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The potential-energy curves of the low-lying 22" and 2II states of the cation NHe?" are calculated and
it is shown that the lowest state of each symmetry has a potential well inside a repulsive Coulomb barrier
that contains several long-lived vibrational levels. Estimates are made of the cross sections of the
charge-transfer processes N>t +He— N7 +He* which occur through transitions at avoided crossings of

the molecular states.

PACS number(s): 34.20.—b, 34.70.+¢

I. INTRODUCTION

Doubly charged molecular ions containing helium and
transition metals were detected experimentally by Tsong
and Kinkus [1] and studied theoretically by Hotokka
et al. [2]. The simple dication CHe?>*t has been studied
theoretically by Harrison et al. [3], Cooper and Wilson
[4], Koch et al. [5], and Koch, Frenking, and Luke [6].
Here we explore the structure of the low-lying states of
the dication NHe?". These same states control the
charge transfer in collisions of N?>* and He and we carry
out Landau-Zener calculations of the cross sections for
the process

N2t +He—»N*+Het , (1)

for which laboratory measurements exist [7—-11].

II. ELECTRONIC STATES OF NHe?*

The entrance channels for the charge-transfer reaction
(1) are electronic states of the molecular ion NHe?" of
2% and %I symmetries separating at large internuclear
distances to the doubly charged N?*(2p,?P°) ion and a
neutral helium atom He(1s2%'S). At large separations,
the potential energy tends to the polarization attraction
—2aR ~* where a is the polarizability of He. Lower-
lying channels separate into pairs of singly charged ions
N7* and He' with potential energy dominated by the
1/R Coulomb repulsion. Because of the Coulomb repul-

sion, avoided crossings of adiabatic potential-energy
curves of states of the same symmetry occur. To explore
their influence on the structure of the cation, we have
used a configuration-interaction method to calculate the
electronic eigenfunctions and potential energies of several
of the low-lying 22" and IT states of NHe?™.

The process of charge exchange often involves the in-
teraction of several states of the same symmetry but
different character, which is manifested in the adiabatic
picture as avoided crossings such as those we see in the
NHe?™" cation. The internuclear distances of the avoided
crossings are critical parameters in the calculation of the
charge-transfer cross sections. In a zero-order model,
these distances R, are determined by the asymptotic en-
ergy splitting AE of the ionic and neutral channels such
that R, ~AE !, Therefore it is necessary to describe
several states of the same symmetry and their respective
atomic or ionic asymptotes in an unbiased way. Elec-
tronic wave functions were explicitly constructed to mini-
mize the error in the energy differences of the four
relevant asymptotes listed in Table I.

To obtain a set of molecular orbitals appropriate for
several states of both 2% and %Il symmetries, a state-
averaged multiconfiguration self-consistent-field
(MCSCF) calculation was performed at each internuclear
distance using the three lowest roots of 2II symmetry.
The 1o orbital (essentially, the 1s orbital of N) was kept
doubly occupied and the valence orbitals determined in
the MCSCF procedure consisted of the 20, 30, 40, and
17 orbitals. The orbitals were expanded in the set of

TABLE 1. Asymptotic energy splittings, AE (obtained by subtraction of energies at R = oo listed in

Table III).
AE (eV)
Correlating molecular state Calculation Experiment®
N*(2p%3P)+He™ (2S) 1211
N*(2p%'D)+He™*(2S) 220,123 1.96 1.90
N*(2p%'S)+He" (3S) 323t 4.17 4.05
N2*(2p,2P°)+He('S) 321,223 4.96 5.02
#Reference [13].
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Slater-type functions listed in Table II. The basis set was
taken from tables of Clementi and Roetti [12], with addi-
tional functions included to describe polarization and
correlation effects. With the core and valence orbitals
determined, the remainder of the basis allowed for 180,
127, and 58 virtual (unoccupied) orbitals.

Configuration-interaction wave functions for 2II and
23" symmetries were constructed from a reference space
consisting of all arrangements of the five valence elec-
trons in the valence orbitals allowed by symmetry con-
siderations and then including all single and double exci-
tations from this reference space into the virtual orbitals.
The 237 calculation included 14435 configuration state
functions and the 2II included 23 169. Calculations were
carried out over a range of internuclear separations from
1.5a, to 20a,. The potential curves of the lowest three
states are given numerically in Table III and shown
graphically in Figs. 1 and 2. Figures 1 and 2 include also
the potential-energy curves of two higher states of each
symmetry.

The computed energy splittings at R =20a,, are listed
in Table I after subtraction of the Coulomb repulsion
contribution of 1.36 eV in the states separating to
N*+He". They agree well with the experimental split-
tings [13] with a difference of only 0.06 eV for the second
and third roots and 0.12 eV for the fourth. The agree-
ment is more impressive because the states separating to
N?*+He have a different source of correlation error
than the ion-ion states.

