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Numerical solutions to the S-limit equations for the helium ground state, excited triplet
state, and the hydride-ion ground state are obtained with the second and fourth difference
approximations. The results for the ground states are superior to previously reported values.
The coupled equations resulting from the partial-wave expansion of the exact helium atom
wave function are solved giving accurate S, P, D, F, and G limits. The G limit is — 2.903 51
a.u., compared fo the exact value of the energy of —2.90372 a.u.

I. INTRODUCTION

It is a well-established approach to the study of
electron correlation to analyze the many-electron
system as a series of simpler two-electron prob-
lems, Sinanoglu! has shown how the first-order
equation can be reduced to two-electron pair equa-
tions for the many-electron atom or molecule. He
also discusses the equation for “exact pairs”
which describes the pair correlations beyond
first order. Nesbet? has been successful in re-
ducing the total wave function and energy for first-
row atoms into their Hartree-Fock and two-body
components. The general topic of electron cor-
relation is reviewed in Refs. 3 and 4.

We are not concerned here with the derivation
of the various pair approximations, but with how
to accurately and efficiently solve the resulting
equations. There have been two standard ap-
proachesin the past, both of whichare variational.

The first dates back to the early calculations of
Hylleraas® who used a trial function containing
interelectronic coordinates. The unspecified
parameters are determined so as to minimize

the two-electron energy. This method is capable
of high accuracy if enough terms are included,

but leads to difficult integrals to evaluate. In-
deed, considerable research effort has gone into
the study of these integrals themselves. The
most successful approach is to use a configura-
tion interaction (CI) trial function. The popularity
of this method is due in part to its general appli-
cability. When applied to the pair equations, the
CI method obtains the pair energies and properties
without dealing directly with a two-electron equa-
tion. Instead, the total N-electron wave function
is constructed from a set of Slater determinants
so as to describe the correlation between a spe-
cific pair of electrons, while treating the remain-
ing N-2 electrons in the Hartree-Fock approxi-
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mation. The energy is found by diagonalizing the
total Hamiltonian in this basis. This is equiva-
lent to solving a Schriédinger equation describing
the pair of electrons correlating in the Hartree-
Fock field of the remaining N-2 electrons. The
principal disadvantage of the CI method is the
slow convergence relative to the use of interelec-
tronic coordinates. Schwartz®" has pointed out
the disadvantages of using orbital expansions to

" represent correlated wave functions, with partic-
ular attention to the convergence as higher angu-
lar configurations are included.

We have chosen an alternative to these ap-
proaches by simply solving the equations numeri-
cally. Since it is not possible to treat a six-di-
mensional equation, we first eliminate the angular
variables by a partial-wave expansion. Then, the
resulting equations for the functional coefficients
are solved numerically. The method is not varia-
tional and does not necessarily give an upper bound
to the two-electron energy. However, once the
basic techniques are established, any set of two-
variable equations can be solved with high accu-
racy. This allows one to consider a variety of ap-
proximations to the pair equations (pseudopoten-
tials, etc.) without additional complications. The
numerical methods are highly computer oriented,
since the differential equation is reduced to a set
of difference equations which are solved by stan-
dard matrix techniques.

In two earlier papers, ¥° we applied the matrix
finite difference (MFD) method to the solution of
the S-limit Schrodinger equation and the first-or-
der pair equation for the helium atom. The re-
sults were accurate; however, in order to apply
the method to excited states of two-electron atoms
and to the valence electron pairs in first-row
atoms, it was necessary to reexamine the numeri-
cal techniques. The most obvious problem orig-
inates from the diffuse nature of the wave function
describing these electron pairs. This requires
that the point at which the solution is required to
vanish must be taken further out and, consequently,
the number of points needed to obtain an accurate
solution becomes unreasonable. Another refine-
ment is needed when considering the solution of
exact pair equations. The partial-wave expansion
of the exact pair function leads to a set of coupled
equations, in contrast to the first-order pairs
which give uncoupled equations. The exact-pair
functions are solutions of eigenvalue equations,
differing from the two-electron atom Schrodinger
equation only in the presence of the potential due
to the N-2 “core” electrons and orthogonality con-
straints. In order to solve these, we have to iter-
ate among the equations determining the functional
coefficients of the partial-wave expansion. To

keep the problem within limits, we must be able
to obtain accurate solutions with a small number
of points.

