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A basis set contraction scheme is described for carrying out reactive scattering calculations within the S-matrix version of 
the Kohn variational principle. The new basis functions are distributed Gaussians for the radial (translational) degrees of 
freedom, as used before, but with quasi-adiabatic internal eigenfunctions for the internal degrees of freedom; Le., each translational 
Gaussian has a different internal function, the adiabatic internal eigenfunction for that translational coordinate at which 
the Gaussian is centered. A very efficient and easy-to-use criterion is given for selecting which of these L2 functions to include 
in the basis. Application to the three-dimensional H + H2 reaction for various values of total angular momentum shows 
that accurate results can be obtained with half (or fewer) the number of basis functions that are necessary when asymptotic 
channel eigenfunctions are used for the internal degrees of freedom. The basis function selection criterion allows one to 
obtain moderately accurate results with very few basis functions and then to improve the accuracy systematically by increasing 
the basis in a determined fashion. 

1. Introduction 
The S-matrix version’ of the Kohn variational principle2 is 

proving to be an extremely straightforward and powerful approach 
for carrying out quantum mechanical reactive scattering calcu- 
l a t i o n ~ . ~  Using it we have recently computed converged integral 
and differential cross sections for the H + H2(para) - H2(ortho) 
+ H reactionkd in the high-energy region that is of current interest 
with regard to resonance structure reported in recent  experiment^.^ 
More recently, the first converged integral and differential cross 
sections for the D + H2 - H D  + H reaction3e were completed, 
and this has allowed detailed comparisons with a variety of recent 
 experiment^.^ This S-matrix Kohn approach, other algebraic 
variational methods6,’ that utilize the same basic formulation of 
reactive scattering* (Le., different Jacobi coordinates for different 
arrangements), methods using one global set of coordinates 
(various kinds of hyperspherical coordinatesg), and other ap- 
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proachesI*l2 have all contributed to bringing rigorous quantum 
reactive scattering theory closer to a practical reality in chemical 
dynamics. 

The S-matrix Kohn approach13 is especially simple because it 
reduces reactive scattering calculations to essentially the same 
quantum mechanical methodology as eigenvalue calculations: one 
chooses a basis set, computes matrix elements of the Hamiltonian, 
and then performs a linear algebra calculation. The ultimate 
efficiency of the procedure is thus determined by how cleverly 
one chooses the basis set, and the purpose of this paper is to 
describe some significant progress that we have made in this 
regard. Specifically, we have devised a quasi-adiabatic basis set 
contraction scheme that reduces the size of the basis by a factor 
of 2 or more from what was necessary previously for our H + H2 
calculations. The contraction scheme is simple to implement, most 
of the necessary manipulations are independent of the scattering 
energy, and it provides the possibility of obtaining reasonably 
accurate results with a very small basis and then systematically 
improving the accuracy as the basis is expanded in a determined 
fashion. Since the solution of the linear algebra problem (matrix 
inversion) scales as the cube of the size of the basis set, this leads 
to a considerable reduction in the computational effort. Section 
I1 describes the theoretical methodology and section I11 the results 
of some test calculations. 

With regard to the present woork, special note should be made 
of the variety of sophisticated basis set contraction strategies that 
have recently been developed by Light’s group for application to 
vibrational eigenvalue pr0b1ems.l~ Also somewhat related is 
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Clary’s use of modified rotational functions to obtain a distorted 
and more efficient angular basis.Is All such tricks can also be 
fruitfully applied within the S-matrix Kohn scattering approach. 

