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The mutual neutralisation of O+ with O− has been studied in a double ion-beam storage ring
with combined merged-beams, imaging and timing techniques. Branching ratios were measured
at the collision energies of 55, 75 and 170 (±15) meV, and found to be in good agreement with
previous single-pass merged-beams experimental results at 7 meV collision energy1. Several previously
unidentified spectral features were found to correspond to mutual neutralisation channels of the first
metastable state of the cation (O+(2Do), τ ≈ 3.6 hours), while no contributions from the second
metastable state (O+(2Po), τ ≈ 5 seconds) were observed. Theoretical calculations were performed
using the multi-channel Landau-Zener model combined with the anion centered asymptotic method,
and gave good agreement with several experimentally observed channels, but could not describe well
observed contributions from the O+(2Do) metastable state as well as channels involving the O(3s
5So) state.

1 Introduction
Mutual neutralisation (MN) is a reaction in which an electron is
transferred between two oppositely charged ions, resulting in the
formation of neutral products. For the interaction of two species,
A and B, this can be written as

A++B−→ A+B+EK , (1)

where EK is the kinetic energy released in the process, which de-
pends on the initial and final states of both species. MN experi-
ments are of great importance for studies of natural plasmas, such
as those in planetary and stellar atmospheres and the interstellar
medium2–4, but likewise for artificial plasmas in laboratories or
for industrial use5.

Despite its importance to many media, only a limited num-
ber of experimental MN studies have been reported. From the
earliest investigations in the late 1960s6, many of these stud-
ies are single-pass merged-beams experiments reporting on high-
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energy (� 1 eV) collisions between atomic ions7, though data
from a few studies with molecular ions exist8. In most cases, de-
tection techniques limit experimental data to reaction rates and
cross-sections, with no identification of the quantum states in-
volved. For many plasmas, however, the relevant collision ener-
gies are much lower (� 1 eV). Furthermore, order of magnitude
differences are reported between results from different appara-
tuses for the same reaction6,7. Even the fundamental H+/H−

reaction has considerable uncertainties4. Theory9 agrees with
higher-energy data10 while significantly disagreeing with older
low-energy data11. However, considerable progress has been
made in the ability to perform merged-beams measurements un-
der controlled conditions. Recent developments in a merged-
beams apparatus in Louvain-la-Neuve have made it possible to
fully resolve the final-state distributions of MN reactions1,14, with
results more consistent with the most recent theory12,13.

In addition to merged-beams experiments, other apparatuses
are also used to study MN, e.g. Flowing Afterglow – Langmuir
Probe (FALP)15–21. Data are obtained under thermal 300-600 K
conditions, and report several interesting conclusions: systems
of four or more atoms react with very similar rate constants and
triatomic systems somewhat slower16, while atom-atom systems
proceed with widely varying rate constants. However, only under
rare circumstances can the product distributions be measured and
no information on the states of these products can be obtained22.
Merged-beams experiments are therefore usually more suitable
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for the study of MN reactions.

One limiting factor in merged-beams setups is that the initial
state distributions of the colliding ions are generally unknown
and are highly dependent on the methods of production and the
time between ion creation and reaction. This can potentially af-
fect the determination of the total cross section, and lead to ad-
ditional features in the product-energy spectra as well as large
spectral-broadening effects when dealing with molecular ions,
making it difficult to resolve final quantum states. This issue can
be partially resolved by allowing such ions to be stored for suffi-
ciently long periods such that the species of interest have time to
relax from their initially excited quantum-state distribution.

The double electrostatic ion ring facility DESIREE23,24 has been
designed and constructed partly for this purpose. It consists of
two race-track storage rings sharing a common straight section
mounted in a double-walled vacuum vessel. The apparatus is
cooled down to cryogenic temperatures in ultra high vacuum con-
ditions, allowing for ion storage up to hours25, and MN processes
freely occur along the common straight section as the ions circu-
late. Rotational and vibrational cooling is only relevant to molec-
ular species26, nevertheless, many atomic ions can be formed in
metastable electronically excited states. It is therefore of funda-
mental and applied interest to investigate atomic MN experiments
where metastable ions are known to be present in order to deter-
mine the extent of this effect and the role such ions would have
in the environments where they are present.

