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Using the Oak Ridge National Laboratory �ORNL� ion-atom merged-beams apparatus, the absolute, total
single-electron-capture cross section has been measured for collisions of Ne2+ with deuterium �D� at center-
of-mass �c.m.� collision energies of 59–949 eV/u. With the high-velocity ion beams now available at the
ORNL Multicharged Ion Research Facility, we have extended our previous merged-beams measurement to
lower c.m. collision energies. The data are compared to all four previously published measurements for
Ne2++H�D� which differ considerably from one another at energies �600 eV/u. We are unaware of any
published theoretical cross-section data for Ne2++H�D� at the energies studied. Early quantal rate coefficient
calculations for Ne2++H at eV/u energies suggest a cross section many orders of magnitude below previous
measurements of the cross section at 40 eV/u which is the lowest collision energy for which experimental
results have been published. Here we compare our measurements to recent theoretical electron-capture results
for He2++H. Both the experimental and theoretical results show a decreasing cross section with decreasing
energy.
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I. INTRODUCTION

Studies of electron capture �EC� by ions from atomic hy-
drogen are of fundamental interest for atomic and molecular
physics and are also important for astrophysical and fusion
research �1,2�. Much theoretical and experimental work has
been performed in order to provide the EC data needed to
model and interpret the spectra of these laboratory and astro-
physical plasmas. However, many significant issues remain
unresolved.

In astrophysics, EC cross sections are important for cal-
culating the ionization balance of planetary nebulae and H II
regions �3,4�. Of particular interest are spectral emission
lines from Ne ions which are commonly observed in these
photoionized objects but for which significant discrepancies
exist between models and observations �5,6�. For example,
Pequinot et al. �5� suggested that not accounting for EC of
Ne2+ on H was the cause of the difference between photo-
ionization models and observed spectra of the planetary
nebula NGC 7027. This was followed up by quantal calcu-
lations from Butler et al. �7,8� which implied that the rate
coefficient for Ne2++H EC was far too small to remove the
discrepancy. However, their calculations considered only
transitions from the initial ground state �Ne2+�2s22p4 3P�
+H� to the strongly exoergic final state �Ne2+�2s22p5 2P�
+H+�. These states are far apart at all internuclear distances,
with a separated atom limit of 27.2 eV. This results in a
sharply decreasing cross section toward thermal energies.
Further investigation by Forster et al. �9� considered initial

metastable excited states of Ne2+ and slightly exoergic final
states of Ne+, within the doublet manifold of adiabatic states.
Their results indicated that the EC rate coefficients are still
much too low to explain the discrepancies between observa-
tions and models of planetary nebulae. But the issue of the
Ne-line intensities remains unresolved. Pottasch and
Beintema �6� have noted factor of 3 differences among the
various Ne abundance determinations for the planetary
nebula NGC 6302. They proposed that this may be due to
errors in the underlying atomic data. Along these lines, sub-
sequent investigation of the electronic potential-energy
curves for Ne2++H by Mroczkowski et al. �10� suggests that
rotational coupling to slightly endoergic quartet states, which
Butler et al. �7,8� and Forster et al. �9� did not account for,
may enhance the Ne2+ EC rate coefficient.

In fusion energy research, EC cross sections at collision
energies of eV/u to hundreds of eV/u are needed for the
accurate modeling and diagnostics of the plasma edge. An
issue of particular interest for fusion research is the effect
that impurity ions have on the plasma �11�. Neon is of spe-
cial interest as it is often injected into magnetic fusion de-
vices to enhance the confinement in the core plasma and to
reduce the heat flux to the plasma-facing surfaces �12�. Ac-
curately modeling the Ne charge balance and radiative cool-
ing in these plasmas requires reliable EC cross sections for
the various ionization stages of Ne over a wide range in
energies.

