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Electron-impact-induced dissociation of small argon clusters
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We study electron-impact-induced dissociation of small van der Waals—bound argon complexes at a projectile
energy of 120 eV. Kinetic-energy-release (KER) spectra of the Ar, and Ar; parent species for the final charge
states 2Art, Art + Ar’*, and Ar,t 4+ Ar' and electron energies have been measured together with angular
distributions of fragment ions. They are used to identify dissociation mechanisms such as interatomic Coulombic

decay (ICD).
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I. INTRODUCTION

The study of van der Waals complexes has been a quickly
developing field in recent years. Specifically, ionization and
fragmentation dynamics have been investigated extensively
(e.g., [1-4]). Furthermore, mechanisms for relaxation were
proposed for clusters that could not be seen for the corre-
sponding monomer. The most prominent—dubbed interatomic
Coulombic decay, or [ICD—has been found to be a very effi-
cient and fast process that was first predicted theoretically [5]
and later demonstrated experimentally in neon clusters and in
neon dimers [6,7]. Briefly, ICD can occur in loosely bound
systems (like dimers) by means of an inner valence vacancy,
where, in a purely atomic system, filling this hole with a va-
lence electron is not sufficient to eject another valence electron
to the continuum. However, the transition energy can be suffi-
cient to ionize a neighboring atom, which, in the case of dimers,
results in two charged fragments that Coulomb explode.

Since its discovery, a variety of processes involving ICD,
which finally lead to dissociation, have been found. Apart from
direct ICD, where the neighboring site is ionized by a virtual
photon as described by Cederbaum et al. [5], the ionization can
also be accomplished by filling the inner-shell vacancy by a
valence electron from the neighboring site (exchange ICD) [8].
Similarly, ionization can occur by electron transfer to a core
vacancy while ejecting a valence electron from the donor site
(electron-transfer-mediated decay or ETMD) [9,10]. Figure 1
shows a schematic depiction of the described processes.

Recently it was found that in dimers such as Ar,, where
an inner valence hole is energetically insufficient for ICD,
it can occur nevertheless after a cascade of one-site Auger
processes triggered by core-hole ionization. Such a mechanism
will prepare the dimer in an excited one-site doubly ionized
state that will decay via ICD into a triply ionized final
state [11,12]. Furthermore, in a series of theoretical and
experimental investigations it was found that ICD can be
triggered by an initial core excitation followed by a resonant
Auger decay [13-16]. This process will leave the dimer in a
doubly ionized final state.

Experimentally, in all of the described investigations,
ionization was achieved using high-energy photons from
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synchrotron radiation or free-electron lasers to create core
vacancies which decay to states leading to ICD. Rarely studied
is the use of massive particles to invoke ICD (e.g., [17]).
Experiments involving electrons as projectiles were, until now,
limited to detection of the fragment ion only [18]. In part
this is due to the low cross sections for inner-shell ionization.
Compared to core ionization, ionization/excitation processes
exhibit larger cross sections and are therefore easily accessible
by electron impact.

Another interesting point about ICD is that it is found to be
an efficient source of low-energy electrons. For example, the
prominent Ne,*(2s~!) decay produces electrons of <2 eV. At
the same time, efficient production of low-energy electrons has
gained significant interest in medicinal sciences owing to their
role in radiation-induced production of DNA double-strand
breaks [19-21].

In this work we investigate decay mechanisms in argon
dimers and trimers following electron-impact ionization. This
is achieved by measuring the three-dimensional momentum
vectors of argon ions of different charge states and electrons
in coincidence. More precisely, the experiment was carried
out with a projectile energy of Ey = 120 eV. This ensures
that both 2 p ionization and 2 p excitation (e.g., 2p — 3d) can
be excluded since their threshold energies are 2250 eV. By
analyzing kinetic-energy-release (KER) spectra and the energy
distribution of the ejected electrons, detailed information about
the underlying mechanisms can be gained. The aim is to see
whether mechanisms like ICD, which have previously been
invoked by Auger decays through either core-hole ionization
or excitation, can be prepared directly by electron impact.

