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The present paper reports on a merged-beam experiment on mutual neutralization between Na+ and D−. For
this experiment, we have used the DESIREE ion-beams storage-ring facility. The reaction products are detected
using a position- and time-sensitive detector, which ideally allows for determination of the population of each
individual quantum state in the final atomic systems. Here, the 4s, 3d , and 4p final states in Na are observed
and in all cases the D atom is in its ground state 1s 2S. The respective branching fractions of the states populated
in Na are determined by fitting results from a Monte Carlo simulation of the experiment to the measured data.
The center-of-mass collision energy is controlled using a set of biased drift tubes, and the branching fractions
are measured for energies between 80 meV and 393 meV. The resulting branching fractions are found to agree
qualitatively with the only available theoretical calculations for this particular system, which are based on a
multichannel Landau-Zener approach using dynamic couplings determined with a linear combination of atomic
orbitals model.
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I. INTRODUCTION

Atomic and molecular collision processes involving ions,
neutrals, or electrons play a fundamental role in a wide range
of fields including astrophysics [1–8], plasma physics [9,10],
chemical reactions [11,12], and radiation protection [13]. The
present paper is focused on the process of mutual neutral-
ization (MN)—a charge-transfer reaction in which a cation,
A+, and an anion, B−, collide at meV center-of-mass kinetic
energies and neutralize through the transfer of an electron.
The resulting neutral products are distributed in various final
states depending on the available energy and the possible
quasimolecular states and their coupling in the collision. Such
a process will from here on be abbreviated A+/B−. In this
paper, we investigate the MN reaction between sodium cations
and deuterium anions, Na+/D−, through a final-state-resolved
merged-beam experiment at the DESIREE cryogenic ion-
beams storage-ring facility at Stockholm University, Sweden
[14,15].

The measurement of Na abundances in stars is an impor-
tant problem in astrophysics. Na is produced through carbon
burning ( 12C ( 12C, p) 23Na ) in short-lived massive stars,
leading to a relatively large astrophysical abundance. This
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large abundance results in a number of observable Na sig-
natures in stellar spectra, including the famous D 3s − 3p
resonance lines that are among the strongest features in the
solar spectrum. Very different abundance ratios of Na to other
astrophysically important elements (e.g., oxygen) in globular
clusters compared to the bulk of our galaxy indicates that the
chemical evolution scenario in dense stellar clusters are of
a different nature than in galactic disks. Thus, accurate Na
abundances from interpretation of stellar spectra are also of
large importance (see, e.g., Gratton et al. [16]).

The Na D lines in the sun were, in fact, the first case
for which nonlocal thermodynamical equilibrium (non-LTE)
modeling including both radiative and collisional processes
had to be used to explain the observations. Plaskett [17] con-
sidered electron and hydrogen collisions to explain Na D-line
intensities [i.e., Na(3s) + e− → Na(3p) + e−, and Na(3s)
+ H → Na(3p) + H], but based on the Massey criterion
[18] they concluded that collisions with atomic hydrogen were
unlikely to be important. The importance of MN between
Na+ and H− and the inverse process of ion-pair production
was recognized very early in the atomic physics community
[19–22]. However, it was not until much later that the pos-
sible importance of these processes in stellar atmospheres,
and thus in interpreting accurate stellar Na abundances, was
highlighted by Barklem et al. [23]. These ideas were later
applied to a large grid of stellar-spectrum calculations by
Lind et al. [24]. These astrophysical applications use MN
rate coefficients from the FQ-scattering model by Belyaev
et al. [25] based on the structure calculations by Dickinson
et al. [22]. This methodology is analogous to the theoretical
approach developed for MN between Li+ and H− by Belyaev
and Barklem [26]. Apart from being an important process
in stellar atmospheres, MN is also believed to influence the
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ionization in the early universe, as well as the chemistry in the
interstellar medium and in planetary atmospheres [27,28].

