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Electron capture by N&* ions from atomic hydrogen
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Using a merged-beam technique, the absolute, total electron-capture cross section has been measured for
collisions of Né* ions with hydrogen(deuterium atoms at collision energies between 139 and 1490 eV/u.
These data are compared to three other published measurements, two of which differ from one another by a
factor greater than two. Early quantal rate coefficient calculations fér Nens with hydrogen at eV/u
energies predict a cross section many orders of magnitude below the previously measured cross section at 40
eV/u. A possible explanation is given for the discrepancy between theory and experiment.
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[. INTRODUCTION sources. EC rate coefficients for Ne ions in particular have
been an issue of some concern since 1978 whejuiRet
Electron capture from atomic hydrogen at low relativeet al. [4] found that photoionization models failed to repro-
collision energiesmeV/u—keV/y is an important recombi- duce the observed spectrum of the planetary nebula NGC
nation mechanism in many plasmas, such as those found ir027. They suggested that inclusion of electron capture by
fusion devices and in cosmic photoionized plasmas. MuciNe?* with H would help to resolve the discrepancy. How-
theoretical and experimental work has been performed in orever, an early quantal coefficient calculation by Buteal.
der to provide the electron-captu(BC) cross-section data [5,6] estimated that the EC cross section was far too small to
needed to model and interpret the spectra of these laboratopgsolve this discrepancy. The calculations were done in the
and astrophysical plasmas. However, as the need for MOKRasma temperature range from 5000 K to 50000 K and
accurate data increases, previous measurements often sh@wolved only transitions from the initial ground state

significant unresolved discrepancies. Fully quantum couple Ne?* (2s22p* 3P) + H] to the strongly exoergic final state
channel molecular-orbital calculations are considered th Ne+(2322p5 2P)+H*] considering only two relevantll

tmhgsrte?g\(/:;rr]?tgguthzﬁ dgfr']%ug)zoepr?ggrrﬁnh:fec%gtefv'ﬁ/\g’i?) uasimolecular adiabatic states. These states, with a sepa-
Y b 9 ated atom limit of 27.2 eV, are far apart at all internuclear

Stancil [1] and Havenef2], respectively. Throughout this hi Its | harol . X
paper, collision energies are quoted using the center-of-ma?s'Stances' This resu ts. nas arpy.decre'asu)g cross section
(c.m) energy divided by the reduced mass of the colliding oward thermal energies. Further investigation by Forster

particles(i.e., eV/. et al.[7] considered initial metastable excited states of Ne

In fusion energy research, EC cross sections at ev/u er@nd slightly exoergic final states of Newithin the doublet
ergies to hundreds of eV/u are needed for the accurate modPanifold of adiabatic states, but still estimated that the EC
eling and diagnostics of the scrape-off layée., edge rate coefficients are much too low to explain the values in-
plasma. An issue of particular interest is the effect impurityferred from observations of planetary nebulae. Since that
ions have on fusion plasmas. For example, some of the etime, Ne physics has remained an issue of concern. For ex-
fects of impurities have been studied by injecting Ne intoample, Pottasch and Beinterf& have noted factor-of-3 dis-
DIII-D, the third generation tokamak developed by Generalcrepancies among the various Ne abundance determinations
Atomics in San Diego, CA. The subsequent radiation, as théor the planetary nebula NGC 6302. Pottasch and Beintema
highly charged Ne ions underwent EC with deuterium, re-suggested uncertainties in the underlying atomic data as one
duced heat efflux while edge confinement degrd@dAc-  of the several possible causes for the discrepancies.
curately modeling the Ne charge balance and radiative cool- To address these issues, a series of measurements of the
ing in these plasmas requires reliable EC cross-section valuebsolute EC cross sections of Ne(q=2,3,4) with HD)
for a wide range of energies and Ne ionization stages. has been initiated. Results for WNet+H(D)—Ne*

In astrophysics, EC cross sections are important for cal+H*(D") at collision energies 139—1490 eV/u are reported
culating the ionization balance of planetary nebulae amd H here. We are unaware of any calculation of the EC cross
regions. These calculations are used to interpret observatiosection for Né* +H at energies for which laboratory mea-
and to infer the chemical abundances of the observedurements have been carried out. Comparisons are made with

the HE" +H system, which shows a similar energy depen-
dence toward lower collision energies. We also discuss the

*Electronic address: tony@astro.columbia.edu; possibility that transitions between quartet quasimolecular
savin@astro.columbia.edu states of (NeH)", rather than between doublet states, might
"Electronic address: havenercc@ornl.gov explain the measured data.
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FIG. 1. Schematic of the ion-atom merged-beam apparatus.

