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Ab initio study of electron capture in low-energy collisions of N41 with hydrogen
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We present cross sections for the direct charge-transfer process N41(2s)1H→N31(nl;n8l 8)1H1 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
N41 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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I. INTRODUCTION

The electron-capture process

N41~2s!1H→N31~nl;n8l 8!1H1 ~1!

has received considerable attention in recent years@1–8#.
Process~1! plays an important role in determining the io
ization stages of nitrogen in various astrophysical envir
ments @1,2#, and is a major mechanism for populating t
excited states of the N31 ion whose line emissions hav
been observed in planetary nebulae, symbiotic stars, and
pernova remnants@9,10#.

Estimates for the total electron-capture rate coefficie
have been given for temperatures in the ran
1000 K,T,30 000 K @1#, and Feickertet al. @2# calcu-
lated cross sections and rate coefficients that spanned
peratures from 30 K to'105 K. In that calculation, the mo-
lecular potential surfaces and nonadiabatic couplings, for
NH41 quasimolecule that is formed during the collisio
were constructed with a method that is based on general
nonrigorous assumptions. Uncertainty in the molecular d
used in those calculations, translates into a correspon
uncertainty in the reported cross sections and rate co
cients.

Total charge-capture cross sections for the process

N411H→N311H1 ~2!

have been measured, using merged-beam techniques
Huq, Havener, and Phaneuf@3#, and Folkertset al. @6#. The
total capture cross section is a sum of the partial cross
tions for capture into thenl;n8l 8 states of the N31 ion. For
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the process given by Eq.~1!, and at low energies, it is valid
to restrict the sum to contributions from thenl52s,2p;
n8l 853s,3p and 3d states of the N31 ion only @5#. Capture
into both the singlet and triplet manifolds of the N31 ion
must be accounted for, since the merged-beam experim
cannot distinguish capture into states of specific spin. Co
parison of the measured data@3# show fair agreement with
the calculated cross sections of Feickertet al. @11#.

Shimakura, Itoh, and Kimura@4# calculated the state-to
state cross sections for process~1! using a semiclassica
method for collision energies from 10 eV'10 keV, while for
energies below 10 eV/amu they used a two-chan
quantum-mechanical method, with molecular potentials a
couplings obtained by a model potential approach. Anab
initio theory for electron capture into the singlet states
N31(2s3l 8),l 85s,p,d, following the initial approach of the
N41 ion and hydrogen, was presented by Zygelmanet al.
@5#. In that calculation, all molecular surfaces and nonad
batic couplings for the molecular states that asymptotica
correlate to the H11N31(2s3l 85s,p,d) atomic fragments
were generated withab initiomethods. Though the results o
the calculation for the total cross sections given by S
makura, Itoh, and Kimura are in good agreement with
experimental values reported by Huq, Havener, and Phan
the calculation of Zygelmanet al.give singlet cross section
that increase as the collision energy decreases, in contra
the experimental evidence that the total cross sections m
tonically decrease at low energies. A recent, more detai
theoretical study@6# confirmed the theoretical predictions o
their earlier calculation@4#, that the total capture cross se
tions of the NH41 collision system monotonically decreas
at low collision energies.

There have been several experimental attempts in the
few years to observe the predictions of the Langevin mod
i.e., capture cross sections that have a 1/v dependence at low
energies and, as a consequence, rate coefficients that te
a constant as temperatures decrease. A few systems tha
hibit Langevin behavior have been identified@13# but the
457 © 1997 The American Physical Society
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TABLE I. SCVB adiabatic potential-energy curves for the seven lowest3S1 states of NH41. Energies are given in atomic units.

