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PROGRAM SUMMARY

Title of program: SOCKITTOME 1

Cataloguenumber: AAKA

Computerfor which the program is designedand others upon which it is operable:

Computer: CDC 6400. Installation: University of Colorado

Operatingsystemor monitor under which the program is executed: 6400/6500/6600ScopcVersion3.1.3
Programminglanguagesused: FORTRAN IV

Iligh speedstore required: 141 0008 words. No. of bits in a word: 60

Is the program overlaid? No

No. of magnetictapes required: None

Whatotherperipherals are used?CardReader;Line Printer
No. of cards in combinedprogram and test deck: 3243

Card punchingcode: IBM 026

Keywordsdescriptive ofproblem and methodof solution: Central Field Approximation, ConfigurationInteraction,
Low-Z Pauli Approximation. Modified Ilartree-Fock-SlatorEquation. Linear Variation Technique.Self-Con-
sistentField.

Nature of physicalproblem Method of solution
The problem is to obtain (1,21 wavefunctionsfor The wavefunction is expandedin single configura-

boundatomic levels which permit accuratecalculation tion functionswhich areeigenstatesof S2. L2, J2, J~,
of energiesandtransition probabilities. The low-Z and parity. All configurationsin the expansionmust
Pauli approximation[31, which is correct to orders havea closedcore andtwo valencespin-orbitals. The
Z3a2 and Z4a2 in theenergy(the non-relativistic single configuration functionsare a linear combination
energyis of order Z2) is used to approximatethe atom- of Slater determinantswhoseelementsareof the cen-
ic Hamiltonian. Theanti-Herrnitian part of thoseoper- tral field type. The radial part of the elementsis ob-
atorscharacteristicof the Dirac theory is dropped. tamedfrom Lindgren’s [4J modification of the Hartree-

Fock-Slater(51 equationwhich is solvedusingthe
methodsof Hermanand Skillman [61. (Threesubpro-

* Supportedby Atomic Energy CommissionContract gramswere originally written by Hermanand Skillman
AT(30-1)-3408, and by theAdvancedResearchPro- in Fortran II. All statementsincompatiblewith Fortran
jects Agencyof Departmentof Defensemonitoredby IV as definedin theControl Data6400/6500/6600Com-
Army ResearchOffice-Durhamunder ContractNo. puter SystemsManual were alteredso asto be compa-
DA-31-124-ARO-D—139. tible with Fortran IV.) The coefficients are obtainedby

~ Alfred P.SloanFellow. Addressafter September1, applicationof the variational principle (linear variation
1969: ChemistryDepartment, ColumbiaUniversity, technique). The program allows exclusionof any rela-
New York, N.Y. tivistic operatorsandconsequentlystrictly non-rela—

t of the NationalBureau of Standardsand the Univer- tivistic calculationsmayalso bedone.
sity of Colorado.
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Restrictionson thecomplexityof theproblem E.Trefftz and R. N.Zare. J. Quant.Spectry.Radia-
The program requires141 0008 high speedcore tive Transfer 9 (1969) 643.

locationsat 60 bits per word. The 32 bits per word of (2] D. R. Beck. J. Chem. Phys., acceptedfor publica-
the IBM 360 may not suffice. tion (Sept.. 1969); Ph. D. thesis. Lehigh University

(1968). unpublished.
Typical runningtime [31H.A.Bethe and E.E.Salpeter.Quantummechanics

The running time (all operqtors)for a test case of one- and two-electron atoms(Academic Press.
(Ba I with the 6s

2. 6s7s. 6p2(’S
0,~P0).~ 5d

2. New York. 1957) p. 181.
5d6d configurationsfor evenparity andJ 0) wassix [4] E.R.CohenandJ.W. M. Du~Iond.Rev. Mod. Phys.
minuteson the CDC 6400. A more realistic expansion 37 (1965) 537.
(onecontaining25-30 terms) would take about onehour (5] E. U.Condonand G.H.Shortley, The theory of atom-
of CDC 6400 computingtime. ic spectra(CambridgeUniv. Press.New York.

1935).
References [6] A. R. Edmonds.Angular momentum in quantum
[1] R. N.Zare. J. Chem.Phys.45 (1966) 1966; 47 (1967) mechanics(Princeton Univ. Press, Princeton.1960).

3561; JILA ReportNo. 80 (1966). unpublished;
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LONG WRITE-UP

1. THEORETICAL SUMMARY

A methodfor obtaining wavefunctionsandenergiesof boundatomic levels, including correlationand
relativistic effects, hasbeenproposedby Zare [1] andby Beck [2]. This paperdescribesa program
for applying thesemethods.For theatomic Hamiltonian, we usethe low-Z Pauli approximation[3]. It
is correct to orders Z

3a2 andZ4a2 in the energy (the non-relativisticenergyis of order Z2). Here,
we expandtherelativistic Hamiltonian in powersof Za and a, where a is the fine structureconstant,
taken[4] to be 1/137.0388.

For an atomic systemwith nuclearcharge Z and N electrons, theHamiltonian may be written asa
sum of one-bodyand two-body operators. Let the energybe measuredin Rydbergsandthedistancein
Bohr radii. We havethen

~ (1)
where

‘k _fL(nr) +fk(mass) +fk(so) +fk(cd) (2a)
and

g,~=g~j(nr) +g~
1(oo’)+g~((so+so’)+g~j(css’) +g,1(ss) +g~1~cd). (2b)

In ~2a)and (2b), fk(nr) andgp1(nr)are thenon-relativistic one-andtwo-body operators,f1,(mass)is
the correctiondueto thevariation of electronmass with velocity, g~j(oo’)is the orbit-orbit correction,
f,,(so) andg~j(so+ so’) aretheone-andtwo-body spin-orbit andspin-other-orbit interactions,gj,1(css’)
is the “contact” portion of the spin-spin interaction, g~1(ss’)is the remainingportion of thespin-spin
interaction, andfk(cd) andg,,1(cd)are theone-andtwo-body interactionscharacteristicof theDirac
theory for whichno adequatephysical interpretationhasbeengiven. Theselatter operators, some-
timesknown as theDarwin operators,arenon-Hermitian. Earlier numericalcalculationsfor TI 112
haveshownthat the contribution of theanti-Hermitian part to theatomic energy eigenvaluesmay be
neglected.

The one-and two-body operatorsaregiven by

fk(nr) = - - 2Z/rk fk(mass) = -

= a
2 (Zr~3rkx -i Vk) . sk 4(cd) = lrZes2O(rk) (2c)

andby

g~
1(nr)=2/r~1 g~1(oo’)=~

g~1(so+so’)= a
2[- (r~rkl x _iVk) sk + (2~ rkl x -i Sk

+ (r?rkjx ‘~‘I~ - (2rj~rklx ~r’k) . s
1]

g~j(css’)= - (~)ira
2(sk~s

1) t
5(rkl)

g~j(ss’)= 2a2rJ[sk. s
1 - 3r~(sk.rkl)(sl . rkl)]’ g~1(cd)= -2ira

2 o(rkj) . (2d)

Here, r,~is a vector pointing from the nucleusto thekth electron, r,~j= rj~- ri, and sk is the spin
vector of thekth electron. The prime bracket in g~j(ss’),whenusedin an integral over position space,
is to be replacedby zero for rkl <e. The integral is thenevaluated,and the limit taken[3] as e —0.
It is not necessaryto perform this limiting processnumerically if the form of the one-electronspin-
orbitals is thatdescribedin this paper. In the orbit-orbit operator,
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33
a (a•b)c means E a.a.b.c~

i=1j=1 ~

where thesubscriptsrefer to Cartesiancomponentsof the vector. Only theHermitian part of fk(cd) RAid

g~1(cd)is given in (2c) and (2d). Theoperatorsfkand~ aresuchthat the total angularmomentumjh,
its projectionJ~,andparity commutewith H.

The atomic wavefunctions, ,ti, and energies, E, arefoundby solving the time-dependentSchrödinger
equationfor theHamiltonian given in (1) and (2)

(3)

The wavefunction is expandedin single configuration functions whichareeigenstatesof S
2, L2, J2, J~

and parity. All configurationsin theexpansionhavea closedcore and two valencespin-orbitals; con-
figurations with core holesandcontinuum configurationsareneglected.Denotingtheapproximationto
iP by ‘F, we have

‘F(�,J,p) = Z~ �I~a~~~(n1ni5L)x(n1I1n2I2SLJ) (4)

n’l1n212 S,L
where

S-+-L+[(! + S L J
X(nhlLpzhlaSLJ) = (—1) ‘~ (2J+1)2 �~ ~flhlLfl~laSL,MJ—MS,MS) (5)

?ii~=-s M
5 Mj-M5 -M,j

and

~(n’l’fl
2l2SL,M,j-Ms, Ms) = ( 1)11+1 +MJ [2(2S+1)(2L+1)/N(nulmn2l2)]f

x ~ ( ~ s ) (11 - 1 j2 - ~ ) ‘(n111m’m~n212,-m1+M,j~M~,M~-Pn~)
pfll ~, pfl 1_ jl m~Tv’S m

5 MS Pfl PU +Mj ~~‘~‘SMS Mj (6)

The ‘l’s areSlaterdeterminantsorderedaccordingto the conventionadoptedin CondonandShortley

[5]. Their elementshavethe form

rj,~P(n’l’, ~ Yli~,i(Ok,‘~k~~

andthey constitutean orthonormal set, i.e.

J drj~P(n~l
t,r~)P(n)l3, ~ = 6ni,nJ when I~ = iJ.

In (6),

N(n111n212)= 2 when n’11 � n212 N(n111n212)= 4 when n’l’ = n2l2 . (8)

The quantities (~~) areWigner 3j symbolswhosepropertiesaregiven by Edmonds[6]. x is an eigen-
stateof J

2 with eigenvalueMj (the argumentM,J is supressedin (4) and (5) becausetheenergy doesnot
dependon this quantity). The propertiesof the 3j symbols in (5) and (6) require that: (i) S = 0, 1; (ii)

11_121 ~ L ~ i1+i2~; and (iii) IL—SI ~ J ~ IL+SI
The unknownsin ‘I’ (c, J, P) are theradials, I’(nl, r), andtheexpansioncoefficients, aEJP. The

I’(nl, r) areobtainedfrom Lindgren’s [7] modification of the Hartree-Fock-Slater[8] equation

d 1(1+1) 1

L ~ + + V(r)j P(nl, r) = �~1P(nl,r)

where for r <
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V(r) = - 2Z + 2~ ~ bjP(nl, t)]2 dt + 2 f Z~b~
1[P(nl,t)]

2 C1d1 - c k~2r~3[E b~
1P

2(ni, r): (10)

andfor r ~

V(r) = -2(Z-N+1)/r . (11)

The value of r for which (10) and (11) areequal is r
0, andb~1is the numberof times the ni subshellap-

pearsin theconfiguration from which V(r) is constructed. Continuum configurationscanbe constructed
from solutions of (9) correspondingto positive ~ The Coulombic tail of thepotential, first introduced
by Latter [9], producescompactboundradialswhich facilitate the rapid convergenceof theexpansion
[1].

