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An ab initio calculation of the electron capture cross sections for collisions of ground and metastable states
of N2+ with Hs1sd is presented. Total cross sections are evaluated for14N impact energies from 2
310−3 to 300 keV, using both quantal and semiclassical treatments. The results are compared with experi-
mental and previous theoretical data, and are used to check the presence of metastable ions in the beams
employed in the experiments. Partial cross sections are also presented and related to the collision mechanism.

DOI: 10.1103/PhysRevA.70.022707 PACS number(s): 34.70.1e, 34.10.1x

I. INTRODUCTION

Electron capture(EC) in ion-atom(-molecule) collisions
is important in astrophysical and fusion plasmas. However,
the measurement of cross sections for these processes is of-
ten difficult due to the presence of unknown quantities of
metastable species in the ion beam, and only recently have
double translational energy techniques allowed measurement
of EC cross sections for ions in both ground and metastable
states(see[1,2]). In particular, N2+ beams from the usual ion
sources are, in principle, a mixture of unknown proportions
of ground states2s22p 2Pod and metastables2s2p2 4Pd ions
and, accordingly, the following EC reactions can take place
in N2++H collisional experiments:

N2+s2s22p 2Pod + Hs1sd → N+ + H+, s1d

N2+s2s2p2 4Pd + Hs1sd → N+ + H+. s2d

Experimental work on this system includes the measure-
ments of total EC cross sections of Refs.[3,4], carried out
with a mixed beam, for14N impact energiessEd in the range
8–600 keV. Translational energy experiments[5], which
also used a mixed beam, yielded state-selective EC cross
sections in the energy range 0.6–8 keV, extending the range
to 200 keV for total EC cross sections. The use of the double
translational energy spectroscopy technique allowed the en-
ergy change spectrum in EC to be recorded for an incident
pure beam of ground state ions, at five collision energies
between 0.8 and 6 keV[2]; these spectra showed three peaks
at DE.4.6, 2.5, and −2 eV, corresponding to EC into
N+s2s2p3 3Dod, N+s2s2p3 3Pod, and N+s2s22p3s 1Po or 3Pod,
respectively.

Pieksmaet al. [6] carried out merged-beam measurements
in a wide energy range 1.4310−3–62.2 keV. The measured
total cross sections agree with previous experiments at
E.30 eV, but there are important disagreements at lower
energies; e.g., differences of the order of 25% are found at

E.10 keV, and there is a shift to lower energiessE
.2 keVd of the local maximum found by Wilkieet al. [5] at
E.5 keV. This discrepancy is tentatively ascribed in[6] to
the presence of vibrationally excited H2 in the experiment of
Ref. [5].

Theoretical works on N2++H collisions include the two-
state calculation of Refs.[7,8], in the range of impact ener-
gies from 8.1310−5 to 80.4 keV. Herreroet al. [9] per-
formed a quantal close-coupling calculation(triplets only)
for E,1 keV, which yielded total cross sections in reason-
able agreement with the experimental data of Ref.[6], except
for a maximum of the calculated cross section atE.4 eV,
not found in the experiment. Also, the energy dependence of
cross section of Ref.[9] is completely different from the
experimental one of Ref.[5] in the region 0.6,E,1 keV.

The aim of the present paper is to present an extended
close-coupling calculation of state-selective EC cross section
for energies up to 300 keV. The calculation in the range
1,E,300 keV, not covered by the work of Herreroet al.
[9], requires the use of a large molecular basis set in order to
consider collisions from both ground and metastable ions. In
this energy range, we have employed the techniques previ-
ously applied to C2++H [10] and O2++H [11] collisions,
which used a semiclassical treatment in terms of molecular
expansions. ForE.1 keV, since there exists a discrepancy
between measured and calculated total cross sections, and
also between values from different experiments, we have
employed both semiclassical and quantal treatments. This
calculation is also relevant from the theoretical point of view
since semiclassical and quantal results have been compared
only for a few collisions. The energy region
0.002,E,1 keV was covered by the calculation of[9] for
reaction(1), but, given the sensitivity of the cross sections to
the quality of the molecular data, we have extended the en-
ergy range down to 2 eV to check those results, in particular
the different slope of the total cross sections when compared
with the merged-beam results[6] and the above-mentioned
maximum of the EC total cross section atE.4 eV. In addi-
tion, the calculation of partial cross sections is particularly
relevant at low energy, where present experimental tech-
niques (merged-beam experiments[12]) yield only total
cross sections, and new calculations have been recently car-
ried out for one-electron systems(see Ref.[13] and refer-
ences therein).
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The paper is organized as follows. In Sec. II we summa-
rize the dynamical(quantal and semiclassical) methods em-
ployed in the calculation. The details of the molecular calcu-
lation are presented in Sec. III and the dynamical
calculations in Sec. IV. Our main conclusions are outlined in
Sec. V. Cross sections are plotted as functions of14N impact
energy in keV. Atomic units are used unless otherwise indi-
cated.

