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ABSTRACT
Differential cross sections for the charge transfer reaction between Ar+ and COhave beenmeasured
using three-dimensional velocity map imaging in a crossed beam setup at the two relative collision
energies 0.55 and 0.74 eV. We find dominant forward scattering with CO+ product ions predomi-
nantly in the vibrational levels ν′ = 6,7 of the electronic ground state X2�+. This is indicative of a
direct resonant mechanism for the two argon spin-orbit states. At both collision energies also an
isotropic distribution with product ions exhibiting high internal excitation is observed. This is more
pronouncedat thehigher collision energy,where the first electronically excited stateA2�+ becomes
accessible. We conclude that the A-state is partially populated by the product ions at 0.74 eV colli-
sion energy and suggest that the isotropic distribution stems from the formation of a charge-transfer
complex, in concurrence with previously performed studies.
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1. Introduction

Ion neutral reactions play an important role in many
environments, such as the ionosphere, the interstellar
medium and in liquid phase chemistry. Charge trans-
fer reactions are an important class of these reactions.
They represent a simple reaction that occurs through the
exchange of an electron, but can exhibit quite intricate
mechanisms [1,2]. This becomes evident in amultitude of
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previously studied charge transfer reactions [3–13]. One
particularly interesting one is the reaction of Ar+(2PJ)
with the diatomic CO molecule; a reaction that has been
studied for almost six decades [13–37]. Especially early
studies focused on kinetics, measuring rate constants and
cross sections across a wide range of collision energies
[14–16,18–20]. In these, the reaction rate was found to
be well below the Langevin rate constant [18,35].
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The potential energy curves for the product CO+
ion in the ground X2�+ and first electronically excited
state A2�+ are depicted in Figure 1 with the vibra-
tional energy levels given relative to the ground state
CO+(X2�+, ν′ =0). Ar+ exists in two possible spin-
orbit states, namely the ground state Ar+(2P3/2) and the
spin-orbit excited state Ar+(2P1/2). The energy differ-
ence between the two states is 0.18 eV, as seen in Figure 1,
and the title reaction is exoergic for both Ar+(2P3/2)
and Ar+(2P1/2) by 1.75 eV and 1.92 eV, respectively. In
experimental [23,29,30] and theoretical [28,35] studies
on absolute and relative cross sections, state-specificity
in regard to the two different spin-orbit states of Ar+
has been shown. Although exact values differ there is a
consensus that the 2P1/2 state exhibits higher reactivity
than the 2P3/2 ground state. Despite the expected sta-
tistical population of 1:2 for Ar+ reactants, the excited
state therefore contributes significantly to the resulting
total cross sections. Furthermore, theory predicts the for-
mation of CO+(A2�+) as the dominant product in the
reaction with Ar+(2P1/2), while Ar+(2P3/2) forms CO+
mostly in the electronic ground state X2�+ [28,35].

Marx et al. [24] performed the first product state
resolved studies at thermal collision energies using an Ion
Cyclotron Resonance (ICR) spectrometer. They found
CO+(X2�+, ν′ =4) to be the predominant product. Two
studies utilising laser-induced fluorescence at thermal
and 0.2 eV collision energies by Hamilton et al. [26] and
Lin et al. [25] found the vibrational energy distribution
of the product CO+ to be centred around ν′ =5. The
discrepancy between these results was attributed to the
underestimation of the thermal spread in the reagent
velocities, especially in the ICR technique [31]. How-
ever, the results could not be explained by either Franck-
Condon factors, which are almost zero for vibrational
levels higher than ν′ = 1 [28,38], nor by charge reso-
nance, which would favour the energetically closest lying
ν′ =6i,7ii 1 levels (see Figure 1). Parlant and Gislason
[35] calculated state-to-state cross sections at 1 eV colli-
sion energy finding the product CO+ ions predominantly
in the electronic ground state and the vibrational lev-
els ν′ =1 and ν′ =2 for the reactions with Ar+(2P3/2)
and Ar+(2P1/2), respectively, and no excitation above
ν′ =4. To account for the discrepancy with the exper-
imental data, they proposed the formation of a long-
lived charge-transfer complex at lower collision ener-
gies to explain the higher internal excitation of CO+.
A recently published paper by He et al. [13] measured
differential cross sections of the reaction at 4.40, 6.40
and 8.39 eV collision energy. At all three energies they
observed predominantly forward scattering and a clear
preference for CO+ in the first electronically excited
state.

We have obtained differential cross sections for the
title reaction by using our ion-molecule crossed beam
velocity map imaging setup at the two collision ener-
gies 0.55 and 0.74 eV, bridging the gap between earlier
studies at thermal and the recent study at higher col-
lision energies. This experimental method has proven
to be capable of disentangling the internal prod-
uct energy distribution in numerous charge transfer
reactions [3–13].

