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Mutual neutralisation of O+ with O�: investigation
of the role of metastable ions in a combined
experimental and theoretical study
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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 energy. Several previously

unidentified spectral features were found to correspond to mutual neutralisation channels of the first

metastable state of the cation (O+(2Do), t E 3.6 hours), while no contributions from the second

metastable state (O+(2Po), t E 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
depends on the initial and final states of both species.
MN experiments are of great importance for studies of natural
plasmas, such as those in planetary and stellar atmospheres
and the interstellar medium,2–4 but likewise for artificial
plasmas in laboratories or for industrial use.5 Despite its
importance to many media, only a limited number of experi-
mental MN studies have been reported. From the earliest

investigations in the late 1960s,6 many of these studies are
single-pass merged-beams experiments reporting on high-
energy (c1 eV) collisions between atomic ions,7 though data
from a few studies with molecular ions exist.8 In most cases,
detection techniques limit experimental data to reaction rates
and cross-sections, with no identification of the quantum states
involved. For many plasmas, however, the relevant collision
energies are much lower ({1 eV). Furthermore, order of
magnitude differences are reported between results from
different apparatuses for the same reaction.6,7 Even the funda-
mental H+/H� reaction has considerable uncertainties.4

Theory9 agrees with higher-energy data10 while significantly
disagreeing with older low-energy data.11 However, considerable
progress has been made in the ability to perform merged-beams
measurements under 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
reactions,1,14 with results more consistent with the most recent
theory.12,13

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
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triatomic systems somewhat slower,16 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
obtained.22 Merged-beams experiments are therefore usually
more suitable 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 affect the determination of the total cross section, and
lead to additional 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 sufficiently
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 conditions, allowing for ion storage up to
hours,25 and MN processes freely occur along the common
straight section as the ions circulate. Rotational and vibrational
cooling is only relevant to molecular species,26 nevertheless,
many atomic ions can be formed in metastable electronically
excited states. It is therefore of fundamental and applied
interest to investigate atomic MN experiments where metastable
ions are known to be present in order to determine 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 accurately.12 The reaction is generally
described as a non-adiabatic process in which electronic states
interact at large internuclear distances. The semi-classical
Landau Zener (LZ) model, dating back from 1932,27,28 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 agreement with theory when the non-
adiabatic couplings are properly described.1,14 Interestingly, in
a recent study,32 the experimentally determined branching
ratios were found to be in a better agreement with multi-
channel 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
relevant to the modelling of the ionosphere.33 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 altitudes.34 The excited neutrals formed in
these reactions also emit photons through transitions to the
ground states, leading to airglow in the ionosphere.35 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) transition.36 Modelling 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 understood.

The O+/O� reaction was first investigated by Olson et al. in
1970,35 but these results were later found to disagree with
experiments by Peart et al. in 1989,37 and in 1993.38 Possible
explanations 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:

Oþ 4So
� �

þO� 2P
� �

!

Oð3p 3PÞ þOð3PÞ þ 1:17 eV

Oð3p 5PÞ þOð3PÞ þ 1:42 eV

Oð3s 3SoÞ þOð3PÞ þ 2:64 eV

Oð3s 5SoÞ þOð3PÞ þ 3:01 eV

8>>>>>><
>>>>>>:

(2)

Interestingly, the authors also reported an additional feature
in their energy spectra which could only be attributed to the
presence of metastable ions in the beams. These were, however,
not clearly identified, which motivates further analysis and
calculations. 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 hours.40 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
atmosphere,41 and are known to be produced under laboratory
conditions.37,38 In the present study, we aim to combine
experimental and theoretical methods in order to determine
the branching ratios 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.
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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 a between them.

Ec:m ¼
1

2
m vA

2 þ vB
2 � 2vAvB cos a

� �
(3)

Thus in order to obtain the lowest collision energy, one must
minimize a and adjust the ion beam energies accordingly.
In DESIREE, this is done by adjusting the voltages on the
ion-beam 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 detector, which is located 1.40 m from the
last drift tube. The detector consists of a microchannel-plate
stack with a phosphor-screen anode,42 from which the light is
guided to a complementary metal oxide semiconductor (CMOS)
camera, which records the positions, and a 16 channel Photo-
multiplier Tube (PMT), which is used to measure the arrival
time differences. A detailed description 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
difference 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 energies,43 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 setting 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 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rk2 þ ðvDtÞ2

q
(4)

where r8 is the separation of the fragments on the imaging
detector, Dt 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 r8 and Dt, 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 studies,44–47 and there exist analytical functions
which approximate the distributions of these measured quantities.
However, since here, the collision energy is adjusted through a bias
voltage as described above, fringe field effects at the entrance 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 program,48 and determine the

corresponding ion velocity vectors vA
�! and vB

�!. The r distributions
are then simulated by calculating the recoil velocity 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

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.
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present collision energy range, the events are not uniformly distrib-
uted along the interaction region, and a probability distribution
proportional to 1=

ffiffiffiffiffiffiffiffiffiffi
Ec:m:

p
is used to take this into account.