R(a0) (1)3S1 (2)3S1 (3)3S1 (4)3S1 (5)3S1 (6)3S1 (7)3S1

2.00 249.473 022 248.315 939 247.951 746 247.823 050 247.702 854 247.397 736 247.384 510
2.50 249.721 366 248.648 186 248.287 214 248.135 700 248.008 546 247.743 483 247.742 868
3.00 249.897 045 248.807 200 248.436 592 248.352 433 248.220 760 248.017 126 247.960 484
3.25 249.967 671 248.851 473 248.477 648 248.437 565 248.304 001 248.147 683 248.039 878
3.50 250.029 293 248.881 768 248.513 984 248.504 511 248.376 358 248.261 243 248.106 370
3.75 250.083 168 248.902 016 248.576 290 248.525 855 248.436 294 248.351 695 248.163 148
4.00 250.130 898 248.915 985 248.632 925 248.539 340 248.494 245 248.429 597 248.213 114
4.25 250.173 310 248.925 248 248.682 502 248.549 040 248.545 117 248.494 118 248.261 243
4.50 250.211 229 248.931 720 248.725 862 248.592 527 248.562 333 248.540 268 248.304 296
4.75 250.245 326 248.936 830 248.763 375 248.635 734 248.598 625 248.553 045 248.342 331
5.00 250.276 160 248.941 980 248.795 055 248.674 394 248.635 580 248.557 300 248.375 381
5.25 250.304 135 248.947 993 248.821 144 248.708 090 248.668 444 248.559 659 248.403 482
5.50 250.329 603 248.955 968 248.841 866 248.737 765 248.697 437 248.563 926 248.427 502
5.75 250.352 906 248.966 261 248.857 594 248.763 179 248.723 287 248.570 422 248.448 264
6.00 250.374 299 248.978 564 248.869 690 248.784 274 248.746 504 248.579 156 248.466 732
6.25 250.393 998 248.992 147 248.879 983 248.801 054 248.767 390 248.589 819 248.483 906
6.50 250.412 194 249.006 215 248.890 050 248.813 791 248.786 046 248.601 749 248.501 145
6.75 250.429 050 249.020 139 248.900 688 248.823 506 248.802 135 248.614 192 248.518 033
7.00 250.444 705 249.033 544 248.911 883 248.832 499 248.814 407 248.626 479 248.533 728
7.25 250.459 197 249.045 734 248.923 130 248.843 254 248.821 225 248.636 927 248.548 358
7.50 250.472 853 249.058 307 248.934 587 248.855 506 248.824 579 248.649 142 248.562 026
7.75 250.485 649 249.070 274 248.945 803 248.867 787 248.826 116 248.661 073 248.574 824
8.00 250.497 671 249.081 643 248.956 654 248.879 624 248.826 769 248.672 745 248.586 832
9.00 250.538 889 249.121 424 248.995 017 248.921 026 248.826 349 248.708 644 248.628 239
10.00 250.572 254 249.154 084 249.027 111 248.954 590 248.825 370 248.742 932 248.661 403
12.00 250.622 200 249.203 655 249.075 752 249.004 886 248.824 385 248.793 072 248.711 183
13.00 250.641 254 249.222 448 249.094 413 249.024 110 248.823 861 248.811 763 248.730 336
13.72 250.653 278 249.234 381 249.106 223 249.036 199 248.823 600 248.823 510 248.742 399
14.00 250.657 640 249.238 715 249.110 512 249.040 568 248.827 892 248.823 482 248.746 755
16.00 250.684 370 249.265 293 249.136 857 249.067 311 248.854 282 248.823 374 248.773 437
20.00 250.721 817 249.302 613 249.173 933 249.104 745 248.891 422 248.823 336 248.810 797
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observations in Refs.@4,6# seem to preclude this possibilit
for the NH41 system. Because of the behavior of the calc
lated singlet cross sections at low energies, we suggeste@5#
that the NH41 system may serve as an additional candid
for the experimental observation of Langevin behavior.
was pointed out@5# that the apparent disagreement betwe
theory @5# and experiment@3# may be the failure in the as
sumption that the cross sections at low energy are inde
dent of the spin multiplicity of the molecular potentials
which the collision partners evolve. Until a separate calcu
tion involving the triplet molecular potentials and couplin
is performed, comparison with the experimental values
the total cross sections for process~2! is necessarily tenta
tive.

The purpose of this paper is to report the results of suc
calculation. In Sec. II we outline and summarize the res
of the ab initio calculations for the adiabatic potential su
faces, along with the nonadiabatic radial couplings, for
NH41 triplet system. In Sec. III we review the quantal co
lision theory used in this calculation and in Sec. IV we d
cuss and summarize our calculations for the state-to-s
cross sections. We combine and extend the results of
previous calculation@5# to estimate the total charge-transf
cross sections for process~2!. We find good agreement with
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experiments at low energies. However, our results sug
that the total capture cross sections will eventually increa
for energies,0.4 eV/amu, in contrast to the conclusions
Shimakura, Itoh, and Kimura@4# and Folkertset al. @6#.

We also compare our state-to-state cross sections with
results of a recent measurement by McCulloughet al. @8#
using translational energy spectroscopy. The measurem
are taken for N14 projectile energies ranging from 4 keV t
24 keV. Our calculated final-state cross sections are show
be in good agreement with the measured values for lab
ergies up to 8 keV. Atomic units are used throughout, unl
otherwise noted.