II. METHOD

A. Quantal treatment

For energies below 1 keV, we have applied a quantal
treatment with a common reaction coordinate(CRC) [14,15].
In this section we only summarize the basis of the CRC
method. A more detailed account of our implementation and
references to previous works can be found in Ref.[16]. In
the CRC treatment, the scattering wave functionCJ is ex-
panded in a molecular basis sethf jj. For each value of the
total angular momentumJ, one writes

CJsr ,jd = o
k

xk
Jsjdfksr ,jd, s3d

where r denotes the set of electronic coordinates and the
functionsfk are approximate eigenfunctions of the clamped-
nuclei electronic Hamiltonian:

Helecfksr ,jd = eksjdfksr ,jd. s4d

In Eqs. (3) and (4), j is the CRC, which ensures that a
truncated expansion satisfies the scattering boundary condi-
tions; this coordinate is a combination of electronic and
nuclear coordinates of the form

j = R +
1

m
ssr ,Rd s5d

with

s= o
a=1

NelecF fsr a,Rdr a −
1

2
f 2sr a,RdRG . s6d

In these expressions,m is the nuclear reduced mass,R is the
internuclear vector,Nelec is the number of electrons,r a are
the electronic position vectors, relative to the center of mass
of the nuclei, andf is a switching function which satisfies

lim
R→`,raA, finite

fsr a,Rd = − p,

lim
R→`,raB, finite

fsr a,Rd = q, s7d

wherepR andqR are, respectively, the distances from nuclei
A andB to the center of nuclear mass. It can be shown that,
for any reaction channel, the CRC of expression(5) becomes
the aproppriate asymptotic interatomic coordinate toOsm−1d.
Substitution of the expansion(3) in the stationary
Schrödinger equation yields a system of differential equa-
tions for the nuclear wave functions

fs2m−1d¹j
2 + sE − e jdgx j

J + o
l

f2m−1M jl · =j + kf ju¹j
2ufllgxl

J

= 0, s8d

whereE is the impact energy in the center of mass reference
frame. Terms proportional tov2 have been neglected in Eq.
(8), and the modified dynamical couplingM jl is a vector
whoseq component has the form

Mjl
q = kf ju

]

]jq
ufll + Ajl

q s9d

with

Ajl
q = o

a=1

Nelec

kf ju=r a
ssqd · =r a

+ =r a

2 ssqdufll. s10d

The form of the correctionsA jl depends on the particular
switching function employed. In this work we have used that
of [17]:

fsr j,Rd =
R

R2 + b2r j · R̂, s11d

which has been employed in several works for many-
electron collision systems. The nuclear wave functionsx j are
obtained by solving numerically the system of differential
equations(8). From these solutions, the elements of the
S-matrix are then calulated using standard collision theory,
and the total cross section for thei → j transition,si j , is given
by

si j =
p

ki
2o

J

s2J + 1duSij
J u2, s12d

whereki is the initial linear momentum.

B. Semiclassical treatments

For impact energies above 1 keV, we employ the impact-
parameter method(see e.g.[18]), where the nuclei follow
straight-line trajectories with constant relative velocityv and
impact parameterb sR=b+vtd, while the electronic motion
is described by the wavefunctionCSCsr ,t ;b,vd, which is a
solution of the equation

SUHelec− i
]

]t
U

r
DCSCsr ,t;b,vd = 0 s13d

and is expanded as

CSC= Dsr ,Rdo
j

ajst;b,vdf jsr ,RdexpF− iE
0

t

e jdt8G ,

s14d

whereD is a common translation factor(CTF) [19]:
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Dsr ,Rd = expFi o
a

NelecS fsr a,Rdv · r a −
1

2
f2sr a,Rdv2tDG .

s15d

It has been shown[16,20] that the CTF method, with the
same switching function, can be obtained from the CRC one
by applying the eikonal approximation and assuming a con-
stant and state independent local velocity. The coefficients of
the expansion are solutions of the system of differential
equations

iȧ j = o
l

fv ·M jl + v2Bjlgal expF− iE
0

t

sel − e jddt8G ,

s16d

whereM jl has been defined in Eqs.(9) and (10) andBjl are
terms whose explicit form can be found in[19]. The radial
and rotational components of the modified dynamical cou-
plings are

Rjl =Kf jU ]

]R
UflL + Ajl

R s17d

and

Ljl =Kf jU o
a

Nelec

iLysr adUflL + Ajl
u , s18d

whereLy is the Y component of the electronic angular mo-
mentum operator.