Although not shown in Fig. 1, the 22 curve which
separates to the N+(2p2, 1S)+He™ limit has an avoided
crossing near 30a, with the state that separates to
N2*(2p,2P°)+He. Because the avoided crossing is locat-
ed at a large internuclear distance, its effect on the struc-
ture of the electronic states at smaller distances and its
influence on the charge-transfer process are slight and it
is convenient to assume that the curves do cross. Ac-
cordingly we use the numerical labels for the states that
are consistent with their order at small separations and
deisig+nate the state separating to N2*(2p,2P°)+He as
2437,

The Coulomb repulsion gives rise to the avoided cross-
ing near 9a, of the 122" and 223% curves. There is a
second avoided crossing of the two states near 2.4aq,

TABLE II. Slater-type basis set.
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FIG. 1. 237 potential-energy surfaces of NHe?*. E =0 cor-
responds to the N (!D)+He™" limit.

which significantly modifies their potential-energy curves.
It occurs because the 2237 state has as its dominant
configuration 16%20%30%0, whereas the lowest state of
the united atom limit F2* corresponds to 10220230 172,

The 3237 state separates to N (2p2,'S)+He™ after
crossing the 2237 state at a large separation. The 423"
and 5237 curves lie higher in energy; their end products
are, respectively, the limits N*(2s 2p 33P)+He" and
N2*(252p%,2D)+He. The avoided crossing at 6a, arises
from the Coulomb repulsion of the lower state.

The structure of the 2II potential curves differs from
that of the =% curves because there is no Il curve
separating to N (2p2,!S)+He like the 223% curve and
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FIG. 2. 2II potential-energy surfaces of NHe*". E =0 corre-
sponds to the N*(3P)+He™ limit.
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TABLE III. Potential energies of the low-lying 22" and 2I1 states of NHe*? (hartrees).

R 12+ 223* 323+ 1211 2211 3201
1.50 —55.404 86 —55.05320 —54.723 56 —55.662 88 —55.15827 —54.880 80
1.75 —55.50243 —55.38008 —54.852 04 —55.796 99 —55.23216 —55.165 84
2.00 —55.58970 —55.51289 —55.029 02 —55.85552 —55.34178 —55.23600
2.25 —55.698 65 —55.51839 —55.197 14 —55.87950 —55.44776 —55.308 84
2.50 —55.761 16 —55.52096 —55.33319 —55.88548 —55.51736 —55.380 14
3.00 —55.81096 —55.563 50 —55.48245 —55.87374 —55.609 56 —55.52521
3.50 —55.81969 —55.62855 —55.545 52 —55.85393 —55.67498 —55.61799
3.75 —55.81903 —55.653 54 —55.566 68 —55.844 86 —55.701 40 —55.646 38
4.00 —55.81731 —55.67340 —55.584 42 —55.83704 —55.72398 —55.667 67
4.50 —55.81339 —55.702 58 —55.61292 —55.82544 —55.75902 —55.69808
475 —55.81173 —55.71376 —55.624 63 —55.82151 —55.77250 —55.709 72
5.00 —55.81036 —55.72346 —55.63507 —55.81874 —55.783 84 —55.719 86
5.25 —55.809 26 —55.73207 —55.644 46 —55.81719 —55.79320 —55.728 88
5.50 —55.808 39 —55.73982 —55.65297 —55.81732 —55.80027 —55.73701
5.75 —55.80772 —55.746 90 —55.66073 —55.819 94 —55.804 33 —55.744 42
7.00 —55.806 00 —55.77515 —55.69128 —55.84598 —55.80577 —55.77378
8.00 —55.80549 —55.791 88 —55.708 96 —55.863 11 —55.80526 —55.79097
8.50 —55.805 34 —55.798 87 —55.71626 —55.87025 —55.805 10 —55.798 11
8.70 —55.80529 —55.80145 —55.71895 —55.87288 —55.80505 —55.80074
9.00 —55.80528 —55.805 08 —55.72276 —55.876 62 —55.805 00 —55.804 47
9.50 —55.81075 —55.805 15 —55.72858 —55.882 34 —55.81020 —55.804 90
10.00 —55.815 84 —55.80509 —55.733 82 —55.887 50 —55.81536 —55.804 83
15.00 —55.84846 —55.804 88 —55.76708 —55.92044 —55.84829 —55.804 61
20.00 —55.86497 —55.804 85 —55.78373 —55.93702 —55.864 87 —55.804 57
o —55.91497 —55.804 84 —55.83373 —55.98702 —55.914 87 —55.804 56

there is no 2= curve separating to N*(2p2,°P)+He*
like the 121 curve; the 23 curve separating to this latter
limit has 22~ symmetry.

