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from the discrepancy between the theoretical curve and
the experimental results that the plane-wave Born
approximation is not applicable at low bombarding
energies. At higher energies (between 1.5 and 4.0 MeV)
this approximation works quite well.’® To explain the
low-energy data it is probably necessary to include
effects due to the Coulomb deflection of the bombarding
particle by the nuclear field. It has already been shown!
that this must be done to fit the K x-ray ionization
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cross sections at low bombarding energies. No theo-
retical expressions for M-shell ionization cross sections
are available so that no quantitative comparison can
be made.
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Self-consistent field wavefunctions have been obtained for the ground states of the first row atoms and
for the excited states belonging to the same configurations. They are the solution of the variational problem
of finding the best orbitals for a given state, without any additional approximations except for those in-

herent in the expansion method.

INTRODUCTION

NALYTICAL self-consistent field (SCF) functions
for the 1s% 15%2s, and 1s5%2s? atomic configurations
were published recently.! These calculations, which we

shall now consider (I) in a series of papers,? differ from
other recent work®~% in, among other things, that a great
deal of effort has been put into obtaining accurate
representations of the Hartree-Fock functions with

TasLE 1. Orbital exponents of the basis function.

LiCS) Be(:S) B(P) C(P) c(D) ces) NES)
1s 2.4803 3.4703 4.4661 54125 5.4300 5.3842 6.4595
1s 47071 6.3681 7.8500 9.2863 9.1500 9.0600 10.8389
25 0.3500 0.7516 0.8320 1.0311 12255 12100 1.4699
25 0.6600 0.9084 1.1565 1.5020 1.6142 1.5929 1.9161
25 1.0000 14236 1.9120 2.5897 2.6990 2.5064 3.1560
25 17350 2.7616 3.5213 4.2595 42131 42500 5.0338
2 0.8783 0.9554 0.9372 1.1060 1.1937
2p 1.3543 1.4209 1.4147 0.5074 17124
2t 2.2296 2.5873 2.5545 2.3590 3.0112
2p 5.3665 6.3438 6.3021 6.2000 7.1018

N(D) N(P) 0(P) o(D) 0(s) F(P) Ne(:S)
15 6.4730 6.5035 7.6160 7.6105 7.5333 8.5126 9.5735
15 10.9700 1.1318 13.3243 13.2681 12,7015 144130 15.2496
25 1.2745 12721 17582 17582 17008 1.8509 1.9550
25 1.8034 1.8038 2.5627 2.5630 2.4512 2.7056 2.8462
2s 3.1159 3.0120 42832 42754 4.0761 49019 47746
2s 5.0338 5.2338 5.9445 5.9445 5.9445 6.4440 7.71131
2 1.0906 1.0580 1.1536 1.0626 1.0555 1.2655 1.4700
2p 1.6446 1.6279 17960 17405 1.6985 2.0301 2.3717
2p 3.0200 3.0243 3.4379 34198 3.3517 3.9106 44545
2p 7.1650 7.2029 7.9070 7.8890 7.6690 8.6363 9.4550

* Present address: Argonne National Laboratory, Argonne, Illinois.

1 C. C. J. Roothaan, L. M. Sachs, A. W. Weiss, Revs. Modern Phys. 32, 186 (1960).

2 In reference 1, we referred tothe paper describing the general theory (here reference 6, as I). We hereby specifically withdraw this and
we shall use the Roman numerals to indicate the various practical applications which are now under way or planned for the near future.

3L. C. Allen, J. Chem. Phys. 34, 1156 (1960).

4R. E. Watson and A. J. Freeman, Phys. Rev. 123, 521 (1961); 124, 1117 (1961).

