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Abstract: We report the development of a supersonic jet assembly to study electron transfer collisions
with atoms, molecules, and van der Waals clusters. A comparative study of Ar monomer and dimer
cations is presented for different capture-associated channels with a 2.5 keV/u O2+ projectile beam.
For the Ar+ + Ar+ fragmentation channel, the interatomic relaxation channels are discussed. The
vacancies of the dimer single site or double site show the dependence on capture mechanisms. In
the Ar2+ + Ar+ fragmentation channel, double capture, in addition to the single ionization process,
dominates. The orientation effect reflects the maximum yield at around 50 and 130 degrees, and
angular distributions are nearly symmetric about the axis perpendicular to the dimer axis.
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1. Introduction

The study of multiple-electron transfer collisions with atoms/molecules has raised many
fundamental questions due to the involvement of various capture mechanisms. However,
capture cross-section and angular distributions are essential to understand the charge exchange
dynamics in various applied areas [1,2]. To test the effect on the environment, van der
Waals dimers, where two centers are separated by a few Angstroms (Å), are the perfect
candidates. In these weakly bound systems, a new kind of energy transfer mechanism
known as interatomic Coulombic decay (ICD) was first theoretically reported by Cederbaum
et al. [3]. With the development of multiparticle momentum imaging techniques such as
cold-target recoil-ion momentum spectroscopy (COLTRIMS) [4,5], the signature of ICD has
been reported experimentally [6,7]. ICD electrons have very low energy, typically less than
10 eV. These secondary electrons can be attached to molecules via the dissociative electron
attachment (DEA) process [8] and result in bond breaking [9]. Many experiments have
been reported to explore this new relaxation channel using synchrotron radiation [10], free
electron lasers (FELs) [11], ion accelerators [12–14], etc. Recently, collision studies on molecular
and cross-dimers enhanced the understanding of the environmental effect on fragmentation
dynamics [15,16].

For the ion–dimer collision study on the impact of a charged particle, the Argon dimer
(Ar2) serves as a clean prototype system. Matsumoto et al. [17] studied the relaxation
channel arising from the single-site double-valence electron holes. When two electrons
from a single site of the Ar dimer are captured, it results in the Ar2+(3p−2) − Ar(3p0)
state. This state decays to Ar+ (3p−1}) + Ar+ (3p−1}) via transferring an electron to Ar2+,
in addition to a photon. This relaxation is known as radiative charge transfer (RCT), a
slow process in the nanosecond (ns) regime [18]. Ren et al. [19] controlled the RCT and
ICD relaxation processes by varying the projectile electron energies around their respective
threshold. The electron capture radius and the projectile final states in slow collisions
depend on the incoming projectile charge states. Low-charged projectiles with multiple
(≥ 2)-electron capture radii smaller than the dimer internuclear separations can lead to
more efficient site-selective capture. After the collision, electronically excited dimer cations
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can decay to repulsive states through various relaxation processes with timescales ranging
from nanoseconds (ns) to femtoseconds (fs) [18]. Therefore, the interplay between electronic
and vibrational motions also emerges. The corresponding potential energy is converted to
the kinetic energy of the fragment ions, known as kinetic energy release (KER). As these
repulsive states are Coulombic, one can easily calculate the corresponding internuclear
separation. KER distributions (KERDs) act as a probe for the relaxation mechanism that
arises due to the involvement of a single site or double site. The cross-section of the various
capture-associated mechanisms is strongly governed by the impact parameter of collisions.
The literature [20,21] shows that in the slow ion–atom collision regime, single capture (SC)
has the maximum cross-section, followed by single ionization (SI) and transfer ionization
(TI = SC + SI), and the smallest one characterizes double ionization (DI). Therefore, studying
fragmentation pathways for each capture-associated mechanism could result in a different
yield. Under low-energy conditions, collisions of highly charged ions (HCIs) and Ar2 result
in preferential near-site electron capture [17]. It would be interesting to see the orientation
effect on low-charged projectile ions in slow collisions.