II. SCVB CALCULATIONS

The spin-coupled valence-bond~SCVB! approach was
used to calculate the relevant3S1 potential-energy curves
and radial couplings necessary to perform the collision c
culations for process~1!. The approach very closely follow
that employed previously for the1S1 states of NH41 @5#.
Not only did we use the same basis set as in Ref.@5#, but we
chose to expand the SCVB wave functions in configuratio
generated using the same classes of excitations and
from exactly the same set of1S1 orbitals. This strategy
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leads to a total of 155 spatial configurations~279 VB struc-
tures! of 3S1 symmetry. The resulting adiabatic potentia
energy curves are presented in Table I and Fig. 1 for
nuclear separationsR from 2a0 to 20a0. Each curve is la-
beled by a numeral, ranging from~1!–~7!, in order of in-
creasing energy. In Table II we tabulate the asymptotic
ergies of the first seven states, which span an energy ra
greater than 55 eV. Bearing in mind the very modest num
of configurations used in the SCVB expansion, the leve
agreement with the experimental values is impressive, w
most of the asymptotes matching within 0.1 eV. The larg
difference~0.232 eV! is for the N31(2p3s;3P)1H1 chan-
nel, which does not play a significant role in process~1!. We
present in Table III selectedd/dR coupling matrix elements

A~ i , j ![^f i ud/dRuf j&, ~3!

wheref i is the adiabatic electronic wave function for sta
i , and the angle bracket notation implies integration o
electronic coordinates. The resulting matrix elements
functions of nuclear separationR. The valueA( i , j ) depends
on the choice of origin for the electronic coordinates, ho
ever, it was shown in Ref.@5# that the resulting scatterin
equations are actually independent of the choice of electr
coordinates within our Jacobi coordinate system. In our c
culations we chose the origin for the electronic coordina
to be situated on the nuclear center of mass. Below we s
marize the scattering equations, described in detail in R
@5#, used in the present study.

The collision equations are solved in the diabatic pict
@5# which may be obtained by a unitary phase, or gau
transformation of the adiabatic potential curves~see discus-
sion below!. The diabatic potentials, for the triplet manifo
of the NH41 system are illustrated in Fig. 2~a!, we also
present, in Fig. 2~b!, the diabatic potentials for the single
manifold which are constructed from the adiabatic potent
and couplings given in Ref.@5#.

III. SCATTERING FORMALISM

The cross sections are calculated using a quant
mechanical close-coupling theory that has been describe

FIG. 1. Calculated adiabatic potential-energy curves~filled
circles! for the triplet states of the NH41 molecular ion.
1

-
ge
er
f
th
t

r
re

-

ic
l-
s
-
f.

e
e,

ls

-
in

detail in Ref. @5# and, for the sake of completeness, w
briefly review it below.

The total wave function for the ion-atom system~after the
center-of-mass motion has been factored out!, may be ex-
pressed by the close-coupling expansion,

C~R,r !5(
g

Fg~R!fg~R,r !, ~4!

where fg(R,r ) are the eigenfunctions of the adiabat
Hamiltonian@5#, Fg(R… is an effective scattering amplitud
for channelg, andR is the internuclear separation vector f
the ion-atom system. In practice, the infinite sum~4! must be
truncated so that the resulting coupled equations remain t
table. We include, in this sum, all open channels of t
NH41 system that are connected by the radial coupling
erator described below. In this approximation, we negl
effects induced by couplings into closed channels and an
lar couplings among the open channels. The latter beco
important at higher collision energies and have been
cluded in the semiclassical collision study of Ref.@4#. At the
collision energies of interest here these effects are not
nificant @4,6#.

Following the procedure outlined in Ref.@5# we derive the
coupled equations

2
1

2m
@ I“R2 iA~R!#2F~R!1V~R!F~R!5EF~R!, ~5!

where F(R) is a column matrix whose elements are t
channel amplitudesFg(R), V(R) is a diagonal matrix whose
elements consist of the Born-Oppenheimer potential-ene
functions@15# for each channel state, andA(R) is a Hermit-
ian, antisymmetric, matrix whose elements are defined@5#

@A~R!#ab[ i ^fau“Rufb&. ~6!

m is the nuclear reduced mass andE is the collision energy
in the center-of-mass frame. In this, the adiabatic descrip
transitions are driven by the elements of the vector poten
A(R). In general, the vector potential contains both angu
and radial components; since radial coupling is the prim
mechanism in which transitions are induced at low collisi
energies, we neglect angular couplings. In that case, we
apply a unitary, or gauge, transformation on the amplitu
Fg ,

TABLE II. Asymptotic energies~in eV! of the seven lowest
3S1 states of NH41. The experimental energies are taken fro
Moore’s table@14#.

