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We present experimental final-state distributions for Mg atoms formed in Mgt + D~ mutual
neutralization reactions at center-of-mass collision energies of 59 &+ 12 meV by using the merged-beams
method. Comparisons with available full-quantum results reveal large discrepancies and a previously
underestimated total rate coefficient by up to a factor of 2 in the 0—1 eV (< 10* K) regime. Asymptotic
model calculations are shown to describe the process much better and we recommend applying this method
to more complex iron group systems; data that is of urgent need in stellar spectral modeling.
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Introduction.—Collisions of atoms and atomic ions with
heavy species play important roles in astrophysical objects,
their spectra, and thus properties derived from these.
A limited understanding of atomic interaction processes
involving atomic hydrogen and/or atomic anions also limits
our understanding of the chemical compositions of stellar
atmospheres. Mutual neutralization (MIN) processes involv-
ing hydrogen anions must be well characterized to be able
to determine the abundances of elements in stars (see, e.g.,
[1,2]). This is especially important in the context of the
oldest, metal-poor stars and thus the early Galactic chemi-
cal evolution (see, e.g., [3.4]), and for stellar evolutionary
phenomena via open clusters of stars (see, e.g., [5,6]). MN
processes are also important in plasma such as the earth’s
ionosphere [7] and the atmospheres of other planets and
their satellites [8], as well as in the diagnostics of fusion
plasma and experiments involving negative ions [9,10].

Despite the general importance of MN reactions, experi-
ments on such processes are few and were until recently
restricted to measurements of total cross sections at vary-
ing, but relatively high, center-of-mass collision energies
[11]. Recent advances in merged beams and imaging
detector techniques allow for the detection of MN reaction
products in coincidence. This makes determinations of
kinetic energy releases, Eg, yielding quantum state
resolved MN cross sections at energies relevant for stellar
atmosphere temperatures (meV range) possible. Such
detection schemes have been used in single-pass MN
experiments on OT/O~ and N*/O~ [12], Lit /D~ [13],
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and recently also in Li* /D™, Na* /D~ and O* /O~ experi-
ments using two stored ion beams [14—16].

Theoretical schemes to calculate MN cross sections are
mainly of two types: full-quantum (FQ) and asymptotic
model approaches. The FQ approach is based on quantum
chemistry potentials and couplings, combined with a full
quantum mechanical treatment of the nuclear motion
usually within the standard Born-Oppenheimer (adiabatic)
approach (see, e.g., [17-22]). The asymptotic method relies
on the multichannel Landau-Zener (LZ) model [20,23-26]
for the nonadiabatic collision dynamics and a separate
method to estimate the dynamical couplings at the avoided
crossings of the adiabatic potential curves. These couplings
have been estimated in past work via a semiempirical
formula [27,28] or by an approach based on linear
combinations of atomic orbitals (LCAO) [29-32]. An
overview of these theoretical methods is given in Ref. [33].

The detection and analysis of Mg absorption line profiles
in main-sequence dwarfs, such as our Sun, as well as evolved
stars on the red giant branch (see, e.g., [34]) are of central
interest in modern astrophysics. Examples are massive
stellar observation campaigns such as the Apache Point
Observatory Galactic Evolution Experiment (APOGEE)
[35], and Galactic Archaeology surveys (see, e.g., [36]).

Mg absorption lines are some of the strongest in the solar
spectrum [37], and they can often be measured even in the
oldest, most metal-deficient stars in the Galaxy. Moreover,
the formation of Mg via stellar nucleosynthesis is relatively
well understood [38]. For these reasons, the analysis of Mg
absorption lines in stellar spectra allows us to infer the
properties of the elusive first stars [39—41], and to trace the
history and evolution of the various components of our
Milky Way [42-44]. For this, we need to understand the
details of the key atomic collision processes.

For the MN of Mg™ with H™, the electronic structure of
the Mg™ ground state [Ne]3s 2S with its unpaired valence
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electron leads to a large number of available channels. Thus
the complexity of the theoretical descriptions increases
significantly in comparison with cases where the positive
ion has a closed outer shell, such as for, e.g., Li™ or Na™
colliding with H™ [13-15,45]. For closed-shell systems,
rate coefficients determined with the FQ method have so far
been extensively used for collisional-radiative modeling of
astrophysical spectra.

