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The Schwinger multichannel method is applied to study the low-energy electron-impact excitation of mo-
lecular nitrogen. The scattering amplitudes are obtained within the minimal orbital basis for single configura-
tion interactions �MOBSCI� level of approximation, for impact energies from near threshold up to 30 eV.
Through the use of the MOBSCI strategy we have performed a close-coupling calculation for up to nine states,
including the ground state and all singlet and triplet states resulting from the �u→�g transitions. Integral and
differential cross sections for the X 1�g

+→A 3�u
+, W 3�u, B� 3�u

−, a� 1�u
−, and w 1�u electronic transitions are

presented and compared with available experimental data and also with other theoretical results.
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I. INTRODUCTION

Recent experimental work performed by Khakoo et al.
�1�, Johnson et al. �2�, and Wang et al. �3� has stressed the
urgency for more studies concerning the electron-impact
electronic excitation of the N2 molecule. These authors have
pointed out, and it is also our opinion, that the need is sup-
ported by the following considerations. The nitrogen mol-
ecule is, at least with regard to electron-impact electronic
excitation and from the experimental point of view, one of
the most studied molecular systems. In spite of this fact, the
degree of agreement among results measured by different
groups is far from satisfactory, especially for energies below
30 eV. Theoretical studies, on the other hand, are fragmen-
tary and have considered only some specific transitions in a
limited range of energies. Also, the extent to which the in-
clusion of more competing target states in the close-coupling
expansions implies a multichannel convergence, and assures
the accuracy of the cross sections obtained in such calcula-
tions, is not yet clear.

Detailed information about the cross-section database
generated in the last 20 years of research relative to the
e−-N2 electronic excitation processes was compiled in the
review articles by Trajmar et al. �4� and Brunger and Buck-
man �5�. Here, we will give only an overview of the achieve-
ments obtained by experimentalists and theorists up to now.
Since the pioneering work from Cartwright and collaborators
�6–8�, who undertook a series of measurements including a
large number of excited states, other authors have focused
their efforts on considering more specific transitions.
Namely, there are the data measured by Borst et al. �9� for
the E 3�g

+ state, by Finn and Doering �10� and Mason and
Newell �11� for the a 1�g state, by Zetner and Trajmar �12�
for the A 3�u

+, B 3�u, W 3�u, and a 1�g states, and, also, by
Zubek �13� and Zubek and King �14� for the C 3�u, E 3�g

+,
and a� 1�g

+ excited states. At the beginning of the 1990s,

Brunger and Teubner �15� measured differential cross sec-
tions �DCSs� for the transitions from ground state to the
A 3�u

+, B 3�u, W 3�u, B� 3�u
−, a� 1�u

−, a 1�g, w 1�u, C 3�u,
E 3�g

+, and a� 1�g
+ states. From these data, Campbell et al.

�16� have derived the corresponding set of integral cross sec-
tions �ICSs�. Poparić et al. �17,18�, by their way, have inves-
tigated the role of a resonant contribution to the electronic
excitation of the E 3�g

+ state. As mentioned before, Khakoo
and co-workers �1–3� have, very recently, carried out careful
DCS and ICS measurements for excitation out of the ground
state to the A 3�u

+, B 3�u, W 3�u, B� 3�u
−, a� 1�u

−, a 1�g,
w 1�u, and C 3�u electronic states. Theoretical contributions
to the study of the electronic excitation of the N2 molecule
by electron impact are provided by the distorted-wave calcu-
lations of Fliflet et al. �19� and LeeMu-Tao and McKoy �20�,
and by the R-matrix and Z-matrix calculations of Gillan et al.
�21,22� and Huo et al. �23�, respectively.

With the aims of addressing the disagreement among ex-
perimental data and providing some light on the discussion
from the theoretical perspective, we have performed scatter-
ing calculations to study the electronic excitation of the N2
molecule by impact of low-energy electrons using the
Schwinger multichannel �SMC� method. In a previous pub-
lication we investigated the electronic transitions from
ground to the B 3�g and a 1�g states �24�. Results obtained
in this study emphasized the influence of the inclusion of
multichannel effects in the description of the electronic ex-
citation process through the comparison of simple two-state
and more sophisticated five-state close-coupling calculations.
Specifically, we found that the coupling effects between the
first singlet and triplet states of �g spatial symmetry are
strong. In the present paper we report integral and differen-
tial cross sections for the electron-impact electronic excita-
tion of the A 3�u

+, W 3�u, B� 3�u
−, a� 1�u

−, and w 1�u states of
the nitrogen molecule, obtained by means of a recently im-
proved suite of computational codes for the SMC method.
The scattering amplitudes are calculated within the minimal
orbital basis for single configuration interactions �MOBSCI�
level of approximation for impact energies ranging from near
threshold to 30 eV. This scheme gives rise to a nine-state
close-coupling calculation, which has the advantage of pro-
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viding a well-described set of competing target excited states
while keeping the active space of coupled states as minimal
as possible.

