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AI3STRACT 

1 n l.h c prCl:ient r'ese-arc h pr'oje c L \~ e IU,l ve jllsLu l J e d tliid 

Lc-~I ed two COJUputo ,' prog r'u ru s for' the c ulculat.ions ur ulomiJ: 

'; I n d mole c ular' S L ,'u e 1.1.1 l' e , T he r i ,' S I. pr'oj.{r' f.t m i s f o r' 

i!al'L [ 'ee-Foc ]{ lULL I L .i c onf'i. g ucaLion c al c l r LaLions o f alo lll alld 

ionized s pe ci.es , T h e o hje c Live of l hi s pl'Og E'U IiI is La Lo 

solve th e couple d inl.e~ r'o-di f f'e l'e nLLr! e qual.i(J1I f o t, ,'u d iHI 

HHv e fun ..: L i O ri S 1.0 c ,xl.n;t c L €' I'l e rg y IIlll ! Lirlels of " 
cO llri g ul'aLion. The equu l io n s Ill'e being s olv e d i Le l'n L i vc I y 

using sel f'-c o n s i s t e n L fi e ld meLhod , Th e s L, 'uc.:\.uJ"e of 

pl'og r'am i s s u ('h Lh at Lll e f (' 02e n con~ u[Jp l'oxi rnn tion lila) lIe 

II s.-: d. The p,'og r'allL \~HS o r' i.g ill alJy designeu I"Of' V .. \X - 11 -780 , h e 

Ila v o;" mo di fied iL f o r' NP.C-G10 , In O l'd e r.' Lo c h ecl, til l.: 

pel'f o l 'lI1fl n ee o r LIr e have pe r formed alJ- i 'I 'i l i o 

Iln, '\. ree-Fo c k calc ulat ions for 
6 6 

1 I 2p 3s g r ou nd state a n d 21' 3 d ex c i t.ed s Lal.e of sod iulU, 
6 

2) 31' 4 s g l'o und stale of Polussium 1.'1. 111.1 

3 1 g I'O U nd s lute of Cau lll iulil. 

'r h e seco llr! PI'Ogl"fll!l is b ased 011 C h ebyshev p o l Y ll o wial 

filting a nd i!:;> espec i. all y d es igned t.o exLI'[tc.:l. Lhe \"avel e n~l.h s 

fr o m Lhe expe rirllen t ally ['ec or.ded absorptjo n /em i ss i on specLn\m 

llsing know fr wavelenglh standat'd s , The Ilrain advantage of this 

lH'og ,'am i s I.hal. iL reje c ls auLo mati c ally if a wavel eng Lh 

s t a ndard does not fit. or Illiss id entified , We h ave ctlec ited 

the valid ity o f this prog r a lll by calculat in g lhe unkn~w ll 

\4ave length of experimental data o f I\ I'Y P l.on I'eco rded at hig l l 

l'e501ut i ol\ and hig h dispel'sio r~ . 



C H AP'l' I~H j 

I NTRODUCTI ON 

1.1 IN'I' IWDUCTION OF HAI1TREE- FOC I{ NE'l'HOD 

'l' I'l e ud e r o I'ca lm o r atomi c s LrucL IlI"C hu s r'l'ove d Lo I)~ U II 

I.!xcc c dingly dirri c ll IL 1'I'ob LeJil eve n fa ,,, s im ple r aLollls hitll 

o nJ y a reI-.' ,' l,, ~: t. I' on s , ,,\ s L h e Ilumber" or el.t: (; l.r 'O I I S lllc l 'E! ~t s '-l=> , 

I.as], v,' !:iu J \ ' i. l q';: St; h 1' 0 1.1 i II gt:o ' " ' So E! l jLl h l. io n 

pl'ohiu iLi ve l~' t;l' lIl pli_ caL~ d, Exac t. so lu L ioll ::i ~tr "e ).:1 10 ' '; 11 o nl y fur ' 

a il e ~ I.el't " Olr s y s Lelll , SO lue app ,"oxi maLe b ilL i't! l i n. I .. 1e met l, a,J ~ 

he l '€, so u g hL, Va l'Lo li s s u ccess l"u l aLLelllp L s ha ve I. .. een made fvl" 
, 1 J 

N=::! , t h e f1. I 'st t o I" c a c h a Ili g h d eg n :-e 0 1 

a cc ul'Ucy i n Ll I ~ L h cO I" e Li c al p ," eJ.icLio n o r Lh e g l" o llnd stat.£! o f' 

t h'o-e J ec L 1'0 11 s yste m i n c luding He J LlllU L ite negat. i v e 

h yd eoge ll iO ll, Hi s ca l.culat ion s h' el'e bas e d o n th e Va riali o n al 

P.'inciple L , e Ln IIiLniuli z i ng Lh e e n e rgy give n b y a ~avc 

fUli ct io n " ' illl s j ", p ara mete r's , Hyl lel'aa s fo un d fO I' I~ th e: 

valUe> -2 , 903::! ·1 
1 2 J 

uLornic un i Ls , Chll tlJ ras ha ke r' £ 1 be l ' L and 

He I'zhe q;:: I"ecfll c u 18 Le d t.h e e n e rgy 0 r L he g I' o und s La Le b y L lI e 

Hitz Va." jat i o n me thod , making: u se o f.' a LI' .i aJ runclion hitll 

ten adjltsta h le parAllleLe l's a nd s h o wed LllSL the ir g round sLate 

C Il C q~y , incl udin g I h e relativistic and Ulfi SS 

car r'ec tions was rt! ... o td. 2 1 , 5 
- 1 

e m hi g h e l' Lha n 

pola r' l za L i Ull 

Lhe o b se I'ved 

val u e '''hi le L1le e 1'l'O l' of' observation \.;a s of t h e o rd er" + 
_ - 1 
OCII! LaLe l' 1II0 1"e aCC ttI" ate var i a tional '''Bve fun c lio n s we ,"e 

obla ine d by 
t 3 1 

Ki n oshitu a nd by 
I< J 

Perkeris . So r a l' th e besl 

app 1'ox iln ated \'sL u e is E =-2 . 90372~ 3 770 3 8 ,ll, which i s seve r n ! 

o cde l'S mo re "l CC ll I "a te t han t h e expc r'i.m e n Lal val u e , The 

exce ll e nt aSI 'ca ul e nl betwee n th e t h eo r et i ca l And eX p ec ilnentai 



j'l,:! ::; llll s 1'0 1' h e l illJll vecifies Lhe l.lCClIl'ilCY o f the 'l llllil l- Uill 

mec h ull i cal mod e l Flii t the va1'i8t i. olla1 me th ods e mployed <"I '~"" 

e:-.:ceed i n~! y eli rric-IILt La gen<-' ral.i ze 1.0 l arge sys tems; o lIH ' I' 

mo r'c apPl'ox im l, l E' me l h od., a l 'e rC'rlu l l' ed, 

F o 1' 1 II lla I."" 1 Y IH:! Ipt v . ' I\lJ P"'OX ima I i Oil S wI , i_ch al'e good e llo ll :;) , 

L1l o ll s: 11 \<Ji Lit rae LUi' l,;t.! I" 

e t'j' ol"S Lhatl 1"01 ' lieii llJll c a l c ul aLiu n s , Olle SII(' I, 

1 5 1 

UI' I' I'O :-.: iUlIl Il OII i s HH I'Ll'ee ' s nl~Lh od o j' t h e se I r - c o n s j ~ t. f· lI t 

r i(' l.d , 111 t h i s !tl e th oll H~ l'~p J iH:t:! t. h e iJl sta n Ut n e Ol l s a c ti o ll "I' 

til L L1 ,e e l ec L l'o l ls of all atom o n o n e of Lh ei l' nu mbe l' , I~hi c l, 

HOlllrl r esul l i ll fl. IHec lt ani CIl1 pr'oble lll so dirr,icul L thaL i t 

<.:0 11111 11 0 1. b e su l ve d, L~' t h e lilu c ll o imv1 e l" p l' o blt::IU i l l h' lli l' h 

e1\1:: h ele c lro ll is c\ss umed Lo move in a cent re)'!. f ie l d pl'odu ce d 

b ~' t h e nucl e u s , ~l.J l d t.l1I~ s p h e t'i c a 11 y ave l' aged pott:l u tiaJ fi e lds 

u f eac h ol. l1 e l ' t~ le cl l 'o n, T il e IUtve fun c Lion of' an el ec L t 'o n if! 

S It C I I a sp ll e t'ica l field IS very si m ilal~ to Lh e hydr'o ge ni c 

{'u ll c l- Lo n, ILs d e p e llLien ee on a n gle is ex a c Ll y the same , and 

Lil t:! only Lliffe t'e n ce is jn th e I'Helia l fun c ti on R (1') ," T h liS \·;e 

ca n as sume Lh a t Lh e one -e l ectro n \_'ave fun ct io ll o r o d J i Lal s 

liill h ave the sa me f orm as that for lI ydl'oge n ato m I,av e 

f un c ti.on , Hu\ e funct i o n 1'0 I~ t. h e N-e l ec tron at o m ca n h e 

cO Ll sL ru cLeJ j'L'O I!l t.hese o ne o rbi ta l s by s upposi ng t.hat eac lt 

c l ee i.l'on wov e (jU i t e j nd e pe nd e ntl y of t. h e o tlt e r's only in n n 

* av e r uged lIl a nnc t ' , li e n ee Lh e quantit y ~I I.p, t h e IH" o bab i l iL~ 

de n siLy , Hilere I.p is t h e N-e l ec tron wave funct i o n, s h o uld b e a 

p I'od u ct of [a'o babi 1 i ty d e n s iLies for the variou s e l ec tr' o n J:; I 

tlS \ole s h ol.lld II D.ve f O I~ inde p e nden t lUoLi o n , Th i s i mpl ie s that 

t h e IHlve f unc t. i. o n s h o uld b e a produ c t oj' fU ll cL i o n s of Lite 

va l' jollS e l ec t.l'o n s . Eac h o rbiLal i s assig n e d tI'l"ee tJl/I;tIlLHIII 

nllmb e ("'S 

'-lll fln tum 

n , I ,IU I ' 

I lllillbe I ' 

T h e 

III I> I 

\~ave fun ct i o n doe s 1I0t d el~e n d 0 '1 t h e S I,i il 

b ut. in acco rd a n ce \<J i. Lh Pa u li ' s ex c lu sio n 

2 



I) J" ill' " i P 1 ~' Id ,' tl k i y u ss i"g ll liU mO I" e tl, a n L\~ o e l ~c Ll" o rl s 1.0 cl 

~ i \l.! n seL 0 1" { nl.lIl , 

III = 1 /2 , lhe o lhc I" h as IlL =- )/ '1. , Us ing Lh i s l" e l'l" ese fl LCl li o l! o r 
" " 

V,, ll a r"t.I "c<:! 1" 0 1111<) tJlI .. ~ aVP f'uge va Ju e o r L h e lI u lIli I LO ll i::lIl, T h i s 

8\C!rnge HUlll i 1 LOlli a ll vari e d r es l'>=C I. L a 

..:: lec ! , "o n T il i s l ead s La se L ,, /, va f"i a Li o ll c, 1 

L'~lIr a lj o H S " Th ... • \a ri at.ionaL eq ll al. i o fl s hu\ C:.' Lh e f O f"w o f c oupl e d 

i r,l. eg r"o- d i. r [ ':-t"ell L i a I e 'jl"lat.ion s . Til pt"ill c iJJ l e , a se 1 r 
cO li s i s l e llL se t uf s olu L i o n s c an b f! o bLHin e d b y it e ra t i ve 

Th e Ha rl.l"e e 'S r" e p l."ese ntHt.ioll, I, ol-l e v e r, 

rae L LhaL III mli s L b e clll nn t i -s YlUllI e t.J".i. c i'Hli e I. i OIl o f 

e l ec t t" O Il coon"lina l.es . Thi s d e f ect i s. J'e me d i. e d ill L],e 

Ilal"tl"ee -Fo c k a PIJl'oac h In Idli c h tp i s ex pres s e d .ill L e l "IUS of" 

ci e Le r"lIlinnu L n. 1 I,' a ve {"' lI l("l.ioH bui.lL lit ' f l" o il' s ill ~O e o d J il l ol s 

Hh i <.: !t au l. o muL i. <.: all ~' s at is i' y t i, i l::i a nL i. -sY llimetry c eljui c e llienL. 

1 . 2 CURV E F ITTI NG 

Qll e o f Lh e mos t. co mlll o n p," o blems i.1 1 !Iume t'j ea l anal ys i s is 

to ap PI 'ox imal to' 1:1 fU IH.: ti o n f a !' a set of c: x per'jrnent o l. dat.a. T he-

HPP I' OX i. llIa!. i n ~ rlmc t i. o n ~ LISllH l Jy u sed are Lhose i.!H·O I \ " ill "; 

linea r co mbinat i o n s of s i mple fun c ti o n s . The function s mos L 

a r l en e n CO ll II L f" "ed al'e ; 

( 1) />10 11 0 111 i n 1 s i = O,l" .... n, 

(2) FOLiri e r fUll c Uon s {sink x , c o s kx) k = O,I, . . , n, 

( 3 1 Ex p o n e ntia l s {.";'} , ~ 0 ,1, . ,no 

Li n e a r CO lllbinati o n s of mOllorni a l s l e ad t o po lyno mial s o f 

d eg ree n, P ( x ), 
" 

P " ( X ) = i\, + a x + a;,:!x 
2 

+ " +H X 

" 
l~h e r" e Il S , ll n e ar" combinal.i o ns o f Lhe f o uri e r fun c t.ions l ea d Lo 



a ppr'ax i.tIl aLio ll ~ or Ih e for m, 

g:( x) = a 
" 

" II 

a caskx + \' 
k . L b S ill kx, 

k 

k • I k • I 

The I .. i d ely u se d a pprox ima tin g fun ctio n s a r e I, he 

u 1ge ut'u i c po l y n o mi. a l s I' (x) I 

" 
b ee<1 l1 se th ey easy Lo 

ev alrl fl t e (,nd Lh e il' s rrlU S , pl'odrl c t,s and di rfc r'e n ces Il r'c a lso 

po l y n o mi a l s , They can be di ff e r e n Li u tE'd a nd i n teg r a Le d h' i t l l 

] i II J.:- d irfi er rl!. y , y i l?' Jrt i n g o the r polyno ur iul!-> in 1Jo\.l l (;1:151"'$ , 