In this article, we studied electron capture collision using a 2.5 keV/u O2+−Ar2 colli-
sion system. The relative yield of monomer and dimer cations was analyzed for different
capture mechanisms. We investigated the Ar+ + Ar+ and Ar2+ + Ar+ fragmentation path-
ways in detail. The orientation effect of Ar2+ + Ar fragmentation on the dominant capture
channel was also discussed.

2. Experimental Methods

The experiments were performed in the electron cyclotron resonance-based ion accelera-
tor (ECRIA) [22] facility at TIFR, Mumbai, using the home-built COLTRIMS setup [23]. The
2.5 keV/u O2+ projectile beam interacted perpendicularly with the supersonic Ar jet. Before
the interaction chamber, a cylindrical electrostatic beam cleaner was used to avoid the primary
projectile beam contamination due to beamline electron capture with residual gases. After the
electron capture process, the charge-changing projectiles were analyzed using an electrostatic
charge state analyzer (CSA). The main projectile beam was deflected towards a Faraday cup,
and the other charge-changing ions were detected by with a projectile detector (MCP + DLD).
The recoil ions were guided by the vertical electric fields and detected with a recoil detector
(MCP + DLD). Both recoil and projectile MCPs were 80 mm in diameter. The data were stored
in event-by-event list mode using Cobold PC software for offline analysis. The electric fields
in the extraction and acceleration regions were 86.67 V/cm and 125.33 V/cm, respectively,
which ensured 6.5 eV 4π collection for singly charged recoil ions. To compensate for the
projectile beam deflection due to the spectrometer fields, we used electrostatic deflector pairs.
A pair of four jaw slits were also used in the beamline to reduce the beam current to the
optimal operational value. Details can be found elsewhere [23]. The beam current at the final
Faraday cup was maintained at around ~125 pA. Figure 1 presents the schematic picture of
the complete experimental setup.

Supersonic jet assembly: The supersonic jet was produced by means of the expansion
of Ar gas at a stagnation pressure of 2.5 bar towards the discharge vacuum chamber
(~10−8 mbar) through a 30 µm nozzle. During this isentropic process, the whole energy
is converted into the directed motion, and the gas cools down [24]. This results in small
relative velocities among gas particles. If this relative kinetic energy is smaller than the
binding energy of the dimer and the excess energy due to dimerization is carried away
as a form of kinetic energy by a third particle, the dimer is produced through three-body
collisions. Behind the nozzle, the zone of silence region was extracted by the first skimmer
of 400 µm in diameter. Another skimmer of 750 µm in diameter further collimated it to cut
down the large transverse momentum component. This resulted in geometrical cooling,
which further cooled down the temperature from a few K to mK perpendicular to the jet
propagation direction. The separation between the two skimmers was 40 mm. The nozzle-
to-interaction-region distance was around ~130 mm. The target was finally dumped into
the dump chamber, separated from the main interaction chamber by a 200 mm conductance-
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limiting tube. With this geometry, the width of the target in the interaction region was
estimated at around ~2.1 mm. The velocity of the Ar supersonic jet was calculated to be
about ~550 m/s. All chambers were differentially pumped. The pumping speeds of the
turbo-molecular pumps for discharge, skimmer, interaction, and dump chambers were 700,
300, 700, and 300 L/s, respectively. In Table 1, we show the gauge readings [24] before and
after gas expansion. The pressure rise in the dump chamber was more than an order of
magnitude greater than that in the interaction chamber. Therefore, we used the following
formula to calculate the target density [25]:

ρ =
NA
22.4

∆pdump Ldump

vjet
π
4 d2

t
, (1)

where NA is Avogadro’s constant, and ∆pdump (bar) and Ldump (l/s) are the pressure en-
hancement and the pumping speed in the dump chamber. Using Table 1 parameters and
the multiplication factor for the gauge reading and the pumping speed, we found the target
density to be around ~1011 cm−3 for Ar gas.
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Figure 1. Schematic picture of the electron capture system, including the supersonic jet assembly.
Dimensions are not to scale.