Our paper is organized as follows. In Secs. II and III we
present, respectively, a brief outline of the theoretical aspects
of the SMC method, and the numerical procedures used in
our calculations. In Sec. IV, results obtained by means of the
MOBSCI strategy are discussed and critically compared with
the data available in the literature. A summary of our findings
and some concluding remarks are presented in Sec. V.

II. THEORY

The Schwinger multichannel method for electron-
molecule collisions has been extensively discussed in previ-
ous publications �see, for instance, Refs. �25,26��. Here, we
will only present a brief outline of the main aspects of the
theoretical formulation of the SMC method, which can be
summarized as follows. By using the bilinear form of the
Schwinger variational method as shown in Ref. �27� and by
expanding of the total wave function in a trial scattering
basis set of functions ����,

��k�
�+�� = 	

m

am
�+��k����m� , �1�

with �a�
�+�� being the variational coefficients, it is possible to

write the scattering amplitude as

fB
SMC�k� f,k�i� = −

1

2�
	
m,n


Sk� f
�V��m��d−1�mn
�n�V�Sk�i

� , �2�

where the label B denotes that this amplitude is calculated in
the body reference frame. Moreover, in the definition of the
matrix elements dmn= 
�m�A�+���n�, the A�+� operator is given
by

A�+� = �PV − VGP
�+�V + Ĥ�1

a
− P� , �3�

whose matrix elements are, when symmetrized, equivalent to
those obtained by means of the usual expression �25,26�. In
the above equations �Sk�i�f�

� are eigenstates of the unperturbed

Hamiltonian H0, given by the product of a target state and a

plane wave with momentum k�i or k� f; Ĥ�E−H is the total
energy of the collision minus the full Hamiltonian of the
system, with H=H0+V; P is a projection operator onto the
open-channel space defined by the energetically accessible
target eigenfunctions ����:

P = 	
��open

����
���; �4�

GP
�+� is the free-particle Green’s function projected on the P

space; and, finally, the �m’s �also known as configurations�
are functions of �N+1� particles given by the product

�m = �ij = A��i�1, . . . ,N� � 	 j�N + 1�� , �5�

where ��i� is the ith molecular target state antisymmetrized
among electrons and 	 j is a scattering orbital. A represents
an antisymmetrizer in the e−-molecule scattering assuring
that the incoming electron is indistinguishable from the tar-
get electrons.

As a final comment on the theoretical aspects of the SMC
method, it is important to note that the terms appearing in the
definition for the scattering amplitude involve short-ranged
operators and, as a consequence, the configuration states can
be constructed from a basis set of square integrable func-
tions. In the present work, we make use of Cartesian Gauss-
ian functions, which are especially designed for integration
with multicenter reference systems. Thus, all matrix ele-
ments in Eq. �2� can be analytically calculated except those
involving the VGP

�+�V terms, which are obtained by a Gauss-
Legendre numerical quadrature �28�.