The radials, P(nl,r), areknown and thewavefunction, ‘I’(e,j,P), is normalizedto unity. By applying
the variational principle we obtain the secular equation

IH~J- EO~,~I= 0 (12)

where i or j refers to a particular value of n
1l1n2l2SLJ. Solving this equationis equivalentto diagonal-

izing theenergymatrix, H~j.
In table 1 we presentexpressionsfor an arbitrary matrix elementbetweenthe symbolic configura-

tions n11’n212andñ171ñ2i2 in terms of four quantities, threeof which are listed below. The fourth
quantity E(core), appearsonly in ~ and is independentof i, sinceall radialsare generatedfrom the
sameV(r). RemovingE(core)from the secularequationby redefiningtheenergy eigenvaluesavertsa
possiblesourceof largenumerical error. For example, E(core)for Hg I is 20000times larger than
the rest of II~. We will now define the quantities in Table 1.

The quantity I is given by

I(n11~z1t1)= ~nr(n1~~1~1) + ~ + 1
50(n

111n’T1)+ Icd(n111i11’) (13)

where
- d2 27 11(li+1)

mnr(hi1~z’l’) = ~Oll FlOE L655 f drP~n1l1,r) + —i — ,~ ] P~ñ1l1,r); (14)

2

1mass~111~~~= — !~— ~ o~ f dr P~n1l’, r) P~z1l1,r) [E
111 — Vfr)] [E~j11 — V~r)] ; (15)

Iso~n’1~’I
1)= — (_l)il+IX+L+L+JZa2 61111 ~

SLJ S~1 LE 1 1
X .[ drRln1l1,r)__R(ñ111,r) ; (16)

= ~za2 6~~,S6E,L811,t’~i’,oR(n11’,O) R(ñ1t1,0) . (1~)

In theaboveit is assumedthat P(n111,r) andP(~i1T1,r) havebeenobtainedfrom (9) andthat they have
beengeneratedfrom thesameV(r). To evaluateR(nl, 0), we usethesmall r expression,R(nl,r) =

A~jrt {i -Zr/(l+1)}, whereA~
1is a constant.The quantity (~~ is aWigner 6j symbol [6] and

R(nl,r) = rlP(nl,r).
TheA term is given by

A(n
1l1,~t1)= Anr(n1l~’i~)+ A

00,(n
111ñ111)+ A

50~50,(n
111ñ~T1) + Acd+cssI(n’1’~’T’)+

(18)
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In (18)

Anr(n’1’~1’) =
611,P.Os,SOL,L E (core)(21~~+1)

~k
1k

2
!i
1 i

x 2RO(nh?l1~nu1l;nklknhil) - I Rl(nh1mn~’?lk;nk1F6ilTl) (19)
1=0 \o 0 0/

where
m~ I

R1(n111n212t’,~2l~)= 21 1 —~— P(n’1’,r
1) P(n

212,r
2) P(ñ

111,r
1) P(n

212,r
2) dr1dr2 (20)

rl4~1
00 >

11 ~
A00,~1

1n111)= - 6S,S8L,L811,11 ~ (core)(21k+1)(l-8jI~jk o~ E I
~k

1k ‘ ~z0 ~0 0 0/

L2+1E_Tz~1k;1~T+ TZ_l(Ik;kI)] + (1-01k0)[z(z+1) + l~’~(I~”+1)- 11 (11+1)]

x [U~
1(1k;k1) - UZ_l(ik;ki)J + (1 _Oii,o)[z(z+i) + 11 (11+1) - lk(lk+l)][u~1(kl;ik) — U~~(k1;1k)]

+ (1_oiio) (1~8jF~) 1 [11(11+1) —

1k(,k+i) — z(z+1)] [lk(,k+l) — 11(11+1) — z(z+1)]
z(z+ 1)

~ [Nr(ki;D:) + Nz(lk;kT)] - (~+1)(z-2)[NZ
2(ki;Ik) + NZ_2(ik;kT)]]]

L 2z+3 2z-1

Iii z-i
1k(2

-

2(1-O1Lo)(i-Olk,o) ~ I~~oz(z+i) Io o 0/

x (11÷
1k~ +1) (11 jk+2) (Ikil +z) (Il +lk~z+i)[Nz

4 (ik;kr) + Nz ‘(kI;rk)J (21)

where
a2 a j~ R(ndlC,r

1) R(nd1~~’,r2) (22)TZ~(ab;cd) J r~dr1f ~ ~j

and
z+1

1 r<
u~

1(ab;cd)= a2 j r~dr
1 I r~dr2 R(nala,r1) R(nblb,r2) ~j2 (2z +3

0 0

x [ze(r1-v2) - (z+3) cfr2-r1)] ~_R(nc1c,r1)R(nd1~!,r2) (23)
or2

and
z-12~

N’~(ab;cd) = g~~_jdr1 f dr2 r~r~R(n(~la,rj) R(n
t’18,r

2) E(r -~2~R(n’~l”,r1) R(n~~l~!,r2) ; (24)
z+2 14 o o
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= (..1)L+L4J+F+I’
6~~i[(2S+l)(2L+1)(2~+l)(2L+1)p

(S L J 1(jl .i ~S S 1] (L L 1 ~ E (core)(21k+l)NO(lk;ik)

~E .~ 1~ Ix 4[61 +l)(211+1)]2 ~ 1 ~j1 ii (~‘4~ ~k
1k

~S L J~ S S ii L L
+ (_l)lx+ll+L+L+J [(2s+1)(2.~+1)(2L+l)(2L+1)]~ ~ia

2O
1iji(2l

1÷1) ~ ~ 11 l~
~L S 1~ U~ ~

~ ~ i~\2 ii ii
x E (core)(2l’~+1)E [z(z+1)(2z+l)]1 I J [VZ~~(lk;k1) - VZ~(k1;ik)]

~kjk z>0 \o 0 of

1S U SS11(L L 11
+ (..1)L+L+1X+1l+J [(2S+1)(2~+1)(2L+1)(2L+l)]

1 ~ ~ ~ i i 1 ~l
1x~

III 1

1 fi ~ 1k\
2 11 jl 1

3f~(2l
1+l) Z (core)(

2jk~1) ~ { 2z+1 ~ I ~ [l~(1~+1)— jk(1k÷1) — z(z÷1)]
~k1k z>0 Lz(2÷l)i ~o o of ~z z jk~ I

x [zNZ(lk;kT) — (z+1)N~
2(k1;1k)] - [

1k(Ik+l) - 11(11+1) — z(z+1)] [zNZ(kl;ik) - (z+1 )NZ
2 (lk;ki)J

- (
1)1t+1x+L+L+~J [~2S+l)~2L+1)(2~+l)(2L+1)]~

6j1 71 S L J ~S ~ l~ L E 1)
, ~j ,~ 1 ~1211 £

X
6f~(21

1+1)[11(ll+1)(211+1)]zE (core) (
21k+i) ~ (2z+1)(2z—1)

z+1
~k1k z>0

0 0 0 z-1 ~ 1~ [~~(Ik;ki) + NZ
4(kl;ik)] (25)1i~ z—i :k)2 ~t1 i’ i

where _ z-1r< dR(nCIC,r
1) R(ndld,r2); (26)v~

1(ab;cd) = f dr
1 .f dr2 r~r~R(nala,r1)R(nblb,r2) ~-j;:~ r2 dr1

Acd+css,(n’l’n’i’) = ~~-Oj1l18EL ~ E (core)(21k+l)f r~dr P(n
111,r) P(~1t1,r)P2(nklk,r)

~k
1k o (27)

A55,(n’1~n
1T1)= 0 . (28)

In the above,I refersto ~ r< is thesmaller of r
1 and r2, and~ (r1-r2) = 1 if r1 r2 andis zero

otherwise. In (16) and (25), l~ is the azimuthalquantumnumbercommonto the two valencesubshells
not appearingasargumentsin I or A (seeTable 1).
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To simplify presentationof thequantity E, let

E(n
111n212n111n212)= E1(n111n212~‘r’n2r2)+ E11(~z1I’n212n’i’n211). (29)

—9

By multiplying E’(~z111n2l2 n’t1i~2i2) by (-l)~~+i1+l_
andinterchanging~2~2 and~ (11 and~2are

also interchanged)in the resulting product, E11(n’11n212~1j1~272) is obtained. It should be notedthat

N(pz111n2l2)= N(n212n111), etc. (Seeeq. (8).) Thus
E’ = E~r+ E~

0~+ E’ + E~d+css~+ (30)
so+so

wherethe commonargumentis n
1l1n2l2ñ~l~ii2l2.In (30)

[4(2l1+1)(2l24~1)(2i1+1)(2i~+1) ~E~r(n’1’n2I2~’i1fl2i2) = 85,S81,L (-1)
~- N(n1l’n212)N(n11’n212) J

~ ~ ~‘\ 1i2 ~ ~2\ (11 £2 L~
x E I I 2 ~1 ~ ç R1(n111n212n111n212); (31)

1=0 \o o a) lo a oI 11

E’ (n’I’n212 ~hi4~2i2) = - (..l)1~8s,s 8E,L 4(211+1)(212+1)(211+1)(272+1)~00’ L N(n11’n212)N(n’11n2t2) ~1

x ~(l_81,i)(1_O2,2)(_1)lf1�~ (11 k (i2 k ~2’ ~il 71
k>O~0 0 0 ~0 o a] ~ i2 L~

[k(n+l) [T~1(l2;i2) — T1’~4(l2;i2)J+ [11(11+1)— 11(t1+1) — k(k+1)] [Uk~(i
2i~) — u’~~

1(l2;I~)]

+ [12(12+1)— 72(72+1) — k(k+1)] [U~1(2l;~I) — U~1(2l;2i)] + [11(11+1) — 11(11+1) — k(k+1)]

[12(12+1) - 72(72~~)- k(k*1)] - (k+3) [Nk(l2;i~) + N”~(2l;2i)] + k [N~2(12;i2) + N~2(21;~i)]~(2k—i)(k+1)(2k+3)

11 k-i 71~ 112 k—i 72) ji ~1 k( [(11÷~’+k+1)(i1—11+k)
+ 2(_1)1 +1 ~ 1 ( ~ I I

k>o~’~’~~o a ai to o a) h2 i2 L~

x (11_11+k) (11+1I -k+1)(12+i2+k+1)(~2-12+k)(12—72+k)(12+i2—k+1)]~[N~’(l2;I~) + Nk~(21;~i)] ; (32)
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E~
0~50,(~i’l

