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State-resolved mutual neutralization of 16O+ with 1H− and 2H− at collision energies below 100 meV
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We measured the product-state distribution and its dependence on the hydrogen isotope for the mutual
neutralization between 16O+ and 1,2H− at the double electrostatic ion-beam storage ring DESIREE for center-
of-mass collision energies below 100 meV. We find at least six product channels into ground-state hydrogen
and oxygen in different excited states. The majority of oxygen products populate terms corresponding to
2s2 2p3(4S◦)4s with 5S◦ as the main reaction product. We also observe product channels into terms corresponding
to 2s2 2p3(4S)3p. Collisions with the heavier hydrogen isotope yield a branching into these lower excited states
smaller than collisions with 1H−. The observed reaction products agree with the theoretical predictions. The
detailed branching fractions, however, differ between the theoretical results, and none of them fully agree with
the experiment.
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I. INTRODUCTION

Oxygen is the third most abundant element in the Universe
after hydrogen and helium, and its properties and interactions
are important to understand in order to be able to form a
correct picture of the chemistry and physics of many astro-
physical environments [1]. As a dominant source of opacity
and as a catalyst in the CNO cycle, oxygen has a key role in
stellar structure and evolution [2]. Oxygen is also an important
tracer of the evolution of galaxies [3,4], as well as of the
properties of exoplanets [5].

In particular, the solar oxygen abundance is currently the
subject of debate [6]. Improved stellar spectra modeling based
on three-dimensional radiation hydrodynamics and including
departures from local thermodynamic equilibrium (LTE) have
resulted in a significant downwards revision of the oxygen
abundance in the Sun, as well as of other abundant light
elements including carbon and nitrogen [7–9]. The corre-
sponding reduction in opacity, however, results in significant
discrepancies between standard models of the Sun and precise
helioseismic measurements [10]. The origin of these discrep-
ancies remains unclear [11], but one possibility is that the
oxygen abundance derived from the stellar spectrum is in er-
ror. The three O I absorption lines at 777 nm are the strongest
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feature at visible and near infrared wavelengths and have been
the subject of intensive investigations [12–17]. This triplet
is highly sensitive to deviations from LTE. Thus, accurate
oxygen abundances require collisional-radiative modeling to
solve for the more general state of statistical equilibrium. This
in turn requires a complete description of the most important
inelastic collision processes.

The cross sections for inelastic collisions between oxy-
gen and hydrogen pose some of the largest uncertainties
for gauging the oxygen abundance in the Sun and solar-
type stars [13]. Different theoretical models lead to vastly
different conclusions [15,17]. One theoretical set of cross
sections were obtained via a linear-combination-of-atomic-
orbitals (LCAO) approach with the multichannel Landau-
Zener formula [18,19] for the electron transfer mechanism,
supplemented with data for a momentum transfer mechanism
following the free-electron model in the impulse approxi-
mation of Kaulakys [20,21], labeled LCAO + impulse by
Amarsi et al. [17]. Another theoretical approach, also tested
by Bergemann et al. [15] and referred to as the quan-
tum hopping probability current (QPC), used multireference
configuration-interaction potentials by Mitrushchenkov et al.
[22] to calculate cross sections within a Landau-Zener scheme
[23]. In the original QPC publication [23], excitations in the
neutral oxygen product higher than 12 eV were omitted, but
higher excited states were included for the study by Berge-
mann et al. [15].

There is some astrophysical evidence to support the LCAO
+ impulse model, in that it reproduces the variation of the
O I 777-nm triplet over the solar disk [15–17] and suggests
oxygen abundances consistent with those from other diag-
nostics [9]. Indeed, Bergemann et al. [15] and the follow-up
study of Pietrow et al. [16], following Amarsi et al. [17],
base their final oxygen abundance on the LCAO + impulse
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FIG. 1. Schematic of the parts of DESIREE most relevant for
the present study. The ion trajectories are depicted in dark blue, the
neutral reaction products in pink, and the light from the phosphor
screen anode in green. The drift tubes in the merging region are
shown in gold and the ones biased in the experiment were no. 2 for
2H−, and no. 6 for 1H−. For details of the setup, see Refs. [25,26].

approach. There is a risk, however, that this agreement is
coincidental and that errors in the theoretical collision cross
sections are compensated for by other errors in the spectrum
modeling.