The total cross section is given by

si jsvd = 2pE
0

`

bPijsb,vddb s19d

where the probabilityPij for transition to the final statec j is
calculated from the coefficientaj of expansion(14):

Pijsb,vd = lim
t→`

zkc juCl − di j z2 = lim
t→`

zajst;b,vd − di j z2.

s20d

The quantal and semiclassical transition probabilities are
related by[see Eqs.(12) and (19)]

bPijsbd =
s2J + 1d

2ki
uSij

J u2 s21d

with b=J/ki

III. MOLECULAR CALCULATIONS

The entrance channel of reaction(1) is a statistical mix-
ture of singlet and triplet molecular states, while that of re-
action(2) contains triplet and quintet states. Accordingly, we
have calculated the electronic energies for states of the qua-
simolecule NH2+ with these multiplicities.

Molecular statesf j and energiese j have been calculated
using a multireference configuration interaction method
(MRCI) with the program MELD[21]. This method starts
with a SCF calculation in a basis of Gaussian type orbitals

(GTOs); this provides a set of molecular orbitals(MOs)
which are then used to construct the reference configurations.
Each reference configuration is a symmetry- and spin-
adapted linear combination of a few Slater determinants built
up from products of the MOs. The configuration interaction
(CI) space includes single and double excitations from the
reference set. The calculations have been performed within
the Cs symmetry point group, which means that
S+, P+, D+, . . . molecular states appear asA8 states while
S−, P−, D−, . . . areA9 states, where the subindexes ± indi-
cate the symmetry of the corresponding state under reflection
in the collision plane.

In the present calculation, the GTO basis sets, centered at
the N and H nuclei, were taken from[23] and consist of
h5s,4p,3d,2fj and h4s,3p,1dj contracted GTOs, respec-
tively. The MOs were obtained in a restricted SCF calcula-
tion for the NH4+ system, where the SCF configuration cor-
relates, in the limitR→`, to the 1s22s2 configuration of N3+,
so that the 2p orbitals obtained are not occupied and are
degenerate. The equivalence of thep orbitals helps us to
describe with the same accuracy the states involved in the
collision, which have different occupancies of these orbitals
(see Table I). For each subsystem, the CI space was built
from a set of(at most) 80 reference configurations. To limit
the final number of configurations in the CI, we have applied
the following restrictions:(i) Frozen core approximation: we
keep only configurations with the ground MO, 1s, doubly

TABLE I. Comparison of N+ and N2+ energy differences(Ei

−E1 for singlet and triplet states andEi −E2 for quintets, in eV) with
experimental ones[22]. Also, the molecular states(MS) of the
NH2+ quasimolecule to which the atomic states correlate.