2. Methods

The experimental setup used for the crossed-beamexper-
iment has been discussed previously in more detail
[40,41]. To map the velocity distribution of the prod-
uct ions, we employ a 3D variation of the velocity map
imaging spectrometer, pioneered by Eppink and Parker
[42]. Ar+ ions are created by igniting a plasma in a
molecular beam of neat argon, which is expected to pro-
duce a statistical distribution of 2:1 of the two differ-
ent spin-orbit states Ar+(2P3/2) and Ar+(2P1/2). Sub-
sequently, the ions are accelerated and guided into an
octupole radio-frequency ion trap, where they are ther-
malised to room temperature by addition of a buffer
gas (in this case argon) to minimise the kinetic energy
spread. After 40ms trapping time, the ions are extracted
and brought to the desired velocity by applying a poten-
tial difference between the trap and the VMI electrode
stack. This allows us to vary the collision energy, while
keeping the neutral beam velocity constant. The ion
beam is then crossed at a 60◦ angle with the neutral
beam of neat CO, produced by a supersonic expansion,
at the centre of the VMI stack. The VMI extraction
field is switched on at the appropriate time to accel-
erate the product ions perpendicular to the scattering
plane. The ions hit a multi-channel plate (MCP) creat-
ing an electron avalanche, which is accelerated onto a
phosphor screen. The position of impact is recorded by
a CCD camera and the exact flight time by a photo-
multiplier tube enabling the calculation of the three-
dimensional velocity vector for each event. The kinetic
energy, its spread, the angular and spatial distributions
of both the ion and neutral beam (ionised by elec-
tron impact) can be measured utilising 2D velocity map
imaging. By means of energy and momentum conser-
vation, the internal energy distribution of the product
ions is calculated. For this, single collision conditions
have to be ensured. The velocity distributions are usu-
ally presented as a projection on a 2D-plane with respect
to the velocity components parallel (vx) and perpen-
dicular (vr) to the collision axis in the centre-of-mass
frame.
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Figure 1. Schematic representation of the potential energy curves of the CO+ ion in its electronic ground state X2�+ (lower curve) and
first excited state A2�+ (upper curve)with CO+(X2�+, ν′ = 0) as the point of reference. The data points are taken fromWei et al. [39] and
interpolation is done utilising cubic splines. The vibrational levels are calculated using the spectroscopic parameters from reference [39].
Additionally, the energy levels of Ar+ in its two spin orbit states 2P3/2 and 2P1/2 are depicted together with vertical arrows illustrating the
two collision energies 0.55 and 0.74 eV. For the two resonant levels CO+(X2�+, ν′ = 6) and CO+(X2�+, ν′ = 7) and the electronically
excited level CO+(A2�+, ν′ = 0) the energies are given explicitly.

3. Results

We have measured the differential cross sections for the
charge-transfer reaction Ar+(2PJ) + CO in our crossed
molecular beam setup using the VMI technique. In
Figure 2(a,e) the velocity images of the product CO+ ion
are shown at the two different collision energies (0.55
and 0.74 eV). The white and black solid rings represent
the kinematic cutoff (maximum available kinetic energy)
and the dashed inner rings the expected velocity of the
CO+ product ions in the vibrational levels ν′ = 6i,7ii. If
the process resonantly couples to the closest reachable
product state, the expected velocity distribution should
peak around these dashed inner rings. Furthermore, the
red ring in the velocity image for 0.74 eV collision energy
corresponds to the energy needed to access the first elec-
tronically excited state A2�+, which is not accessible at
the lower collision energy (see also Figure 1).

We find two features in the scattering images: dom-
inant forward scattering, close to the expected velocity

for resonant charge transfer, and an isotropically scat-
tered contribution around zero velocity indicating high
internal excitation. The main distribution in the scat-
tering images coincides with the neutral beam vector in
the centre-of-mass frame prior to collision, depicted by
the arrows in forward direction in Figure 2(a,e), which
clearly indicates that almost nomomentum transfer takes
place. From this we can conclude that all the energy
released during the charge transfer reaction is converted
into internal excitation. This is also evident in the inter-
nal energy distribution, which is given relative to the
kinematic cutoff for Ar+(2P1/2) + CO in Figure 2(c,g),
since vibrational levels below ν ′ =3i,4ii are not signif-
icantly populated, which again implies the conversion
of the released reaction energy into internal excitation
of the molecular product instead of kinetic energy. The
total internal energy distribution at 0.55 eV shows a sin-
gle broad distribution centred slightly above the resonant
energy levels ν′ =6i,7ii. In contrast, we find an additional
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Figure 2. Product ion velocity distribution (a, e), backward cut (b, f ), internal energy (c, g) and angular distribution (d, h) at the two
collision energies 0.55 (upper panel) and 0.74 eV (lower panel). Additionally, a Newton diagram depicting the collision in the centre-of-
mass frame with θ as the scattering angle of the product CO+ is given at the top. The outermost solid rings in the velocity distributions
give the kinematic cutoffs of CO+ for the reaction with Ar+ in its two spin-orbit states 2P3/2 (white) and 2P1/2 (black). Furthermore,
the dashed rings depict the expected velocity for CO+ ions in the vibrational levels ν′ = 6 and 7 for the reaction with the spin-orbit
ground and excited state of Ar+, respectively. The red circles at the higher collision energy represent the energy level at which the first
electronically excited state A2�+ becomes accessible for the product CO+ ions.

second contribution peaking at maximum internal exci-
tation for 0.74 eV collision energy.

