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Abstract. Ab initio calculations are performed on the-éN, scattering system, at low impact
energies, using th&-matrix technique. The )%):3 ground state and the lowest seven valence
excited states, AxF, B 3Mg, W 3A,, B 337, d 137, alllg and wlA,, of Ny are
included in the close coupling expansion with each state being represented by a configuration
interaction wavefunction in a hybrid orbital set. Various approximations for the representation
of the correlation between the target and the incident electron are investigated. Integrated and
differential scattering cross sections are presented, and compared to experiment, for excitation
from the ground level to optically forbidden levels. The results compare favourably with recent
experiments in this energy region and remove a humber of problems with our previous work.

1. Introduction

To comprehend the properties of many astrophysical objects it is important to understand the
process by which electrons lose energy in a gas containing molecular nitrogercdhbon
monoxide (CO) or carbon dioxide (G Cross sections fore-N,, e —CO and e-CO,
excitation are of importance for estimating electron energy deposition in the atmospheres of
Earth, Mars and Venus (Fox and Dalgarno 1979, Fox and Victor 1988, Liu and Victor 1994).
They are also of importance in understanding the aurora air glow, the Titan day glow (Ajello
and Shemansky 1985, Fox 1993) and in the resolution of the aurora/R150 mystery
(Dalgarnoet al 1981, Dalgarno and Victor 1982). ,Ns an efficient electron absorber

due to the presence of a large shape resonance ifithecattering symmetry near 2 eV.

For atmospheric research one source of hot, excited nitrogen atoms is via predissociation
after collisional excitation of M (Schematovictet al 1992). The atmosphere of Triton is
similar to that of Titan with its major constituent being molecular nitrogen as indicated by
Dalgarno and Fox (1994). Nmay be found in the interstellar medium (ISM), although
being a homonuclear species, without ro-vibrational emissions in the ground state, it is very
hard to detect. However, once formed, it lives a very long time due to its large dissociation
and ionization energy. Electron and photon collisions with nitrogen molecules are therefore
of fundamental interest in understanding ionospheric and auroral phenomena in the Earth’'s
upper atmosphere and in many gaseous discharge processes (kikawl®86). The work
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presented here is restricted to electronic excitation cross sections by electron impact of
molecular nitrogen.

The nitrogen molecule, N is a triply bonded system with a very stable electronic
ground state. As a result bound state calculations on excited electronic statgeprefsint
a major challenge to computational chemistry and this has been exemplified in the work of
Ermleret al (1981); figure 1 shows the potential energy curves for the lowest 13 states of N
as computed by these authors using a configuration space which involved single and double
electron excitations (SD) from the,Nalence space. Typically the theoretical treatment of
low-energy light particle impact phenomena employs the close coupling expansion which
involves an expansion over unperturbed target eigenstates; it is the quality of representation
of those target states which can ultimately place a constraint on the accuracy of any scattering
model. An additional constraint lies in the fact that the scattering wavefunction must
take a balanced account of the correlation between the target and the scattering particle.
The Schédinger equation for electron scattering by the iolecule produces a partial
differential equation in 45 spatial variables; the power of the close coupling expansion is
that it removes the dependence on 42 of those variables replacing them by a sum over target
eigenstates. Unfortunately, this is an infinite sum. The target states are hard to represent
properly and it is also difficult to retain a large number of them in the scattering model;
as a result there have only been, as far as we are aware, a few previous computational
studies with moderrab initio program suites, of low-energy electron impact excitation of
N, (Gillan et al 1990, Huoet al 1987, Huo 1990). These calculations, while begtgte
of the artat the time of publication, were limited in their representation of thebNund
states with Huaet al (1987) and Huo (1990) using one configuration per state and Gitlan
al (1990) using a very small configuration interaction approximation. Recently Schneider
and Gianturco (1996) have studied resonancesirubing a large scale Cl method.

On the experimental side the major work on this system has been carried out by
Cartwrightet al (1977a, b), Trajmaet al (1983), Zetner and Trajmar (1987) and Brunger
and Teubner (1990) with all of these authors considering several of the transitions in the
valence manifold of M. The particular transition )(12:g+ — a 11‘[g has received the
attention of Ajello and Shemansky (1985) and Mason and Newell (1987). Additional
experimental work (Zipf and McLaughlin 1978, Zipf and Gorman 1980, Filippetial
1984) has concentrated on using electron impact excitation to obtain optical data on the
¢, 1=y — X 1E§, b, - X 15f, b IEF — X 15 and D%} — B3 electronic
transitions.