i Channel This work Ref.[22] MS

1 N2+s2s22p 2Pod 0.000 0.000 1,3S+, 1,3P

2 N2+s2s2p2 4Pd 7.045 7.090 3,5S−, 3,5P

3 N2+s2s2p2 2Dd 12.410 12.525 1,3S+, 1,3P, 1,3D

4 N2+s2s2p2 2Sd 16.219 16.242 1,3S+

5 N+s2s22p2 3Pd −29.470 −29.600 3S−, 3P

6 N+s2s22p2 1Dd −27.512 −27.701 1S+, 1P, 1D

7 N+s2s22p2 1Sd −25.337 −25.547 1S+

8 N+s2s2p3 3Dod −17.976 −18.164 3S−, 3P, 3D

9 N+s2s2p3 3Pod −15.856 −16.059 3S+, 3P

10 N+s2s2p3 1Dod −11.369 −11.723 1S−, 1P, 1D

11 N+s2s22p3s 3Pod −11.102 −11.138 3S+, 3P

12 N+s2s22p3s 1Pod −11.050 −11.103 1S+, 1P

13 N+s2s2p3 3Sod −9.996 −10.367 3S−

14 N+s2s22p3p 1Pd −9.143 −9.191 1S−, 1P

15 N+s2s22p3p 3Dd −8.906 −8.954 3S+, 3P, 3D

16 N+s2s2p3 1Pod −8.534 −8.924 1S+, 1P

17 N+s2s22p3p 3Sd −8.604 −8.660 3S+

18 N+s2s22p3p 3Pd −8.400 −8.452 3S−, 3P

19 N+s2s2p3 5Sod −30.746 −30.889 5S−

20 N+s2s2p23s 5Pd −11.190 −11.200 5S−, 5P

21 N+s2s2p23p 5Dod −8.923 −8.963 5S−, 5P, 5D

22 N+s2s2p23p 5Pod −8.669 −8.720 5S+, 5P
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occupied.(ii ) Doubly excited configurations are selected us-
ing second order perturbation theory: for each subsystem,
only those configurations with a contribution larger than 5
310−6 Hartree to the energy of any of the lowest
n-zeroth-order wave functions were kept. We have taken the
zeroth-order wavefunctions as the eigenvectors of the Hamil-
tonian matrix in the basis of reference configurations, with
n=16 for 3A8 and3A9 subsystems, 14 for1A8, 10 for 1A9, 7
for 5A8 and 9 for5A9 subsystems, respectively.

The set of reference configurations was allowed to change
iteratively at eachR in the following way: For each of the six
subsystems, an initial guess of 80 reference configurations
was generated in the limitR→`; this set contained the basic
structures of the atomic channels to be included in the dy-
namical calculation(those listed in Table I). Using this set
we carried out a MRCI calculation, and we selected the 80
configurations with the largest contributions to the lowest 16
(3A8 and3A9), 14 s1A8d, 10 s1A9d, 7 s5A8d, and 9s5A9d states
obtained in this calculation, which were then used as a new
reference set, and the selection procedure was repeated. After
three iterations the reference set converged and the weight of
the reference configurations in the calculated CI functions
was larger than 96% for the states of Table I. To ensure a
similar precision of the wave functions at any internuclear
distance, the selection of the reference set was repeated at
each value ofR, with the converged reference set at a given
value of the internuclear distanceRi used as the initial guess
at a nearby pointRi+1 sRi .Ri+1d. In practice, Ri −Ri+1

=0.2a0 a except forR,4a0 and in the regions of avoided
crossings, where the step size was reduced to 0.05a0. The CI
space included up to 3.23104 Slater determinants for3A8,
3.13104 for 3A9, 1.13104 for 1A8, 1.63104 for 1A9, 1.6
3103 for 5A8, and 1.73103 for 5A9.

As a check of the accuracy of our calculation, we com-
pare in Table I the calculated atomic energies[singlets and
triplets relative to the ground state of N2+ and quintets rela-
tive to the metastable N2+s4Pd] of the N+ and N2+ states
included in the dynamical calculation with the experimental
values [22]. The errors in these energy differences are
smaller than 0.3 eV for the relevant channels and the error in
the ionization potential of Hs1sd is smaller than 3
310−3 eV; this is sufficient for the dynamical calculation.
We also include in this table the symmetries of the states of
the NH2+ quasimolecule correlating to each atomic state.
Molecular states and their asymptotic atomic limit will be
referred in the text according to the labels of the first column
of the table.

The energies of triplet, singlet, and quintet molecular
states are depicted in Figs. 1–3, respectively. In the triplet
subsystem, the energies of the molecular states 13o+ and
1 3P, which are the entrance channels of reaction(1), show
avoided crossings with those molecular states of the same
symmetry correlating to channel 9 at aboutR=12a0 and with
those of channel 8 at aboutR=6.5a0. The first ones are very
narrow and have been crossed diabatically. In the singlet
subsystem(Fig. 2) the energies of the entrance channels
s1 1o+,1 1Pd do not show narrow avoided crossings with
those of the EC channels, and the most likely mechanism for
EC in this subsystem involves 11P–101P transitions in the
wide avoided crossing atR=2a0.

To treat reaction(2), triplet and quintet molecular states
are required. In the triplet subsystem, the energies of the
entrance channels of reaction(2) (states 23o− and 23P)
show very narrow avoided crossings atR.10a0 with those
of molecular states dissociating into channels 15, 17, and 18,
which have been crossed diabatically. At low velocities, the
main mechanism of reaction(2) involves transitions in the
avoided crossings with the energies of states of channels 13
and 11 atR.8.1a0 andR.6.1a0, respectively. On the con-
trary, in the quintet subsystem(Fig. 3), the energy of the
entrance channel does not show any avoided crossing for
R.2a0 and sizable charge exchange transitions are expected
only at high energies.