The structure of this article is as follows. In Sec. II a brief
overview of the experimental setup as well as the method is
given. The results are discussed in detail in Sec. III, and a
Summary and Conclusions can be found in Sec. IV.

II. EXPERIMENTAL SETUP

This work has been carried out by employing an advanced
reaction microscope specially modified for electron-impact
studies [22,23]. Briefly, imaging of the charged fragments onto
time- and position-sensitive detectors is achieved by homoge-
neous electric and magnetic fields. These fragments are created
by crossing a pulsed projectile electron beam, propagating
along the spectrometer axis, with a cold target beam, created
by a supersonic expansion of the gas under investigation (see
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FIG. 1. (Color online) Simplified representation of different pro-
cesses. While ICD (top) involves energy transfer between the
constituents via a virtual photon, ETMD (bottom) is driven by electron
exchange (after Ref. [9]).

Fig. 2). Since fragments resulting from Coulombic explosion
can gain substantial momenta [O(100 a.u)], they can escape
the spectrometer if they are emitted perpendicular to the
spectrometer axis. This effect can be reduced by increasing
the extraction field with the drawback that the electron energy
resolution will suffer. Hence, the ion side of the spectrometer
has been shortened with respect to the electron side to reduce
the time-of-flight (TOF) of heavy fragments and, in turn,
increases their acceptance. For this work, the dimensions for
the electron’s and ion’s acceleration lengths were a, = 11 cm
and a; = 4 cm, respectively, while a time-focusing condition,
where the drift length amounts to 2 times the acceleration’s
length, was employed for both sides. From time and position
information, the three-dimensional momentum vector of each
charged particle can be calculated.

The necessity of a magnetic field requires the projectile
beam to be injected on-axis, which, in turn, calls for a central
hole in the ion detector. The electron detector, on the other
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FIG. 2. (Color online) Schematic view of the apparatus. The
bottom rule marks d; , and a; ., the lengths of the drift and acceleration
regions for ions and electrons, respectively. Arrow E indicates the
direction of the electric field and arrow B the magnetic field.
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hand, has a hole only through the microchannel plate. The
position-sensitive anode serves as a beam dump.

For the projectile creation a thermocathode was biased to
a negative potential and a positive nanosecond voltage pulse
was applied to a slightly negatively biased Wehnelt cylinder.

Cluster production was achieved by expanding argon
through a 30-um nozzle with a backing pressure of 3 bar
at room temperature. The temperature after expansion was
estimated to be 7y ~ 0.9 K.

III. RESULTS AND DISCUSSION

In a first step of studying dissociation processes of small
argon clusters we present a TOF coincidence map in Fig. 3,
where the TOFs of two detected ions are plotted against each
other. It shows correlation structures between two ions in the
form of lines having negative slopes. For the Ar’t 4+ Ar"
coincidence region, as well as for Ar™ + Ar™ and Ar,* + Ar™,
sharp line-structures indicate a two-body process where the
parent cluster dissociates into two ions, both of which are
detected. In contrast, broad tilted structures imply missing
momenta originating from dissociation into three or more
fragments. This can mean the creation of a neutral fragment
which cannot be detected, or the creation of three or more
charged fragments which all may have been detected but of
which only two are displayed. The horizontal and vertical
structures originate from false coincidences. We estimate the
amount of dimers in the gas jet to be on the order of 1%;
hence, the probability for ionization events of atomic argon is
high. False coincidences are created by detecting those events
together with fragment ions from the dissociation of argon
clusters. They mark the positions for nondissociative events of
the respective species (e.g., Ar — Ar’™).
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FIG. 3. (Color online) Ion-ion coincidence map. Peak structures
with negative slopes indicate coincident ion events from two-body
breakup. Horizontal and vertical structures correspond to false
coincidences. The labels show the positions of the nondissociative
ionization peaks. Noteworthy is the region of the Ar,* + Art
coincidence. The sharp line structure originates from direct Ar;
breakup, while the background is the result of the breakup of a larger
parent cluster.
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FIG. 4. (Color online) KER spectra for Art + Ar™ (a), Ar’* 4+ Ar" (b), and Ar,™ + Art (c) coincidences. The top scales show the
internuclear distance Ri, in angstroms. Dashed curves are Gaussian fits. KER vs electron energy for Ar™ + Art (d), Ar*" + Art (e), and
Ary* + Ar™ (f) coincidences. The dashed and dotted lines in (d) and (e) indicate constant sum energies E, + Exgg (see text).