To gain further insight into the energy distributions
of the forward scattered ions, we isolate them by con-
sidering a 20◦ cone in the scattering angle θ around
the forward direction (magenta lines in Figure 2(a,e)).
In the internal energy distribution of the lower colli-
sion energy (Figure 2(d)) this results in a comparable
distribution to the complete one, while at the higher
collision energy (Figure 2(g)) these selected ions con-
tribute entirely to the first resonant peak at lower internal
excitation. From Gaussian fits of the internal energy dis-
tribution of these cuts we obtain their FWHMof 0.61 and
0.65 eV at 0.55 and 0.74 eV collision energy, respectively.
These are several times broader than the energy uncer-
tainty stemming from the experiment, which we estimate
to be approximately 100meV [40]. The maxima of the
fits (1.93 and 1.87 eV) are positioned above the vibra-
tional levels ν′ =6i,7ii of the resonant channel (1.81 eV,
see Figure 1). This implies the excitation of at least the
next higher vibrational levels ν ′ =7i,8ii, explaining the
width and position of the internal energy distribution of
the forward scattered ions. The excitation of rotational
levels might also contribute to this shift.

At larger scattering angles in the forward direction we
additionally observe the excitation of higher vibrational

levels, visible in a cut from θ =30–40◦ in the internal
energy distribution at 0.74 eV collision energy (green
lines in Figure 2(g)). The majority of ions scattered into
these higher angles, however, still populate the reso-
nant states ν′ =6i,7ii. At the lower collision energy, we
also observe excitation up to ν′ =8i,9ii, but due to lower
statistics, not much difference in the distribution can be
seen when applying the same cut, which is therefore not
shown.

The previously mentioned isotropic contribution to
the images is best illustrated when only viewing the back-
ward hemisphere of the scattering plane ( Figure 2(b,f)).
Ions from this isotropic distribution exhibit high inter-
nal excitation, since they show velocities close to zero.
Furthermore, in the internal energy distribution we
observe a steady increase up to the highest available
energy for the ions scattered into the backwards hemi-
sphere (blue lines in Figure 2(c,g)). At 0.74 eV collision
energy, these ions are responsible for the second peak
at high internal excitation, while the contribution is not
as strong at the lower collision energy, possibly due to
the kinematic cutoff at 2.47 eV. From the energy diagram
(Figure 1) we know that only CO+ ions formed in the
collision with Ar+(2P1/2) have enough energy to con-
tribute to this peak. Additionally, it can only originate
from product ions in either the CO+(X2�+, ν′ =10)
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or the CO+(A2�+, ν′ =0) state, which are not indi-
vidually resolved due to the energy uncertainty in our
experiment.

Isotropic scattering around zero velocity is typical for
a complex that dissociates after at least one rotational
period [37]. We classify it as an indirect mechanism.
To quantify the ions formed in this indirect mecha-
nism, we take a closer look at the angular distributions
(Figure 2(d,h)). Apart from the clear peaks in forward
direction, which stem from the dominant forward scat-
tering, a baseline is evident across all angles. To deter-
mine the fraction of products under this baseline, we
select an angular range from 120 to 150◦ (blue area), in
order to exclude the contribution of the forward scattered
ions, and extrapolate across the whole range (blue line).
This gives us an upper bound for the relative amount of
23% for 0.55 and 33% for 0.74 eV collision energy, with a
statistical error of under 1%.

4. Discussion

Earlier studies of the title reaction at thermal energy
and at 0.2 eV found the product CO+ ion predominantly
in the ν′ = 3 − 5 vibrational levels [25,26]. The results
could not be explained by either Franck–Condon fac-
tors, which drop rapidly for ν′ >1 [28,38], or resonant
charge transfer, which would favour the CO+(X2�+,
ν′ = 6i,7ii) state. Therefore, the possibility of a long-lived
charge-transfer complex was proposed [26,28,33,35,37].
More recently differential cross sections were pub-
lished by He et al. at higher collision energies [13],
observing primarily forward scattering into the A2�+
state with high vibrational excitation. Some signal was
also observed in the resonant channel CO+(X2�+,
ν′ = 6i,7ii), especially at the lowest collision energy
of 4.44 eV.

