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Ab initio study of electron capture in low-energy collisions of N* with hydrogen
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We present cross sections for the direct charge-transfer proces@$)+H—N3*(nl;n’l’)+H" for
center-of-mass collision energies between 0.1 eV/amu and 8 keV/amu. The results are in good agreement, at
low energies, with merged-beams measurements for the total electron-capture cross sections in collisions of
N** with hydrogen and deuterium targets. We also compare the calculated final-state cross sections with the
results of recent translational energy spectroscopy measurements. The calculated final-state cross sections show
good agreement with the experiment for ion projectile energies up to 8 keV. Our calculations suggest that the
total electron-capture cross sections display Langevin behavior for collision energies below 0.4 eV/amu.
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PACS numbe(s): 34.70.+e

I. INTRODUCTION the process given by Eql), and at low energies, it is valid
to restrict the sum to contributions from thd =2s,2p;
The electron-capture process n’l’=3s,3p and 3 states of the RI" ion only [5]. Capture
4 34t . into both the singlet and triplet manifolds of the’Nion
N*"(2s)+H—N°"(nl;n’'l")+H (D)

must be accounted for, since the merged-beam experiments
cannot distinguish capture into states of specific spin. Com-

has received considerable attention in recent yghrs|. parison of the measured ddi@] show fair agreement with
Procesq1) plays an important role in determining the ion- . .
1) play P g the calculated cross sections of Feicketral. [11].

ization f nitrogen in vari rophysical environ- . .
ation stages of nitroge arious astrophysical enviro Shimakura, Itoh, and Kimurf4] calculated the state-to-

ments[1,2], and is a major mechanism for populating the . : . .
excited states of the X ion whose line emissions have SAte Cross sections for proced using a semiclassical
1ethod for collision energies from 10 eM10 keV, while for

been observed in planetary nebulae, symbiotic stars, and s{etho
pernova remnante9, 10]. energies below 10 eV/amu they used a two-channel

Estimates for the total electron-capture rate Coeﬁiciemguantum-mechan|cal method, with molecular potentials and

have been given for temperatures in the rangecouplings obtained by a model potential approach. an

1000 K<T<30000 K([1], and Feickertetal. [2] calcu- _ "io (hony for electron capture into he singlet states of
lated cross sections and rate coefficients that spanned terh:-4 i ’ P4, 9 PP
ion and hydrogen, was presented by Zygelnsdral.

peratures from 30 K te=10° K. In that calculation, the mo- 51. In that calculation, all molecular surf nd nonadi
lecular potential surfaces and nonadiabatic couplings, for the™-". at caicuiation, all molecutar surfaces a onadia-
atic couplings for the molecular states that asymptotically

NH** quasimolecule that is formed during the collision, 34 , X

were constructed with a method that is based on general al,%)rrelate to tthg 'i].:rhlt\: . '(t'253| t?]sap,d_l)_haton;:c{‘hfragmeltnts f

nonrigorous assumptions. Uncertainty in the molecular dat ere glentler?e ;N' thmltui Te 0as. tc_)ug e resg Ssoh.
used in those calculations, translates into a correspondin € caicu'ation for the fotal cross sections given by Shi-

uncertainty in the reported cross sections and rate coeffi- a"“Ta’ Itoh, and Kimura are in good agreement with the
cients. experimental values reported by Huq, Havener, and Phaneuf,

Total charge-capture cross sections for the process the qalculation of Zyge'”."".‘ﬂt al. give singlet Cross sections
that increase as the collision energy decreases, in contrast to
N4 +H N3t +H* (2)  the experimental evidence that the total cross sections mono-
tonically decrease at low energies. A recent, more detailed,
have been measured, using merged-beam techniques, theoretical study6] confirmed the theoretical predictions of
Huq, Havener, and Phanel8], and Folkertst al. [6]. The their earlier calculatio4], that the total capture cross sec-
total capture cross section is a sum of the partial cross setions of the NH* collision system monotonically decrease
tions for capture into thal;n’l’ states of the R* ion. For  at low collision energies.
There have been several experimental attempts in the past
few years to observe the predictions of the Langevin model;

*Electronic address: bernard@physics.unlv.edu i.e., capture cross sections that havewaddpendence at low
"Electronic address: stancil@mail.phy.ornl.edu energies and, as a consequence, rate coefficients that tend to
*Electronic address: nickc@tcpc.bham.ac.uk a constant as temperatures decrease. A few systems that ex-
$Electronic address: dic@rs2.ch.liv.ac.uk hibit Langevin behavior have been identifigdi3] but the
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TABLE I. SCVB adiabatic potential-energy curves for the seven lowgst states of NH*. Energies are given in atomic units.