Asymptote SCVB calculation experiment differenc

N31(2s2p; 3Po)1H1 255.742 255.529 20.213
N31(2s3s; 3S)1H1 217.126 217.092 20.034
N31(2s3p; 3Po)1H1 213.624 213.533 20.091
N31(2s3d; 3D)1H1 211.742 211.781 0.039
N31(2p3s; 3Po)1H1 25.937 26.169 0.232
N31(2p3p; 3D)1H1 23.741 23.785 0.044
N41(2s; 2S)1H(1s) 0.0 0.0
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TABLE III. Selected matrix elements ofd/dR between the first seven3S1 states of NH41 in atomic
units. The matrix indices correspond to the labels given in Table I.

R~a0) 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 0.115 75

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 0.035 01 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 0.045 54 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 2.543 79 0.045 81 0.007 48 0.222 29

3.60 0.100 78 0.023 45 1.125 79 0.039 38 0.011 77 0.246 66

3.75 0.115 76 0.012 57 0.279 19 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 0.019 70 0.017 30 0.007 43 0.342 40 0.511 18

4.20 0.159 78 0.022 23 0.007 75 0.010 71 1.155 25 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 0.029 53 0.000 60 0.012 58 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 0.070 91 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 1.554 10

4.40 0.191 11 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 0.231 90 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 0.311 91 0.096 77 0.024 91 0.051 21 0.361 90 0.332 71

5.00 0.346 68 0.102 48 0.049 08 0.041 66 0.289 52 0.221 61

5.25 0.430 59 0.127 89 0.098 00 0.022 54 0.174 39 0.085 65

5.50 0.476 63 0.141 11 0.173 09 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 0.132 78 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 0.130 41 0.848 51 0.007 28

7.00 0.133 76 0.066 53 0.295 32 0.181 28 1.322 35 0.004 63

7.25 0.103 10 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 0.473 77 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 0.151 71 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

14.00 0.008 63 0.001 35 0.011 52 0.000 08 0.000 59 0.014 42
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F~R!5W21G~R!, ~7!

whereW(R) is a unitary matrix that is a solution to the
first-order coupled equation@15#

05W A~R!2 i
dW

dR
. ~8!

Carrying out this transformation we arrive at the diabat
picture, in which, the amplitudesG(R) obey the coupled
equation@16#

2
1

2m
I“R

2G~R!1U~R!G~R!5EG~R!. ~9!

U(R)[W V(R)W21 is the diabatic potential matrix whose
diagonal elements are the diabatic potential functions, sho
in Fig. 2, of the NH41 quasimolecule formed in the collision
The off-diagonal terms ofU(R) drive the transitions among
the different electronic states. BecauseU(R) does not de-
pend on the orientation ofR, we can simplify Eq.~9! by
introducing a partial-wave decomposition for the wave am
plitudesG(R),

FIG. 2. Diabatic potential-energy curves of the NH41 molecular
ion. ~a! 3S1 states.~b! 1S1 states~constructed from adiabatic po-
tentials and couplings given in Ref.@5#!.
n

-

Gg~R!5(
lm

Gg
lm~R!

R
Ylm~R̂!, ~10!

whereYlm are spherical harmonics and, in this section,l and
m are the quantum numbers for the orbital angular mom
tum of the relative motion of the nuclei. Inserting Eq.~10!
into Eq. ~9!, we obtain the radial coupled equations

F d2dR2
2
l ~ l11!

R2 GGg
lm22m(

g8
@Ug,g8~R!2Edg,g8#Gg8

lm
50.

~11!

The radial functions are independent of the azimuthal qu
tum numberm and satisfy the scattering boundary cond
tions,

lim
R→`

Gg
lm~R!→

1

Akg

@dg,g8 j l~kgR!1Kg,g8
l h l~kgR!#,

kg5A2m@E2Ugg~`!# ~12!

where j l ,h l are, respectively, the regular and irregul
Bessel-Ricatti functions for neutral channels, and the reg
and irregular Coulomb functions for the Coulomb chann
@17#. Kg,g8

l [Kl is a real symmetric matrix,g8 is the index of
the incoming channel, and theSmatrix is given by

Sl5~ I1 i Kl !21~ I2 i Kl !. ~13!

The cross section for the system to undergo an inelastic t
sition from statei to j is

s~ i→ j !5
p

ki
2(

l
~2l11!uSl u i , j

2 . ~14!