III. COMPUTATIONAL PROCEDURES

We present in this paper the cross sections obtained within
the minimal orbital basis for single configuration interactions
approach. The idea is based on the fact that an excited state
constructed with an improved virtual orbital �IVO�, and cal-
culated for a specific hole orbital, is equivalent to a complete
SCI calculation out of the same hole orbital that generated
the IVO. This assumption allows the construction of a pair of
particle orbitals that provides a minimal configuration basis
set fully equivalent to the complete SCI calculation of cho-
sen singlet and triplet states. In practice, the implementation
of the MOBSCI strategy was undertaken as follows. Aiming
at the states originated by �u→�g transitions, we first con-
structed a subspace composed of four orbitals �two �gx and
two �gy types� for singlet and triplet IVO’s out of the 3
g
orbital. These IVO’s are then orthogonalized among them-
selves, and all virtual orbitals are made orthogonal to them,
through the usual Gram-Schmidt procedure �note that the
IVO’s are, by construction, orthogonal to the ground-state
orbitals�. This strategy allows the smallest expansion set of
single-excitation configurations, and gives rise to two 8�8
matrices, one for the singlet and another for the triplet
Hamiltonians. The diagonalization of these matrices results
in a set of singlet and triplet states similar to the complete
SCI calculation. It is not totally equivalent because we have
used IVO’s from the 3
g occcupied orbital. This procedure
furnishes spectra for the states originating in the �u→�g
transitions differering by no more than 3.7% from those from
the complete SCI calculation. The compact vector space ob-
tained by means of the MOBSCI technique is, therefore,
composed of the physical excited singlet and triplet states
along with a minimum set of pseudostates.

A. Description of the target states and close-coupling
expansion

Our calculations were performed within the framework of
the fixed-nuclei and Frank-Condon approximations �29,30�
at the equilibrium internuclear distance of 2.068a0. The Car-
tesian Gaussian set of uncontracted functions used in the
expansion of the target states and trial scattering wave func-
tions is given in Table I. With this basis set, the calculated
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SCF energy at the equilibrium internuclear distance is
−108.960 hartrees, to be compared with the Hartree-Fock
limit of −108.994 hartrees �31�. The calculated vertical exci-
tation energies for electronic transitions leading to the A 3�u

+,
W 3�u, B� 3�u

−, a�1�u
−, and w 1�u excited states are given in

Table II. For comparison we also show the excitation ener-
gies obtained by ab initio electronic structure calculations
and the available experimental data. As can be seen, our
excitation thresholds are in nice agreement with the theoret-
ical values given by the MECI calculations of Oddershede et
al. �37� and by the results of Gillan et al. �21� in which the
target states are described within the single-excitation
configuration-interaction technique. The present results also
represent good approximations to the experimental data from
Brunger and Teubner �15�. Comparison with more recent
R-matrix results �22� and with the MRSDCI results from
Pitarch-Ruiz et al. �38� shows the influence of the use of
more sophisticated treatment for description of the target
states. For the energies of interest in the present study �E
�30 eV�, a maximum of nine channels are energetically ac-

cessible, as indicated in Table II. All pseudostates lie in the
energy range between 32 and 34 eV and contribute to the
calculations only as closed channels.

B. Partial wave decomposition

In order to obtain the cross sections to be compared with
experimental measurements, we have expanded fB

SMC�k� f ,k�i�
in partial waves:

fB
SMC�k� f,k�i� = 	

�,m

�max

F�,m
SMC�kf,k�i�Y�

m�k̂f� �6�

with

F�,m
SMC�kf,k�i� =� dk̂fY�

m*
�k̂f�fB

SMC�k� f,k�i� �7�

and performed the required transformations to express the
scattering amplitudes in terms of the laboratory angles:

fL
SMC�k� f�,k�i� = 	

�,m,�

�max

F�,m
SMC�kf,k�i�Y�

��k̂f��Dm,�
� �0,,�� , �8�

where D are the Wigner rotation matrices whose argument
consists of the Euler angles relating the body and the labo-
ratory reference frames. The random orientation of the target
was accounted for by averaging over the incident body-

frame angles k̂i= � ,��, that is

d


d�
���,��;kf,ki� =

1

4�

kf

ki
� dk̂i�fL

SMC�k� f�,k�i��2, �9�

with k̂f�= ��� ,��� being defined as the laboratory-scattering
angles. For a specific transition, the physical cross sections
are obtained by averaging over the azimuthal angle and by
performing the appropriate average over initial and sum over
final spin states.