We have corrected for the possible diffuse na-
ture of the pair functions by transforming to a
new set of variables which are just the square
roots of the original variables. In order to guar-
antee greater accuracy with fewer points, fourth
differences have been included in the approxima-
tion of the derivatives. Combining both of these
modifications with an extrapolation procedure,
we have found the S limits for the ground states
of helium and the hydride ion. The equations were
also solved using both transformed and untrans-
formed coordinates and second differences only.
With the three sets of results for each atom, we
can compare the effectiveness of the modifications
for a tightly bound pair (helium) and a diffuse pair
(hydride ion). Finally, we have applied the MFD
method to the exact Schrddinger equation for the
helium atom using successively higher partial
waves up to the G limit. The results proved supe-
rior to any previous CI calculation of the angular
limits. The properties predicted by the numeri-
cal solution compare well to the exact values.

II. PARTIAL-WAVE REDUCTION OF THE TWO-
ELECTRON EQUATION

The partial-wave expansion of the solution of
the two-electron Schrodinger equation has pre-
viously been considered by Luke, Meyerott, and
Clendenin'® for the %S state of Li*, For a spheri-
cally symmetric pair of electrons, the exact wave
function can be expanded in Legendre polynomials
of the cosine of the relative angle between the two
electrons,

U(7172015) = ZZ}O Py(ry173)

(21+1)"/®
X —‘—_—"_4" P,(COSGIZ) . (1)
By substituting this into the equation, we get

(=3V5 =395+ V() + V() + 1/7,) ¥=E¥ , (2)

multiplying both sides by (21 +1)}/%/47 P, (cosb,,),
and integrating over all angular variables, we ob-
tain the /th member of an infinite set of coupled
equations for the functional coefficients

(1[ 1 8/, 8\ 1 o /, 8
2 1 81’1 L 91’1 + 7{ a’Vz (}’2 31’2>}
+10+1)/278+ 11+ 1) /278 + V(%)

Y V() s M ,,} 0, () = E - $,(r7)

-2 Mzz'wzz'('rl"'z) ) 3
Y
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where M,,= 22 CH¥10,1'0) —%57 »
r=l1=-01 s

v =min(ry, 75), ¥,=max(r, ),

and C*(0,1'0)=3[(20+1) (21" + 1)]'/?
X f (P,(cos@lz) Pk(coselz) Pll (008912)) d(cosglz) .

Up to this point, we have not made any approxi-
mations, although it is clearly an impossible task
to solve an infinite set of coupled equations. The
expansion is usually truncated when the energy is
determined to the desired accuracy. When using
the MFD method it is convenient, but not neces-
sary, to begin by solving the S limit (=0 partial
wave only) and then use this as an initial guess
to determine the P limit (=0, 1 partial waves
only), and so forth. After two partial waves, the
addition of further terms to the expansion has a
small effect on the known functional coefficients,
and the iterative method of solving the coupled
equations converges extremely rapidly. There-
fore, the slow convergence of the partial-wave
expansion pointed out by Schwartz” is not a serious
drawback.

It is easy to show that a similar reduction of the
Schrdodinger equation can be made for pairs that
are not spherically symmetric. The main differ-
ence appears in the angular integrals which couple
the equations together. Also the nonlocal poten-
tials which occur in the Hartree-Fock pair equa-
tions offer little complication since the equations
already contain nonhomogeneous terms. The nu-
merical techniques needed to solve these equations
are presented in Sec. III.

HI. REVIEW OF FINITE DIFFERENCE METHOD

The second derivative can be expanded in terms
of differences as follows:

0% 1l s 1.4 1 .8 ) (4)
7 = —5 (65— 1205 +95 00— <+ +) »
r=70 h

8
where
6% =0(ro+ 1) = 29(vg) + P(ro = ) ,
84 = Y(7o+ 2h) = 4d(rvy+ h) + 6(7)
68 = W(ro+ 3h) — 69(vo+ 2h) + 15(vo+ k)
~20%(7g) + 15¢(vo = k)
—6¢(Vo-2h)+‘z/}(1fo— 3n), (5)

and % is the grid size.!' The first approximation
to the second derivative is just 8%/87%~ (1/1%) 6%
In order to find the difference error, we expand
the second difference in terms of derivatives

1 ., (321/)) 1 2(3411’)
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and as a consequence of choosing central differ-
ences, the error contains only even powers of #.
Bolton and Scoins'? have shown that the energy
found with a grid size % can be expressed as a
power series of the form

E(h)=E(0)+ Cyh?+ Cyh*+ Ceh®+ - )

where E(0) is the exact energy corresponding to
h=0. For most two-dimensional equations, it is
not possible to use enough points to compete with
the accuracy of variational methods, therefore,
(7) is used to extrapolate the energies found at
several grid sizes to the exact value.'®

Fox'* has argued that a substantial amount of the
difference error can be eliminated by including the
next term in the difference expansion of the deriv-
ative in the MFD equations. The difficulty in
using fourth differences is satisfying the boundary
conditions. The usual conditions are to require
7(7) to vanish at =0 and 7= 7,,,, where 7,,
approximates infinity. The fourth difference of
¥(7) at 7= h requires that we know the function at
v=—h, and therefore introduces uncertainties into
the MFD equations. A similar difficulty occurs
at the other boundary. One solution of this prob-
lem is to extract the asymptotic behavior of (#) at
7=0 and 7= from the differential equation and
use this to relate the unknown values of ¥(#) out-
side the defined grid to the values within. This
is the approach we have taken for the first-order
pair equations; however, for the eigenvalue equa-
tions, it is simpler to replace the fourth difference
approximation at the boundary with the usual sec-
ond difference approximation. This does not ap-
preciably affect the accuracy when combined with
the coordinate transformation to be discussed
later.