In this Letter, we present state-resolved branching
fractions for mutual neutralization in Mg* + D~ collisions
at an average center-of-mass kinetic energy of 59 +
12 meV using the merged-beams method at the cryogenic
double electrostatic ion-beam storage ring facility
DESIREE [46,47]. The detailed experimental distribution
of center-of-mass energies is not known, but all available
theoretical predictions, FQ [22] and LZ-LCAO [31,32],
show that the final-state branching fractions are nearly
constant for the collision energy range of interest for stellar
atmospheres (0—1 eV; T < 10* K). The same constant
behavior is also seen for the MN of H~ with Li*
[19,20] or Na™ [21] for which it has also been confirmed
experimentally [13—15]. The D~ isotope is chosen over H™,
which is the anion of actual astrophysical interest, to reduce
the mass ratio of the ions enough to be able to store the two
beams at matching velocities [46]. Effects due to the
replacement of H™ with D~ (so-called Coulomb focusing)
will be elucidated by means of LZ-LCAO calculations.

Theoretical considerations.—The MN process of Mg™
with D™ can be written

Mg" + D~ —» Mg(3snl**'L) + D + Ex(3snl*S*IL)

where the total spin, S, of the final atomic state of Mg [Ne]
[3s5 2S] nl 2*!L is 0 or 1 depending on the coupling of the
3s and nl orbitals. This reaction is similar to Li* /D~ and
Na' /D~ in that the electron transfers into final states with a
spherical core, but for the Mg /D~ case the core has a
nonzero spin. This leads, roughly, to a doubling of the
number of reaction channels that need to be considered in
the theoretical treatment. The energy available in this MN
reaction at zero center-of-mass energy is given by the
difference between the electron affinity of D (0.754 59
(87) eV [48]) and the ionization energy of Mg (7.646 236 4
(12) eV [49]). This amounts to an energy of 6.89 eV, which
allows for the formation of Mg atoms in excited states
while the D atoms are always left in their ground state.
There are two sets of relatively recent theoretical calcu-
lations on the MN of Mg with H™ in the low-energy regime:
the FQ scattering calculations of Belyaev et al. [22], and the
LZ-LCAO multichannel Landau-Zener calculations of
Barklem [31,32]. To allow for a direct comparison with
the present experiment, we perform additional LZ-LCAO
calculations for the Mg"™ + D~ system, using the same
approach as in Refs. [31,32]. These three theoretical datasets

are labeled FQy, LZ-LCAOy, and LZ-LCAOp in the
following.

To facilitate a comparison of the present experimental
and theoretical results for Mg™ /D~ with the calculations
for Mg* /H™ it is useful to transform to the reduced energy
scale defined as Ex = Ecy/u = 3v%, where Ecy is the
collision energy in the center-of-mass frame, u is the
reduced mass of the collision system, and v is the relative
velocity. This scale is independent of the reference frame
and has the property that the two collision systems have the
same v at equal Eg. The present experimental value of
Ecy = 0.059 eV corresponds to E, = 0.032 eV /u [50].

Comparing the LZ-LCAO calculations for Mg* /D~ and
Mgt /H™ at Ex =10, 1, 0.1, and 0.032 eV/u shows an
increase of 7.1%, 31.8%, 73.2%, and 82.5%, respectively,
in the total MN cross section as D™ is replaced by H™. This
is due to Coulomb focusing, resulting in a smaller distance
of closest approach between the reactants for lighter
particles at a given relative velocity and impact parameter.
The influence on individual branching fractions (BFs) is,
however, much smaller, with a maximum influence on the
4s 3S population (at 0.032 eV /u) where the BF increases
from 8.5% for D™ to 13.8% for H™. The resulting
theoretical branching fractions at Ep = 32 meV/u are
listed in Table I. The influence on the BFs is also clear
from the calculated model distributions shown as blue and
green lines in the right panel of Fig. 1 (a description of the
modeling is given below).

TABLE L Relevant energy levels of Mg(3snl?5*IL) and
Mg" + H™ /D~ mutual neutralization branching fractions calcu-
lated from the cross sections of the theoretical models discussed
in the text (at Er = 32 meV/u) and the present experimental
branching fractions. The values of E,, are term-averaged ex-
citation energies from the NIST atomic spectra database (ASD)
[51,52] and E¥ is the kinetic energy release of the corresponding
MN reaction channels. Note that the 4p P + 3d D blend is
unresolved in the experiment.

Branching fraction (%)
FQ LZ-LCAO This experiment
State E,, (eV) Eg (eV) H~ H~ D~ D~

3s 1S 0 6.892 0.0 0.0 0.0
3p3P° 2714 4181 0.1 0.0 0.0
3p 'P° 4346 2547 0.8 3.1 1.1 0.4 +0.1
4535 5108 1785 4.8 138 8.5 3.8+ 1.0
4s51S 5394 1500 619 17.0 179 221412
3d'D 5753 1.139 255 9.7 11.0 74435
4p3P° 5932 0960 7.0 335 337 } 500444
3d3D 5946  0.946 203 244
4p 'P° 6.118  0.774 2.5 34 7.1+ 1.0
5538 6431  0.460 0.0 0.0
551S 6516 0.376 0.0 0.0
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FIG. 1. Mg/D particle separation distributions, r, at Ecp; = 59 meV (Ep = 32 meV/u) in 0.05 mm bins and normalized to unit area.