Consequently, experimental investigations on the inelastic
collisions between oxygen and hydrogen are of high relevance
to astrophysics, particularly at the subelectronvolt collision
energies of stellar photospheres. Mutual neutralization is a
useful tool to test the general theoretical description of the
electron transfer mechanism as the nonadiabatic coupling
between ionic and neutral states, central to mutual neutraliza-
tion, also governs the inelasticity of neutral-neutral collisions
by electron transfer. Previous experimental results on mutual
neutralization between 16O+and 2H−[24] at millielectronvolt
collision energies did not report population in the neutral
oxygen terms corresponding to 2s2 2p3(4S◦)3p which are
predicted to be significantly populated based on theoretical
calculations [15,19]. In particular, Amarsi et al. [17] found
the population of 2s2 2p3(4S◦)3p 5P to be of relevance in the
oxygen abundance analysis of the Sun [17]. Here, we present
an experimental study of mutual neutralization reactions at
subelectronvolt collision energies of 16O+ with 2H− and 1H−
and compare it to the two theoretical calculations that have
been used to extract information about the amount of oxygen
in the Sun.

II. EXPERIMENT

The experiments were performed at DESIREE, the cryo-
genic double electrostatic ion-beam storage ring facility in
Stockholm which has been described in detail before (see,
e.g., Refs. [25,27]). A schematic of the experimental setup
is presented in Fig. 1. The first description of the experi-
mental procedure for mutual neutralization experiments at
DESIREE can be found in Ref. [26]. Contrary to most of the
earlier mutual neutralization experiments at DESIREE, how-
ever, the present experiments were undertaken in single-pass,
continuous-beam mode, as described by Schmidt-May et al.
[28].

The 1,2H− ions were produced in a Source of Negative
Ions by Cesium Sputtering (SNICS) [29] using TiH2 in a

copper cathode and accelerated by a potential difference of
−6 and −7.8 kV for 1H− and 2H−, respectively. An electron
cyclotron resonance ion source (Monogan M-100 ECRIS,
Pantechnik, Bayeux, France) was used to produce the oxygen
cations. After ionization by electron impact at 60 eV, which
is similar to the ionization mechanisms in the ECRIS, Hughes
and Tiernan [30] found metastable fractions in 16O+ between
4% when produced from carbon dioxide and up to 90% when
produced from water. We ran the experiment with 16O+ ions
from molecular oxygen, carbon dioxide, and water vapor to
test for contributions of the long-lived first excited states
2D and 2P in 16O+. We did not find any contribution from
metastables, and the branching fractions published here stem
from 16O+ produced from carbon dioxide in the ECRIS. The
potential difference to accelerate the 16O+ ion beam was set
to 86 kV for collisions with 1H− and to 56 kV for collisions
with 2H−.

The ions were mass selected and guided into the storage
ring, where the two ion beams were overlapped in the merging
region (see Fig. 1). There, a selection of seven drift tubes can
be biased to match the velocities of the anionic and cationic
beams and to reach subelectronvolt center-of-mass collision
energies. The drift-tube voltage that matches the velocities
was found by searching for the setting at which the proba-
bilities for the hydrogen atom and the oxygen atom to arrive
first or second at the detector were the same. We biased a
7.6-cm-long drift tube with its center 1.85 m from the detector
at −680 V when measuring mutual neutralization of 16O+
+ 2H−(see Fig. 1). For 16O+ + 1H−, we biased a 7.6-cm-long
drift tube at −560 V, centered 1.52 m from the detector.