For technical reasons, associated with the apparatus, the only measurements frequently
made for electron scattering by molecules are angular distributions. Often these are only
possible over a restricted range of scattering angle. Thus, unless numerical extrapolation
techniques are used with their inherent potential for error, it is not usually possible for this
kind of experiment to yield total cross sections. This means that theorists must compute
differential cross sections in order to compare with experiment; these observables tend
to be a much more sensitive test of the convergence of various expansions used in the
model. Augmenting the confusion is the fact that there are some discrepancies between the
angular distribution measurements of different groups. It is in this situation that a better
computational model can shed some light on the problem.

The fact that this molecule is of fundamental importance in the atmosphere of our planet,
not least in the study of flow fields surrounding high-velocity space vehicles at re-entry,
encouraged us to enhance our previous work which was published several years ago as the
first application of the UKR-matrix codes to electron impact excitation of the nitrogen
molecule (Gillanet al 1990). Since that time we have gained, by considering targets with
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Figure 1. Potential energy curves computed by Ermgeral (1981) for the lowest 13 valence
states of N. This figure has been generated by plotting the results given by these authors for
the SD model in table VI of their paper.

fewer electrons (Branchett al 1990, McLaughliret al 1993, McLaughlin and Gillan 1995),
considerable experience in modelling electron impact excitation of diatomic molecules. At
the same time we have eliminated some deficiencies in our computer program suite which
we now believe had an adverse effect on our previous\e results. This paper therefore
reports on a more comprehensive, and we believe more accurate, calculation on electron
scattering from the pisystem. When a single configuration closed shell target state is used
in a scattering model, as is frequently the case in studies of elastic scatteringNp, ¢he
correlation of the incident electron with the motions of the target electrons is introduced
into the model using two particle—one hole terms (Giliral 1987). The situation is not

so straightforward when configuration interaction targets are used so we have studied the
various ways in which we can represent this correlation in Rumatrix studies.
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In the next section, the computational method is discussed, while the subsequent section
presents details of the scattering calculations. Our results for total and differential cross
sections for several transitions are shown in section 4 where they are compared with
experiment. In section 5, we discuss our results, and in particular the models used, and
conclude, in section 6, by indicating future directions for this research.

2. Computational method

Our numerical experiments have been performed usingRtmeatrix method in the form
developed by the UK group; algorithmic, computational and numerical features of the
computer program suite have been described by Gétaal (1995). TheR-matrix method

is anab initio approach to the solution of the scattering problem on an equal level with
the complex Kohn and Schwinger multi-channel methods (Rescignal 1995, Huo

1995) and has in fact benefited substantially from parallel developments in these software
packages. Our implementation of the technique has been described in detail in several
other publications, so only a brief summary is given here for the sake of completeness.
McLaughlin et al (1993) have discussed the application of the method, in great detail,
for a two-state excitation calculation om-eHe; scattering while Morgan and Tennyson
(1993) and Higginst al (1994) have reported oR-matrix studies of electronic excitation

in e —CO and e-0, scattering, respectively, with the latter work having been recently
extended to include vibrational motion (Higgies al 1995). The reader should realize,
however, that, while a tried and tested computational procedure is employed here, there is
a considerable difference in the chemistry of the molecules COard N, and therefore

in the physics of the electron scattering process.

We have invoked the fixed nuclei approximation meaning that the work reported here
has been carried out with the nuclei fixed at an internuclear separation @f,2.Dur
previous work (Gillaret al 1990) was carried out at the equilibrium internuclear separation
(2.068 ap) of the ground state of N Unfortunately, the lowest valence states are very
sensitive to small changes in the target-state representation at that geometry, their equilibria
lying to the right of the ground-state minimum. Choosing an internuclear separation that is
slightly closer to the valence-state minima reduced the aforementioned sensitivity as well
as giving a slightly larger energy separation between the valence-state thresholds.