IV. RESULTS AND DISCUSSION

In Fig. 2~a! we display the calculated diabatic potentia
energy curves for the triplet states of the NH41 molecular
ion. In the figure, the curve for the diabatic state that cor
lates, in the separated atom limit, to the neutral N411H
channel crosses the diabatic curves that asymptotically
relate to the energy levels of the N31 ion. Charge transfer
occurs when the system, initially approaching in the neu
channel, makes transitions, in regions near the crossings,
the Coulomb channels corresponding to t
N31(nl;n8l 8)1H1 fragments. These crossings correspo
to avoided crossings in the adiabatic picture. Values for
parameters that characterize the major avoided crossing
tabulated in Table IV. In constructing the diabatic ener
curves and couplings forR,13a0, we used Eq.~8! and the
values for the adiabatic potential curves and couplings gi
in Tables I and III. AtR513.71a0, the adiabatic potentia
curves for (5)3S1 and (6)3S1 states, which correlate to th
N31(2p3s) and N31(2p3p) states, respectively, share
narrow avoided crossing. Similarly, so do the (6)3S1 and
the (7)3S1

„N41(2s)1H… adiabatic states atR.25a0 ~not
shown!. The diabatic potentials forR.13a0 were obtained
by replacing these, extremely narrow, crossings with r
crossings. This procedure was employed in previous ca
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TABLE IV. Calculated Landau-Zener parameters for selected avoided crossings between adiabatic
curves for the NH41 ion. States tabulated below cross with the diabatic curve for the ne
N41(2s)1H(1s) channel, and they are labeled by the atomic quantum numbers of the N31(nl;n8l 8) ion to
which they correlate. Parameters are defined in the Appendix and expressed in atomic units.

State Reference DE(R* ) R* A(R* ) U11(R* )

3S1(2p3s) this calculation 0.000 09 13.71 207 2 0.0001
3S1(2s3d) this calculation 0.018 6.99 1.32 2 0.007
3S1(2s3d) Ref. @4# 0.02 7.15 '1.1 NA
1S1(2s3d) Ref. @5# 0.012 8.17 2.10 2 0.005
1S1(2s3d) Refs.@4,6# '0.012 8.14 1.27 '20.005
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lations @4–6#, and we justify it here by appealing to th
Landau-Zener-Stueckelberg~LZS! theory@18#. In that theory
the probability to make a transition from one adiabatic st
to another~at projectile angular momentuml ) is ~see the
Appendix!

Pl5exp~22g l !,

whereg l is given by Eq.~A6!. The parameters,DE(R* ),
A(R* ), corresponding to the avoided crossing
R*513.71a0, are tabulated in the first row of Table IV. Be
cause the crossing is narrow we find, using the values for
LZS parameters given in Table IV,g l'0 andPl'1 for all
l , justifying the replacement of the avoided crossing with
diabatic crossing. It follows that the probabilityPl(12Pl) to
undergo a charge-transfer transition atR'13.71a0 is negli-
gible.

Equation~9! was integrated using an implementation
the log derivative method of Johnson@19# for collision ener-
gies in the range 0.1 eV,E,4 keV. Though the quanta
close-coupling method is most suited for low collision en
gies, we extended the calculations into the keV region for
sake of comparison with the results of a semiclassical ca
lation @4#.

The experimental measurements are usually plotted w
respect to a mass-scaled energy

E

m
5v2/2,

wherev is the relative velocity of the collision system,m is
the reduced mass of the system, andE is the collision energy
in the center-of-mass frame. In Figures 3–6, we plot
cross sections with respect to this scaled, center-of-mass
ergy expressed in units of eV/amu@20#.

In Fig. 3~a! we compare the cross sections for capture i
the N31(2s3d; 1D) state given by the previous calculation
of Zygelmanet al. @5# and the calculations of Shimakura
Itoh, and Kimura@4#. Both calculations predict a simila
trend in the behavior of the cross sections at higher energ
but the figure reveals a large discrepancy between the
approaches at low collision energies. Whereas the resul
Shimakura, Itoh, and Kimura suggest that the singlet cr
sections monotonically decrease at energies be
30 eV/amu, the calculation of Zygelmanet al. gives cross
sections that gently rise as the collision energies decre
The data of Huq, Havener, and Phaneuf also show the d
nite trend that the total charge-capture cross sections
e
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crease as the collision energy gets smaller. In Ref.@5# it was
suggested that the apparent discrepancy between theor@5#
and experiment@3# may be the failure in the assumption tha
at low energies, the cross sections are independent of
spin multiplicity of the molecular potentials in which th
collision partners evolve. However, we did make the stro
prediction that the total cross sections for electron capt
will eventually rise at sufficiently low collision energies. Be
low we give a quantitative prediction for the collision e
ergy, below which, the total cross sections again increas