Our present work is partly to follow up the implications of
Mroczkowski et al. �10� and to provide data needed for fu-
sion devices. To be specific, here we report absolute mea-
surements for the total EC cross section of*Electronic address: seredyuk@astro.columbia.edu
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Ne2+ + H�D� → Ne+ + H+�D+� �1�

in the collision energy range of 59–949 eV/u. Previous ex-
perimental studies for this system have been carried out by
Can et al. �13� in the energy range 40–100 eV/u, by Huber
�14� in the range 80–270 eV/u, by Mroczkowski et al. �10�
in the range 139–1490 eV/u, and by Seim et al. �15� in the
range 200–1400 eV/u. These data show good agreement for
energies �600 eV/u, but at lower collision energies there
are considerable differences. Additionally, the early quantal
rate coefficient calculations by Butler et al. �7,8� for Ne2+

+H at eV/u energies suggest a cross section many orders of
magnitude below the previous measurements of Can et al.
�13� at 40 eV/u which is the lowest collision energy for
which experimental results have been published.

To help resolve this situation we have extended the pre-
vious Oak Ridge National Laboratory �ORNL� merged-
beams measurements by Mroczkowski et al. �10� to lower
energies. Their measurements had a low-energy limit of
139 eV/u due to the limited acceleration potential of the
CAPRICE electron cyclotron resonance �ECR� ion source �16�
at the Multicharged Ion Research Facility �MIRF�. Recently
the ion-atom merged-beams apparatus has been upgraded
�17� to accept the higher-velocity beams from a new 250 kV
high-voltage �HV� platform �18� at MIRF.

The rest of this paper is organized as follows: A brief
description of the improvements to the apparatus is given in
Sec. II. In Sec. III we present our measurements. Conclu-
sions are given in Sec. IV. Throughout this paper, collision
energies are quoted using the center-of-mass �c.m.� energy
divided by the reduced mass of the colliding particles—i.e.,
eV/u where u is the atomic mass unit.

II. EXPERIMENTAL APPARATUS

The main features of the ORNL ion-atom merged-beams
apparatus have been described in detail elsewhere �19,20�.
Using the merged-beams technique, relatively fast �keV�
beams are colinearly merged, allowing for a large dynamic
range of relative c.m. collision energies �19�. Merged-beams
measurements typically span from meV/u to keV/u. How-
ever, the previous ORNL merged-beams measurements of
Mroczkowski et al. �10� for Ne2++D could not access colli-
sion energies below 139 eV/u due primarily to the limited
acceleration potential of the CAPRICE ECR ion source. For
those measurements where the D beam is faster than the ion
beam, lower c.m. collision energies can potentially be
achieved by using either a slower D beam or a faster ion
beam. However, operation of the D− source at voltages lower
than 6 kV or of the ECR at voltages near 22 kV led to poor
quality or unstable beams. To extend our previous measure-
ments to lower c.m. energies, we have used higher-velocity
Ne2+ beams from the new HV platform at MIRF. Our mea-
surements are absolute with the cross section determined by
measurement of the beam-beam EC signal, beam-beam over-
lap, and intensity of the primary beams �19,20�.

At MIRF, ions from the new HV platform are accelerated
at 25–250 kV and are now available for experimental inves-
tigations of their collisions with electrons, atoms, molecules,

and solid surfaces. Details of the HV platform can be found
elsewhere �18�. Multicharged ions are produced by an all-
permanent magnet 12.75–14.5-GHz ECR ion source, de-
signed and fabricated at CEA/Grenoble �21�.

The upgraded ion-atom merged-beams apparatus and as-
sociated beamline �17� are only briefly discussed here. The
transport beamline from the HV platform to the ion-atom
merged-beams path has been designed for maximum trans-
mission and is equipped with three sets of horizontal and
vertical slits and two sets of electrostatic quadrupoles to con-
trol the beam divergence and shape in the merge path. In the
present investigation, a Ne2+ beam with an energy in the
range of 40–72 keV is merged with a D beam with an en-
ergy in the range of 8.25–11.5 keV, thereby allowing rela-
tive collision energies in the range of 15–949 eV/u. Ne2+

ion beams of 5–10 �A, 2–4 mm full width at half maxi-
mum �FWHM�, and 0.15° half-angle divergence in the merge
path are typical.

The possible presence of metastables in the Ne2+ beam
extracted from an ECR ion source was investigated by Ban-
nister �22� through measurements of the electron-impact ion-
ization cross section. No ionization signal was observed be-
low the ground-state ionization threshold of 63.45 eV,
indicating no detectable population of metastables in the
Ne2+ beam. Though we are using a different ECR source for
these measurements, based on the work of Bannister we ex-
pect no significant metastable fraction in our ion beam.

