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Introdu
tionThe R-matrix method is a well established 
omputational pro
edure fortreating ele
tron 
ollisions with atoms and mole
ules [1℄. The basis of themethod is the division of spa
e into two regions: an inner region, de�ned bya sphere of radius a, typi
ally 10 to 15 a0 for mole
ular problems, and an outerregion. The inner region must 
ontain the entire ele
tron density of the targetsystem whi
h means that it is only in this region that 
ompli
ated 
orrelationand ex
hange pro
esses need to be treated in detail. The R-matrix, de�nedbelow, provides the link between the two regions.In order to solve the inner region problem, whi
h does not depend on thepre
ise s
attering energy of the ele
tron, it is ne
essary to �nd solutions of theinner region Hamiltonian. This is usually done by expressing the vavefun
tionas a linear 
ombination of 
on�guration spin fun
tions (CSFs), see [2℄, anddiagonalising the resulting se
ular matrix problem. The eigenvalues, Ek, andeigenve
tors are used to 
onstru
t the R-matrix on the boundary a:Ril;i0l0(a;E) = MXk=1 wilk(a)wi0l0k(a)Ek �E + Æii0Æll0RBil (1)where wilk(a) is the amplitude of partial wave l asso
iated with target state i ineigenve
tor k at a. E is the s
attering energy and RBil is the Buttle 
orre
tionwhi
h 
an be introdu
ed to 
orre
t for the in
ompleteness of the 
ontinuumbasis in the inner region [1℄.A serious 
omputational drawba
k of this pro
edure is that the 
onstru
tionof Ril;i0l0(a;E) requires all M solutions of the M -dimensional se
ular matrix.Sin
e 
omputer time for diagonalising a matrix in
rease as M3 and the memoryrequirement in
reases asM2, this puts a signi�
ant 
onstraint on problems that
an be addressed.In pra
ti
e many of the inner region solutions lie at energies whi
h are verysigni�
antly higher than the s
attering energy of interest. This is parti
ularlytrue for problems involving ele
tron 
ollisions with mole
ules where the regionof interest is usually for ele
tron 
ollision energies below 20 eV.



2Berrington and Ballan
e (BB) [3℄ derived a \partitioned R-matrix method"whi
h only expli
itly uses the lowest P inner region solutions and thenapproximated the higher solutions. Unfortunately the pra
ti
al test given by BBrequired P to be about half M to give good results. This is too many solutionsto provide any signi�
ant 
omputational saving. This method was subsequentlyre-analysed and an alternative formulation of the partitioned R-matrix methodwas given by Tennyson [4℄. These methods are dis
ussed below.Partitioned R-matrix theoryIn BB's partitioned R-matrix method the R-matrix on the boundary isapproximated asRili;i0li0 (a;E) = PXk=1wilk(a)wi0lk(a)� 1Ek �E � 1E0 �E�+ Æii0Æll0 � silE0 �E +RBil +RCil� (2)where RCil is an error 
orre
tion term dis
ussed below. E0 is an average ore�e
tive energy for the poles omitted when only the lowest P solutions areexpli
itly 
onsidered; it is de�ned as:E0 = (PMI=1HI;I �PPk=1 Ek)M � P ; (3)where the �rst sum is simply the tra
e of the Hamiltonian matrix. In (2), sil isthe total probability distribution of a given 
hannel on the R-matrix boundarysil = nilXj=1(uilj(a))2; (4)where uilj(a) is the amplitude of the jth fun
tion used to represent the
ontinuum ele
tron inside the R-matrix box, see [5℄ for example. BB's error
orre
tion term was also expressed as a fun
tion of these quantities:RCil = nilXj=Ji(uilj(a))2 � 1Eilj �E � 1E0 �E� : (5)where BB de�ned Eilj as the energy of the 
ontinuum fun
tion uilj(x) and thesum runs over those states for whi
h Eilj > EP , the energy of the highest poleexpli
itly 
onsidered.



3Tennyson [4℄ identi�ed two problems with this formulation. The �rst wasthat the de�nition of E0 was su
h that it in
reases as more L2 terms are addedto the inner region wavefun
tion expansion as most of these tend to be highin energy. However su
h terms have zero amplitude at a and therefore do not
ontribute to the R-matrix. Se
ondly BB's error 
orre
tion term over-
orre
tedsin
e sil summed all the probability for a 
hannel even if some of this probabilityhad already been a

