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Abstract me molecular R-matrix method has been used to perform ob inirio positron-Nz 
scattering calculations in the fixed-nuclei approximation. Various treatments of plariza- 
tion and correlation effects have been studied, including the introduction of up to 22 
polarized pseudostates. A model in which the N2 comprised an scP ground slate and 
IO excited pseudostates was adopted for 12 internuclear geometries ranging fmm 1.6 to 
2.9 40. Vibrationally elastic and inelastic cross sections are obtained using the adiabatic 
nuclei approximation and a non-adiabatic model. Non-adiabatic effects are significant 
for the v = 0 - 1 cross section (and dominate the small v = 0 - 2 result). Some 
early calculations at the equilibrium geometly (R = 2.068 ao) have k e n  corrected. 

1. Introduction 

The complicated many-body nature of the short-range interaction between an electron 
and a molecule has encouraged the development of methods relying on a partition- 
ing of configuration space into short- and long-range parts (Chang and Fano 1972, 
Morrison 1983). The utility of the molecular R-matrix method derives from the ap- 
plication of quantum chemical electronic structure programs to treat the bound and 
single continuum electrons within a sphere encasing the target charge cloud. In the 
outer region the electron-molecule interaction potential is local and may be written 
in terms of the multipole moments and polarizability of the target. 

In an earlier paper (Danby and Rnnyson l m b ,  hereafter referral to as I) 
we discussed the implementation of an R-matrix program package generalized to 
deal with positron4atom collisions. The most important modifications occur in the 
construction of the Hamiltonian matrix elements between mixed electron-positron 
configurations in the internal region. For positron collisions, bound-free exchangc is 
absent and polarization+mrrelation effects are more pronounced due to the ability 
of the positron to enter occupied molecular spin orbitals. We can therefore study 
and test ab initio models for the treatment of polarization and correlation without 
the complication of the exchange interaction which plays such an important role in 
electron scattering. Furthermore, the opposing signs of the static and polarization 
potentials, and the resulting cancellation, impose more exacting requiremenrs on the 
solution of the SchrOdinger equation both inside and beyond the R-matrix sphere. 
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The interplay between projectile and nuclear motions, which must be taken into 
account for a treatment of vibrational excitation, is very different for electrons and 
positrons. The repulsive static interaction slows down an incident positron as it 
approaches the nuclei, leading, as we show below, to a cross section for vibrational 
excitation which is larger than that determined in the adiabatic nuclei picture. 

While studies of positron scattering complement the larger body of electron work, 
an important motivation for the current project is the recent development of electro- 
static traps capable of storing large numbers of positrons. In the apparatus of Surko 

inelastic processes likely to play a leading role at energies below a few eV 
AI1 positron-N, calculations reported to date have been concerned with vibra- 

tionally elastic collisions. While Mukhejee a a1 (1989, 1991) have performed a 
close-coupling study of rotationally inelastic e+-N, collisions, remaining results are 
for total cross sections (equivalent, at the adiabatic level, to a sum over all final rota- 
tional states) with the N, nuclei frozen at their equilibrium geometry. By neglecting 
velocity-dependent effects and virtual positronium formation, Elza ef a1 (1989) have 
calculated an ab inifio polarization potential subsequently modified by a spherical cut- 
off function parametrized to obtain agreement with experimental cross sections. This 
work demonstrated the qualitative difference between the polarization-correlation in- 
teractions for positrons and electrons out to at least 5 a,. Gibson (1990, 1991) has 
applied a 'distributed positron' model to treat correlation effects in e+-H, scatter- 
ing, the successhi outcome of which shouid encourage anaiogous work on N,. in 
all cases the polarization-correlation potentials are added to the static interaction 
(exactly that for e- scattering, but with a sign change). Calculations on low-energy 
positron-molecule, including N,, collisions have been reviewed by Armour (1988). 

