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A detailed presentation of the modified configuration-interaction (CI) method [S. P. Goldman, Phys. Rev.
Lett. 73, 2541 (1994)] is given. The standard two-electron test case is used to introduce the concepts, as well
as to show a sharp increase in the convergence of the calculations. Space-ordered radial coordinates and
generalized angular functions involving the addition of large numbers of spherical harmonics are used. As a
result, accuracies that exceed those of the usual CI method by several orders of magnitude are obtained with
small basis sets. For example, in the case of helium, energies are obtained with relative errors of 2.6X 1072,
1.4% 1078, and 2.0X 1071 for the 1S, 215, and 23S states with 420, 276, and 264 two-electron basis
functions, respectively. A detailed discussion of the calculation of matrix elements and angular coefficients and

of the extension to the many-electron case is presented.

PACS number(s): 31.25.—v, 31.10.+z, 31.15.Pf

I. INTRODUCTION

The standard configuration-interaction (CI) method pro-
vides a straightforward technique to perform calculations on
systems involving several interacting electrons in terms of
products of one-electron functions. At the heart of the CI
method is the expansion of the inter-electron potential in
terms of single-electron spherical coordinates. Consider for
example, the case of the helium Hamiltonian

He—tv2i o2 2 21 (1)
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For the purpose of CI calculations the electron-electron po-
tential is expanded as
1 =z 4 rr !
- = [ * (P r 2
=2 a2, IR .

It is this expansion that characterizes the CI method, as it
allows one to approximate the wave function in terms of
symmetrized or antisymmetrized products of one-electron
(hydrogenic) basis functions. In the case of two electrons, the
two-electron basis functions for a state with total angular
momentum L will be of the form

o =fri(r)f2i(r2) ATY i(fl ) E(r=1), (3)

ity

where

AN (R1,8) = 2 (Lumilymy|LM)
my,my

XYz“,ml(f'l) Ytzl.,mz(f'z) 4)

and the second term in Eq. (3) is obtained from the first term
by interchanging r, and r,.

The main difference between different approaches to per-
form CI calculations is the choice of one-electron radial
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functions. Calculations have been done using, for example,
Slater-type functions [1,2], piecewise polynomials [3], and B
splines [4]. A typical CI basis set using radial Slater-type
functions is given by

QT g =hirz fliyli APM (R1,8,) % (r=1y), (5)
where a; and B; are arbitrary nonlinear parameters.

The quality of the results in a CI calculation will depend
then on the number of radial functions in the basis set as well
as the number of different angular configurations included.
In the limit in which the number of both is infinite, the result
will be exact. The task at hand is to be able to obtain as
accurate a calculation as possible with as few basis functions
as possible. In the case of Slater basis sets (5), for example,
one searches for convergence of the variational energy eigen-
value (or any other property being calculated) as the number
of powers of r; and r, is increased and as the number of
values of the one-electron angular-momentum quantum num-
bers 1;; and /,; is increased. It is this angular mixing that will
take care of the different angular terms in the expansion of
ri, and will account for correlation effects. The role of the
exponential parameters is to optimize the calculation for a
specific set of radial powers and spherical harmonics. The CI
convergence of the variational energy eigenvalues is, how-
ever, very poor as both the number of radial powers and the
number of spherical harmonics are increased [1-5].

The radial convergence is slow independently of the type
of radial functions used. In Table I we present results for
radial convergence using Slater basis functions and natural
orbitals (piecewise polynomials). The results for Slater func-
tions are obtained as the number of powers of the radial
coordinates in the basis set is increased. In the case of natural
orbitals (NO’s), the size of the basis set is kept fixed at 666
basis functions, with the number of NO’s derived from this
basis set being increased [3]. The results isolate the radial
behavior for the helium ground-state case by restricting the
trial functions to the case /; =/, =0. The convergence is very
slow, and because of the advent of numerical dependency
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TABLE I. Radial convergence of the ground-state s configuration for a nuclear charge Z=2 using Slater,
natural orbital, and MCI radial functions. E is the variational eigenvalue in a.u., N is the number of two-
electron radial basis functions used in each case, and N, is the number of natural orbitals used, each built

with N basis functions.

Slater Natural orbital MCI
N E N, N E N E
2 -2.848 1 666 -2.861531102
6 -2.8780 2 666 -2.877925513
12 -2.8789 3 666 -2.878844046 6 -2.8788
20 -2.87899 4 666 -2.878980274
30 -2.879016 5 666 -2.879012045 7 -2.879014
42 -2.8790237 6 666 -2.879021844
56 -2.8790264 7 666 -2.879025502
8 666 -2.87902707
12 666 -2.879028537 11 -2.87902861
18 666 -2.879028735
24 666 -2.879028756 -2.879028752
20 -2.87902876718
30 -2.879028767314
45 -2.8790287673190
54 -2.879028767319173
73 -2.8790287673192123
86 -2.879028767319214160
100 -2.879028767319214320
125 -2.879028767319214388
extrapolated -2.87902876731921441

problems in the matrix diagonalizations, the basis set size
cannot be increased and better values cannot be obtained. In
the Slater case, if N, denotes the number of two-electron
radial functions, the energy convergence is SE/E~N, 3 In
the case of natural orbitals, there is an improvement with
SE/E~N;*, although a (constant) very large number of ba-

TABLE II. Angular convergence of the ground-state energy E of
helium using Slater, natural orbital, and MCI radial functions. E is
the variational eigenvalue in a.u. and [, refers to the largest an-
gular momentum used by the Slater and MCI methods and the
largest generalized angular function used by the MCI method.