Dil L I.h e pr' ob l l' lIl I,' i l b ri s in g s li c h r rrn el i o n s i~ Lha l. Lll e c rr 'O r' 

ove r' a n u rb iLnl l 'Y iul e r'vn l ( a , bl eenl e r e d aL 0 i:::; e,'. L l 'C lll e 1 ~ 

n o n - trll li'Ol' tIl, s Ul a l.1 n e ar t.h e cc rlLer bu t. M: 1'o \ .. in ~ ve l ' y r'u p id l ,\' 

n eal" t h e e nd po int s , 5i rIce n n y suc h I:lI 'l.J i tr'u r' y 

int e r vo l c a n I, e t' ('u n s r o l' tIl e d to th e inte r val 1 - 1,11, 

f'i II i L~ 

( X i u 

r a ,lol . Z ill [ - 1 , 1 J ) it wo u Ld see m mO l 'e l'e a ~o lJ uIJ l e La look r o/' 

ot h e r se t o f si mp l e r e l a t e d [u nc ti o n s Lha L Il ave tlr ti'l l r' t:!x lr 'e lll o:: 

val u es we ll di st r' i bu te d o n the in Let' va l [- l,lJ, If 

approx imate a n fl l'b itnl.r y l"Ull c ti o n u s in g: a lilJ e al" co rn u jna l i o ll 

or s li c h f Ull ctio n s, th e e lTO l' ill til e aVp r'ox ima ti o n , .. il l bF' 

di s lr i lrute J more eve- Il ly ove r L ir e i n te r val, I II ptl c ti_c u la l' , '''0:: 
wa nt La fi_lI d ap pl"o:-,: jma tJ o ll s , .. h i e b H I'e f al l ' l y easy La ge nerate 

a n d wh ic h ['ed u ce l h e maxi mum e rrOl' L a t h e m i nimum val u e , 

The cos in e fun c ti o n s c a s e , c o s2e , " ... , eos n 6 a p!' (:![tI ' to 

be goo d e a nJ l d l l t es . Eae l l o f t h e f Uli c Li o n h as i J e ll \. i Ci:1 1. 

ma x i mum a nd min i mulII v a l u es di s Lribu te d r:egular' ly ave I' f.l. rl 

8l'bitl'ary in Le l ' va l , 0 £: .;;. .!: 1[ j i n addiL i o n, Lll e exL /'e me v alu e 

f o r t, .. o f u n c li o n s cos j 6 , cos j e , j;t k , do n ot , ill ge n e /' a i, 

occ ur at Lire sa lli e va lues o[ Z , T h e cos in e f UIl Cl i o n l' e qui ["es 

a n a pp r oxilllati o ll f or it s ntlUl e r ie a l eva l u ati o n, A s im ple r a n d 

1IIO Ce u se ful [ 0 [' 111 \' esu.\t s fr'o IU til e t l' 8 J'l sfo l'rn a ti o n o f cas u? (.I n 

tir e i_n Le r'val 0 .! a .s Jt' i_n Lo an 11 t h d e gl" ee p o l y n o llii al ill Z 0[ 1 



the 

n =O , 

inLer'vnl 

I , 

I - I 

, , , 
I I, 

ge lJ l:! l'HLe d [[' a m 

pol y n o mi.al s T (Zl 
" 

= cos rv:' , 

th e o f c osi.n e 

fUI1 C L i O il !:> ll~ilL g ti,e l l' Llnsfol"lIlllLion ...., :: 

se quence 
- I 

.;os I. i s 1, 1"101,11 

I u I 

C l ll:!bys ltoav l'oJ ~ n\) lIliill s . 

5 



CII AP'I'ER 2 

MULTI -CONFIGUliATION HARTliEE-FOCK PROGRAM 

2. I INT RODUCTION 

J n Lhe precedl n g c hapLe L' II cl rt r e e-poc k ap prouc h 

i ntl'oduced \~ lIj c h l U I S based o n r ep r'esenting the total \,' av(~ 

f unctio n IP t il Le r'llLs o r d eLe r'rn i n a nLal \~iJVC f Uli c lio n, In it ~ 

s imple st. fOJ"lu , t.h e HarLl"ee- Fo c l{ a pH l"'oxima ti o rl t l'eu l s o nl y f t 

s in.g .1 e t ... lccL I'o ni e CO il r i g u t'a t i a ll. [n th i s c use, i s 

1"' I "'(:<senL,"" d 1,,\ a 1 in en r co mbin ntio l. of dete l" 'lIIin llntu\ \, U\C 

fU lL c Li o n ::> , 

assig nme n t 

Elich 

o f 

of' 

Lh e 

Lhe s e cO I'responds 

elec lr'o n ic q u u lILulfl 

La diffe l'c nl 

Ilulilbe r s 0f 

l..;o nsLituent spi n -o J' bltul. !::i co n sistent \."il.h t.he sy rnllleLr'y of Lit e 

c h ose n co nri g Hl'alian, Tn t h e s pec i al case of a closeJ s il t? 1 I 

(:l) nfi g ul'fl.Lion, there is o nl y o ll e poss ibl e a ss ignme nt. of Lhese 

.]uuntu m nu mbe r's a nd h ence tp is l'epl'esen t ed hy a sinr,:le 

JeLe l' lI\i n~"lIttll \>t1\'e fun c t io n . Tn t h e con f iglll'ation i n Lcrac Li 0rl 

~ ~ pl'esen lD ti ol l Wllich i s a n ex t ens i o n of t he HarLree-Fock 

IIIE-Lho d, !II is ex p anded in tenu s of t h e det.el'minantltl wn .... . .: 

fun c L io ll s assQf'jElLed wit h mo ,'c Lha n o n e co rlf" i. gll l ' u Li o n, [L i ~ 

also a ssu med th a t th e t o t al wave ftln c tion IP i s un e.i .,;e ll 

fU ll c Li o n of" 
, 

S 
2 

L , 

o n e-e l ec Ll'o o f une l i.O Il S '/1 i 

that iL CH I I b e 

a nu t h at eac h ,p , 
cons !.ructed f l' {J 1JI 

i s H p l'od u c t o j' a 

s pheei ca l h al' lII o nl c , a rudial \~ave fUll cL i o n d e p~ l1ding a ll n alld 

I. q uan tum llulidJel'S a ll el a s pin functio n, 

2, 2 GENERAL DESCRIPTION 

ASS Ulll e LltH L tile t o Lal wave functio ll Ijl( S L I f o r a g ,'ou ll u 

sLa L ~ of a n N-elecL I'o n aLo m ca n be exp t' es::>ed i ll Lhe fo rlll 

6 



N C I· l; 

I/'(SL) = L c JI~J(nlLI , II ?12 1 
J " 1 

.... ,n NJ'I,SL), 

H h c ,'e NC FG ll.e IH l lllbo.;l' o r c O llr i~ U I ' aLi o ' l ~ 1:I IId C 
J 

wei g ll !. of l h e c o nri g ll ,'al i o n j. O l h e l' sy mb o l s l. ave Ll l c ir u ~ ui.l l 

meani n g . , ~ 

J 
i s an eige nfun c ti o n 0 1' S 2 a n d L2 f o t, a g ive ll 

cO ll rig:uraLl.o ll in a 

~ u ve CO IlS tru e Le d 

t h e form 

give ll co u pli ng sc h e me , a lld 

f l'O I1l Olle-e l ec tl' o n f unc tj o n s ,,., , , 

'" 
'I' = i 

P( n , l. ;1" ) Y 
" , 

, , 
( 7 , 1/' ) x ( 1 /2 , m , I, 

r 

\~ h e re, 

P ln;l. i t' ) are t h e I' aelial wave f unc t io n s , 

'" 

I'~ ) = " J I i 
\~ h i c h ha ve 

v, i 
( ", 'I" I un~ Lh e ~ p heri ca l hOI' mo ni cs , a nd 

X (1/ ~ ,1H , are th e usua l sp i n fun c tion, 

Expressions f o r t h e ene r gy cu n be derived in terms of 

the unknown func t i o n s P( I'l l ; I' ) . loihen III ( SL) i s u s ing.l c 
I., J 

d ete rm i nant s illipl e r ule s gi ve n by Slater fa t ' exa[~ple [~a y ~e 

u sed , Bu t in compl ex systelR s tIle nU lnber of d e t e rminants that 

n eed t o b e co n s ide r e d IIhl Y beco me exceedi ngly large , maki n g 

t. hi s n ppr'oac h i mp, 'acL .i cl.l l . For- a co mpl ex o.t o m Lh e cn e r~r 

ex p ,'css l.on co nLa i n s many terl~S , most o f whi c h are i ndependent 

of t.h e LS t e em val u e of t h e s ta t e . An e x tre me l~' ll se f u l 
I 7 J 

co n c e pt i s Sla Le ,"s uv e ra ge c ne t '~y o f Lhe co n f i g ur-ati o n whi c h 

i s denoted b y Eav , J L d e l-Je ncis o n ly 0 11 c:o n f l. gu r aL i o li a n d \\'I1 e ll 

a l l fu nc Li o n s are n o r lil a li zed i s g i ven by 

7 



Eav = '\g.I (II .1) + L I I I 

+ '\ g g L I .J 

i , j 

[ 

(I 

r (Il . l . ;n . l . ) 
I I J J 

I m 
I 

k 
F (n . 1 

I 

Wh e r' e qi is Lh e numb el' of e l ectrons in th e 

coef f icient s Hand b ar e d ef in e d a s 

;n l 
I 

s h e ll 

k 
-_ k( 1 1) k( '1 ' , '1' ' ) e n m I; n m I x e II Ill , ; n m I ' a 

nlT01;n'l ' m 

1/ 2 

k 
wh e r e e i s g i ve n as 

k 
e I I I 

n 1m 1 ; n 1 III I 

= (_ 1 ) [ In + I rn I + III ' + I "' I + ( If> - ,n' ) + 110 - In' I ] / 2 x 

(k - lm - m'l) ! 

(k+ I m- Ill' I) ! 

+ 1 

J 
Iml 

1 P I (In 
2 

- 1 

I III I 

I I~------------------~ 

/ ( 21 +1)(1 - l rnl )! / ( 21'+1)(1'- l rn ' I )! 

I (1 +Irn l )! I (1 ' +lrn'I)! 

Im ' l Im -rn' l 
P I' ( /1) P k ( /1 ) d~/ , 

I , 

where P I (jJ)' s are assoc i ate d Lege ndr e functions. S l a ter 
( 7 1 

h as ca l c ul ated th ese coeff i c i e nts for various co nfi g ur at ion s . 

T h e Slater Fk(n . l ;n . 1 a nd G
k

(n . 1 ;n . l , ) integrals are 
I I I J J 

8 



'. 
, " I !. 1\ I I ; III .I. = J 

" 
, " 

; II J . ) , , J P (I' , l,. 'l' )P(IL.l . "C 
' 1 J J' 1 

, " j- Y ( Il l "IL l '/" )1-1, 
l' I I > j j ' I 1 ' 

" Y ( II 1 . II 1 . r' 
, L' J j' L 

Y k (n 1 ; n . 1 . ; ]- , , , 

, 

" 

is 

P ( n . 1 , 

g i.ve n as 

" 

,I
' 

I"' (n J . ; 1' . , ) P (Il J . ; 
1 ._ J J 

o 

'" )Pln 1 'r 1[" 1 I 2 j j ' 2 _, 

r 
2 

The L S t c r-In e n c l'g i cs ca ll be expresse d 6S 

E(LS) = Ea y + 61': (LS) 

, 

.. , 
d l' . 

2 

d e 
" 

Hhere 6£(1. 5 ) is the d eviaL ion fr o m the nVCI'age er,c l 'gy t1rrd I l1l s 

seve l'ol lI sef u l pI'opel,ties . 

i) Whe n a co nf iguratio n admi t s o nl y o ne Le rm value, 6E ( LS)=U . 

Thel'efo L' c all c o nfi g ul'tl Lio n s r.;o n sist ill ~ only oj' cOJil pl e Le 

g l 'OllPS, 0 1' co mpLeLe groups pillS one elect l'on oUlside a 

complete gt"OllP hav e 6E(LS) :: O. 

i.il 6E(l r'LS) = 6E(1'IJ~2-IILS); t hat i s , t il e dev i ations 1'0 1" 

e lecl.l'o n s and 11 01e5 1:1['e Lhe same . 

i ii) Fo r co n fi~ILI'a Lio n s consisti n g oj" seve ral incomplete 

gl'O llP S, !:IE i s a BU ill of ueviati o ns fr o lll i n Le l"acL i o n s Iv Lth i l1 

individual incompleLe groups pJu s d ev i tt LiOIlS f r OIll 

inLel'actions 1.J~t\vee n i n colllpleLe g roup s , FOI' exampl e , SllJ>POS~ 



II .. , ,j~\'lttl 1011 1'0 1' )' 1.
1
S

1 
is k ll o \-.'n a n ,l L h e i n co ll l[!l e Le IJ I '() UI ' 

" . J I I.zS z ) co upl ed t o yl~ S 10 , 1 p l'odl l CC U stnle 

" ), (1. , 5,1 .1 Its ) L S . T h en 
7. .~ 

" t.E\Y(I.' :;) ll, L lL2S?)LS) + P I Ill:> 

Lh e d eV l a L ioll 1'0 1" Lh e i.nl. e ractio n 

Com bin i n g Lhe o.\'el'[q:~e ene c gy 

" beth'€:: t.:11 n. S <.I u d I L " S, , 1 . 

with Lh e dev ial. io n s we get 

l h e e ..... pl'el:>S 10 11 f'o l' t h e Lo t a I e n ~ I" g y 

L L k 
1 1 E I r LS ) = '1 i I ( n il i ) + a f ( 11 , n ) 

, J k J J , 
i ;;:. J ; k 

+ L . k 
bjj k G (n , l , In j 1 J I ( 2 , I I 

i > J ; k 

Fr o m Lh e ave ru !:{e e n e rg i es , Fk , and G
k 

i nt eg r a l s Lwo 

lll'e t ll e n g e n ecEl L e d. The v« lll e o f 

y 2 (k - IJ(j,j) 11\ Lh e p o Le nti td 

8I'I"UyS A(l,J, I{ ) and I3(I , J,K) 

a 
I j l; 

i s Lh e coe ffi c i e nt. of 

ftlncti o ll 1'0 1' h'av e fu u c L io n i, I,' her' eus l h e va lu e of b ' j\; i ~ 

t h e coe ff'lc i e n i: o f 

Pill 1 . I' ) 
j j' 

ill Lh e excha n ge fun c tio n f o r wa ve fllnc Li o n i. 