Unfortunately, the fourth difference approxima-
tion does not sufficiently reduce the difference
error to be used without extrapolation. The ap-
proximation does allow accurate results to be ob-
tained from relatively few grids. These various
methods are illustrated for the S-limit equation
in Sec. 1IV.

IV. SOLUTION OF THE S-LIMIT EQUATION

Truncating the partial-wave expansion at /=0,
we then obtain the following equation for the two-
electron atom,

102 102

30 39 P4 z 1)
- = E— = — —~—+ — u(1173) = Euy(r7;
(oo -2 - £ - o Judnr) = Budrny)

(8)

where uo(7173) = 17290(7173). I the derivatives are
replaced by the second difference approximation,
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TABLE I. S-limit energy of the helium-atom ground state.
Initial
Grid size energies
(a.u.)
9/20 —2.417777 93
—-2.782694 71
25 —2.549147 97 - 2.860638 37
—2.825996 74 - 2.876028 34
30 —-2.63374065 -2.87100304 -2.87862431
—2.848040 64 -2.87797531 - 2.878 98631
35 —-2.69059575 —2.87525177 -2,87891480 - 2.879026 36
—2.85994551 —~2.87862484 - 2.879019 95 —2.87902778
40 —-2.73028710 - 2.87712569 - 2.87899367 —2.87902759 —2.879030 50
—2.86673274 - 2.878 86089 —2.87902601 —-2.879030 20
45 —2.758 92384 - 2.878010 64 -2.879016 38 —-2.87902975
—-2.87079279 - 2.878 95340 - 2.879028 82
50 —2.78923840 —2.87845474 - 2.87902459
- 2.87332566 - 2.87899295
55 —2.796 34490 —2.878690 21
—2.87496483
60 -2.808902 25

(8) is transformed to a set of linear equations of
the form

Du=Ey , (9

where D is a symmetric-banded matrix with non-
zero off-diagonal elements in only two superdiag-
onals and two subdiagonals. The eigenvectors at
D represent the ground and excited states of the
two-electron equation and would be exact if we
used an infinite number of grid points and satisfied
the correct boundary conditions. Since we are
usually satisfied with the lowest state, and pos-
sibly a few excited states, a finite number of
points are employed and a reasonable radial cutoff
is chosen toapproximate the boundary conditions.
We have solved the S-limit equation for the first
two states of the helium atom and for the ground
state of the hydride ion using the second difference
approximation. The radial cutoff for the ground
state of helium was taken at 9 a.u. and for the ex-
cited state at 20 a.u. For the hydride ion, the
solution was required to vanish at 25 a.,u. Equa-
tion (8) was solved for several grid sizes and the
eigenvalues extrapolated using the polynomial
representation of the difference error. From (7),
we see that two eigenvalues are needed to elimi-
TABLE II. The S-limit energy of the helium-atom

triplet excited state.
Initial

Grid size energies
(a.u.)
20/50 —1.921557 42
—2.145824 78
75 —2.046 150 40 —2.171 85406
—2.165346 74 —-2.17411134
100 —2.098 298 80 -2.173750 17 —2.174 25468
—2.170724 94 —2.174 23875
125 —2.12437221 —2.174116 61
-2.172609 20
150 —2.13911129

nate the #® term, three for the %% and h* terms,
etc. We have done this for the three states and
present the results in Tables I-III.

The extrapolation of the S limit for the helium
ground state predicts an energy of -2.879031 a.u.,
with an uncertainty in the last figure. The pre-
vious best limit was found by Davis'® and by
Schwartz” to be —2. 879028 a.u. Table I shows
the extrapolated values found using successively
more of the initial energies to be converging from
above. Thus the best extrapolant should be an up-
per bound to the true S limit. This value falls
within the error bounds on Davis’s predicted limit.

The results for the 3S state of helium and the
ground state of the hydride ion are less satis-
factory. Davis'>!® places the S limits of these
states at —2.1742652 a.u. and —0.514.4940 a.u.,
respectively. The MFD method is more difficult
for these states because of their large radial ex-
tent. To achieve the accuracy that we have, it
was necessary to diagonalize a matrix as large
as 22500 by 22500 for the 3S state and about 15000
by 15000 for the hydride ion.

