnation
pressure before the nozzle was about 1.3 bars while the ambient
pressure in the ionization chamber was 3 x 10~% mbar. Such
conditions were set in order to maximize the yield of Ar, dimer
formation, without producing many larger clusters. The mass
spectra were recorded counting the ions signal as a function
of the delay time, using electron pulses as the start signal.
Both signals were fed into a multistop, 5-ns dead time, time-
to-digital converter (TDC). Multiple ions produced in a short
time window (6 us) following the electron start pulse show up
as ion-ion coincidences. The typical data accumulation period
was between | and 2 h. The results presented here are not
corrected for the detector efficiency, which is likely to favor the
detection of more highly charged particles [44]. A computer
was used to control all the components of the experiment and
also to record data.

The time-of-flight spectra recorded at a photon energy
of ~20 eV and in the photon-energy range of 255-340 eV
show a peak at (m/g) = 80, which indicates formation of the
argon dimer, Ary. Especially at high photon energies, this
ion is likely to be formed not only by the direct ionization
of neutral dimers (Ar,), but also by dissociative ionization
of larger argon clusters which are inevitably present in the
molecular beam. In the present analysis, we have therefore
concentrated on ion-ion coincidence channels, where the
application of momentum-matching conditions helps to
identify the correlated decaying species.

The monochromatized synchrotron light beam entered
the experimental setup horizontally, and crossed the beam
containing atomic and molecular species, perpendicularly. The
product ions were detected at a right angle, in coincidence
with photoelectrons. A 1200 line/mm spherical grating (No. 4
among the five available gratings) set at the first diffraction
order was used in the monochromator. The entrance and exit
slits of the monochromator were adjusted in order to have
a resolution of ~30 meV in the investigated photon-energy
range of 255-340 eV. The photon-energy scale calibration was
checked by measuring the 2 p and 2s excitations in the Ar atom.

III. RESULTS AND DISCUSSION

The corresponding initial states resulting from the ioniza-
tion or excitation of the argon beam at selected photon energies
have been listed in Table I. The events include Ar 2p or Ar
2s single-hole ionization, Ar 2p ionization accompanied by a
valence electron excitation, and the Ar 2s — np excitations.
However, all these initial states decay further by a number of

TABLE . Processes corresponding to the ionization excitation of
Ar, dimer at selected photon energies.

Event Threshold energy (eV)  Reference
Ionization to 217_{/121/2 248.628, 250.776 [46]
Tonization to 2p~' 3p~! 4p ~270-275 [50]
Core excitation to 25~ '4p 323.6 [51]
Ionization to 25! 326.26 [52]
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FIG. 2. An example of the mass spectrum recorded at the photon
energy of 323.6 eV, near the maximum of the 2s — 4p excitation.
The main peaks are labeled on the graph.

mechanisms, including Auger decay, ICD, RCT, and ETMD,
which will be discussed in more detail below.

An example of a mass spectrum recorded at the photon
energy of 323.6 eV is presented in Fig. 2, with the correspond-
ing ion-ion coincidence plot shown in Fig. 3(a). It should
be mentioned that the coincidence plots recorded in the whole
photon-energy range are very similar. The time-of-flight (TOF)
spectrum shown in Fig. 2 contains all the detected electron-ion
coincidence events. The TOF is therefore dominated by peaks
due to the argon monomer. The kinetic energy content in the
fragment ions produced by the dissociation of dimers or larger
clusters causes a broadening of the peaks. This can be clearly
observed, e.g., for the Ar™ ion. The detection probability of
an event depends on the collection efficiency for the electron
and the corresponding ion. Simulations have shown that in
our experimental setup electrons are collected with 100%
efficiency up to a kinetic energy of ~120 eV. This efficiency
drops to ~50% for a kinetic energy of 200 eV, which is the
approximate energy of Auger electrons in the decay of Ar 2p
hole states. Similarly, for Ar" ions 100% of particles with
initial kinetic energies below 11 eV reach the detector.

The plot shown in Fig. 3(a) is the coincidence diagram be-
tween argon ions produced by Coulomb explosion of the Arj™
in different ionization states n. The various regions of interest
are marked on the graph. The highest intensity is observed for
the Ar™ + Ar™ coincidence channel (region 1). By considering
the momentum conservation law, for a species dissociating fast
into two fragments A and B, the true coincidences should be
located on a line with a slope of b given by [45]

b ppcosOp (q_A)
pacosba\qp/)’

in which p4 and pp are momenta of the A and B coincidence
ions having g4 and g charges, and 64 and 6 are the angles de-
scribing trajectories of the two ions with respect to the detector
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FIG. 3. (a) The ion-ion time-of-flight correlation diagram corre-
sponding to the Art + Ar™ (region 1), Ar*™ 4+ Ar" (region 3), and
Ar'™ 4 Ar' (region 4) coincidences. The weak Arj + Ar™ (region 2)
and Ar*" + Ar*t (region 5) coincidence traces can also be observed.
(b) The partitioning scheme used for the integration of the coincidence
signals and background correction, depicted for region 1.