Linax Slater Natural orbital MCI

1 -2.900516 -2.900516 -2.903320776
2 -2.902767 -2.902767 -2.903687982
3 -2.903321 -2.903321 -2.903718403
4 -2.903518 -2.903518 -2.903722701
5 -2.903606 -2.903600 -2.903723671
6 -2.903650 -2.903644 -2.903724070
8 -2.903689 -2.903682 -2.903724287
10 -2.903697 -2.903724340
11 -2.903701 -2.903724345
13 -2.903724362
16 -2.903724369

sis functions is necessary (a comparison with the conver-
gence of the best NO value for different basis set sizes would
be more appropriate).

The angular convergence is also very slow with
SOE/E ~Nf3 , where N, is the number of spherical harmonics
used. This convergence is independent of the radial functions
used. One of the main reasons for the need of a good radial
representation is the ability to obtain, for each angular con-
tribution, good accuracy with a small number of radial func-
tions in order to allow one to include in the calculation a
large selection of spherical harmonics. In Table II the angular
convergence is given for both the Slater and natural-orbitals
representations as a function of the number of spherical har-
monics.

We have then in the CI method a procedure to calculate
atomic (and molecular) states that can be implemented very
easily. The reason is that the functions involved are simple
products of orthonormal one-electron functions. Therefore
the matrix elements of functions or operators that depend on
a single radial coordinate result in one-dimensional integra-
tions, while matrix elements of functions involving r_ and
r~ are just two dimensional. Not only is the implementation
simple, but it also yields a clear picture of the nature of the
solutions in terms of superpositions of different frypes of one-
electron functions. The price we pay is a poor convergence
that does not allow one to achieve very accurate results. In
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the following sections we will describe ways of improving
the radial and angular convergences of the CI method.

II. RADIAL VARIABLES
A. Angular and radial matrix elements

In the CI method, the radial matrix elements are easily
calculated given that the wave function is a simple product
of one-electron functions, written in terms of the radial co-
ordinates r, and r,. The poor radial convergence is due to
the fact that these ‘“‘smooth” radial functions of r; and r,
cannot easily represent the cusp present in the two-electron
(or many-electron) wave functions. This cusp. is a conse-
quence of the Coulomb interaction between the two elec-
trons. It appears because the repulsion potential szl has dis-
continuous derivatives at r{=r, or in the expansion (2) at
r-=r~ . Notice that a similar cusp is present, for each elec-
tron, at the origin if a point nucleus is used. This hydrogenic
cusp at the origin is masked by the use of radial coordinates,
but would be apparent if Cartesian coordinates were used.
This idiosyncrasy of the wave function at r.=r- can be
incorporated in a basis set if we allow the basis functions to
depend explicitly on r— and r~. . The use of r— and r~. in the
context of CI calculations has been discussed previously by
Schwartz in 1962 [1] and later on in several works on the CI
method [2,6,7].

In this work, we start by extending the Slater functions to
the basis set [8]:

¢i:e‘azrl

*+(r;=r,) (6)

—Birn—oir —T; b;
¥ a;r T;r N /\
72 < l>r‘r21<’>’ 112(11,12)

that includes the variables

r=min(r;,r,) and r-=max(r,r,), 7
which have discontinuous derivatives at r;=r, and will be
able to represent the radial cusp much more efficiently. These
variables are symmetric functions of r; and r,:

re(ri,ra)=r(ry,r1),r=(ri,r)=r=(ry,ry). ®)

Notice that (6) is not the most general Slater-type basis set
involving r_ and r_. For example, considering that

r. / ro< 1, the basis functions used in (6) can be extended to
0,=m, A{%ﬁ(f'l ) E(r=1,), 9

with the new radial functions

—ary=Biro—oir —Tir_—wir _[r a;
ir1~Bira i - i it o

bi st
>r1‘r2‘r<tr>t. (10)

ni=e

The family of basis functions we need, however, is much

smaller: there is no need in (9) for an explicit dependence on

ry and r, at all (except for a simple dependence in the case

of triplet states). The reason is that the Hamiltonian (1) can
be rewritten without using r; or r, at all as
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Z Z
—_1ly2 _1lyg2 _ - _ 7
H=—3Vi =3V ===
r)\
+E T V() (D)

where we used the fact that for a symmetric function
f(ry,xp)=f(ry,ry) is f(r;,r)=f(r<,r>). For symmetric
radial functions we need then only the radially symmetric
basis set

@i=&(r_or ) A" (F_F), (12)
with

gl_:e——o'ir<—7'l-r>—wir</r> rs<i r’>i . (13)

The functions ¢; are the subset of the general set 6; [Eq. (9)]
with a;=b;=a;= 3;=0. For the case of radial antisymmet-
ric states we follow an idea by Schwarz [1]: we keep the
exponential portion of the radial basis functions as is and
introduce the antisymmetry in the polynomial portion of the
variational representation. The most general such expansion
is given by

g?ntisym:(rl_rz) éi' (14)

All the radial integrals necessary for the calculation of
matrix elements can be written in terms of the general inte-
gral

Qij(C,daPﬂ):J‘o fO i 77] rcl rtZi r‘i r‘i r%drlr%drb
(15)
that has the closed-form expression

Q,i(c.d,p,q)=Q;;(c.d.p.q)+Q(c.d.p.q), (16)

Q7(c.d,p.q)=R;;(c,d.p.q)