6 L. M. Sachs, Phys. Rev. 124, 1283 (1961).



1619

LOWEST CONFIGURATIONS OF NEUTRAL FIRST ROW ATOMS

‘I 9[qeL ul udA1d 398 siseq 3y3 03 SuIpuodsariod
SIUIOWYI0D uoIsuLdxa Y} 18 JulMO[[0] A3 PUE ‘an[eA dsnd pa3ndwod dy3 SI puodIs Y3 ‘A3I2UD [€31qI0 Y3 ST UWN[OD YOed Ul A1IUD ISIY 9y *UOIJBUSISIP I3eIS Y3 MO[aq A[9IeIpPIW W] UIAIS ST ABI2UD [€303 YL v

S9L10°0 16910°0 S1L10°0 00S10°0 S6¥10°0 80210°0 09210°0 TSET0°0 LET10°0 £6010°0 06010°0 LS600°0
T06€€°0 SL8¥E0 9619€°0 L6ETE0 T6££€°0 LOE6T0 SE£68T°0 6L082°0 1%0S€°0 SH0ST0 £9SET°0 80ZE1°0
978150 7865S°0 98895°0 99009°0 009.5°0 10€1S°0 STHTs'o 88€8%°0 SH950°0 £900S°0 €LLLSO ¥H28€°0
0£922'0 €00L1°0 9%0ST°0 $TEET'0 1L£91°0 ¥91L2°0 96LST°0 1€L62°0 0S£89°0 9161€°0 9S.%2°0 S00%S°0
£0000°S— S000S¥— 95666'€— £0000'F— 010007 — S000S°€— £000S°€— 9666%°€— 66¥£0°€— £6666'C— $1000°€— 6686Y'C—
8¥0S8°0— 100£4°0— 6VSSS°0— 99009°0— 981£9°0— STILY'0— $9805°0— £€5195°0— $860£°0— $EI8E°0— PEEET'0— L860€°0—
(44 [ 44 44 (24 dz 44 /44 44 [44 24 (24 44
PYTr10— 0£1€T°0— S6¥91°0— LE8L1'0— 95841°0— 9%9Z1°0— 1SP91°0— ZITHI0— 19€€1°0— 60L¥1°0— 802€1°0— 62011°0— 7€260°0 £9680°0—
TLETEO0 1€0€€°0 78957°0 101£2°0 190€2°0 $899¢°0 8L69€°0 106£€°0 LS9€€°0 ¥T91£°0 979¥€°0 £068€°0 $970£°0— $8060°0
90199°0 L9£S9°0 786850 068¥%S°0 89¢%S°0 $0689°0 0£80L°0 L08%S°0 S€819°0 8£219°0 60T%L°0 08STL'0 S£819°0— 106L6°0
10281°0 8LILTO 708££°0 [aZ3540] £TITH'0 85680°0 118800 ¥PLLTO 98861°0 189€7°0 S6%90°0 00810°0 0SSTI'0— S6100°0
TH500°0 $£500°0— 8€200°0— 88500°0— €4S00°0— 1$800°0— 60800°0— £9800°0— £€£10°0— SET10°0— SL110°0— £¥210°0— 89%10°0 $8510°0—
1L1€2°0— $2620°0— 01222°0— ££022°0— 6L612°0— 85912°0— 8€81Z°0— PPLIT0— 86607°0— LTLOT0— 98L07'0— 10%61°0— 990L1°0 9TFHI0—
02S00°0T— 9%920°6— $S620°8— 979£0°8— 8L9£0'8— L2ST0°L— 11L10°L— 61£10°L— 12120°9— $6£20°9— £9L20°9— 08920°S— 159%0%—  91TH0'€—
870£6'1— SSTLS T~ TISLT - 9%9ST 1 — 8THHT T— LT9L6°0— $9£96'0— £2S76°0— 9€6£L°0— L981L°0— £9502°0— 89%6%°0— LT60€°0— 7£961°0—
sz sz sz sz ST sz sz 4 sz sz sz 5T sz ST
LESE00 88£70°0 78870°0 001%0°0 1L1%0°0 S0120°0 TELTO0 $9910°0 61000°0— £9010°0 012000 9¥110°0 £6500°0 ££600°0
08100°0— $4000°0— 91£00°0— 02800°0 62800°0— $6000°0 850000 £1000°0 99%00°0 T5000°0— 6£900°0 Z0000'0 722000 #%100°0—
12£00°0 €5100°0 £1£00°0 0¥%00'0 6£700°0 26000°0 22100°0 88100°0 LE£100°0— 02200°0 L£9100°0 $8000°0 £9200°0— 60700°0
$8000°0— 01000°0— 12000°0— £6000°0— £6000°0— 02000°0— ££000°0— £9000°0— 89000°0 060000— £2000°0— 9£000°0— LP100°0 90000°0—
019%0°0 66%%0°0 $1050°0 606€£0°0 $8£0°0 $1950°0 8%190°0 $£590°0 02980°0 15620°0 $9920°0 L¥8L0°0 T9.80°0 1€011°0
£60£6°0 S0TH6°0 L6EE60 008£6°0 S£8€6°0 7€7£6'0 T11£6°0 L8LT6'0 796160 996160 $6976°0 60126°0 T6L16°0 8£168°0
£6¥00°0T— £9810°6— 75210'8— £$810'8— 07610°'8— SLPT0'L— 66110°L— 676002~ 789009~ 0%S00"9— FOV10°9— 6L110°'S—  ¥L810%—  0TLIO'€—
OLTLL'TE— $6C8E'9C— 6£0€L°0C— 81£69°07— $9899°07— 1ST69°ST— $£999°ST— 16879'ST— ZII6E 11— PPISETI— 78STETT— 82S69°L— L9TEL T~ ELLLY'T—
ST ST ST ST ST ST ST ST ST ST ST ST ST ST
0LVS'8CT— 6260¥%"66— S6019 %L~ 1262L'%L— 9£608'FL— 6087 %S — S1967°%S— 16007 7S — PS6VS LE— TE1E9'LE— 19889°L6—  SO6TSHT—  TOSLSHI—  9TLIEY L—
(S1°N (d2) (svo (@o (d)0 (d2)N (@)N (SHN ()] @)d (d)0 (COF: (s1)°dg (ST