11. Theory 
To simplify the notation we first write out the expressions for 

a generic inelastic scattering system; the generalization to reactive 
scattering is t r a n ~ p a r e n t ~ ~  and noted later. The Hamiltonian is 
thus the form 
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t = 1, ..., N,. In this paper, though, we consider an alternate choice 
motivated by the idea of adiabatic internal functions {&(q;R)]. 
which are the eigenfunctions of the Hamiltonian 

h(q;R) Nq)  + V(q,R) (2.10a) 

Le., the full Hamiltonian of (2.1) with the radial kinetic energy 
operator omitted. The adiabatic eigenvalue equation thus reads 

h(q;R) 4n(q;R) = cn(R) dJn(q;R) (2.10b) 

Using adiabatic internal eigenfunctions is complicated by de- 
rivative couplings that result from such a basis, however, so instead 
we use a quasi-adiabatic basis that accomplishes essentially the 
same goal and is much simpler to implement. Quasi-adiabatic 
basis functions have been widely used in solving coupled channel 
scattering equations using propagation in which 
different internal basis functions are used in different sectors of 
the reaction coordinate. This is especially convenient here because 
the,translational basis (u,(R)] of distributed Gaussians, (2.9), is 
a localized basis. We thus utilize the adiabatic internal functions 
not a t  all values of R, but only those values {R,} at which the 
distributed Gaussians are located. Defining 

4n’(q) 5 4n(q;Ri) (2.1 la) 

the L2 basis (xi(q,R)l that we use is thus 

Xi(q,R) = @n‘(q) uf(R) (2.1 lb) 

with i 5 (nt).  Each translational function u,(R) thus has the 
internal function that is the adiabatic eigenfunction at  the position 
R, about which u,(R) is localized. (Note that this is essentially 
the same idea as the “shifted oscillator basis” used in another 
context by Makri and Miller.22) 

In practice we determine the adiabatic internal eigenfunctions 
by expanding them in terms of the asymptotic channel eigen- 
functions 

dn’(q) = Cdnf(q)W:,n (2.12a) 

Le., W;, is the transformation matrix in the internal space whose 
column vectors are the eigenvectors of the matrix representation 
of h(q;R,) in the asymptotic basis 

n, 

(hi)n,n (dntlh(q;R,)l4n) = 6nCntn + Vn,,n(Ri) (2.12b) 

where 

vn,n(R) = S d q  +nt(q)* V(q,R) +n(q) (2 .12~)  

The matrix eigenvalue equation thus reads 

h1.W‘ = (2.12d) 

With the index i now identified as i = (nt), the bound-free and 

(M0)nltl.n = (4n”uAH - EIuonAt) (2.13a) 

(M)n,t,,nt = (@n,”ur,IH - EIdntui) (2.1 3 b) 

The transformation matrix U in the composite space of all degrees 
of freedom is then defined by 

where e,,’ cn(R,) 

bound-bound matrices of ( 2 . 4 ~ )  and (2.4d) are given by 

where R is the radial translatioQal coordinate, q denotes all the 
internal coordinates (including R, the angular part of the center 
of mass translational vector R), h(q) is the asymptotic Hamiltonian 
for the internal degrees of freedom (including the centrifugal 
potential h2I2/2mRZ), and V(q,R) is the interaction potential. 

The S matrix is given in the S-matrix Kohn methodology byIb 

(2.2) S ( E )  = ( i /h ) (B  - CT.B*-’C) 

where 
B = M, - MoT*M-‘.Mo (2.3a) 

C = Mi0 - Mo*T*M-‘*Mo (2.3b) 

T denotes matrix transpose. Here all the M’s are matrix elements 
of ( H  - E ) ,  where E is the total energy: 

(Mdn,,n 1 (uw$n/lH - Eluh$n) (2.4a) 

(Mlo)nt,n = (Uont*4n,IH - EIuOndn) (2.4b) 

(M0)i.n = (XilH - Eluon+n) ( 2 . 4 ~ )  

(M)i,,i = (XitlH - Elxi) (2.4d) 

The functions +,,(q) are the asymptotic channel eigenfunctions 
h l h )  = cnI6n) (2.5) 

n denotes the set of channel quantum numbers (e.g., n = vjl for 
three-dimensional atom-diatom systems), and ua(R) is a radial 
function that is regular at the origin and has the asymptotic form 
a s R - + m  

uon(R) N e-i(k&*l/2) on-l/2 (2.6) 

kn = [2m(E - tn)/h2]l/2 (2.7) 

and fin = hkn/m the velocity. The functions xi(q,R) are an L2 
basis that spans the interaction region. The free-free matrix 
elements Moo and MIo are thus “small” square matrices in the 
space of open channels-as are the matrices B, C, and S in (2.2) 
and (2.3)-the matrix M is a “large” square matrix in the L2 space 
of all degrees of freedom, and Mo is a rectangular matrix. (As 
written here, the complex translational function is not complex- 
conjugated in the bra symbol in (2.4a) and (2.4b); Le., the explicit 
expression for these integrals is 

where kn is the wavenumber for channel n 

(Moo)n*n = J’dq J ~ R  uont(R)4nr(q)*(H - E)u,(R)$n(q) 