©

—w;i— ;)"
+ > py ! R;(c,d,p—f-n,q—n),
(17)
Q;i(c.d.p.q)=R;(c,d,p,q)
)n
+§1 —-—Rg(c,d,pm,q—n),
(18)
where
(T—1)! 1 14
< — _
Rij(c.d.p.q)=—pr— gF| LT:B+1; i) (19)
> (-1
Rij(c.d.p.q)= —pr— g F| LT:A+ 1 , (20)
with
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T=a+b+s+it+2,
A=a+s+1,
B=b+s+1,
a=ai+aj+c+2 )
b=b;+b;+d+2,
s=s;+s;+p, (21)
t=ti+tj+q s
W=a+a;+B;+p;+o,+0;+71,+7),

_ Bi+Bjtota;

® ata+r+T1°

a;taitoto;

==
BitBjt7+7;

R< and R~, which denote integrations for r,<r; and
ri=<r,, respectively, are given in terms of the hypergeomet-
ric function F

o

F(u,v;w;2)=oF (u,v;w;z)= ?;‘,0 (u()w()v),,ﬁ (22)
with
ur(u-i-n)
(u);r-m— (23)

The necessary angular integrals can all be written in terms
of the general integral

""ij 2)\+12 J' fA l(rl,rz)Y}\q(l‘l)
XY (BN (F1,Ey) dQy dQs, (24)
J 4
which yields
E;\j:(_1))\+Li5LiLj5MiMj[lli’12i’llj’IZj]llz
y Ly N D\l N i\l tu L
o o o/lo o ofln; 5
(25)
with
[ab,...]=(2a+1)(2b+1)-- - . (26)

The case A=0 addresses the straight overlap of the ortho-

normal functions Afl“jy;(f'l ,I,), correctly yielding
) i

= (i)j: Sp1.Omm 00 622 (27)
L) v A A A A

For the § states used as examples in this paper L;=L;=0
and (25) reduces to

(LLO)

»—4,1

L N I\?
0 0 0

=(— DMy, 1,]1/25/“12,51”12] (

(28)

In terms of these results, we can write the general overlap
integrals as

J j?], FO AL T d’r; d’r,

=0,/(0,00,0) &, .41, (29)

lo]'

The Hamiltonian matrix elements can be written as

f f ﬂlA;lleIIZIH AI 12 d3r1 d3r2

=(hy+hy) 81,0, 000y, 2 gh EN. (30)

h;; and ﬁij denote the portion of the Hamiltonian matrix
dealing with the interaction of the electrons with the nucleus,
while the terms in g,).‘j deal with the electron-electron inter-
action. h;; involves the usual integrals of products of one-
electron functlons while h takes care of terms involving

derivatives of the form

&r>
Ezzé(rz_rl),

é‘r
br—z—l*é(rz“r;) ) (31)
and
d{(x)
ax =8(x) , 32)

where { is the Heaviside function

1 if x>0
{(x)= 0 i (33)

if x<O0.

‘We obtain
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hij=— %[(aj"" Tj)2+ (B;+ a'j)z]Q;(0,0,0,0)— %[(a’j"‘ ‘Tj)2+ (B;+ Tj)ZJQZ(O,O,O,O)

+(a;+1)(a;+1;+1)05(—1,0,0,0)+(B;+0,)(b;+s;+1)07(0,— 1,0,0)

+(a;j+0))(a;+s;+1)07(—1,0,0,0)+(B;+ 7,)(b;+1;+1)Q7(0,—1,0,0)

—3(a;+1;+1)(a;+1;)05(—2.0,0,0) = 5(b;+s;+1)(b;+5,)0;;(0,—2,0,0)

—z(a;+s;+1 )(aj‘*'sj)Q;(“z,O,O,O)_ 3(bj+1;+1 )(bj+tj)QZ(O,_2a0,0)

+wj(aj+ 'Tj)Qij(-2’1>0,0)—wj(,8j+0j)Q;(_ 130,0,0)—wj(aj+0-j)Qi7(Os_ 1,0,0)

+wi(B;+7)0;(1,-2,00)~ w;(a;+1;)0;(—3,1,0,0) + w;(b;+5,;+ 1) Q5 (—1,— 1,0,0)

+ wj(aj+sj)Q;(_ I,— 1,0,0)_wj(bj+tj+1)Q5(1’—3,0,0)

2 2

2 2

— 5F05(—42.0.0)~ 5" 07(=2.0.0.0) = 5075(0,-2,00) — 5"0[;(2,-4,0,0)

+ %llj(llj—*_ I)Ql](_2’0’0’0)+ %l2j(121+ I)Qu(O’_z’O’O)_Z Ql](_ 15030,0)_2 sz((),— 1,070)7

(34)
- ote (T+2)! [7,—0; s;—t;—2w;
hij:e ( o j) WT+2 w T+2 ’ (35)
with 7 and W defined in (21), and
g5=0i;(0.0N, =\ =1) . (36)

All the calculations in this paper were done with the radial basis set (13) with w=0 as a value of w# 0 did not improve
convergence enough to justify an extra non-linear parameter. This makes all the overlap integrals much simpler by replacing
everywhere a=b=a=B=w=0 and by using R;; instead of Q;;:

hij=—5(o7+7)[R55(0,0,0,0)+ R} (0,0,0,0) ]+ o;(s;+ D)[R};(0,— 1,0,0) + R (— 1,0,0,0)]

+7;(¢;+ D[R;;(—1,0,0,0)+ R (0,—1,0,0) 1= 5(s;+1)s,[R;(0,—2,0,0) + R;;(—2,0,0,0)]

—3(t;+ l)tj[R;( —2,0,0,0) +R;(07_ 2,0,0)1+ 54,,(11;+ 1)R;;(=2,0,0,0) + 315;(I5;+ 1)R;;(0,—2,0,0)

~Z [Ry(— 1,0,0,0)+ R;;(0,— 1,0,0)] , G7N
~ (T+2)! [1i—0; s;—1;