The interesting region of the Ar,™ 4+ Ar™ coincidence is
composed of two different contributions. Foremost, a sharp
line-structure is visible on top of a broad, but still tilted
background. While, as explained above, the sharp structure
is the result of the two-body breakup of an argon trimer
into a dimer and a monomer ion (Ars — Ar,* 4+ Ar™), the
background stems from the breakup of a larger parent cluster,
like a quadromer, into three or more fragments (e.g., Ary —
Ar,* 4+ Ar™ 4+ Ar). At the same time, no evidence was found
for a quadromer breakup into two dimer ions. A similar feature,
where a sharp line sits on top of a broader background, can be
observed for the 2Ar™ coincidence, where part of the broad
background can be attributed to the trimer breaking up into
three singly charged argon ions, of which only two are plotted.

In Fig. 4 the top row shows KER spectra while the bottom
row shows the KER against the electron energy for the three
most prominent final states, respectively: Ar, — 2ArT (a), (d),
Ar; = ArPT 4+ Art (b), (e), and Ar; — Art + Art (¢), ().
Additionally, the top scale of each panel shows the calculated
internuclear distance at the instance of Coulomb explosion,
assuming that Eyj, o< 1/Rjy. In the following, we will discuss
each final state individually.

A. Doubly charged final state

The KER spectrum in Fig. 4(a) shows the dissociation into
two singly charged argon ions. An interesting observation
is the appearance of two main peaks at 3.76 eV (=3.83 A)
and 5.10 eV (£2.87 A), respectively. Comparing these values
to the internuclear distance of the neutral dimer R, (Ar,) =
3.77 A (see [24]), we can deduce that in the former case the
dimer dissociates without significant nuclear motion while in

the latter case it contracts significantly before Coulombic ex-
plosion occurs. Another way of describing the aforementioned
is that the process leading to the peak at 3.76 eV takes place
immediately while for the peak at 5.10 eV the two cores have
time to move towards each other.

There are three principle pathways that can result in a
doubly charged ionic final state:

e + AI‘2
A +2¢” — 2ArBp~ ) 4 3¢, (1)
— JART 43¢ = 2ArTBp H 43¢ +hy, (2
2ArtBp~H) +3e”. 3)

Equation (1) represents the aforementioned ICD channel.
The one-site excited state of the cation decays under emission
of a (slow) electron to the repulsive potential curve. The
signature for this channel resides in the fact that the emitted
electron and the KER share the total energy of the initial
state; hence, they are correlated. A one-site dicationic state can
undergo a radiative transition to the dissociative state, where
one of the vacancies is filled by a neighboring valence electron
while the excess energy is carried by a photon as shown by
Eq. (2). Naturally, such a process requires the dimer to contract
in order to maximize the overlap of wave functions. Lastly, the
simplest reaction, depicted in Eq. (3), is the direct population of
the repulsive 2Ar"(2p~!) potential curve, where one electron
is removed from each constituent. Judging from the large
internuclear distance, it is assumed that the probability for
such an event should depend on the orientation of the dimer
with respect to the projectile direction.