FIG. 1. Potential energy curves ofsNHd2+: triplet subsystem.
Channels are labeled according to Table I. Bottom panels are ex-
pansions of the boxes marked in the top panel.

FIG. 2. Potential energy curves ofsNHd2+: singlet subsystem.
Channels are labeled according to Table I.
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The dynamical couplings of equations(17) and(18) were
evaluated numerically, as explained in[24]; this method in-
volves the calculation of the delayed overlap matrix elements
kfisRd uf jsR+ddl. In this work we have usedudu=10−4a0. An
important practical difficulty in applying the molecular ex-
pansion to many-electron systems is the erratic sign of the
molecular wave functionsfi, which results in meaningless
signs of the dynamical couplings. To solve this arbitrariness,
we have implemented an algorithm to automatize the sign
coherence of the molecular statesfi, both between succes-
sive grid pointssR j ,R j+1d and in the calculation of the cou-
plings sR j ,R j +dd. This method is based on the evaluation of
the delayed overlaps kfisRd ufisR+ddl and
kfisR jd ufisR j+1dl and will be published elsewhere[25].

As an illustration, we have plotted in Figs. 4(a) and 4(b)
the most important modified radial couplings[see Eq.(17)]
and in Figs. 4(c) and 4(d) some rotational ones[Eq. (18)].
The main mechanism of reaction(1) at low energy involves
transitions between 13P and 83P in the neighborhood of
R.6.5a0 and 3.25a0 [see the avoided crossings in Fig. 1 and
the two peaks in the corresponding coupling in Fig. 4(a)],
and 1–93o+ and 1–93P avoided crossings atR.2.25a0 in
Fig. 1 [see the single peaks of the corresponding couplings in
Fig. 4(a)]. These transitions are strongly affected by
1 3o+–8 3P rotational couplings, Fig. 4(c). For reaction(2),
the mechanism at low energy involves transitions between
states 23o−–133o− at R.8.1a0 and 23P–113P at R
.6.1a0 [see the radial couplings in Fig. 4(b) and rotational
ones in Fig. 4(d)].

IV. DYNAMICAL RESULTS

A. Total EC cross section in N2+
„2s22p 2Po

…+H„1s… collisions

We have calculated the total cross sections for the EC
reaction(1) by employing a 56-term molecular basis set; this

basis includes the triplet and singlet states whose energies
are plotted in Figs. 1 and 2, respectively. The above men-
tioned cross section is obtained as

s =
1

12
fss1 1S+d + ss1 1P+d + ss11P−dg +

3

12
fss1 3S+d

+ ss1 3P+d + ss13P−dg, s22d

where ssid are the cross sections obtained for the capture
reaction with initial channeli. Our cross sections(tabulated
values are available at[27]) are compared in Fig. 5 with
experimental results and previous theoretical values. We
have restricted the energy range toE,300 keV, where ion-

FIG. 3. Potential energy curves ofsNHd2+: quintet subsystem.
Channels are labeled according to Table I.

FIG. 4. Selected redial and rotational couplings between terms
of different channels in the triplet subsystem, as indicated in the
panels.

FIG. 5. Total EC cross sections in N2+s2s22p 2pod+Hs1sd colli-
sions[reaction(1)]. Present calculations,— semiclassical calcula-
tion; — quantal calculation. Experimental results,h [3]; l [4]; m

[5]; P [6]. Theoretical results,–·–·–·[8]; – – – [9].
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ization starts to compete with EC[26]. The calculated total
cross sections of Fig. 5 show three maxima, which are lo-
cated atE.4 eV, 2 keV, and 200 keV, respectively; these
maxima correspond to three mechanisms which are dis-
cussed below.

The low-energy mechanism, as already explained by Her-
rero et al. [9], is the transition in the avoided crossings be-
tween the molecular states dissociating into channels 1 and 8
at R.6.4a0 (Fig. 1, bottom left panel); this mechanism is
illustrated in Fig. 6(a), which shows the Stueckelberg oscil-
lations, typical of the Landau-Zener model. To check the
contribution of transitions in the 1-9 avoided crossing, we
have carried out a 6-state{1 3S+, 1 3P±, 9 3S+, 9 3P±} cal-
culation with the dynamical couplings evaluated at closely
spaced points in the avoided crossing region; this test yields
values smaller than 0.11 Å2 at the lowest energies considered
in our calculation and, accordingly, it has been traversed dia-
batically. In practice, we have fitted the sharp peaks of the
1-9 radial couplings to Lorentzian functions, which have
been subtracted from the calculated radial couplings, while
the corresponding interaction matrix elements have been re-
tained in the quantal calculation. This procedure also allows
us to check the influence of the accuracy of our molecular
data in the cross section by shifting the energy of the en-
trance channel to match the experimental asymptotic 1-9 en-
ergy difference. The two-state calculations with these shifted
energies(1 3S+−9 3S+ and 13P−9 3P) yield cross sections
smaller than 0.30 Å2, remaining negligible compared to
those produced by the 1-8 transitions.