Experimental investigations of MN processes are scarce.
Earlier studies focused primarily on determining the total
cross section for MN at different initial center-of-mass col-
lision energies [29]. These experiments were limited by (1)
relatively high center-of-mass collision energies, thus exclud-
ing the low-energy range (<1 eV) of main interest for many
astrophysical applications, and (2) the inability to distinguish
between different final states and reaction channels. Recent
developments have partially overcome these limitations by
combining merged-beam methods with imaging detector tech-
niques, opening up for more detailed studies of MN and other
charge- and mass-transfer reactions. Such imaging techniques
allow for detection of two or more reaction products in coin-
cidence and measurements of the kinetic-energy release, EK,
of the reaction which provides information on the initial and
final quantum states. These types of detection schemes have
been used in single-pass experiments on the MN of O+/O−
[30] and Li+/D− [31], and recently also with two stored ion
beams to measure MN for the Li+/D− system at DESIREE
[32].

In the present work at DESIREE following Li+/D−, we
turn to the slightly more complex, yet similar in terms of the
types of electron transfer processes, MN between Na+ and
D−,

Na+(2p6) + D−(1s2) → Na(2p6nl ) + D(1s) + EK(nl ),

(1)

where the incoming ions are in their ground states at the
time of collision, and the kinetic-energy release EK(nl ) is
determined by the nl 2S+1L state of the outgoing Na atoms.
In DESIREE, there is a practical upper limit to the ratio of
the kinetic energies of the two ion beams of about 20 [14]. To
reach low center-of-mass energies, this condition translates to
a similar ratio of the masses of the two ion species. For this
reason, we choose to use D− instead of H−, where the latter
is the anion of main interest for astrophysical applications.
At zero center-of-mass collision energy, the energy available
through the exothermic MN reaction in Na+/D− is given by
the difference between the electron affinity of D (0.75459(87)
eV [33]) and the ionization energy of Na (5.1390769(3) eV
[34,35]). This difference is 4.38 eV, which is sufficient to form
the Na atom (but not the D atom) in an excited state.

II. EXPERIMENT

The DESIREE merged-beam setup has been described in
detail previously [14,15,32]. A schematic of the setup with
the two ion-beams storage rings and their common straight
section for merged-beam experiments is shown in Fig. 1. For
the present experiment, Na+ is produced from an electron
cyclotron resonance ion source using a powder of NaBr heated
in an oven. The Na+ beam is extracted from the source and
accelerated to 47.992 keV. The D− ions are produced from
a TiD cathode using a Source of Negative Ions by Cesium
Sputtering and accelerated to 4.975 keV. Note that the beam
energies given here are based on measurements of the acceler-
ation voltage on the ion source platforms. The ion beams are

FIG. 1. A schematic of the DESIREE storage rings. Na+ ions
are stored in the asymmetric ring and D− ions are stored in the sym-
metric ring. The two beams are overlapped in the merging section
where the mutual neutralization reaction occurs. The center-of-mass
collision energy Ec.m. is controlled using a set of biased electrodes.
The resulting neutral products are detected using an imaging detector
system consisting of a microchannel plate (MCP) assembly, a phos-
phor screen, a 16-channel photomultiplier tube (PMT), and a CMOS
camera (see text).

injected into the asymmetric and symmetric rings as indicated
in Fig. 1. The storage lifetimes and the overlap between the
two ion beams are optimized using a set of pickup electrodes
(measuring beam positions) and the signals from two Faraday
cups detecting the ions when they are ejected from the rings.
For the MN measurements, the ion beams are stored for five
seconds before being ejected from the rings. The MN products
are measured continuously during storage using an imaging
detector, consisting of a triple-stack microchannel plate with
a phosphor screen anode [36]. The light from the phosphor
screen is guided through the windows of the DESIREE vac-
uum chambers [14]. An optical beam splitter is used to direct
the light onto a Complementary Metal Oxide Semiconductor
(CMOS) camera to detect the positions of the products on the
detector and onto a 16-channel photomultiplier tube (PMT)
for determination of the time of flight difference, �t , of the
products.