direction, respectively. Since in a Coulomb explosion process,
the two ions would be released in the opposite directions, we
have cos 84 = —cos @g. For the Art 4+ Ar* coincidences, this
slope is b = —1. The coincidences surrounding this area can
be attributed to the random coincidences that are present all
over the spectrum, or to the coincidences between the ArT ions
produced from dissociation of larger argon clusters. The ex-
plosion of larger clusters follows the momentum conservation
law, but their coincidence tracks would not be located on the
same line as that of the Ar™ + Ar* coincidence from the Ar; "
fragmentation. An evidence of the formation of larger clusters
is the weak coincidence between Art and Arér ions (region 2),

as the result of the fragmentation of Ari;3 cluster.
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In Fig. 3, the Ar’*" + Ar™ coincidence (region 3) can be
observed with a slope of —2, which has less intensity than
that of the Ar" 4+ Ar" coincidence line. The Ar’* 4+ Art
coincidence (region 4) can also be seen, with a slope of
—3, with the least intensity in this series. The Ar*t 4+ At
coincidence can also be traced (region 5), with a slope of —1,
but with low counts overlapped by false coincidences, making
its analysis difficult. At the highest photon energy used in the
present experiment a very weak signal due to Ar’" 4+ Ar’*
events is observed, but due to its low statistics it is impossible
to quantify it. In addition, the ion coincidence plot shows
some weak diagonal traces of false, spurious coincidences,
dissociation of larger clusters, and signals due to background
gas in the chamber.

The coincidence yields of the various channels are extracted
from the data by counting the number of ion-ion coincidence
events in the appropriate regions of the plot, making use of
the momentum-matching condition along the spectrometer
axis. In order to estimate the contribution of the false
coincidences, events in the neighboring sections were also
evaluated, averaged, and subtracted [Fig. 3(b)] from the signal
in the region of interest. While this procedure is relatively
straightforward when evaluating signals due to ions of different
m/q, it is more difficult for events originating from two
identical ions [e.g., region 1 in Fig. 3(a)]. In a one-dimensional
single-detector TOF spectrometer, the detection of such events
occurring almost simultaneously is limited by the combined
dead time of the detector and electronics. Events occurring
during this dead time (~5 ns in this experiment) are not
counted. While their contribution can be estimated making
some assumptions about the angular distribution of the ions,
this increases the error, especially if the yield of a particular
channel is low. In order to estimate this correction, we have
assumed that the Ar" 4+ Ar" and Ar’*t 4+ Ar*™ channels are
isotropic. The dead time of the detector is the main reason
for the large error in the determination of the Ar*™ + Ar**
coincidence yield at all photon energies (Fig. 4).

The ion-ion coincidence data are also used to estimate the
kinetic energy release (KER) into the fragments for three of
the four detected decay channels. In our experimental setup,
only the projection of the initial velocity vector of the ions on
the spectrometer axis can be extracted from the arrival times.
We applied this analysis to the arrival time profiles of the
Art ions detected in coincidence with Art, Ar?t, and AT
partners. For the three channels we obtain a KER of ~4.5, ~6,
and ~7.8 eV, respectively. The contributions of various decay
processes generating the same final ionic charge cannot be
separated, as the kinetic energy of the electrons emitted in the
process is not analyzed. Within the accuracy of our experiment,
the KER remains unchanged at the selected photon energies.
For comparison, the energy of the fragments produced at
the ground state’s equilibrium distance of the neutral dimer
(~3.8 A [9]) is 3.8, 7.6, and 11.3 eV for the channels
Art + Arf, Art + Ar?t, and Art + AT, respectively. We
note that for the first channel, the experimentally determined
KER is larger than that observed for a Coulomb explosion
at the ground-state geometry, indicating that the dissociation
proceeds via a more tightly bound higher-lying state(s) of
the doubly charged complex. This has been studied in detail
above the Ar 2 p threshold in experiments where determination
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FIG. 4. (Color online) The normalized yields of the Ar™ + Ar"
(circles), Ar** + Ar? (squares), A’ + Ar" (triangles), and Ar*T +
Ar*" (stars) coincidence channels shown as functions of photon
energy. Each line connects the data points corresponding to a single
selected energy. For the Ar** + Ar®* channel, an upper error limit
determined in the analysis is also indicated (dashed line). The data are
not corrected for the detector response. The Ar 2s ionization threshold
is indicated by the dotted vertical line.

of the kinetic energy of the corresponding electrons permitted
separation of the various decay channels [32,35,36].

The initial processes corresponding to the selected pho-
ton energies are listed in Table I, and the major relevant
decay processes are shown in Fig. 5. At the photon energy
of 255 eV, only Ar 2p single-hole ionization is possible
(neglecting valence photoionization channels) [46]. Near this
photon energy, the photoionization of argon dimer has been
investigated in much detail experimentally [32,35,36] and
theoretically [33]. The basic decay mode is Auger decay, which
produces Ar?" states. It means that in dimers, the two holes
are located originally in the same Ar atom. It has been shown
in previous studies that they may be separated by RCT process
to produce Art + Ar™ coincidences [35]. Some final states of
Auger decay can decay further by ICD [33,36], which results
in Ar" + Ar** coincidences. The Ar 2p~! states can also
undergo direct or cascade double Auger decay, which happens
with a probability of about 13%—20% in Ar atoms [47—49].
The Ar** final states of 3s~! 3p~2 and 3p—3 configurations
have also been observed. The double Auger decay may take
place with similar probability in Ar dimers, which then results
in Ar — Ar’* pairs. While the 3p~> states are located at
lower energy, for some 3s~'3p~2 states decays via ETMD
and ICD processes have been observed, which result in
Ar*t 4+ APt and Art + Ar’*T coincidences, respectively [37].
Experimentally, the Ar™ 4+ Ar*™ coincidence channel has not
been reported previously at this photon energy.