In order to avoid this problem, we made the fol-
lowing coordinate transformation:

"1=X1, Y2=X2, (10)

TABLE III. S-limit energy of the hydride ion on the
linear grid.

Initial

Grid size energies
(a.u.)
25/50 ~0.48265239
-0.512586 53
5 —0.49928247 ~0.51438770
- -0. 70 16
100 ~0.50569401 0.51395741 51445695 0.514470

125 —0.50878134 051426992
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and solved the Schrédinger equation on an evenly
spaced grid in x; and x,. The effect of this is to
give a dense distribution of points near the nucleus
and a sparse distribution in the tail regions, as
viewed in the untransformed system. Not only is
the radial cutoff less important in the new system,
but since this is a more optimum distribution of
points for our problem, we can use fewer points
without losing accuracy.

Substituting the transformation into (3), the de-
rivatives become

1 9 [, 0 1 /98 1 9
7o (o) G -wax) W

The first derivative is eliminated by the transfor-
mation

Yolxy %) = uolxyxa)/ 3 223/ 2,

which leads to the following equation for U,(X,X,):

{-%[ﬁa%_ﬁ‘)q% (%'é)]

'z z 1
2zl >} wwy) =Eugleny). (12)

This equation was solved for the hydride ion with
a 25 a.u. radial cutoff (5 a.u. on the square-root
grid) using grids ranging from 25 to 50 strips.

The results were extrapolated to E= - 0. 514 497
a.u. and were converging from below. Represent-
ation of the difference error using only even pow-
ers of # was not as efficient for the new coordi-
nates, giving an energy of - 0.514 557 a.u., also

TABLE 1V. S-limit energies for the helium atom
and the hydride ion on the square-root grid.

Grid size Second differences Fourth differences
(helium)

3/20 -2.946 12243 —-2.91652455

25 —-2.92313414 —2.902536 97

30 ~2.91042377 —2.89514153

35 ~2.90260678 —2.89076150

40 —2.897435 38 —2.88795443

45 - 2.89382642 —2.88604778

50 - 2.891 20257 —2.884 69360

55 - 2.88923204 -2.88369718

60 —-2.88771261 —2.88294265

(Hydride)

(30)2%/25 -0.522003 14
30 -0.52387559 -0.51960370

35 -0.521513 23 -0.518196 44

40 -0.519961 46 -0.517 30055

45 —-0.518 88329 ~0.516 694 99

50 -0.51810167 -0.516 266 49

55 -0.51751582 ~0.51595212

60 -0.51706469 ~0.51571463

TABLE V. Polynomial fits for the helium atom S limit.?

Grids used in the

polynomial fit PRI 2R3t e RS
(Second differences)
(20-25) —2.882266 07 —2.88226607 —2.882266 07
(20-30) —2.880 952 96 —2.88066116 —2.880 952 96
(20-35) —2.88007081 —2.87954872 —2.87997000
(20-40) —2.87968114 —2.87930272 —2.87955936
(20-45) —2.87946967 —2.87918352 —2.87935227
(20-50) —2.87934222 —2.87912250 - 2.87923738
(20-55) —2.87926080 —2.87909307 -2.87917124
(20-60) ~2.879200 98 —2.87903506 —2.87911356
(Fourth differences)
(20-25) —-2.87767016 —2.87767016 —2.87767016
(20-30) ~2.87886455 -2.87912997 —2.878 86455
(20-35) —2.87898118 —2.879050 20 —2.878 99451
(20-40) —2.87901272 —2.87904011 - 2.87902257
(20-45) ~2.87902253 - 2.87903181 —2.87902766
(20-50) ~2.87902500 - 2.87902523 —2.879026 45
(20-55) ~2.879026 82 —2.87903194 —2.879028 96
(20-60) —2.879028 86 —2.879036 98 —2.87903236

3Square-root grid with a 9 a.u. cutoff.

converging from below. Therefore a polynomial
containing both even and odd powers, but leading
off with /%, was used. The square-root grid re-
duced the computation time by a factor of 7 for this
case.

In an effort to improve the MFD method further,
the fourth difference approximation was used to
resolve the equations for helium and the hydride
ion on the square-root grid. The cutoff for helium
was kept at 9 a.u., but the cutoff for the hydride
ion was taken at 30 a.u. The energies obtained
using both second and fourth difference approxi-
mations are given in Table IV. While the fourth
difference results are improved, the accuracy is
not sufficient to be used without extrapolation. In
order to find the appropriate extrapolation method,
the energies were fitted to various polynomials in
the grid size using successively finer grids. By
studying the trends in the extrapolants and the co-
efficients of the power series, we can determine
the most efficient form to represent the difference
error. The results for the polynomial fits of the
helium energies are given in Table V.