On the theoretical side, the MN of even the simplest systems
is difficult to model accurately12. The reaction is generally de-
scribed as a non-adiabatic process in which electronic states in-
teract at large internuclear distances. The semi-classical Lan-
dau Zener (LZ) model, dating back from 193227,28, gives the
probability of a transition between the incident ion-pair state
and the neutral-pair state. Recent ab initio treatments have
been applied to systems with few electrons/few active electronic
states9,12,29–31 though there is little high-quality experimental
data to benchmark theory. Multichannel Landau-Zener models
are therefore generally favored and provide results in good agree-
ment with theory when the non-adiabatic couplings are properly
described1,14. Interestingly, in a recent study32, the experimen-
tally determined branching ratios were found to be in a better
agreement with multichannel Landau-Zener models than with a
full quantum mechanical treatment.

Mutual neutralisation of O+ with O−

The O+/O− system is of particular interest as it constitutes a
charge removal process present in air-plasmas, and is highly rel-
evant to the modelling of the ionosphere33. At high altitudes,
oxygen exists predominantly as atomic species as the solar UV
radiation is sufficient to dissociate any molecular oxygen. This
results in oxygen cations and free electrons which in turn form
oxygen anions through radiative attachment. In charge-reducing
reactions such as MN and the related dissociative recombination
(DR) process, the oxygen fragments may either contribute to the
heating of the geocorona, or escape this layer and move to higher
altitudes34. The excited neutrals formed in these reactions also

emit photons through transitions to the ground states, leading to
airglow in the ionosphere35. Studies of the nightime spectrum
suggest that MN could contribute up to 40% of the OI 135.6 nm
emission arising from the O(3s 5So)→ O(3P) transition36. Mod-
elling of this reaction, i.e., determining reaction rate constants
and product branching ratios as a function of collision energy is
therefore of importance if such plasmas are to be fully under-
stood.

The O+/O− reaction was first investigated by Olson et al. in
197035, but these results were later found to disagree with ex-
periments by Peart et al. in 198937, and in 199338. Possible ex-
planations for this disagreement were suggested and are reviewed
in those two latter papers. The first study at subthermal collision
energy, only came much later, in 2018, by de Ruette et al.1, who
also measured the branching ratios of the neutral products into
separate final quantum states for the first time. The following
channels were then identified:

O+(4So)+O−(2P)→


O(3p 3P)+O(3P)+1.17 eV
O(3p 5P)+O(3P)+1.42 eV
O(3s 3So)+O(3P)+2.64 eV
O(3s 5So)+O(3P)+3.01 eV

(2)

Interestingly, the authors also reported an additional feature in
their energy spectra which could only be attributed to the pres-
ence of metastable ions in the beams. These were, however,
not clearly identified, which motivates further analysis and cal-
culations. There are two known metastable states of the oxygen
cation: The second excited state, O+(2Po) at 5.02 eV39 above
the ground state, with a lifetime of about 5 seconds, and the
first excited state O+(2Do) at 3.32 eV with a lifetime of about
3.6 hours40. The latter can not be removed even through long-
time storage but is still of particular interest when analyzing
merged-beams experiments including those at DESIREE. Long
lived metastable cations have been predicted to be produced in
photon and electron ionization of atomic oxygen in the atmo-
sphere41, and are known to be produced under laboratory condi-
tions37,38. In the present study, we aim to combine experimental
and theoretical methods in order to determine the branching ra-
tios of the MN of O+ with O−, including metastable contributions.

2 Methods

Experimental setup

We combine storage ring, merged-beams, and imaging techniques
to measure the kinetic energy released in the MN of oxygen ions
over ion-beam storage time up to 30 seconds.

The total kinetic energy after an MN reaction depends on the
kinetic energy release EK and the collision energy Ec.m. in the
center-of-mass frame. The latter is a function of the velocities of
the two ion beams in the laboratory system of reference, vA and
vB, and of the angle α between them.