Since ICD in argon dimers relies on the population of
satellite states (as compared to excitation of the cation by
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direct inner-valence ionization), two distinct groups of such
states can be found: lower-lying states with long vibrational
periods and short ICD lifetimes, and higher-lying states with
short vibrations periods and long ICD lifetimes. The former
will result in low KER peaks, while the latter will result in
high KER peaks due to the contraction of the dimer. Recently,
Kimura and co-workers performed an experiment where
the initial Auger cascade was initiated by photoexcitation
rather than inner-shell ionization [15]. Also, here an Auger
decay leads to two vacancies in the M shell. Their findings
clearly show two peaks in the KER spectrum at 3.8 and
5.2 eV, respectively, very close to the values reported here.
A theoretical investigation by Miteva et al. concludes that
the lower KER value originates from fast ICD transitions of
lower-lying excited states of the dimer cation [Ar"(3p~23d)
and Art(3p~24s)], while the higher KER value stems from
higher excited states [Ar"(3p~24d) and Art(3p—25s)] [25].
For the former states the ICD lifetime is found to be an order
of magnitude shorter than the vibrational period of the excited
states. Consequently, nuclear dynamics is negligible and the
dissociation takes place at the neutral internuclear distance. For
the higher excited states the situation is reversed and the cation
undergoes nuclear motion before ICD, resulting in a higher
KER value. Here, the transition occurs with a high probability
at the position of the inner turning point of the potential energy
curve. It is important to note that the initial core excitation
and the subsequent resonant Auger decay are considered to be
instantaneous. Consequently, a direct population of the excited
ICD initial states is believed to yield the same results, although
the population of various angular momentum states of the
configuration 3 p~2nl might be different for electron impact.
A closer look at the correlation between KER and electron
energy [Fig. 4(d)] supports our arguments: for the lower KER
of 3.76 eV lower energetic states are excited and electron
energy peaks at roughly E, = 2 eV, while the for a KER of
5.10eV the involved states are energetically higher and, hence,
the electron energy is higher.

In general, ICD manifests itself in a correlation between
the KER and the energy of the ejected electron E,. Figure 4(d)
shows such a spectrum with the dashed and dotted lines
corresponding to constant energy sums E, + Exgr = 5.4 eV
for a A’ (3p~3'D 3d ?D) + Ar initial state (dashed) and the
E. + Exgr = 8.6 eV Ar**(3p—3 D 4d ?D) + Ar initial state
(dotted). Since we are not bound by the population of specific
Auger final states, we attribute the lack of correlation to a large
number of ICD states that are populated by the initial projectile
interaction.

A process corresponding to Eq. (2) was found in previous
photoabsorption experiments in which Coulombic explosion
was achieved in argon dimers by creating a 2p core hole,
which decays through a one-site LMM Auger decay, creating
two vacancies in the M shell. The KER spectra show only a
single peak at 5.2 eV which corresponds to a small internuclear
distance (2.7 A) [11]. Atthe same time no significant amount of
low-energy electrons could be observed. Since this observation
rules out ICD as a possible mechanism, it is concluded that
the dimer ion dissociates after radiative charge transfer from
doubly charged states Ar**(3p~2) + Ar. Since for the present
projectile energy of 120 eV 2p ionization is energetically not
accessible (the ionization potential is about ~250 eV [26]), this
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FIG. 5. (Color online) Angular distribution of the Ar* fragments
in the laboratory frame for a KER of 3.76 eV (a) and 5.10 eV (b).
The zero degrees direction coincides with the projectile direction.
The gray shaded area marks a region of reduced acceptance.

pathway is not possible. However, the direct preparation of a
one-site doubly ionized state is possible and has a total cross
section of 2.79 x 10~'7 ¢cm?, of which the main contribution
is the population of the (3 p~?2) state with a partial cross section
of 2.48 x 1077 cm? [27].

The second possibility for the peak at a large KER of
3.76 eV in Fig. 4(a) can also arise by direct population of
the repulsive state, as indicated by Eq. (3). The probability for
a direct coupling should depend strongly on the orientation
of the molecular axis with respect to the projectile direction,
since it would require two subsequent interactions at both
sites of the dimer. This, in turn, should be more likely if the
axis is aligned in parallel with the projectile beam. Monte
Carlo simulations for ion collision experiments show that
direct population of the repulsive state favors a pronounced
dipole distribution of the ionic fragments, whereas secondary
processes like ICD contribute to an isotropic distribution [28].
In Fig. 5, the angular distributions of the Ar" fragments are
plotted for the KER 3.76 eV (a) and 5.10 eV (b). As one can
see, both channels exhibit dipolar patterns aligned along the
projectile direction.