Configuration space is divided into two parts known as the inner and outer regions, with
the former being a hypersphere definedrby 10.0 ag Vi, wherer; is the radial distance
of electroni from the centre of mass of the two nitrogen nuclei. The outer region, in the
electron scattering problem, is defined hy< 10.0 ag fori = 1, N andryy1 > 10.0 ag
for an N electron target. Th&-matrix radius of 1M qq is large enough that the target
state charge distributions are completely enveloped by the hypersphere. We checked the
stability of our calculations with respect to variations of this choice but found thét 0
was quite adequate, due, no doubt, to the fact that we are dealing only with valence states
of the target.

The solution to the non-relativistic Sdidinger equation for the scattering problem is
given by Vg,

Ve =Y Ay 1)
k
where they, are energy-independent basis functions andAhe are coefficients whose

value changes as we change the total endfgy The power of R-matrix theory lies in
the fact that thesdy, are independent of energy and need be constructed only once for all
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scattering energies. The form of tig is

Pe(xe, ..., Ty11) = AZ Qi (X1, ..., T, ON DN (T4 ijk
ij
+ Z Xi(x1, ..., TN Bk (2)
J

where A is the anti-symmetrization operator amd= (r;, 0;) stands for the space and spin
coordinates of théth electron. The function®; are eigenfunctions of the total spin operator,

52, and itsz-component,S., formed by coupling the products of the spin function of the
continuum electron with the target electronic stadgs The »; functions are continuum
molecular orbitals which are non-zero on the boundary of the inner region. The second
summation is over square integrable?) functions, x;, descriptive of states with all of

the electrons in bound orbitals. At the very least fhemust include the orthogonality
terms as defined by Gillagt al (1995); they are sometimes referred to as penetration terms
(Rescignoet al 1995).

3. Scattering calculations

Two principal features distinguish ore-matrix scattering calculation from another, given

a specific target and a particular choice for the bound and continuum basis functions. These
are the configuration spin function (CSF) expansions used for the target wavefunctions and
the CSF expansion used in constructing the scattering wavefunction. This is because the
R-matrix method is based on the configuration interaction representation of the wavefunction

in a common set of orthogonal orbitals. Thus we now consider each of these aspects in
turn.

3.1. Target state representation

The R-matrix method, in common with most otheb initio methods based upon a
configuration interaction representation of the collision process, depends internally on a
configuration interaction representation of those target states retained in the close coupling
expansion. Due to practical considerations associated with the size of the scattering
Hamiltonian, one is required to keep the target-states representation as compact as possible
but nevertheless to use target eigenfunctions which have notrelafyve energies but also
absolutemoments and transition moments which are as accurate as possible. The constraint,
mentioned earlier, that a single set of orthogonal molecular orbitals must be used, is imposed
solely by the algorithms used in our program suite.

A detailed study of the valence states of the nitrogen molecule has been presented by
Ermler et al (1981). For the reasons outlined below it was not possible for us to use
the work of Ermleret al (1981) directly, although we have used their basis of Slater-type
functions (STFs). Initially we computed a Hartree—Fock—Roothaan self-consistent field
(SCF) wavefunction for the )%EJ ground state of M and used the resulting orbitals to
initiate a complete active space self-consistent field calculation (CASSCF) on the ground
state and on each of the seven valence excited statés/A B 3I1g, W 3A,, B’ 3%,

a 'z, allly and wlA,; the active space was the valence space, as discussed by Ermler
and McLean (1980), and consists of the orbitals

log 1oy 204 20y 30 1y 1y 3oy.

The result of each CASSCF evaluation was a set of molecular orbitals which are optimum
for the particular state in question. A common orthogonal orbital set was constructed by
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picking various hybrid orbital sets from our CASSCF results, an approach similar to that
employed by Tennyson (1988). The hybrid orbital set giving the best overall target state
model is described in table 1. In the scattering calculations, the target states were generated
by using the same valence CI approximation but in the fixed hybrid orbital set; the computed
eigenenergies are presented in table 2 where they are compared with the work of&rmler

al (1981). For the states considered, our excitation energies agree with those of &rmler

al at the 4-8% level.

Table 1. Source of the orbitals used in building the hybrid orbital set used in expanding the
target states of Nand in generating th&? basis for the scattering calculations described in the
text.