In the first application of the molecular R-matrix method to positron collisions, 
Rnnyson (1986) treated the interaction at the (ab inifio) configuration interaction (CI) 

occupied and virtual molecular orbitals (MO) determined from an SCF calculation on 
the ground state of N,. A similar calculation was also reported for H,. Polariza- 
tion configurations were formed from one-electron excitations of the target with the 
positron entering MO determined by the overall symmetry. These two-particle-one- 
hole states allow for short-range polarization. In follow-up calculations, Rnnyson 
and Danby (1987) further added the asymptotic polarization potential in the region 
outside the R-matrix sphere, beyond 10 a,. As expected, this had most influence on 
the total cross sections at the lowest scattering energies studied (0.014.09 Ryd), but 
disagreement with the experiment of Hoffman ef al (1982) persisted in this range. 
This provided strong motivation for extending the calculation to include excited target 
pseudostates which have been shown to effectively account for longer-range polariza- 
tion within the R-matrix sphere for electron-N, collisions (Gillan et a1 1988). 

In I, we pointed to a programming error which beset the R-matrix calculatlOnS 
(Danby and Rnnyson 1988) prior to 1989. The results of corrected calculations on H, 
(Danby and Rnnyson 199Ob) and HF (Danby and Rnnyson 1990a) appear elsewhere. 
In section 3, we include corrected cross sections which demonstrate that the treatment 
of polarization adopted earlier leads in fact to poor agreement with experiment 
(Hoffman ef al 1982, Charlton et a1 1983) at all energies below the thresholds for 
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Prior to this, in section 2, we provide an outline of the molecular R-matrix 
method, with particular emphasis on the differences due to scattering by a positron. 
Additional problems are encountered when one moves on from fixed-nuclei dCUla- 
tions at the equilibrium geometry to consider vibrational excltation: a set of electronic 
structure calculations must be performed at several fixed geometries as a prelude to 
either an adiabatic (section 4) or nonadiabatic (section 5) treatment of nuclear mo- 
tion. For a given total symmetry, the number and types of electron/positron configu- 
rations are heia constant for aii geometries as determined from convergence studies 
at equilibrium. 

2. Theory 

The current implementation of the molecular R-matrix method has been described 
by Gillan et a1 (1987) and Morgan (1990). The generalization to positron scattering 
is dealt with in I. For a fixed-nuclei calculation in the body frame ( z  axis parallel 
to the internuclear axis), the wavefunction of the electrons and positron inside the  
R-matrix sphere (a = 10 a, in this work) is: 

.-. v- I . , \ =  r.\ " l  

wyI(z1,. . . ~ z N , ~ N + l ; ~ j  = ~ C i j b \ n / ~ ; ~ z l , . .  ,zN;Rjqj(TN+l;nl~~uN+lj . .  
'1 

-k Cdik4i(Zir...rZ~;R)4I(rN+iiR)P(u~+i). (1) 
i 

In the present work, the ai represent the SCF ground state, X 'E,'. and dipole po- 
larization pseudostates of 'Cf and 'II, symmetry constructed (by a CI calculation) 
from single excitations from selected target MO. These are expressed as a linear com- 
bination of the 22-function basis of nuclei-centred Slater-type orbitals (STo) described 
by Tentyon (1986). These sm were used for all geometries. In (l), the parametric 
dependence on internuclear geometry, R, is indicated explicitly. 

The MO, q, representing the continuum positron, are constructed by numeri- 
cally solving, subject to suitable boundary conditions, the Schrodinger equation for 
a central potential. This is taken here to be the isotropic part of the e+-N, static 
interaction. Solutions with energy below 9 Ryd for the lowest 3 partial waves, e, 
appropriate for each of the six symmetries studied (E,', .E:, II,, IIg, As and A"), 
are retained. Continuum MO are then formed by orthogonalizing all such solutions 
to the short-range positron MO, +'. These were taken to be the same as the target 
MO, i.e. obtained from an SCF calculation on the ground electronic state. A Schmidt 
orthogonalization to all the short-range MO of the same symmetry is preceded by a 
Lagrange orthogonalization (Tennyson et a1 1987) of the continuum orbitals to the 
la,, luu and 17ru target MO. Generating continuum basis functions whose derivatives 
are zero on the R-matrix boundary obviates the need to introduce a Bloch operator 
into the Hamiltonian (Gillan et a1 1987). 