(Mlo)n,,n = Jdq JdR Uon,(R)*Adq)*(H - E)u,(R)@n(q) 

In previous work we have chosen the L2 basis Xi(q,R) to be of 
the direct product form 

where i f (n,t) and here the channel index n includes open and 
closed channels. For the translational basis we have used dis- 
tributed Gaussians16 

Xi(q3) = &(q) ut(R) (2.8) 

~ 
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(U)ntt,nt = at,, W n  (2.14) 

and the Mo and M matrices of (2.13) can then be conveniently 
expressed in terms of the matrices M,,’ and M’ in the asymptotic 
basis: 

Mo = UT.M,,’ (2.1 Sa) 

M = UT.M’.U (2.1 Sb) 

where M,,’ and M’ are the matrices in the asymptotic internal 
(“primitive”) basis 

(Mol)ntrt,n = (+ntutW - Eldnuon) (2.16a) 

(M’)n!tt,nt = (dntut*lH - El+nut) (2.1 6b) 

In applications one typically first computes the bound-free and 
bound-bound matrices in the asymptotic (or diabatic) basis, M,,’ 
and M’ of (2.16), and then transforms them to the quasi-adiabatic 
representation via (2.1 5). If the same number of quasi-adiabatic 
eigenfunctions is retained in the L2 basis as the number of as- 
ymptotic functions used to represent them-Le., if the matrix W‘ 
of (2.1 2) is square-then the same results will be obtained by using 
the asymptotic (i,e., diabatic) internal eigenfunctions as the 
quasi-adiabatic internal eigenfunctions. This is obvious since the 
relevant quantities in the expression for the S matrix are invariant 
to this orthogonal transformation of basis; e.g., 

B Moo - Mo’-M-’*Mo (2.17a) 

= Moo - (UT*Mol)T*(UT.M’U)-’.UT,MOI (2.17b) 

= M~ - M~~T.u.u-~.M~-I.(uT)-~.uT.M~~ (2. I 7 4  

= Moo - MOrT.M’--].MOr (2.17d) 

We expect, however, that many fewer quasi-adiabatic internal 
eigenfunctions will be needed than the “primitive” asymptotic 
(diabatic) internal eigenfunctions that are used to represent them. 
Thus the matrix W, and the transformation matrix U, will then 
be rectangular matrices, so that (2.17d) is no longer equivalent 
to (2.17a) and (2.17b). The matrices Mo and M in  the quasi- 
adiabatic representation will thus be much smaller than the 
matrices M,,’ and M’ in the diabatic (asymptotic) representation; 
Le., (2.17a,b) describe a particular type of contraction of the 
internal basis set. 

Within the formulation* of reactive scattering that we use, the 
only comments needed to generalize the above discussion to re- 
active scattering is to add the arrangement index y to the coor- 
dinates, (qY,RY),  and thus to the basis functions. That is, we use 
basis function of the above type in the Jacobi coordinates of all 
open arrangements (A + BC, AB + C, AC + B, etc.). The 
quasi-adiabatic contraction of the basis is applied separately in 
each arrangement y to obtain a contracted set of functions for 
that arrangement. The complete basis set is then the union of 
the contracted sets from each arrangement. The quasi-adiabatic 
Hamiltonian, e.g., (2.12b), used to carry out the basis set con- 
traction thus refers to each arrangement separately and is therefore 
precisely of the form discussed above. The transformation matrix 
U of (2.14) is thus diagonal in  the arrangement index 

(U)Y’n’r’.ynt = 6y,-$t’r W!n (2.18) 

where WY‘ is the quasi-adiabatic transformation for the internal 
degrees of freedom at R,Y of arrangement y. All further aspects 
of the calculation are then precisely as above; Le., the contracted 
matrices M and Mo are given in terms of the primitive ones by 
(2.15) and the S matrix by (2.2) and (2.3). 