The 122" and 1211 potential-energy curves are repul-
sive at large distances, but have deep wells at shorter dis-
tances inside repulsive barriers. The predicted equilibri-
um separation of the 1211 state is 2.5a,; the well depth is
1.86 eV (calculated from the minimum of the well to the
top of the barrier), and the barrier height (with respect to
the potential energy as R — ) is 4.62 eV. The equilibri-
um separation of the 1237 state is 3.53a,, its well depth
is 0.39 eV, and the barrier height is 2.98 eV.

The lowest vibrational levels of the 12l and 1237
states lie, respectively, 2.8 and 2.6 eV above the dissocia-

TABLE IV. Vibrational energy levels (eV relative to dissoci-
ation limit) and differences (cm™!).

121 (J=1) 123 (J=0)

v E, AG, 11, v E, AG, 1,
0 2.833 0 2.626

1 2.968 1087 1 2.687 499
2 3.098 1051 2 2.744 454
3 3.224 1021 3 2.794 406
4 3.347 991 4 2.838 358
5 3.466 957 5 2.877 309
6 3.580 923 6 2.909 259
7 3.691 890 7 2.935 209
8 3.797 856 8 2.955 160
9 3.897 821 9 2.970 125

tion limits, so that all of the vibrational levels can predis-
sociate by tunneling. The low-lying levels are effectively
trapped by the high and wide barriers formed by the
Coulomb repulsion of the ionic fragments and therefore
can be expected to have long lives against predissociation.
The 1237 state has 10 long-lived vibrational states and
the 12I1 at least 19. The energies E, and the energy
differences AG, |, of the lowest ten vibrational levels of
angular momentum, J =1 for the 1 211 state and J =0 for
the 1227 state, are presented in Table IV.

III. CHARGE TRANSFER

Estimates of the cross sections for the charge-transfer
processes

N?*+He—>N'1(2p%,'D)+He,
2
N2t +He—N*1(2p2%°%P)+He,

may be readily obtained using the Landau-Zener approxi-
mation. The approach of the N2 and He may occur in
the 223% and the 32I electronic states of NHe?".
Charge transfer is described by the transition at an avoid-
ed crossing of the system from one of these states to a
molecular state with an asymptotic limit given by the
right-hand side of either of Egs. (2). For charge transfer
leading to a N1 (2p?,!D) ion important avoided crossings
occur between the 2 and 3 states of the Il symmetry (near
9a,) and between the 1 and 2 states of the =" symmetry
(near 9a, and 2.4a,). For transfer producing a N ion in
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the (2p2,3P) state, there is no avoided crossing of the =
states, one being of 22" symmetry and the other of 23 ™.
But for the 2I1 states, the avoided crossing between states
1 and 2 near 5.5a, is important.

In the Landau-Zener approximation, the probability p
that a system makes a transition from one adiabatic po-
tential ¥; to another ¥ as it passes through an avoided
crossing at internuclear separation R, with radial veloci-
ty v (R, ) is given by

p=exp(—o), (3)
where
T AEXR,) | 4
w=—mx)— H(Vi_Vf) z’ 4)

AE (R, ) being the energy separation at the avoided cross-
ing. If E; is the initial kinetic energy at infinite separa-
tion in the entrance channel and p is the reduced mass,
the radial velocity v (R, ) for nuclear rotational quantum
number J is given by

J(J+1)

2 — —
Luv (R, ?=E;—V,(R,) WY

(5)
The cross section o is expressed in terms of P;;, the prob-
ability that a system initially in channel i exits in channel
f. The cross section for transition i to f is

ﬂ'gi Jmax

ki j=o
where g; is the probability the particles approach in elec-
tronic state i, k; =puv; /# is the initial wave number, and
J max 18 the largest value of J for which the crossing point
is energetically accessible.

For approach along the 2237 curve, g; =1. Charge
transfer is described by the system exiting along the
1227 curve. The probability of doing so is a sum of the
probabilities for the individual suitable paths:

Py =2p,(1—p, )P%+2P1(1‘P1 )(1_‘1!72)2
+2p2p,(1—p,)+2(1—p,;)p,(1—p,) , (7

where p,; is the probability of a transition at the 9aq,
avoided crossing and p, is the probability at 2.4a,. This
process yields a NV ion in the (2p2,'D) state.