R(ao) (1% (227 (3" (42" (5)°" (6)°" (7’

2.00 —49.473 022 —48.315939  —47.951746  —47.823050 —47.702854  —47.397736  —47.384510
2.50 —49.721 366 —48.648 186  —48.287214  —48.135700 —48.008 546 —47.743 483  —47.742 868
3.00 —49.897 045  —48.807200 —48.436592 —48.352 433 —48.220760 —48.017126  —47.960 484
3.25 —49.967 671  —48.851473  —48.477 648 —48.437 565 —48.304 001  —48.147683  —48.039878
3.50 —50.029293  —48.881768 —48.513984  —48.504511 —48.376 358  —48.261243  —48.106 370
3.75 —50.083168 —48.902016 —48.576290  —48.525 855 —48.436 294  —48.351695  —48.163 148
4.00 —50.130898  —48.915985  —48.632 925 —48.539 340 —48.494 245  —48.429 597 —48.213 114
4.25 —50.173310 —48.925248  —48.682 502 —48.549 040 —48.545117  —48.494118  —48.261 243
4.50 —50.211229  —48.931720 —48.725862 —48.592527  —48.562333  —48.540268  —48.304 296
4.75 —50.245326  —48.936830  —48.763 375 —48.635734  —48.598625  —48553045  —48.342331
5.00 —50.276 160  —48.941980  —48.795 055 —48.674394  —48.635580 —48557300 —48.375381
5.25 —50.304 135  —48.947 993 —48.821 144  —48.708090 —48.668 444  —48.559 659 —48.403 482
5.50 —50.329 603  —48.955 968 —48.841 866 —48.737765  —48.697 437 —48.563 926 —48.427 502
5.75 —50.352906  —48.966 261 —48.857594  —48.763179  —48.723 287 —48.570 422 —48.448 264
6.00 —50.374 299 —48.978564  —48.869 690 —48.784 274  —48.746504  —48.579 156 —48.466 732
6.25 —50.393998  —48.992 147 —48.879983  —48.801054  —48.767390  —48.589819 —48.483 906
6.50 —50.412194  —49.006 215 —48.890050 —48.813791  —48.786 046 —48.601 749 —48.501 145
6.75 —50.429050  —49.020 139 —48.900688  —48.823506  —48.802135  —48.614 192 —48.518 033
7.00 —50.444 705 —49.033544  —48.911883  —48.832499  —48.814 407 —48.626 479 —48.533 728
7.25 —50.459 197 —49.045734  —48.923130 —48.843254  —48.821225 —48.636 927 —48.548 358
7.50 —50.472 853 —49.058 307 —48.934587 —48.855506  —48.824 579 —48.649 142 —48.562 026
7.75 —50.485 649 —49.070274  —48.945803  —48.867 787 —48.826 116 —48.661 073 —48.574 824
8.00 —50.497 671 —49.081 643  —48.956654  —48.879624  —48.826 769 —48.672745  —48.586 832
9.00 —50.538 889 —49.121 424  —48.995017  —48.921 026 —48.826 349 —48.708 644  —48.628 239
10.00 —50.572254  —49.154084  —49.027 111  —48.954590  —48.825370 —48.742932  —48.661 403
12.00 —50.622 200 —49.203655 —49.075752 —49.004 886 —48.824 385 —48.793072  —48.711183
13.00 —50.641 254  —49.222448  —49.094413 —49.024110 —48.823861 —48.811763  —48.730 336
13.72 —50.653 278 —49.234381  —49.106223  —49.036 199 —48.823 600 —48.823510  —48.742 399
14.00 —50.657 640 —49.238715  —49.110512 —49.040 568 —48.827 892 —48.823 482  —48.746 755
16.00 —50.684 370  —49.265293  —49.136 857 —49.067 311 —48.854 282  —48.823374  —48.773 437
20.00 —50.721817 —49.302613 —49.173 933 —49.104 745 —48.891422  —48.823336  —48.810797

observations in Refg4,6] seem to preclude this possibility experiments at low energies. However, our results suggest
for the NH'" system. Because of the behavior of the calcu-that the total capture cross sections will eventually increase,
lated singlet cross sections at low energies, we suggéSted for energies<0.4 eV/amu, in contrast to the conclusions of
that the NH* system may serve as an additional candidatéShimakura, Itoh, and Kimurgd] and Folkertset al. [6].
for the experimental observation of Langevin behavior. It We also compare our state-to-state cross sections with the
was pointed ouf5] that the apparent disagreement betweerresults of a recent measurement by McCullowgthal. [8]
theory[5] and experimenf3] may be the failure in the as- using translational energy spectroscopy. The measurements
sumption that the cross sections at low energy are indeperre taken for N“ projectile energies ranging from 4 keV to
dent of the spin multiplicity of the molecular potentials in 24 keV. Our calculated final-state cross sections are shown to
which the collision partners evolve. Until a separate calculabe in good agreement with the measured values for lab en-
tion involving the triplet molecular potentials and couplings ergies up to 8 keV. Atomic units are used throughout, unless
is performed, comparison with the experimental values folotherwise noted.
the total cross sections for procel® is necessarily tenta-
tive. _ _ IIl. SCVB CALCULATIONS