Ec.m =
1
2

µ

(
v2

A + v2
B−2vAvB cosα

)
(3)

Thus in order to obtain the lowest collision energy, one must min-
imize α and adjust the ion beam energies accordingly. In DE-
SIREE, this is done by adjusting the voltages on the ion-beam
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Fig. 1 Schematic of the experimental setup at DESIREE. The two oppositely charged ion beams are injected into the storage rings and merged into a
common section between the two pick-up electrodes with the help of steerers. After an MN event, the formed neutrals continue on straight trajectories
to the detector (MCP), while non interacting ions exit the merged region and continue circulating in the rings. A voltage UT is applied at a chosen
drift tube (numbered 2 in the figure), to control the collision energy Ec.m. of the reactions.

steerers and by biasing one or several of the drift tubes 1-7 of the
merging section, as shown in Fig. 1.

In an MN event, the ions are neutralised and are then no longer
affected by the electrostatic fields in the ion-optical elements.
Consequently, they continue to move with the velocities obtained
in the reaction. The neutral fragments then reach the imaging de-
tector, which is located 1.40 m from the last drift tube. The detec-
tor consists of a microchannel-plate stack with a phosphor-screen
anode42, from which the light is guided to a complementary
metal oxide semiconductor (CMOS) camera, which records the
positions, and a 16 channel Photomultiplier Tube (PMT), which
is used to measure the arrival time differences. A detailed descrip-
tion of the DESIREE storage ring facility can be found in Thomas
et al.23, while its first comissioning is described in Schmidt et
al.24.

For the present experiment, O+ is produced from an electron
cyclotron resonance (ECR) ion source fed with molecular oxygen
as a source gas. The O+ beam is extracted from the source and
accelerated to 8.28 keV. The O− ions are produced from a TiO
cathode using a Source of Negative Ions by Cesium Sputtering
(SNICS), and accelerated to 7.16 keV. These are nominal beam
energies based on measurements of the acceleration voltage on
the ion source platforms.

At these energies, the MN events occurring in the interaction
region yield products that arrive at the detector with a time differ-
ence between them of less than 200 ns. The overlap of the two ion
beams was first optimised by monitoring their trajectories based
on measurements of the beam positions at the pick-up electrodes,
as indicated in Fig. 1. Different voltages were then applied to
the drift tubes in order to find the minimum collision energy. As
the cross section is inversely proportional to the collision energy
at low energies43, the maximum count rate corresponds to the
lowest collision energy. This was obtained at a voltage of about
570 V on the middle drift tube (number 4 in Fig. 1), and this set-
ting was used during the first part of the experiment. The biased
region was then in the next step changed to the drift tube number
2, in order to increase the distance to the detector and thus the
resolution in the products spectra. An additional measurement
was performed at a voltage of 535 V, in order to measure at a
higher collision energy.

Data evaluation

We define r as the separation between the two particles as the
first particle reaches the detector, as illustrated in Fig. 2(a)

r =
√

r2
‖+(v∆t)2 (4)

where r‖ is the separation of the fragments on the imaging de-
tector, ∆t is the arrival time difference and v is the velocity of the
slower product. The latter is approximated as the average of the
velocities of the ions, vA and vB.

The quantity r is determined from coincidence measurements
of r‖ and ∆t, and is proportional to the square root of the center-
of-mass kinetic energy release. This type of combined imaging
technique has been extensively used in the past in dissociative
recombination studies44–47, and there exist analytical functions
which approximate the distributions of these measured quanti-
ties. However, since here, the collision energy is adjusted through
a bias voltage as described above, fringe field effects at the en-
trance and exit of the biased tube(s) must be taken into account.
This is done by modelling the potential as a function of position
along the merging section using the SIMION program48, and de-
termine the corresponding ion velocity vectors −→vA and −→vB. The
r distributions are then simulated by calculating the recoil ve-
locity components due to the excess energy of the reaction, −→uA

and −→uB, and determining the resulting vectors, as depicted in Fig.
2.(a). In the region where the electric potential differs from the
applied voltage, the collision energy is generally higher, resulting
in higher r values. As larger collision energy implies smaller cross
section in the present collision energy range, the events are not
uniformly distributed along the interaction region, and a prob-
ability distribution proportional to 1/

√
Ec.m. is used to take this

into account.