For approach along the 3 2II curve, g; =2 and there are
two possible charge-transfer end products. The total
probability for transition to the N*(!D)+He™ exit chan-
nel is

Py, =(1—p;3)p; +P3Pi(1_P3)+P3(1_P4)2(1_P3) , (8)

where p; is the probability of crossing at 9a, for the I
symmetry and p, is the probability at 5.5a,,.
For the Nt(3P)+He™ products,

P31=2p;p,(1—p,) . 9)

If the transition probability at an avoided crossing is
equal to the adiabatic limit of zero, or the diabatic limit
of unity, the avoided crossing will not lead to charge
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FIG. 3. Partial cross sections by channel and electronic state
for producing N*(*P) and N*('D) ions. The dotted line ( - - - )
corresponds to the 23 channel leading to N*(!D); the dashed
line (— — —) corresponds to the 2Il channel leading to
N™*(!D); and the solid line corresponds to the *IT channel lead-
ing to N¥(°P).

transfer.

Figure 3 shows our Landau-Zener estimates for charge
transfer to NT(1D) in the 23 state. At low velocities,
the charge transfer occurs predominantly at the outer
crossing; at high velocities inner crossing transitions
dominate. Figure 3 also shows the charge-transfer cross
sections for producing N*(!D) and N*T(3P) in the 2II
symmetry. Here charge transfer at low energies occurs
most often at the outer crossing and produces N1 ('D).
At high energies, charge transfer via the inner crossing
giving N (3P) is predicted to dominate.

Figure 4 compares the total cross sections for charge
transfer to N*Y(1D) and N*(*P) and their sum, which is
the total charge-transfer cross section. The latter has
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FIG. 4. Charge-transfer cross sections for the production of
N*(3P) and N*(!D) ions. The solid line is the total charge-
transfer cross section; the dotted line ( - - - ) corresponds to the
N*(3P) channel; and the dashed line (— — —) to the N*(!D)
channel.
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been measured by Hormis, Kamber, and Hasted [8], who
found a total charge-transfer cross section of 37a} at
450-eV center-of-mass energy, in reasonable agreement
with our estimate of 23a3.

In Fig. 5 we show our estimates of the ratio of the
cross section for producing N*(3P) to that for N*(!D)
and record the various experimental results [7—11]. The
experiments suggest the basic qualitative trend of our re-
sults: N7 (1D) ions are dominantly produced at low ener-
gies, in agreement with an earlier treatment [14], and
N*(3P) production dominates at high energies. Howev-
er, there are significant quantitative differences between
our theory and the experiments. Although the measure-
ments at high energies are scattered over almost an order
of magnitude, the general trend suggests that our results
underestimate the probability of producing Nt (D) rela-
tive to that of making N*(3P). For these energies, the re-
liability of the theory in predicting the cross section for
N*(!D) production is low. The avoided crossings are
passed nearly diabatically and contribute little charge ex-
change. Because of this, couplings to higher states which
are accessible at these energies become relatively more
important and the Landau-Zener approximation may be
inadequate. The agreement between theory and experi-
ment for the charge-transfer process at 450 eV, which
leads mostly to NT(3P), is consistent with the view that
we are underestimating the cross section for producing
N*(!D) ions.

The disagreement at low energies is unexpected. The
essential physics at low energies should be well described
in our treatment, the region of small internuclear separa-
tions, where the couplings to additional states are large,
being inaccessible. The effect of rotational angular cou-
pling may be significant. Further experiments would be
instructive.

After these calculations were completed, our attention
was drawn to the paper by Nikitin and Reznikov [15] in
which Landau-Zener calculations of the cross sections
are reported. The empirical potential-energy curves on
which they are based agree satisfactorily with our ab ini-
tio curves at large distances and show diabatic crossings
of the =™ states near 8.70a, and of the *II states near
8.65a, and 5.5a,. Because their calculations do not ex-
tend below 4a,, they did not find the 23+ crossing at
2.4a,.

The inner crossing makes a significant contribution to
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FIG. 5. Ratio of cross sections for N*(3P) and N*('D) ions.
The solid line represents the present work; experimental mea-
surements are shown as follows: <>, Ref. [11]; O, Ref. [7]; +,
Ref. [8]; @, Ref. [9]; X, Ref. [10].

the charge transfer into the N1 (D) at energies above 10
eV. Below 10 eV, our cross sections for NV (1D) produc-
tion agree closely with those of Nikitin and Reznikov
[15]. Our cross sections for N*(3P) production have a
similar behavior with energy in the limited range over
which Nikitin and Reznikov presented cross sections, but
because of different assumptions about the coupling
strength, differ in magnitude. Thus Nikitin and Rezni-
kov obtained cross sections for Nt (P) increasing from
1.0X107'% cm? at 4 eV to 3.4X107!% cm? at 12 eV,
whereas we obtained 2.8 X 10716 cm? at 4 eV increasing
t0 6.7X 10" ¥ cm? at 12 eV.

Both sets of calculations yield a cross section ratio for
3P to 'D production much greater than the measured ra-
tio [11]. Similar discrepancies occur for collisions of
Kr?" in He and Ar*™ in He [15].
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