The purpose of this paper is to report the results of such a
calculation. In Sec. Il we outline and summarize the results The spin-coupled valence-bon@&CVB) approach was
of the ab initio calculations for the adiabatic potential sur- used to calculate the relevak * potential-energy curves
faces, along with the nonadiabatic radial couplings, for theand radial couplings necessary to perform the collision cal-
NH** triplet system. In Sec. Il we review the quantal col- culations for procesél). The approach very closely follows
lision theory used in this calculation and in Sec. IV we dis-that employed previously for théS " states of NH* [5].
cuss and summarize our calculations for the state-to-statdot only did we use the same basis set as in Rgf.but we
cross sections. We combine and extend the results of owhose to expand the SCVB wave functions in configurations
previous calculationi5] to estimate the total charge-transfer generated using the same classes of excitations and built
cross sections for proce$®). We find good agreement with from exactly the same set of>* orbitals. This strategy
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TABLE II. Asymptotic energies(in eV) of the seven lowest
-8 33 * states of NM'. The experimental energies are taken from
Moore’s table[14].
-48.3 ¢
g5 | Asymptote SCVB calculation experiment difference
R N3*(2s2p; 3PO)+H"T —55.742 —55.529 —0.213
F N3*(2s3s; 3S)+H* —17.126 —-17.092 —0.034
5 _usol N3*(2s3p; 3P°)+H* —13.624 -13.533 —0.091
N3*(2s3d; 3D)+H" —11.742 —11.781  0.039
~49.1 N3*(2p3s; 3P°)+H" —5.937 —6.169 0.232
N3*(2p3p; 3D)+H" -3.741 —3.785 0.044
el N4*(2s; 2S)+H(1s) 0.0 0.0
95, 7 12 17
R{a.u)

detail in Ref.[5] and, for the sake of completeness, we
briefly review it below.

The total wave function for the ion-atom systéafter the
center-of-mass motion has been factored),ontay be ex-
pressed by the close-coupling expansion,

FIG. 1. Calculated adiabatic potential-energy curvéBed
circles for the triplet states of the NH molecular ion.

leads to a total of 155 spatial configuratioi2¥9 VB struc-
tureg of 33" symmetry. The resulting adiabatic potential-
energy curves are presented in Table | and Fig. 1 for 31 \P(R,r)=2 F,(R)¢,(R,r), 4
nuclear separationR from 2a, to 20a,. Each curve is la- Y

beled by a numeral, ranging froifl)—(7), in order of in- ) . . .
creasing energy. In Table Il we tabulate the asymptotic enWNere ¢,(R,r) are the eigenfunctions of the adiabatic
ergies of the first seven states, which span an energy rangeMiltonian[5], F,(R) is an effective scattering amplitude
greater than 55 eV. Bearing in mind the very modest numbelOr channely, andR is the internuclear separation vector for
of configurations used in the SCVB expansion, the level ofn€ ion-atom system. In practice, the infinite stnmust be
agreement with the experimental values is impressive, wit'uncated so that the resulting coupled equations remain trac-
most of the asymptotes matching within 0.1 eV. The Iargesfablﬁ- We include, in this sum, all open channels of the
difference(0.232 eV is for the N (2p3s;3P)+H* chan- NH system that are connecf[ed by the_: rao!lal coupling op-
nel, which does not play a significant role in procéBs We erator described below. In this approximation, we neglect

present in Table Il selected/dR coupling matrix elements, effects in_duced by couplings into closed channels and angu-
lar couplings among the open channels. The latter become

CN _ important at higher collision energies and have been in-
AL =(¢ild/dR| ), ® cluded in the semiclassical collision study of Rief]. At the

. . . . . collision energies of interest here these effects are not sig-
where ¢, is the adiabatic electronic wave function for state itont [4,6] 9 g

i, and the angle bracket notation implies integration over
electronic coordinates. The resulting matrix elements ar
functions of nuclear separatidh The valueA(i,j) depends
on the choice of origin for the electronic coordinates, how-

ever, it was shown in Ref5] that the resulting scattering — —[1VRg—iA(R)]?’F(R)+V(R)F(R)=EF(R), (5)
equations are actually independent of the choice of electronic 2p - - - - - -

coordinates within our Jacobi coordinate system. In our cal-

culations we chose the origin for the electronic coordinategvhere F(R) IS a column matr!x Wh.ose eIemenFs are the
to be situated on the nuclear center of mass. Below we sunfa@nnel amplitudet ,(R), V(R) is a diagonal matrix whose

marize the scattering equations, described in detail in Reflements consist of the Born-Oppenheimer potential-energy
[5], used in the present study. functions[15] for each channel state, adqR) is a Hermit-
The collision equations are solved in the diabatic picturdan, antisymmetric, matrix whose elements are defitgdd
[5] which may be obtained by a unitary phase, or gauge, ]
transformation of the adiabatic potential curyese discus- [A(R)Jab=i{al Vil pp)- (6)
sion below. The diabatic potentials, for the triplet manifold o
of the NH*" system are illustrated in Fig.(®, we also u is the nuclear reduced mass dfds the collision energy
present, in Fig. @), the diabatic potentials for the singlet in the center-of-mass frame. In this, the adiabatic description
manifold which are constructed from the adiabatic potentialgransitions are driven by the elements of the vector potential
and couplings given in Ref5]. A(R). In general, the vector potential contains both angular
and radial components; since radial coupling is the primary
mechanism in which transitions are induced at low collision
energies, we neglect angular couplings. In that case, we can
The cross sections are calculated using a quanturrapply a unitary, or gauge, transformation on the amplitudes
mechanical close-coupling theory that has been described #,,,

Following the procedure outlined in R¢f] we derive the
%oupled equations

lll. SCATTERING FORMALISM
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TABLE IlI. Selected matrix elements af/dR between the first sevefd, * states of NH™ in atomic
units. The matrix indices correspond to the labels given in Table I.