The ions were guided onto their ring trajectories after the
merging region and collected by a Faraday cup. The neutrals
that are produced in mutual neutralization in the merging
region are not deflected and arrived nearly at the same time at
the detector. The inner-chamber part of the detection system
consists of a Z-stack of three microchannelplates with a 75-
mm diameter and a phosphor-screen anode behind them. The
light from the phosphor is viewed from outside the vacuum
chambers by a TPX3CAM camera [31] of Amsterdam Sci-
entific Instruments [32] through vacuum-chamber view ports.
The simultaneous detection of time and position of each pixel
activation on the 256 × 256 pixel chip in the camera allows
the reliable detection of two, and more, coincident particles
[33,34].

Activated pixels were assigned and aggregated to time and
position of individual spots utilizing the clustering algorithm
DBSCAN [35,36] inspired by Al-Refaie et al. [37]. As the
time-of-activation of a pixel is dependent on the intensity of
the light pulse [38], an intensity-dependent correction was
applied to the registered time of arrival. We established the
temporal delay specific to each intensity in a separate setup
for calibration using individual detector events by splitting
the light pulse from the phosphor screen and measuring the
temporal offset between a photomultiplier tube signal and the
registered time-of-arrival on the TPX3CAM.

Two detection events are considered to result from a
single mutual neutralization event in the biased region
when their arrival times are less than 50 ns apart and
more than 200 ns apart from the previous and following
events.
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III. ANALYSIS

The analysis mainly follows the description given in
Refs. [26,39]. By combining the measured arrival-time dif-
ference and positions, a three-dimensional vector between the
two neutrals when their center-of-mass crosses the detector
plane is obtained. Its magnitude, the product separation r, is
related to the total kinetic energy E , after the mutual neutral-
ization reaction, in the center-of-mass system via

r = L

v

√
2

E

μ
, (1)

with v being the velocity of the center-of-mass in the lab-
oratory frame of reference and μ the reduced mass of the
diatomic system. Further, L is the distance from the position
of the mutual neutralization reaction to the detector and its
average is equal to the distance between the center of the
biased section and the detector. E is the sum of the product-
channel-specific kinetic energy release (KER) of the reaction
and the center-of-mass collision energy.

We exclude mutual neutralization events with a cos θ �
0.2, with θ being the polar angle of the product-separation
vector with respect to the beam axis. This is an efficient
discrimination against mutual neutralization events occurring
in the fringe fields of the biased region, which have larger
arrival-time differences due to the unmatched ion beam ve-
locities. Additionally, the high ion beam speeds needed for
light ions cause very small arrival-time differences which
are at most 10 times larger than the least significant bit of
the TPX3CAM time stamp of 1.56 ns [40]. Thus, excluding
events for which the product separation is dominated by the
arrival-time difference increases the resolution in the product
separation distribution. The cos θ distributions of all channels
are isotropic at low collision energies and, without a channel-
dependent anisotropy, cuts in cos θ have no influence on the
extracted branching fractions.

To deduce branching fractions, the product separation
distributions are fitted with a linear combination of model
functions, one per product channel. The model function is a
convolution of the distribution resulting from the simulated
potential in the merging section, which depends on the length
of the biased drift-tube region, with a Lorentzian function
accounting for any broadening, e.g., velocity spreads and de-
tection imprecision. Additional to a scaling factor for each
channel, the fitting parameters include a common width of the
Lorentzian for all peaks and a common energy offset corre-
sponding to the most probable center-of-mass collision energy
in the biased region. The most-probable collision energy can
be elevated due to multiple factors, e.g., a mismatch of the
ion beams’ velocities, a small angle between the ion beams
and most likely dominantly by the ion beams’ divergence. The
KER of a given product channel is calculated by subtracting
the electron affinity of hydrogen and the excited-state energy
of oxygen from its ionization energy using tabulated values
from the National Institute of Science and Technology (NIST)
[41,42].

In the fitting procedure, a distribution of center-of-mass
collision energies is formed by the global energy offset and
the potential-dependent center-of-mass collision energies and

yields a mean center-of-mass collision energy and its uncer-
tainty. The counting statistical error is taken into account in
the optimization and the stated errors of the deduced branch-
ing fractions are the propagated standard deviations from
fitted scaling parameters.