111. Test Calculations: Three-Dimensional H + H2 
To illustrate this contraction scheme, we have tested it on the 

three-dimensional H + H2 reaction for total angular momentum 
J = 0, 5 ,  and 10, using the LSTH potential energy surface that 
we have employed p r e v i o ~ s l y . ~ ~ . ~ ~ ~  The primitive basis is ( 1  2,10,8,6) 
x 18, Le., asymptotic rovibrational states (u  = 0 , j  = 0, ..., 12), 
( u =  l , j = O  ,..., I O ) , ( u = 2 , j = O  ,..., 8 ) , a n d ( u = 3 , j = O  ,..., 

0 05 

0 04 

0 03 

0 02 

0 01 

4 3  2’8 313 3’8 4‘3 4l8 5:3 5’8 613 618 
R t (a,,) 

Figure 1. The lowest 10 quasi-adiabatic eigenenergies c,(R,) as a function 
of the translational coordinate R,. They are the eigenvalues of the matrix 
(3.1). 

6), each with 18 distributed Gaussians for the radial (translational) 
degree of freedom. Here the internal coordinates q are ( i , R )  and 
the internal quantum numbers n in the usual space-fixed angular 
momentum coupling scheme are n (ujl) ,  where I is the orbital 
angular momentum of the atom-diatom relative motion. The 
specific form of the adiabatic internal Hamiltonian matrix (cf. 
(2.12b)) is 

where {euj] are the asymptotic diatomic rovibrational eigenvalues 
and the matrix of the potential is the same as given p r e v i o ~ s l y . ~ ~  
Diagonalizing this matrix (in each arrangement y) gives the 
internal transformation matrix WY‘, and thus the full transfor- 
mation matrix U via (2.18). 

The final step needed to define the contraction scheme is a 
criterion for choosing which quasi-adiabatic internal functions to 
retain in the basis or, conversely, which ones to discard. Many 
criteria might be tried; here we consider the simplest one we can 
imagine, based only on the adiabatic internal energy e,,‘ (n = yujl). 
Specifically, we retain only the L2 basis functions +,,‘(q)uf(R) for 
which 

where a is a parameter that characterizes the contraction. The 
choice a = 1 means that all basis functions ( n t )  for which t: < 
E,, are retained, i.e., all the locully open quasi-adiabatic functions. 
a = m, on the other hand, means that all basis functions (nt) are 
retained, so that the result of the calculation in this case will be 
identical with that obtained by using the complete primitive basis. 

The number of quasi-adiabatic functions retained in the basis 
thus increases as the parameter a is increased, and the results 
approach the full primitive basis result as a - a. a = 1 is the 
smallest value that seems physically reasonable to us-otherwise 
all of the asymptotically open channels are not incorporated in 
the L2 basis. Nevertheless, it will be interesting to see if any useful 
results can be obtained even with a < I .  The interesting feature 
to test, therefore, is how the results of a calculation converge to 
the full primitive basis result as a increases. It is also of interest 
to see how well balanced this convergence is. 

Figure 1 first shows the adiabatic eigenvalues tlf for J = 0 as 
a function of the radial coordinate R,. The eigenvalues increase 
with decreasing R,  because of the centrifugal potential in (3.1), 
but more importantly because in this case the interaction potential 
is basically repulsive. This means that the contraction criterion, 
(3.2), will retainfewer internal statesfor smaller R, (but these 
fewer internal states are distorted, adiabatically, from their as- 
ymptotic form). For the case of a strongly attractive potential 
surface, the criterion (3.2) would mean that more adiabatic in- 
ternal states would be included for smaller R,, which is clearly 
the correct thing to do in order to describe the region of a possible 
collision complex (i.e., Feshbach resonances) which needs channels 
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TABLE I: Reaction Probability Pur-oo for H + H2(v=j=O) - 
H2(Yj) + H at E,, = 1 . 1  eV for J = 0 with Different Numbers of 
Ouasi-Adiabatic Basis Functions‘ 