R(ag) A(3,2) A(4,2) A(4,3) A(5.3 A(5,4) A(6,5

2.00 0.489 93 0.032 93 0.297 58 0.005 45 0.251 60 0.070 13
2.50 0.218 28 0.021 30 0.022 68 0.023 19 0.164 00 0.030 28
3.00 0.095 63 0.056 71 0.073 50 0.023 47 0.106 43 0.054 78
3.25 0.074 91 0.066 64 0.422 47 0.027 00 0.074 04 0.11575
3.30 0.071 87 0.068 08 0.706 10 0.028 18 0.067 63 0.129 63
3.35 0.070 94 0.068 17 1.359 49 0.030 38 0.060 60 0.144 82
3.40 0.074 48 0.064 27 3.306 54 0.03501 0.051 61 0.161 50
3.425 0.079 79 0.057 89 5.738 42 0.039 34 0.044 88 0.170 46
3.45 0.088 56 0.044 07 9.645 43 0.04554 0.034 29 0.179 85
3.50 0.099 97 0.000 07 7.479 65 0.051 42 0.005 32 0.200 06
3.55 0.099 81 0.018 44 2.54379 0.04581 0.007 48 0.222 29
3.60 0.100 78 0.023 45 1.12579 0.039 38 0.01177 0.246 66
3.75 0.11576 0.012 57 0.27919 0.020 47 0.033 94 0.267 69
4.00 0.138 33 0.016 17 0.060 77 0.002 01 0.007 69 0.456 42
4.15 0.153 41 0.01970 0.017 30 0.007 43 0.342 40 0.51118
4.20 0.159 78 0.022 23 0.007 75 0.01071 1.15525 0.500 18
4.225 0.163 20 0.025 46 0.002 81 0.012 06 2.786 79 0.464 37
4.24 0.165 32 0.02953 0.000 60 0.01258 5.771 06 0.408 12
4.25 0.166 76 0.034 59 0.003 39 0.012 57 10.793 99 0.328 62
4.30 0.174 32 0.07091 0.016 95 0.005 06 6.238 99 0.947 90
4.35 0.182 43 0.072 29 0.018 76 0.017 04 0.806 81 155410
4.40 0.19111 0.074 20 0.019 84 0.029 81 0.114 26 2.379 48
4.45 0.200 38 0.076 36 0.020 14 0.045 06 0.153 57 3.421 38
4.50 0.210 26 0.078 65 0.019 57 0.060 75 0.321 93 4.009 99
4.55 0.220 76 0.081 03 0.018 09 0.071 60 0.426 71 3.455 95
4.60 0.23190 0.083 47 0.015 64 0.075 49 0.473 85 2.424 56
4.65 0.243 67 0.085 94 0.012 15 0.074 63 0.483 65 1.612 43
4.70 0.256 06 0.088 40 0.007 55 0.071 36 0.473 56 1.093 00
4.80 0.282 60 0.093 04 0.005 50 0.061 93 0.426 99 0.563 06
4.90 0.31191 0.096 77 0.024 91 0.05121 0.361 90 0.33271
5.00 0.346 68 0.102 48 0.049 08 0.041 66 0.289 52 0.22161
5.25 0.43059 0.127 89 0.098 00 0.022 54 0.174 39 0.085 65
5.50 0.476 63 0.14111 0.17309 0.002 68 0.083 86 0.041 69
5.75 0.462 84 0.146 13 0.269 82 0.016 46 0.004 89 0.023 13
6.00 0.395 38 0.143 06 0.371 96 0.036 30 0.077 89 0.014 33
6.25 0.308 51 0.13278 0.450 03 0.058 61 0.195 09 0.010 15
6.50 0.230 44 0.116 30 0.466 81 0.087 12 0.412 27 0.008 17
6.75 0.172 83 0.094 09 0.407 98 0.13041 0.848 51 0.007 28
7.00 0.13376 0.066 53 0.295 32 0.181 28 1.32235 0.004 63
7.25 0.10310 0.039 68 0.188 36 0.190 87 0.933 27 0.001 94
7.50 0.083 06 0.024 88 0.126 95 0.160 06 0.47377 0.003 05
7.75 0.068 79 0.017 24 0.095 41 0.123 85 0.253 24 0.004 37
8.00 0.058 31 0.012 70 0.077 54 0.093 23 0.15171 0.005 54
9.00 0.035 23 0.006 56 0.047 18 0.029 11 0.036 80 0.004 95
10.00 0.025 08 0.003 97 0.032 27 0.009 97 0.008 37 0.002 78
12.00 0.014 13 0.001 75 0.018 36 0.001 14 0.000 74 0.000 52
13.00 0.011 30 0.001 62 0.015 64 0.000 37 0.000 20 0.001 93
13.715 0.009 19 0.001 42 0.012 27 0.000 16 0.000 40 207.407 6
14.00 0.008 63 0.001 35 0.01152 0.000 08 0.000 59 0.014 42
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-47.5 T T T Glm R) ~
G,(R)=2 Fﬁ Yim(R), (10