Furthermore, the spread in the energies and velocity compo-
nents of the ion beams results in broadening of the distributions.
In recent MN studies at DESIREE by Eklund et al.49,50, extensive
Monte Carlo simulations were performed to take these effects into
account. Given that these effects cannot be independently deter-
mined, here we instead chose to convolve the r distributions with
Gaussians of adjustable width, in order to match the observed
experimental broadening.
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Fig. 2 Schematic of the measured quantities. The two oppositely charged ions interact at some distance L to the detector with the ion beam velocities
−→vA and −→vB. The kinetic energy released in a MN reaction results in a recoil of the two products in opposite direction, determined by −→uA and −→uB. The
resulting velocities lead to a separation in position and time of the two neutrals (a). These are recorded by a camera (shown here as a circle) and a
set of 16 PMTs (delimited here by horizontal grey lines), respectively (b).

Correction for detection efficiency

The detectors have two limitations which must be taken into ac-
count. In order to measure the arrival time differences, the neu-
tral particles must produce light that hit two different channels
of the PMT, as illustrated in Fig. 2(b). The detector is thus less
efficient in detecting pairs of particles in the horizontal plane or
with small separations, as these are then likely to hit the same
channel. Furthermore, light resulting from a single particle hit-
ting the phosphor screen may trigger several adjacent PMT chan-
nels, resulting in false two particle events. This means that real
MN events with small time differences ∆t cannot be distinguished
from false coincidences, and this constitutes another limiting fac-
tor of detection. Consequently, the probability of two neutrals
being detected depends on the orientation of the products, that
is, the angle between the beam axis and the line between the two
products, θ , as well as the angle between the horizontal axis of
the detector and the products, φ , as illustrated in Fig. 2(a) and
(b). Neglecting the difference in arrival times of the two particles,
the separation of the spots on the detector depends on the angle
θ , through the relation23

r‖ =

√
EK +Ec.m.

EA +EB

(mA +mB)2

mAmB
Lsinθ (5)

where EA and EB are the ion beam energies, mA and mB the ion
masses, and L is the distance between the point where the MN
event occurred and the detector.

The detection efficiency can then be related to this separation
r‖ in the following ways: The minimum angle φ (see Fig. 2(b))
for which two events can be detected, depend on this quantity,
and thus the detection efficiency ε1, due to the limitations of the
PMTs is given by

ε1(r‖) = 1− 2φmin

π
= 1−

2arcsin(∆ymin/r‖)

π
(6)

where ∆ymin is the minimum vertical separation for two events to

hit two distinct PMT strips. Note here that this factor only relates
to the probability of detecting a certain pair of particles based on
their separation. The true efficiency of the detector is of course
smaller, but is independent of the kinetic energy of the neutrals
within the range that is relevant for the present experiment.

The second factor ε2, determines the loss of events due to the
timing resolution. The cutoff in the time detection ∆tcut, limits the
separation of two fragments by

r‖cut =
√

r2
‖max− (v∆tcut)2 (7)

where r‖max is the maximal separation for a given energy, which
can be obtained from equation 5. The detection efficiency is then
simply: {

ε2(r‖) = 1 r‖ < r‖cut
ε2(r‖) = 0 r‖ > r‖cut

(8)

Here the cutoff is chosen as ∆tcut = 3 ns based on observations of
background in the spectra below this value.

If the relative velocity between the ions is zero, then the angu-
lar distribution of the fragments is isotropic, i.e cosθ is uniformly
distributed between 0 and 1. The detection efficiency for a given
kinetic energy release channel can then be evaluated analytically.
At non-zero collision energies, the angular distribution is not nec-
essarily isotropic. However, as these effects are not expected to be
significant at the collision energies considered here, the detection
efficiencies are calculated assuming isotropic distributions, and
the branching ratios are corrected accordingly.

Theoretical calculations

We follow largely the method presented by Zhou & Dickinson51,
which relies on the multi-channel Landau-Zener model, with an
anion centered asymptotic method to determine the coupling ma-
trix elements.