1n2l2~i71~272) = 14(211+1)(2l2+1)(21l+1x2~’.1r~(
1)J+L+i÷l 1~72~ [l+2(i)S+S]

L N(n’1
1n212)N(n11’n212) i

1 Iji k 71\ 1i2 k 72\ ( 1 L E)
jçSSl SLJ

x [(25+1)(2L+1)(25.s-1)(2E+i)]1 ~ 1 ~ [ 2k+i 12 ( I lk ii 71~
I ~ I k>OLk(k~)J to a of to a a) i~e i2

[-}a2k(k+1)[V~’(12;r~) — (-i)~5 v1~A(
2i;2i)] + [11(11+1)71(71+j) - k(k+i)][kN’e(12;i~) - (k+1)N

1~2(21;~I)]

- (_1)5~[12(l2+i) - 72(72+1)- k(k+1)] [kN’~(21;2i) - (k+1)N~2(i2;1~)]] + 2 Z~(2k+1) [2k-i]2
k> 0

Il~ k—i i1\ 11 Ti k~ (i2 k—i ~2\ ~72 i2 k_i)x [ii(ii+i)(211+i)]1 ~ k 1 71 — (2k_1)2 t7l l~ k ) N1~4(i2;F2)\o 0 0/ - a a OJ(LL 1~

1 ‘2 -~ 172 i2 k+11

[k(2k+3)2 II k+1 1~(+ L ‘~ ~1 ~ k Nk1(
2i;~i)~ + ( j)S+5+L+L [72~i2+1)(212+1)]~~ to 0 0/i—

LL 1
(71 £1 k_i)

/12 k—i 72) r2 72 k li~ k—i
xl

0 0 1 k-i 72~ ~- (2k-i)2 ~ ~ ) !~12 k N1(2i;Fi)

EL 1)
k+1 ~ ~~l

1i k+i)
+ [ k+1 ~ ) ~ 72 72 k N~1(i2;i~)~] ; (33)

L 1)

Ecd+css,(nh1mn
212~itmn2i2)= a2 r4(211+i)(212+iX2ii+i)(272+i) IL N(nhin2l2)N(nhiifl2i2) ] 8Z,L8~,S6S,O

fi’ j2 L’ Ijl 72 L\
x i I I f r2 dr P~n’11,r)P~l1,r)P~n2l2

1r)P~
2l1,r) (34)

(a a 0) to a 0/

wherethe full contribution to E is given;
A

5(2L+i)(2L+i)(2I1+1)(212+i)(2i1+i)(2i2+1)~2_______________________________________ 12 +L i JE~
5,(n

1l’n212~f1-ii2i2)= ~ [ N(nh1in2l2)N~ii~~212) j

S ~ 2 ~ [(2P+5)! 1 Ij’ p i’\ (12 p+2 72\ (11 7i p
x 8~,s8s,~— E (-1)

~L L ,j~ ~ (2p)’ ~ ~ ~ ~)~i2 72 p÷2~NP(21;~i)
LL2

(12 p 72~ Ill p+~ 71~ (12 72 ~
+ (_

1)L+L I J ) (11 yi p.~ NP(i2;i~)] . (35)
~o a 0/ to 0 oJ E 2 )
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abc
In theabove, e is a 9) symbol [6] andthe quantity ~ = 1 if n

111 ~ and O~,j= 0 if

n111 * ~71• This completesthedefinitions of the quantitiesappearingin Table 1.

Table I

Expressionsfor the matrix element (X(n’l’n2I2SLJ). HX~i’l’~2l2SLJ~)r T

in terms of 1. A. and E(n’11 n212n11’ñ212).

1. \Vher, n’I’ = ~ and n212

T = E(corc) + (_
1)~L~ (1(n

212n212)+ A(n212n212)J + t(n111n111)

+ A(n111n111)+ E(n111n212n111n212)

2. When (n111fl212) * (ntl1n2i2) a)

T = E(n111n212:n111fl212)

3. Whenn111 � ~lll and n212 =

T (N(n1115212)N(i2i2)/1I}(1(nu11~il) + A(n1l~’T1)j

+ E(n111n212n111n21)

4. Whenn11’ ~l7l and n212 ~ ~272

T ~ L (N(n111n212)N(nhl~~2l2)/4j~(1(n2l2~272)

~ A(n212~z2l2)J ~ E(n111n212n111n272)

5. When,,lll * ~272andfl22 ~l71

T = (— 1)1+1 ~ 1 (N(n’11n212) N(n212n2i2)/4J~(!(nulmn2i2)

+ A(n1l~2t2)J + E(n111n212n212n212)

6. Whenn’l’ = ~2~2andn212 *

T = (_
1)1~÷SF1~(N(n

111n212) N(1111nii 1)/4I&(!(fl2l2I~1i1)

+ A(n212fl11’)I + E(n’l’n2l2n’l~n’l1)

a) e.g. n’11 * and n’lt * ~21~
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2. NUMERICAL METHODS AND ACCURACY little effect on the results. Such a changewill

alter V(r) slightly aswell.
Thenumericalprocedurescanbe divided into Kelly [13] hasmodified SCHEQto include

threebasicparts: (i) self-consistentsolution of spatially diffuse radialsof manynodes(up to 25s).
(9); (ii) evaluationof thematrix elementsgiven The most spatially diffuseradial usedby the
in Table i, and (iii) diagonalizationof the matrix authors [2], havingthe greatestnumberof nodes,
anddeterminationof the eigenvectors.A book on was the l5s of Hg I. For this radial, thediffer-
the self-consistentsolution of (9), including a encein the resultsobtainedfrom the two ver-
computerprogram, hasbeenwritten by Herman sionsof SCHEQwasinsignificant. It appears
andSkillman [iO] (subprogramsHRSK, SCHEQ, that thebasicdifferencebetweenthe two ver-
andCRØSYM, in a slightly modified form, sionsis in theway the trial energyis adjusted.
formedtheir deck). Therefore, we will only Conceivably,a poor trial input for theenergy
briefly summarizethenumerical methodsused, might result in a failure of theoriginal version
assuminga familiarity with that book. of SCHEQto solvethe radial equationwhereas

Two different meshes(Xand R in Bohr units) Kelly’s modified SCHEQwould achievea solution.
areusedas an independentvariable. The X We decidedto retain theoriginal version, since
mesh, which is thesamefor all atoms, is given it hasbeen more thoroughly investigated. How-
by ever, themodifications requiredto incorporate

v(I) = a l(2N_l) + a 0O25s2Ns(I_40*N_1) (36) Kelly’s changesinto theprogramwould bestraightforward.We havefound, for Ba I, that

where the inwardintegrationsfor certain d andf radi-

N — ‘I 1’~4O 137) als do not start at largeenoughvaluesof r (Kelly— - II [13] seemsto haveexiierienceda similar prob-

In (37) the result is truncatedto an integer. 1cm). This hasbeencorrectedby beginningthe
Within a block (fixed N) the meshis linear, in inward integrationsat (5 + 31/2) times the match-
going from oneblock to the next, the interval ing radius for all radials exceptthe is.
betweentwo adjacentpoints is doubled. Each
block has40 points. A meshof 60i points (15 2.1. Evaluation of tI~c matrix clcmcnts
blocks) is sufficient for the calculationsdescribed In general, the numericalformulasusedare
here. The relation betweenthe1? (independent accurateup to order h

6 (the spacing), which is
variabler) andthe X meshesis theaccuracyof the 5 point Newton-Cotesformula.

R’l’ — C~X’t’ ‘38’ Other formulasareusedfor points near thebe-
/ - ‘ ‘ ‘ ‘ ginning andendof themeshand in regions of

where “r-space” whereblock changesoccur. Evalua-

C = (1/2)(31r/4)2/3Z_(h/”3) (39) tion of dR(nl, r)/dr is achieved(in BRIP) usinga7 point Stirling formula except for specialmesh

If configuration interaction is to be included, a points. Derivatives for the secondandthird
high degreeof self-consistencyis not critical. meshpoints are obtained by differentiating the 7
Consequently,the self-consistencyrequirement point Newton forward interpolation formula. For
of HermanandSkiliman ~TØL = 0.001) wasused. the first meshpoint (r=0), we differentiatethe

In theSCHEQsubprogramthemethodsout- analytic expressionfor R(nl, r): A,,
1 r

1[l - Zr/(I+i)1.
lined by Hartree[ii] aswell as theNumerov Dueto the largenumberof subtractionsoccur-
[10] integration methodareusedto solve (9). In- ring, the numericaldifferentiation resultsare,
tegralsare evaluatedin SCHEQandHRSK using in general, lessaccuratethan the integration
the 6 point Newton-Cotesscheme[10] which is results. However, the integralscontainingden-
obtainedfrom the forward interpolationformula vatives do not comprisethe major contributions
of Newton [12] by integratingit overfive inter- to thematrix elements.We haveevaluated
vals. The trial energyeigenvalueis adjustedin
oneof four ways [10] until the ratio of thechange dr J?”6 r’ dR(7p,r)
of theeigenvalueto theeigenvaluedropsbelow -‘ ‘ ‘ dr
somethreshold (THRESH). Assigning a value of
0.00001 to THRESH producessufficiently accu- and
rateresults. A testmadewith THRESH = r dR(6p r)

- j dr R(7p r) (for Ti II)0.000000 1 andan A meshobtainedby halving the dr
interval betweentwo adjacentpoints in a block 0
anddoubling thenumber of points per block, had andfound that the results differ by 1.4%. The
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authorsfeel that the presentdifferentiation ac- for F
6(6f, 61) (a specialcaseof (20)) which was

curacyis satisfactory, but suggestthat if numeri- negativeandthus clearly invalid. A test was
cal inaccuraciesaresuspected,the differenti- madeof DINTD using themeshof (36) anda
ation processshould be re-examined, meshin which the intervalswere halvedandthe

Single integralsof the form numberof points per block wasdoubled. There-
suIts were in goodagreement.