The paper is organized as follows: In Sec. Il the experiphotodetachment of a Dbeam as it crossed the optical cav-
mental setup used in measuring the EC cross sectionof Ne ity of a 1.06.um cw Nd:YAG (yttrium aluminum garnet
ions on HD) is described. The results are presented angaser where kilowatts of continuous power circulate. The D
discussed in Sec. lll. Conclusions are given in Sec. IV. beam was extracted from a duoplasmatron source. Colli-

sional detachment of the Dbeam on background gas re-
Il. EXPERIMENTAL APPROACH sulted in a small fractiorf0.01%9 of excited states in the D
beam. The D beam obtained was nearly pardtled diver-
ence is less than 0.15°) with a beam diameter of 2 mm and
ntensities ranging from 10—20 nA. Deuterium was used in-

The measurement of the EC cross section for th8"Ne
+H system was performed using the Oak Ridge National

Laboratory (ORNL) ion-atom merged-beam apparatus, gteaq of hydrogen to maximize the angular acceptance of the
which has previously been describg@l10] in detail. The  5555r4t149,15]. Isotope effects from the use of deuterium,
apparatus is depicted schematically in Fig. 1. In our setupy,e to differences in trajectoridd 6], are not expected at
relatively fast(keV) beams are merged providing for a large {hese energies. Such isotope effects are known to exist for
dynamic range of collision energies in the c[h0], allow- ;¢ o higher chargde.g., St*+H(D) [17] at collision

ing access to collision energies from keV/u down to meV/“'energies below 1.0 eVjulsotope effects above 100 eV/amu
In the present investigation, a Ne beam with energies _of are only predicted for ions of charge greater thar{ 18).
16-44 keV was merged with a faster D beam at energies of aq gepicted in Fig. 1, the Né beam was electrostatically

6,7, and 9 keV. This range of beam energies allowed for the o 5aq with the neutral D beam. Both beams interacted
total EC cross section to be measured in the energy range gi,nq j field-free region of 47 cm, after which thé Prod-
139-1490 eV/u. Lower c.m. collision energies can potenyqt jons were magnetically separated from the primary
tially be achieved by using either a slower D beam or a fastef,oamg. The neutral beam was monitored by measuring sec-
lon beam. However, operation of the” source at v_oltages ondary electron emission from a stainless steel plate and the
lower than 6 kV or the ECR source at voltages higher thaqntensity of the N&" beam was measured using a biased

22 kV led to poor quality or unstable beams. Farada ;
" y cup. The product signal’ Dons were detected by a
The Né* beam was produced by the ORNL CAPRICE pannel electron multiplier. The signal ratelz) was ex-
ECR ion sourc¢11] with an intensity of=4 wA, adiameter i acteq from backgrountkHz) by a two-beam modulation
of 2—4 mm(full width at hah: maximum, and a(half-angle  tochnique9]. To correct the signal rate for the small fraction
divergence less than 0.25°. The cross section for capiurgs excited D, the signal was measured with and without the
onto an ion with an excited core could differ significantly |5ser on. The difference between the signals corresponded to

from capture onto an ion in the ground st@l2]. The pos- e gignal due to collisions with photodetached ground-state
sibility of metastables in the Né beam extracted from an D atoms.

ECR ion source was investigated by Banni$te] through Absolute electron-capture cross sections were determined

measurements of the electron-impact ionization cross sectiof a5ch velocity from directly measurable parameters by the
of the Né* beam from the ORNL ECR sourdd4] using following formula:

the electron crossed-beam appardfi. No ionization sig-
nal was observed below the ground-state ionization threshold RYQ€%v10;,
of 63.45 eV, indicating no detectable population of meta- O="7 1 F
stables in the N& beam.

A fast neutral ground-state D atom beam was obtained bwhereR is the signal count ratey is the charge of ione is

