
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 21 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

International Reviews in Physical Chemistry
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713724383

Charge transfer in collision of N2+ and He
Y. Suna; H. R. Sadeghpourab; K. Kirbya; A. Dalgarnoa; G. P. Lafyatisc

a Harvard-Smithsonian Center for Astrophysics, Cambridge, Massachusetts, USA b Department of
Physics, The Ohio State University, Columbus, Ohio, USA c Institute for Theoretical Atomic and
Molecular Physics at Harvard-Smithsonian Center for Astrophysics,

To cite this Article Sun, Y. , Sadeghpour, H. R. , Kirby, K. , Dalgarno, A. and Lafyatis, G. P.(1996) 'Charge transfer in
collision of N2+ and He', International Reviews in Physical Chemistry, 15: 1, 53 — 64
To link to this Article: DOI: 10.1080/01442359609353174
URL: http://dx.doi.org/10.1080/01442359609353174

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713724383
http://dx.doi.org/10.1080/01442359609353174
http://www.informaworld.com/terms-and-conditions-of-access.pdf


INTERNATIONAL REVIEWS IN PHYSICAL CHEMISTRY, 1996, VOL. 15, No. 1, 53-64 

Charge transfer in collision of N2+ and He 

by Y. SUN, H. R. SADEGHPOURP, K. KIRBY? and A. DALGARNO 
Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, 

Massachusetts 02138, USA 

and G. P. LAFYATIS 
Department of Physics, The Ohio State University, Columbus, Ohio 43210, USA 

Charge transfer cross-sections in the collision of a doubly-charged nitrogen ion 
and a helium atom are evaluated with a close-coupling formalism. The charge 
transfer produces N+(3P), N+('D) and He+ ions via the %+ and *El molecular states 
of NHe2+. We describe a method for obtaining a particular diabatic representation 
from a set of adiabatic dipole moments. Comparison with Landau-Zener model 
calculations is made and the importance of inner couplings for the production of 
charge transfer states is demonstrated. Collisional rate coefficients are also 
obtained. At lo4 K, the rate coefficient for charge transfer into the ground N+(3P) 
state is about 1.3 x cm3 s-l and for charge transfer into the metastable N+('D) 
state 1.8 x cm3 s-l. 

1. Introduction 
The charge transfer process 

N2+ + He -+ NC +He+, (1) 

which produces energetic N+(3P) and N+(lD) ions, may be of importance as a source 
of N' in astrophysical nebulae and may participate in the chemistry of interstellar 
molecular clouds subjected to X-rays. The process has been investigated experi- 
mentally [l-51 and theoretically [6,  71. In the theoretical studies, Nikitin and 
Reznikov [6] and Lafyatis, Kirby and Dalgarno [7] used the Landau-Zener (LZ) 
model, based respectively on empirical and ab initio determinations of the potential 
energy curves of the cation NHe2+. The two calculations are consistent with each 
other, given the different estimates of the coupling strength, but disagree significantly 
with the experimental data on the relative products of N+('D) and N+(3P). Since the 
LZ model may fail at low velocities, we carried out a multi-state close-coupling 
calculation to investigate the range of its validity and to make comparison with the 
measurements of the ionic product cross-sections. In $2, the theoretical foundation for 
this numerical study is laid out and a method for obtaining a particular diabatic 
representation of Born-Oppenheimer potential energy curves is described. The 
diabatic potential curves are calculated in a representation which diagonalizes the 
transition dipole matrix. Cross-sections and collisional rate coefficients calculated 
using the numerical close-coupling and Landau-Zener approaches are given in Q 3 and 
are summarized in $4. 

t Also at the Institute for Theoretical Atomic and Molecular Physics at Harvard- 
Smithsonian Center for Astrophysics. 
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2. Theory 
The relative motion of the two colliding atoms of energy E, reduced mass ,u and 

nuclear orbital angular momentum N is described by 

(E-  Hii)Y:o = C Hij YEo, (2) 
j+i 

where Hii is the Hamiltonian in the electronic state i, qyo is the ith component of the 
nuclear wavefunction evolved from the initial state i,, and Hi, are couplings between 
the ith and jth states. The N2+ and He particles interact at large distances in the 
entrance channel via the long-range polarization potential - 2a,,/R4, where aHe is the 
static dipole polarizability of a helium atom and R is the internuclear distance, and in 
the exit channel by the Coulomb repulsion. Asymptotically, Y:o satisfies the outgoing 
scattering boundary condition 