B. Triply charged final state

The triply ionized final state in Fig. 4(b) shows a single peak
located at 7.42 eV (=3.88 A), which coincides with the neutral
dimer internuclear distance. This agrees with results from
Ueda et al. for 2 p photoionization, where for the triply ionized
final state the sole contribution to the KER is found at 3.7 A.
In their work, a correlation between the KER and low-energy
electrons was found, giving a strong indication of ICD as the
prominent decay mechanism [11]. They concluded that ICD is
enabled after an Auger decay to excited Ar**(3p—33d) + Ar
states (°P and 'P) which result in electron energies of 3.8 eV
and 2.1 eV for transitions from 'P. For electron impact,
these Auger final states are expected to be directly accessible
[together with various other (3p~>nl) states]. Theoretically,
such a mechanism—where ICD is triggered from a one-site
dicationic state—was predicted by Santra and Cederbaum for
the neon dimer [29]. For a fast decay mechanism such as
ICD, one has to look at the correlation between the KER and
low energetic electrons shown in Fig. 4(e). In such a process,
the ions and the ICD electron share the excess energy. The
negatively sloped black dashed lines indicate the sum energy of
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FIG. 6. (Color online) (a) Angular distribution of the Ar*" frag-
ments in the laboratory frame for the Ar*™ + Ar™ final state. The zero
degrees direction coincides with the projectile direction. (b) Angular
distribution of electrons with energies <4 eV in the molecular frame.

E, + Exgr = 9.8 eV for an A’ 3p2'D)+ Art(3p~ ! 2P)
final state and E, + Exgr = 11.5 eV for an Ar**(3p~23P) +
Art(3p~'2P) final state after ICD, respectively, starting
from the !P state. The black dotted lines indicate the two
respective channels starting from the 3P state with sum
energies of E, + Exgr = 9.0 eV and E, + Exgr = 10.7 eV,
respectively. Furthermore, in red, decays from two additional
initial states are considered, which are Ar**(3s72'S) + Ar
(dashed) and Ar**(3p 32D 4d °P) + Ar (dotted). As one can
see in Fig. 4(e), there is such a correlation for the main
contribution to the spectrum around 2 eV electron energy,
where compared to experiments relying on Auger decays to
populate the ICD states, four of the assumed ten channels
contribute, creating a broad band. There even seems to be a
faint signature for sum energies corresponding to an initial 3s
(red, dashed) double ionization as well as a 4d (red, dotted)
excitation at around E, = 8 eV.

Besides a secondary decay process, direct population of
the triply charged final state is possible for electron-impact
ionization. Due to the large internuclear distance of the neutral
dimer, it can be reached only by sequentially ionizing both
constituents. For the direct preparation, the ionization potential
is 66.85 eV and corresponds to the creation of Ar*T(3p~2) +
Art(2p~1). As mentioned above, the cross section for double
ionization is 0(3p~%) = 2.48 x 10~!7 cm? while the single
ionization cross section is 0 (3p ™ Dmax = 2.73 x 10716 cm? at
49.5 eV impact energy [27]. The probability for sequential
ionization should, as for the doubly ionized final state, depend
on the angular orientation of the dimer.