(a) Triplet

-48.0 whereY,,, are spherical harmonics and, in this sectioand

m are the quantum numbers for the orbital angular momen-
tum of the relative motion of the nuclei. Inserting EGO)

% 485 | into Eq. (9), we obtain the radial coupled equations
. 2 11+1) |
@~ R |Gy —2u2 [U,,(R-ES,,]G=0.
490 | Y

(12)

The radial functions are independent of the azimuthal quan-
95, 7 12 7 tum numberm and satisfy the scattering boundary condi-
R (a.u.) tions,

-47.5

1
" H Im . |
{b) Singlet F!ILTLGNy (R)— _\/k—y[ 8y, Ji(K,R)+K I (k,R)1,

-48.0

K, = VZU[E=U, ()] (12)

where j;,n are, respectively, the regular and irregular
Bessel-Ricatti functions for neutral channels, and the regular
and irregular Coulomb functions for the Coulomb channels
[27]. K'W,EKI is a real symmetric matrixy’ is the index of

the incoming channel, and tf&matrix is given by

-485

Energy (a.u.)

-49.0 |

S=(+ikKH (1 —-iK". (13)

-49.5

Rau) The cross section for the system to undergo an inelastic tran-
sition from statd to j is

FIG. 2. Diabatic potential-energy curves of the NHmolecular
ion. (&) 33" states(b) 13" states(constructed from adiabatic po- Q)= m 21+ 1)|5|2. 14
tentials and couplings given in RdE]). o(i=1) k|2§|: ( )|_ - (14

F(RI=W™'G(R), ) IV. RESULTS AND DISCUSSION

In Fig. 2(@) we display the calculated diabatic potential-
energy curves for the triplet states of the NHmolecular
ion. In the figure, the curve for the diabatic state that corre-
lates, in the separated atom limit, to the neutrdl" MH
0=W A(R)— | dLV ®) channel crosses the diabatic curves that asymptotically cor-
__ dR relate to the energy levels of the*Nion. Charge transfer
occurs when the system, initially approaching in the neutral
Carrying out this transformation we arrive at the diabaticchannel, makes transitions, in regions near the crossings, into
picture, in which, the amplitude&(R) obey the coupled the  Coulomb  channels corresponding to the
equation[16] - N3*(nl;n’l")+H" fragments. These crossings correspond
to avoided crossings in the adiabatic picture. Values for the
1 parameters that characterize the major avoided crossings are
— ——1V&G(R)+U(R)G(R)=EG(R). (9) tabulated in Table IV. In constructing the diabatic energy
2p- "— - - - curves and couplings fdR<13a,, we used Eq(8) and the
] ] . . ] values for the adiabatic potential curves and couplings given
U(R)=W V(R)W* is the diabatic potential matrix whose in Tables | and Ill. AtR=13.71a,, the adiabatic potential
diagonal elements are the diabatic potential functions, showgurves for (53 * and (63 " states, which correlate to the
in Flg 2, of the NH+ quasimolecule formed in the collision. N3+(2p35) and |\F+(2p3p) states, respective|y, share a
The off-diagonal terms o) (R) drive the transitions among narrow avoided crossing. Similarly, so do the {8) and
the different electronic states. Becaud¢R) does not de- the (7> *(N**(2s)+H) adiabatic states &>25a, (not
pend on the orientation dR, we can simplify Eq.(9) by  shown. The diabatic potentials foR>13a, were obtained
introducing a partial-wave decomposition for the wave am-by replacing these, extremely narrow, crossings with real
plitudesG(R), crossings. This procedure was employed in previous calcu-

where W(R) is a unitary matrix that is a solution to the
first-order coupled equatigri5]
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TABLE IV. Calculated Landau-Zener parameters for selected avoided crossings between adiabatic energy
curves for the NHM' ion. States tabulated below cross with the diabatic curve for the neutral
N**(2s)+H(1s) channel, and they are labeled by the atomic quantum numbers offth@Nn’l’) ion to
which they correlate. Parameters are defined in the Appendix and expressed in atomic units.