1 
- R YEo ( R )  -+ k:"[h,(k, R) Siio -hL(k, R) S:J, (3) 

where h i  are spherical Hankel functions in the entrance channel i,, and Coulomb 
outgoing/incoming (+ / -) functions in the product channels. The kinetic energy of 
the two atoms in channel i is given by k2kf/2,u, and the amplitude for transfer of flux 
from channel i, to channel i is given as the ii,th element of the S-matrix, Stto. The total 
cross-section at an energy E for transition from state i, to i is given by 

In order to calculate exactly the scattering wavefunctions in (2), an infinite series 
of electronic states of NHe2+ must be coupled. For low-energy collisions, however, the 
lowest electronic potential energy states may be grouped separately from the higher 
energy curves to which they are weakly coupled. The lowest energy adiabatic potential 
curves, given by Lafyatis et al. [7], are shown as solid curves in figures 1 (a) and 1 (b). 
Coupling of these adiabatic channels produces numerical difficulties due to rapid 
changes in the coupling matrix elements near sharp avoided crossings. To avoid these 
difficulties, we turn to a diabatic representation for which the potential curves and 
couplings are smoothly varying functions of the internuclear distance. These two 
representations are related by a unitary transformation matrix U, given by [8] 

Vd(R) = UTVa(R) U, ( 5 )  
where Va*d are, respectively, the adiabatic and diabatic potential energy matrices. This 
unitary transformation matrix can be rigorously obtained from 

dU -+PU = 0, 
dR 

by defining Yd = UTYa. Yd and Ya are, respectively, finite sets of nuclear wave- 
functions in the diabatic and adiabatic representations, and P(R) is the non-adiabatic 
radial coupling matrix. Since the coupling between the ion-atom and the ionic pairs 
vanishes in the asymptotic limit, we require that asymptotically the two representations 
be equivalent-hence U(R + co) = I ,  where I is the identity matrix. 

Since the essential purpose of this transformation is the construction of diabatic 
states whose properties vary smoothly with R ,  we claim that an R-dependent unitary 
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Figure 1. The adiabatic potential energy curves (solid lines) from [7] for the NHe2+ molecular 
symmetries %+ and %, in (a) and (b) respectively. The dashed curves are the diabatic 
potential curves obtained from the transformation in (7). In the separated-atom limit, the 
?E+ curves correlate, in the order of ascending energy, to N+('D), N2+(2Po), and N+('S) 
atomic levels, and the TI curves correlate to N+(3P), "(ID), Nz+(zPo) levels. 
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transformation which produces smooth potential energy curves is equivalent in 
practice to the transformation in (6). Macias and Riera [9] have given a formal theory 
for calculating diabatic states from R-dependent molecular properties. Werner and 
Meyer [lo] used the representation in which the transition dipole matrix D is diagonal 
to show that for the two-state electron transfer process in the alkali halide, LiF, the 
two procedures are effectively equivalent. Recently, Li et al. [l l ,  121 used the electric 
quadrupole operator to obtain diabatic potential curves for the 311g and 3C., symmetries 
of molecular oxygen. A rigorous argument has been given by Zygelman (private 
communication) who has shown that in the limit of infinite-state coupling, the 
transformations of (6) and (7) are equivalent. It can be shown that a diabatic 
transformation into a representation in which any operator of the electronic 
coordinate is diagonal yields the same result. Here, we employ a similar technique and 
find that the diabatic potential energy curves and coupling elements do indeed vary 
smoothly with R. We provide a numerical demonstration in support of the near- 
equivalence of the two diabatic transformations. 

3. Results and discussion 
The adiabatic dipole moments and the radial coupling matrix elements were 

calculated using the wavefunctions obtained by Lafyatis et QZ. [7]. They are listed in 
tables 1-3 as functions of the nuclear separation R for the lowest '2 and 'I3 states of 
NHe2+. The calculations were done with the lighter colliding partner, He, as the centre 
of reference. The radial coupling matrix elements were evaluated using the Hellman- 
Feynman theorem. 