Orbital designation Origin

16y, 20y, 30y, loy, 204, 3ou X 1Xj state (CASSCF)
1y, 1rg W 3, state (CASSCF)
4og, 4oy, 2my, 27g, 189, 18y X 1] state (SCF)

Table 2. Absolute energies in Hartrees and relative energies in electron volts for the eight target
states of N expanded in the hybrid orbital set discussed in the text. These are compared with
the singles and doubles (SD) results of Erngeal (1981) which have been interpolated to the
bond length of 2L ag.

Target state  Number of  Absolute energy  Excitation energy ~ Ergtlat

designation  CSFs (Hartrees) fr0m1>£g+ (eV) (1981)
X1zg 96 —109.1215 0.00 0.00
A3zt 100 —108.8408 7.63 7.32
B 3,4 164 —108.8074 8.54 8.09
W 3A, 88 —108.7866 9.11 8.55
B 3%, 68 —108.7602 9.83 9.46
almg 120 —108.7577 9.89 9.61
alzy 100 —108.7389 10.41 9.66
w Ay 68 —108.7268 10.74 10.07

It is important to point out that this target description is substantially better than the one
used in our previous paper (Gillat al 1990) and although still limited, it gives a fairly
consistent treatment of all eight target states discussed. In the recent work amich is
doubly bonded, Higgingt al (1994), also used a valence Cl approximation but employed
only SCF orbitals; we have found, empirically, that a similar treatment is not adequate for
N,. Additionally, we have found that to improve on our present model we require an order
of magnitude increase in the length of the Cl expansions for each state!

3.2. Continuum problem: inner region

Our early work on elastic scattering im-eN, (Gillan et al 1987) used the two particle—one
hole model to construct theV + 1) particle space, i.e. the CSF space for the scattering
problem. This procedure is straightforward due to the fact that a single configuration closed
shell target wavefunction was employed. Gillanal (1995) have discussed the extension

of this approximation to the situation in which a CI representation of the target states is
used. In this paper we describe a further refinement of the approximation and compare
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quantitatively the various levels involved using tHeéy scattering symmetry as a specimen
case.

Within each symmetry of the orbital set that we used in the scattering evaluation there
were valence space orbitals defined in the previous section, single virtual orbital from
the ground-state SCF calculation and a numbecaftinuumorbitals; table 3 presents a
summary of the total orbital set that we used. The virtual orbitals obtained in the SCF
calculation are representative of a single electron outside a target charge cloud. In our
scattering calculations we generate configurations in which the scattering electron populates
these virtual orbitals. The virtual orbitals are two-centred with centres on each nitrogen
nucleus. When these are expanded around the centre of mass of the system, where the
continuum basis functions are located, they give rise to angular momentum values much
higher than the few partial waves included in that numerical basis set.

Table 3. Division of the orbital set for each scattering symmetry.

Symmetry  Valence Virtual ~ Continuum
g log, 204, 30y 4oy 5..., 250y
y loy, 20y, 3oy 4oy 5, ..., 2504
Iy 1my 2my 3..., 23my
gy 1ng 27y 3,..., 157
Ag 184 2,...,148
Ay 18y 2,..., 145,

Looking at the resonarfilly scattering symmetry in particular, thig, can be analysed
into parts as follows.
(1) The first part of eaclR-matrix basis function

164 16}, {204203041my1mg30u}'° (5 ) {3y . . . 15mg} (*TTg)

consists of the direct product of the; CSFs defining the target space with one electron in
the continuum space.
(2) The L? part of eachy, may be further divided into three pieces:
(a) orthogonality (penetration) CSFs

16¢ 10Z (2042043041 130y} 0 (57 {274}t (*TTg)

accounting for the fact that the continuum molecular orbitals are also orthogonal to the
unoccupied virtual orbitals;
(b) correlation CSFs

164 16 {204203041my1mg30u} (Tl ).

where the scattering electron enters the charge cloud of the target state;
(c) two particle—one hole additional correlation CSFs

16 102 (2042030417, 14304}° (Z) ® {40y, dou, 2y, 2mg)* (*T1g).

These CSFs are analogous to the two particle—one hole terms for the SCF target but are
vastly increased in number with a Cl target. The quarffitpdicates that the nine remaining
target electrons must have their coupling restricted to represent a tamgetFor the N
ground stateZ takes the valuedsy, 2%, Iy, 2Iq etc. The same analysis may be carried
out for any scattering symmetry.