Now, it is important to note that the partial wave decom-
position in Eq. �6� is truncated at a given �max, meaning that
the cross section defined above includes only the contribu-
tions of a finite number of angular momenta. For singlet
→ triplet transitions only short-range interactions of ex-
change nature are involved and, as a consequence, the nu-
merical convergence of the integrations can be achieved with
the inclusion of just a few partial waves. However, for
singlet→singlet transitions, the long-range character of the
potential requires the use of a great number of partial waves
to properly describe the scattering in the foward direction.
Although such a large number of partial waves is needed to
converge the small-angle scattering, above a certain mini-
mum value of the angular momentum, the remaining partial
waves are weakly scattered. So in order to reduce the com-
putational effort we found useful to combine the Schwinger
multichannel method with a Born-closure �BC� procedure.
Thus, for angular momenta up to a given value �max� , contri-
butions to the cross section were obtained from the SMC
calculations, while the weak-scattering first Born approxima-
tion was used to include the contributions above �max� . To
perform the BC procedure, the term F�,m

SMC�kf ,k�i� in Eq. �6�
was replaced by

TABLE I. Cartesian Gaussian basis set, defined as �lmn

=Nlmn�x−Ax�l�y−Ay�m�z−Az�n exp�−��r�−A� �2�, where A� locates the
Gaussian center. Basis set used for the ground and excited states of
the N2 molecule, in the expansion of trial scattering wave functions,
and in the insertion quadrature in the VGP

�+�V terms.

Center
and type Exponent

N, 10s 5909.44, 887.451, 204.749, 59.8376, 19.9981,
2.6860, 7.1927, 0.70, 0.2133, 0.03882

N, 6p 26.7860, 5.9564, 1.7074, 0.5314, 0.1654, 0.04427

N, 3d 0.53, 0.26, 0.125

TABLE II. Vertical excitation energy for the six lowest states of
the N2 molecule in eV. Present results obtained in the MOBSCI
calculations are compared with the R-matrix results from Gillan et
al. �22� �results in parentheses correspond to R-matrix calculations
in which the target is described at the single-excitation
configuration-interaction level of approximation �21��, monoelec-
tronic configuration-interaction �MECI� calculations from Odder-
shede et al. �37�, multireference singly and doubly excited
configuration-interaction �MRSDCI� calculations from Pitarch-Ruiz
et al. �38�, experimental measurements from Brunger and Teubner
�15� �Expt. 1� and the values fitted in Ref. �37� to experimental
spectroscopy constants �Expt. 2�.

State
Present
result R matrix MECI MRSDCI Expt. 1 Expt. 2

X 1�g
+ 0 0 0 0 0 0

A 3�u
+ 6.55 7.63 �6.61� 6.05 7.65 6.17 7.75

W 3�u 7.57 9.11 �7.70� 7.26 8.88 7.35 8.88

B� 3�u
− 8.60 9.83 8.35 9.88 8.16 9.67

a� 1�u
− 8.60 10.41 8.35 10.04 8.40 9.92

w 1�u 9.17 10.74 9.02 10.41 8.89 10.27

b� 1�u
+ 20.78 15.54 14.51 14.35

ELECTRON-IMPACT ELECTRONIC EXCITATION OF… PHYSICAL REVIEW A 75, 022705 �2007�

022705-3



F�,m
BC �kf,k�i� = 
�m�fBC�k�i�

= 
�m�fFBA�k�i� + � 	
��m�

�max�

�
�m�fSMC���m��

− 
�m�fFBA���m���
��m��k̂i� , �10�

where �=0 for ���max� and �=1 for ���max� . In the present
work, the cross sections for triplet states were obtained ac-
cording to Eq. �6� with the partial wave decomposition trun-
cated at the value of �max=7. For the singlet→singlet tran-
sitions, we have employed the Born-closure scheme above
described such that �max� =7 and �max=9 are the values used
in Eq. �10�. The SMC amplitudes were evaluated only for the
overall �, �, and � symmetries. For triplet transitions only
these three symmetries were considered ��m�� restricted to 0,
1, and 2� and for singlet transitions higher symmetries
��m� � �3� were taken into account through the first Born
amplitude.

C. Numerical stability analysis

The numerical stability of the present calculations was
verified using a procedure similar to that proposed by
Chaudhuri and co-workers �32,33�. The methodology was
first used by these authors to inquire into the origin and to
remove some spurious structures that appeared in the cross-
section results for the electronic excitation of the N2 mol-
ecule by positron impact. Subsequently, da Costa et al.
adapted the procedure to investigate numerical instabilities
affecting the calculations in a previous e-−H2 electronic ex-
citation study �34,35�. In short, the analysis begins with the
diagonalization of the matrix elements of the modified op-
erator given by

Ṽ �
1

2
�PV + VP� −

1

N + 1
�H̄ −

N + 1

2
�H̄P − PH̄� ,

�11�

where V is the interaction potential between the incident
electron and the target, P is the projection operator onto the

open-channel space, and H̄�E−H, as defined before, but for
a fixed energy �E=40 eV�.