The ground state configurations in (I), where '3; is the SCF X '.E: state, corre- 
spond to a calculation with a static potential. In this case, corresponding short-range 
terms with 4; = Qi  must be present in the second summation in (1) to relax the 
orthogonality imposed on the q.  The off-centre nature of these corrclalion config- 
urations also accounts for some of the higher partial waves omitted from the first 
summation, which are needed to converge the calculation at short range in the region 
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of the nuclei. The remaining terms in the second summation are fwo-particle-one- 
hole polarization configurations, with 4i being singlet spin states consisting of single 
excitations of the target, and the positron occupying those 4; appropriate to the total 
(electrons and positron) symmetq under consideration. The strategy of adding polar- 
ization pseudostate configurations to the first summation was shown to significantly 
improve the resulting total fixed-nuclei cross sections for e+-H, reported in I for 
energies up to at least 1 Ryd. For convenience we shall refer to  this as infemtediafe 
range polarization to distinguish it from the short-range polarization provided for by 
the two-particle-one-hole configurations. 

Following I, the matrix elements between the configurations in (1) of the 
electronicpositronic Hamiltonian are evaluated, with subsequent diagonalization 
yielding the eigenvalues (poles) and eigenvectors of the R-matrix. The effect of 
higher poles is allowed for by applying a Buttle correction (Buttle 1967, Shimamura 
1978) to the diagonal R-matrix elements. The resulting spectral representation of 
the R-matrix, evaluated at the surface of the R-matrix sphere, provides the necessary 
boundary condition for the solution of the body frame ked-nuclei differential equa- 
tions (e.g. Morrison 1988) in the external region. An R-matrix propagator (Morgan 
1984a) was used out to 80 ao, a t  which point a Gailitis asymptotic expansion (Noble 
and Nesbet 1984) is used to facilitate the extraction of the IC-matrix (and hence 
eigenphase sums) from the known scattering boundary conditions. The T-matrix, and 
hence the total cross section, is then readily obtained. 

In order to  treat vibrational excitation, the above procedure is repeated for a 
series of nuclear geometries. The observed absence of resonant scattering, in stark 
contrast to the case of e--N, (Morgan 1984b, Gillan et al 1987, 1988), encourages 
the application of the computationally convenient adiabatic theory of Chase (1956). 
The T-matrix for vibrational excitation is then given by averaging the rued-nuclei 
T-matrices over initial and final vibrational states, 0": 

For 0, we use Morse oscillators corresponding to a potential of the form: 

V ( R )  = Eo + De{l -exp[-P(R-  Re)]}'. (3) 

The values for the parameters (E,,, De,  p, Re), chosen to fit the computed sCF en- 
ergies of N,, are (-108.972972Eh,0.798E,,1.118 a;',2.0291 ao).  The value of 
De is about twice the actual well depth of N,, a reflection of the small anharmonicity 
of the internuciear potentiai in the reievant region of the minimum ana of our use 
of the SCF approximation. 

The failure of the adiabatic approximation near threshold has been well docu- 
mented for electron-molecule collisions (Morrison et al 1984, Morrison 1988). It 
can partially be remedied by scaling the resulting cross sections by the ratio of the 
wavenumbers relative to final (U') and initial (U) states, k*,/k,,. In this work results 
are obtained without any such modifications as we are largely concerned with energies 
away from threshold. 