Note that the target eigenvector coefficients associated with each CSF have not yet
been accounted for. They are in fact introduced to the type (1) configurations prior to
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diagonalization of the Hamiltonian matrix. Our previous study (Githal 1990) neglected
phase differences which arise from treatiNgand (N + 1) electron Cl problems. In the
present work the correct phases were ensured by using a method presented bt aDrel
(1991).

We have applied the above model, which we shall label case A, and have investigated
two variations on it which we label cases B and C. In all models we must, of course, have
the CSFs defined in (1) above, so that the difference between the models lies in the terms
defined in (2). In cases B and C we omit CSFs of type 2(c). The CSFs of type (1) are
contracted with the respective target-state eigenvectors in the final Hamiltonian. The CSFs
of type 2(a) are similar in structure to type (1); in case C we have contracted these, also,
with target-state eigenvectors.

3.3. Continuum problem: outer region

The outer region section of the collision problem was handled by adopting a single centre,
no exchange, close coupling expansion of the wavefunctiymatrix propagator (Baluja

et al 1982) and accelerated Gailitis expansion methods (Noble and Nesbet 1984) were
employed in the solution. The direct potential in these calculations contained contributions
from ground- and excited-state quadrupole moments as well as all transition dipole moments
coupling the eight target states. At each scattering energgthmtrix was used to match
outgoing wave solutions and their derivatives, a procedure which permits the evaluation of
a K-matrix. Once thekK-matrix is available, standard formulae may be invoked to produce
physical observables for comparison with experiment.

4. Results

4.1. Comparison of models A, B and C

Although the aim of this work is to study electron impact electronic excitation, it is
instructive to consider the behaviour of the well knothy shape resonance. This resonance

has been observed many times experimentally but direct comparisons with experiment are
not possible without simultaneous treatment of nuclear motion. Instead, in table 5, we
compare with the fixed geometry result of Morgan (1986) computed as part of a non-
adiabatic nuclear motion calculation which gave good agreement with experiment. Of
course this resonance has also been the subject of many theoretical studies, some of which
are discussed below.

Figure 2@) illustrates the partial cross section, symmetifly, for the excitation
X 1Zg+ — A 3%} computed with the three models A, B and C discussed in the previous
section. The most striking feature of this figure is the very close agreement between the
cross sections obtained using the three models.

Figure 2p) compares the same results for the transitioh2" — B 3I1g. In this case
models A and B again give essentially the same results, although the cross sections obtained
using model C have a much less pronounced peak at threshold than the other two models.

This indicates that the absence of the two particle—one hole terms (type 2(c) in section
3.2) does not here have an adverse effect on the modelling of the excitation process.
Moreover, the extra contraction that has been introduced, case C, also has only a moderate
effect. The problem of designing the best model will be discussed further below.
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Table 4. Structure and dimension of the Hamiltonian for ﬁi@g scattering symmetry.

Target Continuum Total
states CSFs orbitals Number CSFs
X1zy 96 7 13 1248
A3zt 100 @y 21 2100
B3Ny 164 o 21 3444
8q 13 2132
W 3A, 88 my 21 1848
B3y, 100 9wy 21 2100
o 64 my 21 1344
allly, 120 oy 21 2520
8q 13 1560
w Ay 68 my 21 1428
Subtotal 19724
L? 1193

Total CSFs 20917

Table 5. Position and width of the [ 2I1g shape resonance for an internuclear separation of

2.1agp.

Calculation E. (eV) T, (eV)
Model A 2.785 0.719
Model B 2916 0.728
Model C 3.024 0.770

Morgan (1986)  2.122 0.302

4.2. Integrated cross sections

Results for cross sections for the optically forbidden transitions from th%):g( state
obtained using model B are shown in figure 3. They are compared with the energy-loss
experimental measurements of Trajneaal (1983) and in the case of thel)iﬁér — A3zt
transition with the data from optical transmission measurements of Borst (1972). Note that
the cusp in our X'$§ — A 3%} cross sections at about 8.5 eV is associated with the
B 3I1,4 threshold.

On the whole there is good agreement between theory and experiment in the figures, in
particular for the X'=} — B I, transition, which is in marked contrast to our previous
paper (Gillanet al 1990).