The next step consists in the identification of the configu-
rations weakly coupled by the interaction potential, that is,
the eigenvectors associated with the eigenvalues of the equa-

tion Ṽ��m�=vm��m�, such as vm�0. The cutoff criterion was
defined by eliminating the troublesome functions from the
configuration space, symmetry by symmetry. The eigenvec-
tors associated with small eigenvalues of the matrix repre-
sentation of the modified potential �Eq. �11�� were removed,
one by one, until we obtained stable cross sections. Due to
the fact that P changes as the energetically acessible states
are included in the close-coupling expansion, another check
procedure must be performed whenever a new channel is
opened. In Table III we show the number of state vectors

removed according to the criteria described above. A maxi-
mum of 43 configurations were removed from the original
1413-configuration state space.

IV. RESULTS AND DISCUSSION

Cross sections for electronic excitations of the nitrogen
molecule by electron impact for transitions from the ground
state to the A 3�u

+, W 3�u, B�3�u
−, a� 1�u

−, and w 1�u states are
reported in the energy range from excitation thresholds up to
30 eV.

A. The X 1�g
+\A 3�u

+ electronic transition

Figure 1 shows our results for the electronic transition
from ground state to the A 3�u

+ metastable state. As can be
seen in Fig. 1�a�, the profile of our integral cross section is
strongly affected by the appearance of some resonancelike
structures. For energies near to 7.6, 8.6, and 9.2 eV, the
bumps are related to the threshold phenomena of the upcom-
ing channels �namely, the W 3�u, B� 3�u

−, a� 1�u
−, and w 1�u

states� present in our close-coupling calculation. Compared
with previous R-matrix calculations from Gillan et al. �22�
we note that, at the threshold position, our ICS is shifted by
a amount of about 1.1 eV, which is consistent with the dif-
ference observed in the vertical excitation energy calculated
for this state by the two methods, as indicated in Table II. In
addition, a more pronounced structure, peaked in our result
at around 12.5 eV, it is also present in the ICS calculated by
Gillan et al. �22� at the energy of about 12 eV. Contributions
to this structure in the present calculations come mainly from
the 2�u symmetry, as the major component, and from the 2�g
symmetry, as a background component. For energies above
15 eV, our ICS is about twice as large as the R-matrix one.
The agreement of MOBSCI results with respect to measure-
ments from Cartwright et al. �8� is very good, except at the
position of the more pronounced resonance structure. We
also note that our ICSs have the same general shape as, albeit
being 25–75 % larger in magnitude than, the data measured
by Campbell et al. �16� and Johnson et al. �2� in the whole
interval. However, at the energy of 10 eV our calculations
underestimate the measurements.

The present result for the differential cross section at
12.5 eV is influenced by the resonant structure and com-
pletely disagrees with measurements performed by Cart-
wright et al. �8� and Khakoo et al. �1�. For the energies of 15,
17.5, 20, and 30 eV, the DCSs obtained in the MOBSCI
approximation display more or less the same angular distri-
bution, characterized by a smooth forward and strong back-
ward peaking. Agreement with the experimental data from
Refs. �1,8,12,15� is only moderate for angles below 120°,
though the backward peaking tendency revealed in the data

TABLE III. Number of functions removed from the configura-
tion space �NRF� at a given multichannel coupling level of approxi-
mation �MCL�.

MCL 2 4 6 8 9

NRF 10 10 12 41 43
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FIG. 1. Integral and differential cross sections for the X 1�g
+→A 3�u

+ electronic transition of the N2 molecule: �a� ICS; DCS at �b� 12.5,
�c� 15, �d� 17.5, �e� 20, and �f� 30 eV. Solid line, present results; short-dashed line, R-matrix seven-state results from Gillan et al. �22�; dotted
line, distorded-wave results from LeeMu-Tao and McKoy �20�; open circles, experimental results of Cartwright et al. �8�; open triangles,
experimental results of Campbell et al. �16� �for ICS�, and Brunger and Teubner �15� �for DCS�; full circles, experimental results of Johnson
et al. �2� �for ICS�, and Khakoo et al. �1� �for DCS�.
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extrapolated by Trajmar et al. �4� and in the earlier R-matrix
study is confirmed by the present MOBSCI calculation.
Moreover, as shown in the measurements at angles around
75°, we also note the occurrence of an intermediate peak
that, in our DCS, has its maximum a little bit shifted from
this value for smaller or larger angles, depending on the en-
ergy. As a final comment we observe that, although larger
than the experimental data by a typical factor of 3, the gen-
eral shape of our DCS at 30 eV is comparable to that of the
measurements, as indicated in the inset in Fig. 1�f�.