At higher energies, the 2 p ionization of Ar is still expected
to be the dominating process, as its cross section remains
high. Going to the photon energy of 270-275 eV, shake-up
processes become possible in the context of Ar 2p ionization,
yielding, for instance, the Ar 2 p’1 3 p’ln p satellite states [50],
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FIG. 5. Major decay processes following the initial ionization or excitation process at photon energies of (a) 255, (b) 274, (c) 325, and
(d) 330 and 340 eV. For brevity, final fragmentation products are not mentioned in (c), because this state turns into similar intermediate states

as given for (b).

although its relative cross section is low. Taking the 4p state
as an example, the 4 p electron likely acts as a spectator in the
first-step Auger decay, which would then gives final states of
3p~34p,3s7'3p~24p, and 35723 p~'4p configurations, with
the first states dominating the spectra [49]. Many of these
states are located in the energy range just below the Ar triple
ionization potential. Thus for some Ar — Ar*" first-step Auger
states, a second-step Auger decay may not be possible, but ICD
and RCT are possible, which may contribute to the Ar™ + Ar**
and Ar™ 4 Ar™ coincidence yield [35,36]. For other states, the

electron in the 4p orbital increases the probability that these
final states decay further in a second-step Auger decay, as
compared to that of the 2p single-hole ionization [49]. The
increased probability of Ar** production can be translated
to an increased yield of the Ar’* + Ar’** and Art 4+ Ar**
channels.

The 2s — 4p excitation occurs around the photon energy
of 323.6 eV [51], which has not so far been investigated in the
argon dimer. The Ar 25~ !4 p! core-excited states mostly decay
via transitions 2s~'4p! — 2p~135714p! and 25 '4p! —
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2p~'3p~'4p!, ie., through resonant Coster-Kronig decay
[51]. In both of these final states, the 2 p hole can decay further
via second-step Auger decay, increasing the charge state to +2
and reaching final states such as 3s™23p~'4p, 3s713p~24p,
and 3p~34p [49]. These final states are actually the same
as that obtained after Ar 2p shake-up ionization, considered
above.

Finally, creation of a 2s hole [52] above the photon
energy of 326.3 eV leads to Coster-Kronig transitions 2s~! —
2p~ 13571 and 257! — 2p~13p~!. As discussed above, the
Ar 2p hole is filled in the second-step Auger decay, resulting
in triply charged Ar [48]. The next probable step may be
RCT, ICD, or ETMD which gives Ar™ + Ar?t, Ar™ + Ar’t,
and Ar*t + Ar*" coincidences, respectively [35,37]. If double
Auger takes place in either decay step (when filling the
2s hole and subsequently the 2p hole), one could expect
many Ar — Ar** complexes after decay. The possibility for
such cascade in the argon atom is 10% [48]. The Ar — Ar*t
complex can undergo further decays with the possibility of
observing Art 4+ Ar’* and more highly charged coincidences,
like Ar’*t + Ar** or Art + Ar*t.

Figure 4 shows the normalized integrated intensities of the
different coincidence yields, corrected for false coincidences,
as functions of photon energy. The data have been internally
normalized by setting the Ar™ + Ar" channel intensity at
255 eV to 1. This channel slowly decreases with increasing
energy in the investigated energy range, while still remain-
ing by far the most intense over the whole energy range.
This may reflect the decrease in the Ar 2p photoionization
cross section. For the 2s ionization region, the branching
ratio towards all more highly charged species, in particular
of Art + At and Ar*t + Ar?t, has been increased. As
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discussed above, after the 2s hole creation, the probability
for triply charged argon production is high (it is ~89% for
atomic Ar 2s”!, compared to ~13% for atomic Ar 2p’1
[48]), and thus, the contribution of the resulting channels
would be higher, in comparison with that at other photon
energies.

IV. CONCLUSION

The multiple photoionization of Ar, dimer in the photon-
energy range of 255—340 eV has been studied by the use of
synchrotron light source and the PEPIPICO technique. The
analysis of the PEPIPICO diagrams shows that, for the whole
energy range, dissociative ionization produces Art + Ar™,
Art + AP, Art + At and APt 4+ Ar®t jon pairs. The
contribution of more highly charged states increases with
increasing photon energy. Without analysis of the kinetic
energy of the emitted electrons, a detailed interpretation of
the decay processes is not possible based on the experimental
data only. By analysis of the results of previous studies
[32,33,36,37], the observed decay channels are rationalized
by comparing with those of the argon atom.
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