Left panel: experimental data (black histogram) compared to Newtonian Monte Carlo (NMC) model data (black curve). The latter is
obtained by fitting the intensities of the final Mg(3s nl >5*1L) states (pink curves) to the experimental curve. The inset plot is zoomed in
on the weak 3p 'P° channel at 42 mm. Right panel: comparison of the experimental data to synthetic NMC distributions based on the
theoretical branching fractions listed in Table I. The red and blue curves show models for neutralization of Mg™ with H™ based on the
FQ and LZ-LCAO branching fractions in Table I, respectively. The green curve corresponds to neutralization with D™, as in the present
experiment, based on LZ-LCAO results. Compensation for missed MN events near the edge of the detector are included in the model

results shown in the right panel (see the text for details).

Measurement.—In Fig. 2, we show the experimental
setup, the general features of which have been described in
detail previously [14,15,46,47,53]. Mg* is produced in an
electron cyclotron resonance ion source, using metallic Mg
heated in an oven. The ions are extracted from the ion
source and accelerated to a kinetic energy of 65 keV. Mg
has three stable isotopes, where the lightest one, **Mg™,
dominates with a natural abundance of about 79%. This
isotope is selected using a bending magnet to avoid any
possible contamination of the ion beam by MgH™*. D™ ions
are produced using a cesium sputter ion source with a TiD
cathode, and are accelerated to 6 keV. The ion beams are
injected into separate ion-beam storage rings, where they
are stored for 5 s. The beams are merged in the common
straight section of the two storage rings, where a set of
biased drift tubes are used to control the center-of-mass
collision energy in a geometrically well-defined interaction
region.

When a MN event takes place inside the biased drift
tubes, the two resulting neutral atoms continue on straight-
line trajectories and impact on a microchannel plate (MCP)
detector with a phosphor screen anode [53]. This anode is
observed from the outside by a camera to determine the
distance, in the detector plane, between the two hits, and by
a photomultiplier tube to determine the difference in arrival
times for the two hits. As indicated in Fig. 2, by combining
camera and photomultiplier information, the distance, r,
between the atoms as they reach the detector is extracted as
has been described in more detail in Refs. [14,15]. This
measured distance will depend on the kinetic energy
released in the reaction, and thereby on the quantum states
of the products. As the distance r also depends on the

distance between the point of the interaction and the
detector, the length of the biased region becomes a limiting
factor for the resolution. Here, we use the shortest possible
interaction region of a single drift tube of 76 mm length,
and with a distance from its center to the detector of
1.846 m. Because of the uncertainties in the kinetic
energies of both ion beams as well as on the biased voltage
of the drift tube, we vary the potential on the latter to find
the minimum in the center-of-mass collision energy. The
cross section for MN is expected to be inversely

D-
Photomultiplier
tubes
Merging section

Phosphor

Y Camera
MCP [ fgieen -

FIG. 2. The DESIREE cryogenic merged-beams double
electrostatic ion-beam storage ring facility at Stockholm Uni-
versity [46,47]. The main quantity of interest to the present
experiment is the distance, r, between the neutral products as they
reach the microchannel plate (MCP) detector following a mutual
neutralization event inside one or several, biased drift tubes in the
merging section. Further details are given in the text and addi-
tional definitions of the various technical components can be
found in Refs. [14,15].
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proportional to the center-of-mass collision energy [54] so
the optimum drift tube setting corresponds to the highest
MN rate. The positions of the peaks corresponding to the
different final states are shifted to larger r, compared to the
expected positions at £ = 0 eV. By measuring this shift,
we determine an average center-of-mass collision energy of
59 £ 12 meV (see also Refs. [14,15]).

Results.—A histogram of the measured separations
between final products for MN events of Mg" and D~
is presented in the left panel of Fig. 1, and compared to a
Newtonian Monte Carlo (NMC) model of the experiment
[14,15]. This model can either take theoretical values for
the final-state BFs to construct synthetic spectra, or be used
in fits to observed spectra to extract experimental values for
the BFs. The black curve shows the distribution resulting
from a least-squares fit of NMC model data to the present
experimental data, with the contributions from individual
final-state channels drawn in pink in the left panel. The
experimental BFs extracted through this procedure are
given in Table I with uncertainties determined from a
combination of the statistical error of the fit and estimated
uncertainties of the simulation parameters (mainly the drift
tube voltage, —493 =3 V and transverse beam temper-
ature, 400 4+ 150 K) [15]. Because of the limited size of the
detector, significant fractions of events with high kinetic
energy release (Eg) miss the detector. This effect is
compensated for in the model of the experiment by
estimating the fraction of missed events for each channel
using the NMC approach. The resulting losses are
determined to be 29.0%, 10.8%, and 2.9% for 3p 'P°,
45 3S, and 4s 'S, respectively. The more highly excited
states correspond to lower kinetic energy releases and
have a negligible loss. These losses have been taken into
account in the extraction of the branching fractions from the
fit shown in the left panel of Fig. 1, as well as in the right
panel that shows the modeled distributions using the FQy,
LZ-LCAOy, and LZ-LCAOy, theoretical results in Table I
as inputs. The NMC model is supported by favorable
comparisons for other collision systems where the final
states are fully resolved, and where the number of events in
the various channels could be counted directly [14,15].