For two particles A and B, the center-of-mass collision
energy, Ec.m., is given by

Ec.m. = μ

[
EA

mA
+ EB

mB
− 2

√
EAEB

mAmB
cos α

]
, (2)

where μ is the reduced mass, EA and EB are the kinetic ener-
gies of the particles, mA and mB are their respective masses,
and α is the angle between the particle trajectories. With the
ion beam energies of 47.992 keV for Na+ and 4.975 keV
for D− and assuming the trajectories of the ions are paral-
lel, Eq. (2) gives Ec.m. ≈ 31 eV. The center-of-mass collision
energy can be locally controlled by a set of drift tubes in the
merging section of the two rings. For the current experiment,
the three middle electrodes are biased, such that the ions have
a low and controlled value of Ec.m. in an interaction region
with a length of 24.4 cm. According to Eq. (2), Ec.m. has a
minimum when the velocities of the particles are equal. For
the present beam energies, the velocities are expected to match
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when the drift tube bias voltage, UDT, has a value of −708 V.
However, the expected UDT where the velocities match may
have a small offset due to uncertainties in the measurements
of UDT as well as the kinetic energies of the two ion beams.
Experimentally, the minimum is found by measuring the rate
of the MN signal as a function of UDT, relying on the expected
1/Ec.m. energy dependence of the cross section at low Ec.m.

[37]. These measurements may also be used to determine
Ec.m. as a function of UDT as discussed in Sec. IV. Additional
measurements are then performed at high statistics to deter-
mine the branching fractions (BFs) of the final states for a
set of collision energies. A more detailed description of the
experimental technique can be found in Ref. [32].

III. THEORETICAL CONSIDERATIONS

Theoretical predictions of Na+/D− at low energies are
so far limited to the set of asymptotic model, multichannel
Landau-Zener calculations by Barklem et al. [38]. These cal-
culations include two methods for determining the couplings
at the avoided crossings of quasimolecular states: one which
adopts semiempirical results from Ref. [39], while the other
method is based on a two-electron linear combination of
atomic orbitals (LCAO) approach [40,41]. No full-quantum
(FQ) calculations, i.e., quantum scattering modeling based
on quantum chemistry molecular structure calculations, on
collisions on Na+ with D− have been carried out; only with
H− by Belyaev et al. [25]. These are based on the potentials
and couplings from the molecular structure calculations by
Dickinson et al. [22].

The effect of Coulomb focusing is generally expected to
significantly increase the total cross section for MN with H−
as compared to MN with D−. This increase is due to a shorter
distance of closest approach between the reactants in the case
of the lighter anion. The impact on the BFs is expected to
be smaller than the impact on the total cross section, but
can have significant contributions of up to 5% in the case
of Na+ + H− or D− as shown by the analysis of Barklem
et al. [38]. Although FQ results are, in general, expected to be
more reliable, it is also clear from Ref. [38] that the difference
between the predictions of the FQ and asymptotic models,
LCAO in particular, is smaller than the isotopic effects in
the energy regime of interest here. We shall therefore mainly
use the LCAO results on D− collisions for comparisons. A
more elaborate study of the performance of various available
theoretical models for both isotopes is given in Barklem et al.
[38], which also discusses the impact of H− versus D− on the
MN collision strength in astrophysical applications.

Term-averaged excitation energies for the final Na atomic
states, Eav with corresponding kinetic energy releases, EK, are
given in Table I together with BFs for Na+/D− over a range
of relevant collision energies as predicted by the asymptotic
LCAO model [38] mentioned above. Judging from these and
the earlier FQ results by Belyaev et al. [25], the theory-based
expectation is that the distribution over final states should stay
roughly constant over the energy range under investigation
and be dominated by the channels around EK = 1 eV with
the 4s final state contributing with ∼ 82%, followed by 3d at
∼ 14%, 4p at ∼ 3.5%, and 3p at ∼ 0.2 – 0.5%. The remaining
channels are expected to have BFs <0.1%.

TABLE I. Relevant energy structure of Na(2p6 1S0 nl) including
the first ionization limit, Na+(2p6 1S0), where Eav are term-averaged
excitation or ionization energies as listed by the NIST ASD [42].
EK(nl ) is the corresponding kinetic energy release of the MN reac-
tion in Eq. (1). The four last columns list predicted MN branching
fractions for the Na(nl) final states for a selection of nonzero center-
of-mass collision energies, Ec.m., spanning the low-energy range of
interest in this paper up to c.a. 1 eV (11605 K), derived from the
Na+/D− LCAO calculations of Barklem et al. [38]. Note that these
BFs do not necessarily sum up to unity due to round-off errors.