The vibrational R-matrix method of Schneider ef al (1979) can in principle provide 
an exact treatment of nuclear motion, equivalent to a full close-coupling calculation. 
In this generalization, the R-matrix sphere becomes a hypcrsphere with radii corre- 
sponding to the scattering coordinate, T, and the internuclear radius, R. Physically, 
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F@m 1. R-matrix pole positions with ll. symmetry as a function of N2 bond length 
(chain curve). The open circles represent our calculated N2 SCF energies and the solid 
C U I V ~  our Morse ptential fit to them. 

the fixed-nuclei R-matrix poles, E (  R), act as potential curves for the nuclear vibra- 
tion. The presence of avoided crossings (figure l), an indication of the rapid variation 
with R of the electronic-positronic wavefunction V,, necessitates an evaluation of 
matrix elements of the nuclear kinetic energy operator between e-/e+ configurations 
(Gillan et a1 1987, Schneider 1983). However, the regular behaviour of the lowest 
poles in figure 1, which was found in the present work to be typical of all symme- 
tries, encourages the appiication oi  a simpiified treatment which shouid be vaiid at 
energies near threshold where the breakdown of the adiabatic nuclei approximation 
is most severe. For these poles we assume the e-/e+ wavefunction varies slowly with 
bond length so that the poles, E K .  and eigenvectors of the vibrational problem are 
obtained from the solution of (Gillan et a1 1987): 

where p is the reduced mass of the nuclei and c,( R) is a basis function, which in this 
work is a shifted Legendre polynomial (Morgan 1984b), representing the vibrational 
motion. The variational coefficients, 7. relate to the generalization of (1) to include 
nuclear motion: 

C~'k(21 , . . . ~ N , ~ N + ~ ; R ) C " ( R ) Y K ~ ~ ~ .  ( 5 )  
kv 

By including corrections due to the lowest poles, we relax the channel degeneracy 
aspect of the adiabatic approximation, known to be its most important flaw (Morrison 
ef a1 1991). An adiabatic average of the contribution to the R-matrix arising from 
the higher poles completes the inner region calculation. 

In the outer region, we perform a full vibrational close-coupling calculation, eval- 
uating the vibrational matrix elements of the quadrupole moment and dipole polar- 
izability tensor. The results quoted in the present work, however, treat the outer 
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region polarizability as being geometry independent (since only the R = 2.068 a, 
value appropriate to the present target basis Set was available to us). %sts performed 
(at the adiabatic level) with the geometry-dependent polarizabilities of Morrison and 
Hay (1977) indicate that, while no significant error is introduced into the vibrationally 
elastic cross section, the v = 0 - 1 cross section may be underestimated by 5% at 
0.6 Ryd rising to over 20% below 0.1 Ryd. 

G Danby and J Tennyson 

3. Results 

3.1. Nucleified af equilibrium geomeny 

In order to test various models for e+-N, scattering we performed a series of calcula- 
tions with the target frozen at its equilibrium hondlength of 2.068 a,. The calculations 
mainly focused on including short-, intermediate- and long-range polarization effects. 
Initially the calculations retained 17 target MO (set 1): 1-5-70,, 14-70", 1-3au, 1- 
3r6, 16 and 16,. They considered all symmetries up to A, and retained the lowest 
three pa8rtial waves in each symmetry in the continuum basis. 

The simplest model considered was the static (S). This included so called correla- 
tion configurations in the inner region but made no allowance for target polarization. 
The outer region potential was given only' by an N, quadrupole of -0.8863 au de- 
termined from our SCF calculation. This may be compared with the experimental 
value of -1.04 (see, e.g., the tabulation of experimental and theoretical quadrupole 
moments and dipole polarizabilities given by 'Rail ef a1 1990). Short-range polar- 
ization effects were allowed for in the SP model (analogous to the sP4 calculation of 
Rnnyson 1986) by allowing for two-particle-one-hole excitations of the target MO. All 
such excitations consistent with the total symmetry were retained in the calculation 
giving a total of (220, 221, 290, 291, 185, 186) polarization configurations for total 
symmetries (E:, Xi, nu, I18,Ag,Au). 