We ran fits with the energetically accessible product
channel 1H−(1s2) + 16O+(2s2 2p3 4S◦) → 1,2H (2s1) +
O(2s2 2p4 1D◦) that was not included in the theoretical stud-
ies. We found no significant population and excluded this
channel when we extracted the final branching fractions. Ad-
ditionally, we do not include product channels with a KER
outside the region between 0.5 and 2.7 eV as our measure-
ments do not indicate any population there. The two product
channels 1H−(1s2) + 16O+(2s2 2p3 4S◦) → 1,2H (1s1) +
O(2s2 2p33d 5D) and O(2s2 2p33d 3D◦) are less than 1 meV
apart and we treat them as one channel, denoted 5,3D◦, in the
fitting procedure.

IV. RESULTS

We find significant population in six excited states of oxy-
gen and ground-state hydrogen after the mutual neutralization
of 16O+ + 1H− at an average center-of-mass collision energy
of 36(3) meV [Fig. 2(a)]. The channels correspond to oxygen
states with an 2s2 2p3(4S◦) 16O+ core. For mutual neutraliza-
tion between 16O+ + 2H− at 31(3) meV, we find only four
product channels [Fig. 2(b)].

Independent of the hydrogen isotope, more than half of the
oxygen products populate terms corresponding to (4S◦)4s. The
branching fraction into the (4S◦)4s 5S◦ state alone is measured
to be 39(2)% and 47.1(8)% for 1H− + 16O+ and 2H− + 16O+,
respectively. The branching into the other product channels
drops with the difference in energy to this dominant channel.
In Table I, our experimental branching fractions and the dif-
ference between the results of the two isotopes are presented
together with the theoretical predictions based on LCAO [19]
and QPC [15]. Figure 2 shows the measured KER distribution
together with the best fit and the theoretical predictions folded
by the experimental response function.

The (4S◦)3p 3P channel has a significant population for
both isotopes. The combined branching fraction of (4S◦)3p
3P and the neighboring (4S◦)3p 5P decreases from 13.4% in
1H− + 16O+ to 6.0% in 2H− + 16O+. The branching into
the main reaction product and higher excited states (4S◦)3d
5D and 3D, treated as one channel in the analysis, is larger
with 2H− than with 1H− while the population of (4S◦)4p 5P is
smaller with the heavier isotope.

V. DISCUSSION

Comparing our findings to the theoretical predictions, we
notice that both calculations predict the same main reaction
products as those seen in the measurements. The calculated
branching fractions do not, however, fully match our ex-
perimental results. Both calculations predict populations in
(4S◦)3p 3P and (4S◦)3p 5P significantly higher than what
we measure. A plausible explanation for this discrepancy is
the position of the avoided curve crossings involving these
states. As seen in Fig. 3, the nonadiabatic regions of channels
corresponding asymptotically to (4S◦)3p 3P and (4S◦)3p 5P
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TABLE I. The measured branching fractions (BF) into different states of the neutral oxygen after mutual neutralization with 1H− and 2H−

at collision energies of 36(3) meV and 31(3) meV, respectively, in comparison with the BF predicted by LCAO [19] and QPC [15] calculations.
Unless stated otherwise, the hydrogen is in its ground state. The calculated BF have no significant dependence on the center-of-mass collision
energy at collision energies below 500 meV and the specific calculated BF were taking at 40 and 33 meV, for QPC and LCAO respectively.
The three last columns show the measured and predicted difference between 1H− and 2H−. Stated uncertainties stem from the least-square
fitting procedure taking counting statistics into account but do not include a potentially erroneous shape of the model function, describing the
experimental response function. This could lead to a systematic error of up to 1%.

Electronic state of oxygen BF with 1H (%) BF with 2H(%) Isotope difference (%pt.)