B. The X 1�g
+\W 3�u electronic transition

As in the case of the electronic excitation to the A 3�u
+

state, we note that the ICS for the W 3�u state shown in Fig.
2�a� is affected by the presence of structures around the ex-
citation thresholds of the states belonging to the active space
of coupled states. An exception to this rule is given by the
resonance appearing at 11 eV, which has the most significant
partial contribution coming from the 2�g symmetry. In fact,
this symmetry contributes over the entire energy range as a
large background component. The agreement of the shape of
our ICS in comparison with other data is, in general, quite
good. The present results are larger than the R-matrix ones
�22�. They are also larger than the measurements of Camp-
bell et al. �16� and Johnson et al. �2� by a factor of 1.5 at
energies below 20 eV, and by a factor of 3 larger than the
measured data at 30 eV. The presence of a broad structure at
12.5 eV, seen in the distorted-wave study of LeeMu-Tao and
McKoy �20�, is not confirmed by the MOBSCI calculations.

In Figs. 2�b�–2�f�, we see that differential cross sections
for the W 3�u state obtained in our MOBSCI calculation are
characterized by the absence of undulations and, in general,
smoothly increase with the scattering angle. Neither the
small structure seen in the measured data of Khakoo et al. �1�
nor the backward peaking shown by the extrapolated data of
Trajmar et al. �4� are reproduced by the present results. For
the energies of 15, 17.5, and 20 eV, our DCSs have a mag-
nitude in reasonable agreement with experimental data mea-
sured by different groups, specially at the angles below 90°.
At 12.5 and 30 eV, the present cross sections are larger than
measurements by typical factors of 2.5 and 4.5 in the abso-
lute values of the DCSs, respectively.

C. The X 1�g
+\B� 3�u

− electronic transition

The electronic excitation ICS for the B� 3�u
− state is

shown in Fig. 3�a�. Compared to the data calculated by
Gillan et al. �22� the present results have the same shape and
magnitude for energies below 15 eV, though being shifted to
the left by a amount of 1.5 eV �corresponding to the differ-
ence in energy observed between previous R-matrix and
present SMC electronic excitation thresholds�. Our ICS has a
magnitude approximately twice as large as the experimental
data of Johnson et al. �2� but, in spite of this fact, both results
display a quite similar energy dependency for energies up to
20 eV. The agreement with measurements from Campbell et
al. �16� is poor and with those from Cartwright et al. �8� is
very good, but only at the energies of 12.5 and 17.5 eV.

Our DCSs for the transition from the ground state to the
B� 3�u

− state are characterized by nearly zero contributions at
0 and 180°, as predicted by the selection rules for the �g

+

→�u
− electronic transitions in linear diatomic molecules �36�.

At 12.5 eV our DCS displays a symmetric angular distribu-
tion with its maximum at 90° and is in better agreement with
the data measured by Cartwright et al. �8�. For the energies
of 15, 17.5, and 20 eV our results are in very good agree-
ment with the experimental data of Cartwright et al. �8� and
Khakoo et al. �1�. The present DCS result at 30 eV has a
similar angular distribution in common with the measure-
ments from Khakoo et al. �1�, although larger than these data
by a factor of about 2.8. Moreover, we note the occurrence of
a minimum at 75° in their DCS, also seen in the experimen-
tal results from Cartwright et al. �8�. This feature is present
in our results at the same angle, albeit being less pronounced.

D. The X 1�g
+\a� 1�u

− electronic transition

In Fig. 4 we show the results for the electronic excitation
from the ground to the a� 1�u

− state. For this transition, the
agreement of our ICS and the data measured by different
groups is quite good, with the exception of the results ob-
tained by Cartwright et al. �8� and Campbell et al. �16� at
15 eV. The 2�g and 2�u symmetries are responsible for the
most significant partial contributions to the ICS obtained by
the present MOBSCI calculations.