In Fig. 6 the angular distributions of the doubly charged
fragments Ar’" in the laboratory frame (a) as well as the
angular distribution in the molecular frame of electrons below
4 eV kinetic energy (b) are shown. The angular acceptance
covers almost the complete polar range from 180° to 0°,
since the two fragments have different m/q ratios and,
therefore, no detector dead times occur. As one can see
from the ion distribution, there is a pronounced tendency
for Ar*™ emission along the projectile direction, while in the
vicinity of 90° the distribution does not go to zero. We can
conclude that the dimer is ionized preferentially when being
oriented in parallel with the projectile beam, pointing to the
sequential mechanism. Since the intensity in the perpendicular
orientation only dropped by half, there is still a significant

PHYSICAL REVIEW A 91, 052701 (2015)
0 I (b) T T
Y, [ 2T !5&
N =
—
— S
".i‘ : /mmw
1 1 1

FIG. 7. (Color online) (a) Angular distribution of the Ar" frag-
ments in the laboratory frame for the Ar,* 4+ Ar" final state of Ars
ionization. The zero degrees direction coincides with the projectile
direction. The gray shaded area marks a region of reduced acceptance.
(b) Angular distribution of electrons with energies <5 eV with respect
to the Art momentum vector.

1

contribution which is not dependent on the orientation. The
anisotropy in the angular distribution can, on the other hand,
also be an indication of transition probabilities depending
on the direction of the momentum transfer with respect to
the molecular orientation [30]. The electron emission in the
molecular frame is essentially isotropic.

C. Doubly charged final state of the trimer

Lastly, Fig. 4(c) shows the KER spectrum for the doubly
ionized final state of the argon trimer. Its structure is reported to
be an equilateral triangle with a bond length of 3.8 A [31,32].
The reflection principle to deduce the internuclear distance
from the KER therefore cannot be applied in a straightforward
way since it is expected that the manner of the breakup
introduces complicated dynamics, where the KER is partly
transferred to rotational energy of the Ar,* fragment. It is,
however, interesting to note that the main peak is found at
3.68 eV. On the other hand, there is also a lesser pronounced
side peak at smaller KER values that indicates more complex,
multistep dissociation scenarios.

Consequently, the angular distribution of the electrons in
the frame of the Ar" ionic fragment’s momentum vector [see
Fig. 7(b)] does not exhibit any structure and shows isotropic
behavior. The ionic angular distribution in the laboratory frame
[Fig. 7(a)], on the other hand, shows a distinctly different
distribution from, e.g., the triply charged dimer case. Here
the intensity is largest for the 0° and the 90° direction with
smaller peaks in the 45° and 135° directions. Whether this
can be attributed to a preferred orientation for this decay
channel, for the time being, cannot be answered conclusively.
One can, however, assume that, as stated above, the transition
probability depends on the orientation of the molecular orbitals
with respect to the momentum transfer direction.

IV. CONCLUSIONS

We have measured dissociative electron-impact ionization
on argon dimers and trimers at a projectile energy of 120 eV.
Three main reaction channels were found, namely, the doubly
and triply charged final states of the dimer as well as the
doubly charged final state of the trimer. For all three channels
KER and electron energies were measured. The Ar,?* channel
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reveals two major contributions to the KER spectrum, where
one was assigned to be a combination of direct dissociation and
fast ICD, while the latter process could not be unambiguously
identified, mainly due to the large number of possible excited
states that can be populated by electron impact. The second
peak is also assigned to an ICD process which takes place
after severe contraction of the intermediate dimer ion at the
position of the inner turning point of the potential energy curve.
Similar KER spectra where observed experimentally and
found theoretically, where in the experiments ICD states were
prepared by one-site photoexcitation followed by resonant
Auger decay. Since a contribution of a radiative process cannot
be ruled out, further investigation is needed. In our study, the
Ar,3* channel revealed a signature for ICD with contributions
of several directly populated excited states of the intermediate

PHYSICAL REVIEW A 91, 052701 (2015)

dimer dication, which was observed unambiguously for the
first time in an electron collision experiment. The acquired
ionic angular distribution also contains indications for a direct
sequential ionization.

The dissociation of argon dimers and trimers by electron
impact reveals that ultrafast decay mechanisms like ICD are
not exclusive to interaction with high energetic photons. Fur-
thermore, the present experiment demonstrates that electron
impact can prepare the dimer in a one-site excited state directly
without an intermediate decay mechanism.
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