State Reference AE(R*) R* A(R*) U1(R*¥)
33" (2p3s) this calculation 0.000 09 13.71 207 — 0.0001
83, *(2s3d) this calculation 0.018 6.99 1.32 — 0.007
33 *(2s3d) Ref. [4] 0.02 7.15 ~1.1 NA
1% (2s3d) Ref. [5] 0.012 8.17 2.10 — 0.005
12*(233d) Refs.[4,6] ~0.012 8.14 1.27 ~—0.005

lations [4-6], and we justify it here by appealing to the crease as the collision energy gets smaller. In Rfit was
Landau-Zener-Stueckelbef@zS) theory[18]. In that theory ~ suggested that the apparent discrepancy between th&bry
the probability to make a transition from one adiabatic stateand experimen{t3] may be the failure in the assumption that,
to another(at projectile angular momenturt) is (see the at low energies, the cross sections are independent of the

AppendiX spin multiplicity of the molecular potentials in which the
collision partners evolve. However, we did make the strong
Pi=exp(—2vy), prediction that the total cross sections for electron capture

will eventually rise at sufficiently low collision energies. Be-

where y, is given by Eq.(A6). The parametersAE(R*),  low we give a quantitative prediction for the collision en-

A(R*), corresponding to the avoided crossing atergy, below which, the total cross sections again increase.
R* =13.71a,, are tabulated in the first row of Table IV. Be-  In Fig. 3(b) we illustrate the cross sections for the same

cause the crossing is narrow we find, using the values for thgrocess, capture into thes2d state of the R ion, but in
LZS parameters given in Table I\;~0 andP,~1 for all  the triplet manifold. The solid line is the result of the present
I, justifying the replacement of the avoided crossing with acalculation and the dashed line represents the results given in
diabatic crossing. It follows that the probabili®(1—P,) to Ref.[4]. Unlike the case for the singlet states, there is rela-
undergo a charge-transfer transitionRat13.71a, is negli-  tively good agreement between the two calculations. Both
gible. calculations predict a peak in the the cross sections in the
Equation(9) was integrated using an implementation of vicinity of ~20—30 eV/amu and they both exhibit promi-
the log derivative method of Johnsgio] for collision ener-  nent undulatory behavior as a function of collision energy.
gies in the range 0.1 eYE<4 keV. Though the quantal Such oscillations have also been seen in other calculations
close-coupling method is most suited for low collision ener-[5,7,21,22 and are discussed in more detail there. Figures
gies, we extended the calculations into the keV region for thel(a) and 4b) compare the results of our calculation and those
sake of comparison with the results of a semiclassical calcuslotted in Ref.[4], for the capture cross sections in the

lation [4]. N3*(2s3s) and N*(2s3p) levels. For the triplet manifold,
The experimental measurements are usually plotted witlhve also include cross sections for capture in the excited
respect to a mass-scaled energy N3*(2p3s; 3P°) state. These figures illustrate that the

dominant pathway for electron capture, at energies below
10 eV/amu, is the transition into the®N(2s3d) state. At
higher energies transitions into the 3N2s3s) and
N3*(2s3p) levels dominate, the latter becoming the pre-
whereuv is the relative velocity of the collision system,is ~ dominant process for energids>100 eV/amu and the
the reduced mass of the system, &is the collision energy former increases steadily as the collision energy increases
in the center-of-mass frame. In Figures 3—-6, we plot thdnto the keV region. We notice, in these figures, that there is
cross sections with respect to this scaled, center-of-mass egeod qualitative agreement in the cross-section data given in
ergy expressed in units of eV/anR0]. Ref. [4] and the cross sections reported here, though the
In Fig. 3(@) we compare the cross sections for capture intovalue in the peak cross section for capture in the
the N°*(2s3d; !D) state given by the previous calculations N3*(2s3p; 3P°) state given in Refl4] is somewhat greater
of Zygelmanet al. [5] and the calculations of Shimakura, than that obtained in the present calculation. The qualitative
Itoh, and Kimura[4]. Both calculations predict a similar agreement, at high energies, between the two studies is
trend in the behavior of the cross sections at higher energiespomewhat surprising since they employ distinctly different
but the figure reveals a large discrepancy between the twtheoretical methods. The calculations of Shimakura, Itoh,
approaches at low collision energies. Whereas the results @ihd Kimura use, at energi&>10 eV/amu, a semiclassical
Shimakura, Itoh, and Kimura suggest that the singlet crosstraight-line trajectory method and include rotational cou-
sections monotonically decrease at energies belowling with translation factors, whereas our calculation, valid
30 eV/amu, the calculation of Zygelmast al. gives cross at low energies, is a fully quantal calculation including only
sections that gently rise as the collision energies decreaseadial coupling without translation factors. Electron transla-
The data of Hug, Havener, and Phaneuf also show the defiion effects are usually thought to become important at
nite trend that the total charge-capture cross sections dévgher collision energies.