Due to the �g
+→�u

− selection rules for linear diatomic
molecules �36� the DCSs for this transition drop to zero at 0
and 180° as happens in the case of the excitation to the B 3�u

−

electronic state. For this transition we have not performed a
Born-closure scheme because the first Born DCS is zero for
all angles. Our results at 12.5 and 15 eV nicely agree with
the data measured by Khakoo et al. �1�. For the energies of
17.5 and 20 eV, the overall agreement with measurements
performed by Cartwright et al. �8�, Brunger and Teubner
�15�, and Khakoo et al. �1� is excellent. As in the case for the
X 1�g

+→B 3�u
− electronic transition, the data from Refs.

�1,8,15� indicate the presence of a minimum in the DCS at
the energy of 30 eV around 75°. Our DCSs also show this
structure but, once again, this feature is less pronounced in
the present results compared with measurements.

E. The X 1�g
+\w 1�u electronic transition

As seen in Fig. 5�a�, our ICS for the w 1�u state is in very
good agreement, in shape and magnitude, with the data mea-
sured by Johnson et al. �2�, except at the energy of 30 eV.
The agreement with measurements performed by Cartwright
et al. �8� and Brunger and Teubner �15� is rather poor, spe-
cially at the energies of 12.5 and 15 eV, where the present
ICS drops to zero, in contrast to these measured values.
Comparison between the results obtained by means of the
present MOBSCI calculations and the distorted-wave calcu-
lations from LeeMu-Tao and McKoy �20� shows that the
influence of the multichannel coupling effects is very strong
for this transition. As in the case for the X 1�g

+→a� 1�u
−
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electronic transition, the 2�g and 2�u symmetries are respon-
sible for the most significant partial contributions to the in-
tegral cross sections.

Differential cross sections for the excitation to the w 1�u
state obtained in our calculations display a nearly flat angular

distribution at 12.5, 15, 17.5, and 20 eV. For these energies,
present DCS results start from a typical value of about 1
�10−18 cm2/sr at 0° and smoothly decrease to a value near
to zero at 180°. The present results show an intermediate
intensity at forward angles compared with available experi-
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FIG. 2. Same as Fig. 1 for the X 1�g
+→W 3�u electronic transition of the N2 molecule.

ELECTRON-IMPACT ELECTRONIC EXCITATION OF… PHYSICAL REVIEW A 75, 022705 �2007�

022705-7



mental data. Specifically, our DCSs are more forward peaked
compared with the measurements from Khakoo et al. �1� at
all considered energies. As indicated by the ICS results ob-
tained in the present study, our DCS at 30 eV poorly agrees
with the data from Cartwright et al. �8�, Brunger and Teubner
�15�, and Khakoo et al. �1�.

V. SUMMARY AND CONCLUSIONS

In this paper we have presented an application of the
SMC method in the study of the electronic excitation of N2
molecules by impact of low-energy electrons. The scattering
amplitudes were obtained within the MOBSCI level of ap-
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FIG. 3. Same as Fig. 1 for the X 1�g
+→B� 3�u

− electronic transition of the N2 molecule.
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proximation, giving rise to a nine-state close-coupling calcu-
lation. We have considered the transitions out of the ground
state to the A 3�u

+, W 3�u, B� 3�u
−, a� 1�u

−, and w 1�u elec-
tronic states of the nitrogen molecule in the energy range
from near threshold to 30 eV.

The overall agreement between our results and the experi-
mental data is quite good, except for 30 eV. The upcoming
pseudostate thresholds may be causing the disagreement at
this energy. In general, the origin of the discrepancies with
the experimental data may be related to several aspects of the
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FIG. 4. Same as Fig. 1 for the X 1�g
+→a� 1�u

− electronic transition of the N2 molecule.
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FIG. 5. Same as Fig. 1 for the X 1�g
+→w 1�u electronic transition of the N2 molecule.
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present application, such as �i� the simple Hartree-Fock rep-
resentation of the molecular ground state; �ii� the need for a
better represention of the excited states beyond the SCI ap-
proximation; and �iii� the inclusion of additional energeti-
cally open electronic states to further account for multichan-
nel coupling, considering that N2 has high-density electronic
spectra. However, the relative good quality of our results for
N2 represents an invitation for new applications of the
MOBSCI procedure to study electronic excitations of small

polyatomic molecules, where the high density of energeti-
cally accessible target states makes the use of standard close-
coupling models computationally very expensive.
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