4.3. Differential cross sections

Differential cross sections were generated using the code oéddal(1990), figures 4(a)

and 4(b) show our differential cross sections, calculated using model B, for the excitation
X 12; — A 3%} atimpact energies of 10 and 15 eV. At 15 eV, in figure 4(b), comparison

is made with the measurements of Trajreial (1983) as well as the more recent data from
Brunger and Teubner (1990). Since the latter authors did not report on any lower impact en-
ergy only the data from the former group is shown at 10 eV, figure 4(a). We have not shown
the extrapolations to lower and higher angles that were computed by Trejrah(1983).
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Figure 2. Comparison of integrated cross sections computed using configuration models A, B
and C as explained in the texia)(X 2§ — A 3%; (b) X 1= — B 31,

Our calculations show that the excitation process is dominated b?l’llgescattering
symmetry, with a significant contribution from tH&l, which is reflected in the overall
shape of our differential cross sections. At both impact energies we obtain essentially the
opposite behaviour to that exhibited by the Trajretial (1983) results, although at 15 eV
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their large angle results are similar to ours. Also at 15 eV, our mid-range behaviour is in
excellent agreement with the Brunger and Teubner results while at small angles we have a
qualitatively similar shape to theirs. The fact that our calculation is within the fixed nuclei
approximation, and therefore measures a slightly different physical process, may explain
the difference between theory and experiment. Our theory however provides a consistent
set of values for the differential cross sections across the entire angular range. This is a
feature which is lacking in the experimental measurements.

5. Discussion

One objective of this study has been to analyse the different models used to construct
scattering wavefunctions in thR-matrix method. The essential problem is one of balance.
To obtain reliable calculations, especially for properties such as resonance position, it
is essential to treat both th& electron target calculation and th@& + 1) electron
scattering calculations in an even-handed fashion. In particular it is important that the
scattering calculation does not artificially improve the representation of the target. This
is easily achieved for target single configuration (SCF) wavefunctions but is not nearly
so straightforward when employing the multi-configuration (Cl) expansions which are
necessary for the accurate treatment of electronic excitation.

All three models employed here have been used in previdumsatrix calculations
concerned with electron impact electronic excitation of molecules. This variety is caused by
uncertainty over the best means of representing polarization in the scattering calculation. The
coupled states expansions (configurations of type (1)) used in all coupled states calculations
have a dual purpose. They provide the physical states into which electronic excitation occurs.
They also provide flexibility in the target wavefunction which allows for polarization during
the collision. For this reason most atonfematrix calculations use extra, ‘pseudo’ target
states to represent the polarization interactions (Burke and Berrington 1993).

Including many target states in molecular calculations is computationally expensive and
therefore models have been explored which allow for polarization effects by other means.
The easiest way of doing this is via two particle—one hole (2p—1h) configurations (type
(2c) above). Such configurations are the standard means of introducing polarization into
calculations involving a single target state (Gillahal 1987). For a single configuration
target, Brillouin’s theorem can be used to show that 2p—1h configurations cannot improve
the representation of the target. Brillouin’s theorem does not apply to Cl wavefunctions and
there is a real danger that in employing 2p—1h configurations one not only improves the
representation of the target polarization but also the representation of the underlying target
wavefunction.

Noble and Burke (1992) correctly predicted new resonances in Jhgy€tem. However
these workers, and subsequent calculations (Higgtrel 1994), have consistently found
resonance positions which are too low in comparison with experiment. Noble and Burke
included 2p—1h configurations in their model, which was similar to model A above. It
is possible that these configurations artificially lowered their target states in the scattering
calculations, thus giving the appearance of lowering the resonance positions.

Dropping 2p—1h configurations from the model, model B above, gives a model which
is superficially free of the problems associated with model A. However, this is not strictly
true. Within a complete active space (CAS) representation of the target wavefunctions
such as the one used here, addition of an extra electron to the CAS, configurations
type (2b) above, cannot alter the representation of the target. Conversely the use of
unconstrained orthogonality (penetration) configurations, type (2a) above, can actually lead
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Figure 3. Total cross sectionsﬂ(z) for the four transitions, &) X 12; — A 3%}, (b)
X 1):5r — B 3, (c) X 12;; — W 3A, and @) X 12;; — B’ 3%;. The full curves are our
calculated data using model B and the experimental points are from Trajna&(1983), O ,
and from Borst (1972)A.