The unitary matrix UJR) which we used to transform to a diabatic representation 
was determined by diagonalizing the adiabatic transition dipole matrix D(R). The new 
diabatic potential energy matrix is now 

Vd(R) = U',V"(R)U.. (7) 
Each column of the unitary transformation matrix U, is an eigenvector of the 
transition dipole matrix, apart from an arbitrary phase factor (k 1). We fixed this 
phase by requiring that the off-diagonal diabatic potential curves change smoothly 
with R. 

To numerically demonstrate the near-equivalence of the two diabatic represen- 
tations, we show in figures 2(a) and 2(b), respectively, the three lowest %+ and 211 
diabatic energy curves. The comparison shows that the two representations produce 
similar potential energy curves. In the case of symmetry illustrated in figure 2(b), 
the two representations differ in the vicinity of the united-atom limit, where the 
diabatic transformation of (6) yields more attractive curves than the diabatic 
transformation of (7). The breakdown of both methods is caused by the same 
deficiency-namely, the restriction of the Hilbert space to a finite size, causing a 
violation of the closure rule. The discrepancy in figure 2(b) in the small-R region 
occurs because in the three-state approximation we ignore the coupling with higher 
excited electronic states and restrict the closure to the manifold of only three states. 
Thus the alternative methods of determining the unitary transformation matrix are 
equivalent in the sense that whenever it is valid to use a finite set, the methods yield the 
same results and when they differ, neither is valid. Diabatic potential energies which 
behave smoothly with R are far more convenient to use than quadrature over the 
adiabatic couplings. 

The diabatic potential energy curves are shown superimposed on the adiabatic 
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Diabatic potential energy curves for the NHe2+ molecular symmetries 22+ and 211, in 
(a) and (6) respectively. The curves in symbols are the potential curves obtained from the 
transformation in (6), and the solid curves are the same diabatic curves as in figure 1, 
shown here for visual comparison. 

Figure 2. 
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Figure 3. The diabatic off-diagonal couplings for the molecular symmetries zC+ and W, in (a) 
and (b) respectively. The indices are the same as those used in figures 1 and 2. 

curves of [7], in figures 1 (a)  and 1 (b), as dashed curves, and the off-diagonal diabatic 
curves obtained by applying the transformation U,(R) are shown in figures 3 (a) and 
3 (b). The strong couplings in the intermediate region lead to quite different shapes for 
the potential energy curves of the adiabatic and diabatic 'I3 states. 
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Energy (el') 
DO 

Figure 4. The partial cross-sections for the charge transfer processes leading to the production 
of N+(3P) and N+('D) final states. The solid curves are the present close-coupling results, 
and the dashed curves are the linear Landau-Zener cross-sections from (8). The 
dotted-dashed curve is the close-coupling calculation with the intermediate coupling near 
R = 4%~: in the 'TI symmetry turned artificially off. 

We employed the renormalized Numerov method [ 131 to obtain the solutions of (2) 
subject to the boundary conditions in (3), and to determine the scattering matrix S:o. 
We also calculated the charge transfer cross-sections in the multi-state Landau-Zener 
approximation. In the LZ model, the charge transfer cross-section at an energy E is 
written in terms of cia, the probability of entering in a channel io and exiting in channel 
i, as 

(8) 
ng, 

%i0(E) = * c (2N+ 1) p i l o >  
N 

where gio is the probability of particle approach along the electronic state i,. For 
approach along the entrance (N2+ + He) TI and 'X+ channels, gio = I and gio = f [7]. 
Labelling successively the lowest three asymptotic adiabatic channels by subscripts 1, 
2 and 3, the total probability leading to singly-charged product ions N+(lD) and 
N+(3P) in the TI symmetry is then given as 

wherep,, is the local LZ diabatic transition probability near the crossing at 9a, andp,, 
is the probability for crossing at 5.50,. For the 2C+ molecular symmetry, the LZ charge 
transfer probability is described in the two-state approximation as 

4 2  = 2 P d  -P1A (10) 
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lo3 
TCK) 

lo4 

Figure 5. Collisional rate coefficients for producing ground and metastable nitrogen ions, 
N+(3P) and N+('D). 

where p12 is the local LZ diabatic transition probability near the crossing at 9a0 
between the channels 1 and 2. We note that in (9a) the total probability for producing 
the metastable nitrogen ion is independent of the transition probability at R = 5 . 5 ~ ~  
in the extremes of fully adiabatic (p12 = 0) or totally diabatic ( p l z  = 1) passage. 