0 
0 
0 
0 
0 
1 
1 
1 
sumC 

I 2.85E-01 
3 1.59E-02 
5 6.46E-02 
7 7.47E-03 
9 8.70E-08 
1 2.91E-02 
3 4.46E-03 
5 4.03E-05 

4.1 IE-01 

2.89E-0 1 
1.94E-02 
5.15E-02 
I .  12E-02 
1.86E-05 
2.54E-02 
1.09E-02 
4.37E-05 
4.09E-0 1 

2.87E-0 1 
2.14E-02 
5.1 7E-02 
1.64E-02 

2.76E-02 
1.20E-02 
1.92E-04 
4.1 7E-0 1 

1.08E-04 

2.868-0 1 2.87 E-0 1 
2.15E-02 2.17E-02 
5.19E-02 5.16E-02 
1.69E-02 1.72E-02 
1.11 E-04 1.14E-04 
2.79E-02 2.77E-02 
I .21 E-02 1.238-02 
1.99E-04 2.05E-04 
4.16E-0 I 4. I8E-01 

“The primitive rovibrational basis set is (12,10,8,6) where numbers 
in parentheses denote the maximum rotational quantum number for 
the corresponding vibrational state. A total number of 18 translational 
functions (Gaussians) is used. N is the number of L2 basis functions 
that 
of a 

0 -  

- 2  a 

results from the contraction criterion (3.2) for the indicated value 
CSlm = E, L d ,  P”/.-m. 

i 0 15 

I 
1 

E 1eVi 

Figure 2. Reaction probabilities PCN for the reaction H + H,(c=j=O) - H2(uj) + H at E,,, = 1.1 eV for J = 0. The solid lines connect the 
points obtained by using the full  primitive basis, and the dashed lines 
represent the results obtained from the quasi-adiabatic contraction with 
a = 1.2. 

that are asymptotically closed but locally open at short range. 
Table I gives the J = 0 reaction probabilities for the para - 

ortho reaction (properly symmetrized for the identity of parti- 
CleS)3a.c,d.8 

H + Hz(o=j=O) - H * ( u ~ )  + H 
to various final ( u j )  states, for total energy E,,, = I .  1 eV. The 
various columns correspond to the contraction parameter a = 0.9, 
1 .O, 1.2, I .4, and m, respectively, and the number N is the number 
of L2 basis functions that results in each case. The total number 
of primitive L2 basis functions is thus 720 (last column in Table 
I,  a = m). With the smallest value a = 0.9 (third column in Table 
I), which leads to only 224 L2 basis functions, the largest transition 
probabilities are actually given reasonably well, but the smaller 
ones are quite inaccurate. The total reaction probability (bottom 
row in Table I ) ,  therefore,  is reasonably accurate even with this 
very small basis, and for many purposes (e.g., thermal rate con- 
stants) this would be perfectly adequate. Keeping all the locally 
open quasi-adiabatic basis functions ( a  = I ,  fourth column in 
Table I )  is seen to give good values for the larger reaction 
probabilities and semiquantitative results for the smaller ones. 
Increasing to a = 1.2 (fifth column in Table I )  includes some 
locally closed channels, leading to 361 L2 functions-about half 
the total set of primitives-and for all practical purposes this gives 
the same results as the complete primitive basis. This is thus the 
encouraging behavior that we hoped to see. Increasing a to 1.4 
makes the agreement with the complete primitive basis even better, 
still with many fewer basis functions than the complete set. 