2 . 3 HE1'HOD OF SOLUTION 

Th e vlll' i uL i o nl'll pr in c iple r eq u ires l hat e n e l'~Y give ll b y 

(2.\) be s t at i o n a r y Iolit h r es p e c L to va r ia L i o ns i n e a c h o f l h E! 

l'adt a l fu n cLio ll s . An a dd itional ass umpti o n t hat w l l ve 

fu u c tio n s assoclaLed h' ith a parti c ul ar angular ql1an tum lluJlIber 

1 f o rlfl an o l· t h o nO I' lflCll se l ca n a l so be jntrodu ced. 1I 000ieve r if 

lh i.s assumpti o n j s made , the n lagrange /JIlil Lipl i e t' s Ul llSl b E:: 

intl'od u ced in Lo t h e \ ·aL·tational proce dul' e and c ons e quentl.y 

the o [·thogo nal ity cO lld j tio n s I'esu] t in of f - diag o nal ene r ~y 

10 



parameter s 1.n the ll art.re e -Fo c ic e quation s . Th ese h a v e th e for m 

2 
~P (ll 1;r ) 

dr
2 

( Z - Y ( r) ) -[ 
n I, n I 

- 1(1+1) 
2 

r 

= 2 X( r ) + L [ ,P(n'1; r ), 
, n I , n I 

r n 

} P lnl;r) 

where Y(r) and X ( r) are known as Potential and Exchange 
( 7 1 

functions and have form 

Y ( r ) = \' A k , L nl;n 1 ', k 
k 'l' 'l' Y (n 'n 'r) , ) 1 

n ' I ' ; k 

X l. r) = L Bk 
n 1 ; n l' , k 

n ' I ' ;t n 1, k 

wher e 

A " n 1, n I ,k 

( 1 +0 " ,"I a " l nl,n 1 J nl,n 1 ,k 

q nl 

D " n I, n 1 ,k 

b 
n 1 ,n 1 ,I< 

q 
n 1 

and 

£ I I = 
n I, n 1 

A " n 1 ,n I 

The e quation has boundary condit ions 

P(O) = P(O) ) = O. 

The orthonormality condition 

J'p(nl;r) P(n'l;r) dr = 8 , 
nn 

a re applied only to functions within a co nfi gurati on .Wh en two 

incomplete group s ~"i th the same occupation number and the 

11 



:o;nl1\Q ang u.\u[' q il unt ilin n u rnhel' 1 B r e pt'ese nt th e ol'f diagonal 

en e r gy l)8 t 'UmeLC--'J"!,i are a ss umed to be ze l' o \.,rhl e ll \.,ri.11 nol 
[ 9 [ 

aLwRYs lead t o o r'L llogo n al wave funclions . 

rnLI'odtl C il.g a LO~l.ldLhnd c vur' i able 

(, = log ZI', 
" 

and d e fini.ng, 

P ( nlj/') 
11 2 

::: P(nljl,)/ t' I 

the last eq u i:,tion can be 1.J['it te n as 

{ 

2 2 
= t't: +(1+1/2)-2r(Z-Y(r) )+L t:: 

n J , n J , n J 

" 
,10 J 

r z} P( n l ;r l + 2 r X 

{ 1 0, 1 I J 

Th i s di f fe l'e n l i al e Cjualio n ca n be so l ved i.Lerative.ly, 

i . e . by s tar'ting \.;it l . Bn educated guess of til e ['adi.al h'ave 

fun c ti o n s . The di.f f e l"e n Lial e qu ati.o n i s repeaLedly so l ved 

lInlLl Lh e diffe rence be LI.ee n the IHive I'unclio ll s of t\.,ro 

successive iterat.io n s beco mes s mal ler t h a n some I'equ ired 

l i mit . The \.,ra ve 

sel f -cons isLen L . 

fl lnctio ns thus achieved are said t o be 
[ 1 2 J 

We may u se the frozen core appro:..: 1ma Lion , i. f 

want La r ed u ce the a mou n t of compute}' Lime. Th ,i s 

possibi l ity h as been mate rialized i. n th e prog ['am 

specifr i ng the nu mber of fun ctio n s NI T to be ite l'a t ed . If 

closed s hel l \.,rave funct .i ons are to be fro~ e n, they are n o t 

i ncl u de d in NIT. H O \~eVel', they do ma k e parl of N\.JF \,'hj ch 

s t ands f 0 t' Lh e LoLa l n umb e r o f Have funct i. ons, The 

intel'depe n dence of all the fun c t io n s h as been t ake l! i nto 

accoLin t; the p l'og l:am e n s ur es t h a t fun ctio n I'e main s 

se l f-co n siste n t OIl a sllb seqlle n t c h a n ge in any ot h e r fl lnc tion , 

The a l gor i thm u serl l S as follo ws , 

1, Ort hogonaJ i ze functio n s a nd deL e !'!nine E [ , 
n ; n 

2 . Solve eac )) differe n tia l eqtlatio n i n tur n. 

3 . Orthogonalize u n d detel'mine E , 
n 1 ; n 

J 2 



~. Sea l'c h f o r a nd so l ve Lh e d i ffer e ntial e qtlotion with 

l a r ges t c h a n ge . 

5 . So l ve eac h diff e r'e nti. a l e qu a t ion i n t ll l'n , 

6. I f' Laq;est. Lo l e r'a nce ;a SCF Lole r'once , d a ub I e t. h e 

Lo l e- r a ll C' e. 

Tn addi ti o n to d e t e rm i l'l. e Lhe se t o f I' adl a l fun c ti o n s tIL e 

a n e l'gy mul· !"' i x i s a l so co mp uL e d a n d i.f I'equjr'e d lh e p l'og r a ul 

ca n ul s o d t~ t e l'mine a set. of mixing coe f fi c ie n ts 1"hL C h al' e 

co mp o n e nt s o f a n e ig e l\ ve c t o r o f ene r g y nlatrix. 

2 . • S UMM ARY OF SU BROUT IN ES 

F ig ~ . l S h OI"8 th e flow c h a rt. of th e prog t'sm and vS l' ion s 

Rubr'o ulines a lld funcLion s c all e d . 

1 )~IAr N . T h e main p r og ra m c o ntr o l s t h e ovel'all cal '.: u lati o ll , 

It I'c ads a n d s tores data c once~ni ll g nllm b e I ' o f 

co nf i guration , t h e nU lll ~ e r and Ly pe o f ele c tro n s in eac h 

c onfi. e:i.I!'ation , as l"e11 a s the data as s o c iated wilh fok , G
k

, 

k 
a nd R i n t eg r a l s . 

2)A RRA Y, I L' s p ut' pose is to ge n e r a t e two ar' ['ays A a n d B 

fr01ll lhe bas i c d a ta a nd th e I .. e ight s c
j 

fo r th e configul' a.t.i o ll, 

I. hi c h c ont a i n coe fficient s for the poL e n tial fun c Li o n a.ruj 

c o e ffi c ienLs for ex chang e f un c tio n s [' e s p ec tivel y, 

3 )\~'AVEFN. I t ' s f unc tio n i s to hav e an i n itial es timate o f 

t h e 1" 8 v e fun c L i o u s , Initial es t imates ca n eit her b e ll S i n puL 

data, sc r ee n e d h ydro ge n i c f Hn c lion s , or l e ft t h e same a s t ile 

r c stl l t s of a p re v ioll s c a l c u lat i on still in me mo !' y . Es tima tes 

o f t h e en e [, g y para me ter € 
rd. nl a n d = p 

'" r 
" 

o are 

a l so J e t e l' minec.\ if these hav e be e n o mit ted fr o m t h e inpu L 

duta , Arra ys f o[' 
2 

r ,I' , an d 
11 2 

r are al so ge n e ral ed , 

4) SCALE, T ld s Subt'oillin e sc ale s f Ol' a d Lff e l'e nL Z IL s in g 

com p uLed \-u llL es of ser'ee nin g p a r a mete r, 

J 3 



INITIALIZE 

READ DATA AND 
FORM INITIAL 

ESTIMATES 

PERFORM SCF 
ITERATIONS 

I 
I 
I 
I 

--- ARR A 'x' 

---DA TA--- : 

I 
I 

I 
I 
I 
I 

--- WA U E FN --~XF--Z X 

- - - GRA N GE -- ~HF--Z H 

: -- POLT-- EHIN - ZH 
--- SCF--- : : 

: : --X C H -- ~HF-- Z X 
I I 
I I 
I I 
I I 

--DE---- MET HD1 -S EAR CH 
I I 
I I 

YES 
S HIP 

REMAINING 
-,-- -..... SCALE 

: tH1 RI.)S 
I 
I 
I 
I 
I 
I 
I 
I 
I 

COMPUTE AND 
DIAGONALIZE 

ENERGY MATRIX 

RECOMPUTE 
COEFFI CIENTS 

WHICH DEPEND ON 
MIXING OF 

CONFIGURATIONS 

OUTPUT 
RES ULTS 

SCALE RESULTS 

DATA 
CARDS 

- DIA(, 

YES 

I 
I 

l - - t1 E T H D 2 - :; EAR C H 
I I 
I I 

: t·~ t1R 1.) :; 
I 
I 
I 
I 

_- 'I'Y. F- - ZH 

--- -- ARR A 'I' 

--- OUTPUT 

--- :; U t1 t1 R 'I' 

-------SC AL E-- ~HF--ZH 

FIG 2.1 FLOWCHART OF PROGRAM AND CONTROL OF SUBROUTINES 

(FUNCTION SUBPROGRAMS ARE NOT INCLUDED) 
14 



IlHF fun cL ion co mpu tes a value f o r an unnormaliz e d 

Ilydrogenic function, 

6 )Il NO R~I. Thi s. fun c Lion s llbr' o u ti n e co mput es the n o r-mali za t.i o n 

co n s t a n L fOI' th e h y dl'oge n ic fun ct ion. 

7lscr . SC F s u b r o utine de tc I'JII incs se lf-consistent wav e 

futl c tion s for n s ubset of the t otal number o f wave function, 

namely the la s t NIT fun c Lions. The r e maining co r e is allol"ed 

to remain fixe u. 

BIDE. Th i s s ubr"outine solves the differential equati o n 

fat' Lh e wa ve !'uu e tion, 

- 1 /2 
P(nl;rl = P{nl;r)/r • n a Jllel y 

={ L. 2(. +(1+l/21-2rlZ-Vlr))} 
"I. n I 

P( n l;rl + 2rX 

= F (l') P; + 0(1') . 

\"here th e potential functio n Vir) and the exc h a n ge fun c t ion 

X (r) are det e r' min ed f ro ll1 current estimates. TH O metho d s of 

sol u t ion are tr ied . If both fail , th e exc hange fun c ti o n is 

red uced by " f ac t or o f 7/8 a nd another a tte mp t ,s made at 

ob taining a so llit io n. 

9) SEA RCH. Thi s s ubro u tine searc h es f or the largest poi nt r j 

[0 [" which F( l" ) is posiLive . T h e n NJ ~ 70 i s se l ecte d as t he 
J 

point f o r joining the o utHard i ntegra tion witl' a spec ial tail 

p r oced ur e . 

10 H1E'I'HD1. HETHDl 

esti ma ting 

< co 
11 I , n I 

aD' 

s atisfy 

condition s , the n 

requir e me nt and 

so l ves the di ff ere ntia l eq uation by 

a djust ing the diagonal e n e r gy parameter 

the differential e quation and boundary 

adju st ing 0.
0 

to sat i sfy 

l'epeating t h e process. 

the n o rmali zat i o n 

This method is 

s uit a b le f or co r e {'unc ti o ns wher-e exc han ge is r e la t iv e ly 
[ 101 

unimp o rtant. 

11 )~I E 'I'HD2 . Solves the differential a nd ,:ari8 tional eq u a tion s 

15 



a f a 11 ea r b v a a t ' b i. t a J s s i mlll t a n e a u s l y (k = 1 a r 2 ) and sea r c h e s 

f or ace e pta b I e so lu t i o n s I II hi e h are art han 0 r m a I . 

1 2 ) N t-l RV S . Sol ve s th e d iff ere n t i a I e q II at ion , 

y " = F ( r ) Y + G ( r ), 

in t l-Y' O r egi on s . [I I the fi.rst , th e eq u at ion is int eg rat e d 

o uLlV a rd n . s t e ps b y t h e NUlll e ro v met h o d, then applies a Lail 
J 

proced u re for a so lu tio n over t h e r e ma inder of a n appropriat e 

ra n ge . Th e two so lut io n s eac h sati sfy o n e bo und a r y c o nd iti o n 

a nd ma t c h at r . t h o u g h the di.ffere nti a l e qu a tion may n o t b e 
n./ 

sa 1..i. s fied a t t h i s point. H i s th e number of point s in th e 

of ra n ge of th e s o lution and DELTA th e diff e r e n ce a t 

t h e a u t lva rd i n t eg l' at ion a nd th e t a i 1 procedur e . 

r . 
n J + 1 

13 ) POLT . Th e POLT s ubroutine co mp u tes a 

that 
2 Y ( r ) 

I 
-----is t h e potential 

l' 
fun ct ion. 

f un c ti o n Y ( 1' ) s u c h 

1 -1 ) XC H. S lI bl'o u t . in e for co mputing the ex c han ge fun c tion 

X. ( r) eit h er wit h or without the contribut io n from off 
I 

di ago n a l e n e r gy par a mete r s . 

15 ) ZK . I . b ' k ( . , ) T11S s u rout1 n e c o mputes Z 1 ,J; r . 

16)YKF. Subroutine f o r computing y k(i,j;r). 

17)GRAN GE. T h e GRANGE subroutine orthogonalizes , 

and c o mputes off diagonal e n e rgy p a rame ters. 

es timat es 

18 ) DI AG. Th e DIAG subro u tine d e t ermin es t h e e n e r gy matri x 

e l e me nt E.. = 
I J 

( (/1 . I HI (/1 . ) for th e 
I J 

give n configur a tions 

unl ess input data spec ifi es ot h erwis e , c o mputes 

e i ge n va lue ETOTAL a nd th e correspondi n g e i ge n vector c . ' 
J 

1 9 ) EKI N . Th e EKIN function computes 

< P j I d
2 - 1 ( 1+1 ) + 2Z - £ P > 

2 2 
i j 

dr r r 

J 
[ 8 ] 

= p . ~ ( Y . ( r ) P ( r ) + xJ d r , 
J I I 

r 

16 
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\~I,el'e Y( I') tlnd XI,') are the potential. nnd exc hange fun ct i o n s 

respee\.i\' ely . 

2 0 )I: I{ , The FI\ fune L i all co mpu tes 

21 1(;1\ ' The (j I':: r un e\. i011 co mputes 

22 )]11.:. T he HI': fUlle L i_all evalua t es 

Fk( l , j 

C'I i ,J 
J1 k ( i , 

inLegl'al . 

in Leg I·ul . 