J dr f(r) DINTD usesthe 5 point Newton-Cotesformula
exceptfor specialpoints. Theupper limit is set
equalto R(ICUT), the first point at whichg is

are evaluated(by SINT) using the 5 point Newton- non-zero. Near theendof the mesh, the inner
Cotesformula. Integrationceaseswhen the inte- integral is evaluatedby integratingthe 5 point
grandis zero (ICUT) or when the endof themesh backwardNewton interpolationformula [i2] over
is reached.Radials andtheir derivativesareas- one, two, andthreeintervals. Blocks are
sumedto be zerobeyondtheNKKKth meshpoint, spannedby taking the smaller spacingas the

The outerintegration of thedoubleintegral commononeandobtainingtherequiredadditional

r points in the larger block using the 5 point New-
~ ‘~1r1 dr 1 Is1ds ton forward interpolation formula. The integra-~ ~ / ~ g,~/ tions arethenperformedusing either the 5 or

° the 6 point Newton-Cotesformula (whichever
is performedby SINT. SubprogramDINT! does requestsan integral already evaluated).
the inner integrationsrequired, usingthe 5 point In addition to the evaluationof the radial in-
Newton-Cotes formula for most valuesof r. To tegralsdescribedabove, variousangularterms
evaluatethe inner integral for the threesmallest areneededto computethematrix elementsof
valuesof r (r= 0 excluded), we integratethe 5 Table 1. The 3j symbolsare calculated(in BRIP)
point Newton forward interpolation formula oven using Edmonds’[6] Table2. For the argumentsof
one, two, and threeintervals, which meanswe theWigner nj (n = 3,6, 9) symbolsencountered,
aresamplingpoints having largervaluesof s thedigit capacityof the CDC 6400 and6600 al-
than thoseincludedin the regionof integration, lows direct, accuratecalculationof thesymbols.
Blocks arespannedby taking the larger spacing SubprogramsW6J andW6JB calculatethe 6)
as the commononeanddroppingout certain symbol, while W9J calculatethe 9) symbol. All
points in the block having thesmaller spacing, three are limited to integerarguments.Explicit
We alsoprovide DINT! with information as to valuesare usedfor all symbols containinghalf-
which meshpoints f (ICUT7) andg (ICUT5) are integerarguments(i.e. thoseassociatedwith the
first zero. If ICUT7 ICUT5 then spin quantumnumbers). If any argumentof the

R’ICUT5’ 6) symbol is zero, thenwe useeq. (6.3.2)of
‘‘~ d - “ d~ Edmonds[6]; if any argumentis one, we use~ g,~s, S — g~s/ ~ Table 5 of Edmonds.If neithercondition Is satis-

o lied, theneq. (6.3.7) (thegeneralformula) of

for R1ICUT5’ ~ r ~ R~CUT7 Edmondsis used.Wheneverpossible,the6j- symbolsarearrangedso that their lowest argu-

This savesconsiderablecomputingtime. Since ment falls in thesecondrow, first column
thegreatestshareof thecomputing time is spent (lower left handcorner); this speedsup compu-
evaluatingthe doubleintegrals, SINT, DINTI, tation of the symbol.
DINTD needto be as efficient as possible. If anyargumentof the 9j symbol is zero, we

To evaluatethe inner Integrationsof useeq. (6.4.14)of Edmonds. All other 9j sym-
bols using Edmonds’eq. (6.4.3). The evaluation
of a 9) symbol requires, on theaverage,0.05

j f(r) dr ,j g(s) ds secof computingtime. A rapid computational
0 r techniqueoriginatedby Caswell andMaximon

aseparatesubprogram,DINTD, was designed. [14] is used. Therearesix different arrange-
Useof DINT! andSINT mentsof the9) symbol arguments(the value of

the 9j symbol differing at most by a phasefactor)
r which give differentcombinationsof 6) symbols

(i.e. f g(s)ds = f g(s) ds - f g(s) ds) appearingin Edmonds’eq. (6.4.3). Thearrange-
Y 0 0 ment giving the leastnumberof expansionterms

to evaluatethe inner integrals, yielded a result is used(it is automaticallycomputedby W9J).



CONFIGURATION INTERACTION CALCULATION 125

Thenumberof terms candiffer considerably Table 2
with thearrangementused[14]. if theuserde- Subprogramflow
sires to compute6) or 9) symbols with largear- S b o ram Calledby
guments(>10), then themethods[14] by which u pr g
thesumsarecut off in eqs. (6.3.7)and (6.4.3)of HRSK BETHE
Edmondsareof interest (overflow may occur SCHEQ HRSK.BRIP
without such cutoffs). The 6) symbol of (31) and CRØSYM HRSK.BRIP
the 9) symbolsof (35) were evaluatedfor various
argumentsandthe resultswerein good agree- TKUKX BRIP
ment with theresults obtainedanalytically. W6J BRIP

W6JB W9J.WGJ
2.2. Diagonalization SINT CEI. TKUKX. SNK. VBSUB1 . CSSPEN.BRIP

Householder’smethod[15] is usedto reduce CEI.TKUKX.SNK.VKSUB1
thematrix to tridiagonal form. The eigenvalues SNK BRIE’
arethen isolatedusing Sturm sequencing[15] VKSUBI BRIP
andtheeigenvectorsarefound by Wilkinson’s CSSPIN BRIP
[15] method BRIP BETILE

Two checksareprovided in theprogramto ~EE~ND HRSK,SCHEQ,VKSUBI, BRIP
test the output of MLEW. Thefirst checkcorn- MLEW BRIE’
paresthe traceand thesum of theeigenvalues
andthesecondcheckcomparesIf’I’/E to ‘I’ for a
chosen(IMPVEC) eigenvector.A seconddiago- stored (nonewere calculatedin the first seg-
nalizert hasbeenusedto test MLEW andthe ment).
resultsare in good agreement. In subprogramBRIP theareaspannedby

D~LOØPS “77” and“7004” (1)0 LØ~P’sare
designatedby thestatementnumberappearing

3. PROGRAM STRUCTURE in the DØ statement)calculatesall the energy
matrix elementsneeded.We determinewhich

Exceptfor the HermanandSkillman subpro- two x’s (seeeq. (5)) are involved in the matrix
grams[10], thestructureof theprogramis element. This is equivalentto determiningthe
simple. The only complexity is oneof detail configurationsand valuesof S,L,S,L used. By
arising from thenatureof the theoretical results. comparingthe two configurations, we find the
In Table 2, information is providedon thesub- entryof Table 1 whichmust be evaluated.Dc-
programflow from which flow chartmay be con- pendingon thenatureof the entry, theprogram
structed. The programis in two parts. Thefirst decideshow manyof the quantitiesI(n1l~~l1),
part, whosecentral subprogramis HRSK, solves A(n1l~~(1),E(nhlIn2t2~iuTmn2i2) must be evalu-
(9) self-consistently. The secondsegment, atedandwhat their argumentsare. Thereare
whosecentral programis BRIP, calculatesand six areaspositioned inside theDØ LGGPS (to
diagonalizesthe energymatrix li,~. Exceptfor savecomputing time) thatareresponsiblefor
the sharingof subprogramsSCHEQand CRØSYM the calculationof the non-relativistic andrela-
and commonstorage(seeTables3 and4), the tivistic contributionsto I, A, andE. These
two segmentsareIndependent.The internal flow areascall subprogramsto evaluatethe double
of the first segmenthasbeenadequatelyde- integrals, 6) and9) symbols. Dependingupon the
scribedby HermanandSkiliman [10]. Theflow natureof thespecific entry in Table 1 the pro-
in theBRIP subprogramis outlinedin the follow- gram flow is directedto oneof the six areas.
ing paragraphs. After the calculationis completed,control pas-

The factorials arecalculatedandstoredin sesbackandanothernon-relativistic or relativ-
commonblock WIGNER. Theyareusedin sub- istic contribution to I, A, or E is evaluated. This
programsW6,JB andW9J. Next, the 3) symbols processcontinuesuntil all contributionsto the
arecalculatedandstored. Then theextra radials matrix elementII~jhavebeenobtained.Then
(thosenot found in the first segment)areob- calculationof a new matrix elementbegins.
tamed, usingSCHEQ, andstored. Next, all the After DØ LGØPS “77” and “7004” havebeenex-
derivatives, dR(nl,r)/dr, arecalculatedand hausted,the FI~j matrix is diagonalizedandthe

elgenvectorsandeigenvaluesarefound. Control
~SubprogramIJNSYMEIG, CO-OPClass/IndexCode: thenpassesbackto themain program, BETHE,

F4 WISC UNSYMEIG. which exits.
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Table 3
Arrangementof unlabelledcommon.

Relative
Name address Function

RSCØRE(601) core part of chargedensity
XNUM(601) 0 numeratorof Pratt formula

RSVALE(601) valencepart of chargedensity
DENM(601) 602 denominatorof Pratt formula

RU2(601) 1203 input potential (U(r) or rV(r))

SNLO(601) work areafor P(nl. r)
RDER(13000) 1804 derivativesof R(nl. r) = r~ P(nl. r)
RU(601) 2405 rV(r) where V(r) is the HFS potential

RUEXCH(601) 3006 atomicexchangepotential

XI(601) 3607 Coulombpart of output rV(r)

XJ(601) 4208 entire output rV(r)

RSATOM total chargedensity
QQ(601) 4809 V(r) + l(l4-1)/r~—

RLJINL1(601) 5410 input rV(r). 1-I. iteration

RUFNL1(601) 6011 output rVfr). 1-1 iteration

RUINL2(6O1) 6612 input rV(r). I iteration

I1UFNL2(60l) 7213 output rV(r). I iteration

RU3(601) 7814 secondinput potential (for interpolation)

WWNL(30) 8415 occupationnumbersof subshclls

X(601) 8445 independentvariable (from ThomasFermi theory)

GNU(4,5) 9046 work area for calculationof I’SLOPE and interpolation

Table 4
Arrangementof labelled common.