To see how much savings can be achieved at different scattering 
energies, calculations were performed for a set of energies in  the 

TABLE 11: Number of L2 Basis Functions Retained for Each Energy 
from the Contraction Criterion (3.2) with a = 1.2 

E,,,eV 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 
N(E, , , )  87 110 159 215 257 300 361 435 487 

TABLE 111: Same as Table I Except for J = 5 
N = 1040 N = 1450 N = 1914 N = 2610 

L’ j ( a  = 1.0) (a = 1.2) (a = 1.4) (a = m) 

0 1 8.56E-02 8.41E-02 8.43E-02 8.408-02 
0 3 2.00E-01 2.03E-01 2.03E-01 2.03E-01 

0 7 1.72E-02 2.09E-02 2.11E-02 2.13E-02 
0 9 1.18E-04 4.24E-04 4.348-04 4.39E-04 
I I 2.69E-02 2.54E-02 2.61E-02 2 . 6 5 8 4 2  
1 3 6.87E-03 8.46E-03 8.59E-03 8.738-03 
1 5 3.32E-05 1.60E-04 1.64E-04 1.688-04 

0 5 3.958-02 4.238-02 4.23E-02 4.21E-02 

TABLE IV: Same as Table I Except for J = 10 

r j  
0 1  
0 3  
0 5  
0 7  
0 9  
1 1  
1 3  
1 5  

N = 1121 
(a = 1.0) 

I .28E-02 
8.34E-02 
1.46E-01 
3.8 5 E-02 
2.61 E-04 
6.3 5E-03 
2.3 8 E-03 
2.05 E-05 

N = 1660 
(a = 1.2) 
1.36E-02 
7.72E-02 
1.43E-01 
4.25E-02 
8.44E-04 
6.9 4 E-0 3 
3.01E-03 
4.30E-05 

N = 2243 
(a = 1.4) 

7.69E-02 
1.43E-01 

1.32E-02 

4.348-02 
8,798-04 
7.21 E-03 
3.1 OE-03 
4.36E-05 

N = 3204 
(a = m) 

1.30E-02 
7.678-02 
1.44E-01 
4 . 3 8 8 4 2  
8.92E-04 
7.38E-03 
3.17E-03 
4,45 E-05 

range E,,, = 0.5-1.3 eV with the same primitive basis as above, 
for J = 0. Figure 2 shows the results for two para - ortho reaction 
probabilities, (00 - 01) and (00 - 1 I ) ,  as a function of energy. 
The solid curves are the results obtained with the full primitive 
basis and the dashed curves those obtained with the quasi-adiabatic 
contraction parameter a = I .2. It is clear that the results are 
essentially equivalent. The number of primitive functions is 720 
at  each energy, and Table I1 lists the number of contracted 
functions used at  the various energies; this latter number varies 
from 87  at the lowest energy, 0.5 eV, up to 487 at E,,, = 1.3 eV. 
This again shows the dramatic economies that can be achieved. 

Finally, calculations were also carried out at E,,, = 1.1 eV for 
J = 5 and 10 to see if  the above observations also hold up for J 
> 0. The results of these calculations are given in Tables 111 and 
IV,  and the conclusions are essentially the same as those for J 
= 0 (Table I): the largest reaction probabilities are already well 
converged for a = 1 .O (requiring considerably less than half the 
number of L2 functions as the complete primitive set), and with 
(Y = 1.2 (requiring about half the number of functions as the 
complete set) even the small probabilities are relatively well 
converged. 

IV. Concluding Remarks 
The Kohn variational principle with S-matrix-type boundary 

conditions reduces the treatment of quantum reactive scattering 
to a completely straightforward quantum mechanical calculation. 
As such, and in complete analogy with electronic structure theory 
(’quantum chemistry”), essentially all progress in practical 
methodology then falls into two categories: first, the eternal quest 
for “better basis functions”, in order to make the Hamiltonian 
matrix smaller or more nearly diagonal, and second the invention 
of better algorithms to solve the linear algebraic  equation^^^-*^ 
(either for eigenvalue extraction or for matrix inversion). 

This paper has dealt with the first of these two, namely, a 
contraction scheme for reducing the size of the L2 basis in the 
S-matrix Kohn methodology. (The size of the “small X small” 
matrices M,, MI,, and the “small” dimension of is the number 
of open channels and is thus fixed by the total energy and the 
system itself.) The quasi-adiabatic contraction described in section 

(23) Duneczky, C.; Wyatt, R. E. J .  Chem. Phys. 198’1.87.4519; J .  Chem. 