,iZ;J, ,J ;::) i.nLeg;f'al. 

23 )OUTPUT . Th e output s ubroutine p r jllts tables of the \;'8 Ve 

funct.ion P (l') and if OU'I' = '[' RUE p Ull c h es re s ult!:> in a [ o cm 

s u.it.alde fOI' fut.u r e i npu t. e it.her as es timates or part of a 

fl'o ze n CO l'e , O J'Lh ogo nali t y integrals a r e also pri_nted as a 

poss i ble c h ec ~ o n t h e c al c ul ation . 

2 ·1 ) S UN~II~Y . T h e SU~IHAHY su bro ll t ine Slf lllma t'i.zes a l.l ('csul ts in 

tabu l a r- f 0 1'III , 

2!))SH . S~I i s a runc ti.on r eq ui!"' e d 1'01' the d e t.erluina ti on o f 

spi. lL -o l'bit panllnete l· . 

2G1SN . SN i.s a f u n c ti o n [·equi.red fot' th e de t er mina ti o n o f 

s pin- o rlJit pUI·[\me tel'. 

27)\' . v i. s Il l'u l1 ct j o n re qu i r ed fO l' t h e d e Le rmina ti o n of 

S pill - Ol'bjt porollloLer . 

28)DYI\ . 

29)QU:-\0. 

FUlict ion S Il UIJl' Ug"l'UIU u se d to comput e Vk(i ,j l. 

I t inL eg r a t es the [unct i on 

X . (r) Y (r) dr' , , 

by Simpso n' s l'llle. 

30IQUADR . 'f his fu nction integ r a t es 

I "'J';l rJ PJlrl dr, 

by Si mpson's rul e . 

311QUADS . 'rhi s function evaluates 

I _l-kYI\«(') P . ( l'J , 

" 
P \ " ) 

J 
dr, 

J 7 



b~ Si l~pson ' s ru l e . 

2.5 DATA INPUT AN D ENE IWY CA LCULATIONS FOR SINGLE 

CONFIGU I1AT ION 

CAIW ONE .... ' ITH ATml, TEml, Z , NO , N .... ' F, NT T , NeFG, NF , NG, NI1 

and OI{'I' IIO, 

in Lhe for mat 

(2AG,F6.0, I 6,GI3 , L31. 

ATO~I. [d entifying label . 

TEH:\!. IdenLifying label. 

Z . A t o lillc numbe r . 

NO. An es Limate o f th e max imu m numbel' o r poi n ts in Lhe 

rs .lge of the O lll . e r~losL elecLro n $ 220 . 

N U~lb e r o f wave fu ncLions $ 20. N \o/I~ • 

NIT . NUIRb e r of f unctio n s to be mad e sel f -co n s i stenL with th e 

co re to remai TI fixed . 

NCFG . NUlnbcl' of co nfiguration s $ 7 . 

NF . Nu mbe ,' of Fk i n Leg r a l s i n t.h e exp ce ssio n f o r the 

ene r gy . 

NC . Number o f G integrals in the exp l"essio n for the e ne r gy . 

NIL Number of nk 
in t egra l s in the ex t:.ression for the e llel "gy 

$ lO . 

011'1' 11 0 . Log i ca L variable i.f . FALSE . only orbitals wit h in a 

co nfi g uration will be tn ade o r t hogo n al , o therwise all o rbit a l s 

wiLl be made orthogonal . 

CARD THO WITII CONFIG l, CONFIG2 , WT a nd WTL, 

IN TilE Fa RNA '!' , 

(2A8 , F 10. 8 ,Ll ) . 

CONF rc . Ide n tifyi n g la be l f or th e co nfi. g uratio n. 

IvT . T h e I\leig ht fO I' the co n fig ul'atio n i f o mitLed , a ll 

cO .lfi gll ralions ha ve e qu a l we i g ht. T h e weig h ts are Il or malized 

18 



by the peog r arn , 

HTL, Logical var i.. ab l e if ,TRUE" then t h e \~ e i g ht is to be 

l eft unchanged from t h e pl'ev i a u s case , othcrHi..se the value o f 

Wt i s ta b e lLs e d . 

CA IW THREE 1.Jl 'I' 1I EL{l), N(l) , L(ll , 5(1 ), NE'rII(I) , ACCI ! ), 

IND( l ) and I(~C {I,.J), J=l , NCFG), 

I N Til E FORHA'!' 

( A3 , 213 ,F6.2,I 3,F3.l , I3 , 6F3,O). 

EL . Ident if ying l a b e l f o r ti,e electron, 

N . P rincipal qu antum IllLmbet· . 

L , Angula r qu a ntuLLL numbe r. 

S . Sc re e n i n g ~a ram ete l'. 

HETl! , He th o d s La be lI sed f' O L~ s ol \" ing the difl' e l' ~ nLia l 

e yuat ian. 'I' hree Ln e th ads u sed ar e 

1 . ~ l eLhod 1 so lves a single boundary va lu e p r o blem f a r 

a ll acceptable so lution whi c h Ileed not be n ar nlali ze d. 

2 , Net h o d 2 solves a pa il' o f e qu ations co nnec ted by an 

or thogonality constraint ( i f d oes n o t exist) fO I" 

Ac e epta ~] e so llL tions , o rthon o rLnai to Fiest order. 

3. Ne t. h od 3 i s a v8I'1 alion o r me thod 1 which does no l 

c h eck \~ h et h er t h e sol ll lion i s acce ptabl e , 

ACe , MiniLfllLLn accelerat ing f ae to[', 

IND . [nd ieato r s p eci f y in g the type o f initial estimat e , 

- 1. To be read as an input data, 

O. Sc r ee n ed h yd ro genic fu n c ti o n. 

1 . SaLn e as r es u l t al r eady in lu e ILL OI'Y, 

QC , Numb e r of el e ct c o lL s i in configul"ation j . 

CARD FOUR FOR EACH ~!, ~! = 1,N F 

\HT H A , H , K, 11, Jl, 12 and J 2 , 

in the rOL'Juat, 

( f1 2 .8,Al,Il , IX,212,1X,21 2 ). 

A, Coe ffi c i en t of the F k i llteg r al, 

W. 'rh e c h ar a e Ler p, 

19 



\\ . Vu lu e o f k. 

1 1 ,.1 1, } Tt h \,;ovc f llfi cL i o J) o n th e j LIt co n fig u rat ion. 
12,.J 2 . 

CArlO F I VE FOil EAC H 1'1 = 1 , NG 

13 , I" , 1\: , II , J l 

in t h e fO l'm a t 

I2 u nd J2 , 

( f I 2 , 8 ,l X, LI , I X, 3 12 ,l X, 31 2j . 

n. Coe ffi de rd. o f Lh e G
k 

i. II Leg r a l. 

H. Th e c ha r a cle r G . 

K . Valu e o f k. 

II , J I . } I th \.,ta \ "e funct i o n o n th e jLh co n f i g ura Li o n, 
1 2 , J2 . 

C,\ RD SIX ron EAC H H, H = l , NR, 

WI TH D , K, 1 1, Jl, I2 , J2, 1 3 a nd J 3 , 

in th e forma t , 

{ f'l 2 . 8 I 1 X , I1 , IX, 3 I 2 , I X , 3 r 2 I . 

D . T h e coe f ficie n t.. o f nk 
i.n t.eg r a l. 

K . Va .lu e o f \e 

1 1, fZ , J l.} I Ll! wa ve fun ct ion o n t h e j t h co nf ig ur'a ti o n. 
13 , ,J-I , J2 . 

CAIlD SEVEN . 

Fo t, eac h 1, 1 = l, NWF fo r I.,. h ic h I ND(I) = 1, the o u t pu t da t a 

fO l ' n ,,'ave f uncL i o n r pun c h e d durin g so me prev i o ll s t'u n b y 

ou t put rou t i.ne . Thi. s ci a t t\ i.s u se d to fo t'm a n es timat e 

I.,.ave f unctio n [ . [ r t h e val u e o f Z o n th e p unc h e d inpu t 

not l h e same as thot fo t ' t h e at o m und e r co n s id e ra t ion, 

S iJJl p le sca ling procedure is u sed. 

GA UD EI GHT HI TI-I OUT , P UN CI-I, NSC F, Ie , AC FG a nd ID, 

i n t h e r Ol' ma t. 

( 2L3 , 2 13 , F3 .1, r 3) . 

th e 

f o r 

; s 

a 

OUT. A l og i ca l vat'i abl e if .TRUE . , r esult s Hill b e print e d 

a nd wave fun ctio n s may b e punc h e d, o the rwi se n e ithe r printing 

11 0 1' punc hing wi l l occ ur. 

PUNC H. A l og i c al va r' iabl e if OUT = .'1'. a nd PUNCH = . T . lh e 
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flLn c tions whic h were Lo ado self-co n s i s l e n L will b e plLn ched, 

NSC F, ~ I nx j mum of SCI'" .i teratio n s in 

cO Llfi. g unllion interac t i o LI i t e ratio n. If o mitt ed ,.; ill be se L 5 

by lhe P l' Og l' ll.IIl, 

I e . NumL e r o f n e ' ~ c::;li mates of Have functio n s t o be 

d~tel"llLined beLI.ce n Lh ~ r eco mputation o f off-d i ago nal enel'f~Y 

pU l'a llletel ' s a l l(J Lll e JOI Lbl i n g o f SC F tole ran ce , 

ACFG, An acce l erating para Lne t e r to be appl i ed to l ile 

wei ~ hls a f t e L' An elle r gy d iago na li zat i o n, 

I n. Tf 10 ::: a , Lh e e ne t'!:~y mal f"i ~. comp u Le d by l h e Dl r\G 

Id 1 L be diftgonali zed a nd a n e ige n \u Lu e a nd 

d e Le l'Lllil le d, oL lle r Hi se J iHgo nal j zat.io n i s o milted, 

CARD NINE \H TI! END , N EXT , ATml, ZZ and (ACe ( ! ) , T = 1, N\~! F) , 

i n the fo rlnat 

(AI , .T2 , A6 , Ffl , O , 20F3 .1 ) , 

ENO, [ f END::: * , t. h i s sig n i, fles t h e e n d o f a c ase , , e , 

th e n ex t ca rd i s a ca L"d of t y p e 1 . 

NEXT, I f NEXT = 0 , t h e next card is ass um e d to be a ca l'd 

of' Lype t . 1 f NEXT = 1 , t h e prog r am l.;ill sca l e t h e r esl d Ls 

f o I' P(nl;rl , c , and f 0 l' atolLlic Il u mbe l' ZZ , 

a ssumi n g a sct~ee ll ed h :,r d l'oge ni c a pp roxi matio n and t'epea t th e 

ca l c u la t io n s fO l " the ne \oJ ato m, 

li e have ca l c ulat e d t h e aveeage energy f a t ' t he 

configu r a ti o n s 

I ) Na in bo t h g l" OllLld a n d excited ( 3d l sLates . 

i i ) K gro und s l ate and 

i i i ) Cd gt"o u nd sLa t e . 

All of t h ese cO l' t'es po nd t o s ingl e co n f i g lll'at i o n 

Il ar t r'ec- f oc k met h od . Pur t h e l" the r e is o nl y o n e elect r o n i n 

t h e o ll tet'most s hell , Lhere t' o e e o,p is e e pl 'ese n te d b y a s i.n gle 

de Lel'min a nt a l ",ave i' un ct.i.o n, a l so al l o f lhese h ave o n ly a il e 

LS Le L"m . I f more t h a n o n e tel" mS a l'"e possi bl e th e n a to mi c 
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properties are calculated for the term of highest 

multiplicity and within that multipli ity for the term with 

t h e highest allowed L value. Tabl e 2. 1 ShOh'S for eac h nl 

group 

E t h e diagonal e n e rgy parameter £ 
n I, n I 

AZ 
1 +1 

t h e initi a l s lope, a o(nl) = P(nl;rl/r ,r~O 

SIGHA the screening parameter, 

( H ) r n I 
(T = Z -

n I 

( ) r 
fll 

wh ere (r:l) is the mean radi u s of a hydrogenic radial 

fun c tion. 

ZETA(nl) 

..: 
/>J (nl, nl ) 

the ex pectatio n value (r~~) , 1 > 0 

the expectati on value (rn-
1
l ) 

the expectation value 

the expectation value 

the spin-orbit parameter enl as defined by 
[ 141 

Blume and Watson 

[ 1 4 1 

the orbit-orbit integral 

Orthogonality integrals , F and G integrals, kinetic 

energy, potential energy and ratio of both energies, 

calculated by the program. If Hartree-Fock problem had been 

solved exactly then the ratio of the potential energy of the 

ato m to its kineti c energy would be exact ly -2.0. Table 2. 1 
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S ll ~~ests Lh a!. Lhis nlLio i.s u suall~' -2 . 0 to at. lea s!. S(!Ve ll 

dec ilIIal places . rig ~ . 2 . s ho\~s Lh e "'ave functions o f 

i) Ou ter'wosL 3s e l E::c tl'on il l Na g round sLaLe . 

j i) ExciLed 3 d -e l ec Lro n a nd 2p e l ecL r on of Na , s h ade d Bcen 

S ll OWS the s potial u ve r l~ p be Lwee n the d-ele c tron Bnd the co r e 

wh ose widt h is the the Ill eaSl l r e o f auto io n ization. 

iii) Ou te l'Ulost ·1:::; elec Lt' o n in K g r o u n d state. 

i v) OU Le l'lllost 55 elec t['o n HI Cd gro und sLaL e . 