Table 1. Gauge readings of the differential chambers before and after the 2.5 bar Ar jet expansion.

Differential
Chamber

Before Jet
(mbar)

After Jet
(mbar)

Discharge 2.2× 10−8 1.1× 10−4

Skimmer 1.4× 10−8 1.7× 10−6

Interaction 7.4× 10−9 8.6× 10−9

Dump 1.4× 10−8 4.5× 10−8

3. Results and Discussions

The time-of-flight (TOF) spectra in Figure 2 show the singly, doubly, and triply charged
monomer concentrations. The higher fraction of Ar2+ compared with Ar+ indicates the
near-resonant double-electron capture in the O2+-Ar collision system. The binding energy
differences were minimized for capturing both electrons in the O(2s2 2p4) or O(2s2 2p3

3l) state. We also compared the relative yields of Ar2+ and Ar3+ cations for each capture
channel. In Table 2, we show the measured yields. The right-most small peak around
12000 ns shows the signature of singly charged Ar2

+ dimer cations resulting from the SC
events. This reflects the production of neutral Ar2 during supersonic jet expansion. The
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fraction of dimer to monomer was in the order of 10−3. In Figure 3 (left), we show the
ion–ion coincidence plot. The various Ar2 dimer fragmentation channels are indicated
for different capture channels. Here, Ar+ + Ar+ and Ar2+ + Ar+ are visible. For different
capture-associated processes, the relative yields for all fragmentation channels are tabulated
in Table 3. As in the monomer case, the DC channel was also the dominant one for the
dimer. The distributions of the different capture channels are plotted for each fragmentation
in Figure 3 (right). For the DC + SI process, the population of the Ar2+ + Ar+ channel was
enhanced remarkably compared with the monomer tri-cations. We cannot see any trace
of Ar3+ + Ar+ and Ar2+ + Ar2+ fragmentation channels in the coincidence plot. In this
experiment, we did not detect the O- projectile ion resulting from triple-electron capture.
The binding energy of O- is about ~1.46 eV [26], which can easily autoionize and mix with
the DC channel. However, the inelasticity of this endothermic reaction is large, which
reduces the probability of such events. The cross-sections for triple-electron capture and
single ionization (TC + SI) are also expected to be small due to smaller capture radii.
Contributions from the other, less probable double capture in addition to double ionization
(DC + DI) or the single capture in addition to the triple ionization (SC + TI) process were
not observed.
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Figure 2. The TOF spectrum contains the monomer and dimer cations. In the inset, the yield of Ar2+

monomer di-cation is shown for TI and DC channels.

Table 2. Relative yields of Ar2+ and Ar3+ with respect to the sum of Ar2+ and Ar3+ contributions for
the involved capture channels.

Ion Capture Channel Relative Yield

Ar2+ DC 0.6162
Ar2+ TI 0.3202
Ar3+ DC + SI 0.0495
Ar3+ SC + DI 0.014

Table 3. Relative yields for the resulted fragmentation channels for associated capture mechanisms.

Fragmentation Channel Capture Channel Relative Yield

Ar+ + Ar+ DC 0.5261
Ar+ + Ar+ TI/TE 0.2814
Ar2+ + Ar+ DC + SI /SC + TI 0.1760
Ar2+ + Ar+ SC + DI /SI + TI 0.0164
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Figure 3. Ion–ion coincidence spectrum for O2+-Ar2 collision system (left). The projection of the
charge-changing projectile ions for the various capture channels in coincidence with Ar+ + Ar+ and
Ar2+ + Ar+ fragmentation pathways (right).