Relative -Name Functionaddress

CommonBlock BREIT
R(GOt) 0 independentvariable r; R(!) = C*X~I)

SNL(13000) 602 theP(nl,r)

NKKK(30) 13602 the numberof non-zerocalculatedmeshpoints for eachradial

MTAB7(30) 13632 thefirst point of the Ith radial is in theMTAB7(I)th locatior. of SNL

V(601) 13662 the HFS potential. V(r)

NNLZ(30) 14263 100.5+10*1where n and I arethe principal andazimuthalquantum
numbersof the subshell

EE(30) 14293 theeigenvaluesof the IIFS equation;negativefor boundstates

PSLçbI’E(30) 14323 (P(nl,r)/r
1~) at r = 0

Z 14353 nuclearcharge

C 14354 factorto convertfrom X to R mesh

THRESH 14355 elgenvalueaccuracycriterion

NCSPVS 14356 total numberof radialsdesired

MESH 14357 numberof points in X and R meshes

CommonBlock WIGNER
FACT(31) 0 the factorials, 0—30
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3.1. Restrictionson program use orbitals. No generalprovisionshavebeenmade
The programrequires1410008 high speed for configurationscomprisedof a closedcore,

core locations, at 60 bits per word. The 32 bits 1 hole, and 1 electron, althoughthesemaybe
per word of the IBM 360 may not suffice t. This handledon aspecial-casebasis. It appearsthat
can be checkedby redoingthe test run given configurationswith holesin p, d, andI subshells
hereon the IBM 360. The total computingtime will often contributesignificantly to theenergy
requireddependson (i) the sizeof the expansion eigenvalues.Suchconfigurationswill not have
(ii) thenumberof subshellsin thecore and (iii) thesameE(core)as the configurationshaving a
whetheror not the two-body relativistic opera- closedcoreand two valencespin-orbitals. If we
tors are included. In practice, theamountof denotetheir core energyasE’(core), then
computingtime neededon a CDC 6400 ranges E’(core) - E(core)must be addedto their diago-
from a few minutes to 3/2 hours. For large nal matrix element. Calculationo~this quantity
runs with all operatorspresent, about90% of involves the subtractionof two largenumbers
the time is spent in settingup the matrix and consequentlyadditional accuracywill be
(evaluationof thedoubleintegralsand9) symbols lost. For example, it wasfoundthat the
is responsiblefor most of this). To estimatethe 5d96s26pconfiguration must [2] be addedto the
time neededfor a calculationwith many expan- odd parity Tl II expansions.
sion terms, thesamecalculationcan be per- Only subshellshaving s, p, d, or f azimuthal
formedwith a smaller numberof expansion quantumnumbersarepermitted in theprogram
terms (seethe test run results). This permits becauseof the limited numberof factorials and
thecalculationof the time requiredper matrix 3) symbolsgenerated.The extensionto g or high-
element. By multiplying this time andthe number er azimuthalquantumnumbersis straightforward
of irdependentmatrix elementstogether (N.B.: but spaceconsuming. The storageof the radial
lf~~is foundby settingit equalto !f~~), onecan integralsof (24) in VEC would haveto be altered.
obtain a fairly reliable time estimate. Thelargestfactorials neededin thecalculation

No radial or derivativemay havemore than of 3j, 6j, and 9j symbolscan be determinedus-
601 meshpoints. TheDIMENSIQN statementsin ing themethodsof CaswellandMaximon [14].
tables3 and4, aswell as the dimensionsof the Calculationshavebeenmadeonly for expan-
arraysA andB of subprogramsSINT, DINTI, sion termswith total L’s ~ 3, i.e., S, P. 1),
and DINTD andthedimensionof thearray H and F term values. The programcan handle
(block spacings)contain this restriction, total L’s 6 (which is the largest L thatan ff’

Therecan be a total of only 30 radialsand 19 configurationcanproduce). Thedimensionsof
non-coreradials (core radialsarethosecommon the NUR1 andNUR2 arrayslimit thenumberof
to all configurations). Thearrays ZARI, ZARA, configurationsto 20. Thedimensionsof thear-
BTHA, andBTHI andTables3 and4 contain these raysHAM, HAM5, VEC, EIG, andJSL limit the
limitations. The sizeof arraysSNL andRDER sizeof the matrix to 35 X 35. This limitation is
is determinedby thenumberof radialsand also expressedon cards2313and2914.
radial derivatives, andthenumber (NKKK) of u-i-iZARI stores I (n I n I ) [eq. (14)] ZARA
meshpoints for which eachradial andits den-
vative is calculatedto be non-zero. The present storesA~~(n1l~1l1)[eq. (19)], BTHI(1,I) stores
dimensionof SNL andRDER 13000, appears -2 1 1-1-1a ‘ma (“ n 1 ) ~eq. (15)], BTHI(2 I) storessuitable for systemsof up to 80 electrons(e.g. SS - -

Hg I). If this dimension is exceeded,the instruc- a2lcd(n’l’n111) [eq. (17)], BTHI(3,I) stores
tion on card 1806 will abort the job (very little . i 1 1 1 ~
time will be wasted). 421 (1 +1)(21 +l)]2 x the radial integral of

Thepresentprogram can handleconfigurations I
50(n

1l1~z1l1)[eq. (16)], BTHA(1,I) stores
comprisedof a closedcore andtwo valencespin- i 1—1-1

Acd+css’(fl 1 ii I ) [eq. (27)], BTHA(2,I) stores
Dr. John It. Wood, University of California at Los ~ A

50~s0~(n
1I~n1l~)[eq. (25)], where

Alamos, NewMexico. hascalled to our attention that —
I”0(ls,2s) differed from F0(2s,ts) when calculated W = (l)L+L+J+l 4lX[(2s+i)(2L+i)(2~+l)(2L+u)]~
usingsubroutineDINT describedin ref. flJ on an
IBM 7094. This problemdoesnot exist with the S S 1 L L 1 S L J
presentradial integration routineswhen usedon a x
CDC-6600/6400.Moreover, theuseof DINTI and ~

1u ~1 1X L S 1
DINTI) should reduce, if not eliminate, the problem -

on a smaller-word-lengthcomputer.
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andBTHA(3,I) storesA
00,(n

111~i1T1)[eq. (21)]. by settingthe relevantNYCALC variable to zero.
It is thus possibleto reconstructthecontribution It is not possibleto deleteany non-relativistic
that aqa~ticularo~er~tormakesto the operator. For Ti II, it wasfound [2] that the
Ifrz 11n t ) andA (n 11n111) partsof any matrix two-body relativistic operatorswere not very
element. However, thevalence-valencyartsof important. A substantialpart of thecomputing
the matrix element[E(n111n212n111n21 )] are time is dueto thepresenceof theseoperators.
neitherprinted out nor stored (thereare just
too manyof them to makethis practical). To 3.2. Input andoutput
determinethe effect of a givenoperatoron the Much of the input andoutput follows thepro-
eigenvaluesand eigenvectorsa completenew gram developedby HermanandSkillman [iO].
calculation must bedone, deletingthe operator Schematically, the input format is
under investigation. This is performed simply

Cardnumber

(1) READ HeadingCard 84
(2) READ KEY, TØL,THRESH,MESH,IPRATT, MAXIT, KUT 91
(3) READ IPUNCH,QC,QN,QM 93
(4) IF KEY 0, READ RU2(M), SI = 1,437,4 124

IF KEY = 1, READ RU3(M), M = 1,441 128
IF KEY = 2, READ R112(M), M = 1,441 and 118

READ flU3(M), M = 1,441 119
(5) READ Z, NCQRES.NVALES,ION 132
(6) READ NNLZ(I~,WWNL(I),EE(l), I = 1.NCORES+NVALES 146
(7) READ JTOT,NOC~NF,NADSO, N1’RNT. TM PVEC,NCØRES,NVSE 1699
(8) READ NYCALC(K2), K2 = 1, 7 1712
(9) READ NURI(K2).NUR2(K2), K2 = 1.NOCONF 1725

(10) READ NNLZ(K2),EE(K2), K2 “NCSPVS’-l,NCSPVSfNADSØ 1767
(11) READ MXSIZE,JSL(14), 14 = 1,MXSIZE 1914

Entries (1)-(6) areread from HRSK, andthe re- very little machinetime will be wasteddueto
maining entriesare readfrom DRIP. There overestimationbecauseall numericalprocesses
will rarely be more than 70 datacards. In the stop oncethe last calculatedpoint, NKKK, of
following paragraphs,selectionof thedatawill P(nI, r~anddR(nI, r)/dr hasbeenreached.We
bediscussed.The information providedby Her- concur with the suggestionof HermanandSkill-
manandSkillman [10] will not be repeated. manandrecommendthat theusersetIPRATT

If the numericalatomic potential on a 441 equalto 2. MAXIT can vary from 20 to 100 de-
meshis known (from a previousrun)read it in pendingon how accuratethe input potentialis
(KEY = 1). If this potential is unknownthen read andwhat atomic systemis beingcalculated(F
in a suitable[10] normalized atomic potential, takes about100 iterations). We recommendthat

on a 110 mesh(KEY =0). It hasbeenour KUT be setequalto zero so that theCoulomb
experiencethan when MESH is greaterthan 441, tail [9] is matchedto V(r) (seeeq. (ii)).
the HRSK subprogrammay fail to function if the QC, QN, andQM correspondto the Lindgren
110 meshpotential is used. [7] parametersC,n, rn [eq. (10)]. With all pa-

The authorshaveneverused theKEY = 2 option. rametersequalto 1, we havethenormal [10]
Hartree-Fock-Slaterpotential. With (C, n, m) =

NOTE ADDED IN PROOF: This possiblefailure (0.8, 1.15, 1.0) we havetheso-calleduniversal
may be avertedby making the following changes potential of Lindgren[7]. This Lindgren potential
to the versionof the deckwhich is in thepossess- is a useful trial potential for whateveratomic
ion of Computer PhysicsCommunications.Card system is beinginvestigated.With (C,n, m) =

326 is removedandreplacedwith thecards: (2.13., 1.0,1.0) we havethe “two-thirds” potential
RATIO = 1.0 andIF(RUZM .NE. XJ(LIMIT)) [16]. Starting from theuniversalparameters,
RATIO = (RUZM-RU(LIMIT))/(RUZM-XJ(LIMIT)). variations in C andn (it wasnevernecessaryto
haveneverusedthe KEY = 2 option, vary m) may be performedto determinewhich

TQL = 0.001 andTHRESH = 0,00001 appearto setof parametersgivesthe mostrapid conver-
be satisfactoryfor all runs. MESH is an esti- gencerate of theexpansion.For Hg I, the corn-
mateof the maximumnumber of meshpoints re- binations (0.75, 1.12, 1.), (0.85, 1.18, 1.),
quired for thecalculation. In theabsenceof (0.775, 1.135, 1.), and (0.7, 1.09, 1.) were used
definite information this shouldbe setto 601; [2], the latter setbeingthebest. A simple way
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to chooseimproved Lindgrenparametersis as propriateweightedaverageof thelevelsassoci-
follows: preparethedeckfor anormal run, atedwith a given term (obtainingtheterm posi-
keepingthenumberof expansionterms to a mini- tion) andthenappropriatelyaveragingthe terms
mum (useonly the 4 or 5 most important). If to obtain theconfiguration position. Theprocess
relativistic calculationsareto be madeinclude producesa sufficiently accurateestimatefor all
only the one-bodyrelativistic operators. For computationsprovidedthat theexisting expeni-
eachsetof parameters,computeE

2-E1, where mentalmeasurementsare reliable. Finally, the
E1 andE2 arealgebraically the two lowest energy eigenvaluesmay be estimatedby extra-
eigenvalues.The setof parametersgiving the polating the results for the (n-m)l... (n-1)1 radi-
result closestto the experimentalmeasurement als in thesamepotential.
is used.The authorshavefound that the error The choiceandnumberof configurationsand
in E2-E1 calculatedat this stageis unreliable; termsto be includedin the expansionsis a
theerror may increase(for awhile) as thesize matter of trial anderror, unlesstheamount of
of theexpansionincreases.This methodhasthe core andcomputingtime availableis essentially
drawbackthat it relies on experimentaldata. unlimited (all configurationsmust havethe same
A more appealingmethodis describedlater. Un- parity; the programmakesno parity test).
lesstheuserwishesto optimize therate of con- Usually, the first estimateof theconfigurations
vergence,we recommendusing theuniversal andterms for theexpansionsis sufficient to pro-
LindgrenparametersC = 0.8, n = 1.15, m = 1. ducemoderatelyaccurateresults. We haveob-