Al l qU 8 ntiLi es e xcept spi n -o rbit pflL'amete r' and o rb iL-o d J iL 

i n teg r al D,' e i ll a t o mic uniLs . (a . u ). 
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1 

2 

3 

4 

nl 

IS 

2S 

2P 

3S 

HATREE-FOCK CALCULATIONS FOR NA(Z=ll) TERM 32S 

1 

CONFIGU RATION 

SODIUtvI GROUND S 

WEIGHT 

1. 00 

WAVE FUNCTION INITIAL ESTIMATES 
NO. OF ELECTRONS IN CONFIGURATION 

nl S I Gl"IA 

1S 0.00 

2S 2 .00 

2P 4.00 

3S 10.00 

SIGMA 

0.00 

2 .00 

4.00 

10.00 

tvlETH ACC OPT 1 2 3 

1 0.0 a 2 

1 0.0 a 2 

1 0.0 0 6 

1 0.0 a 1 

ENERGY = E(AVERAGE) + 
INITIAL ESTIMATES 

E ( n l) AZ (nl) WAVE 

9316.114 1970.075 SCREENED 

2158.713 68 2.49 1 SC REENED 

2119.768 18719.733 SCREENED 

91 2 .741 341.327 SCREENED 

ORTHOGONALITY INTEGRALS FOR ATOM 

nl nl INTEGRAL 

2S 1S - 0.00000001 
3S lS 0 . 00000000 
3S 2S -0.00000023 

24 

4 5 6 7 

FUN CTION 

HYDROGE N.IC 

HYDROGENI C 

HYDROGENIC 

HYDROGENIC 



ATOM Z=ll TERM 3
2
S 

MEAN VALUE OF 

nl E(nl) AZ (nIl SIGMA I / R** 3 I / R R R**2 I(NL) I KE 

IS 80 . 9569 55 2 70 .29 03984 0.500 0 .0 0000 10.607 38 0 .1 428583 0.027480 7 - 60 . 40597 56 0 56 . 2752406 

2S 5 . 5940367 17 . 1634515 3 .298 0.00000 1. 86734 0 .7 790687 0 .7 314960 - 13.6980725 6.8426303 

2P 3 . 0362686 38.846893 6 4 .7 38 17.004 78 1.69 660 0 .7 98486-! 0 . 822 1 367 - 12.7699292 5.8926271 

3S 0 . 364 ~ O56 2.5799190 7.792 0.00000 0 . 30140 4 . 2087689 20 . 70495 51 - 3 . 0480879 0 . 2672952 
I __ - __ 1 -- ----

TOTAL ENERGY = - 161 . 85891 15 KINETIC ENERGY = 161.8~87 99 7 POTENT I AL ENERGY = - 3 23 .7 1 7 7112 RATIO = 2.000000691 
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VALUES OF F AND G INTEGRALS 

FO ( 1S , 1 S ) = 6 .5882556 
FO(1S,2S) = 1.6578631 
GO(1S,2S ) = 0.1224562 
FO ( 2S , 2S ) = 1.167492 2 
FO(1S,2P) .. 1.6731645 
G1(lS,2P ) = 0.1884.129 
FO ( 2S , 2P ) = 1.1598157 
G1(2S,2P ) = 0.7016706 

11"2 ( 2P , 2P ) 0.52140681 FO(2P,2P) = 1 . 161 2445 = 
FO ( 1S,3S ) = 0. 2966950 
GO (1 S , 3S ) = 0.0026674 
1"O(2S, 3S ) = 0 . 2866362 
GO( 2S , 3S ) = 0.0071614 
FO ( 2P , 3S ) = 0.2864924 
G1(2P,3S) = 0.0098032 
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1 

2 

3 

4 

HARTEE-FOCK CALCULATIONS FOR NA EXCITED STATE 32D 

1 

CON FIGURATION 

SODI L'M EXCITED S 

HEIGHT 

1.00 

WAVE FUNCTION INITIAL ESTIMATES 

NO. OF ELECTRONS IN CONFIGURATION 

nl SIGHA 

IS 0 . 00 

2S 2.00 

2P 4.00 

3D 10.00 

nl SIGMA 

IS 0.00 

2S 2.00 

2P 4.00 

3D 10.00 

METH ACC OPT 1 2 

1 0 . 0 0 2 . 

1 0.0 0 2. 

1 0.0 0 6. 

1 0.0 0 1. 

ENERGY = E ( AVERAGE ) + 
INITIAL ES TIMATES 

E(nl) AZ (nlj 

9312.114 1970.075 

2154.58 .'1 682.491 

2115.795 18719 . 733 

890 . 933 70646.867 

3 4 5 6 

WAVE FUNCTION 

SCREENED HYDROGENIC 

SCREENED HYDROGENIC 

SCREENED HYDROGENIC 

SCREENED HYDROGENIC 

ORTHOGONALITY INTEGRALS FOR ATOM Z= 11 TERM 3
2

D 

( nl ) (nl ) INTEGRAL 

2S IS 0.00000001 

28 
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ATOM Z=ll TERM 3
2
D 

MEAN VALUE OF 

nl E{n1) AZ {nl) SIGMA 1/R**3 l /R R R**2 I {NL) KE 

IS 81 .2 96194 6 70.2900907 0 .500 0.00 00 0 10 .6 0731 0.1428602 0.0274816 -6 0 . 40 592 71 56.2 744833 

2S 5 . 923963 5 17.159 30 78 3 .299 0.00000 1.86696 0 .7791 206 0.7314411 - 13.6970788 6.8 395305 

2P 3 . 3709831 38 .9051122 4 .721 17.05091 1.6991 8 0.7962692 0 . 8159590 - 12.7828823 5.9080711 

3D 0 . 1113337 0 .0682980 9.996 0 . 00260 0 .1 11/8 10. 4 589986 125.1330465 -1.1732 955 0 . 0 562525 
-- -------- - - -

TOTAL ENERGY = - 161.7326293 KINETIC ENERGY = 161.7 32 70 69 POTENTIAL ENERGY = - 323.4653363 RATIO = 1. 999999 520 
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FO ( 

FO ( 
GO ( 
FO ( 
FO ( 

G1 ( 
FO ( 

G1 ( 
FO ( 

FO ( 

G2 ( 

FO ( 

G2 ( 
FO ( 
G1 ( 

VALUES OF F AND G INTEGRALS 

1S , 1S ) = 6 . 5881875 
1S, 2S ) - 1.6575885 
1S, 2S ) = 0.1224044 
2S , 2S ) -- 1.1673454 
1S, 2P ) = 1.6 756 771 
1S, 2P ) = 0.1889438 
2S , 2P ) = 1.1609583 
2S , 2P ) = 0.70 2528 0 
2P , 2P ) = 1.16 373 5 3 
1S , 3D ) = 0.1117771 
1S , 3D ) = {J.0000001 
2S , 3D ) = 0.1117725 
2S , 3D ) = 0.0000634 
2P, 3D ) = 0.1117699 
2P , 3D ) = 0.0001425 

SPIN ORBIT PARAMETERS 

SPIN-ORBI T PARAMETER 

I F2 2P, 2P ) = 0.5 2287 1 5 1 

IG 3 ( 2P , 3D ) = 0.000078 4 1 

- 1 
( ern ) 

1 ZETA ( 3D ) = 0.013 
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1 
2 
3 
4 
5 
6 

HARTREE-FOCK CALCULATIONS FOR K(Z=19 ) TERM 42S 

nl 

IS 
2S 
2P 
3S 
3P 
4S 

nl 

I S 
2S 
2P 
3S 
3P 
4S 

1 

CONFI GURATIO N 

GROUND S 

HEIGHT 

1.000 

WAVE FUNCTION INITIAL ESTIMATES 
NO. OF ELECTRONS IN CONFIGURATION 

SIGMA 

0.00 
2.00 
4.00 

10 . 00 
12.00 
18.00 

S IGMA 

0.00 
2.00 
4.00 

10.00 
12.00 
18.00 

METH ACC OPT 1 2 

1 0.0 0 2. 
1 0.0 0 2. 
1 0.0 0 6. 
1 0.0 0 2. 
1 0.0 0 6. 
1 0.0 0 1. 

ENERGY = E ( AVERAGE) + 
INITIAL ESTIMATES 

E (nl) AZ(nl) 

9188.824 1970.07 5 
2046.067 682.491 
2004.657 18719.733 

831.135 341.327 
815.102 9758.344 
427.800 202.500 

3 4 5 6 7 

WAVE FUNCTION 

SCREENED HYDROGE NI C 
SCREENED HYDROGENIC 
SCREENED HYDROGENIC 
SCREENED HYDROGENIC 
SCREENED HYDROGENIC 
SCREENED HYDROGENIC 

ORTHOGONALITY INTEGRALS FOR ATOM Z=19 

(nl) (nl) INTEGRAL 

2S IS 0.00000000 
3S IS -0.00000001 
3S 2S -0.00000003 
3P 2P - 0.00000009 
4S IS 0.00000002 
4S 2S 0.00000002 
4S 3S 0.00000005 
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ATOM 2 =19 TERM 4
2
S 

MEAN VALUE OF 

nl E(nl) AZ(nl) SIGMA I/R**3 l/R R R**2 I( NL) KE 

IS 267.066 064 7 161.6273 378 0.588 0.00000 18.54736 0.0814665 0 . 0089134 - 18 0 . 3708980 172.02 899 22 

28 28 . 9798883 46 . 426 1912 3.472 0.00000 3 . 7977 1 0.3863893 0 .176593 3 - 43.492710 2 28.6636993 

2P 23.0385317 213 . 7963655 4 . 691 151 . 80737 3 . 6 9703 0 . 349426 7 0 .15 08008 - 42 . 7733121 27. 4 70 203 7 

3S 3.4975506 15.2987338 8 .4 29 0 .00000 1.07486 1.2770584 1.8834682 - 15.6081849 4 .81 41048 

3P 1. 9088398 65 . 1091937 10 . 300 12 . 95587 0.93901 1.4368481 2 . 4406634 - 13.9970120 3 .84 42265 

4S 0.2949507 2.9541522 14.423 0 .0 0000 0.23659 5.2 43 72 93 31 .5 447375 - 4.2306790 0.2645086 
---_ ._------_.-

TOTAL ENERGY = - 599.1647865 KINETIC ENERGY = 599.1646825 POTENTIAL ENERGY = - 119 8 . 3294690 RATIO = 2.00000017 4 
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VALUES OF F AND G INTEGRALS 

FO ( lS , lS ) =11 .5410462 
FO ( l S , 2S ) = 3.296 0480 
GO ( lS, 2S ) = 0.2864224 
FO ( 2S , 2S ) = 2.3427550 
FO ( l S , 2P ) = 3.6246292 
G1 ( lS, 2P ) = 0.5538308 
FO ( 2S, 2P ) = 2.452 0 292 
G1 ( 2S , 2P ) = 1.44132 43 
FO ( 2P , 2P ) = 2. 6180056 
FO ( .1 S , 3S ) = 1.0 210016 

IF 2 ( 2P , 2P ) = 1. 2251859 1 

GO ( l S , 3S ) = 0.0291707 
FO ( 2S , 3S ) = 0.9 29 0643 
GO ( 2S , 3S ) = 0.0539620 
FO ( 2P, 3S ) = 0.9386572 
G1 ( 2P , 3S ) = 0.0671221 
FO ( 3S, 3S ) = 0.7064117 
F O ( l S , 3P ) = 0.9325958 
G1 ( lS, 3P ) = 0.0452763 
FO ( 2S , 3P ) = 0.8485536 
G1 ( 2S , 3P ) = 0.0422743 
FO ( 2P, 3P ) = 0.8594653 
GO ( 2P , 3P ) = 0.0546996 
FO ( 3S , 3P ) = 0.66538 40 

IG2 2P , 3P = 0.05 59 186 1 

G1 ( 3S, 3P ) = 0.4420399 
FO ( 3P, 3P ) = 0.6304216 
FO ( l S , 4S ) = 0.2345831 

I F2 ( 3P, 3P ) = 0 . 3169379 1 

GO ( l S , 4S ) = 0.0010805 
FO ( 2S, 4S ) = 0. 23 11833 
GO ( 2S , 4S ) = 0.0018623 
F O ( 2P , 4S ) = 0. 23 15357 
G1 ( 2P , 4S ) = 0.0023665 
FO ( 3S , 4S ) = 0.2 23794 9 
GO ( 3S , 4S ) = 0.0057770 
FO ( 3P , 4S ) = 0.2225479 
G1 ( 3P , 4S ) = 0.0093341 
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1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

ni 

IS 
2S 
2P 
3S 
3P 
3D 
4S 
4P 
4D 
5S 

HARTREE-FOCK CALCULATIONS FOR CO(Z=48) TERM 52S 

CONFIGU RATION 

CD UJWUN D STATE 

WEIGHT 

1. 00 

WAVE FUNCTION INITIAL ESTIMATES 
NO. OF ELECTRONS IN CONFIGURATION 

(ni l SIGHA METI-l ACC OPT 1 

IS 
2S 
2P 
3S 
3P 
3D 
4S 
4P 
4D 
5S 

0.00 1 0.0 0 2. 
2.00 1 0.0 0 2. 
4 . 00 1 0.0 0 6. 

10 . 00 1 0 . 0 0 2. 
12.00 1 0.0 0 6. 
18 . 00 1 0.0 0 10. 
28.00 1 0.0 0 2. 
30.00 1 0.0 0 6. 
36.00 1 0.0 0 10. 
46.00 1 0.0 0 2 . 