E
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The results of Shimakura, Itoh, and Kimura seem to pre- ; 3
clude the possibility for observing Langevin behavior in the O=30st 30y, (15
NH** charge transfer system. Folkegsal. [6] pointed out
that the results of the calculation of Shimakura, Itoh, andand the calculated values forare given by the solid line in
Kimura appears to be in harmony with the experimental daté&ig. 5. In Fig. 6 we comparer with the observed values
of Hug, Havener, and Phaneuf and suggested that the calcgiven in Hug, Havener, and Phand@f and Folkertset al.
lation given in Ref[5] lacks agreement with the experiment [6]. Because of the dominance of the triplet contribution in
either because thab initio molecular potential method used the sum(15) the total cross sections are effectively quenched

in that calculation does not command sufficient accuracy, oin the collision energy region 1 eV/arlE<20 eV/amu.

that the theoretical approach does not include electron trans- Figure 6 illustrates the results of our calculation and
lation factors which effectively change the nonadiabatic coushows good agreement, at low energies, with the experimen-
plings. Below we show that neither conclusion is warrantedtal values reported in Ref§3,6]. The apparent harmony be-

In Fig. 5, we display and compare the results of our caltween the measured total cross secti86] and the results

culation for the total cross sections for capture into the sinobtained here and in Ref$4,6] is clearly fortuitous. An

glet and triplet states of R ion, respectively. At energies experimental measurement of the state-to-state capture cross
aboveE>30 eV/amu there are some differences in the crossectiong 8] might be in a better position to discriminate and
sections, mainly due to oscillatory structures, but in generalest the validity of theoretical predictions.

they have the same values. However, for collision energies In Fig. 6 we also illustrate the cross sections obtained
E<30 eV/amu the singlet cross sections gently rise whereawhen the hydrogen target is replaced with its isotope deute-
the triplet cross sections monotonically decrease as the enium. Though the discussions in Ref8,4,6] do not distin-

ergy decreases. This behavior is dominated by contributionguish capture rates for the two isotog#isey are used inter-

for capture into the RI" (2s3d) state. In Fig. 3 we presented changeably in the measurementse see a small, but

the cross sections for each spin multiplicitye., the incom-  discernible, difference for the two cross sections at low en-
ing beam is either in a pure singlet or triplet state, respecergies. At intermediate energies, 30 eV/anti<l keV/
tively) however, the total cross sectionis a statistical sum amu the observations of Reff3,6] indicate a prominent

of the singletos and tripleto, cross sections, peak in the total cross section that is not reproduced in our
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FIG. 5. Partial cross sections for electron capture into triplet ®)
states(this calculation and into singlet state@Ref.[5]). The solid

line represents the total capture cross sections and is given by E
(15).

calculations. The theoretical calculations of Shimakura, Itoh
and Kimura are in better agreement, but they get a mismatc
between the peak observed in the experiments and the pe
given by their calculations. However, the error bars dis- f ,
played in Refs[3,6], typically +£2.5x10 ¢ cn?, correspond /
to the relative uncertainty, while the total uncertainty is /
+5x10 18 cn? near the peak. Further, it has been estab- /
lished that a small Rydberg population in the target beamca |~~~ ‘ ,
significantly enhance the total capture yi¢kB]. While the o1 Y ey oviamy 1000
Rydberg population in the measurements of Rél. was

removed down to a principal quantum numbrer 12, the

Cross Section (10”"°cm’?)

theory of Macek and Ovchinnikoh23] suggests that the re- FIG. 7. Partial cross sections, calculated in the LZS approxima-
maining Rydberg population could contribute2x 1016 tion, for charge transfer into the®Ni(2s3d) states for various val-
cm? near the cross-section peak. ues of the nonadiabatic coupling at the avoided crossing distance.

To explore the sensitivity of the cross sections on th Filled cirt_:les represent the quantum-_mechanical data given in Ref.
. iS]. (@) Singlet N*(2s3d) state.(b) Triplet N3 (2s3d) state.
calculated molecular parameters we resort to the semiclassi-
| LZS theory of charge transfer. In rows 4 an f Tabl . . .
::\5;1 we ?abu?gtg %eCL;Sg?)argnfe?ers re?)oﬁced eiln dFEéI(.)andab eRef. [4] for the avoided crossing of th& (2s3d) state with
the neutral channel. Using EGA1) we calculated the cross

sections for charge transfer into the singlét' {2s3d) state.
The results are plotted with the solid line shown in Fi¢p)7
and they compare favorably with the results obtained by the
fully quantum-mechanical coupled-channel approésdlid
pointg used in Ref[5]. In this figure, we also plofdotted
line) the results of a LZS calculation using the molecular
data given by Shimakura, Itoh, and KimUeg6]. The data in
Table IV show that the only, significant, difference in the
molecular parameters used in the two calculations is the
value of the nonadiabatic coupling parameter A(R*) at
the avoided crossing. The cited studies, R§ds6] include
translation factors in their formalism and, as a result, the
value of the nonadiabatic coupling parameter is effectively
reduced to a value of 1.27 a.l6], in contrast to the value
5 =5 P 10000 155000 2.1 a.u. used in our calculatigb]. Nevertheless, the differ-

Energy (eV/amu) ence inA(R*) translates into a modest effect on the LZS

cross sections, as is seen in Figa)7 For successively
FIG. 6. Comparison of total capture cross sections, correspondsmaller values ford(R*) the resulting LZS cross sections do

ing to procesq?), and the measured values reported in RE3$.  begin to exhibit the behavior seen in R€i4,6] ( a positive
(circles and [6] (squares Solid line represents hydrogen targets Slope for the cross section as a function of collision energy
and the dashed line represents deuterium targets. 1 eV/amw E<30 eV/amu. For the value4(R*)=0.5, a
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(c) N3 (2s3d) state, andd) N3*(2p3s) state.