In our experiments at 0.55 and 0.74 eV collision
energy we find two mechanisms for this reaction. Direct,
forward scattering into the vibrational levels around
ν′ = 6i,7ii and indirect, isotropic scattering with maxi-
mum internal excitation. Furthermore, there is very lit-
tle momentum transfer in the direct mechanism, and
we observe only small angular deflection indicative of
large impact parameters. This process could also be
identified by both measuring differential cross sections
and calculating quasi-classical trajectories in the pro-
ton transfer reaction ArH++CO [43]. Since the two
states CO+(X2�+, ν′ =6i,7ii) are the closest accessible
ones to the reactant Ar+ in its two spin-orbital states,
this suggests a resonant charge transfer as the dominant
mechanism [44]. This is similar to the reaction of Ar+
with H2 [9], however no indirect part is observed there.
As can be seen in the comparison of the 0–10◦ to the

30–40◦ cut ( Figure 2(c,g)), higher scattering angles lead
to higher internal excitation, which was also observed
for Ar++N2 [7]. Higher scattering angles imply smaller
impact parameters at which avoided crossings coupling
to higher vibrational states might also contribute, as was
suggested for the Ar++N2 reaction.

At 0.74 eVwe see an increased relative amount of 33%
of isotropically scattered ions compared to 23%at 0.55 eV.
These product ions exhibit a trend to higher internal
excitation, as seen in Figure 2(c,g), suggesting the forma-
tion of a long-lived charge transfer complex (Ar-CO)+.
Usually, an increase in collision energy decreases the sta-
bility of such a complex, since more energy needs to be
distributed into internal degrees of freedom. Here how-
ever, we observe the opposite. Complex mediated charge
transfer for this reaction has been proposed earlier, find-
ing a preference for the product state distribution on the
angle of attack [26,28,33,35,37]. The enhancement of the
indirect mechanism occurs at the energy where the A-
state becomes accessible, supporting the hypothesis of
an excited-state mediated charge transfer process. The
energy resolution of our experiment is around 100meV,
therefore there is no clear way of differentiating between
CO+(X2�+, ν′ = 10) and CO+(A2�+, ν′ = 0 ), which
are separated by less than 1meV. However, there is a clear
preference towards the A-state at higher collision ener-
gies [13], albeit in a direct process. With an increase in
collision energy, a long-lived complex might no longer
be stable, as suggested by Gislason et al. [28], which
would explain the lack of an isotropic distribution at
higher collision energies as seen byHe et al. Furthermore,
the Franck–Condon factors for the lower vibrational lev-
els of the A-state are significantly larger than those for
the vibrationally excited levels of the electronic ground
state [28,38].

Gislason et al. have shown, using a vibronic semiclas-
sical method, that for CO+ ions formed in the reaction
withAr+(2P1/2) there is a clear preference to populate the
A-state while the opposite is the case for the reaction with
Ar+(2P3/2) [28]. Even though the ratio of Ar+(2P3/2) to
Ar+(2P1/2) in the ion beam is 2:1, it has been shown
both experimentally [23,29,30] and theoretically [28,35]
that the cross section of reactions with Ar+(2P1/2) is sig-
nificantly higher. Kobayashi [18] as well as Dotan and
Lindinger [22] measured reaction rates from thermal
to a few eV collision energy. Initially, the rate decreases
when increasing the collision energy, but at 0.8 eV it
starts to increase again. This is exactly the collision
energy needed to form CO+ in the first electronically
excited state. Therefore, we expect that at least part of the
ions with high internal excitation formed in the indirect
mechanism at 0.74 eV populate the electronically excited
A-state.
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5. Conclusion

We have measured differential cross sections for the
charge transfer reaction Ar+(2PJ) + CO(X1�, ν =0) →
Ar(1S0) + CO+(X2�+/A2�+, ν′) at the two collision
energies 0.55 and 0.74 eV. At these energies the reaction
is governed by forward scattering into vibrational lev-
els of the ground state CO+ peaked around ν′ =6i,7ii,
which is attributed to a resonant charge transfer mecha-
nism. CO+ products scattered at larger angles in forward
direction evidence higher internal excitation. Further, an
additional isotropic, low energy distribution is observed
at 0.74 eV reactive collisions, indicative of a mechanism
involving high product internal excitation. We attribute
this partially to the formation of CO+ in the A2�+
state. Further work with higher velocity resolution and
state-of-the-art theory is needed to better resolve the ro-
vibrational product state distribution and the role of the
intermediate complex, also at higher collision energies.

Note

1. The superscripts i and ii are used to differentiate the vibra-
tional levels accessed in the reaction with the different
spin-orbit states Ar+(2P3/2) and Ar+(2P1/2), respectively.
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