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:re-em.tnin.e tl.l'l.G!.. 1£licte:a~ th,e ~Glet1tatiens -.d~ by Condon on the 

the~i-etic,al t:rana.iir~.on p:robahi:.lttie:a of th.ese linea ttJI: a few a~ 

1•. ,i,;._.,,. ,;;...,_~ .,.. -~ ·~""'" ... ,.., 4 "" ,ti>~· •• ...., -I..,....,,., il r,,.U.w ~ , ~•P ...U)i/1. MJ? e ... .nt.,_g ....... Q.11l.;.,~~ if 

':flle nwthod ~~\\l'~l-$»e4 1bf Oondon t~)I'.'· the o¢>mputat!on {!)f ·tw.~ae 

tre.ruai-Ua.n p~baM.li t;te1 le des~~t.beu attd aue~sq..ed., A few !W)difto1a.,. 

tJ,oiw afi intit-&dueedtt Ji;U~h laS. the "JS~ of "oe~dil:V devel~ped. fo11m'Ule.e 

fo:r magnetic di.pol¢- line $ 'tl'e~~h.~ ~n. LS e©upl.in® m.na tlie use of 

seeo»,d ... Q)'.'d:er a-pprenma:Gions- t~ 'the w"ttve, ft.met-ions u special eaMH.l . 

'ilae eni~t.1-en 0£ ths para.ma·te:ra in~l-ved in the bl'!0alb:ifflrn ot L$ 

coupling is a,1$~ c~ed out in e. a~what d.ifi'erent mantU1Jr. 

Fomnulae -~ de:t'iwd t'Otl." 1ma magneti. il1 di:r,ol@ a.lid eleett'ie 

qua&"UpQl.e ~tri'bu.tion$ to ·tlw vransition :probabili tieti fG;1.• thG 

-s,2 , -p8 , p 1- and d2 aQn,f~11x-ationfiJ. A few (f}ll"l'Ol'l:l are 1'ounli in Condon I a 

ealeulu tj. QV.S, t~ t.\e pt (}<1't1.i'!i..@Xll't\\ tlo:n.13 ; in p~wti e:ular, a nQn""'"12,e;1•e 

v~.J:uo ls found. :for the :p.r¢il11e;bU!.v.r o:t t he $.:f')<, """ ' Dt~ ~1aiiiio.n in the 

1"' e.on:t"'i iii~-Ui$. '!bie1 l.;tn~ was 11'$eontb' obS:el"Ve-d in o n:r . 

NUlil811ie~. o,omputat! @tl.$ ~e m.1.de of tl.1-~ tlt~i ti cm :p:.1N)bab-U.i ties 
~ ~ 

·- ·of :t'U'ty~s atei.'1$ 1:a th.:e P"" centi~,ati-on.s'II T.ne .f~lae for the i "" 

eQ.nt~i'.ti Qtl. are 8iPJ.l.1@4 ts the Sl;ll@',1~ -tl~$e ot Fe 'v'!.I. ~ dift'icul­

t!es fflltoll aria$· in theee ~aloulatt.orw ~"e d1ielts$ed m. uh 1"§}~-d. to 

A &.b.~:rt d;taetWs1on :is gt v-e~ ot u a.1tPlief;J;•Uon of til':te ~©.leul.a'I'"' 

t1Gns to a. 1;1ue1,rti® eone.erm.ng t.l~ ;p~J)'m.i tt~4. lines ot o III 11re$$e:nt 

in ne 'bulru:- ape e tl'Q.. 



l ahould l;tk-e t-o eX!)res$ my ap:precia tian t-o 

hn:fesa.01• w., V. Et;».urco~ to:r hia. cqutinu!8d assiatanoe 

and ad.Vie-a during the pert0~e o:r th.is rtme:83.•ch ~· 

I wish alao to tlhank P:rlof~.S$t>.ll' l, s .. Jowei-a f.o:r suggest .. 

ins the Jil'C'bl.~, ru,.d far ~l'zy' helpful d1SeUB$10.tt$. 



A· Im9a~ 

In View Qf r-ooont Tl<);rk on the id:ent! f ieation of j;brbidd:en 

lines i n nebUle~ e;peetra t and on their a}'.-.lPlio.a.tion to pr0bl 0lrull 

cenee:rning p:bya.itlal. co.ndi t i ens 1n th~ 1,eoulne and novae, it ha.a 

beeor.l$ d.eaiwable to hav-e thG0~t:t..ce1 vra.'l.ues for the transition p1•ob ... 

a.bili tws of these linee tor a n"Wnbe;l? of atOlll;S , It i J?J out p\U'pe$e 

here t-o :proeent a diee'tl5$1e.n o:I! t,he mthod of eval.l;1;ation of tlmee 

tr·aneition pro'babil.,1,-M.l:)s, tet~theli with the a:ppl!.ca:t;ion .of thtJ ~ thod 

t¢ atoms 1.n the eonf:tfsttt'at1Qr;.a npf!!, , n,p8 • npf and nd2 ; 11rumsrieal 

ealeUletions of the t~tmSi tton JX'e>bab1li ties are ea:i..'l"it:>d out for 

fiftsr ... two a.toms and ions .tn the fir11Jt fe.11 rows o:r the :pe.1;i • i G table. 