In Fig. 5, we see that our results are systematically higher
than those of the calculation of Herreroet al. [9]. To under-
stand the reason for this, we have plotted in Fig. 7 the con-
tribution of the triplet states to the total EC cross section,
which shows that the contribution of the singlet states is
negligible atE,400 eV, and that the cross section of Ref.
[9] agrees with our triplet contribution atE.600 eV. There-
fore, the difference between the two calculations is not a
consequence of the approximation of Ref.[9] of neglecting
the contribution of singlet states and must be due to small
differences in the molecular wave functions, which become
relevant at low impact energies. For instance, fitting the en-
ergies of states 13P and 83P near their pseudocrossing, we
obtain the following Landau-Zener parameters(see[18] and
references therein): R0=6.439a0 (crossing point), a=0.0256
hartrees/a0 (difference of slopes), andH12=0.00182 hartrees

(interaction), while those of Ref.[9] are R0=6.546a0, a
=0.026 hartrees/a0, and H12=0.00145 hartrees. We have
checked that the small difference in the value ofH12 leads to
an approximate factor of 1.3 in the cross section, in agree-
ment with the results of the full calculation shown in Fig. 5.
Since our energies are slightly lower than those of Ref.[9],
and show better agreement with the spectroscopic atomic
levels, we conclude that our calculation is more precise at
low impact energies. As in Ref.[9], we obtain a maximum of
the total cross section atE.4 eV, which is not found in the
merged-beam experiments[6].

At E.2 keV, our total cross section shows a local maxi-
mum, while the maximum of the experimental data of Wilkie
et al. [5] is shifted toE.5 keV, and agrees with the two-
state calculation of Bienstocket al. [8]. On the other hand,
for E,20 keV, our cross section lies parallel to and is about
25% higher than that of Pieksmaet al. [6]. In this energy
range, the avoided crossings of the entrance channel atR
.6.4a0 are traversed diabatically, and the most important
transitions take place near the avoided crossings atR
.3.25a0 and R.2.25a0 to channels 8 and 9, respectively
[see the peaks in the radial couplings of Fig. 4(a)]; this is
illustrated in Fig. 6(b) for E=1.7 keV.

To check our calculation in this energy region, we have
studied the convergence of the molecular expansion. In Fig.
8(a) we compare the EC transition probabilities calculated
with a (minimal) two-state basis{1 3P+, 8 3P+}, similar to
that used in[8], an eight-state basis{1 3S+, 1 3P±, 8 3S−,
8 3P±, 8 3D±} that includes all the states of channels 1 and 8,
with their radial and rotational couplings, and the whole ba-
sis(35 states) of the triplet subsystem. We can observe in this
figure that, for 3.5,b,5a0, there is an important difference
between the transition probabilities, and hence in the corre-
sponding cross section, of the two-state and the eight-state
calculations, which is mainly due to the influence of the ro-
tational couplings of Fig. 4(c). A small change is found, how-
ever, on increasing the basis to 35 states. These results point

FIG. 6. bPsbd as a function ofb for EC in reaction(1) at three
energies (labeled in the panels) showing three different
mechanisms.

FIG. 7. Total cross sections for reactions(1) and (2), as indi-
cated in the figure. The contributions of the triplet states to the total
cross sections for reaction(1) and the results of Ref.[9] are also
included. ForE,1 keV, the cross sections have been calculated
using the quantal treatment and the semiclassical one forE.1 keV.
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out that the calculations for the total EC cross section and, in
particular, for the cross section for formation of
N+s2s2p3 3Dod (channel 8) are correctly described with our
basis, while the two-state calculation is not converged.
Therefore, the good agreement between the experiment of
Wilkie et al. [5] and the two-state model of Bienstocket al.
[8] should be taken as fortuitous.