In Fig. 1 it is seen that the FQy calculation, with 4s 'S as
the predicted dominating channel with a branching fraction
of 61.9%, reproduces the experimental data poorly. The
experiment shows that the most probable final states are 4p
3P° and 3d 3D. These have similar kinetic energy releases
(0.960 and 0.946 eV, respectively) and are not resolved in
the experimental distribution. Their total contribution
results in a branching fraction of 59.2 £4.4%. The FQy
calculation does not include the 3d 3D state (nor the 4p 'P°
state above it), and predicts a contribution for the blend of
just 7% via the 4p 3P state. The LZ-LCAOy, asymptotic-
model calculations, on the other hand, are found to
follow the experimental results well across all channels.
In particular, they predict a contribution of 58.1% for the

TABLEII. Comparison of total rate coefficients (cv) in units of
cm? s™! and with [x] denoting 10%, for the Mg*/H™ — Mg + H
mutual neutralization reaction from the FQy and LZ-LCAOy
datasets at a few selected temperatures of astrophysical relevance.
The last column gives the ratio between the LZ-LCAOy and FQy
results.

T (K) FQy LZ-LCAOy Ratio
500 1.98[7] 4.01[-7] 2.02
2000 1.21[-7] 2.22[-7] 1.84
4000 9.67[—8] 1.77[-7] 1.83
6000 8.69—8] 1.60[7] 1.84
8000 8.16/—8] 1.51[-7] 1.85

dominant 4p *P° + 3d °D channel combination, in agree-
ment with the present experimental result.

For astrophysical plasma modeling, it is crucial to have
reliable sets of MN data. On theoretical grounds, FQ is
expected to be the most accurate theoretical method.
However, for the present case of Mgt /H™, our results
demonstrate that the most important MN channel is not
predicted by the FQ calculation [22]. For other, more
complex, heavy-particle collision systems, such as
Fet/H™, FQ calculations are generally not possible in
practice. Fortunately, the present results suggest that LZ-
LCAO asymptotic-model calculations yield reliable input
data for advanced astrophysical modeling.

Finally, from the LZ-LCAQy set of rate coefficients, it is
possible to estimate the impact on the total MN rate due to
the incompleteness of the FQ results. In Table II we present
the total rate of the FQy and LZ-LCAOy sets in the 500-
8000 K temperature range, representing typical conditions
in stellar photospheres and many other astrophysical
plasmas. Note in particular that the LZ-LCAOg set
includes the channel corresponding to the one found to
be dominant in the present experiment with D~. Comparing
the rate coefficients with different theoretical methods
indicates that the FQp set underestimates the total MN
rate for the Mg™/H~ system by a factor of 2 across the
considered temperature range.

Conclusion.—In this Letter, we present a measurement of
final-state branching fractions of the mutual-neutralization
process between Mg™ and D~ using the cryogenic double
electrostatic ion-beam storage ring facility, DESIREE, in the
low-energy regime. The results indicate that the current
state-of-the-art theoretical data, based on detailed quantum-
chemistry calculations, do not correctly reproduce the
observed final-state distributions. We show that they under-
estimate the total MN rate coefficient by up to a factor of 2 in
the collision energy range of interest for stellar atmospheres
(0-1eV; T < 10* K).

Instead, our results show that a simpler asymptotic-model
approach based on multichannel Landau-Zener dynamics
combined with a linear combinations of atomic orbitals
approach for the coupling strengths describes the MN
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process and the resulting excitations of the neutral products
much better. The success of this method for Mg* /D~
suggests that the asymptotic model approach will be most
useful for more complex systems such as period 4 elements
in and around the iron group (i.e., Ti—Zn). Such systems
cannot be treated at present with full-quantum methods.
In some cases, involving, e.g., Fe and Mn, results from
recent asymptotic model calculations are available and
should be experimentally tested [55-57]. Reliable data of
this kind are sorely needed for accurate astrophysical
modeling of the spectra of solar-type stars.
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