(24) Schneider, B. I . :  Collins, L. A. Phys. Rev. 1986, ,433, 2969. 
( 2 5 )  Yang. W ;  Miller. W H J Chem. Phys 1989, 91, 3504. 

Phys. 1988, 89, 1448. 
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11 is very simple and easy to use, and most of the calculations are 
independent of the energy of the system: calculation of the “large 
X large” matrix M in the primitive L2 basis is energy-independent 
since one actually computes the Hamiltonian matrix H and the 
overlap matrix A ,  and M = H - EA; construction of the quasi- 
adiabatic transformation matrix U, and the transformation of H 
and A to this representation, is also independent of the total energy. 
Energy dependence enters only via the contraction criterion, (3.2), 
which decides how many of the quasi-adiabatic basis functions 
are retained in the L2 space. The free-free matrices Moo and Mlo 
and the bound-free matrix M,, must be recalculated at each energy 
E, but this is typically not significant compared to other parts of 
the calculations because these matrices are not large and they 
involve no exchange integrals. 

The applications described in section I11 show that this con- 
traction scheme has great potential. The results are quite good 
even at the lowest level (CY = 1) which retains only quasi-adiabatic 
basis functions that correspond to locally open channels, and 
increasing CY somewhat offers a systematic way of improving the 
accuracy that is still significantly more efficient than using the 
complete primitive basis. This, and other strategies of contraction, 

should make possible the application of this overall approach to 
a variety of simple chemical reactions. 

The quest for “better basis functions” in this paper has been 
concerned only with the L2 basis. As discussed by us previou~ly,~~ 
however, there is also the possibility of using betterfree functions 
{uh(R)) ,  Le., multichannel distorted wave radial functions, which 
describe the nonreactive interaction regions to much smaller radial 
distances than the plane wave radial functions used by us3 for 
u,,,,(R) to date. Reducing the region of space that must be spanned 
by the L2 basis will further reduce the size of the L2 basis set that 
is required. 

There is thus still much progress that can be achieved in basis 
set selection and contraction, and it will considerably expand the 
range of reactive scattering applications. 
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Some Calculations of the Density Profile of Inhomogeneous Hard Spheres Using the 
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The Fischer-Methfessel approximation consists of approximating a pair correlation function of an inhomogeneous fluid by 
the corresponding homogeneous (bulk) correlation function evaluated with a locally averaged density. The averaging is done 
over a sphere of molecular dimensions. Using both the Born-Green and the Lovett-Mou-Buff-Wertheim equations to relate 
pair functions and the singlet density profile, we find that this approximation gives reasonably good density profiles for 
inhomogeneous hard spheres but that the averaging should be make over a larger sphere than that suggested by Fischer 
and Methfessel. Also, in our calculations at least, the version of the Lovett-Mou-Buff-Wertheim equation involving the 
direct correlation function seems preferable to both the Born-Green equation and the other version of the Lovett-Mou- 
Buff-Wertheim equation. 

Introduction 
The theory of inhomogeneous fluids is an interesting extension 

of the theory of homogeneous (bulk) fluids to situations in which 
the density varies with position that recently has received increasing 
attention. The theory of inhomogeneous fluids contains as special 
cases such venerable and important fields as surface tension, 
adsorption of gases, electrochemistry, colloids, and phase tran- 
sitions. 

Recently, several a ~ t h o r s l - ~  have made calculations for inho- 
mogeneous fluids using the inhomogeneous Ornstein-Zernike 
equation 

where h(rl,r2) = g(rl,r2) - 1 and c(rl,r2) are the total and direct 
correlation functions and p(r) is the density profile. In  the bulk 
fluid, which we assume is located at r = a, p ( m )  = p, the bulk 
density, and g(rl,r2) = g(R), the radial distribution function. The 
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bulk density p = N /  V is taken to be in units of particle number 
divided by volume. 

To give a theory, eq 1 must be coupled with an approximate 
relation between h(r,,r2) and c(rl,r2) and a relation between p(r) 
and the pair functions. Generally, one of the following exact 
relations 

a In P(X) 
ax - k T -  = 
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