, (€Y

Illzl}rF
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2 . TABLE I. lon-atom merged-beam cross section data fof 'Ne
o present measurements +D—Ne" +H"(D") as a function of collision energy. Also listed
v Seim et al. [20] is the statistical uncertainty and total combir(sthtistical plus sys-
_ Eg:ge;t‘:lf‘["zf]” ; tematiQ uncertainty estimated at the 90% confidence l¢GeL.).
g VV } Relative  Neutral Cross Statistical Total
"9 v, v collision  beam section uncertainty absolute
g1 | v v VW? ] energy  energy (90% C.L) uncertainty
2 { }ﬁ (eviy  (keV) (10 %cm?) (10 %cm?) (107 cm?)
@ ¢
cg igi } 139 6.0 0.51 0.10 0.12
3 E } 203 6.0 0.67 0.08 0.12
© S E u 206 7.0 0.65 0.11 0.14
o w 227 7.0 0.77 0.07 0.11
o
0 . ‘ 245 7.0 0.78 0.05 0.11
10' 10° 10° 277 7.0 0.76 0.05 0.10
Energy (eV/u) 283 6.0 0.72 0.08 0.12
FIG. 2. Present ion-atom merged-beam measurements of the 341 7.0 0.82 0.10 0.14
electron-capture cross section for Ne-H(D)—Ne"+H*(D") 398 9.0 0.69 0.11 0.14
as a function of center-of-mass collision energy. A comparison is 441 7.0 0.78 0.05 0.10
shown with other measurements. The statistical elf@stimated at 489 9.0 0.87 0.07 0.13
a 90% confidence levebf the present measurements are shown
' 530 7.0 0.93 0.07 0.13
except at energies 139 eV/u and 1240 eV/u, where both the statis- 97 9.0 0.90 0.07 0.13
tical and total errors are shown at a 90% confidence level. The > ) ) ) )
reported statistical uncertainties of Seehal. [20], Huber et al. 722 9.0 11 0.13 0.18
[21], and Caret al.[22] are also shown. Not shown are their total 867 9.0 1.2 0.12 0.19
experimental uncertainties. 948 9.0 1.2 0.11 0.18
1040 9.0 14 0.22 0.27
the electronic charge; andl, are the intensities of the two 1240 9.0 1.4 0.11 0.20
beams,v; andv, are the velocities of the beams, the 1490 9.0 1.4 0.19 0.25

relative velocity between beams,is the secondary electron
emission of the neutral detector, a¢fe) is the average form
factor which is a measure of the overlap of the beam. The As can be seen in Fig. 2, the present data agree with the
form factor was estimated from two-dimensional measurelesults of Seinet al.[20] at energies above 700 eV/u, but are
ments of the overlap at three different positions along thé?elow their results at lower energies. Although the cause of
merge path. The secondary electron emission coefficjent f[hls dlscr+epancy is unclear, p055|b|I|t|e_s include uncertalntles
was measureih situ as described previousfg] and found N the N'"+H(q=2-5) EC cross section used to normalize
to range from 1.320.03 for 7-keV D' to 1.49+0.03 for f[helr meqsurements a}nd the mcomplete d!ssouatlon of H
9-keV D™ For the 6-keV beamy was determined by linear into atomic hyc_jrogen |_nherent in their atomic source. Meta_l-
extrapolation ofy for 7-keV and 9-keV beamg9]. The ve- stable contamination is not believed to be an issue. Seim
locities were calculated from the energies of the beamst @l- measured the metastable content of theﬁNbegm
which included the estimated plasma potential shifts of thét"d found it to be negligible. Furthermore, calculations at
two sourcegsee, e.g., Ref17]). The relative merge angle lower energiegeV/u) by Forsteret al.[7] for EC with meta-

19IERE o .
between beams was negligible for these relative collision enStable Né" indicate that the rate coefficient, while larger
ergies and assumed to be zero. than the previous estimates for the ground state (1.0

x10 2% cm s 1), is still negligible (6.0< 10 * cm®s™1).

The Huberet al. [21] data are systematically lower than
both our data and the data of Canal. [22] (see Fig. 2
Together these comparisons suggest, as was first proposed by

Figure 2 shows the measured absolute EC cross sectid@anet al.[22], that a systematic error exists in the measure-
for the Né* +D system as a function of c.m. collision en- ments of Hubeet al. In their experimental procedures, both
ergy. The error bars on the experimental data indicate th&luberet al. and Caret al. normalize their N&" +H to their
statistical error at a 90% confidence level. At energies of 13%espective N&"+H, results. Canet al. used their N&"
eV/u and 1240 eV/u the total uncertainty is also shown. Thist H, results to renormalize the data of Huber et al., essen-
total uncertainty is the quadrature sum of the statistical untially multiplying these data by a factor ef2. This brought
certainties and the 12% estimated systematic efi®. the data of Hubeet al. into agreement with Caat al. This
Table | lists the data and includes both statistical and totahlso brings the results of Hubet al. into agreement with
errors. our measurements. Although the energy range of our data

IIl. RESULTS AND DISCUSSION
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FIG. 3. Present ion-atom merged-beam measurements and cor- 2'200 2 4 6 8 10
rected previous data of the electron-capture cross section for R (a.u.)
Ne?*+H(D) as a function of center-of-mass collision energy.
Comparison is made with theoretical calculations fofHeH by FIG. 4. Adiabatic potential-energy curves f@ (NeH)?" and

Krstic and Janey23] and by Hareket al.[24]. See text for details. (b) (HeH)?" as functions of internuclear distance. (B the initial
Ne&?* 3P+ H channel corresponds to theH (thick solid line and
111 (thick dotted ling quasimolecular states. Ifb) the initial
He?" +H(1s) channel corresponds to th@@ quasimolecular state
(heavy solid lines (See text for details.

does not overlap with that of Caeat al. [22], our results do
appear to map relatively smoothly into theirs.