Furthermore, the spread in the energies and velocity com-
ponents 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
determined, here we instead chose to convolve the r distributions
with Gaussians of adjustable width, in order to match the observed
experimental broadening.

Correction for detection efficiency

The detectors have two limitations which must be taken into
account. In order to measure the arrival time differences, the
neutral 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
hitting the phosphor screen may trigger several adjacent PMT
channels, resulting in false two particle events. This means that
real MN events with small time differences Dt cannot be
distinguished from false coincidences, and this constitutes
another limiting factor 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, y, as well as the angle between the
horizontal axis of the detector and the products, f, 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 y, through the relation23

rk ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EK þ Ec:m:

EA þ EB

mA þmBð Þ2

mAmB

s
L sin y (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
r8 in the following ways: The minimum angle f (see Fig. 2(b)) for
which two events can be detected, depend on this quantity, and
thus the detection efficiency e1, due to the limitations of the
PMTs is given by

e1 rk
� �
¼ 1� 2fmin

p
¼ 1�

2 arcsin Dymin=rk
� �
p

(6)

where Dymin 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 e2, determines the loss of events due to
the timing resolution. The cutoff in the time detection Dtcut,
limits the separation of two fragments by

rkcut ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rkmax

2 � vDtcutð Þ2
q

(7)

where r8max is the maximal separation for a given energy,
which can be obtained from eqn (5). The detection efficiency is
then simply:

e2 rk
� �
¼ 1 rko rkcut

e2 rk
� �
¼ 0 rk4 rkcut

8<
: (8)

here the cutoff is chosen as Dtcut = 3 ns based on observations
of background in the spectra below this value.

If the relative velocity between the ions is zero, then the
angular distribution of the fragments is isotropic, i.e. cos y is
uniformly distributed between 0 and 1. The detection efficiency
for a given kinetic energy release channel can then be evaluated

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).
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analytically. At non-zero collision energies, the angular
distribution is not necessarily 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 & Dickinson,51

which relies on the multi-channel Landau–Zener model,
with an anion centered asymptotic method to determine the
coupling matrix elements.

The basis for this model is the introduction of a diabatic
basis in which the ionic and covalent potential curves cross at
some internuclear 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
Hif of the electronic Hamiltonian in this basis, determine the
probability, p, to stay on the diabatic potential curve during a
single passage of the crossing

p ¼ exp
�2pHif

2

vR d Vi � Vfð Þ=dRj jR¼Rx

 !
(9)

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

Vi ¼ Vth �
1

R
� a1 þ a2

2R4
(10)

where Vth is the threshold energy of the ion-pair state, and a1 =
3.31 a.u., a2 = 21.59 a.u., are the polarizabilities of O+ and O�

respectively.52 This differs from the calculations by Zhou &
Dickinson,51 which did not include dispersion forces.

The dependence on the collision energy for the crossing
probability (eqn (9)), is determined by the radial velocity vR,

which classically is given by

vR ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

m
Ec:m: þ Vth � VðRxÞ �Uðl;RxÞð Þ

s
(11)

where U(l, Rx) is the centrifugal barrier due to the orbital
angular momentum l of the colliding system. With multiple
channels (eqn (2)), the potentials cross at several points, and the
transition 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 pathways.53 The cross section
is then obtained by summing these transition probabilities P for
each allowed value of the orbital angular momentum l of the
incoming partial wave.

sif ¼
pri

2mEc:m:

X
l

ð2l þ 1ÞPðlÞ (12)

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

coupling elements Hif for the different electronic states
involved. Previous calculations of cross sections of MN reactions
involving hydrogen have provided accurate results by using a
linear combination of atomic orbitals (LCAO) method in order to
solve the two electron Hamiltonian problem.54 This is, however,
non trivial to calculate for the oxygen anion, and a more readily
applicable approach is the asymptotic method developed by
Landau & Herring,55 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 parameters in these wavefunctions.57 The
system is then considered as a quasimolecule, from which the
allowed electronic states can be determined from the Wigner–
Witmer rules.58