The basis for this model is the introduction of a diabatic basis

4 | 1–9Journal Name, [year], [vol.],



5 10 15 20 25 30
R [a0]

6

8

10

12

14

16
V 

[e
V]

O+(4So) + O−(2P)

O+(2Do) + O−(2P)

n=3

n=4
n=5

O(np 3P) + O(3P)

O(3p 3P) + O(3P)
O(3p 5P) + O(3P) 
O(3s 3So) + O(3P) 
O(3s 5So) + O(3P)

Fig. 3 Landau Zener diabatic potentials of the ionic (black curves, equa-
tion 10) and covalent states (colored curves, equation 2). The O(np 3P)
Rydberg series is shown as blue lines as an example.

in which the ionic and covalent potential curves cross at some in-
ternuclear distance Rx (see Fig. 3). In the narrow region around
these crossing points, the diabatic potentials are assumed to vary
linearly with R, and the non diagonal elements Hi f of the elec-
tronic Hamiltonian in this basis, determine the probability, p, to
stay on the diabatic potential curve during a single passage of the
crossing

p = exp

(
−2πH2

i f

vR|d(Vi−Vf)/dR|R=Rx

)
(9)

Here the covalent potential Vf is assumed to be constant, while
the ionic pair Vi can be approximated by a Rittner potential

Vi =Vth−
1
R
− α1 +α2

2R4 (10)

where Vth is the threshold energy of the ion-pair state, and α1

= 3.31 a.u, α2 = 21.59 a.u, are the polarizabilities of O+ and
O− respectively52. This differs from the calculations by Zhou &
Dickinson51, which did not include dispersion forces.

The dependence on the collision energy for the crossing proba-
bility (equation 9), is determined by the radial velocity vR, which
classically is given by

vR =

√
2
µ
(Ec.m.+Vth−V (Rx)−U(l,Rx)) (11)

where U(l,Rx) is the centrifugal barrier due to the orbital angu-
lar momentum l of the colliding system. With multiple channels
(equation 2), the potentials cross at several points, and the tran-
sition of the system from the initial ionic potential to a specific
final covalent channel must take all crossings into account and
sum over all possible pathways53. The cross section is then ob-
tained by summing these transition probabilities P for each al-
lowed value of the orbital angular momentum l of the incoming
partial wave.

σi f =
πρi

2µEc.m.
∑
l
(2l +1)P(l) (12)

where ρi is the statistical probability factor for the initial state.
The main challenge in this model is the estimation of the cou-

pling elements Hi f for the different electronic states involved.
Previous calculations of cross sections of MN reactions involving
hydrogen have provided accurate results by using a linear com-
bination of atomic orbitals (LCAO) method in order to solve the
two electron Hamiltonian problem54. This is, however, non triv-
ial to calculate for the oxygen anion, and a more readily appli-
cable approach is the asymptotic method developed by Landau
& Herring55, which was later formulated by Janev & Salin56 for
the specific case of mutual neutralisation. The coupling elements
are then derived from the surface integral method based on one-
electron wavefunctions for the active electron centered on each
atom, which results in an analytical expression in terms of param-
eters in these wavefunctions57. The system is then considered as
a quasimolecule, from which the allowed electronic states can be
determined from the Wigner-Witmer rules58.

For the reactions involving the metastable cations, the number
of output channels increases significantly as the additional energy
allows more highly excited states to be populated. The potential
curves of the first cationic metastable state and the O(np 3P) Ry-
dberg series is shown in Fig. 3 to illustrate this (the full list of
output states is later presented in the results section). However,
the main configuration of most of these electronic states is an
O+(4So) (ground state) core with a outer electron, which is not
open to one-electron processes since this would require a spin
flip transition in the core. It is therefore necessary to compute
the mixing content of the O+(2Do) configuration in these partic-
ular states. In order to achieve this, multiconfigurational Dirac-
Hartree-Fock (MCDHF) calculations were employed through the
GRASP2018 atomic structure code59.

The MCDHF calculation is based on the Dirac-Coulomb Hamil-
tonian with corrections due to the frequency independent Breit
interaction and leading quantum-electrodynamical effects in-
cluded in a subsequent relativistic configuration interaction cal-
culation. The mixing between different fine-structure (e.g.
LSJ-coupled) states resulting from atomic structure calculations
mainly depends on the definition of the basis space and the shape
of the obtained electron orbitals. Core mixings in neutral oxygen
were thus explored for a number of different electron correla-
tion models. To best match the definition of the wavefunctions
employed in the MN reaction calculations, i.e. pure LS coupled
states augmented with an additional state differing only in its
core-term coupling, the most appropriate definition for the core
mixings is arguably that which results from an MCDHF model
including a many-electron basis space spanned by only the fine-
structure states of the target configuration. This is the approach
adopted in the present analysis.