A neutral ground-state atomic D beam is obtained by pho-
todetachment of a D− beam produced using a duoplasmatron
ion source. The photodetachment occurs inside the multi-
mode optical cavity of a 1.06-�m cw Nd:YAG laser where
kilowatts of continuous power circulate. The resulting D
beam is nearly parallel with a divergence of less than 0.15°.
The beam has a diameter of 2–4 mm and intensities ranging
from 10 to 20 nA. For our measurements reported here D
was used instead of H to maximize the angular acceptance of
the apparatus �19,23�. Isotope effects from the use of D in-
stead of H, due to differences in trajectories of the colliding
particles, are not expected to be significant at the energies
studied �23�.

The Ne2+ beam is electrostatically merged with the neu-
tral D beam. We have upgraded our merge chamber to use
spherical deflectors to merge the beams. Electrostatic spheri-
cal deflectors can handle the higher-energy beams of the new
ion source and provide focusing in both the horizontal and
vertical dimensions. This is a major improvement from the
previous arrangement which used parallel-plate deflectors.

The ion and atom beams interact along a field-free region
of 32.5 cm �reduced from the previous merge-path length of
47 cm�. Afterwards the D+ product ions are magnetically
separated from the primary beams and detected by a channel
electron multiplier. Since only the D+ product is measured,
the apparatus actually measures electron loss, the sum of
electron capture, and neutral target ionization. However, ion-
ization at these energies is negligible compared to electron
capture �24�.

Features of the system also include a dual wire scanner in
the merge path. The signal of this dual-wire scanner, de-
signed at ORNL �25�, is acquired by a Tektronix digital os-
cilloscope �21� and read by a computer through TCP/IP using
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the LabView �21� programming environment. This gives a
real-time measurement of the beam shapes, used to deter-
mine the overlap of the beams �26�. As compared to the
single-wire scanner, the dual-wire scanner provides a more
accurate beam-beam overlap measurement as well as an ad-
ditional overlap measurement in the merge path. Currently
the average form factor is calculated from four beam profiles
along the merge-path length of 32.5 cm. As referenced from
the exit of spherical deflectors, beam profiles are measured at
3.4 and 29.3 cm using mechanical slits and also at 18.4 and
24.4 cm using the dual-wire wire scanner.

The neutral D beam is determined using secondary elec-
tron emission from a stainless steel plate. A procedure is used
for in situ calibration of the detector �19�. The intensity of
the Ne2+ beam was measured using a biased Faraday cup.
The signal rate �hertz� is extracted from backgrounds �kilo-
hertz� by a two-beam modulation technique �19�.

III. RESULTS AND DISCUSSIONS

Figure 1 shows our present total absolute EC cross section
for Ne2++D as a function of collision energy compared to
previously published measurements. The data are plotted
showing the statistical uncertainty. Our data are also given in
Table I along with the statistical uncertainty and the com-
bined statistical and systematic uncertainty added in quadru-
ture. All uncertainties are quoted at a 90% confidence level.
A detailed discussion of our systematic errors is given else-
where �19�.

The agreement between our present data and the previous
ORNL merged-beams data of Mroczkowski et al. �10� is

within the total uncertainties of the respective measurements
over the entire energy range measured. At energies above
600 eV/u, the data of Seim et al. �15�, the previous ORNL
merged-beam measurements, and the present measurements
are all in good agreement. All three measurements show a
decreasing cross section with decreasing energy. At energies
of 200–600 eV/u the data of Seim et al. show a plateau.
This lies significantly above the merged-beams data which
continue to decrease with decreasing energy.

In the energy range 80–270 eV/u the cross-section data
of Can et al. �13� and the data of Huber �14� are consistent
with the merged-beams data. The Huber data shown in Fig. 1
are corrected as proposed by Can et al. Both Huber and Can
et al. normalized their Ne2++H data to their respective
Ne2++H2 results. Can et al. used their Ne2++H2 results to
renormalize the data of Huber, essentially multiplying the
original data by a factor of 2. This brings the data of Huber
into agreement with those of Can et al. and both of our
merged-beams measurements.