The best representation of the difference error

TABLE VI. Polynomial fits for the hydride ion S limit.?

Grids used in the P PR 'R
polynomial fit
(Second differences)
(30-35) ~0.51459713 —0.51459713 -0.514 59713
(30-40) —~0.514790 82 —0.514 74569 —-0.51479082
(30-45) ~0.514663 52 —0.514 57709 ~0.514 646 55
(30-50) -~0.51460482 —0.514 53888 —0.514 583 22
(30-55) ~0.51457261 —-0.514 52280 —0.514 55157
(30-60) ~0.51454715 —0.51448762 —0.514 52128
(Fourth differences)
(25-30) ~0.51415043 —0.51415043 —0.51415043
(25-35) —~0.51445461 —0.514 52703 —0.514 45461
(25-40) —~0.51447961 —0.51449563 —0.514 48274
(25-45) —0.51448779 —0.514 49584 —0.514 49060
(25-50) -0.514 48998 —0.51449172 -0.51449120
(25-55) —~0.51449188 —0.514 496 35 -0.514 49370
(25-60) —0.51449172 —0.514 48720 —0.514 490 81

%Square-root grid with a 30 a.u. cutoff.
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TABLE VII. Comparison of the properties predicted by the S-limit wave functions to the radial configuration inter-
action and Hartree-Fock results for He and H™.

Helium (1)

Hydride ion

Property FD RCI? HF FD RCI® HF°
E —-2.87903 —2.87900 -2.86168 -0.51449 -0.51446 -0.4880
14 —-5.7581 —5.7580 —5.7238 —-1.0290 -1.0289
V/E 2.0000 2.0000 2.0000 2.0001 2.0000 x
1/7ryp 0.9867 0.9867 1.0258 0.2983 (0.2973)
/v +1/7ry 3.3724 3.3724 3.3748 1.3273 e 1.3714
{r +7y 1.8690 1.8688 1.8546 6.207 9 6.207 5.007 8
(ri+73) 2.4221 2.420 6 2.3696 34.518 34.44 18.821

2The basis set for the RCI calculation consisted of 1s, 2s, and 3s Slater orbitals with £=3.75630 and 1s’ and 2s’

orbitals with £ =1.5427.

PW. A. Goddard, J. Chem. Phys. 48, 1008 (1968); the value in parenthesis is from a G, calculation.

°K. E. Baynard, J. Chem. Phys. 48, 2121 (1968).

for the second difference approximation is given by
the polynomial containing a cubic term in . For
the fourth difference results the polynomial

E(R)=E(0)+ Coh+ Cyh*+ Csh®+ Ch® ++++ (13)

appears to give the best extrapolant, but by elim-
inating odd powers entirely we obtain accurate re-
sults and uniform convergence from above., We
should point out that while the error in the fourth
difference approximation leads off as 4%, using
second differences at the boundary introduces the
1? term. Table VI gives the equivalent information
for the hydride ion. The fourth difference approx-
imation predicts an S-limit energy of — 0. 514 491
+0.000001 a.u., which is within the error bounds
of Davis’ s result,

Even though the wave functions found by the MFD
method are only known at discrete points, there is
no problem extracting the same information
from them that a variational solution can yield. In
fact, the numerical solutions are generally of a
higher quality over all regions of space than the
variational functions. This is illustrated by the
local energy which agrees with the eigenvalue to
six or more decimal places at every grid point.
Properties are easily calculated by quadrature
methods which amount to nothing more than dou-
ble summations. These are then extrapolated in
the same manner as the energy.

We have calculated several properties from the
fourth difference S-limit functions for helium and
the hydride ion, and compare them to the radial
CI and Hartree-Fock values in Table VII. The
agreement is very good except for {#3+#2), which
indicates that more diffuse basis functions were
needed in the radial CI calculations.

Contour and perspective plots of the two helium
states and the hydride ion ground state are given
in Fig. 1. We have plotted the square of the func-
tions u,(7,7,) in each case. The contour plots show

the regions 7;, 7, <4.5 a.u. for the 'S state of
helium, 7;, 7, <10 a.u. for the 3S state, and

71, V5 <12.5 a.u. for the hydride ion. The nucle-
us is positioned at the lower left-hand corner and
the constant contour increment is given in the
upper right-hand corner. The lowest contour is
labeled. In the 3-D plots the regions shown are

71, 7, <7.5 a.u. for the helium 'S state, 7, 7,
<13.3 a.u. for the S state, and 7,, 7, <18.7 a.u.
for the hydride ion. Figure 2 gives the viewer’s
orientation for these plots. The functional axis has
the same scale in each case, so that the heights of
the surfaces can be compared. The contour plot
for the hydride ion shows the minimum in the sol-
ution along the line #;=7,. The helium atom shows
a similar feature for large radial distances, but
only slightly, This minimum is not present for

the Hartree- Fock wave function, which does not
predict a stable ground state for the ion.