In Fig. 3~b! we illustrate the cross sections for the sam
process, capture into the 2s3d state of the N31 ion, but in
the triplet manifold. The solid line is the result of the prese
calculation and the dashed line represents the results give
Ref. @4#. Unlike the case for the singlet states, there is re
tively good agreement between the two calculations. B
calculations predict a peak in the the cross sections in
vicinity of '20230 eV/amu and they both exhibit prom
nent undulatory behavior as a function of collision energ
Such oscillations have also been seen in other calculat
@5,7,21,22# and are discussed in more detail there. Figu
4~a! and 4~b! compare the results of our calculation and tho
plotted in Ref. @4#, for the capture cross sections in th
N31(2s3s) and N31(2s3p) levels. For the triplet manifold,
we also include cross sections for capture in the exc
N31(2p3s; 3Po) state. These figures illustrate that th
dominant pathway for electron capture, at energies be
10 eV/amu, is the transition into the N31(2s3d) state. At
higher energies transitions into the N31(2s3s) and
N31(2s3p) levels dominate, the latter becoming the pr
dominant process for energiesE.100 eV/amu and the
former increases steadily as the collision energy increa
into the keV region. We notice, in these figures, that there
good qualitative agreement in the cross-section data give
Ref. @4# and the cross sections reported here, though
value in the peak cross section for capture in t
N31(2s3p; 3Po) state given in Ref.@4# is somewhat greate
than that obtained in the present calculation. The qualita
agreement, at high energies, between the two studie
somewhat surprising since they employ distinctly differe
theoretical methods. The calculations of Shimakura, It
and Kimura use, at energiesE.10 eV/amu, a semiclassica
straight-line trajectory method and include rotational co
pling with translation factors, whereas our calculation, va
at low energies, is a fully quantal calculation including on
radial coupling without translation factors. Electron trans
tion effects are usually thought to become important
higher collision energies.



e
e

c
t

o
n
u
d

n

s

e

e

in
d

d
en-

ross
d

d
te-

n-

ur

e

56 463AB INITIO STUDY OF ELECTRON CAPTURE IN LOW- . . .
The results of Shimakura, Itoh, and Kimura seem to pr
clude the possibility for observing Langevin behavior in th
NH41 charge transfer system. Folkertset al. @6# pointed out
that the results of the calculation of Shimakura, Itoh, an
Kimura appears to be in harmony with the experimental da
of Huq, Havener, and Phaneuf and suggested that the cal
lation given in Ref.@5# lacks agreement with the experimen
either because theab initio molecular potential method used
in that calculation does not command sufficient accuracy,
that the theoretical approach does not include electron tra
lation factors which effectively change the nonadiabatic co
plings. Below we show that neither conclusion is warrante

In Fig. 5, we display and compare the results of our ca
culation for the total cross sections for capture into the si
glet and triplet states of N31 ion, respectively. At energies
aboveE.30 eV/amu there are some differences in the cro
sections, mainly due to oscillatory structures, but in gener
they have the same values. However, for collision energi
E,30 eV/amu the singlet cross sections gently rise where
the triplet cross sections monotonically decrease as the
ergy decreases. This behavior is dominated by contributio
for capture into the N31(2s3d) state. In Fig. 3 we presented
the cross sections for each spin multiplicity~i.e., the incom-
ing beam is either in a pure singlet or triplet state, respe
tively! however, the total cross sections is a statistical sum
of the singletss and triplets t cross sections,

FIG. 3. Cross sections for capture into the N31(2s3d) states.~a!
Singlets.~b! Triplets.
-
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4ss1

3
4s t , ~15!

and the calculated values fors are given by the solid line in
Fig. 5. In Fig. 6 we compares with the observed values
given in Huq, Havener, and Phaneuf@3# and Folkertset al.
@6#. Because of the dominance of the triplet contribution
the sum~15! the total cross sections are effectively quenche
in the collision energy region 1 eV/amu,E,20 eV/amu.

Figure 6 illustrates the results of our calculation an
shows good agreement, at low energies, with the experim
tal values reported in Refs.@3,6#. The apparent harmony be-
tween the measured total cross sections@3,6# and the results
obtained here and in Refs.@4,6# is clearly fortuitous. An
experimental measurement of the state-to-state capture c
sections@8# might be in a better position to discriminate an
test the validity of theoretical predictions.