Intermediate polarization effects were studied by including polarized pseudostates 
in the calculation (Gillan el a1 1988, Danby and nnnyson 199%). In the splo model 
pseudostates were constructed by considering one-electron excitations from the 3-70~. 
2-70" and lru MO to 4a8, 5ag,3u, ,4~, ,2a, ,  la8, 16,, 16,. The five states obtained 
by diagonalizing each of the resulting Hamiltonians with I X i  and 'nu symmetry 
were used as pseudostates. In the splop model, polarization effects were included 
in the outer region potential by explicitly including the N, polarizability obtained by 
Gillan ef a1 (1988) using the same SCF basis set as the present work (a, = 9.323 au, 
a2 = 4i9i auj. Tie comparabie experimentai vaiues of a,, ana a2 are, respecuveiy, 
11.744 au and 3.08 au ('Rail ef a1 1990). This effect could also have been produced 
by explicitly retaining the pseudostates in the outer region, but this is computationally 
more expensive. 

In our most sophisticated model, SPZZP, we retained all 22 target MO (set 2 1-70,, 
1-7-70,, 1-3ru, 13a, ,  16, and 16,) in the calculation. In this case the two-particle 
one-hole excitations generated (473, 473, 483, 483, 263, 263) configurations for total 
symmetries (E,', Et, II,, 118, A,,A,). Excitation from 3u8, 2uu and la, to 4-7-70,, 
3-7-70,, 2-3aU, 1-3ag, 16,, 16, gave 12I.Z: and lO'n, target pseudostates. Again 
the polarizability of N, was included in the long-range potential. 

Figure 2 compares eigenphase sums calculated for the models given above for 
the lowest three symmetries. It is notable that for all symmetries the eigenphase sum 
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increases monotonically as our treatment of target polarization effects is improved. 
Thus the static calculations with CS+ symmetry give only negative eigenphase sums as 
the potential is purely repulsive. Similarly the SP model gives negative CB+ eigenphase 
sums, except possibly at very low energies. However away from threshold the inclusion 
of short-range polarization effects leads to a significant increase in the eigenphase 
sums in all symmetries. The most significant increase in eigenphase sum, particularly 
at low energy, is obtained by including intermediate-range polarization effects by using 
pseudostates (SPIO, SPlOP, sP22P). With pseudostates included the CB+ eigenphase sum 
becomes clearly positive at low energy and the eigenphase sums in both C: and II, 
symmetry show pronounced peaks in the 0.1-0.2 Ryd region. 

...... 
'. . I - - SPlOP 

- SPZZP 
- . 6  " " " " ' 

0 . 2  . 4  . 6  . E  1.0 

Figure 2. Eigenphase Sums as a function of model 
for e+-N? collisions with R = 2.068 00: ((1) E:, 
(6) E$, (c) E.. Dotted cuwe: static; double chain: 
static plus shon-range polarization (SP); dashed: SP 
plus 10 pseudoslates (spin); single chain: SP10 plus 
long-range polarization (SPIOP); solid SP plus 22 

D ..( 
..... 

SPLOP 
SPZZP , , , 

, . I  . . 1, pseudostates and long-range polarization ( S m ) .  - . 6  
0 

Energy (RYI 

n b l e  1 compares our best results, the SPZP model, with the recent Kohn cal- 
culations of Armour and Plummer (1991). Given that the two calculations use very 
different techniques for including polarization effects, the level of agreement is per- 
haps surprising. 

Figure 3 compares our cross sections, calculated by summing the contributions 
from all symmetries up to A,, for various models with those measured by Hoffman ef 
a1 (1982) and Charlton ef a1 (1983). The measurements of Sueoka and Mori (1984), 
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Table 1. Eigenphase sums, in radians, for posilron-lrlz (R. = 2.068 ao) scattering as 
a function of energy for our  best mcdel (SPZZP). The results of Armour and Plummer 
(1991) are given for  C: and E?. symmetries as a comparison. 

0.01 0.054 0.060 
0.04 0.001 0.028 
0.09 -0.088 -0.056 
0.i6 -".Leo -U,,+> 

0.25 -0.292 -0.374 
0.36 -0.395 -0.460 
0.49 -0.499 -0.577 
0.64 -0.608 -0.677 
0.81 -0.716 -0.782 
1 .lo -0.824 

a Armour and Plummer (1991). 