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) Rydberg 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 particular states. In order to achieve
this, multiconfigurational Dirac–Hartree–Fock (MCDHF)
calculations were employed through the GRASP2018 atomic
structure code.59

The MCDHF calculation is based on the Dirac–Coulomb
Hamiltonian with corrections due to the frequency independent
Breit interaction and leading quantum-electrodynamical effects
included in a subsequent relativistic configuration interaction
calculation. The mixing between different fine-structure (e.g. LSJ-
coupled) states resulting from atomic structure calculations

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

PCCP Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
O

ct
ob

er
 2

02
1.

 D
ow

nl
oa

de
d 

on
 6

/1
2/

20
26

 3
:2

6:
50

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cp03977f


24612 |  Phys. Chem. Chem. Phys., 2021, 23, 24607–24616 This journal is © the Owner Societies 2021

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 correlation 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 eqn (12).

3 Results and discussion

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
distributions of the channels in eqn (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
agreement with previous results at 7 meV collision energy.1

Significant tails to larger distances (see for example at r =
4–4.5 cm) are observed, 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 (B2.7 eV) also coincides with a similar shoulder in the
kinetic energy release 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 (t E 5 s) 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 significant 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 processes, then spin and/or orbital
angular momentum constraints limit the allowed transitions to
the following channels upon neutralisation

Oþ 2Do
� �

þO�ð2PÞ!

O 3s 1Do
� �

þO 1D
� �

þ0:80 eV

O 3s 3Do
� �

þO 1D
� �

þ0:98 eV

O 3s 1Do
� �

þO 3P
� �

þ2:75 eV

O 3s 3Do
� �

þO 3P
� �

þ2:94 eV

8>>>>>><
>>>>>>:

(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
electron. Hence one-electron transfer to the following states is
also allowed:

Oþ 2Do
� �

þO� 2P
� �

!
O np 3P
� �

þOð3PÞ þ EK

O np 3P
� �

þO 1D
� �

þ EK

8<
: (14)

Oþ 2Do
� �

þO� 2P
� �

!
O nd 3Do
� �

þO 3P
� �

þ EK

O nd 3Do
� �

þO 1D
� �

þ EK

8<
: (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.

The presence of a broad feature around 4.5 eV is found to
coincide 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 levels 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 therefore interpret these small scale contributions as mainly
resulting from the reaction of the O+(2Do) metastable cation
neutralising to these two Rydberg series. Interestingly, we find
that some of these coincide with the main peaks, and could

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.
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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+ (eqn (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
uncertainties. 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 uncer-
tainty in the metastable contributions. Hence, the O(3s 3So)
channel is associated 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. Theoretical 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 indicate that the coupling element for that
particular state is not well described by the model. Note that the
contribution from the reaction 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 (eqn (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 measurements
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 energetic
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

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
experiment 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.

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 [eV] Rx [a0] Exp. 7a meV [%] Exp. 7b meV [%] Exp. 55c meV [%] Theoryd (o200 meV)

O+(4So) + O�(2P)-
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 4 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 al1. b Revised results of de Ruette et al. c Present results. d Present calculations.
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of the active electron when part of the negative 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 fulfilled. Furthermore,
at small crossing distances, the multichannel Landau–Zener
model is generally less accurate, an issue previously discussed
in the former paper,1 and may explain the theoretical 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.

Our experimental results at the collision energy of 75 and
170 (� 15) meV are presented in Fig. 6(a). The increased relative
velocity of the ions is found to correlate with a broadening of
the r distributions. The same effect could be observed in other
earlier experiments at DESIREE,49,50 and is mainly attributed to
the spread in the energies of the ion beams and a decreased
accuracy in the approximation made in eqn (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 experi-
mental 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
neutralisation 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 reaction channels involving the long lived
(t E 3.6 hours) O+(2Do) metastable state. Further analysis of

previous experimental results 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 channels 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
employed 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 centered asymptotic method. These theoretical results
were found to be in good agreement with the experimental
results for the reaction 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 experimentally but failed to account for
several other observed product states, indicating that the model
might not be sufficient. Further 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 (tE 5 s)
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
directly or through radiative cascades from higher excited states.

Conflicts of interest

There are no conflicts to declare.

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).
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