In Fig. 6 we also illustrate the cross sections obtaine
when the hydrogen target is replaced with its isotope deu
rium. Though the discussions in Refs.@3,4,6# do not distin-
guish capture rates for the two isotopes~they are used inter-
changeably in the measurements! we see a small, but
discernible, difference for the two cross sections at low e
ergies. At intermediate energies, 30 eV/amu,E,1 keV/
amu the observations of Refs.@3,6# indicate a prominent
peak in the total cross section that is not reproduced in o

FIG. 4. Calculated cross sections for capture into th
N31(2l3l 8) states.~a! Triplets. ~b! Singlets.
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464 56ZYGELMAN, STANCIL, CLARKE, AND COOPER
calculations. The theoretical calculations of Shimakura, It
and Kimura are in better agreement, but they get a mism
between the peak observed in the experiments and the
given by their calculations. However, the error bars d
played in Refs.@3,6#, typically62.5310216 cm2, correspond
to the relative uncertainty, while the total uncertainty
65310216 cm2 near the peak. Further, it has been est
lished that a small Rydberg population in the target beam
significantly enhance the total capture yield@13#. While the
Rydberg population in the measurements of Ref.@6# was
removed down to a principal quantum numbern512, the
theory of Macek and Ovchinnikov@23# suggests that the re
maining Rydberg population could contribute;2310216

cm2 near the cross-section peak.
To explore the sensitivity of the cross sections on

calculated molecular parameters we resort to the semicla
cal LZS theory of charge transfer. In rows 4 and 5 of Ta
IV we tabulate the LZS parameters reported in Ref.@5# and

FIG. 5. Partial cross sections for electron capture into trip
states~this calculation! and into singlet states~Ref. @5#!. The solid
line represents the total capture cross sections and is given by
~15!.

FIG. 6. Comparison of total capture cross sections, correspo
ing to process~2!, and the measured values reported in Refs.@3#
~circles! and @6# ~squares!. Solid line represents hydrogen targe
and the dashed line represents deuterium targets.
,
ch
ak
-

-
n

e
si-
e
Ref. @4# for the avoided crossing of the1S(2s3d) state with
the neutral channel. Using Eq.~A1! we calculated the cross
sections for charge transfer into the singlet N31(2s3d) state.
The results are plotted with the solid line shown in Fig. 7~a!
and they compare favorably with the results obtained by t
fully quantum-mechanical coupled-channel approach~solid
points! used in Ref.@5#. In this figure, we also plot~dotted
line! the results of a LZS calculation using the molecula
data given by Shimakura, Itoh, and Kimura@4,6#. The data in
Table IV show that the only, significant, difference in the
molecular parameters used in the two calculations is t
value of the nonadiabatic coupling parameterA[A(R* ) at
the avoided crossing. The cited studies, Refs.@4,6# include
translation factors in their formalism and, as a result, th
value of the nonadiabatic coupling parameter is effective
reduced to a value of 1.27 a.u.@6#, in contrast to the value
2.1 a.u. used in our calculation@5#. Nevertheless, the differ-
ence inA(R* ) translates into a modest effect on the LZS
cross sections, as is seen in Fig. 7~a!. For successively
smaller values forA(R* ) the resulting LZS cross sections do
begin to exhibit the behavior seen in Refs.@4,6# ~ a positive
slope for the cross section as a function of collision energ
1 eV/amu,E,30 eV/amu!. For the valueA(R* )50.5, a

t

q.

d-

FIG. 7. Partial cross sections, calculated in the LZS approxim
tion, for charge transfer into the N31(2s3d) states for various val-
ues of the nonadiabatic coupling at the avoided crossing distan
Filled circles represent the quantum-mechanical data given in R
@5#. ~a! Singlet N31(2s3d) state.~b! Triplet N31(2s3d) state.
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FIG. 8. State dependent cross sections. Solid lines represent the results of this calculation, dashed lines represent data taken
3 and 5 in Ref.@4#, circles with error bars denote measured data given in Ref.@8#. Capture into~a! N31(2s3s) state,~b! N31(2s3p) state,
~c! N31(2s3d) state, and~d! N31(2p3s) state.
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factor of 2 smaller than that reported in Refs.@4,6#, we
achieve the desired effect.

We contrast the behavior of the singlet cross section w
those of the corresponding triplet states. In Fig. 7~b! we re-
peat the LZS calculation, and compare the results with
quantum-mechanical calculation~dotted line!, for capture
into the triplet N31(2s3d) states. Again our LZS results ar
consistent with the quantal calculation, and they both pre
cross sections with positive slopes in the energy reg
0.4 eV/amu,E,7 eV/amu. They are also in qualitativ
agreement with the results in Refs.@4,6# @see Fig. 3~b!#.