T T WTE2 w : T]+2j ’ (38)

gh=R;;(0,0\,—\—1) . (39)

B. Radial convergence

The radial convergence was studied by setting I, =1,=0
and L=0 using the ground state as the test case. The radial
basis set used in these calculations is then

fime TSIyt (40)
with
i=1, ... Nep
sy=gmingming o gmax
L= M, (41)

f

Three sets of exponential parameters were used. o; and 7,
were fixed at the exact hydrogenic values; this improves the
stability and convergence of the basis set by accounting for
most of the hydrogenic contribution. Only the necessary
number of powers for an exact hydrogenic result were in-
cluded in this first exponential set, e.g., ] is 1 for the
ground state, 2 for the first excited state, and so on. The two
other sets of exponential parameters were determined by a
variational minimization of the energy. Each of these two
sets of nonlinear parameters were multiplied by different sets
of radial powers. Following is a summary of the basis set
used: for the first set: Ny, = 3;
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o=Zin., 71=(Z—1)/n-,
ST=0,sT=n_—1,
min Otmax_ 1:

o =00n"=ns—

for the second set: o, and 7, are determined by optimization,

5,=0,1,...,n5—1, with nj aninteger
t,=0,1,...,n5—1, with n} aninteger (42)
sotty<sty™, with s£3™ an integer;

for the third set: o3 and 73 are determined by optimization,

§3=0, 1, ...,n5—1, with n} aninteger

t3=—s3+1, —s3+2, ... ,max{—s3+nj, 0},

with n% an integer

3 13<st with s/

an integer .

Notice that r-. is allowed to have negative powers. It is the
inclusion of these negative powers that substantially im-
proves the radial convergence. As an example, the optimized
parameters used for the best calculation involving 125 two-
electron radial functions are o,=0.828 78, 7,=0.904 99,
ny=9, ny=9, st5¥=10, 03=0.91389, 73=1.19299,
ni=11, and n5=5.

The results obtained are presented in Table I, where they
are compared with those obtained using Slater functions and
natural orbitals constructed with piecewise polynomials.
These results present the variational ground state obtained
when only s states are included in the basis set. N denotes the
number of two-electron radial basis functions and E the
ground-state variational eigenvalue in a.u. The Slater and the
modified-configuration-interaction (MCI) columns describe
convergence as the number of two-electron basis functions is
increased, while in the case of natural orbitals convergence is
analyzed as the number N, of natural orbitals is increased
keeping the total number N of basis functions fixed [3]. In
each case the best calculated value is presented. (In the case
of natural orbitals one can construct 36 natural orbitals with
the 666 two-electron basis functions, but the conver-
gence seems to tail off at N,=24 [3].) Setting
OB =FE/E ,c— 1, one obtains for the best results
8etE staer=8.4% 1077 with 56 two-electron basis functions,
8reEno=3.9%X107° with 666 two-electron basis functions,
and 8,yEpver=3.5% 10718 with 125 two-electron basis func-
tions. MCI provides a convergence that is 11 and 9 orders of
magnitude better than Slater functions and NO’s, respec-
tively. A good MCI value was used as F, in the first two
cases, while for the MCI values themselves the value used is
an extrapolation of E, obtained iteratively from a linear re-
gression of the cumulative errors of the calculated MCI val-
ues. It is interesting to observe the rate of convergence for
each of the methods. For this purpose, a power law was fitted
in each case to 6, E using linear regression. The values ob-
tained were  SEsuer~N 2% SewEno~N,*’, and

44 Slater
4 NO

logyo (SE/E)

MCi

1 10 100
Number of Radial Functions

FIG. 1. Radial convergence of the ground-state s configuration
for a nuclear charge Z=2 using Slater, natural orbital, and MCI
radial functions. 6E/E is the relative error of the variational eigen-
value. The abscissa gives the number of two-electron radial basis
functions used in the Slater and MCI cases and the number of
natural orbitals used in the NO case, each built with 666 basis
functions.

SraEmci~N 8. Notice that in the NO case, the conver-
gence refers to the addition of natural orbitals keeping the
basis set size fixed at 666 two-electron vectors. Also the
convergence rates quoted here are for the error in the energy
unlike the commonly quoted convergence of the energy in-
crements as new vectors are added to the calculation, which
yields rather the convergence of SE/SN and therefore has a
faster convergence rate by roughly one extra power of N.
The different rates of convergence can be clearly seen in Fig.
1.

III. ANGULAR FUNCTIONS

In the CI method, correlation effects are accounted for by
the introduction of basis functions containing coupled spheri-

-3

-4

Slater

-5 0
L 6
=]
o

74

MCi
-8
-9
03 0.5 0.7 0.9 1.1
10G10(f max)