While including radial correlation relative to
the Hartree-Fock model leads to a stable ion, the
S-limit functions give unreasonable values for
some properties. The exact value of (3+7%) is
23.827 a.u., ! which is about % of the S-limit
value. If we include the higher partial waves in
our expansion of the exact solution, the S wave
contracts and the expectation values approach the
exact results, This is illustrated for the helium
atom in Sec. V.

V. SOLUTION OF THE COUPLED PARTIAL-WAVE
EQUATIONS FOR THE HELIUM ATOM

The MFD method was applied to the sets of
coupled equations that result when (1) is truncated
at71=1,2,3, and 4. We decided to use the second
difference approximation on the linear grid with a
9-a.u. cutoff since this proved to be very accurate
for the S limit. For a more diffuse state the
square root grid would have been used.

The extrapolation tables for the angular limits
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HELIUM GROUND STATE S-LIMIT FUNCTION

A=0.014
A

(© S (@

HELIUM TRIPLET STATE S-LIMIT FUNCTION

(e)

HYDRIDE ION S-LIMIT FUNCTION

FIG. 1. Contour and perspective plots of the S limit for the (1s% 1S and (1s2s) 3S states of helium and the (1s%) 1S
state of the hydride ion.



56

WINTER, LAFERRIERE, AND McKOY

TABLE VIII. Extrapolation tables for the angular limits of the helium atom.

Ino

Grid size
9/20 —2.449610 31 P limit
- 2.803 93359
25 —2.577166 69 —2.881793 94
—2.84718934 - 2.89746339
30 —2.659673 61 - 2.892346 83 ~2.90011414
— 2.869307 29 —2.899451 45 ~ 2,900 475 91
35 —2.715290 71 — 2.896 676 21 —2.900 404 45 -2.90051310
—2.881 28120 —2.900110 32 —2.900507 15
40 —2.75419473 —2.898 584 05 —2.900 481 48
—2.88811689 — 2,900 347 86
45 —2.78230185 —2.89948359
~ 2,892 208 90
50 —2.80318419
D limit
9/20 —2.453150 95
— 2.806 42476
25 - 2.580 329 52 —2.88406803
— 2.849559 91 ~2.89970953
30 —2.662594 36 —2.89460210 —2.902 35548
- 2.871621 39 —2.901693 99 —2.90271970
35 —2.718 050 51 - 2.898 92372 —2.90264776 —2.90275987
- 2.88356616 —2.90235339 - 2.902753 44
40 - 2.756 843 24 —2.900 82909 - 2.902727 02
- 2,890 386 08 ~2.90259251
45 — 2.78487075 -2.901728 44
- 2.894469 33
50 ~2.805 694 48
F limit
9/20 —2.454 238 36
- 2.80714175
25 —2.581 28358 - 2.88465952
- 2.850 20718 —2.900 266 97
30 - 2.663454 68 - 2.895170 66 ~2.90290473
- 2.87223011 - 2.902 245 29 —2.903 26875
35 - 2.71884408 —2.89948176 —2.903196 84 -2.90331188
- 2.88415271 - 2.902 90315 — 2.903 304 98
40 - 2.757 588 29 —2.90138254 —2.903 27795
— 2.890 959 55 —2.90314302
45 —2.78557979 - 2,902 280 38
- 2.895035 05
50 —2.806 376 29
G limit
9/20 —2.45471902
— 2,807 44677
25 ~2.58170101 - 2.884890 07
- 2.850470 82 —2.900 471 29
30 - 2.66382512 - 2.895383 54 —2.903100 98
—2.872468 89 —2.90244355 ~2.903463 46
35 -2.71917959 —2.89968574 —2.903 391 86 —2.903505 56
— 2.884 376 26 ~2.90309917 —2.903498 82
40 — 2,757 897 56 —2.90158209 —2.90347208
-2.89117363 - 2,903337 83
45 - 2.78586908 - 2.90247752
- 2.895 24303

50 —2.80665013
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ulr )

FIG. 2. Viewer’s
orientation for the per-
spective plots.

are given in Table VIII. The results converge
from above so that the best extrapolants should be
upper bounds to the true limit, These are com-
pared to various CI calculations in Table IX. We
note that the numerical G limit is superior to each
of the other calculations. Tycko, Thomas, and
King'® were only able to obtain an energy of

- 2.90344 a. u. using 15 partial waves. This il-
lustrates the difficulty in representing the func-
tional coefficients with orbital products for the
higher partial waves. As pointed out by Schwartz,’

TABLE IX. Comparison of the angular limits for the helium atom.