3.1. Fragmentation of Ar2
2+

In the electron capture processes in the O2+-Ar2 collision system, the Ar+ + Ar+

fragmentation channel may arise from a pure double capture (DC), transfer ionization (TI),
or transfer excitation (TE) process. For low-charged projectiles such as O2+, the principal
quantum numbers of the captured electrons in the final projectile states are around (2, 2)
or (2, 3). These states do not belong to the autoionization regions where the projectile can
autoionize after double-electron capture. Therefore, the fragmentation in coincidence with
O+ projectiles mainly arises from the TI or, in some cases, the TE process.

The different relaxation channels were as follows:

O2+ + Ar2 → O0 + Ar2+
(

3p−2
)
− Ar → O0 + Ar+

(
3p−1

)
+ Ar+

(
3p−1

)
(single− site DC) (2)

O2+ + Ar2 → O0 + Ar+
(

3p−1
)
+ Ar+

(
3p−1

)
(double− site DC) (3)

O2+ + Ar2 → O+ + Ar2+
(

3p−2
)
− Ar + e− → O+ + Ar+

(
3p−1

)
+ Ar+

(
3p−1

)
(single− site TI) (4)

O2+ + Ar2 → O+ + Ar+
(

3p−1
)
+ Ar+

(
3p−1

)
+ e− (double− site TI) (5)

O2+ + Ar2 → O+ + Ar+∗
(

3p−2nl
)
− Ar+→ O+ + Ar+

(
3p−1

)
+ Ar+

(
3p−1

)
+ eICD (single − site TE) (6)

As the electron mobility between the two centers was small, we could consider them
separate atoms. In this regard, the cross-section for DC was almost twice that of the TI
process in the monomer cases. Figure 4 (left) shows the KERDs for both capture channels.
Both RCT and ICD processes are schematically shown in Figure 4 (right). As the RCT
process is slow, it achieves vibrational motion, and the radiative decay mostly occurs
in the inner turning point. Hence, the large KER peak around ~5.2 eV arose from the
RCT process. With the approximation of the pure Coulomb repulsive state, we obtained
R
(

Å
)
= 14.4q1q2

KER (eV)
, where q1 and q2 are the charged centers. The corresponding internuclear

distance from the KERDs obtained was around ~2.77 Å. Matsumoto et al. [17] calculated
the KER tail of the RCT to be 3.5 eV, which is the result of the weighted contribution from
the other excited vibration states and the R-dependent radiative decay probability. The low
KER peak was around ~3.65 eV, resulting from the two-site DC process, which arose from
the direct Coulomb explosion (CE) from Ar+

(
3p−1) + Ar+

(
3p−1) at near-equilibrium

distance (Req ∼ 3.8Å). The heights of the KER peaks originating from these two processes
widely differed. In the DC process, the dominance of the RCT process was due to the
quasi-resonant single-site DC process. The double-site capture radius of around 2.74 Å
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was calculated using the classical over-the-barrier (COB) model [27,28]. The capture radius
smaller than Req also resulted in a smaller KER yield at 3.65 eV. It has been reported [17,29]
that in collisions of highly charged ions and Ar2 where the capture radii are well over Req,
double-site capture is dominant, resulting in a higher yield of low KER peaks. In the TI
process, the KER peak heights in the two processes (direct CE and RCT) were almost equal.
We cannot ignore the TE process, where the projectile captures one 3p electron, and another
3p electron is excited to higher states, such as Ar+∗

(
3p−2nl

)
− Ar

(
3p0), where nl could be

3d, 4s, 5s, or 5d [18,19]. This subsequently decays to Ar+
(
3p−1)+ Ar+

(
3p−1) states via

slow and fast ICD decay processes.

Atoms 2023, 11, 34  6  of  9 
 

𝑂 𝐴𝑟 → 𝑂 𝐴𝑟 ∗ 3𝑝 𝑛𝑙 𝐴𝑟  → 𝑂 𝐴𝑟  3𝑝 𝐴𝑟  3𝑝  𝑒   (single – site TE)  (6)

As the electron mobility between the two centers was small, we could consider them 

separate atoms. In this regard, the cross‐section for DC was almost twice that of the TI 

process in the monomer cases. Figure 4 (left) shows the KERDs for both capture channels. 