With respect to the validity of the semiclassical treatment
at this intermediate energy region, we have found that quan-
tal and semiclassical cross sections, as shown in Fig. 5, and
transition probabilities, are practically identical for
E.1 keV. At lower energies, there are sizable differences
between the two calculations; this is illustrated in Fig. 8(b),
where we plot the values ofbPsbd vs b for the EC process
with entrance channel 13P− at E=560 eV. We see in Fig.
8(b) a shift of the maxima of the transition probabilities,
which was also found in a similar comparison for EC in
Be4++H collisions[16].

Finally, for energies between 5 and 300 keV, Fig. 5 shows
that our results are in very good agreement with the measure-
ments of Refs.[3–5]. At high energiessE.20 keVd, triplet
states dissociating into channels 5 and 11 and singlet states
dissociating into channels 6, 7, 10, and 12 become acces-
sible. This leads to the two-peak structure of the transition
probabilities shown in Fig. 6(c): the outer peak, in both the
singlet and triplet subsystems, is produced by transitions to
higher(in energy) channels(11, 10, and 12) while transitions
to lower (in energy) channels(5, 6, and 7) produce the inner
peak.

B. Isotopic dependence

Since merged-beam experiments are carried out using a D
target, while the results shown in Fig. 5 considered collisions
with H, it is useful to study the isotopic dependence of the
cross sections. To illustrate this effect, we compare in Fig. 9
the EC total cross section from H and D, which shows a
significant isotopic effect only forE,10 eV, but the maxi-
mum at low impact energies is obtained for both targets. One
can also note in this figure a small, but nevertheless surpris-
ing, isotopic dependence in the region 100,E,500 eV. To
explain this unexpected effect, we have compared in Fig. 10
the transition probabilities for EC in collisions with both
isotopic species atE=35 and 140 eV. As we have already
mentioned, atE,100 eV, the dominant mechanism involves
transitions in the pseudocrossing region atR.6.4a0. At
E.100 eV, transitions atR.3.0a0 start to be noticeable,
leading to the peaks atb,3.0a0 (see Fig. 10,E=140 eV).
Since trajectory effects, which depend on the nuclear masses,
are more important for trajectories with smallb, this explains
the apparent paradox of more important isotopic dependence
at relatively higher energies.

C. Total EC cross section in N2+
„2s2p2 4P…+H„1s… collisions

Total cross sections for reaction(2) are obtained with the
relation

FIG. 8. bPsbd for EC in N2+s2s22p 2Pod+Hs1sd collisions. (a)
Contribution of the triplet subsystem forE=1.26 keV, calculated
with 2-,8-, and 35-state molecular basis sets, as indicated in the
figure. (b) bPsbd for EC at E=560 eV. Lines are labeled in the
figure: SC stands for the semiclassical calculation and QM stands
for the quantal one.

FIG. 9. Comparison of EC total cross sections in collisions
N2+s2s22p 2Pod with Hs1sd and Ds1sd, as indicated in the figure.P,
experimental results of[6] for N2+ collisions with D.

FIG. 10. bPsbd as a function ofb [see Eq.(21)] for electron
capture in collisions N2+s2s22p 2Pod+Hs1sd and N2+s2s22p 2Pod
+Ds1sd, at the impact energies indicated in the figure.
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s =
1

8
fss2 3S−d + ss2 3P+d + ss2 3P−dg +

5

24
fss2 5S−d

+ ss2 5P+d + ss2 5P−dg, s23d

where the notation is similar to that of Eq.(22). We have
employed in this calculation the set of 35 triplet states also
used for reaction(1), and 15 quintet molecular states. The
ensuing cross sections are plotted in Fig. 7. AtE,0.1 keV
andE.30 keV, the cross sections for reactions(1) and (2)
show similar values and energy dependences, indicating that
a contamination of the initial beam by metastable ions would
be unnoticeable by comparing experimental and theoretical
total EC cross sections. On the contrary, for
0.1,E,30 keV, the presence of metastable ions in the ex-
periment would be more easily noticed in the total cross
section. In this respect, the good agreement of our total cross
section for reaction(1) with the experiments of Refs.[3–5]
for E.5 keV indicates that there was a very small propor-
tion of metastable N2+ ions in the corresponding initial
beams. On the other hand, the disagreement of the cross
section measured in[6] with other data in the region
0.1,E,30 keV might be attributed to a larger proportion
of metastable ions in that experiment. However, as shown in
the bottom panel of Fig. 11, a proportion of 40% of meta-
stable ions is required to get good agreement with the experi-

ment of Pieksmaet al. [6], who did not find any evidence of
such a high proportion of metastable ions. Nevertheless, we
can observe good agreement between all experiments and
our calculation forE.30 keV, where the cross sections for
reactions(1) and(2) are very similar. On the other hand, the
shift of the maximumsE.2 keVd of the cross section in our
calculation with respect to that of the experiment of Wilkieet
al. sE.5 keVd (see Fig. 11) cannot be related to the possible
presence of metastable ions.