The coupling elements are then calculated using the obtained
mixing coefficients, and the cross sections for these particular
states are then computed using equation 12.
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3 Results and Discussion
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Fig. 4 Yield of neutral O pairs as a function of the separation r between
the products, at collision energy of 55±15 meV. The full curve results
from a fit of the individual simulated distributions, shown in colored lines.
Contribution from metastables is marked with an asterisk.

Our experimental r distribution for the O+ and O− MN at our
lowest collision energy (Ec.m.=55±15 meV) is displayed in Fig.
4 as a histogram. The result from the fit of the simulated distri-
butions of the channels in equation (2) is shown as a full black
line, with the individual distributions displayed in colored dashed
lines. The four channels can clearly be identified, with the O(3p
5P) + O(3P) channel (red curve) as the dominating one, in agree-
ment with previous results at 7 meV collision energy1. Significant
tails to larger distances (see for example at r = 4-4.5 cm) are ob-
served, as expected from the fringe field effects. However, a small
shoulder around 5.0 cm (marked here with an asterisk) cannot be
accounted for solely by these effects and is believed to be due to
a metastable state of O+. The corresponding energy (∼ 2.7 eV)
also coincides with a similar shoulder in the kinetic energy re-
lease spectra of de Ruette et al.1, which has not been marked as a
metastable contribution in the original publication. We therefore
perform further analysis of present and previous results, aided by
our theoretical model.

The high excess energy associated with the reaction involving
the shorter lived (τ ≈ 5s) O+(2Po) metastable state is likely to
produce oxygen pairs with one atom in a highly excited auto-
ionizing state, which would not contribute to the rate of neutral
reaction pair products. Furthermore, no time dependence after
ion injection was observed in the MN signal for storage times up
to 30 seconds. We thus infer that the O+(2Po) has no signifi-
cant contribution to the spectra. Therefore, only the longer lived,
O+(2Do) metastable state, which has a lower excitation energy,
is considered in the following. If one neglects two-electron pro-
cesses, then spin and/or orbital angular momentum constraints
limit the allowed transitions to the following channels upon neu-
tralisation

O+(2Do)+O−(2P)→


O(3s 1Do)+O(1D)+0.80 eV
O(3s 3Do)+O(1D)+0.98 eV
O(3s 1Do)+O(3P)+2.75 eV
O(3s 3Do)+O(3P)+2.94 eV

(13)

The 2.75 eV channel accounts well for the observed marked peak
in present experimental results measured at DESIREE. On the
other hand, angular momentum coupling allows for the O(3P)
and O(3Do) states to be described as a linear combination of
the cores of the two cationic states with an outer np/nd elec-
tron. Hence one-electron transfer to the following states is also
allowed:

O+(2Do)+O−(2P)→

{
O(np 3P)+O(3P)+EK

O(np 3P)+O(1D)+EK
(14)

O+(2Do)+O−(2P)→

{
O(nd 3Do)+O(3P)+EK

O(nd 3Do)+O(1D)+EK
(15)

In the present experiment at DESIREE, none of these states
are clearly identified. However, in the experimental setup of de
Ruette et al.1, the ions were not stored, which allowed for small
beam apertures and large beam currents, resulting in high count
statistics. We therefore perform further analysis of their kinetic
energy release spectrum, which is shown in Fig. 5 on an adjusted
scale in order to reveal possible small scale contributions from
metastables.
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Fig. 5 Yield of neutral O pairs as function of the kinetic energy release,
at collision energy Ec.m. = 7 meV. Spectrum is from the single-pass ex-
periment performed by de Ruette et al.1. Predicted channel positions
from the metastable state are shown as colored bars. The red dotted
curve results from a fit of the individual simulated distributions.

The presence of a broad feature around 4.5 eV is found to co-
incide with the n=3 channel of the O(np 3P) series. Furthermore,
small peaks at around 3.1 eV and 2.4 eV correspond to energy lev-
els of that same series. Additionally, we observe some peaks from
the O(nd 3Do) series, as highlighted in Fig. 5, as well as a plateau
at lower energies corresponding to higher n values. We there-
fore interpret these small scale contributions as mainly resulting
from the reaction of the O+(2Do) metastable cation neutralising
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Table 1 Branching ratios of one-electron processes of the MN reaction of O+ with O−.
The values given in braces correspond to the total branching ratio for two unresolved channels.