FIG. 2. Angular convergence of the ground-state energy of he-
lium using Slater, natural orbital, and MCI radial functions.
SE/E .. is the relative error of the variational eigenvalue. [,y
refers to the largest angular momentum used by the Slater and MCI
methods and the largest generalized angular function used by the
MCI method.
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cal harmonics with the same total angular momentum but
with different one-electron angular-momentum quantum
numbers. Each basis function will then contain an angular
part of the form (4) with correlation entering in the calcula-
tions by including different values of {; and [,. These dif-
ferent angular functions will be mixed by the infinite angular
sum in (2) upon the diagonalization of the Hamiltonian ma-
trix. As a result, one obtains a wave function containing lin-
ear combinations of coupled spherical harmonics with differ-
ent values of [, and [/, (the Hamiltonian diagonalization
minimizes these linear coefficients). The convergence of the
variational energies as the number of different one-electron
spherical harmonics is increased is, however, very slow, as
can be seen form the results for Slater and NO functions in
the first two sets of values in Table II and the two top curves
in Fig. 2. In the Slater case, the calculations were performed
using the radial functions of Sec. II, given that the basis sets
become prohibitively large if functions of r| and r, are used,
diminishing the number of possible angular configurations to
include. The Slater and NO curves are almost identical, with
the NO one being able to calculate values with a few more
angular momenta, but the Slater curve with a slightly better
accuracy for the larger values of / for which the NO calcu-
lation had to resort to smaller radial basis sets. The best NO
value, which is the best value obtained with standard radial
representations (i.e., in terms of r; and r,), is obtained with
a basis set of 640 two-electron vectors with which 118 natu-
ral orbitals were constructed and yields for the helium
ground state a relative error of 8.0X 107 [3]. In this section
we shall present an approach to the angular representation
that will yield a best result for the energy with a relative error
of 2.6 10~°. To increase the NO accuracy to 3.0X 10~ one
would need of the order of 200 angular momenta and a basis
set of about 10° vectors [3].

As mentioned in the preceding paragraph, the standard CI
method mixes linearly different angular configurations
through the diagonalization of the Hamiltonian matrix. In
this paper we propose to improve the angular convergence of
the CI calculations by introducing an a priori superposition
of angular functions that will depend on a set of nonlinear
variational parameters. In other words, rather than letting the
diagonalization do the work of mixing angular configura-
tions, we will start the calculation with a set of angular func-
tions in which spherical harmonics were already mixed in
large quantities. As we do not know the exact form of this
mixing, we write these functions in terms of a few (nonlin-
ear) parameters that will be varied and optimized by energy
minimization. In other words, rather than using the coupled
spherical harmonics

AzLﬁZi(f‘l ,f‘z) = 2 <llim112im2|LM>

my,my

XYy m, (B1) Yo, o (F2)

we introduce linear combinations of these [8]:

Ne
LM A A\ _ i LM ~ =
O 7, (F1.f) =20 Cr 7 (w) ALY (F1.f) . (43)
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where u denotes a set of nonlinear (angular) parameters
Uy, Uy, ..., n,. The values of il and l~2 refer to the angular
momenta that provide the most important contribution to ®
in the limit of small correlation effects, with u=0 in the case
of no correlation:

. LM A~ A A A
hrn@,-l,-z(rl,r2)=A,L11;42(r1,r2) . (44)
u—0

The power of this approach is based on the fact that a
small number n, of angular parameters controls the linear
combination of a very large number Ng of spherical harmon-
ics with different angular momenta. In this way one can mix
a very large number of angular configurations: e.g., 200—300
values of /; and /, were used in this work versus the 10 or so
that is the most that can be used in the standard CI method.
The set of nonlinear parameters u is optimized in the same
way in which the radial exponential parameters are opti-
mized: by a minimization of the variational energy eigenval-
ues. The basis sets (12) and (14), although efficient in the
radial representation, still use the usual inefficient CI angular
approach. Each basis function ¢; of the basis sets used here
involves the linear combinations of large numbers of the ba-
sis functions @; (12), all with the same radial part but differ-
ent angular components. The functions used in this work for
the helium-like S states are

Qi=filr_r.) O (B1.F) (45)

>
and

@M= (r1=ry) @i, (46)
with f; defined in Eqns. (40) and (41),

— O — Tl K.
fi_e T<TTS pSiopli
< >

with
i=1,... ,Nep
—  min _min max
s;=s8;, 8 1,8
=, L

1 i

The remaining question is how to select the coefficients
C'i i (u), specifically their dependence on the parameters
1°2

u;. An “experimental” approach has been followed in this
work, trying a few different possible functional forms for the
angular expansion coefficients and comparing the efficiency
with which the energy could be minimized. In all cases the

C'l~ 1'2(“) were expressed in terms of the coefficients in the
1

Taylor expansion of a function of u to guarantee that the
norm of the angular functions will remain finite in the limit
N @ —>.

In this paper we present correlated calculations for
states of helium. In this case the total angular momentum is
L=0 and therefore /,=1[, for any [/;. The following coeffi-
cients and parameters were used for the radial (40) and an-
gular (43) functions: for the first set: Ney,=3;
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o=Z/n., 7n1=(Z—1)/n-,

min

sT=(, M=y _—1, (M= =p_ -1,
[,=0 , Ng;=1;
for the second set: o, and 7, are determined by optimization,
5,=0,1,...,n5—1, with n} aninteger
1,=0,1, ...,max{n,—1—1,,0}, with n} aninteger
(47)
I,=0,1,... ,ng-— 1, with né an integer

S2+[2$S5I2nax, t2+i2+lgst[2nax,

max

with s#,"" an integer;
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for the third set: o3 and 75 are determined by optimization,
s3=0,1,...,n5—1, with nj an integer
t3=—s3+1, —s3+2,... ,max{—s;3+n, —I3},
with n§ an integer
I,=0,1,....nk—1, with nk=nl
Ng3=Neg2,
S3FI=sty™, 13+ 1+ 1<,

with 115 an integer.