Figure 3 shows a “recommended” experimental cross
section for Né" +H which includes our present measure-
ments and the above corrections to the previous data. T nter, one-electron algorithfa3].

Huber et aI._ data has been multiplied by a f_actor of 2 and Considering first the N& +H collision system, as the
qnly the _Se|met al. data above 700 eV_/u are _mcluded in the_ reactants approach each other, the grodRdstate of N&*
figure. F|gu_re 3 also shows a comparison with two the_oret"combines with the electron spin of the hydrogen forming
cal calculations for He" +H [23,24}, a collision system with  ejther spin doublet or quartet quasimolecular states. These
the same incident charge but without electrons on the ioRtates are degenerate at large internuclear distances. Discard-
core. Any observed differencesr similarities, then, are due ing the weak spin-orbit interaction, the collision system
to interactions with the multielectron, open-shell®Necore.  evolves independently along these two noninteracting spin
Such a comparison was previously ddi@s] for CI’*+H configurations, i.e., the 41 and 1*I1 adiabatic states of
measurements and’N+H calculations from a few eV/u to Ne?* +H [thick solid and thick dashed lines in Fig(a].
several hundred eV/u. For this case the closed Ne-like shellhese states are initially populated according to doul@et
of CI”* did not significantly influence the EC dynamics lead- and quartet4) spin statisticgneither projectile nor target are
ing to practically identical cross sections for N-H and ~ spin polarizedt The 2°IT and 1*IT couple to other doublet
ClI’t+H. and quartet adiabatic states, respectively, and the EC cross
As shown in Fig. 3, both the Né+H and the H&"  Section is made up of separate contributions of the doublet
+H collision systems show a sharply decreasing cross se@nd quartet manifolds of states of (NeH) A set of the
tion from keV/u to ~400 eV/u. Below ~400 eV/u, the lowest adiabatic d40ub|e(lth|n solid lineg 2I1 and quartet
cross sections deviate from this decline, showing a change iff1in dashed lings®Il states of Né+H™ is shown in Fig.
slope. Motivated by this similarity in shape of the theoretical4(a) as_functions of mternuc_lear distande. Th? only
EC cross-section curves for He+H and the present mea- elect_ron—capture chann_e_l that is §trorjgly exoerg!c_r_;md thus
4 o : possible at sub-eV collision energies is from the initial dou-
surement for N&" +H system, a qualitative analysis was

o ; let 2211 to the 1°I1 state. The FII state corresponds to
performed to identify possible EC channels that are presenf. Ne (2522p° 2P) +H* capture channel. Due to the large
in both systems. Figure 4 presents the relevant adiabatié; )

imolecul | i al nergy splitting, this channel is weak, resulting in a very
quasimolecuiar € ectr()zTc potential-energy curves f@r | cross sectiofs]. Transitions to other doublet states as
(NeH)*" and (b) (HeH)-" as functions of internuclear dis-

_ well as from 1I1 to the quartet states shown in Figagare
tance. The curves for the (NeH) [Fig. 4(a)] were calcu- slightly endoergic.

lated using full configuration interaction in the space of 42 considering now the He +H collision system, the ini-
Gaussian basis functionsS,,P), using the computational tjal channel evolves along thep2 quasimolecular state
chemistry codeGAMESS [26], while the (HeHf" curves [thick solid line in Fig. 4b)]. A strongly exoergic EC product

Fig. 4(b)] were generated by the standard closed-form two-
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not expected to significantly change the nature of the rota-
tional coupling. The lower final quartet states of NeH™"
are only slightly endoergic with the initial chann@f the
order of a fraction of an e\ Therefore, both the Coriolis
and radial transitions from the initial*Il to the manifold of
guartet states are energetically allowed at the energy range
considered here and qualitatively explain the similarity be-
tween the EC cross sections forHer H and Né* +H sys-
tems. While the measured low-energy EC cross sections
C seem to have the energy dependence suggestive of the dis-
00220 . . et cussed coupling between quartets, it is not known how much
0 2 4 6 8 10 rotational coupling will contribute at lowdabove threshold

R (a.u) . oo

energies, where it is reduced because of the nuclear repul-

sion. The low-energy behavior of the Het H cross section
is currently being both theoretically and experimentally in-
vestigated at ORNL.