ENERGY = E (AVERAGE ) + 
INITIAL ESTIMATES 

SIm,fA E(ni ) AZ(n i) 

0.00 8898.608 1970.075 
2.00 1768.394 682.491 
4.00 1723.920 18719.733 

10.00 605.717 341.327 
12.00 586.453 9758.344 
18.00 547 . 449 59154.036 
28.00 234 .491 179.056 
30.00 236.579 4729.198 
36.00 225.057 29475.444 
-16.00 106.207 98.975 
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2 3 4 5 6 7 

WAVE FUNCTION 

SCREENED HYDROGENIC 
SCREENED HYDROGENIC 
SCREENED HYDROGENIC 
SCREENED HYDROGENIC 
SCREENED HYDROGENIC 
SCREENED HYDROGENIC 
SCREENED HYDROGENIC 
SCREENED HYDROGENIC 
SCREENED HYDROGENIC 
SCREENED HYDROGENIC 



ORTHOGONALITY I NTEGRALS FOR ATOM Z= 4 8 TERM 5
2

S 

( n l) (nl) I NTEG RAL 

2S IS 0 . 00000000 

3S I S 0.00000000 

3S 2S 0.0000000 2 

3P 2P 0.00000000 

4S I S 0.00000000 

4S 2S -0.00000007 

4S 3S - 0.0000001 8 

'-i P 2P - 0.00000007 

'-iP 3P - 0.000000 4 4 

4D 3D - 0.00000078 

5S I S 0 . 00000000 

5S 2 S - 0.0000000 2 

5S 3S - 0 . 00000026 

5S 4S - 0 . 00000 4 7 3 

3 7 



ATOM Z=48 TERM 5
z
S 

MEAN VA LUE OF 

nl E(nll AZ(nl) SIGMA 1/R**3 l/R R R**2 I(~L) KE 

1 S 1910.6299309 657 . 80 11 006 0.685 0.00000 47.47763 0.0317027 0 . 0013447 - 1151.82-118 44 1127.1019128 

2S 284. 0129 646 212 . 0905049 4 .245 0.00000 10.84171 0.1371282 0 .0221002 -2 85 .5606883 234.8412253 

2P 264.0933388 2751.9008145 5.384 3546.41691 10.81 43 1 0.1173271 0.0167533 - 284.9446479 234.1422126 

3S 55. 416 7404 92,4191629 11.406 0.00000 3.89320 0.3689105 0 . 1553899 - 119.6386278 67.2350680 

3P 47 . 1939670 1244 . 0431860 13.385 637 . 42441 3.80254 0.3611193 0.1511142 - 117.6765384 64.8455399 

3D 32 . 1434645 3057 . 0539713 16.515 99 .49 483 3.64201 0.3334897 0 .131895 3 - 114 . 5843009 60 .23241 00 

4S 8.9008424 39.0406056 21.746 0.00000 1.48494 0.9141370 0 .9451458 - 55.0258479 16.2511051 

4P 6.1068188 498 .5358293 24.540 100.26239 1.36898 0.9803912 1.0996742 - 51 . 5533925 14.1575081 l 4D 
1.5272328 1037 . 0466172 31.228 9.90387 1.06423 1.25210 38 1.8847954 - 42 . 0134858 9.0695716 

5S 0.5297378 9.2800205 36 . 417 0.00000 0.39039 3 . 2375194 12.1710598 - 17.5501131 1.1886487 
---_. - -

TOTAL ENERGY = - 5465.1331415 KINETIC ENERGY = 5465.1273003 POTENTI AL ENERGY = - 109 30.2604419 RATIO = 2.000001069 
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FO ( 

FO ( 

GO ( 
FO ( 

FO ( 

G1 ( 

PO ( 

G1 ( 
FO ( 

FO ( 

GO ( 
FO ( 

GO ( 

FO ( 

G1 ( 
FO ( 
FO ( 

G1 ( 
FO ( 

Gl ( 

17 0 ( 

GO ( 

FO ( 

G1 ( 
FO ( 
FO ( 

G2 ( 

FO ( 

G2 ( 

FO ( 

G1 ( 
FO ( 

G2 ( 

FO ( 
G1 ( 

FO ( 

FO ( 

GO ( 

FO ( 

GO ( 
FO ( 
G1 ( 
FO ( 
GO ( 

FO ( 

G1 ( 

FO ( 
G2 ( 

FO ( 

FO ( 

G1 ( 

VALUES OF F ANF G INTEGRALS 

1S , 1S ) 

1S, 2S ) 

1S , 2S ) 

2S, 2S ) 
1S , 2P ) 
1S, 2P ) 
2S, 2P ) 

2S, 2P ) 
2P , 2P ) 

1S, 3S ) 

1S, 3S ) 

2S , 3S ) 

2S , 3S ) 

2P , 3S ) 

2P , 3S ) 
3S , 3S ) 
1S, 3P ) 

I S, 3P ) 

2S, 3P ) 
2S , 3P ) 
2P , 3P ) 
2P , 3P ) 

3S , 3P ) 
3S , 3P ) 

3P, 3P ) 
1 S , 3D ) 
1S, 3D ) 

2S, 3D ) 
2S , 3D ) 
2P , 3D ) 
2P , 3D ) 
3S, 3D ) 

3S, 3D ) 
3P , 3 D ) 
JP , 3D ) 

3D, 3D ) 

1 S , 4S ) 

1S, 4S ) 

2S, 4S ) 

2S , 4S ) 

2P , 4S ) 
2P , 4S ) 
3S , 4S ) 
3S, 4S ) 

3P, 4S ) 

3P , 4S ) 

3D , 4S ) 

3D , li S ) 

4S , 4S ) 
IS, 4P ) 
I S, 4P ) 

=29 . 6 119 930 
= 9.2420295 
= 0.8920594 
= 6.59 1 28 0 3 
=10. 54 749 45 
= 1.9566503 
= 7 . 0 L1 'I 7 6 8 5 
= 3 . 9642 11 6 
= 7 .767913 L1 

= 3 . 5943763 
= 0.1549590 
= 3 .1 515 001 
= 0 .23622 71 
= 3.2 186280 
= 0.2948628 
= 2 .4355583 
= 3 .7 518086 
= 0.3274353 
= 3 . 24 0247 2 
= 0.2347491 
= 3 . 333 6 /171 
= 0. 2 9 58438 
= 2.46 1150 8 
= 1.612 06 58 
= 2.4928603 
= 3 . 6410112 
= 0.0149697 
= 3.5063895 
= 0.8004075 
= 3.548735 7 
= 0.8287068 
= 2.543 9198 
= 1.050366 4 
= 2 . 5797686 
= 1.4156 58 2 
= 2 .7237799 

= 1.4317798 
= 0.0 2719 01 
= 1.354093 4 
= 0.0360927 
= 1.36 5 6926 
= 0.0 47 011 3 
= 1.2417579 
= 0.0731233 
= 1.2456360 
= 0.0970607 
= 1.2575990 
= 0.0933364 
= 0.9834943 
= 1.3609320 
= 0.0507997 
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\ P2 ( 2P, 2P ) = 3 . 7021318 

\ G2 2P , 3P = 0 .320370 1 

\ F2 ( 3P, 3P ) = 1 . 2599577 

I G3 2P , 3D = 0.47 54:300 

G3 3P , 3D = 0 .9 148979 

F2 3D, 3D = 1. 3637636 
F4 3D, 3D = 0. 87 1 5615 



FO ( 2S, 4P ) 

G1 ( 2S , 4P ) 
FO ( 2P , 4P ) 
GO ( 2P, 4P ) 

FO ( 3S, 4P ) 
G1 ( 3S, 4P ) 
FO ( 3P , 4P ) 
GO ( 3P, 4P ) 
FO ( 3D, -lP ) 

G1 ( 3D , 4P ) 
FO ( 4S, 4P ) 
G1 ( 4S , 4P ) 
FO ( 4P, 4P ) 

FO ( IS, 4D ) 

G2 ( I S , 4D ) 

FO ( 2S , 4D ) 

G2 ( 2S, 4D ) 

FO ( 2P , 4D ) 

G1 ( 2P , 4D ) 
FO ( 3S, 4D ) 

G2 ( 3S, II D ) 

FO ( 3P , 4D ) 

G1 ( 3P, 4D ) 
FO ( 3D , 4D ) 
GO ( 3D , 4D ) 

FO ( 4S, 4D ) 

G2 ( 4S , 4D ) 

FO ( 4P, ·1 D ) 

Gl ( ~I P, 4D ) 

FO ( 4D , 4D ) 

FO ( IS, 5S ) 

00 ( IS, 5S ) 
FO ( 2S, 5S ) 

GO ( 2S , 5S ) 
FO ( 2P, 5S ) 
G1 ( 2P , 5S ) 
FO ( 3S , 5S ) 

GO ( 3S, 5S ) 
FO ( 3P , 5S ) 
G1 ( 3P, 5S ) 
FO ( 3D, 5S ) 
02 ( 3D , 5S ) 
FO ( 4S, 5S ) 
GO ( 4S, 5S ) 

FO ( 4P, 5S ) 

G1 ( -l P , 5S ) 

FO ( 4D, 5S ) 
G2 ( 4D, 5S ) 

FO ( 5S, 5S ) 

= 1.2826304 
= 0.0334143 
= 1.2967139 
= 0.0403225 

= 1.1757869 
= 0.0751509 
= 1.1 8 001 59 
= 0.0717858 
= 1.1908785 
= 0.0 84 09 28 
= 0.9492346 
= 0 . 650 1771 
= 0.9184933 
= 1.0641168 
= 0.0016658 
= 1.0501 422 
= 0.0709 562 
= 1.0544768 
= 0.0748431 
= 0 .9 7 292 01 
= 0.03 59 127 
= 0.9755160 
= 0 . 0 386 0 36 
= 0.9860556 
= 0.0568758 

= 0. 8285444 
= 0 . 3818391 
= 0.8074265 
= 0.5092127 

= 0.7 26725 0 

= 0.3 8 7389 3 
= 0.0015319 
= 0. 383 01 2 0 
= 0.0019915 
= 0. 383664 1 
= 0.00 26 10 8 
= 0. 3 767 528 
= 0.0036220 
= 0.3769680 
= 0.0049325 
= 0. 3 776 2 99 
= 0.0047806 
= 0.3638482 
= 0.010 2 096 
= 0.3623099 
= 0 .01 53445 
= 0.3553171 
= 0.0387228 
= 0.2798667 
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[ G2 ( 2P , tiP ) = 0.04618~9 

G2 3P , 4P = 0.08597 86 

G3 3D , 4P = 0.082 2 17 6 

I F2 ( -lP, 4P ) = 0.4 839859 

I G3 ( 2P , 4D ) = 0.0437.f16 

G3 

G2 
G4 

G3 

F2 
F4 

3P , 4D 

3D , 4 D 
3D, 4D 

4P , 4D 

4D, 4D 
4 D, 4 D 

= 0.0 399157 

= 0.0664216 
= 0 . 0507162 

= 0.3116717 

= 0.36211 35 
= 0. 2364975 



FiSI 2_?(iv) Radial wa',,/e fu nction of 
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(: J-IAPTE n :) 

CURVE FITTING PROGRAM 

3 ,1 IN'rnODUCTION 

j n c I1f.l.p LL:'!' 1 iL I"O S d esc l'i lJed Lhat Lh e p l 'olJl e m IdLh 

l ls .in g approx illlaL ioli s ba:,; e d u n mo n o mi als j s tha t the C!l'! 'O I' 

SlII l1ll neor Lhe l;C IIL e l' bll t. g ro\~ing vel'Y r apid l y near' the e llU 

p a illl. s , IL l.,roLdJ s eem 1II0 1" !? l'easonable to us C! an opp , 'O:-..i lll ltL irl g: 

fllll l' l.ion s in s t p ad 0(' p OI\C I' S o f X , p o l y n o mi uJs h'ho se b e lplvi u r' 

inl. erval c e nte r'e J aL 0 \~o ll i d b(~ in SO lli e se n se 

unifo l'lIl. \.Je h o p e Lila t f 0 !'Illeri r r o m 

cumbilia Lion s o f I. h e::;e pol y n omial. s " ' O U IJ cx hildL a JU O , 'e 

Lilli r u t' lI) e t:'ro l' I ,,' h a v iot,. 5 11 (; 11 fUII C Liol l !:, \..-e r'c illLl 'od ll CC ,j iI , 

c llapLc /~ and a l'e ldH') h ' n ~ I S C h e b ysl lev 

" I 

p o lyno mi als . SO fll (; 

1,II'oL ,e /,ti es o f Ch e b yshev po lynomial s ace g i ve ll b e l c h' . 

rO ll rjel' C:-" I'L' ''-;S S i on fa l' ol'LhogonuJit y 

polyno mials i. s g i ve n hy 

{ 
0 '" 

, 
" " J cQs m>& (.;os n~ d" = 11/2 '" = " 

, 
0 

0 " '" = n = 
• I 

= I T I Z I T I Z I d Z 
no n -';:====;;-. I 11 - Z2 

Us i n g: Lh e le i. go ll o lUe t l' i. c ex p t'ess i ons 

(1) c os(n+l) 09 + cos (n-\) 09 = 2cosE-cos nEo 

( 2 ) cos (m+nI 9 + cos( m-n) 6 = 2cos mi3cos n6 , 

we arrive Nt Lhe f o llowill g r e lations 

·12 

o f Ch e uy s h ev 

(J.l ) 

13 , 21 

13, 31 



T ( Z ) + T ( Z ) = 2 Z l' ( Z ) 
n+1 n - 1 n 

( 3 . -l ) 

l' ( Z ) + '1' ( Z ) = 2 l' ( Z ) l' ( Z ). 
m+n I'll - I) m n 

( ::1 . 5 ) 

Eq. ( 3 . ·1) i s a three ter m r ec u rre n ce relation. For In = fl, 

Eq . ( 3 .5 ) y i e ld s 
2 

l' ( Z ) = :2 l' ( Z ) - 1 . 
2 n n 

Fir s t, 1 3 Ch e b ys h ev pol y nomials are g i v e n in tabl e 3 .1. 

T h e n roots of l' ( Z ) a r e real, oc c ur in the int e rval 
n 

[-1 ,1] a nd are gi ve n by 

A = i= 1, .... , n . 
2 n 

A v ery u se f u l p roperty of these po l y n o mi a ls is t h at 0 f 

all th e polynomial of d eg ree n \vit h th e coe ffi c i e nt of the 

nth power term e qual to 1, t h e polyno mial, 

,p ( Z ) = 
Il 

l' ( Z ) 
n 

n - 1 
2 

h as th e s ma ll es t u pper bound for its absol u te val u e on th e 

interva l [ -1 ,1]. 

3.2 PROGRAM DESCRIPTION 

This program re a d s a set of d ata ( X. , Y. ). 
1 1 

It linea rly 

tr a n sforms th e x-coordinate aSXs b to Z- c oordinate by u sing 

Z = 2X-b-a, 
b -a 

X 1n [a,b], 
Z in [ -1,1]. 

( 3. 6 ) 

It finds the Ch e bysh e v coe ffi c ients u s in g table 3 .1 and 

expands the polynom ia l in terms of c h e b ys h e v c o effic i e n ts 

.+C T(n,Z), 
n 

wh ere n may take o n va lues up to 1 2. 
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T ( "l) o 

r (2) , 

T 3 ( Z ) 

T (Z) 
4 

T (2) 
5 

T (2 ) 
7 

T (Z) 
0 

T (1) 
\I 

• 

• 

• 

• 

• 

I . 
z. 

22 
2 

41
3 

4 
02 

162
5 

(, 
322 

., 
b4Z 

, 

32. 

5 
1 1 2Z 

Table 3 .1 

I . 

... 52. 

, . 

7Z . 

0 
1202 1602

4 
322

2 
+ 1. 

5762
7 

+ 4322
5 

92. 

5 12Z
1 O _ 1 2002° 11 2 0 2(, 4 2 

• 40 02 • 50Z 

\I 9 ., 5 
2202

3 
I0 2 ~ Z -20162 • 20 16 z 12321 • 

20402
12 _614 -1 2 1 0 U fi 

• 691 2Z -35012 

7222 + 1. 

~ -I 

1. 

- 1 12. 