The coefficients of the angular expansions were chosen as
follows:

[0 if 1,<I or [;>1+Ng—1
Cir=1 ..+ 5 = . . . . (48)
b(1,1,)/b(l,l) otherwise, with [,=i—1, i=12,...,Ng ,
where b(1,1;) is given by the ith term in the Taylor expansion of (1+x)” around x=0, i.e.,
. 1 if i=1
b(l1)= ~ 49
C= )=y =1 =t Dxlaty it i>1 (“9)

and x and y are defined in terms of four nonlinear coeffi-
cients u; with
x=u; [(I+ 1) +uyd, y=us+u,l . (50)
We present now the values used for these parameters for
two calculations of the ground-state energy (the best in this
paper and another using a smaller basis set), as well as for
the best calculations in this paper for the 2 'S and 2 3 states.
The best calculation for the ground-state variational energy
in this paper yields E= —2.903 724 369 49 a.u. (a relative
accuracy of 2.6X 107°, almost four orders of magnitude bet-
ter than the best previous CI value) with a total of 420 two-
electron basis vectors and the following parameter values:
ny=7, nh=7, n5=8, ni=5 st,=10, ;=4
0,=2.088 18240, 7,=0.99464976, 03=0.732059 45,
73=1.09506997 n'=16, Ng=227, u,;=0.038 007 06,
u,=0.055 107 87, u3=0.554 292 47, _ and
us=—1.829 253 92. The MCI basis set that yields a varia-
tional ground-state energy slightly better than the best previ-
ous traditional CI value gives E= —2.903 687 981 776 80
a.u. (a relative accuracy of 1.3 10~ %) with a total of only 98
two-electron basis vectors (involving only three generalized
angular functions) and the following parameter values:
ny=6, ny=>5, n}=8, ni=1, st,=8, lt3=1, 0,=1.603 15,
7,=0.875 64, 03=1.02294, 73=0.727 91, n'=3, Ng=85,
u;=0.009 48, u,=0.364 59, u3=0.710 37, and
uy= —0.645 12. The best calculation for the 2 'S variational

energy in this paper yields E=—2.145974 01597 a.u. (a
relative accuracy of 1.4X1078) with a total of 276 two-
electron basis vectors and the following parameter values:
ns=6, ny=6, n{=7, n§=3, s1,=10, It;=4,
0,=1.13175359, 71,=0.54752564, 03;=0.684841 15,
73=0.744 57767, n'=12, Ng=110, u,;=0.274 33323,
1,=0.099 219 69, u3=1.793 456 40, us=—1.598 088 47.
The best calculation for the 23S variational energy in this
paper yields E= —2.175 229 377 806 9 a.u. (a relative accu-
racy of 2X107!% with a total of 264 two-electron basis
vectors and the following parameter values: ny=6, n5=6,
ny=7, n3=3, s51,=10, Ilt;=4, 0,=0.795031 46,
7,=0.526 12074, 03=0.75494629, 73=0.644 119 30

n'=10, Ng=110, u;=—0.00021512, u,=0.084 142 86,
u3=1.393 304 29, and u,= —1.225916 58.

The convergence of the ground-state variational energy
values obtained in this paper is described in Table II and in
Fig. 2. An interpolation of the form & E~(Lyatc)™?
yields different values of p for different values of ¢ with
very similar statistical correlation tests; however, for each
choice of ¢ the power p using the MCI method approxi-
mately doubles that obtained using either Slater or natural
orbital basis sets. The best correlation is obtained for c¢=0
for which the CI method converges as 8, E~ (L)~ >2 and
the MCI method (present work) as 8, E~ (Lpya) ™+, For
c¢=1 we obtain for the CI method 8,E ~ (L) > and for
the MCI method 8,E ~ (L) !, both with high statistical
correlation.
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The accuracy of the MCI results was obtained by compar-
ing with the accurate results for the S states of helium ob-
tained using correlated basis sets [9], which yield the follow-
ing upper bounds (numbers in italics did not converge): for
the ground state E= —2.903 724 377 034 119 479 a.u. with
1262 two-electron basis functions, for the 2'S state
E=-2.145974046 054 412 8 a.u. with 995 two-electron
basis functions, and for the 238 state
E=-2.1752293782367913008 au. with 954 two-
electron basis functions. Notice that configuration interaction
cannot compete yer with the accuracy of the correlated cal-
culations for the low-lying states of two-electron systems
with small nuclear charge, for which correlated basis sets
yield roughly seven digits more accuracy. On the other hand,
the configuration interaction has, unlike correlated basis sets,
the advantage of providing a strightforward implementation
for many-electron systems and molecules.

Finally, a comment on the numerical calculation of the
angular integrals. The 3-j symbols necessary for the calcula-
tion of these integrals (28) involve now very large values of
angular momentum quantum numbers (e.g., Ng=227) for
the best ground-state calculation. These 3-j symbols require
then factorials of very large arguments (~6Ng). In order to
avoid loss of numerical precision in the calculation of these
integrals, the 3-j symbols were expressed in terms of bino-
mial coefficients, which in turn were calculated using powers
of primes (the use of logarithms of factorials results in
a large loss of numerical precision). Setting a=(l;+1/,
—13)12, b=(l,+13—1,)/2, c=(l,+13—1,)/2, and therefore
a+b+c=(l+1,+15)/2, we can write

172

Iy I, I3 _(a+b+c)! (2a)! (2b)! (2¢)! -
0 0 0/ a!'blc! |(2a+2b+2c+1)! 5D
a+b+c
1 a
T (2a+2b+2c+ 1) [2(a+b+c)\ P
2a
b+c
b
2b
The 3-j symbols can then be written as
ll 12 13 (_1)a—b+c
(o 0 0] QGat2pr2acrn? Blbtea) Bleb),
(53)

where the functions B(x,y) involve small numbers and are
given by

(x+y)
> L (54)

2(x+y)
2y

B(X,)’)z

IV. EXTENSION TO MORE ELECTRONS

In this section we discuss methods of extending the MCI
method using basis sets of the form (45) to systems with
more than two electrons. The extension of the angular func-
tions (43) is trivial. In the case of more electrons, the cou-
pling of as many spherical harmonics as electrons is needed
as in the conventional CI method. The only difference is that
the functions (43) mix different angular configurations with
the same total angular momentum a priori.