Configuration Term KER (eV) Expt. LCAO QPC Expt. LCAO Expt. LCAO

2s2 2p4 3P +H (n = 2) 2.67 < 1% 3 × 10−4 2.0 < 1% 1 × 10−4 −2 × 10−4

2s2 2p3(4S◦)3p 5P 2.13 0.9(3) 2.9 1.1 < 1% 1.0 −0.8(4) −1.9
2s2 2p3(4S◦)3p 3P 1.88 12.5(8) 21.2 17.4 5.9(4) 14.5 −6.6(9) −6.7
2s2 2p3(4S◦)4s 5S◦ 1.04 39(2) 42.6 33.0 47.1(8) 51.1 8(3) 8.5
2s2 2p3(4S◦)4s 3S◦ 0.94 26(2) 18.5 9.0 26.8(8) 18.2 −1(3) −0.2
2s2 2p3(4S◦)3d 5,3D◦ 0.79 19(1) 14.2 36.8 19.4(6) 14.5 0(2) 0.3
2s2 2p4 1D +H (n = 2) 0.70 < 1% — — <1% —
2s2 2p3(4S◦)4p 5P 0.59 1.5(4) 0.6 0.3 <1% 0.7 −1.3(5) 0.1
2s2 2p3(4S◦)4p 3P 0.51 < 1% 0.05 0.07 <1% 0.05 0

overlap. This type of situation is not well described in the
Landau-Zener model, which assumes that curve crossings are
well-separated and that only two states interact at any given
internuclear separation.

A noticeable difference between the two calculations is
the distribution of reaction products within the higher excited
states with KER of 1 eV and below. Here, the LCAO cal-
culations [19] match our experimental result better than the
QPC calculations [15]. QPC predicts a branching fraction into
(4S◦)3d higher than that into (4S◦)4s 5S, and the (4S◦)4s 3S
population is calculated to be less than half of what we mea-
sure. As both calculations use a Landau-Zener scheme for
the dynamics, the discrepancy between the two models most
probably stems from the different description of the electronic
structure of the OH quasimolecule formed during the collision
and any resulting difference in potentials and couplings.

In addition, the LCAO [19] and QPC [15] results differ
in the expected excitation of the electron donor, hydrogen,
with oxygen in its ground state. This product channel implies
a simultaneous rearrangement of two electrons, and in the
LCAO calculations that we are comparing to here, this chan-
nel was included with an estimate of the relevant two-electron
coupling strength. The LCAO branching fraction calculated
by these means is, however, very close to 0, whereas the QPC
branching fraction is 2.0% for 16O+ + 1H−. Our experimental
results do not exclude a small population below 1%, but show
no peak at the expected position.

The isotope effect in the form of differences in the product
distributions for 16O+ colliding with 1H− or 2H− is found to
be slightly weaker in the experimental than in the LCAO [19]
results, but the general trend of the smaller population in the
lower excited states with the heavier isotope is in line with our
experimental findings. A smaller population in lower excited
states with a heavier hydrogen is consistent with previous
observations and analytically derived predictions [28,43].

Amarsi et al. [17] found the most important inelastic col-
lision process for forming the O I 777-nm triplet in stellar
spectra to be (4S◦)3s 5S � (4S◦)3p 5P transitions in oxygen,

driven by collisions with neutral hydrogen. In the LCAO +
impulse model used in that work (see Sec. I), this transition is
completely dominated by the momentum transfer mechanism
described by the free-electron impulse approximation model.
The contribution from this mechanism is about 6 orders of
magnitude larger than the contribution from electron transfer
via avoided ionic crossings from the LCAO model. For such
a transition to occur via the electron transfer mechanism,
nonadiabatic transitions are required at two avoided cross-
ings, those corresponding to (4S◦)3s 5S and (4S◦)3p 5P states.
The measurement for mutual neutralization into (4S◦)3p 5P
probes the electron transfer via the relevant avoided crossing
and for 1H the branching fraction is found to be a factor
of 3 lower than predicted by LCAO. As discussed earlier,
this discrepancy may partly be due to the overlapping of the
(4S◦)3p 5P and (4S◦)3p 3P avoided crossings. The magnitude
and direction of this difference do not suggest that the LCAO
modeling of the transition probabilities at the avoided crossing
with (4S◦)3p 5P is in error to such a degree that the conclusion
from Ref. [17], that the electron transfer contribution to this
transition is negligible in stellar spectral modeling, would be
changed.