4 
• 0 402 



Th e program fi nd s the coeffic i e nts C
O

, C
1

' •••• ,C
n 

u s ing 

least squ are me thod whi c h is as follows. I f there are m 

number of observa ti ons and T .. i s 1~ h e valu e of t h e 
1 J 

polynomial T . eva luat e d at 
J 

ith point, o ur ta s k i s ·to c hoo se 

C
O

,C , ,'" ,C
n 

that mini mize th e s um of 

m 
n 

S = L ( f ( Z j) - L 
i=l j = o 

squ ares , 

CT .. ) 2 
j 1 J 

as 
S \.;ill be minimulTl wh en -a = 0 , where Ck 

k=O ,l, .. rl.Thi s p e rmit s u s 

to \,1' i te 

n 

C 
j 

rn 

T 
i k 

T .. = 
1 J 

rn 

Defi n e Y as the m x (n + 1) matrix containing T .. i n it s 
1 J 

it h row and jth co lulTln 

y = 
T T .• T 

no O rn1 mn 

and also define the fo llowi n g co lumn vectors 

l l 

f ( Z ) = ( f ( Z ) ....... f(Z )), 
1 rn 

([ =( c . 
a • C ) • 

n 

The system of norma l equations c a n be wr i t ten 1 n t h e 

equiv a l e nt form 

which h as the so lution, 

- 1 

(f = err' ly ) 11' l f ( Z ) 

rn 

where the ge n era l e leme nt of yly is g i ve n by L TikTil 

i = 1 

-15 



Fo r ort h ogo nal polyn o mi a l s , we h ave 

\' T T = 0 L i k i I 

i = 1 

In 

c = 

i = 1 

for k ;tl 

j =O,l, • . ... ,n 

Af t e r d e t e r min.i. ,I g t h e c o e f f i c i e n t s C o C , C , . . ... , C , i ·t 
1, 2 n 

co n verts t h e coe f f i cie n ts of T to t h o se of coe ff ic i e n ts o f Z 

i. e . 

f ( Z ) = C + C Z 
I 0 1 

+ .+c 
n 

F ina ll y a bove equ at i o n should b e t ra n sforme d to t h e 

or i g in a l v ari a bl e Z o n t h e int e rv a l [ a , b ] u si n g ( 3.7 ) t o y i e ld, 

f ( X ) = c 
(J 

T h e n f or eac h X , f ( X I i ,e wa ve l engt h 1 S ca l c ul a t ed . T h e 

p rog r a m t h e n pr ints the X-va l u es , th e wave l e n g th s g i ve n a n d 

ca l c ul a t e d ,t h e r e s idu a l s i , e ca l c u l a t e d 

1n Y .res u l t i n g 
I 

\.;ave l e n gt h and th e error 

t h e coe f fici e nt whi c h 1 8 g i ve n b y 

d Y = 
i 

[ 
n 

L 
i= O 

1/ 2 

2 ] 
( dC . T . 

I I 

fro m 

minu s give n 

th e e r ro r s ill 

\.; h ere dC is t h e e rror in the coeffic i e n t o f C . T h e 

e rro r do es n ot refer to t h e e rr o r of wave l e n g t h o f th e lin e 

b ut rat h er to t h e e r ror i n th e a cc u r acy o f t h e pol y n o mi a l fi t 

at t h at poi n t . T h e resi du a l s o f t h e f it are th e n pl otted . 

Fall 0 \ .j i n g ·t h is p lot i n t il e pro g ra m, o u t put i s a s tat i s ti c a 1 

-1 6 



s ummary . Four meas u res of the scatter of the points about the 

least squ are fit and the quality of the fit are given. They 

ar e defined a s f o llows , where 

E = r es idua l of the ith point. 
i 

\v = l if e i g h t oft he i t h poi n t . 
i 

m = number of standards with non-zero weight. 

n = number of c oefficie nt s u sed in the fit. 

The stand ard deviation ( for unit Iveig ht) is g iven by 

1/2 

1 
[ 1 3 1 

The weighted standal'd deviation is 

1/ 2 

In 

In L E 
2 

w 
i = 1 

m 
m - n L w 

i 
i = 1 

The probable error = 0.6744898 x the weighted standard 

deviation. 

Mean error of weighted mean is given by, 

1 / 2 

m 

L E2 w 
i = 1 

m 
m - n L w , 

1 
i = 1 

It is a measure of the overall uncerta inty of the fit, 

rather than the scatter of points about the mean. However , 

-17 



f o r' mo s L purposes , Lhe ERRO R co lumn h' ill be a more useful 

g u ide to t. h e ullce l'tuint)' of the fit at e a c h standard, 

TI' all m,,-~aS lir e mel1t s a r e ex pe c t e d 1.0 b e eq ll u l l y a cc lI ..... Le 

l , e al l ar'€' 0 1' L1 le s llmc h'eig hL, s Lluj ec!. o nl y La 1'£1 11.1 0 111 e rr o l' s 

or nl e~\ s ll[' e menl s , t h e n a hi s Logram of th e re s id u als 1' 0 1' ma n y 

obse r vatio n s S ll Ollld be a Gauss ian di s tr i bll t i o n, The standard 

de v i a ti o n of t h e sa mpl e i s a me asu r e of Lh e \.JidLh of' Lhis 

d i s t.ributi o n , HOI.Jevcl' , I, h e n rc l ativ e l.J e i g ht s are in Lr o du ced, 

the p r o bl e m i s lIlore co mpl icated . If ma ll Y obse t'vatio n s of eac h 

\~ eig ht ar e inc lud e d , th e di stri bt l ti o n o f all o b se l' va ti o n s o f 

a n y \.Je .i g ht s h o uld be Gauss ian, but relati.ve \.J id t h s of t.h e 

Gauss i a n d i s Ll' ibutio n s s h o ul d be i n versely proporti o nal La 

t h t> s y11 8 1'e l'OOt o f t he \.Jc i g h t o f e a c h Ga u ss ian , Th e overa l l 

di st l'ibllLion of t'es idual s i s therefore a S UIll of Gauss i a n s of 

d iffel 'e nt widths b tlL Lhe dist ribu tio n of € w 
i i 

s h o uld g i ve the 

s aine distr ibuLi on fO l ' all wejg ht s . The stu nd a~d d ev iation for 

unit \~c i ght 

d istl'i bu tions 

multipl y ing 

l /(ld
Il 2

, As 

ca n 

o f 

the 

a 

b e u se d to fi nd t h e wid t h s of 

p oints 

s tandard 

o f any \o>,'eig ht, w, si mply 

\.Jeig ht deviation f o r uniL 

crude c h eck that th e e xperi me nLel' has 

t h e 

by 

by 

a 

r easonabl e scale of h' idt h s , the pt'ogr a nL will di v ide t h e 

sLa ll dards int o two or tltree classes (hig h a n d l o w weig llt s CUI' 

two c l asses ; high, In e d i ul ll a nd low h'eight s for three classes) , 

It th e n CO ln pll t es a nd prints th e stand a rd de v iation (for unit 

\~ e i g h t for eac h class . If enou g h P Oi llt $ ex i st in eac h c lass 

fa I ' thi s nlllnbe (' to be signifi c ant , then the s t anda ['d 

d ev iat i o n (fa t' unit weigh t) s hould be app r ox imately equal f o r 

all c lasses , J fit varies co n s iderably , th e \.Jeig ht scale 

s h o uld be r e vi sed. FolloHi n g these statistics if t h e fit is 

satisfac t ory , th e coe f fi c i e nt s of C h ebyshev p o l yno mi als ar'e 

listed, w i th t h e ir sta n dard c rrors , I f Lhe nlagn itucies of t h e 

coef f i c ients S l'e all c onsidera b ly larger th an t h ei l' e rrO l'S , 

it Illa y be des irable to in c r ease th e o l 'der of t h e p o lynolnial , 



3 . 3 

Ha in . 

Wave n o . 

Gra ph. 

Di s p. 

Extrap. 

Prepa r. 

Ch eby . 

Te al e . 

Tprint . 

Abcalc. 

I-I orn er . 

Mat i n v. 

Ercalc. 

Convrt. 

SUmlARY OF SUBROUTINES 

Main llrogra m reads input data a nd contro l s t he 

overall calc u lations . 

Co nverts \,avelength La h'ave n um be l' , 

Does stat.istics und g l' ap h s Lh e fit.. La s tand a l 'd. 

Tabul ates n n d gra ph s th e di spers ion at eac h 

sta ndard . 

Ide n t ifi es \.,.here th e fit must be ex tr a p o la ted f or 

th e unkno ld1 s . 

Helps se t li p fOI'mats . 

Co n tro l s iteratio n to fit ld a f it t o the s tand a t'ds . 

'J'nltl sfo rlu X cooedinate into Z and compute s T f o r 

Ch e b ys hev poly no mial s . 

Pr i n ts c hebys hev coe fFi cie n ts . 

Ca l c u l ates A ' s a nd B's f o r' matrix t o be inve r' Le d 

f or l east-sqlla l'es so lutio ll . 

CalClll ates Wave = SUM(X**( I - l )*C(I)) , 

Inverts th e nlstrix to obtai n least-squ a r es sol u lio n 

a n d t o allDl¥ cO ll1 put.atton of e rror f rom er r'O l'S irl 

coeffic i e nt s o f t h e so lu tion, 

Cal c u l ates e rrOl' i n lo.'uvelengt h o f unl, nolo.' n s du e to 

erro r s in th e f it . 

Co n ve rts the 

po \~e /'S 0 f Z 

coe ff icien t s of T Lo coeffi c ienL s 

and coe ffi c i e n ts of p o wer s o f Z 

those o f po \~e rs of X , 

o f 

Lo 

Functl & Funct 2 . Th eil' PUI'pose is to find a l east-squa r e 

fit o f t h e fu n c ti o n oL I1 e r t h a n p oly n o mial , 

3 . ·1 DATA INPUT 

CA UD ONE IH'!'H lDENT , TOLl-lIN , NHIN , NHAX , ITRHAX , 
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IJO P ) , t =l , JO) , ~ I F , Ace , LREAD , LX FACT , DEC , JOPR PT a n d LFAC , 

in t h e f a [ ' L1I<:\ l 

(A72/P9 , ,1 ,3 [ 2 , IO ll, 1Ii ,l: fi , 2,2fl,fiA l ,211), 

lDENT" Use J Lo laue !. Lh e s p c cLJ"u m. 

T OI.NIN , l h e I t1 1'ges l (lI,..:ce pLu b le d if fel'e n ce bet h' ee n 

ca l c ulated and ob~e l' ved V-val u e s , Lhut is , the tole r a n ce 

f i t ting a d a t ~l [,o ill t Lo Lh e ptlly n o mi 8 _1. If Lh e l'es id uaJ 

g r eate!' t h a n 'I'OUII N , Lhe po in t i. s r ejected . 

lile 

fO l' 

Ls 

NH [~ & NHAX . T h ese £i l'e th e minimum tl nd 

t. ll e acceptab l e !,um be l' of' 

NHIN 

c on s t a n ts 

w ill b e 

I N I 

ma x i. mullI val u es fo r" 

in the f i tt i n g 

po lyno mial . O l' uinar il y , tr i ed fi r st , a n d j f a 

fi t cannot be o b tai n e d be f o r e r eject in g J 'I' RM AX p o int s , N wi l l 

b e l lL c I'eased by o n e 'I'hi s h' il1 CO lltinu e unLi l N = N~I !\X h i) !:; 

been Ll ' ied . i l' still n o fiL h as b ee n ob t ai n e d, t h e prognHIl 

p I' int s an exp l a nat o r y messa ge an d t h e n goes to th e lL ext 

pl a t e , If, h Ol,c"ve l', i L i s d ec id e d Lo al l o \~ Lh e mH c h i n e Lo 

fin d t h e best ,"ai ll e f o r :-.I , t h e fil' st atte mp t I>'i l l b e mude 

\~i t h Nt-lAX . 

fT RHAX . T h is is Lh e nu mber of p asses t hat \~ ill be 

tole r a n ce . It 

po i nt s to be 

tl~y lng to fit t h e poi n ts lvithi n t h e 

g l"ea t er th a n the a ll owed numbe r o f 

\~h ilc L1'y ing Lo (' i t th e p oi nt s , 

mad e in 

i s o n e 

r e j ec l e Li 

J OP ll ), 1 = 1, 10 Th ese te n op ti o n s a l" e u s ed t hat pe l' mi l s 

a rb i tra r y weig ht j n g o f t h e da ta POillL s , calc ul a ti o n of 

di s p e r s i o n ac r oss t he plate IdY / d X j, rejec tion of' p o i.nt s that 

deviate Loa hicle!.y fJ""o Ul t h e p l 'o b a bl e e l' I'o r o f th e f i l, 

co n v er' s i o n of a ir o r V l\ClI UIll I .. a ve l e n gl h s to wav e n urnb e l's , 

Cl. lI to ma l. i c bes t adj u stme n t of the d eg r ee of th e po l yno mia l, 

cO ll ve l"' sio n o f \ .... ave numbe l' s to Lo r e n tz unit s f o t' t h e case of 

Zee lna n s p ect r o gra ms , place me nt of d eci mal p o int s , c urv e 

fitt in~ of fun c ti o n s o t l l e ~ than pol y n o mial s , e t c , 

HF'. T h e ma g n eti c f ie ld in te n s it y , in g au ss , f o r Zee man 

plales , 
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.ICC . T r l t i s to s u p p ly i n adva nce fi n 

nbso lul e l y fi xe d 

vulu0 ba~ed 0 11 

pr'Cfe t ' l 'ed n ot 

valu e f O l' TOL , 

L h e 5 1 nndard 

t h e p t'og rum will ca l C1L l oLe a 

devia Li OIi o f t h e fit Th e 

l' es u Ltn ll l TOLNIN wi ll. b t.: Lake!! Ul:> ACe Li mes the s landal'd 

de\' i.al i o H T hl ,,; l S d o n e b~' lI si n g JOP( 2) o pLi o n. 

DEC . 'l' h e I lumbe r of dec imal. places to ,,' h leh re s ults a l'e 

outp u Lled. 

JOPH PT. If i t:. s vu lu e is '1' then fitLLn;:: o f fun c l i o n ot h e r 

Lhan polynornj a J .i So do n e . 

LFAC . This is lin i nLege l ' qua n ti t y L h a t d e Le rmines th e d eg n :e 

o f ex pan s ion o r t.h e vet-ti c a l scal e o f the p i oL. Eac h line (In 

II p age of prin t e d o ut PIl L l ..... i 1 1 Il ave a s c aled \.J i dL h in X- un its 

e(jLlo.i La J\V SEP/L r AC, \.J II (~I· e AVSEP j s t h e uv e l 'a ge sepHruti o lJ 

bet:.H ee n S U C Ct.'Sfi Lve X-VU .lIl CS , 

CMW TWO WITH XI I Y(I) 

in t h e r O l' mal , 

(F l ~ . 5 ,5X,Fl2 . 5) . 