NC~RES+NVALESis thenumber of subshells servedsometrendswhich will aid in making
in the configurationusedto constructthe poten- this selection. If thedominantconfiguration is
tail; the individual valuesare not important ex- X nln’I’ thenconfigurationsof the form (we ex-
cept that both must be positiveandnon-zero. dudeconfigurationsobtainedby only varying n
ION = Z-N, whereZ is thenuclearchargeandN or n’) X ñlñ’l’ are important. This is particu-
is the numberof electrons. NNLZ (= lO0.n+10*1) larly true when ~i = n and~i’ = n’ (the two confi-
givesthe n and I of the subshell,WWNL gives gurationsthenbelongto thesamecomplex)[18].
thenumberof electronsIn the subshell, and EE The lowest valuesthat )1 andñ’ can takeon con-
Is the energyeigenvalueguessin Rydbergs sistent with theclosedcore andazimuthalquan-
(negativefor boundradials). In order to obtain turn numbersshould also be included. For the
energydifferencesby subtractingtwo system Mg I calculation[1] in which 3s3p wasthe domi-
energyeigenvaluescorrespondingto different nant configuration, the additional configurations
valuesof J and/orparity (and hencedifferent (of this type) usedwere: 3p3d (samecomplex),
computerruns), the sameV(r) mustbe usedto 3d4p, 3p4d, and 3d4f. For a Ba I calculation in
generatethe radials for eachcomputerrun, which the6s

2 configuration is dominant (see the
Consequentlythe configuration chosento con- test run), we might use6p2 (samecomplex),
struct V(r) must bethe samefor all runs in 6p7p, 6p8p, 6p9p, 6plO~,5d2, 5d6d, Sd7d, 5d8d,
which energycomparisonsareto be made. This 6d2 (samecomplex), 4f~,7s2, 7s8s, etc. Even
configuration is usually onewhich is thought to though 6d2and 6s2belong to thesamecomplex,
bemost dominantin oneof the eigenvectorsof the strengthof their interaction is weakerthan
interest (seethe test run). For Mg I, the 3~2 that of the6s2and 5d2 interaction, Thelatter
configurationwasused[1] for ‘S terms, but we interaction is strongerbecausethe two configu-
couldhavejust aswell used3s3por 3s3d. rationsare closer in energyandthere is more

For thestrongly boundstates(EE <-0.01), overlappingof radials than in the former case.
SCHEQis remarkablyinsensitiveto theestimate We also find that it is important to include single
of theenergyeigenvalues.Thereare three excitationsof the dominantconfigurationhaving
sourcesfrom which estimatesmay be obtained, the forms X (n+m)l n’l’ andX nl(n’+m’)I’, where
First, the results of HermanandSkillman [10] m, m’ ~ 4 (the cutoff is somewhatarbitrary).
may be used. Thesearemost useful for ground For Mg I, the single excitations3s4p, 3s5p,
statesof neutralsystems.Second,estimates 3s6p, 3p4s were used[1]. For Ba I (6s2domi-
may be madefrom experimentalmeasurements nant) the single excitations6sls, 6s8s, 6s9s,
[17]. The quantity -EE~iis roughly the energy, 6slOsmight be used. If thedominantterm is
in Rydbergs, necessaryto removethenlth dcc- 2’~~1Lthenother permittedterms[see eq. (6)]
tron from the configurationX ni, leaving the should only be includedif the 2S+lL term asso-
configuration X (thepreciseform of X is unim- ciatedwith thesameconfiguration interacts
portant for theestimation). The position of the strongly with the 2S41L term of thedominant
configuration is computedby first taking theap- configuration. The importanceof a term other
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than thedominantonedependson the strengthof of absoluteline strengths[1] andthus must be
the one-bodyspin-orbit interaction. In Mg I, retainedif line strengthcalculationsareto be
where spin-orbit interactionsaresmall [1]. only performed. If other atomic quantitiesareto be
oneterm (

2S4L) needsto be included in the ex- calculatedtheconfiguration’seffect on these
pansions.For Hg I wherethe one-bodyspin-orbit quantities should be checkedbeforedeletingit.
interactionsare largeand6s2 and6p2 interact The choiceof configurationsandtermsis the
strongly, it is necessaryto include 6p2 3P

0 in most difficult problem confrontingtheuser.
the expansionin which 6s

2 ~ is dominant. To NADSO is thenumberof additionalradials
estimatethe importanceof a configuration one neededto constructall expansionconfigurations
can do an abbreviatedcalculationusing only the excluding thoseradialsusedto construct V(r).
one-bodyrelativistic operators(if a relativistic NCORES (in BRIP) is thenumberof closedsub-
calculation is desired)and a few configurations. shells common to all configurations. JSL desig-
If the expansioncoefficient of the configuration nates the term value and configuration number
under investigation is small (< io-3 in magnitude) accordingto the formula l00sNO+l0~S+Lwhere
in theeigenvectorof interest, then the configu- NO is the configurationnumber, S andL have
ration may be deleted. However, sucha configu- their usual meanings.
ration may bequite important in thecalculation Schematically, theoutput format for a suc-

cessful run is [10]

Card number
(I) I’HINi’ Uollerith statement 28

*(9) PRINT Ilollet’ith statement 85
(3) PRINT QC,QN,QM 94

‘(-1) PRINT KEY. T~L.THE1ESII.MESH. KUT 102
‘(5) IF KEY=0, PRINT flU2(M). Si—i .437,4 with label 125—126

IF KEY=1, PRINT Rt13(M),51,1,441with label 129—130
‘(6) PRINT EE(I), 1=1, NCØRES‘NVALES with label 147—148
(7) l’IIINT NITEII, 7., DELTA. II)E LTA, X(II)E Li’,\), ICU~L.X(ICUT) for each self—consistent

iteration with label 229.317
t(S) IF DENM(I)’O and/or SNLç4(I)-0 PRINT Il)IV 354
‘(9) PRINT 7.,NC~RES.NVALES’. R4N 434

t(lO) IF II’UNCII ~ 0 PRINT IIUINL2(M), M-’l.441 456
D(il Ih~1I’: M~I,NC(.bI1ES~NVALES PRINT NLZ,XL. EE(M).WWNL(M). KKK, PSL~4PE(M) 461

PItIN~l SNL(I), I~MTAB7(M),MTAB7(M) .KKK —1 464
(11) PRINT IIoLlcri~hstatcment 1697

*(12) PRINT JTØ1’. NQ~C~NF.NADSØ. NC~MtEs 1702
‘(13) PI1IN1’ NYCALC 1713
‘(1-I) PRINT EE(K2).K2=NCSPVS.1,NCSI’VS+-NADSQ~with label 1769
(15) D~LG4(.4P: K2r1,NADSØ PRINT NNLZ(NCSI’VS+K2),KKK.EE(NCSPVS+K2) 1780

tIF NCSPVS*K2 > NPRNT, PRINT SNL(K1), KI=MTAB7(NCSPVS+K2),MTAB7(NCSPVS+K2)÷KKK-1 1785
(16) PRINT l~SL~4PE(K5),K5=NCSPVS~1,NCSI’VS*NADSØ with label 1804

‘(17) DØ LGIØP: J31. NØC~NFPRINT J3.NNLZ(NUR1~J3)),NNLZ(NUR2~J3)) 1814
‘(18) PRINT JSL(13),13=1,MXSEZE 1915
(19) PRINT YUPER2 2905
(20) PRINT ((INC,JNC,HAM(INC,JNC), INC=JNC.MXSIZE),JNC=1,MXSIZE) with label 2907,2910
(21) PRINT EIG(JNC,1),JNC=1,MXSIZEwith label 2915,2917
(22) D~L~b4P:JNC1,SIXSIZE PRINT VEC(INC,JNC).INC~1.MXSIZEwith label 2922
(23) PRINT Z71,7.81 2930
(24) PRINT IMPVEC, EIG(INC, 3), INC=1, MXSIZE 2944
(25) PRINT EIG(1,4) 2952
(26) IF NVSE * 0

D(.4 L~P: INC2, NCSPVS‘NADSØ-NCØIlES~1
DQJ L(~4P:JNC=2,INC
IF LQUAN(NNLZ(INC+NCcÔItES-1)) = LQUAN(NNLZ (JNCi-NCØRES-l.))
PRINT NNLZ(INC+NCc~RES-1).NNLZ (JNC÷NCQIRES-1),ZARI(ILK7), ZARA(ILK7).

(BTHI(ISP,ILK7), ISP=1,3).(BTIIA(ISP. I LK7), ISP1.3) with label 2956,2966.2967
where ILK7ZBLOC(INC,JNC)

(27) PRINT Ilollerith statement:N~.6RMALEXIT
* input variables.
t doesnot appearas part of test run output.