At energies below 80 eV/u, the only previous results are
those of Can et al. �13� which show a nearly constant cross
section with a possible slight increase with decreasing en-
ergy. Together with our previous results at higher energies a
flattening out of the cross section was suggested possibly due
to rotational coupling to endoergic quartet states �10�. Ex-
tending our merged-beams measurements to lower energies
to investigate this contribution was one of the motivations
behind this work. As can be seen in the figure, at energies
below 80 eV/u, our present data decrease sharply with de-
creasing energy, in contrast to the data of Can et al. The
statistical error bars at 59 eV/u indicates the sensitivity of
the new appratus.

We are unaware of any published theoretical calculations
of the EC cross section for Ne2++H�D� collisions that over-
lap with the energy range for which measurements exist. So
here we compare the experimental data to hidden-crossing

FIG. 1. Present and previous �10� ion-atom merged-beams mea-
surements of the EC cross section for Ne2++D→Ne++D+ as a
function of collision energy. The error bars on the merged-beams
data denote the statistical uncertainties at a 90% confidence level.
Measurements of the EC cross section for Ne2++H→Ne++H+ of
Can et al. �13�, Huber �14�, and Seim et al. �15� are also shown. See
these cited references for a discussion of the meaning of their error
bars. A comparison is shown with theoretical calculations for
He2++H by Havener et al. �27�.

TABLE I. Ion-atom merged-beams cross-section data for Ne2+

+D→Ne++D+ as a function of c.m. collision energy. The last two
columns give the statistical uncertainty and the total combined �sta-
tistical plus systematic� uncertainty, each at an estimated 90% con-
fidence level. See text for details.

Collision energy
�eV/u�

Cross section
�10−16 cm2�

Statistical
uncertainty
�10−16 cm2�

Total uncertainty
�10−16 cm2�

59 0.00 0.06 0.06

68 0.07 0.10 0.10

78 0.38 0.08 0.09

104 0.55 0.10 0.12

133 0.55 0.07 0.10

202 0.47 0.08 0.10

302 0.58 0.06 0.09

456 0.93 0.08 0.14

673 1.07 0.08 0.15

790 1.18 0.18 0.23

949 1.10 0.12 0.18
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coupled-channels calculations for He2++H �27�, a collision
system with the same incident charge state but with no elec-
trons on the ion core. Any observed differences can be attrib-
uted to interactions with the multielectron, open-shell Ne2+

core. Our present results indicate that the Ne2+ system de-
creases sharply toward lower energies. Hidden-crossing
coupled-channels calculations by Krstić �28� at even lower
energies for He2++H show that the cross section decreases
seven orders of magnitude from 60 to 1 eV/u. Such a sharp
decrease for Ne2+ would confirm the early quantal estimates
of Butler et al. �7,8�.

IV. CONCLUSIONS

Using the higher-velocity Ne2+ beams from the new HV
platform at MIRF and an upgraded ion-atom merged-beams
apparatus, we present independent, absolute, total EC cross
sections for Ne2+ on D for the c.m. collision energy range of
59–949 eV/u. This extends our previous merged-beams
measurements to lower energies. A consistent set of experi-
mental data now exists for collision energies between 59 and
1490 eV/u. The cross section is observed to decrease sharply
below 100 eV/u, unlike the suggested flattening out of the
cross section suggested by the previous data of Can et al.
�13� and the possibility of a significant contribution from
rotational coupling to quartet states �10�. We are unaware of

any theoretical calculations of the EC cross section for
Ne2++H�D� collisions that overlap with this energy range.
Comparison of our experimental results to the theoretical
calculations for the doubly charged He2++H system shows
only qualitative agreement, but suggests a sharply decreasing
cross section at lower energies. More accurate theoretical
models for Ne2+ are needed to provide a more detailed com-
parison with experimental results. Last, our results support
previous work that the Ne2+ EC thermal rate coefficient is
too small to explain the discrepancy between observed and
model line intensities for Ne in planetary nebulae. Thus, it is
likely that the discrepancies are due to errors in other rel-
evant atomic data or due to unaccounted astrophysical pro-
cesses.
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