BFa [%]/Ec.m. [meV]

nl Eav [eV] EK [eV] 50 250 500 1000

Na 3s 0 4.38 0.0 0.0 0.0 0.0
3p 2.10 2.28 0.4 0.4 0.6 0.8
4s 3.19 1.19 81.1 81.5 81.4 81.4
3d 3.62 0.77 14.9 14.5 14.5 14.3
4p 3.75 0.63 3.6 3.6 3.6 3.6
5s 4.12 0.27 0.0 0.0 0.0 0.0

Na+ – 5.14

aTheoretical values from Barklem et al. [38].

IV. RESULTS AND ANALYSIS

A. Assignment of channels and center-of-mass collision energy

The detected products from the MN reaction are recorded
on an event-by-event basis. For each event, the positions of the
atoms in the detector plane and the triggered channels on the
PMT are recorded. In the analysis, we consider events where
the CMOS camera detects two particles, and where more than
a single channel on the PMT has been triggered. The time of
flight difference, �t , is determined from the time between the
two PMT signals. Due to the finite resolution of the detection
system, events with �t < 5 ns are rejected [32].

To connect the total kinetic energy of the system after the
MN reaction has occurred to a quantity that can be measured
in the experiment, we define the distance between the prod-
ucts, r. The total kinetic energy after the collision may then
be expressed as

Ec.m. + EK(nl ) = μ

2

(
rV

L

)2

, (3)

where μ is the reduced mass, V is the velocity of the center
of mass, and L is the distance between the point where the
interaction took place and the center of mass of the neutrals.
Note that all quantities in Eq. (3) are constant except r and L,
implying that r/L is constant, thus the separation increases as
the neutrals travel along their trajectories.

In the experiment, the positions of the products on the
detector and the corresponding time-of-flight difference are
recorded. The distance L cannot be determined for individual
events, since the MN process occurs along the entire interac-
tion region, the finite length of which results in a distribution
of r values. Now, let L be the average distance between the
point of interaction and the detector, corresponding to the
distance between the center of the interaction region and the
detector, L = 1.683 ± 0.010 m. The uncertainty in L is due to
the possible change in overlap due to misalignment of the two
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FIG. 2. Measured r distributions at (a) Ec.m. = 80 ± 16 meV,
(b) Ec.m. = 241 ± 20 meV, and (c) Ec.m. = 393 ± 23 meV. The small
peak at low r is assigned to the 3d and 4p final states in Na, and the
large peak at high r is assigned to the 4s state. The vertical dotted
lines show the expected average value of r for the assigned states
for E c.m. = 0 eV. The solid red lines represent model distributions
described in Sec. IV B fitted to the data to extract BFs, where the
purple dashed lines are the individual contributions from the individ-
ual states.

ion beams. Let r(nl ) be the average value of the r distribution
for final state nl , and let E c.m. be the average center-of-
mass collision energy. By replacing the quantities in Eq. (3)
with their corresponding averages and solving for r(nl ),
we get

r(nl ) =
√

2[E c.m. + EK(nl )]

μ

L

V
, (4)

from which the experimental values of r(nl ) can be predicted.
The definition of L implies that r should be measured at the
point in time when the center of mass of the reaction products
arrive at the detector, which is not possible in practice. Exper-
imentally, and referring to Fig. 1, r is approximated from the
product positions and �t in the following way. The distance
between the products in the detector plane, r‖, is determined.
From �t , the perpendicular separation, r⊥, is calculated as
r⊥ = V �t . From these quantities, r is given by r =

√
r2
⊥ + r2

‖ .
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FIG. 3. Measured average center-of-mass collision energy, E c.m.,
as a function of drift tube bias voltage, UDT. The line is a fit to Eq. (2).
The shaded area indicates the systematic uncertainty resulting from
the approximation of the distance between the point of interaction
and the detector L.

The measured r distributions are shown in Fig. 2 along with
simulations (full red lines and dashed lines) to be discussed
in Sec. IV B. In Fig. 2(a), the measurement is performed with
UDT = −710 V, resulting in the lowest value of E c.m. achieved
in the experiment. Figures 2(b) and 2(c) are measured with
UDT = −660 V and UDT = −640 V, respectively. The spectra
in Fig. 2 show two distinct features between r ≈ 20 mm and
r ≈ 45 mm. Using Eq. (4) to calculate the expected r for
the 4s, 3d , and 4p final states of Na we find 29.3, 23.5,
and 21.3 mm, respectively, where we tentatively assume that
E c.m. = 0 eV and that V is given from the energies of the
two ion beams. These distances are indicated by the vertical
dotted lines in Fig. 2. We thus assign the larger feature to 4s
and the smaller feature to a combination of 3d and 4p. No
structure is observed that would correspond to the formation
of 3p with a predicted r of 40.6 mm, confirming the theoretical
prediction that this channel is weak. The shift in r with respect
to the expected values seen in Fig. 2(a) and the increase in r
observed in Figs. 2(b) and 2(c) are due to the increased value
of E c.m. which is evident from Eq. (4).