Limit Numerical

Weiss 2 Nesbet ? Tycko ©
» 2198 002148 ey —002143 T 2T8ST g 0014 T2ST82 002152
D _seozre 000225 TU0lll 000219 T2B2 000200 T23004% g 00225
F —2.90331 ~000055 o lg0307 000049 o gnane 000038 —0.000 54
’ -0.000 20 ’ -0.00013 : 2.90323
G -2.90351 —2.90320 ~ % oo0sgy —0-00014
Exact? —2.90372

*A. W. Weiss, Phys. Rev. 122, 1826 (1961).
PR. K. Nesbet and R. E. Watson, Phys. Rev. 110,
1073 (1958).

°D. H. Tycko, L. H. Thomas, and K. M. King, Phys.
Rev. 109, 369 (1958).
dC. L. Pekeris, Phys. Rev. 115, 1216 (1959).

TABLE X. Electron repulsion matrix.

l (”1/7’12“» (”1/712|1> (”1/7‘1212) <l|1/712|3) <l|1/712|4>
0 0.988 972 ~0.020919 —0.002646 - 0.000695 - 0.000 255
1 -0.020 919 0.004 461 0.000 428 0.000 107 0.000038
2 -~0.002646 0.000 428 0.000 225 0.000 041 0.000014
3 -0.000695 0.000107 0.000 041 0.000033 0.000 008
4 —0.000 255 0.000038 0.000014 0.000 008 0.000007g
Zl 0.964 457 -0.015885 -0.001938 ~0.000506 -0.000187

TABLE XI. Partial-wave analysis of the energy for
helium (a.u.).

~

T, Vi nue Vi E;

0 2.877088 —6.732944 —5.768487 —2.891399
1 0.022998 —0.018653 —0.034538 —0.011490
2 0.002222 —0.000810 —0.002748 —0.000527
3 0.000542 —0,000110 —0.000615 —0.000073
4 0.000194 —0.,000024 —0.000211 —0.000017
3, 2.903044 —6.752541 —5.806599 —2.903506

TABLE XII. Partial-wave analysis of expectation
values for helium.

1 Gurr @ W/rieifryy D Glro

0 1.850 14 2.37618 3.366 47 0.964 46

1 0.00837 0.01064 0.00933 0.01589

2 0.00039 0.00050 0.000 41 0.001 94

3 0.00006 0.00007 0.00006 0.00051

4 0.00001, 0.00001¢ 0.00001, 0:00019
z 1.858 97 2.38741 3.376 27 0.945 94
Exact® 1.858 94 2.386 97 3.37663 0.94582

C. L. Pekeris, Phys. Rev. 115, 1216 (1959).

this led to the erroneous conclusion that the ma-
jority of the error was in the S limit and that the
contribution from the higher waves could be neg-
lected. The CI calculations generally do worse

for the higher angular limits, because to keep the
calculations from becoming intractable, fewer con-
figurations are used to represent the functional co-
efficients, The MFD method actually becomes
easier for these equations since the coefficients
have less and less amplitude and are concentrated

nearer the line 7, =7,.
The energy can be expressed in the form

E=2,E;, (14)
where
E;=(l| = V2= e 2/vy~2/7, | 1)
+20 20172/ 72 1 1) CR(lo, '0) =T+ V.

Using the G-limit soluition, we have calculated the
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A=0.000002
(e)

G-PARTIAL WAVE FOR THE HELIUM ATOM
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o) 4=0.00044

P-PARTIAL WAVE FOR THE HELIUM ATOM

@ 4=0.000006

o

.OO
%
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F-PARTIAL WAVE FOR THE HELIUM ATOM
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FIG. 3. Contour plots of the functional coefficients

for the helium G-limit wave function.
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(b)

FIG. 4. Perspective plots of the S- and P-wave functional coefficients for the helium atom.

different terms in this expression. The electron
repulsion matrix elements 2, (1| #%/75* | 1)

xC¥(lo,!'0) are presented in Table X and the energy

analysis in Table XI. These results illustrate the
small but important effects the higher partial
waves have on the energy. Several properties
were studied in the same manner and compared to
the exact values in Table XII. The accuracy is
very good, being about four decimal places in
every case except for (#%++%). The value is still
too large and would improve if more partial waves
were used,