The extension of the radial functions, however, modifies
one of the main simplifications in conventional CI calcula-
tions. In the conventional CI method, the radial basis func-
tions are built in terms of (orthogonal) one electron func-
tions, i.e., functions of the form f(r;), where O<r;< is the
radial coordinate of the ith electron. In this way, overlaps
involving correlation terms will result in only two-
dimensional integrations of the form (15). Coupled radial
integrals of higher dimensionality are not present in calcula-
tions involving a Hamiltonian that contains only two-
electron interactions, such as the (lowest-order) nonrelativis-
tic Hamiltonian for N, electrons in the presence of a nucleus
with charge Z

(55)

In the extension of this work to systems with several elec-
trons, higher-dimensional integrals will be encountered.
These integrals are not as complex as those appearing when
correlated basis sets are used [9] and their values can actually
be calculated analytically in terms of simple expressions in a
straightforward way. In order to extend the method intro-
duced in this paper to a system with N, electrons, we intro-
duce the ordered set of radial variables

Xi=Tjiy
where j(i) is a one to one (reordering) mapping such that
xlst' .. SXNE.

Given the symmetry of the Hamiltonian under an ex-
change of any two electrons, it can be rewritten as

Z

e N

1 1

e
+
i =1 j>i Ixi—xj

| N

H=-—

(56)

N, N,
DREDY
=1 7=

|
=

This suggests, as before, the extension of the radial symmet-
ric basis set (40) to an N, electron fully symmetric basis set
composed of functions of the form
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Ne

fi=Il e xi’“' . (57)

i=1

The integrals involved in the calculations will be of the form

Iy —f dr]f dry- - f drN glri,ry, ... ,rNe), (58)

K(”)(u) KU nOn—1° 0201( )

525
01020y,
(SI+S2+"'

xl‘l -, X s 3
X . dxn*l e n—1%n~1 (o-n_lxn_l)'n~l... .

with u—o0,
General expressions for (60) can be derived in terms of
the one-dimensional integral

g (u
K (u)= —'f (ox)’e” 7" dx . (61)
St Jo
Upon successive integrations by parts, we obtain
°, (ou)’
KJ(u)=1—e "2 ( i,) : (62)
i=o 1
o (ow)’
o — s+1_—ou
Ki(u)=(ou)''e i=20 ETESR (63)
with
a o0
K;’(OO)=FI (ox)e ™ dx=1. (64)
“Jo

The infinite sum form (63) is to be used for small values of
the quantity ou for which (62) will involve large cancella-
tions. There is, however, another important use of (63),
which we will address shortly, namely, the case in which
radial variables with negative powers are used in the case of
several electrons.

For example, in the two-dimensional case we obtain

oy0 0107 “ o -
K= o o (o™

S251

x2
XJ (o1x1)’1te” 71" dxg (65)
0

zmj (0pxp)2e ™ 722 KU'(xz) dx,

=g K2 ()~ 2 gVKL ) (66)

where

where g is symmetric in all the variables. This integral can
be rewritten in terms of the variables x; as

J dej dXN~] fzdx]

. ,xNe). (59)

With the radial basis set (57), this integral will consist of
linear combinations of integrals of the form

Xg(x17x25 ..

u
+s,)! fo doty € ()
!

X

dx, e” 7272 (02x2)s2f 2dxl e” 71 (o1x1)°, (60)
0

sp+1 i
(2)_(5‘2"‘1),51 02 oy

& (s1+s)'i! (op+o))2FF

(67)

Is,!
@ 3278
80 (S1+S2)! . (68)

In the case in which r- has negative powers, i.e., s,<0, we
can use (63) to obtain

oo

K2w)= X gPK] ) (69)
2 +1

i= 51

In particular,

0103 *
o201 = Sp, " 0X)p
ng 5 (OO) (Sl_’_sz)!jo (0-2x2) € dxz
*2
XJ‘ (lel)sle_"lxl dxl (70)
0

L
— (2 2
=g )—20 g
P

= > g?
1

i=s;+1

Equation (70) is equivalent to the usual expressions in terms
of hypergeometric functions used in Sec. III.