To determine E c.m. from the measured r spectra, the domi-
nant 4s final state peak is fitted using a Gaussian function and
its center position is used as an estimate of r(4s). Equation
(4) is then used to estimate E c.m.. The estimated values of
E c.m. as a function of UDT are shown in Fig. 3. Equation
(2) is fitted to the data in Fig. 3 to obtain an average angle
between the beams α = 4.5 ± 0.5 mrad. Note that α does not
reflect an actual angle between the two beams, since Eq. (2)
is valid for a single collision between two particles, rather
α is an effective average angle with contributions from an
angle between the beams and the divergences of either beam.
Furthermore, Eq. (4) depends on L, and the uncertainty in
L thus affects the measured values of E c.m.. The uncertainty
in L is accounted for by performing the above analysis as a
function of L within the interval given by its uncertainty. This
systematic uncertainty is indicated in Fig. 3 by the shaded
area. For the measurements in Fig. 2, Ec.m. is calculated from
Eq. (2) using the fitted parameters, and the statistical and sys-
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tematic uncertainties are added in quadrature, resulting in the
assignment of E c.m. = 80 ± 16 meV, E c.m. = 241 ± 20 meV,
and E c.m. = 393 ± 23 meV to the distributions in Figs. 2(a)–
2(c), respectively.

B. Branching fractions

The relative number of events measured in each peak in
Fig. 2 is proportional to the BF, BF(nl ), of the final state, nl , of
atomic Na. As discussed in the previous section, the large peak
at high r is assigned to the 4s state and the smaller peak is as-
signed to the 3d and 4p states. If the channels were completely
separated in the r spectrum, one could determine BF(nl ) by
simply counting the number of events in each channel. For
the present experiment, it is not possible to separate all three
channels completely, and to extract BF(nl ), the spectra need
to be modeled. Let fnl (r, Ec.m.) represent the r distribution for
final state nl at a given Ec.m., normalized such that∫ ∞

−∞
fnl (r, Ec.m.) dr = 1. (5)

The distribution in r for all final states, F (r, Ec.m.), is then
constructed as a linear combination of the distributions
fnl (r, Ec.m.) weighted by the corresponding BF(nl ):

F (r, Ec.m.) =
∑

nl

BF(nl ) fnl (r, Ec.m.). (6)

The distributions fnl (r, Ec.m.) are generated from Newto-
nian Monte Carlo simulations of the experiments as described
in Ref. [32]. The simulation is performed by generating events
at random positions within the region where the two beams
overlap. The initial velocities are determined from the ion-
beam energies and are modified according to the potential
in the drift tubes. The drift tube potential is a function of
the longitudinal position in the drift tubes and it is modeled
using the ion optics simulation software SIMION [43]. The
longitudinal energy spreads of the ion beams are modeled
by Gaussian distributions centered at the beam energies with
standard deviations σE = 0.15 ± 0.05% of the beam energies.
In addition, the initial transverse velocities of the ions are
modeled using a Maxwell-Boltzmann distribution with a tem-
perature of 1100 K for both beams. The expected 1/

√
Ec.m.

dependence on the MN rate coefficient is accounted for by
calculating Ec.m. for each event, and accepting the event with
a probability proportional to 1/

√
Ec.m.. The final velocity vec-

tors of the products are calculated by adding the additional
momentum resulting from the kinetic energy release of the
reaction. Finally, the time-of-flight difference and positions of
the products on the detector are calculated, from which the
simulated r distribution is generated.

Equation (6) is fitted to the recorded spectra using the
method of linear least squares with BF(4s) and BF(3d ) as
free parameters, which is sufficient since

∑
nl BF(nl ) = 1.