to improvements of the target wavefunction.
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Figure 3. (Continued)

For this reason we have also explored model C, which contracts the orthogonality CSFs
with the target wavefunction. This model is really ‘pure’ close coupling with no attempt to
represent polarization effects by other means. Close coupling models have recently provided
some excellent results when applied to atomic targets (Bray and Stelbovics 1995a, b).
However, these calculations rely on very large close coupled expansions for simple (one
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Figure 4. Differential cross sections a&) 10 eV and ) 15 eV impact energies for the transition
X 123 — A 3%, the units are 108 cn? per steradian. The full curves are our calculated data
using model B while the experimental data from Trajreaal (1983), O , and from Brunger
and Teubner (1990}),], are shown for comparison.

electron) targets. The application of such expansions to a molecule like nitrogen is at present
well beyond the bounds of computational possibility. In particular, recent calculations using
the Kohn variational principle (Rescigno 1994) suggest that electron molecule calculations
may prove particularly poorly convergent with respect to the inclusion of target states.
After highlighting the differences between models A, B and C it may appear somewhat
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surprising that the results we report here were only moderately sensitive to the choice of
these models. However the differences between these models are entirely dependent on
the (virtual) target orbitals outside the CAS which are retained in the calculation. After
much experimentation we chose only to retain a single virtual orbital of each symmetry,
many fewer than have been used in some calculations (e.g. Morgan 1991). Undoubtedly the
shortness of this expansion tends to suppress some of the differences between the models.

We now turn to the comparison éﬂg resonance positions given in table 5. Previous
studies of this resonance (Morgan 1986, Gikdml 1987, 1988 and references therein) have
all been performed using single configuration (SCF) target wavefunctions. It is a general
feature of moving from an SCF to a CI target that resonances move up in energy and
broaden. This behaviour is a reflection of the better treatment ofvtleectron problem
and is clearly displayed here. Recovery of the correct behaviour of the resonance with
the improved target wavefunction requires either the inclusion of more targets in the close
coupling expansion or some other means of recovering polarization effects which are present
in the models based on SCF targets but difficult to include reliably for a CI target.

It is interesting to note the comparative stability of our calculations compared to the
model employed in previous calculations. For example, Gidieal (1988) found positions
which varied by more than 1 eV and widths by a factor of two in calculations which differed
by far fewer 2p—1h CSFs than the models employed here.

It would be desirable to conclude this section with a firm recommendation as to how
to generate reliable wavefunctions for electron impact electronic excitation calculations.
Unfortunately all three models employed here have positive and negative aspects; the
appropriate model for a particular calculation is therefore likely to remain a matter of
judgement.

6. Conclusions

This paper presents detailed results of an application ofRtmeatrix method to electronic
excitation of the target ineN, scattering; integrated cross sections have been computed
and compared with experiment for optically forbidden transitions from the ground state. In
this work we have refined and extended an existing model for the treatment of projectile—
target correlation and quantified the various levels within our scheme for one test case. The
results obtained compare favourably with existing experiments and our computations also
yield a wealth of data on other scattering energies where no measured data are yet available.
This will be reported in detail elsewhere (Gillan and McLaughlin 1996).

The major limitation of the present model is that the nuclei have been constrained to a
single fixed geometry. Unfortunately, it is not straightforward to generalize this calculation
to include nuclear motion. This is because the eight state approximation used here would
not be valid as one approaches either the united atom or the dissociation limits. It is clear
from the potential energy diagram for,Nisee figure 1) that the’/Rx ", C *I1, and G3A
states would have to be included in the model beyesn2l 75 ag.

We are, however, extending olR-matrix codes to handle a larger number of more
accurate states (Tennyson 1996). This should lead not only to calculations which can treat
the full range of internuclear separations reliably, but also to ones which can treat the many
other electronic excitations in the system which have yet to be the subject of a high-level
theoretical treatment. Extra target states are also required to give a reliable treatment of the
2114 resonance within the present models.

The knowledge gained in studying this system is already playing a vital role in the
R-matrix calculations on electron scattering by diatomic molecules of similar size. It
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will also prove invaluable in the study of electron impact excitation of heavier and larger
molecular systems.
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