. "" ". ,z 

~~~~ ~ ~~ 

0.042 
0.108 
0.163 
0.i86 
0.173 
0.132 
0.074 
0.002 

-0.075 
-0.lS1 

0.050 0.006 
0.117 0.018 
0.200 0.023 
0.255 0.0i7 
0.227 -0.009 
0.176 -0.059 
0.113 -0.122 
0.030 -0.173 

-0.061 -0.194 
-0.189 

0.007 
0.022 
0.042 
0.067 
0.094 
0.117 
0.132 
0.141 
0.143 
0.134 

0 . m  0.002 
0.004 0.007 
0.011 0.013 
0.918 0.02i 
0.027 0.030 
0.035 0.040 
0.041 0.051 
0.044 0.061 
0.044 0.071 
0.042 0.080 

i . ' ,  , , , , , 
0 0 2  0 4  0 6  0 8  1 0  

Energy I R y d  

Figure 3. Total cross sections as  a lunction of mcdcl lor e+-Nz collisions with R = 
2.068 ao: Dotted CUNC: static; double chain: static plus shon-range polarization (SP); 
dashed SP plus 10 pseudostates (spto); salid: SP plus 22 pseudostates and long-range 
polarization (SRZP). Experiment: 0, Hoffman el 01 (19EZ); e, Charlton el 01 (1983). 

which are omitted from figure 3, are in agreement with the quoted experiments. 
Despite the inclusion of pseudostates, our best calculations significantly underestimate 
the low-energy cross section. Because of this our correct prediction of the cross 
section between 0.25 and 0.6 Ryd may be thought fortuitous. However, we note 
that similar behaviour was found for e+-H, in I. It would appear that this energy 
region is less sensitive to short-range polarization effects; a view supported by the 
model calculations of Elza ef a1 (1989). At higher energies we would not expect 
to reproduce the observed total cross section as our calculations inciuded neither 
positronium formation nor N, electronic excitation. 

It should be noted that the SP eigenphase sums (figure 2) and cross sections 
(figure 3) supersede those presented previously by Rnnyson (1986) and Rnnyson 
and Danby (1987). 
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3.2. Adiabatic vibrational motion 

Whereas the equilibrium geometry calculations show a strong sensitivity to polariza- 
tion effects, there is actually little difference between results obtained with our two 
most sophisticated models, SPlop and SPZZP. We therefore adopted the spiop model in 
our treatment of nuclear motion in both our adiabatic and non-adiabatic calculations. 
’Ib this end the bed-geometry calculations were repeated at a series of 12 N, internu- 
clear separations: R = 1 .6 ,1 .7 ,1 .85 ,1 .95 ,2 .02 ,2 .068 ,2 .1 ,2 .2 ,2 .35 ,2 .5 ,2 .7  and 
2.9 a,. These form a grid upon which the vibrational problem can be solved. 

Analysis of the eigenphase sums and cross sections for these ked-nuclei calcula- 
tions shows a number of interesting trends. The most pronounced of these is that our 
predicted Ramsauer minimum moves to higher energy as the bond length increases. 
This means that at internuclear separations greater than 2.068 a. our low-energy 
cross sections increase rapidly with R, while the higher-energy cross sections drop 
slightly. The net effect is that the cross section computed for R = 2.2 a, (splop 
model) is in the best agreement with the R = 2.068 a ,  SPZ~P result of figure 3. This 
is probably a fortuitous consequence of the increase in polarizability of N, with R. 

Another geometry-induced effect is the appearance of pseudo-resonances in our 
calculations at energies above 0.6 Ryd for calculations with large R. As our calcu- 
lations neglect asymptotic channels leading to both positronium formation and elec- 
tronically excited N,, it is possible to get spurious resonance effects at energies above 
these thresholds (Burke et a/ 1981). This is particularly true when our polarization 
configurations mimic such things as ‘virtual positronium’ at short range. As both the 
positronium formation and electronic excitation thresholds decrease with increasing 
R, one would expect pseudo-resonance effects to be more apparent a t  large R. In 
practice the lowest such resonances occur just above 0.G Ryd for R = 2.9 uo, in 
both C t  and E: symmetries. This is above the energy range of primary interest for 
vibrational excitation and therefore not a major cause for concern. 

7b obtain N, vibrational wavefunctions and corresponding energies, we fitted our 