The resulting total distributions F (r, Ec.m.) are shown in Fig. 2
(red lines) along with the contributions from each of the fitted
channels fnl (r, Ec.m.) (dashed purple lines). The estimated
uncertainties for BF(nl ) from the fit alone are likely to under-
estimate the total error of the measured BF(nl ) since they do
not include any error estimations on the simulated fnl (r, Ec.m.)
themselves. To estimate these contributions to the total error,

TABLE II. Summary of the present experimental branching frac-
tions extracted from the data in Fig. 2 as functions of the drift tube
bias voltage, UDT, and the center-of-mass collision energy, Ec.m.. See
the text for details on the extraction procedure.

BF(nl ) [%]

UDT [V] Ec.m. [meV] 4s 3d 4p

−710 80 ± 16 76.8 ± 0.7 17.7 ± 0.9 5.6 ± 0.8
−660 241 ± 20 78.7 ± 1.5 14.6 ± 1.9 6.7 ± 3.1
−640 393 ± 23 78.5 ± 3.0 13.1 ± 1.4 8.3 ± 2.8

the above analysis is repeated using different fnl (r, Ec.m.),
where the simulation parameters are perturbed within their es-
timated uncertainties. The parameter space for the simulation
is rather large and, to simplify the problem, the perturbation
analysis is constrained to two parameters, the drift tube
voltage UDT and the energy spread of the ion beams σE . The
justification for the choice of these parameters is that they are
the most sensitive parameters in controlling the position (UDT)
and width (σE ) of fnl (r, Ec.m.). The perturbations used are
±3 V for UDT and ±0.05% for σE . The perturbation results in
a two-dimensional grid with nine separate fits for each spec-
trum in Fig. 2, and the resulting spread in fitted BFs are taken
as the perturbation error. For the total uncertainty, the statis-
tical uncertainty from the fit is added in quadrature with the
error obtained from the perturbation analysis. The final results
for the BFs are summarized in Table II and shown in Fig. 4
as a function of E c.m. along with the theoretical predictions
(dashed lines) from Table I. The measured BFs do not show
any significant dependence on Ec.m. over the measured energy

60

70

80

90

B
F

(
) 

(%
)

0

10

20

30

B
F

(
) 

(%
)

100 200 300 400

 (meV)

0

5

10

15

B
F

(
) 

(%
)

FIG. 4. Measured branching fractions BF(nl ) as functions of
the center-of-mass collision energy Ec.m.. The dashed lines are the
theoretical BF(nl ) from Barklem et al. [38].
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range, which is consistent with the theoretical prediction [38].
The 4s channel dominates, as predicted by theory, however, it
appears that the theory slightly overestimates the BF for this
state.

V. CONCLUSIONS

Following the pilot study of Li+/D− at the DESIREE dou-
ble electrostatic and cryogenic storage-ring facility at Stock-
holm University [32], we here report on a merged-beam exper-
iment of the MN between Na+ and D−. Low-energy collision
measurements between these reactants were recently made
possible due to improved ion-beam optimization routines at
DESIREE, allowing ions with large mass ratios to be stored at
similar velocities. Since Na+/D− represents a similar electron
transfer process as that of Li+/D−, where both have been
investigated earlier using the same theoretical framework,
Na+/D− provides a systematic continuation of MN investi-
gations at energies of relevance for astrophysical modeling of,
for example, stellar atmospheres. More details on the impact
of the various experimental and theoretical results for both
these systems in an astrophysical context, such as the impact
on the Na D lines, is discussed by Barklem et al. [38].

In the present experiment, MN was measured at center-
of-mass collision energies between 80 meV and 393 meV
(928 K and 4561 K). The 4s, 3d , and 4p final states of
Na were observed, which are the dominant states predicted

from theory. Despite only partially resolving the 3d and 4p
states, BFs were determined for all observed states using an
analysis based on Newtonian Monte Carlo simulations of the
collision process. No significant energy dependence was ob-
served in this low-energy range. The BFs qualitatively agree
with the FQ calculations for Na+/H− by Belyaev et al. [25]
and the LCAO calculations presented in Barklem et al. [38].
Given the, at DESIREE, unprecedented high mass ratio, and
agreement of the obtained BFs with theoretical models, these
results also provide an important stepping stone for further
MN experiments at DESIREE.
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