E-Ey (a.u.)

FIG. 5. Adiabatic electronic energy terms f6il manifold of
states of (NeH)" close to the initial 2II (thin dashed ling and
(HeH)?" terms, relative to the o electronic term of (HeH)"
system. The Po term coincides with the horizontal coordinate
axis.

IV. CONCLUSIONS
channel Bo is also present here, although the transitions to
2pm, 2so, and 3o states, which are at large distances
exactly degenerate with the initialp2- state, dominate the
cross section even at low energies. The change of slope |
the EC cross section for Bé+H system below keV/u en-
ergies in Fig. 3 is due to the strong rotatio@briolis) cou-
pling between po and 2o# states[23]. Unlike the domi-
nant, tunneling mechanism for radial transitions, which
results in exponential decrease, exfv), of the cross sec-
tion toward lower energiel3] (v is the internuclear veloc-
ity and C is a constant relating to the Massey paramefers
the decrease of the Coriolis cross section is slower, followin
the power law (% for a straight line trajectory27]). Simi-
lar mechanisms for EC capture might be present for th
Ne™ +H system, between quartet states that were not an
lyzed before and which might cause the apparent change

Using a merged-beam setup, we have measured indepen-
dent, absolute, total electron-capture cross sections fof Ne
n H(D) for the collision energy range of 139-1490 eV/u.
ood agreement with the cross sections measured by Seim
et al. [20] is observed at energies above 700 eV/u. Our re-
sults drop with decreasing energy and are consistent with the
low-energy measurements of Canal.[22]. The present re-
sults are larger than the measurements of Hebal.[21] by
a factor of~2. A consistent set of experimental data is pre-
sented for energies between 40 eV/u and 2000 eV/u. We are
naware of any theoretical calculations of the EC cross sec-
ion that overlap with the energy range for which measure-
énents exist. Comparison is made with the?He H collision
System which shows a similar energy dependence toward
i?wer energies. By comparing the electronic potential-energy
the slope in the EC cross section in the hundreds of eV/gurves for théi t.WO systems the flattening O.Ut of the Cross
range (as observed in the measurements, see Figlt3s section for Né™ is fqund probably due to rotational coupling
important to note that the lowest-energy calculation of Haref0 sll_ghtly e_ndoerg!c quartgt states. These states Were not
et al. [24] may exaggerate the contribution due to rotationalf:onsIdered in previous estimates and may lead to a slight

coupling due to the use of straight-line trajectories, as indi-"Cr€ase in the EC cross section at above threshold energies.

; . An upgrade of the ORNL ECR facility is in progress which
cated by recent fully quantal calculations of Letal. [28]. é” provide the higher-energy ion beams needed to extend

These calculations show that the cross section decreas > ion-atom meraed-beam measurements o eneraies below
again at lower energies due to the effects of nuclear repulsio 00 eV/u where tghe cross section is expected to% ain de
on rotational transitions. crease P 9

To investigate further, in Fig. 5 the same electronic adia-
batic terms for (HeH)" and (NeHJ" systems are shown.
However, they are now minus the nuclear-repulsive poten-
tials Z/R [Z=2 for (HeH}** andZ=10 for (NeH}"] and
choosing the ground, (2 curve of (HeH§" for the zero T.M. and D.W.S. were supported in part by the NASA
energy(at eachR). The degeneration of the’ll, 2°II, and  Space Astrophysics Research & Analy§BARA) program
3“1l terms of (NeH§", necessary for the strong rotational and the NSF Galactic Astronomy Program. C.C.H., P.K., and
coupling (between substates of different magnetic number R.R., and work performed at Oak Ridge National Laboratory
is apparent in the united atom limit<(1 a.u.). Similarly, were supported by the Division of Chemical Sciences, Office
there is a degeneration of th@&, 2pw, and B¢ curves of  of Basic Energy Sciences, U.S. Department of Energy and
the (HeHY ", indicating contribution to EC from the Corio- the Division of Applied Plasma Physics, Office of Fusion
lis 2po-2pr transition cross section. Since the main contri-Energy Sciences, U.S. Department of Energy, under Contract
bution to the Coriolis cross section in (HeH) comes from  No. DE-AC05-000R22725 with UT-Batelle, LLC, and by
an extended range of internuclear distances of up to 2 a.uthe NASA SARA program under Work Order No. 10,060
the deformation of the terms inside the Neore(1 a.u) is  with UT-Batelle, LLC.
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