D. State-selective EC cross sections

We compare in Fig. 11 the partial cross sections for popu-
lation of states 83D and 93Po through reaction(1) with the
experimental values of[5,2]. We also include the partial
cross sections for populating 113Po and 153D channels with
reaction(2) because they would produce peaks overlapping
with the previous ones in the energy change spectrum.

Although we find a reasonable agreement, a shift, similar
to that found for the total cross section(see also the bottom
panel of Fig. 11), can be noticed in this figure, which is not
surprising given that the experimental total cross section was
used to obtain the partial ones in those works. Cross sections
for several exit channels and in an extended energy range are
presented in Fig. 12, where we plot the contribution ratio of
the individual channels, calculated as

gi =
si

o
j

s j

3 100, s24d

with i and j running over the EC channel index.
The relative values of the partial cross sections of Fig. 12

for reaction(1) can be qualitatively explained by taking into
account only transitions from the entrance channels. As we
have already discussed, reaction(1) takes place through tran-

FIG. 11. Partial EC cross sections in N2++Hs1sd collisions from
N2+s2s22p 2Pod (gs) and N2+s2s2p2 4Pd (met) initial states for popu-
lating N+s2s2p3 3Dod and N+s2s2p3 3Pod, as indicated in the figure.
In the bottom panel, we plot the total EC cross sections in the same
energy range. In this panel the theoretical results are— cross sec-
tion for reaction(1); – – – cross section for reaction(2); — cross
section obtained for a beam containing 40% of metastable
N+s2s2p2 4Pd and 60% of ground state N2+s2s22p 2Pod ions. Ex-
perimental resultsh [3]; L [4]; m [5]; j [2]; P [6].

FIG. 12. Branching ratio to electron capture channels in reac-
tions (1) and (2). N+ products are indicated in the panels.
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sitions to states of channel 8. At highv, other triplet states
(channels 5 and 11) are populated. In the case of reaction(2)
and at lowv, the dominant exit channels(113Po and 133So)
are populated in the avoided crossings atR.6.1a0 and
8.1a0, respectively. The ratios of Fig. 12 are due to the initial
statistical mixture: the states correlating with 113Po are
populated in the avoided crossing atR.6.1a0, which ap-
pears in the3P subsystem, whose statistical weight is 2/8,
while the state correlating with 133So is populated in the
avoided crossing atR.8.1a0 in the 3S− subsystem, with a
statistical weight of 1/8. AtE.1 keV, the avoided crossings
at largeR are traversed diabatically, and the main transitions
take place atR.3a0 via the maximum of the 23S−–133S−

coupling (see Fig. 4), which leads to a dominant population
of the channel 133So. As in the case of reaction(1), for
energies above 10 keV, other channels(9 3Po, 8 3Do, 205P,
215Do become accessible).

V. CONCLUSIONS

We have calculated state-selected EC cross sections in
collisions of N2+ in ground s2s22p 2Pod and metastable
s2s2p2 4Pd states with Hs1sd and Ds1sd, by employing a mo-
lecular expansion withab initio molecular wavefunctions,
and quantal and semiclassical treatments. The use of the

quantal approach has allowed us to gauge the isotopic depen-
dence of the cross section and the accuracy of the semiclas-
sical eikonal approach. Our calculations yield very similar
cross sections for reactions(1) and(2) with the exception of
the energy region 0.2–30 keV, where the comparison of our
results with the values of Refs.[4,5] does not show a notice-
able contamination by metastable ions in those experiments.

At low EsE,1 keVd, we have reproduced the energy de-
pendence and the maximum atE.4 eV of the calculation of
[9] for reaction (1). One result of our calculation is the
branching ratios for populating different EC channels. We
have found that the EC from N2+s2s22p 2Pod, and at energies
lower than 40 keV, involves the simultaneous excitation of
one projectile electron, leading to N+s2s2p3 3Dod+H+. Sev-
eral collision channels are formed at higher energies. In the
collision of metastable N2+s2s2p2 2Pd, the dominant EC
channels are, at low energies, N+s2s22p3s 3Pod+H+ and
N+s2s2p3 3Sod+H+.
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