The results of the three-state LZ and coupled-channel calculations are shown in 
figure 4 for the two molecular symmetries. Close agreement between the two 
calculations exists for the production of "(ID) states, while the discrepancy between 
the results for the case of N+(3P) state production is at times up to 30 %, although the 
two calculations converge as collision energies increase. This discrepancy arises from 
the nature of the avoided crossings. For the 'JI and 'Z+ channels leading to the N+('D) 
charge state, the crossing near 9a0 dominates low-energy collisions. The charge 
transfer process in this case is driven by the isolated crossing at 9a0. The influence of 
the intermediate crossings is masked because the nuclear wavefunctions for the 
production of N+(ID) are ineffective in tunnelling through the inner centrifugal 
barrier. Thus, the close-coupling calculations yield similar results to the semi-classical 
Landau-Zener calculation. In contrast, for the channel leading to N+(3P), the 
intermediate couplings at 5 . 5 ~ ~  and nearby 4 . 8 ~ ~  play a dominant role in the charge 
transfer process. Although the present LZ model includes the coupling of three states, 
the crossing at 4 . 8 ~ ~ ~  in figure 1 (b) plays no role because it is classically inaccessible at 
low energies. Accordingly, we expect the LZ results to be different from the coupled- 
channel calculation. To corroborate this conjecture, we performed another coupled- 
channel calculation with the coupling strength near 4 . 8 ~ ~  set to zero. This increased the 
charge transfer flux in the N+(3P) channel, as shown in figure 4. There is a discrepancy 
between the present N+(3P) LZ cross-sections and those given by Lafyatis et al. [7]. It 
occurs because the latter calculations were carried out using the coupling information 
near the 5-5a0, obtained from the adiabatic curves of figure 1. The presence of a strong 
coupling near 4 . 8 ~ ~  drastically changes the form and shape of the potential curves in 
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64 Charge transfer in collision of P+ and He 

its vicinity, as manifested by the noticeable differences in the adiabatic and diabatic 
curves. 

The corresponding rate coefficients for producing N+(3P) and N+('D) are shown in 
figure 5. The Landau-Zener and close-coupling calculations are qualitatively con- 
sistent with the measurements at an impact energy of 1 keV of Hormis et al. [2] and 
with the measurements at lower energies of Sadilek et al. [5]  in showing an enhanced 
relative production of ground state ions at high energies. However, there is a sub- 
stantial quantitative disagreement between the cross-section ratio for capture into the 
ground and metastable states measured at energies of a few eV [5] and the theoretical 
results. A recent measurement of the total charge transfer rate coefficient by Fang and 
Kwong (private communication) at about 6000 K agrees well with our calculated 
value of 1.1 x 

4. Summary 
This work reports the evaluation of the low-energy single charge transfer cross- 

sections in a typical collision of an ion-atom pair, NHe2+. For the calculations, we 
used a particular transformation which provided a smooth diabatic Born- 
Oppenheimer potential energy matrix, thereby avoiding the numerical instabilities 
resulting from integration over a rapidly-changing radial coupling matrix. The R- 
dependent property we used was the set of electric dipole moments. The diagonal and 
off-diagonal potential energy curves obtained from this transformation behave 
smoothly with R. The low-energy partial and total cross-sections were evaluated by 
coupling these diabatic channels and are compared with linear Landau-Zener 
transition cross-sections. We also explored the range of validity of the LZ 
approximation and demonstrated the importance of avoided crossings at intermediate 
internuclear separations. The discrepancy with experimental data [ S ]  persists. 
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