In Fig. 8 we compare our calculated final-state cross s
tions and the results of the first measurements@8#, using
energy translation spectroscopy of state-to-state cross
tions in this system. In that experiment, nitrogen ions w
energy 4 keV,E(N14),24 keV were injected into an ove
containing hydrogen. The center-of-mass energy is there
given by the relation, Ecm/m5E(N14)/M , where
m'0.933 amu is the reduced mass of the NH14 system and
M'14 amu is the mass of the projectile. In the center-
mass frame the collision energy spans 250 eV,Ecm,1.6
keV; outside the range of validity for the PSS approximatio
In addition, rotational coupling effects become significant
these energies. However, in Figs. 8~a!–8~d! the calculated
cross sections, given by the solid line, are in general g
h

r

ct
n

c-

ec-

re

-

.
t

d

agreement with the experiment for all final-state states c
sidered and for lab energies below 8 keV, with the possi
exception of the N13(2s3p) channel. At 4 keV the measure
cross section has the value@8# (15.864.0)310216 cm2,
whereas our calculated value is 9.4310216 cm2. At energies
greater than 8 keV, the calculated N31(2s3p), N31(2p3s)
cross sections are in harmony with experiment.

In Figs. 8~a!–8~d! we also transcribe cross sections plo
ted in Fig. 3 and Fig. 5 of Ref.@4#. These cross sections
calculated using a semiclassical theory, show good ag
ment with experiments at higher energies.

In conclusion, we have presented theoretical cross s
tions for electron capture into N31(2l ,3l 8) due to a low-
energy collision of N41(2s) with H(1s) with a close-
coupled quantal method. The results are in qualitative, if
exact, agreement with the previous semiclassical calculat
of Shimakura, Itoh, and Kimura@4# for capture into all states
except N31(2s3d; 1D). We find capture into
N31(2s3d; 1D) to manifest Langevin behavior for energie
below ' 10 eV/amu in contradiction to the conclusions
Refs. @4,6#. A parameter study within the Landau-Zene
Stueckelberg approximation, using the molecular data fr
both groups, confirms Langevin behavior. The total electr
capture cross sections are in good agreement with
merged-beams measurements for energies between 1 eV
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466 56ZYGELMAN, STANCIL, CLARKE, AND COOPER
and 10 eV/amu, but predict Langevin behavior for energ
,0.4 eV/amu. The discrepancy between the previous ca
lation @5# and experiment@3,6#, has been shown to be
breakdown of the assumption that low-energy cross sect
are independent of the interaction potential spin multiplici
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APPENDIX: LANDAU-ZENER-STUECKELBERG
APPROXIMATION

In the semiclassical approximation@24# the cross section
for charge transfer from state 1~incoming neutral channel! to
2 ~outgoing Coulomb channel! is

s5
4p

k2 (l ~2l11!Pl~12Pl !sin
2u l ~A1!

where

Pl5exp~22g l !,

g l5
1

2F U12
2

udU11/dR2dU22/dRuv l
G
R5R*

~A2!

andR* is the radial separation at which the diabatic curv
cross.Uii is the diabatic energy for channeli , Ui j is the
diabatic coupling between channeli and j , sin2ul is a phase
n,

. A

r-

nd

d

A.

s

s
u-

ns
.

i-
k
.

s

which we approximate by its mean value 1/2, andv l is the
relative radial velocity of the ion-atom system at internucle
separationR* given by

m2v l
25k222mU11~R* !2

~ l11/2!2

R* 2
. ~A3!

For a two-channel system the diabatic potentials may be
pressed as@25#

U11~R!5e1~R!cos2~V!1e2~R!sin2~V!,

U22~R!5e1~R!sin2~V!1e2~R!cos2~V!,

U12~R!5U21~R!5@e2~R!2e1~R!#sin~V!cos~V!,
~A4!

V[E
R

`

A~R!dR, ~A5!

where e i(R) is the adiabatic energy for channeli , and
A(R) is the radial nonadiabatic coupling between statei
and j . Using this relationship and taking the radial deriv
tives of the diabatic potentials gives

g l5
p

16UDE~R* !

A~R* !
U 1v l . ~A6!

For a two-channel system the LZS cross section is de
mined by three parameters that characterize the molec
potentials,DE(R* ) the energy defect of the adiabatic pote
tial curves atR* , A(R* ) the value of the nonadiabatic cou
pling atR* , andv l the radial velocity of the relative motion
atR* with angular momentum\ l . This velocity is also sen-
sitive to the value of the diabatic energyU11(R* ). We make
the additional approximation of replacing the internucle
separation for an avoided crossing with the valueR* .
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