SCF energies to a Morse potential (parameters given above). The high accuracy of 
this fit, see figure 1, suggests that this step does not introduce any significant errors. 

Figure 4 presents adiabatic cross sections for vibrationally resolved elastic scatter- 
ing and for excitation to the first vibrational state. In both cases the cross sections are 
given as a function of the number of symmetries included in the calculation. Clearly 
the elastic cross section is very well converged once symmetries higher than II, are 
included. The elastic cross section is very similar to the equivalent fixed geometry 
cross section given by figure 3. 

Convergence with number of total symmetrics included is slower for the vibra- 
tionally inelastic cross section. However our calculations appear to have converged 
with the inclusion of A,. It is noteworthy that the predicted vibrational excitation 
cross sections are very small everywhere expect at threshold. In particular they are 
at least two orders of magnitude less than the corresponding elastic cross sections. 
This ratio is similar to that found in non-resonant electron collisions (e.g. Gillan et al 
1987) although in this case both the elastic and inelastic cross sections are larger. 

3.3. Non-adiabatic vibrational niotion 

Tb determine if the application of the adiabatic approximation for nuclcar motion is 
significant for vibrational excitation of N, by positrons we performed non-adiabatic 
calculations using the theory of Schneider et a/ (1979). These calculations were 
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0.01LI ' ' ' ' ' ' ' ' ' 1 

0 0 2  0 4  0 6  O B  1 0  
Eneroy I RYd 

F@m 4. Cmss sections as a function of total symmetries for adiabatic e+-N? collisions: 
(0) v = 0 0, ( b )  U = 0 3 1 ,  Dotted cum: Z t  only; short dashed: Z: + E$; 
double chain: same plus Il.; single chain: same plus Il,; long dash same plus A,; 
solid cume: sum of a11 symmetries from C: 10 An. 

performed on the same grid of geometries as we used for the adiabatic calculations. 
As there are no resonances or pole crossings (see figure 1) in the energy region of 
interest (k2 < 0.6 Ryd), we anticipated that such non-adiabatic effects should be 
minor. 

A number of tests on convergence. and stability of the non-adiabatic method were 
performed. These showed that the elastic v = 0 - 0 and inelastic v = 0 - 1 and 
z1 = 0 - 2 cross sections were stable if eight vibrational states were explicitly retained 
in the calculation. These runs treated the lowest four or five R-matrix poles in each 
symmetry non-adiabatically and the higher poles by an adiabatic approximation to 
the R-matrix. The non-adiabatic cross sections were again checked for convergence. 
with respect to the inclusion of total symmetries. Although the symmetry makes a 
larger contribution to the non-adiabatic than adiabatic cross section, the non-adiabatic 
cross sections are also well converged if all symmetries up to and including A, are 
included in the sum. 

Figure 5 compares integral cross sections obtained with both the adiabatic and 
non-adiabatic models. As expected the cross sections for U = 0 - 0 are similar in 
both models. Near threshold, however, the non-adiabatic v = 0 + 1 cross section is 
neariy double that of the adiabatic approximation. 

We have also calculated cross sections for other vibrational transitions. Notably 
the 1) = 0 - 2 are vety significantly larger in the non-adiabatic than adiabatic 
calculations; although it should be stressed that in both cases the cross sections are 
very small compared to the single excitation ones. While we have no complete 
explanation for this difference it would appear that the adiabatic v = 0 - 2 cross 
section is so smaii that non-adiabatic erfects, which appear reiativeiy smaii for iarger 
cross sections, dominate. Above 0.4 Ryd, our calculations for this transition were 
unstable, which we attribute to the need to treat more poles non-adiabatically. 

Figure 5(a), the vibrationally elastic cross section, also gives results for the ked-  