+'S1U9PIa00 uorsuedxe pue ‘sdsno ‘ser1oud [e31q10 ‘AS10Ud [RI0, [T TIAV],



1620 CLEMENTI,
short expansions. We believe we have generally suc-
ceeded in obtaining three decimal place accuracy for
the orbitals or better.

The calculations in (I) were based on a formulation
of the SCF problem® which handles configurations with
one open shell correctly as to the off-diagonal Lagrangian
multipliers. An extension of thismethod to two openshells
was given by Huzinaga.” More recently a modification
which can conveniently handle any number of open
shells, except that no two shells may be of the same
symmetry. This was worked out in detail.® Thus the
SCF problem for configuration like sp®, spnd™, etc., is
solved in the sense that the best orbitals are determined
for a particular individual case; for instance, for the
oxygen atom in the state 1s%25s2p%, 2P. The IBM 7090
program based on this analysis® has the following im-
portant features which are rather essential to successful
calculations:

(1) automatic optimization of the basis functions,
so that satisfactory short expansions can be tracked
down systematically;

(2) automatic adjustment of convergence thresholds,
guaranteeing the greatest accuracy obtainable in a
particular case;

(3) elaborate error and diagnostic facilities.

RESULTS AND DISCUSSION

The SCF functions were determined for all the states
associated with the ground state configurations of Li,
Be, B, C, N, O, F, Ne. The basis functions are Slater-
type functions (STO’s) with integer principal quantum
numbers, but flexible exponents. Note that the notation

6 C. C. J. Roothaan, Revs. Modern Phys. 32, 179 (1960).

7S. Huzinaga, Phys. Rev. 120, 866 (1960); 122, 131 (1961).

8 C. C. J. Roothaan and P. S. Bagus, Methods in Computational
Physics (Pergamon Press, New York, 1962), Vol. 1 (to be
published).
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1s, 2s, 2p, etc., is used in two different ways. Namely, a.
2s STO means the basis function re—f", whereas a 2s
occupied orbital means an s function with one radial
node.

In Table I we give the optimized basis functions;
they were obtained in each case as the best of many SCF
calculations. We believe that we have thus obtained
functions which represent to three decimal places or
better the solutions of the Hartree-Fock integro-
differential equations. A necessary, but not at all
sufficient, criterion for having obtained the Hartree-
Fock functions is that the virial theorem should be
satisfied; for our best expansions we found V/E
=2.00000-£0.00002. Another test on the orbitals is
the “cusp value” which can be used as a rough indi-
cation of the quality of the orbitals near the origin.!

In Table II are given the total energies, orbital
energies, cusps, and expansion coefficients; numerical
tabulations of the radial functions P(r) are computed.
Tabulations of these wavefunctions for different grids.
are available upon request of the authors.?
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