VI. CONCLUSIONS

We report experimental mutual neutralization studies of
1,2H− + 16O+ at the double electrostatic ion-beam-storage
ring DESIREE. The ions’ mass ratio is close to the estimated
mass ratio limit of DESIREE [27] for merged-beam ion-ion
collision experiments at low energies and the study reported
here is one of few subelectronvolt merged-beam experiments
with the lightest hydrogen anion 1H−.

Our product separation distributions are only partially state
resolved, but by fitting model functions to the measured
distribution, we are able to extract branching fractions at
center-of-mass collision energies of 36(3) and 31(3) meV
for 16O+ + 1H− and 16O+ + 2H−, respectively. We find
that the ground-state ions neutralize into at least six different
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FIG. 2. The measured product separation distributions (black) of
16O+ + 1H− (a) and 16O+ + 2H− (b) converted into KER spectra
using Eq. (1) and the collision energy obtained by the fit. Only
mutual neutralization events with cos θ < 0.2 are included to show
the achievable resolution. The fits to the experimental data as de-
scribed in Sec. III are displayed in red (medium dark gray), and
modeled curves using the fit results for the energetic offset and width
with the theoretical calculated branching fractions via QPC [15] are
displayed in orange (lightest gray) and via LCAO [19] in teal (darker
gray). All curves are normalized to an area of 1. Labels refer to the
configuration of the oxygen product with hydrogen in the ground
state unless stated otherwise.

states of oxygen and ground-state hydrogen. More than 60%
of all products populate (4S◦)4s. The (4S◦)3p 3P term has a
significant population for both isotopes, unobserved in earlier
experiments [24].

Both QPC [15] and LCAO [19] calculations overestimate
the population in (4S◦)3p 3P compared to our experimental
value. While there are differences between the experimen-
tal results and both theoretical predictions, we find a better
agreement with the LCAO calculations [19] for the higher
excited oxygen states corresponding to kinetic energy releases
between 0.7 and 1.1 eV. In this region, the Landau-Zener
approximation is expected to be well fulfilled and the qual-
ity of the calculated branching fractions is governed by the

FIG. 3. Adabiatic potential energy curves for the 16O 1H quasi-
molecule in the 4�+ symmetry calculated with a method based on
LCAO [19]. The states are labeled by the states of the oxygen atom
in the asymptotic limit with hydrogen in its ground state unless other-
wise indicated. The unlabeled, dark blue curve at the top corresponds
to 4p 3P and the highest state corresponds asymptotically to the ionic
state 16O+ + 1H−. Note the logarithmic horizontal axis.

potentials and their couplings at the ionic crossings. With the
heavier isotope, we see in the experiment that the population
shifts from (4S◦)3p to (4S◦)4s, which agrees with the trend
predicted by the LCAO calculations.

Overall, the LCAO results [19] reproduce the main fea-
tures of our measured kinetic energy release distributions in
16O+ + 1,2H− mutual neutralization processes. Given that the
electron transfer mechanism in neutral-neutral collisions is
governed by the same potentials and couplings, we expect that
LCAO describes inelastic processes through electron trans-
fer in neutrals equally well and that the contribution from
the electron transfer mechanism to excitation processes in
16O +1,2H collisions predicted by LCAO is not drastically in
error. The solar modeling and comparison to observations in
Refs. [15,17] implies an excitation rate for transitions impor-
tant to the O I absorption lines at 777 nm that is 6 orders
of magnitude larger than expected from LCAO as discussed
briefly in Sec. V and in more detail in Ref. [17]. Thus,
this work supports the conclusion in Ref. [17] that electron
transfer processes are not important for the modeling of these
lines in the solar spectrum. The variation of the O I 777-nm
triplet over the solar disk suggests that a mechanism different
from electron transfer could be at play. Whether the impulse
approximation model [21,44], or some other model, gives an
adequate description of such a mechanism in low-lying states
is an open question.

All resulting data shown in the figures are available elec-
tronically under a Creative Commons license [45].
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