EK Rx Exp 7 meVa Exp 7 meVb Exp 55 meVc Theory (<200 meV)d

O+(4So)+O−(2P)→ [eV] [a0] [%] [%] [%]
O(3s 5So) + O(1D) 1.05 25.86 - 0.52±0.10 - 10−3

O(3p 3P) + O(3P) 1.17 23.32 14.06±0.14 13.96±0.17 15.8±0.7 16.3
O(3p 5P) + O(3P) 1.42 19.25 67.63±0.31 66.28±0.32 67.0±0.9 70.0
O(3s 3So) + O(3P) 2.64 10.44 14.61±0.19 15.39±0.26 14.1±2.0 13.7
O(3s 5So) + O(3P) 3.01 9.18 3.71±0.18 3.85±0.21 3.1±0.7 10−2

O+(2Do)+O−(2P)→
O(3s 3Do) + O(1D) 0.98 27.44 - 1.95±0.70 - 10−4

O(n > 6) + O(3P) 1.9-2.2 14.3-12.3 - 17.91±4.46 - -
O(6d 3Do) + O(3P) 2.24 12.16 - 6.44±1.25 - 10−5

O(6p 3P) + O(3P) 2.35 11.63 - 3.37±1.30 - 0.1
O(5d 3Do) + O(3P) 2.41 11.33 - 9.53±1.38 - 10−5

O(3p 3P) + O(1D) 2.53 10.80 - 4.39±4.39 - 0.2
O(5p 3P) + O(3P) 2.60 10.53 - 8.52±1.00 30±20 0.3

O(4d 3Do) + O(3P) 2.72 10.08 - {
31.93±2.66

} {
70±20

} 10−4

O(3s 1Do) + O(3P) 2.75 9.98 - 99.0
O(3s 3Do) + O(3P) 2.94 9.36 - 3.68±1.61 - 0.5
O(4p 3P) + O(3P) 3.12 8.85 - 4.60±3.11 - 10−6

O(3d 3Do) + O(3P) 3.39 8.18 - - - 10−7

O(3p 3P) + O(3P) 4.49 6.33 - 7.68±3.78 - 10−3

a Results of de Ruette et al. 1 b Revised results of de Ruette et al. c Present results d Present calculations

to these two Rydberg series. Interestingly, we find that some of
these coincide with the main peaks, and could therefore affect
the deduced branching ratios for the dominating ground state
ion beam component. Furthermore, the population of metastable
states may differ between the two experiments due to different
choice of parent gas (CO was used in the study by de Ruette et
al.1). In order to elucidate this, a new fit of the experimental data
was performed, including the channels from the metastable state
of O+ (equations 13-15), using the method described in section
2. The result of this fit for the experimental spectra of de Ruette
et al.1 is shown in Fig. 5 as a red dotted curve and the obtained
revised branching ratios are presented in Table 1, together with
the present experimental and theoretical results.

For the reaction involving the ground state cation (first five
rows), fair agreement between the results by de Ruette et al.1

(Exp 7 meV) and present results at DESIREE (Exp 55 meV) is
obtained, though the present results have substantially larger un-
certainties. These have several contributions: The uncertainty in
the collision energy Ec.m., which is fitted to the spectra based on
the simulations, the lower count statistics, and the uncertainty in
the metastable contributions. Hence, the O(3s 3So) channel is as-
sociated with a large error given the possible presence of the O(5p
3P) channel, at only 0.04 eV from the O(3s 3So) channel. Theo-
retical calculations show good agreement with the experimental
results involving the ground state cation, except for the channels
involving the O(3s 5So) state, at 1.05 and 3.01 eV. This could indi-
cate that the coupling element for that particular state is not well
described by the model. Note that the contribution from the reac-
tion involving the O(1D) product (EK = 1.05 eV) was previously

not identified in the original publication of de Ruette et al..