factor of 2 smaller than that reported in Refd.6], we  agreement with the experiment for all final-state states con-
achieve the desired effect. sidered and for lab energies below 8 keV, with the possible

We contrast the behavior of the singlet cross section withexception of the N3(2s3p) channel. At 4 keV the measured
those of the corresponding triplet states. In Figh)ive re-  cross section has the valy@] (15.8+4.0)x10 6 cn?,
peat the LZS calculation, and compare the results with ouwhereas our calculated value is 8.40" 16 cn?. At energies
quantum-mechanical calculatiofotted ling, for capture greater than 8 keV, the calculated 2s3p), N3*(2p3s)
into the triplet N*(2s3d) states. Again our LZS results are cross sections are in harmony with experiment.
consistent with the quantal calculation, and they both predict In Figs. 8a)—8(d) we also transcribe cross sections plot-
cross sections with positive slopes in the energy regioned in Fig. 3 and Fig. 5 of Ref4]. These cross sections,
0.4 eVlamwE<7 eV/amu. They are also in qualitative calculated using a semiclassical theory, show good agree-
agreement with the results in Ref4,6] [see Fig. 8)]. ment with experiments at higher energies.

In Fig. 8 we compare our calculated final-state cross sec- In conclusion, we have presented theoretical cross sec-
tions and the results of the first measuremedids using  tions for electron capture into N (21,31’) due to a low-
energy translation spectroscopy of state-to-state cross seenergy collision of N*(2s) with H(1s) with a close-
tions in this system. In that experiment, nitrogen ions withcoupled quantal method. The results are in qualitative, if not
energy 4 ke E(N*4) <24 keV were injected into an oven exact, agreement with the previous semiclassical calculations
containing hydrogen. The center-of-mass energy is thereforef Shimakura, Itoh, and Kimurigd] for capture into all states
given by the relation, Ec/u=E(N*%)/M, where except N'(2s3d; D). We find capture into
1~0.933 amu is the reduced mass of the Misystem and  N3*(2s3d; D) to manifest Langevin behavior for energies
M=~14 amu is the mass of the projectile. In the center-of-below ~ 10 eV/amu in contradiction to the conclusions of
mass frame the collision energy spans 250<é8/,<<1.6  Refs. [4,6]. A parameter study within the Landau-Zener-
keV; outside the range of validity for the PSS approximation.Stueckelberg approximation, using the molecular data from
In addition, rotational coupling effects become significant atboth groups, confirms Langevin behavior. The total electron-
these energies. However, in FiggaB-8(d) the calculated capture cross sections are in good agreement with the
cross sections, given by the solid line, are in general gootherged-beams measurements for energies between 1 eV/amu
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and 10 eV/amu, but predict Langevin behavior for energiesvhich we approximate by its mean value 1/2, ands the

< 0.4 eV/amu. The discrepancy between the previous calcu€lative radial velocity of the ion-atom system at internuclear
lation [5] and experimen{3,6], has been shown to be a separatiorR* given by
breakdown of the assumption that low-energy cross sections

2
are independent of the interaction potential spin multiplicity. (1+1/2)

sz|2=k2—2MU11(R*)—T- (A3)
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APPENDIX: LANDAU-ZENER-STUECKELBERG
APPROXIMATION

In the semiclassical approximati¢@4] the cross section
for charge transfer from statéidcoming neutral channgto
2 (outgoing Coulomb channgis

o= 4{;2' (21+1)P,(1— P,)sir?6, (A1)
where
Pi=exp(—2y),
UZ
1 12 (A2)

N7 2|[dU/dR=dU,,/dRoy | ,_,

U,(R)= €;(R)si?(Q) + e,(R)cog(Q),

U1(R)=U2(R)=[€(R) — €1(R)]sin()cog (1),
(A4)

Q= fwA(R)d R, (A5)
R

where ¢;(R) is the adiabatic energy for channgl and
A(R) is the radial nonadiabatic coupling between states
and j. Using this relationship and taking the radial deriva-
tives of the diabatic potentials gives

o AE(R*)
""T8 AR

1

—. (AB6)
v

For a two-channel system the LZS cross section is deter-
mined by three parameters that characterize the molecular
potentials AE(R*) the energy defect of the adiabatic poten-
tial curves atR*, A(R*) the value of the nonadiabatic cou-
pling atR*, andv, the radial velocity of the relative motion

at R* with angular momentunl. This velocity is also sen-

andR* is the radial separation at which the diabatic curvessitive to the value of the diabatic enerfyj;(R*). We make

cross.U;; is the diabatic energy for channgl U;; is the
diabatic coupling between chanrieandj, sirf4, is a phase

the additional approximation of replacing the internuclear
separation for an avoided crossing with the vaRie
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