Entries (1) and (27) areprinted from BETHE, (11)-(26)areprinted from BRIP. Seethe test run
entries (2)-(lO) areprinted from HRSK, entries for an exampleof the editedoutput.
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4. MODIFICATIONS TO THE PROGRAM cards, then introducethe appropriateoutput
statementafter card 2902. Thesearraysare

The presentdeckpermits oneto do a non- completeat this time and remainintact through-
relativistic calculation simply by setting the out the remainderof theprogram. If thematrix
NYCALC array to zero. However, if only non- HAM is desired, thenit should be obtainedbe-
relativistic calculationsaredesired, thencon- fore diagonalization (i.e. after card2913). Ar-
siderablestoragecan be savedby making the rays ZARA, ZARI, BTHA, BTHI andW3J are
following modifications: drop subprogramsW9J, availableafter D~LØ~$P“77” is completed.The
TKUKX,W6J,W6JB,SNK,VKSUB1, and CSSPIN, most useful results that might be storedon cards
drop the array RDER and rearrangecommon or tape are the eigenvectorsandeigenvalues,
block storage. Further storagemay be savedby for they can be usedto computeother atomic
omitting arrays BTHA, BTHI, andW3J. In BRIP quantities such aselectric dipole line strengths.
the following modificationsarerequired: (i) the We have found that for systemswith large rela-
sectioncomputing the factorials must be re- tivistic effects, (e.g~Hg I) it is necessaryto use
movedandcommonblock WIGNER can be deleted; a relativistic X, ~i X= [H,X] whereH is the
(ii) thesectioncomputing the 3) symbolsmust be Hamiltonian and X is the length operator}, if the
removed; (iii) the sectioncomputingthederiva- velocity form of the absoluteline strengthis to
tives must be removed; (iv) Table 1, which begins be computed.
on card 1921, is modified so that no references E versus N curvesmay be computed in BRIP.
are madeto statements401, 601, and 826; (v) An E versus N curve is obtainedby observing
cards2 165-2245, 2301-2541, 2590-2900must be how the energyeigenvalueassociatedwith a par-
removed. ticular level varies with thenumberof expansion

We anticipatethat many usersmay wish to terms. By examiningthe rate of convergenceof
apply theprogram to systemsof fewer than 80 suchcurves in the regions of intermediateand
electrons. To savestoragelocations, the maxi- largevaluesof N, a choiceof Lindgren[7] pa-
mum numberof meshpoints may be decreased rameterscan be made. The effectof an expansion
from 601 (in integral mutiples of 40) and/or the term on the energy eigenvaluecanalso be deter-
number of radials (derivatives) may be decreased. mined. Note that this method is more precise
There is a correspondingdecreasein the storage than theanalysisbasedupon coefficient magni-
required for theSNL andRDER arrays. If the tudesin the cigenvector. It hasnot proveduseful
numberof meshpoints savedis NM andthe say- to fit the tail of such a curvewith ananalytic
ings in both SNL andRDER is 2 NRS (identical function andthen extrapolateto N = °° to obtain
savings in each)then the total numberof loca- an estimateof theerror involved in deleting
tions savedis discreteconfigurations. Conclusionsbasedon

E versusN curvesare invalid when an important
N

1,~+ 2N,, + 14803
configuration hasbeen omitted from theexpan-

- Maxinium[9065 -
1SNM, 14803-3NM -NRS] . sion.

At presentSEC~NDis a dummy subprogram.
A few more locations may be savedby reducing If a subprogramwhich providestiming informa-
thedimensionsof ZARA, ZARI, BTHA, andBTHI, tion is availableto theuser, thenSEC~NDcan
In addition to changingthevarious dimension be replaced.Similarly ZER~canbe replaced
st~.tements(Tables3 and 4) the following cards with a systemsubprogramwhich setsall entries
haveto be revised: 97, 98, 134, 135, 243, 244, in an array to zero.
553, 1469, 1591, 1695, 1790, 1806, 1808. We expect that eachuser will encounterdif-

Certainproblems may require an increasein ferentkinds of problemsandwe have therefore
thenumberof radials (derivatives) An estimate carefully documented theprogram to permit

of thenumberof points in acore radial ~deriva- easymodification.
tive) may be obtainedfrom HermanandSkillman
[101. Oneshould use601 asan estimatefor the
numberof points in valenceradials (derivatives). ACKNOWLEDGMENTS
The necessarychangescan be deducedfrom the
aboveinformation. If insufficient locationsin We wish to expressour indebtnessto F.Her-
SNL(RDER)havebeenprovided, thencard 1806 manandS. Skillman upon whoseexcellentwork
will abort the run. this programis built.

If oneor moreof thearraysRDER, R,SNL,
andV is to be written on tapeor punchedon
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TEST RUN OUTPUT

CONFIGURATION INTERACTION 11TH PAULI—SREIT HAMILTONIAN USING PROGRAM6ETHE.

J—0,EVEN PARITY 64 I ALl. OPERATORSPR6SENT UNIV6RSAL POTENTIAL

LINOGRENPARaMETERS. C — 6.000000006—01 N — 1450000006.00 N • 1.000000006.00

KEY • 1 TOL • .001000 THRESH— .00001000 MESH 601 RUT • 0

INPUT POTENTIAL RU2 ANO/OR 6U3 FOLLOWS

—1.1200000E.02 —1.11660006*02 —1.11320006.02 —1.10980001.02 —l.1065000E.02 —1.1031000E+02 —1.09970006.02 —1.09640006.02
—1.09300006*02 —1.06970006.02 —t.0164000E*02 —1.08310006.02 —1.01960006.02 —1.07650006.02 —1.07330006.02 —1.01010006*02
—1.,0669000E*02 —l.0631000E’02 —1.06060006.02 —1.06540006*02 —1.05430006.02 —1.0312000E*02 —1.04120006.02 —1.04510306*02
—1.0421000E’02 —1.03910006.02 —1.03610006.02 —1.03310006.02 —1.0302000�.0Z —1.02730006+02 —1.02440006.02 —1.02150006.02
—1.0167000E.02 —1.01540006*02 —1.01300006.02 —1.01020006.02 —1.00740006.02 —1.00460006*02 —1.00190006.02 —9.99110006*01
—9.96452906*01 —9.91074506*01 —9.85160806+01 —9.80510106.01 —9.13320106.01 —9.70191406+01 —9.631Z0601,0l —5.6010120E*01
—9.54150206.01 —9.502411401.O1 —9.45400906,01 —9.40606506.01 —9.35864406*01 —9.31673406*00 -9.26532506*01 -9.21940606*01
—9.17396606*01 —9.12899406.01 —9.0144790E.0I —9.04041006.01 —8.99671506+01 —6.93356606+01 -6.91077106.01 —8.86838101.31
—6.82638605401 —8. 1847780E*O1 —8.74354706.01 —I.7026l606.01 —6.66219106.01 —8.6220500E*oL —8.58226006.01 —1.54261205401
—8.54310306.01 —8.46492706*01 —t.4264760E*01 —8.3863520E.Ol —6.35054506.01 —6.31305106+01 —6.27586806*01 —6.23899105401
—8.20241506.01 —6.1301590E.01 —8.05906705401 —7.98911106.01 —7.9202650E.0I —7.85250105401 —7.7837930t*01 —7.72011406.01
—7.65443606+01 —7.59174106*01 —7.52899706*01 —7.46718106*01 —7.40626906.01 —7.34624006*01 —1.28707106*01 —1.22874136+31
—7.17125406*01 —7. 11451606.01 —7.05458406.01 —7.00341606,01 —6.54899606.01 —6.89530906*01 —6.84253906.01 —6.79001406.31
—6.73850006.01 —6,68160606*01 —6.61731906+01 —6.58780706.01 —6.55468106.01 —6.49054106.01 —6.44291906,01 —6.39546206.01
—6.,494080E*01 —6.30354706*01 —6.25826706.01 —6.21355905401 —6.16941206.01 —6.12511805401 —6.01276406.01 —6.04024106101
—3.99124006.01 —3.91571006.01 —5.1352700E*01 —5.75666906.01 —5.67990006.01 —3.60490406*01 —5.53167006*01 —5.4699)206.31
—3.38997305401 —5.3215170E+01 —5.25457906+01 —3.18911506.01 —3.12308906.01 —5.06246506.01 —3.00119106*01 —4.94125506.01
—4.88260106.01 —4.82520201*01 —4.76901906.01 —4.7140170E*01 —4.66016106.01 —4.60141106*01 —4.55574906.01 —4.5031210E*0I
—4.43549906+01 —4.40615106.01 —4.359t410E*01 —4.31233706.01 —4.26640806.01 —4.22132306.01 —4.17105205401 —4.13336406*01
—4.0906340E*01 —4.04863606+01 —4.00754406.01 —3.96693101+01 —3.92698306+00 —3.61767406.01 —3.14896406*01 —3.81091905431
—3.17341906.01 —3.7001440E.01 —3.62906906.01 —3.56006305401 —3.49310206*01 —3.42108806.01 —3.36496506.01 —3.30361506.01
—3.24408206+01 —3.18624706.01 —3.13006806*01 —3.07347006.01 —3.02236106.01 —2.91014606.01 —2.92041206.01 —2.81149406*01
—Z.82314306•0l —2.17113305401 —2.73167201+01 —2.61724406.01 —2.64362206.01 —2.6013660E*01 —2.55964301.01 —2.51921906*01
—2.47946706.01 —2.4405650E*01 —2.40248606.01 —2.36521706+01 —2.35473606.01 —2.2930340E.01 —2.25606906*01 —2.22365306.31
—2.19042206*01 —7. 15761306+01 —2.12362106.01 —2.09427406+01 —2.06339106.01 —2.03546608*01 —2.00422506.01 —1.91550006.01
—1.94739905401 —1.8930300E.01 —1.64096506*01 —1.79115206.01 —1.14342106.01 —1.69761206.01 —l,6331320E*01 —1.61176606.01
—1.51139606+0L —1.53262606*01 —1.49537306*01 —1.45954906+01 —1.42311306.01 —1.35496706*01 —1.3600610E+01 —1.32936606.01
—1.29974706.01 —1.27124206*01 —1.24377606.01 —1.21131006+01 —1.19180406.01 —146722006.01 —1.14354306.01 —1.12067706.01
—1.09664706*01 —1.01740006.01 —1.05690206.01 —1.03112106.01 —1.01607306.01 —9,99571006.00 —9.81151006.00 —9.84515006.00
-9.47640006*00 —9.31691006.00 —946060006.00 —9.00901006.00 —6.54191005400 —6.1192100E*00 -6.38066006+00 —6.44394006*00
—8.31493006.00 —6.06345006.00 —7.6241200E*00 —7.54545006.00 —741169005400 —7.17563006.00 -6.91903006*00 -6.7901600E*00
—6.61075006*00 —6.45420001*00 —6.27275006•O0 —6.11396006+00 —5.96147006.00 —5.8149100E*00 —5.67403006*00 —3.53635006.00
—5.40760006*00 —5.26197006*00 —5.16064006.00 —5.04354006.00 —4.93049006.00 —4.6213100E*00 —4.71560006.00 —4.61380006,00
—4.51515006.00 —4,43911006*00 —4.32733006*00 —4.23192006.00 —4.15134006.00 —4.06751006*00 —3.96632001.00 —3.90770001*00
—3.83157006+00 —3. 13186006.00 —3.65450006.00 —3.61144006.00 —3.55062006*00 —3.46596006*00 —3.42349001.00 —3.3b30900E.00
—3.30413006*00 —3.19406001*00 —3.09105006*00 —2.99535006.00 —2.90637006,00 —2.62435006*00 —2.7482330E.00 —2.61776301*00
—2.61234006.00 —2.55214001*00 —2.41612006*00 —2.44402006.00 —2.39544006.00 —2.3499800E*00 —2.30731001.00 —2.26716006*00
—2.229Z200E+00 —2. 19325001.00 —2.15902006.00 —2.12633006*00 —2.09906006+00 —2.06306006*00 —2.03616005400 —2.0013400E+00
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—2.00000006.00 —2.00000001,00 —2.00000005400 —2.00000006.00 —2.00000006+00 —7.00000006+00 -2.00000006*00 2.0000~3E*00
—2.00000006*00 —2.00000006*00 —2.00000006+00 —2.00000006+00 —2.00000006*00 —2.00000006*00 —2.00030305400 -2.03000005400
—2.0000000E.O0 —2.00000001.00 —2.00000005400 —7.00000006.00 -2.00000006*00 —2.00000006*00 —2.0000000E*00 —2.00000305400
—2.00000005400 —2.00000006*00 —2.00000005400 —2.00000006*00 —2.00000006*00 —2.00000006.00 —2.00000005400 —2.00000006.00
—2.00000005400 —2.00000006.00 —2.00000006.00 —2.00000006*00 —240000006*00 —2.00000005400 —2.00000006*00 —2.0000033E100
—2.00000006.00 —2.00000005400 —2.00000006*00 —2.00000006*00 —2.00000008+00 —2.0000000E*OO -2.00000305400 —2.00300335400
—2.00000006.00 —2.00000005400 —2.00000006.00 —2.00000006.00 —2.00000006+00 —2.00000006*00 —2.00000005400 —2.00000006.00
—2.00000005400 —2.0000000E.00 —2.0000000E*00 —2.00000006*00 —2.00000006+00 —2.00000006*00 —2.000000)36*00 —2.00000006.00
—2.00000006*00 —2.0000000E*00 —2.00000006+00 —2.00000006,00 —2.00000005400 —2.00000006*00 —2.00000005400 —2.00003306.00
—2,0000000E.00 —2.00000006*00 —2.00000006*00 —2.00000006+00 —2.00000001+00 —2.00000006*00 —2.00033001*00 -2.03003301*00
—2.00000001.00 —2.0000000E.00 —2.00000006*00 —2.00000006.00 —2.00)300001*00 —2.00000006*00 —2.00000001*00 —2.00000001.00
—2.00000006.00 —2.00000006.00 —2.00000001.00 —2.0000’)005400 —2.00000006+00 —2.00000001.00 —2.00000006.00 —2.00001001.00