nuclei calculation with R = 2.068 a. for the same SPlOP model. As the results 
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Flgvre 5. C m  Metions for vibrationaliy resolved e+-N1 collisions: (a) U = 0 - 0, (b)  
LI = 0 + 1. Dashed CUM: adiabatic model; solid curve: non-adiabatic model; dotted 
curve: R = 2.068 (LO (a only). 

with and without nuclear motion effects are very similar, this comparison confirms 
our supposition that the failure of our fixed nuclei calculation to reproduce the 
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experimental cross sections at low energy (see figure 3) is due to the incomplete 
representation of polarization effects in our calculation and not the absence of nuclear 
motion. 

G Dunby and J Tennyson 

4. Conclusions 

In this paper we report ab initio positron-nitrogen molecule collision calculations 
performed at a series of internuciear separations. Tiese have been used to give not 
only elastic cross sections but also vibrationally inelastic cross sections calculated with 
both an adiabatic and non-adiabatic model. Tb our knowledge these are the first such 
ob inilio non-adiabatic calculations for a e+-molecule collision. 

As with all ab hili0 studies of low-energy positron collisions, the adequate inclu- 
sion of electron-positron correlation or so called target polarization effects proved 
very diiiicuii. Aiiihough we have done ihis more sumssiuiiy than our previous work 
(Rnnyson 1986, Rnnyson and Danby 1987). our calculations are still unsatisfactoory, 
at least at the lowest collision energies. It should be noted that the agreement with 
experiment above 0.1 Ryd obtained in the previous work was the spurious result of 
a programming error. It is, by contrast, plausible that the agreement obtained in the 
present work for energies above 0.2 Ryd comes from an energydependent sensitivity 
L" LUC LUll l l lVULll lg  pula, LLaLlUIl all" LuLIc;IalLuII cururgurarruils. 

There is no doubt that the inclusion of polarization effecb in et collision calcula- 
tions is much more difficult than for the corresponding e- calculation. Thus Gillan et 
a1 (1988) were able to reproduce the low-energy behaviour of the e--N, system with 
only two pseudostates. In this work we used up to 22 pseudostates for the analogous 
e+ problem. However, in generating pseudostates we restricted ourselves to states 
*..,".,I ~J,,,,,,b"J w'.., llllnbu L" L l l b  6."".1" *,am, "I "q,",., L . " , I J I L L " I I ~ ,  ..I. .,LYLIY nlllr.. 

could contribute to the long-range polarization potential. In this case these states 
were of 'E: and 'II, symmetry. It is noteworthy that in atomic collision calculations 
a range of pseudostates is often used to represent polarization effects, irrespective of 
long-range considerations. We suggest such an approach and in particular the inclu- 
sion of pseudostates of lC+ symmetry may prove useful. This idea will be the subject 

explicit electron-positron distance dependence, has proved very successful for e+-H, 
studies (Armour 1988). It may well be that only by using these so called Hylleraas 
functions can the low energy scattering behaviour be correctly reproduced. 

A major motivating factor in the present calculations was the need for vibrational 
excitation cross sections for the e+-N, system as this is a major means of cooling 

1989). Although we acknowledge the shortcomings of our calculations, we hope that 
the cross sections presented here will be of use for modelling these traps. Tb this 
end we note that our calculations do reproduce the observed elastic cross sections for 
energies in the region 0.25-0.6 Ryd. 

.,. .L̂  ---.- --a..-:--.:..- ,.-_I ..,.---I-. :-- "--c ...:,...- 

x . 7 h n . n  c..--n+-x .. .no 1:nbnrl tn +hn nrn..nA cfntn h.. A : n n l n  tronr:tinnr P ctotae . x z h : r h  

Of fcrthplr wnrk. we nnte tk,! an 2!ter%?tive apprnnc!!, the use QE !!csk fu!!aiO% w;th 

positron. b&W {hp Na e!ectran!c .id!&!! !hr&o!d in pQsi!mQ!! traps (Surko er g! 
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