11• ~i;t,s·eo_:~•'ioQ.l ?wa 

In l ~21/ T'"'l"'ofaasor 1~ s .. Btmen21 showed thl!il.t ~oms of the ll'l0St 

p;t(11ni~nt u.nelassifted lines in nebula:r and 1'lOV~ s])'i) ~t-l'll ,c&uld be 

ide:ntif:led ·11th fo.rbtdtlen tr-anQi tiGllS betW(fElf.i. t he m.e·ba£J,tabl,-e levels 

of the grou.r:id eonfi~tl ons Qf iT I$ 0 II and O HI, Uter woo.•k by 

111 number of inveatigatora es~1'bJ.1shed thf; 9;ci.at.en.ee- ot f C(Fb;tdden 

l ine3 .in al.Wo.rol sxrs1H)t.ra 3 ) Wl(l i n -~be apeet?'a of o~rtai...11 p,e~!ar El ts.rrt} ) 

The l ie:t ~f iden·tit'ied fo:tbiMen li-nee waa Sl'~at:,.Y extendet\1 w~:til it 

1nel.uded tho;,;ie of U'l,...,~ of ·t11e e.telnS .in ·tlm tirirt f.'ffff rows 0f the periodic 

table,, A. co.11plete l.is ·t of the forbid.den lines obScetved in a@tr.ophycie.a l 

111pect1°a up iro ·the pre.sent t:i.me is gi,ven t.n a t'o1.1th0or.lli.ng ·artiole by 



t ll~'l de~lo1'ml0nts of ·this 'tY;;Je u:p to l.036 was made by Protea.s.or Bowen 

in. a.11'1. a:rtielt'1 in ·too fte.vi~nv~ of tJo:d-at-11 :.Pbysicsfi } . 

:Pl'Obtibili·i.ies of ·the Va»i.©U.S foo:bid.den, ltnaa. Vev,J 3.•0-ugb ealeult.\tione 

of -tl E• tran:s:t tlon pr,,oabUj:t1a~ :tor e~ a.to1rw '1''i'el'® made by Bat·tlett7) 

in l9~, il"'o:.m:trkll&~ ,:-ie~~ d0~lo]W:d by Runiut¥iez8) fox the relati'Ve 

qvA"ld...."""1.pol~ line s ·1tt-er1estlla in 1lllll ti.plat$ in pure Ruesell-Saunde:t<$ 

coupling. • n 1$13:l: , t 1tWvell.Bon~} w.o:rke!.t. out t he e:'los-olut(t ·tra.Mi Uo.u. 

proba'bil.1:tie.$ f-Gl' the fQrbiu.dea llt\~a or the 2.pf/1. ean.f i g~atio11. ot c n:I, 

N II 1:-m.d C I t Latex· Gond.on.lO} developed a ti:w.tn.od fer the computs:tion 

t-l"wwit!ou p.ll~~abili't!ea of the ~ootie di.pole ;raG.ie.tio:n ~:u1.tl. the 

el~e'tl•ie quado-r-1;1polt:~ r~.vUe.t ion~ H~ tl'ea. -~d tlw rl l ·1l' and p 4 e01u·•1gv.ra-



:probabilities, and 1n the three to 0.ne ratio of tli..e components of th$ 

''<milef nebular doubletti J (
3 P2 ,1 ,,.. .to~).. Al~e he :found a zero :pro'beb:tl ... 

i ty toi" the t:r.-ansi tion. (8B0 • .LD2) , w?1eir:aas Ste·venson ~al~u.lat(i)d the 

-6 -1 
p,r~bab.Ui. ·, of' imis t:ransi 'bien to be 6.7 .x Jl.O sec , 'l'be ~~ent 

O'b$.en~tio.n of thta line hy Bcwien and tt7aell) eonseg:i:iently east doubt 

tip&n CQnd.on' s ealeula tione, and 1 t wae dee:teled to cheek his WG:Ttk:,. 