—2.00000006*00 —2.00000006*Q0 —2.00000006*00 —2.00000006+00 —2.00000006*00 —2.0000000E*00 —2.00000006.00 2.00000001’00
—2.00000005400 —2.00000005400 —2.0000000E*00 -2.0000000E*00 —2.00000001.00 —2.0000000E*00 —2.00003301*00 —2.000I3~33E’0O
—2.00000006.00 —2.0000000E*00 —2.00000005400 —2.00000005400 —2.00000006*00 —2.00000005400 —2.00000001.00 —2.00000301*00
—2.00000001*00 —2.00000001*00 —2.00000006*00 —2.00000005400 —2.00000006*00 —2.00000001*00 —2.00000006*00 —2.00000301*0O
—2.00000005400 —2.00000006.00 —2.0000000E*00 —2.00000001.00 —2.00000006+00 —2.0000000E*00 -2.00000001.00 —2.0003310E.00
—2. 00000006 *00

INPUT 6!
-2.62930006.03 —4.05440006*02 —3.65440006*02 —6.70300005401 —1. 74500001*01 —5.94730001.01 —1.1465000E.01 —1.39160000.31
—1.61900005400 —2.6393000E.00 —1.68000006*00 —3.26000006—01

ITEM 2 DILTA 3(011) *1011) IICUTI KICUTI
1 56 2.00101166*00 441 204.100 441 204.700

2 56 1.00353396.00 441 204.700 305 20.340
3 96 1.662’.78$C—03 303 20.360 305 20.360
4 96 6.2t1+1601—04 14 .032 303 20.380

• 56 NCOR~S• 11 NvALes • 1 ION • 0

OUTPUI FRCN BlIP SUIIROUTINE

2 • 0 NUMMIR OF CONFIGS. • 8 NUMBEROF t*t.4A RADIALS • 5 ‘ICOiTES • II

NYCALCARRAY I I 3 1 I I I

INPUT El OF E*TRA RADIALS

—1.4000005401 —2.6000001—01 —1.3000006—01 —2.2000006-01 —9.400000E—02

100 461 —t.219871757751—01
610 411 —1.65022452336—01
110 921 —l.9d69I6225976—02
520 441 —7.125942112511—01
620 521 —9.623962299541—02

PSLOFC FOR E3CITEi~ SPIN—ORSI1315
3.317720126.00 7.I08061715401 4.10903196,,OI b.693lB*30E*02 1.608420696*02

CONFIGURATION 1 FIRST SPIN—ORBITAL IS 600 S�C0*+O SPIN—OROlIAL IS 600

CONFIGURATION 2 FIRST SPIN—ORBITAl, IS 800 SECONO SPIN—ORRITAL IS 700

CONFIGURATION 3 FIRST SPIN—ORBITAL IS 660 SECOND SPIN—ORBITAL IS 610

CONFIGURATION 4 FIRST SPIN—ORBITAL IS 610 SECON0 SPIN—ORBITAL IS 710

CONFIGURATION 5 FIRST SPIN—ORBITAL IS 520 SECONDSPIN—ORBITAL IS 520

CONFIGURATION 6 FIRST SPIN—ORSITAI. IS 520 SECONDSPIN—ORBITAL IS 620

JSI, ARRAY FOLLOwS 100 200 300 361 400 500 600
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NET TIME NEEDEDTO SET UP MATRIX IS 0. SECONOS

MATRI* SET UP COMPLCTE.BEGIMUIAGONALIZATIONS.M4TRI* FOLLOWS.

I 1. 1) • —1.0093156I05E*OO I 2, 13 • —I.35634121B0E—02 I 3, 1) • —9.6221940802E—02 I 4, 13 • —2.26994116656-31
I 5. 1) — —4.165765766I6—02 I 6, 1) • 5.09977610046—02 I 7, 1) • —7.84579095246—03 2, 2) • —1.90052B16245431
I 3, 7) • 1.6134075A246—02 I 4, 23 — —1.03414992161-07 I 5, 2) • —3.3444387292E—02 I 6, 2) — 2.27499913R9E02
I 7. 2) • I.1816848633E—02 I 3. 33 • —6.66544541661—01 I 4, 3) • —5.71934642335403 I 5, 3) • —1.55440136321-02
I 6, 3) • —4.6191625230E—02 I 7, 3) • 3.65964260546—02 I 4, 4) • —7.45453535954—01 I 5. 4) • —2.3622301329E-03
I 6, 4) • 3.06635441791—OR I 1, 43 • —9.43220573406-09 1 5, 5) • —5.45446319161—01 I 6, 5) • —2.69052226061-02
I 1. 3) • —2.3111998203E—03 I 6, 6) • —5,6513611095E—01 I 1, 6) • 9.62372545051—02 I 1, 7) • —6.6955679B195401

EIGINVALUES OF 1 a 7 MATRIX FOLLOW.
—4.5437250664954—03 —5.5503409496216—01 —6.1541911233335401 —1.497703003B766—OI —7.6942914149151—01 -1.99290994B950E—01
—1.043241401 960E*00

EIGENVECTORSTORED IN COLUMN 1 OF VEC
1.3919163241601—01 l.067299519666E—01 —1.492811993683E—0l 1.51326I0964786—03 —4.8233163194076—01 1.130761507433E—01
3.4013689096741—01

EIGENVECTCRSTORED IN COLUMN 2 OF VEC
—3.41 74874912221—03 8.176132559463E—02 2.3005645467366-01 3.3096961950035403 —6.529461860886E—01 -4.06 1578254422E—01
—2. 0442 645 75 052 6—01

EIGENVECTORSTORED IN COLUMN 3 OF VEC
2.254296251S206—Ot —1.1576031611496—01 —B.169392I98671E-01 3.1984140169376—02 —I.066B241I9661E—01 —2.8540645075431—02

—5.014934106369�—0I

EIGENVECTCR Sf0540 IN COLUMN 4 OF NEC
—6.6112621111654—00 —B.2361557I3)30E—05 —2.2544307I47656-02 9.3114991540631—01 —1.5583A069A2O21—04 6.251602690130E02

I • 3441 340632026—01

EIGENVECTORSTORED IN COLUMN S OF NEC
6.9307415403335402 —2.5275B6135530E—01 —3.8202612064665401 —S.249691I92)56E—01 —1.009559533694E—OI —4.4329T57I751B6—OI
7.5036119162511—01

EIGENVECTORSTOREDIN COLUMN 6 OF NEC
—2.604652366423E—02 9.4660616410441—01 —2.208175042665E—01 —2154153824’51E—02 I.922832Z34411E—02 —1.6785354390291-01

I • I87710390292E—O I

EIGENVECTCRSTOREDIN COLUMN 7 OF NEC
9.6138616645651—01 5.356066961363E—02 2.3554316656426-01 5.4646429055811—03 I.015060349I93E—0l —1.9719357394I06—02
1. 7432636322B9E—02

TRACE • —5.016101552615E*0O SUMOF EIGENVALUES • —5,016107552665E*00

COMPONENTSOF H X P5111 FOR EIGEMVECTORSTORED IN COLUMN 7 OF VEC FOLLOW

9.6I36B2E—01 5.556061E—02 2.3561321—01 3.4646436—03 1.0150601—01 —7.9779361—02 1. 7492646—02

AVERAGE RELATIVE ERROR IN COIFFICIENTS OP IMPVIC. EIGEN VECTOR IS 4.6115511—14

UK8ITALS ZARI ZARA 6THIIII BTHII2) 6THII3I BIHAIII BIHAI2) ITHAIOI
600. 600 —2.973346*01 2.506181.01 —1.174635403 6.623126*02 0. 2.127016—04 0. 1.245921—04
100, 600 —5.152216+00 5.1I072E+00 —5.363476*02 3.2426)6*02 0. 1.010111—04 0. 5.901151—05
700. 700 —1.133001*00 1.104541.01 —2.633606*02 1.541026*02 0. 4.802311—OS 0. 2.801016—05
810. 610 —1.835461*01 1.781516*01 —9.710206*01 0. 2.454821*02 3.210151—05 6.119905404 1.546981—04

710, 610 —4.141261.00 4.088601.00 —5.648421.01 0. 1.417111.02 3.011246—05 4.625111—04 8.99940E—05
710. 710 —9.100446+00 6.859926*00 —3.263566.01 0. 0. 1.76038E—05 0. 3.201736—05
520, 320 —4.251736+01 4.189651+01 —2.316906+02 0. 0. 2.331946—04 0. 7.441191—04
620, 320 —5.749666*00 5.741161+00 —5.36812E*01 0. 0. 3.64t26E—0S 0. 1.779946—04
620, 620 —1.065416*01 1.038611+01 —1.33A37E*O1 0. 0. 1.353316—03 0. 4.260311—05