The expressions obtained for the one- and two-
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dimensional integrations can be now used to calculate K(")(u)=' E A 2 e 2
coupled integrals of higher dimensionality, which can be ob- sl 3=aoritl =it
tained iteratively in terms of K (u). For the most general X g(."). el :v02+“‘+0n (71)
. [PIS PRERY ’
case of the n-dimensional integral defined in (60), one ob- 203 ST
tains the general result where the constants g are defined by
1
S15805 - Y"(O’ o o.)= SI!(S2+i2)!"'(sn+in)!
gizv"3’-~»vl DB e Tl i (s s+ - +s,)!
0';2+1(T;,3+1' M N o+ 0y)B (oot o, ) 72)
(O_1+0_2)32+i2+1(0_1+a_2+0_3)x3+i3+1_ . .(0_1_'_0_2_‘_ L. +o_n)sn+in+1 >
S1:852, .58y, 1 . . S1:8525 -0 Sy
gOO 0y g s in(o’o’ 'O’O-j’aj+1’ ""Un)_llmo'j_l—*()hmajgz—»o'.'hmol—>0g,’2,i3‘_“’in(0-1’0-2a ,O'n) >
(73)
with the shorthand notation
(n) e S8, S
g12,13, .A,,in_gizyiz" “_‘in”(o-l 5025 - . ’O-n) > (74)
(n) = 510525 s Sy
80, 0uijypsijyns iy 80, J+],ij+2,...,z‘"(0’ 0,050 1, .., 0) (75)
in the case of a standard set of parameters. For example, in the case of three- and four-electron integrals, one obtains
03070 _ 3) gptoytoy
. u), 76
Ko, ()= i s§1:+1 j=saFitl Bij Byt (1) (76)
K04<73o-20-| _ (4) Ka'l+o’2+o'3+a4 u), 77
$45392%) ()= zgﬂ J=saFitl k=sptj+1 Bijk Bsqr () 7
in particular, . 51 N
51,8 K} 030" Sy,59+s
.. =gy 3Ks,jsj(u)—20 g (0, 0)
=
KPR ()= 2 2 gl (78)
53525 il j=syriel O otoy\’ Koot
X\ —— ST (u) (82)
- - - o, sa,s2+t
040302010\ = (4) » s
Kiissoan (=)= i ;ﬂ j=s22+i+1 k=s22+j+ 8ijk s (19) = 3 g2 0,) o+ oa|"
i=s;+1 gi 152 (053
The infinite summations can be replaced by finite sums in KO392y (83)
the cases in which the powers involved are such that do not 33 spti
lead to factorials of negative integers. This can be accom- © -
plished, for example, using the equivalent results (66) and — 2 E ) SANEALE ) (84)
(69) or the identity in (70). For example, in the case of three =Sl jesyritl st
electrons, the necessary three-dimensional integrals result in - -
several different closed-form expressions _ (3) g2+ 3 (3)
—[:VE+ go, s3ti ( ) EOJ_A'ZHI gl’j
K(S)( ) 010203 ju( ) o3%3 g N ’
U)y= ———"—— 03x3)%3e 7933 dx o+ aytos
(si+sa+s3)l)o 277 3 XKs3]+j2 (u) (85)
X3 Xy 51
$2p T 02X2 S1e T 1% 3 53,81,
X jo (0px5)%2e dxzfo (o1x1)%1e dx, = 85),0)_220 85" 12(0,01,07) K:,T;(u)
“
(80) 5 sy sp+1
— (3)groatos (3)
oy (S1+S2)! u B o EgOth +i (M)+2 E g
=(S +5,+53)! CEA I szzsll(x3) dxs
1 2 3)-J0 xKo']+¢72+o'3(u)’ (86)

(81)

s+j
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which in the limit u— o for the three-electron case yield

KO@)= > > gl ®7)
i=s+1 j=s,+i+1
© 51 0
= 2 e-2 X e @)
i=sy+1 i=0 j=sy+it+l

S

80— 2 8

i=0

53,851,852
0,i

(0,01,07)

So sp sp+1
3
-2 s+ 2 8 - (89)
i=0 i=0 j=0

Different expressions for these integrals can be obtained
by systematically applying recursion relations or transforma-
tion properties of the two-dimensional integrals, such as

51
K27 () =g K2(w)— 2 PR 7(u) (90)
271 °2 i=0 2
= 2 gPKI(u) 1)
i=s;+1 c

=g K] () K2 (u) — g6 K] (u)

52
+2 8" (00K (W) (92)

= 86" K] ()K*(u)

- 28" (o, 0 K] (W), 93)

i=s,+1

By using these types of transformations, with others yet to be
derived, one can improve the convergence patterns of the
calculations for specific sets of parameters for which conver-
gence would otherwise be slow.

The form chosen in (60) is not the only way to write the
integral (59) in terms of ordered variables or ordered regions
of the multidimensional space of the variables r;. The order-
ing chosen in (60) is, however, necessary, given that the
“larger”’ variables can have negative powers. Recall that the
MCI method derives in large measure its power from the
presence of these negative powers. With this ordering, all
values remain finite during the intermediate stages of the
calculations of the integrals given that as the integrations
progress toward the leftmost integral, the negative powers of
the larger radial variables are offset by the positive powers
carried on from the “‘smaller” radial variables.
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V. CONCLUSIONS

We have introduced a modification to the configuration-
interaction method that departs from the standard approach
in two ways: the use of ordered one-electron radial variables
and of generalized angular functions that are linear combina-
tions of large numbers of the coupled spherical harmonics
used in the CI method.

The use of ordered radial variables improves the radial
convergence of the basis sets by over ten orders of magni-
tude with a small number of functions. On the other hand,
the extreme simplicity of the radial integrals in the standard
CI method is lost. The present integrations are slightly more
complex but simpler than those necessary for calculations
involving correlated basis sets. In the case of Slater-type ba-
sis functions, all the integrals can be performed analytically
both in the case of a point nucleus or in the case of a finite-
nuclear-size potential.

The generalized angular functions introduced can be used
with any set of radial functions. This technique mixes in
advance a large number of coupled spherical harmonics with
the correct total angular momentum. The degree or nature of
the mixing is controlled by a set of (angular) nonlinear pa-
rameters. In this way one is able to introduce in the CI cal-
culations a very large number of angular configurations, at
least an order of magnitude greater than the largest number
of angular configurations that one is able to mix in the stan-
dard CI method. In this way, the angular convergence is
vastly improved as is the number of significant digits in the
energy eigenvalues that one is able to obtain. For example,
the best available standard CI calculation for the ground state
of helium yields an accuracy of 2X 1073 au. That same
accuracy was obtained by the present work using only three
generalized angular functions in a basis set of only 98 two-
electron basis functions, a calculation that is easily per-
formed on a microcomputer. On the other hand, to match the
accuracy of 7.5X 107° a.u. obtained in this paper, the con-
ventional CI method would need over a 10° two-electron
functions [4]. Still, work to better understand and improve
this angular representation must be pursued.
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