ounted for in the P terms expli
itly 
onsidered in the sum.Finally for mole
ular problems he observed that the energy of a 
ontinuum basisfun
tion is not really well de�ned. This latter problem was solved by using theappropriate diagonal element of the Hamiltonian matrix instead.Tennyson rede�ned the e�e
tive energy, E0, as the average of those diagonalelements of the Hamiltonian matrix between 
ontinuum orbitals, Hilj;ilj , whi
hare not among the lowest P diagonal elements, ie for Hilj;ilj > EP . Thisde�nition leaves E0 una�e
ted by in
reasing the number of purely L2 fun
tionsused. Se
ondly, he estimated the 
ontribution of the 
ontinuum orbitals to thestates not expli
itly in
luded in the sum (2) as:Xilj = 1� PXk=1 
2iljk : (6)where 
iljk is the 
oeÆ
ient of 
ontinuum orbital uilj in the kth eigenve
tor.This fa
tor is then used to de�ne a new error 
orre
tion formula:RCil = nilXj=Ji(uilj(a))2Xilj � 1Hilj;ilj �E � 1E0 �E� : (7)Test 
al
ulationsIn the initial work [4℄ tests were performed against previous 
al
ulations onele
tron 
ollisions with water [6℄ and CF2 [7℄. These showed that not onlydid the reformulated theory perform very signi�
antly better than the originaltheory but also the goal of getting good results for the 
ase where P is 10 % orless of M was indeed a
hievable for low-energy (below 20 eV) studies. Howeverthese initial studies by their nature were all performed on problems for whi
h itwas possible to obtain all M eigenvalues and eigenve
tors.Re
ently we have been 
onsidering 
al
ulations on ele
tron 
ollisions withthe C�2 anion for 
ollision energies of about 10 eV. Given that the ele
trondeta
hment energy for this anion is below 5 eV, su
h 
al
ulations 
an onlyperformed using a method 
apable of treating the double 
ontinuum. Gor�nkieland Tennyson [8, 9℄ introdu
ed a mole
ular R-matrix with pseudo states(MRMPS) pro
edure for treating pre
isely this 
lass of problem. However their
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FIG. 1: Eigenphase sums for ele
tron s
attering from C�2 for a full 
al
ulation (solid
urve) and a partitioned R-matrix 
al
ulation (dashed 
urve).appli
ations of the MRMPS pro
edure were only to two ele
tron targets (H+3and H2). Attempts to use the pro
edure for many ele
tron targets have proveddiÆ
ult be
ause of the very large number of 
on�gurations that need to betreated as a result of trying to treat the double 
ontinuum even if it is dis
retisedby being lo
alised inside a box.We have therefore 
ombined the MRMPS method with the partitioned R-matrix method to treat the problem of ele
tron 
ollisions with C�2 . Figure 1shows some test results for one of the smaller wavefun
tions that we 
onsidered.Eigenphases are shown 
al
ulated using the full, M = 6575, solutions and withless than 10 % of that number, P = 650. It 
an be seen that the results are verysimilar. Indeed the resonan
e feature just below 5 eV is essentially unmovedbetween the two 
al
ulations. This result is typi
al of the more extensive (inboth energy range and number of states P ) tests that we have performed.Con
lusionsThe reformulation of the partitioned R-matrix method [4℄ provides a viableway of performing 
al
ulations on problems whi
h are too large for fulldiagonalisation of the inner region Hamiltonian matrix to be 
omputationallytra
table. We are 
urrently using this method to perform 
al
ulations on the



5ele
tron impa
t deta
hment of C�2 using mole
ular R-matrix with pseudo statesmodels whi
h give Hamiltonian matri
es of dimension M � 100; 000. For su
h
al
ulations the partitioned R-matrix method represents a major saving. Thisis parti
ularly true be
ause the proportion of solutions required drops wellbelow 10 %, indeed we anti
ipate obtaining good results with 
al
ulations whi
hexpli
itly 
onsider only about 1 % of the solutions of inner region Hamiltonianmatrix.P , the number of solutions expli
itly obtained, is 
riti
al for the 
omputationalperforman
e of the method but is perhaps the wrong parameter to fo
us onphysi
ally. Physi
ally the important parameter is probably the energy span ofthe solutions whi
h are expli
itly 
al
ulated, as to get a good 
al
ulation it is
learly important to span the energy regime of the 
olliding ele
tron. In thissense the key parameter should therefore be the eigen energy of solution P , EP .Our 
al
ulations on the C2�2 system show that to get stable results for 
ollisionsenergies of 15 eV, EP should be at least 40 eV.Finally we note one 
omputational issue with implementing the partitioned R-matrix method. The outer region of the UK R-matrix 
odes is written in a highlymodular fashion [10℄. Communi
ation between the various modules, whi
hperform tasks su
h as R-matrix propagation [11, 12℄ or resonan
e �tting [13℄, isa
hieved via a series of small input/output subroutines [10℄. The partitioned R-matrix method requires signi�
ant extra information to be passed between thesemodules so that the error-
orre
ted partitioned R-matrix 
an be 
onstru
ted.The re-write of the 
ommuni
ations routines makes it diÆ
ult for the new 
odesto be ba
kwards 
ompatible. There is no su
h problem with the only innerregion 
ode that needs amending, SCATCI [2℄.A
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