XI. 'fh e value o f sta n dards , max imllm number o f' ''' hi c h ca n 

be 385 . 

Y( [ ) • The E'}. perimen l a J ly ca l c ula ted va lue o f HavelengLh 

,its maxi rnLlm nLlnlber is al so 38~. 

CA RD THIlEE WITH W(J) 

in th e f o rma t 

(l OF5 . 0) . 

\<,' (J). Th e vu.l u e of \~e i g hl ass i g n t o eHc h st u nda r d. 

CARD FO UR WITH ITE RW 

i n t h e format 

(Il) . 

I ts value , l ' Hi ll ca u se the 

pol y nomia l fit l o th e f:>Ln nciar-d s , to ha ve a n e H rit 

same va llIe o f sta ndard s bllt differe n t weig ht i n g . 

CA RD FIVE WITH UJ 

i n the f Ol'[ua l 

5l 

a f le l' a 

fa " the 



( r I -I ' 5 ) 

UJ . T h is c a rd is used a fLel.' the polyno mial fit has IJce n 

obLained to filld V-val ues 1'01' a given set of X-values , 

3 , 5 HAIN FEATURES OF PROGRAI-j. 

1) fn order' to obtain a more acc urate sol ut io n of the no['mal 

e'-lliutio lL S the X-values ar e first ('ed u ced so as to l i e in the 

r ange - 1 ~X~l, a nd Ch ebys hev polynoillials ar'e IIs ed as the 

cool-di.nuLe fUll c Lions. Afte r the fit has been obt.ained, Lhe 

r es ulL s are modified and for conve rlience re-expI'essed in 

term s of pOI", e l-S of' X . Do uble precision arilh melic i s u sed 

throu g h out , 

2) The tole l'unce, TOUIIN, is t h e large s t a ccepta ble 

val u es a r an Lhe calculated a nd obse ,-ve d di f f e l'e n ce 

x-v data poilL l or sLandacti Hsvelength . if' any diffe l'el!c e 

lhis Lole l'allce, Lhe sLa ndar'd Lhat is mosL in err'or 

I-ejecte d a nd a lleH attempt nl: fitting will be mad E' . 

may s pe c i i'y h a l., ma lL Y pa sses (!'I' HN,\X) sho uld be maJe 

exceed 

¥;ill he 

One 

b e f ore giv in g 

b e made. Tha L 

time, ... ,hile 

up Lr y in g La fit Lh e lines . Up La 20 Ll'i es llIa y 

is up 

ll'ring to 

at a 

the 

designated 

to 19 1 j nes may be d is c al'ded, o ne 

fiL t h e sta lld a rd s to wit h in 

TOLl-lIN lII ay eit h er be specified 

allow the co mputer to pi ck ils 

to l,e rance , in 

adv a nce, or may ow n 

tolel'ance b ased 0 11 t ile sLandard deviation of t h e fit. 

3) Ir ever the number of co n stant s IN) spec i fied 1'01- the 

p o lyr'lomial e qu a ls or exceeds t h e number of standards 

remaining in 0 particLl lar iteration , a ruessage to t hat ef f ect 

i s h'ri tt e n. In this case , of COLlrse, the fit should be exact 

and Ular 0 1- may not Ilav e meaning , d epending upon the pl'obIem, 

[n the case a f an exac t fit , the tole r ance is i nte rnall y se t 

to 0 , 001 to prevent co mputer round-off ereor from shOl",ing up 

on t he plot, 
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·11 Th e e esldu n j ::; o r th e f'tt are pl o Ll. e d o n a sc a l e ext.endil, g" 

frolll rnin lL!;; 'l'OL to pIn s TOL . If a n y l 'es i clua J ex c eeds th e 

Lo l en:tl1ce , Lh e Hard OIJT Hi ] 1 be pl.' i nLed at Lh e l ef t o r r'j t-{ il! 

e d g:e of I: h ~ pi a \. , d ~ pe ndi lL g upo n t h e stg n o f th e r esi dual. 

5) .-\ sta n dflj",j li n e 't. h ot i s dis c al'd~d i s not lI se d i n t h e 

!;; lIcceedi ll g Lda.ls nt ritti n g , but.. it is sti ll lt s t ed and 

identif i. e d by a doubl e a s t:e l ' i s k 011 Lit e print. o llt. Tt s new 

c n l c uill t e d 1<o'8\'c l e ngt h i s pl'i n ted o u t t o Hss l s t..i n its C0 1T cc L 

id e n!.i fl ca l lon. 

U I a ,·d j ' ''" . iJ ,. 

s t anda rd. All 

<.t \~e i g ht, 

ar bi tl.' l:l r y 

s u p p l ied at.. o b j ect time . 

o j' lLlliL y 

se L o f 

\~ j I I be 

weig h ts 

ass i~ned \. 0 

ma y . ho \~e ve r, b e 

7) it.. .L S essc- nl.ial th at Lhe set o f s tand a l'd s b e 8l'f' an!,;:cd ill 

alge b r ai call y asce nding 0 1' d esc e nd ing o rder . 
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2.6 ENERGY LEVEL CALCULATIONS FOR KRI 

SPECTRUN Of KR 

TOLERANCE NMIK NMAX ITRMAX OPTI OKS 

0 . 4000 1 3 3 5312432001 

SPECTRUM OF KR 
THIS IS TRY KC~IBER 1 WITH N = 3 SET ~U~JBER 1 THE TOLERANC E fOR THIS fIT IS 

X LAB. CALC . ERROR 
300.85 496 . 07 496 . 07 0 . 00 5~ 6 

226.20 471.23 4 71.22 0.004 58 

200 . 54 46 2.71 46 2 . 70 0 . 00220 
188 . 45 4S8.69 458 . 69 0 . 00 211 
180.67 456.12 456 .11 0 . 003 57 
176.48 454.73 4: 5 4 .72 0 . 00463 
173.48 4 5 3 . 73 453 .7 3 0 .00546 
- - - - - - - - - - - - - - - - -

RESID 
- 0 . 00010 

0 . 00064 

0 . 00 164 
- 0 . 00673 

0 . 00 372 
0 . 00310 

- 0.00226 
- - - -

WT 
1. 00 

1. 00 

1. 00 
1. 00 
1. 00 
1. 00 
1. 00 

-

-TOL 

* 

- - - - - - - - -
THE AVERAGE SEPARATIOK BETv.1EEN LINES = 21 . 2283 X- UNITS LFAC = 1 

* - -
THE r\UMBER OF STAKDARDS t-JEAS URED ON THIS PLATE = 7 SHDEVSQ = 7.6 9 7 202£- 0 5 

-

ZERO 

* 

- -

* 

-

THE STANDARD DEVIATION ( FOR UNI T \-lEIGHT ) FROH 7 RESIDUALS = 0 . 0044 TESTN = 3 .70 7 4E-03 
THE WEIGHT ED STANDARD DEVI ATION = 0 . 0044 CTEST = 1 . 3938E- 02 
THE PROBABLE ERROR:: 0 . 003 0 MEAN ERROR OF !n;EIGHTED MEAN = O. 0000 
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0.006 7 

+TC 

* 
* 
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SPECTRU~j OF KR 
THIS IS TRY NUH BER 2 inTH N = 3 SET KmlBER 1 THE TOLERA~CE FOR THIS FIT 15 

X LAB. CALC . ERROR RESID \\T -TOL ZERO 
300 . 85 496 . 0 7 496.06 0 . 00339 0 . 00012 1. 00 ,. 

226.20 4 71.23 471 . 23 0 . 00284 - 0 . 00078 1. 00 -
200 . 54 -162.71 .:j 62.70 0 . 00136 0 . 00014 1. 00 ,-
18B . 45 458 . 69 458 . 69 0 . 00131 - 0 . 00818 -- 0 . 00 
1BO . 6 7 -156.12 456 . 11 0 . 00222 0 . 00233 1. 00 
176.48 454 . ; 3 454 . 72 0 . 0028 7 0 . 00 17 6 1. 00 
173 . 48 453 . 73 453 .7 3 0 . 00339 - 0 . 00357 1. 00 .-- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

THE A\-ERAGE SEPARATIOK BETi';EEN LIKES = 21 . 2283 X-lI~ITS LFAC = 1 
THE i\UMBER OF STAKDARDS HEASURED ON THIS PLATE = 7 S~1DE\'5Q = 2 . 1925;3£-05 
THE STAKOARD DEVIATIOK (FOR UKIT WEIGHT) FROM 6 RESIDlALS = 0 . 00 27 TESTK = 2 . 2073£-03 
THE KEIGHTED STANDARD DEVIAT I ON = 0 . 0027 CTEST = 1 . 3557£ - 0 2 
TH£ PROBABLE ERROR = 0 . 00 18 ~jEAK ERROR OF 'II1E1 GHTED HEA~ = 0.0000 
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SPECTRe!'! OF l1:R 
THIS IS TRY :\U~BER 3 "'"ITH ~ ::: 3 SET !\!;~IBER 1 THE TOLER..;;..iCE FOR THIS FIT IS 

X LAB. 
300 . S5 496.07 

226.20 4 7 1.23 

200 . 54 462 . 71 
188 . 45 458.69 
180 . 67 456.12 
176 . 48 454 . 73 
173.48 453 , 73 

- - - - - - -

CALC . ERROR 
496 . 07 0 . 00066 

4 7 1.22 0 .00054 

462 .7 1 0 . 00024 
458 . 69 0.00030 
-J 56 . 11 0 . 00051 
454 .7 3 0.00066 
453 ,7 3 0 . 00066 
- - - - - - - -

RESID 
0 . 00000 

0 .00006 

- 0 . 00020 
- 0 . 00935 

0 . 00054 
- 0 . 00040 
- 0 . 00600 

- - - -

" 

** 

" T 
1. 00 

1. 00 

1. 00 
0 . 00 
1. 00 
1. 00 
0 . 00 
- - -

- TOL 

, 

* 
- - - - - - - - - -

THE A\"ERAGE SEPARATION BET\o;EE~ LIKES = 21,2283 X-UXITS LFAC ::: 1 
- - -

THE J\LP!iBER OF STAKDARDS MEASl'RED ON THIS PLATE ::: 7 S~lDE\'SQ ::: .,1 . 9-J8457£ - 07 

ZERO 

* 

- - -

* 

- - -

THE STA:'><DARD DE\'IATIOK (FOR UNIT ""EIGHT) FRO~ 5 R£SIDl.:ALS ::: 0 . 0005 TESTK ::: 3 . 8530£ - 04 
THE HIGHTED STANDARD DEVIATION = 0 . 0005 CTEST = 1.< 059 E- 02 
THE PROBABLE ERROR = O. 0003 ~IEAK ERROR OF WEIGHTED 'lEA" = 0 . 0000 
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0 . 0005 

+TOL 

, . 
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TO OBTAIK A FIT KITH N = 3 AND TOLERANCE = 0 . 0005, \<,lE \o,'OULD HAVE TO REJECT MORE THA K 2 STAKDARDS. 
KE ARE ACCEPT1KG THE LAST PREC E DIKG FIT THA'fFELL WITHI!' A TOLERA;-";CE. 
!\AMEL Y TRY KL'MBER 3 \-,11 TH N = \o,11TH \ . = 3 
THE COEFFICIEKTS OF THE CHEBYSHEV POLYl\OMIALS AND THE I R ERRORS ARE AS F OLLO\-,' 

1 4.75 38613997D +02 - 2 . 4354687359D-05 
2 - 2 . 06698029610 +01 3 . 0~i8365959D-04 

3 1 . 4059282987D- 02 5 . 7956304762D - 04 
THE COEFFIC IE!'1'S TRANSFOR~JED 11\1'0 A POv.'ER SERIES Al\D THEIR ERRORS ARE AS FOLLO\-"S 

1 
2 
3 

3 .9 645590905D+02 
3 . 28 921 21 541D- 0 1 
7.27 14645449D- 06 

9 . 68 243 13684D- 03 
-7 , 6441109816D- 05 

1,4987507 38 7D - 07 
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SPECTRUN OF KR 
DY IDX FOR TRY ~CMBER 3 WITH " 3 SET ,UMBER 1 IDISPERS!O~ PLOTI 

300 . B5 496 . 07 0 . 33330 

226 . 20 -:1 71.22 0 .33221 * 
200 . 54 462.71 0 . 33 184 * 188 . 45 458.69 0 . 33 166 * 180 . 67 456 . 11 0 . 331 55 * 176 . 48 45-1 . 73 0 . 33149 * 173 . 48 453 . 73 0 . 33144 .* - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

THE A,YERAGE SEP.-\RATION BETv.'EEK LIX£S = 21 . 2283 X-l'!\ ITS LFAC = 1 
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SPECTIWH OF Kn 

X LA~l nDA ERRo n SIG NA 

33 0.10 505 .8 25 1'1 0 . 00000 197696 . 77534 
32 9 . 80 505 . 7250 3 0 . 00000 197735 . 912 '\ 0 
329 . 60 505 . 65829 0 . 00000 197762.0(2 ) 0 
328. ·15 5 0 5 . 27452 0 . 00000 1 9 7 912 . 21 ,17· \ 
327 .7 3 505 . 03·126 0 . 00000 198006.36702 
324.05 503 . 80 tj39 0 . 00000 198 '18!j . 94 582 
323 . 85 503 . 73967 0 . 00000 198515 , 23811 
323 . 30 503 , 55617 0 . 00000 198587 . 57665 
322 , 5:1 503 , 29H29 Q, OOuOO 1 98688 . 93630 
316,70 50 1,35 ·158 a . ooaou 1!)9459 . 63282 
150.75 ·1·16 . 20603 0 . 0000 0 224111.71788 

27 . 70 ·105 . 57261 0 . 00000 24656'1 . 97631 
26 .35 ·10 5 . 12803 0 . 00000 246835 . 54 863 
25 . 00 ·10·1 .683 ·18 0 . 00000 2·1 il06 . 69926 
23 .) 0 ·1 0 ·\. 05787 o.oooon ~·1 7489 . 301!)3 

2 2 . 75 ·103 . 9 '1263 0 . 00000 2 ·17559 . 90712 
22.55 403 . 87678 0.00000 2 ·17600 . 27055 
21 .70 ·103 .59692 0 . 00000 24777 1 .95806 
2 1 .00 403 . 366·16 0 . 00000 2 '17913 . 52181 
20. -\ 0 -103.16893 0 . 00000 24803 ·1 . 987 50 
19 . 80 ·102 . 971 ·10 0.00000 2·18156.5690 ·1 

TilE NUl'I I3£R OF SP EC'J' llAL LINES ON Till S PLATE= 2 1 
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