Both RCT and ICD processes are schematically shown in Figure 4 (right). As the RCT pro‐

cess is slow, it achieves vibrational motion, and the radiative decay mostly occurs in the 

inner turning point. Hence, the large KER peak around ~5.2 eV arose from the RCT pro‐

cess. With the approximation of the pure Coulomb repulsive state, we obtained  𝑅 Å
.

 
, where  𝑞   and  𝑞   are  the charged centers. The corresponding  internuclear dis‐

tance from the KERDs obtained was around ~2.77 Å. Matsumoto et al. [17] calculated the 

KER tail of the RCT to be 3.5 eV, which is the result of the weighted contribution from the 

other excited vibration states and the R‐dependent radiative decay probability. The low 

KER peak was around ~3.65 eV, resulting from the two‐site DC process, which arose from 

the  direct Coulomb  explosion  (CE)  from  𝐴𝑟 3𝑝 𝐴𝑟  3𝑝   at  near‐equilibrium 

distance (𝑅  ~ 3.8Å). The heights of the KER peaks originating from these two processes 

widely differed.  In  the DC process,  the dominance of  the RCT process was due  to  the 

quasi‐resonant single‐site DC process. The double‐site capture radius of around 2.74  Å 
was calculated using the classical over‐the‐barrier (COB) model [27,28]. The capture ra‐

dius smaller than Req also resulted in a smaller KER yield at 3.65 eV. It has been reported 

[17,29] that in collisions of highly charged ions and Ar2 where the capture radii are well 

over Req, double‐site capture is dominant, resulting in a higher yield of low KER peaks. In 

the TI process, the KER peak heights in the two processes (direct CE and RCT) were almost 

equal. We cannot ignore the TE process, where the projectile captures one 3p electron, and 

another 3p electron is excited to higher states, such as  𝐴𝑟 ∗ 3𝑝 𝑛𝑙 𝐴𝑟 3𝑝 , where nl 

could be 3d, 4s, 5s, or 5d  [18,19]. This subsequently decays  to  𝐴𝑟  3𝑝 𝐴𝑟  3𝑝  

states via slow and fast ICD decay processes. 

 

Figure 4. KERDs for Ar+ +Ar+ channel for associated capture channels (left). Two interatomic relax‐

ation channels are shown schematically (right). 

Small contributions in the high KER region (6 to 9 eV) mostly arise from single‐site 

(3𝑠 3𝑝 ) captures. After that, a charge transfer (CT) process occurs at the intersection of 

the two pathways of capture and fragmentation as follows [29]: 

𝑂 𝐴𝑟 → 𝑂 𝐴𝑟 3𝑠 3𝑝 𝐴𝑟 → 𝑂 𝐴𝑟 ∗ 3𝑝 𝑛𝑙 𝐴𝑟  3𝑝   (7)

3p

3s

Ar2+ (3p-2)

3p
3s

Ar (3p0)

3p
3s

Ar+ (3p-1)

3p

3s

Ar+ (3p-1)

3p

3s

Ar+ (3p-2 nl)

nl
3p

3s

Ar (3p0)

eICD

3p

3s

Ar+ (3p-1)

3p

3s

Ar+ (3p-1)

(a) RCT (b) ICD

CE (Ar+ + Ar+) CE (Ar+ + Ar+)

(ℎ " ) (eICD)

0

100

200

300

2 3 4 5 6 7 8 9
0

150

300

450

 O+

C
ou

nt
s 

(a
rb

. u
ni

ts
)

KER (eV)

 O0

RCT ICD

Figure 4. KERDs for Ar+ +Ar+ channel for associated capture channels (left). Two interatomic
relaxation channels are shown schematically (right).