The contour plots of each functional coefficient
for the G limit are given in Fig, 3. Again the
squares of the functions u,(7,7,) are plotted over
the region 7,, 7, <4.5 a. u. The peakedness of
the higher partial waves about the line 7, =7, is
quite evident. Since the amplitude of the functions
for 1> 0 is negative, their effect is to reduce the
electron density in this region. Figure 4 gives the
perspective plots of the S and P waves using the
same scale along the functional axis. By integra-
ting over the radial variables, we found the volume
under the P-wave surface to be 0.4% of that under
the S wave. The remaining waves were too small
to be shown with this scale, but the same integra-

tion showed the D wave to be 5% of the P wave and
the F wave about 17% of the D wave,

VI. DISCUSSION

The results presented here demonstrate that the
numerical solution of partial differential equations
can give accuracy competitive with variational
methods., The values found for the S limits of hel-
ium and the hydride ion are superior to any pre-
vious calculation and agree well with the predicted
limits given by Davis. More importantly, the
same accuracy was found when the coupled equa-
tions were solved for helium. The equations de-
scribing the pair correlations in atoms offer vir-
tually no new considerations once they are derived.
The same program which was used for the helium
atom has been used to calculate the valence pair
correlation energy for beryllium, and the MFD
method has been applied to the first-order hydro-
genic pair equations for lithium. The results were
consistently accurate in all cases.

The calculations reported here were carried out
on the CDC 6600 and IBM 360-75 computers. The
IBM 360-75 results were found using double-pre-
cision arithmetic to avoid round-off errors.

*Work based on a thesis submitted by N. W. Winter
in partial fulfillment of the requirements for the degree
of Doctor of Philosophy in Chemistry, California In-
stitute of Technology.

TPresent address: Battelle Memorial Institute,
Columbus Ohio.

IPresent address: Chemistry Department, Rhode
Island College, Providence, R.I.
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The theory of transient stimulated Raman scattering has been extended to include an arbi-

trary shape of the laser pump pulse.

It is shown that the maximum Stokes gain depends on

the total energy content per unit area of the pump pulse, and not on the instanteous intensity

for an exciting pulse of short duration.

The Stokes pulse has a leading edge which rises

sharply to a maximum, where the maximum occurs with some delay with respect to the maxi-
mum of the pump pulse. The trailing edge follows the decay of the pump. In a nondispersive
medium, the gain is not reduced by frequency broadening of the laser output, while in a dis-
persive medium, considerable gain reduction is expected. Numerical results for various
laser-pulse shapes and spectral distributions are presented.

1. INTRODUCTION

Several experimental investigations of the stim-
ulated Raman effect induced by a train of picosec-
ond pulses from a mode-locked laser have recently
been reported.!~® It has been demonstrated® that
the Stokes light is emitted in the forward direction
in picosecond pulses with a duration which is equal
to or shorter than the laser pulses. One purpose
of this paper is to show that some important con-
clusions about the shape of the laser pulses may
be drawn from this observation.

The theory of transient stimulated Brillouin? and
Raman® scattering has been developed for the case
that the input laser power is a step function. If
coupling to anti-Stokes and higher-order Stokes
waves may be ignored, the stimulated Raman ef-
fect is described by a set of four coupled equa-
tions™ 1° for the laser field, the population differ-
ence in the initial and final vibrational states, the
Stokes field, and the normal vibrational mode of
the material system, corresponding to the off-
diagonal elements of the density matrix connecting
the initial and final states. The interest in the
present paper is focused on the transient buildup
of the Stokes and vibrational oscillations. The la-
ser field will therefore be treated as a prescribed,
but time-dependent parameter, and the population
difference will be taken as constant. In other
words, the effects of laser-pump depletion and
saturation of the material system are ignored.

In the usual manner,! the fields are expressed
in terms of the slowly varying complex amplitudes
by

8. = EL (Z, t) eikLz~ iwgt , (la)
85 :ES (Z, t) eiksz—ith , (lb)
Qpn =Qlz 1) effons=ivont (1c)

where the wave vectors and frequencies are cho-
sen to satisfy the conditions corresponding to con-
servation of momentum and energy, respectively,

kL :ks +kl"h 5 (Za)
W =Wg +Wyp . (2b)

The frequencies in Eq. (2b) are related to the
wave vectors in Eq. (2a) by the dispersion rela-
tions of the linear medium. The parametrically
coupled equations for the Stokes and vibrational
complex amplitudes then assume the form!!

2Q* aQ* .
57 tUsng, *TQ*=iESES (51) , (32)
_1 ?ES a—.E‘s =—iKzQ*EL(Z’ t) . (3b)

+
vg ot oz

In these equations v,, and vg are the group veloci-
ties of the vibrational and Stokes waves, respec-
tively; I is the damping or dephasing time of the
optical phonon wave. The parametric coupling
constants are proportional to the change in molec-
ular polarizability with the vibrational coordinate