For the reaction involving the metastable cation, contributions
from most possible pathways (equations 13-15) are observed in
the 7 meV collision energy measurement by de Ruette et al.1,
whereas only a few channels can be resolved in the present mea-
surements at 55 meV, due to the lower resolution and the large
contributions from fringe field effects. It is then no longer evident
whether the O(3s 1Do) (2.75 eV) channel is the most populated as
initially asserted. Another channel, very close in energy, namely
the O(4d 3Do) at 2.72 eV is also present, and the two states can
not be fully resolved in any of the two experiments. Theoretical
calculations suggest that all production goes to the more ener-
getic channel (2.75 eV), but ultimately fails to account for the
observed production in the O(nd 3Do) series and yields smaller
populations for the O(np 3P) series than the ones observed. This
suggests that the theoretical model used is not sufficient in this
case. A possible explanation for this is the following: Due to the
mixing content of these states, significant overlap exists between
the wavefunctions of the active electron when part of the nega-
tive ion, and the wavefunction, when in the Rydberg states of the
neutral atom. The conditions of validity of the surface integrals
used to calculate the coupling elements are then no longer ful-
filled. Furthermore, at small crossing distances, the multichannel
Landau-Zener model is generally less accurate, an issue previ-
ously discussed in the former paper1, and may explain the theo-
retical model’s failure to account for the observed contributions of
the more energetic channels. These results show the limitations
in the theoretical approach used, and suggest that more advanced
models are required for the treatment of metastable states.
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Fig. 6 Yield of neutral O pairs as a function of the separation r between the products, at collision energies of 75 and 170 meV (a). Branching ratios
for the MN reaction of O+ with O− as a function of the collision energy. Present theoretical calculations are shown as lines. Error bars denote the
present experimental results and crosses the revised results of de Ruette et al.1 (b)

Our experimental results at the collision energy of 75 and 170
(±15) meV are presented in Fig. 6(a). The increased relative ve-
locity of the ions is found to correlate with a broadening of the
r distributions. The same effect could be observed in other ear-
lier experiments at DESIREE49,50, and is mainly attributed to the
spread in the energies of the ion beams and a decreased accu-
racy in the approximation made in equation 4. The metastable
contribution (marked with an asterisk) remains present in both
measurements. The extracted branching ratios are shown in Fig.
6(b), in comparison with the results of de Ruette et al. at 7 meV
collision energy and present theoretical calculations. A generally
good agreement is found between present experimental results,
previous experimental results of de Ruette et al.1 and theory, with
no significant changes in populations observed, as expected by the
calculations.

4 Conclusions

Using a combined merged-beams and storage ring apparatus, we
have measured the kinetic energy release in the mutual neutral-
isation of O+ with O− at collision energies of 55, 75 and 170
(±15) meV and determined the branching ratios. An additional
feature in the spectra was found to correspond to one or two re-
action channels involving the long lived (τ ≈ 3.6 hours) O+(2Do)
metastable state. Further analysis of previous experimental re-
sults at 7 meV collision energy by de Ruette et al.1 additionally
revealed several previously unidentified small scale contributions
which were mainly found to correspond to neutralisation chan-
nels of that same metastable state to the O(np 3P) and O(nd 3Do)
Rydberg series. These results were revised by taking into account
these contributions and the fringe field effects in the fit.

Multiconfigurational Dirac-Hartree-Fock calculations were em-
ployed to determine the ground/metastable core mixing in the
available states, and estimate the branching ratios using the
multi-channel Landau-Zener model combined with the anion cen-

tered asymptotic method. These theoretical results were found to
be in good agreement with the experimental results for the re-
action involving the ground state O+(4So) cation, except for the
channels involving the O(3s 5So) state, which theory does not
predict to contribute. For the reaction involving the O+(2Do)
metastable state, the theoretical results were found to predict a
large contribution where a noticeable feature is observed experi-
mentally but failed to account for several other observed product
states, indicating that the model might not be sufficient. Fur-
ther improvements are therefore needed for accurate modelling
of these more complex reactions.

The storage of the ions for up to 30 seconds did not reveal
the presence of any contribution from the shorter lived (τ ≈ 5s)
metastable O+(2Po) in our spectra, suggesting that the latter does
not contribute significantly or only populates auto-ionizing states
which cannot be detected in current experimental setups.

The present results are mostly relevant to the modeling of the F
region of the ionosphere, in which the observed OI 135.6 nm and
130.4 nm nighttime emissions correspond to the O(3s 5So)/O(3s
3So) → O(3P) (ground state) transitions, which either occur di-
rectly or through radiative cascades from higher excited states.
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