Small contributions in the high KER region (6 to 9 eV) mostly arise from single-site
(3s−13p−1) captures. After that, a charge transfer (CT) process occurs at the intersection of
the two pathways of capture and fragmentation as follows [29]:

O2+ + Ar2 → O0 + Ar2+
(

3s−13p−1
)
− Ar → O0 + Ar+∗

(
3p−2nl

)
+ Ar+

(
3p−1

)
(7)

3.2. Fragmentation of Ar2
3+

For Ar2+ + Ar+ fragmentation, the four possible capture-associated channels were
as follows:

O2+ + Ar2 → O0 + Ar2+
(

3p−2
)
+ Ar+

(
3p−1

)
+ e− (DC + SI / TI + SC) (8)

and

O2+ + Ar2 → O+ + Ar2+
(

3p−2
)
+ Ar+

(
3p−1

)
+ 2e− (SI + TI / SC + DI) (9)

Around ~92% of Ar2+ + Ar+ events occurred in coincidence with neutral O. The KERDs
for the associated capture channels are shown in Figure 5 (left). The KER peak was around
~7.4 eV, reflecting the electron involvement in both centers, and resulted from the direct
fragmentation of Ar2+ + Ar+. The small peak was about ~10 eV, implying the initial Ar3+-Ar
channel, which further decayed to Ar2+ + Ar+ [30]. The two possible capture pathways
were DC + SI and TI + SC. Here, the capture channels are defined by their site-selective
contributions. In this O2+-Ar2 collision system, DC was the near-resonant process; therefore,
the DC + SI channel could have had a higher yield than TI + SC. On the other hand, in
coincidence with the O+ projectile ion, SI + TI and SC + DI were the possible channels that
had a sufficiently low yield compared with the combination of DC + SI and TI + SC.
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Figure 5. KERDs for Ar2+ + Ar+ channel for associated capture channels (left). The orientation effect
for dominant DC + SI channels (right).

To see the orientation effect of the involved dominant capture channel, we plotted the
angular distribution (refer to Figure 5 (right)) with respect to the projectile beam axis of
the KER region of 6 to 8.5 eV. To obtain the dissociation time, we numerically solved the
equation of motion of the charged dimer centers in a Coulomb potential using Wolfram
Mathematica. It showed that 90% of the potential energy was converted to kinetic energy in
around ~400 fs, and the corresponding internuclear separation was ~30 Å. This dissociation
time is relatively fast compared with the rotational period (~200 picoseconds). Hence, the
axial recoil approximation [31] is valid for the direct fragmentation channel.

Figure 5 (right) shows the maximum yields at ~50 and 130 degrees. After that, it
slightly reduced to 90 degrees, and around 20 and 160 degrees, it resulted in the lowest
yield. From 20 to 160 degrees, the angular distribution was nearly symmetric with respect
to the axis perpendicular to the dimer axis. Therefore, it did not have a specific preference
between near-site and far-site DC, i.e., both DC + SI and SI + DC seemed equally probable.
Here, we define the near site as the first center that the projectile encounters, which is
backward with respect to the projectile direction. We interpreted the cross-section variation
using geometrical arguments, as it is directly related to the impact parameters or capture
radius. DC had a yield comparable to that of SC, which resulted in a large impact parameter.
The deflection of the projectile, due to the transverse momentum transfer, occurred away
from the collision plane as the distance increased. Therefore, the near-parallel orientation
where the distance between the centers was large (Req cos θ) resulted in a lower yield. On
the other hand, between 50 and 130 degrees, it seems that after encountering the near
site, deflection occurred towards the far site and resulted in a large yield by lowering the
impact parameter. For dimer perpendicular orientation, the impact parameters were found
to mainly lie on the midplane of the dimer axis to access both centers for the associated
capture radii.

4. Conclusions

We report the performance of a new supersonic jet assembly to study electron transfer
collisions with an Ar dimer. We present the comparative study of different relaxation
processes for the Ar+ + Ar+ fragmentation channel. For the near-resonant DC process,
the RCT process largely dominated over the direct CE process. For the direct Ar2+ + Ar+

fragmentation pathways, the DC +SI capture channel resulted in the most significant yield.
The orientation effect is explained in terms of impact parameters.
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