¢:ti:n.ae, h.ts m,e,tl,100. ot :prec~d~e appe.al'®d, to be mo>.~ at~&1€'Jttto.1-t1ar·d thsn 

thra.~ Qf fJJ te-ve:nsQa11 '.i.'he ~eaJ.euJ.at:1:Qn . . not only yd.elded a twn.,.ze.:vo 

Ji)li<Qba.biltty tor the trans\ Uon (8 :P0 ... 1. D~} et o rn, bu.t al.s,o bl!'(:)ugnt 

fQlt'tm~oo he use<l and in hie n~:t'1~ work. 

iJ.'he re~ent viark5) a f~:rbidde~ l,.inea has 1na,de it desire.bl(~ 

to e~tend the t:ranai tien prc,bab1li ty caleulations to a n!lmber of O·'the~ 

i .onB ill the plt aonfigl.U"ati.oni arul also to eme1:1.Q1 the t:ree:~men,t te the. 

t1.k oGnfigul?t~tio~.. The latte::r e-~ts:n$:l.On has GnlY l)een ~tiaU y 
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Une :ftre~ths in pu;re Rus-sell..Se.un:lers <H1'ttpling, and t'he u.:se ot 

second.,..01•der appro:;,i::tmatiQD.s ·to the wave tunctions in sPi)eial eues 

( aeotion II! , eq,ua.tien 23') • :!!3.e evaluation of the p!U'ame-tei•s involved 

.in the breakdowli of pure Rueaell...Saund.0:rs eoupling ie aJ.,130 om.•ried 

oo..t in a so~wha.t diffarexrt ~nner . 

'ill.a various steps invelved 1:n the aal-o'Ulatiens are trea:b@ti 

in some detail in dif'tei-ent :places in Oooo.on m:i.d Sho:rtley, 'The Taeory 

of At@l'lie Bpee.ti•a', (1935). 'lbese parts et the oale:ulation. are he:r:>e 

Ol1'0Wl.ized in such a WQY as to show where and hmll' they fit into the 

proble1n of the (llflleulation of the transi ti~n probabilities of forbidden 

lines. Wt.,. use the notation an.a mmanola.ture- set up in Condtln and 

Sho1•tloy ' ·s book. Si.nee we shall mruce. nume.rt:?us Jl'e:ferenees to this book, 

1110 shall adopt for it the al'ibrevintion cs. 'n1us "CS , ~ 74(3)' :refers 

te Gondon and Shot'tle;r; ehapteir 4, article 7~ equation (3). 

In the following aeetion we Neall s~ of tbe concepts and 

results fJf mdi.(tti0n theory; whioh lead to the f©J:ni'Ulae for line 

1.ntensi ties ilit t®l"IDS of t:rans11;1(>n :pr-obabili ties, and for tr~nahi~n 

pi~obabi11 ties :l.n teams of line strength@ . 'llie latter are esaentiall~ 

the sums of squares of the absolute values o:f' me.trix elements of the 

magnetic dipole and electric g,uadrupole mom.en,tf:$. o:r the atom.. 

In a0etio11, Ill the :roothod.a o:f calc.ml3t1on ot the ~ave functions 

in the pertm•bed Russell...Saun.de:rs .sch~1e aw diseuased, ineofar w, thef 

ooar on the problem of computing the nee(!}asaey matrix elemants.. The 

methods outlined. (U'€t: applied ·to the <1.m.ees of the rP t p3 , p 4 and d2 
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ao,n,t•1,111•ati1wu.. Seeti-ons IV and V outline the methods of aom;PUting 

the !!lf.l;g®ttc dipGle and @l.lijlctrio quadru,ole line strengths, res).Jee• 

Uwly, and give the l'.'0sults fer the f'('An• eonfi,gu;r~rtie)na una.e:r ee~iEI..­

e~ation.. <:Ille sr,e cial pl'obleuw wr-iaing tn '11he n\U!le:dea'.l oa;teulatim."ll 

dl'.'e tTeutcd in section VI , :and the results of theae ceJ.culattons i'Ql' 

a large nu.rl'lbe.r of et~ and :i❖na &n these e~iri'i gua-atipna ai-e tab'ulated,. 

In seet111)n i111 th'6 retrnl ts a:t'8 diseussed and inteirpNted. 



ca:ven ~ SQUl,'e-e. consisting ot a large nimi.b$<Jt> 0t iden:tice.l 

a~ subjeirt to gon10 $"te~ meaM ~f e:x()ite.tion, tho total inteMi ty 

atoma fl'Qii:l a s.tatllll it,at1 '.GO a stiit<"lle "bn of lev.rer eniirgy ie g1'\l'ea1 untte~ 

1$tGady OO!ldi t:l.Oll/$, by the t'orn.rula 

{l) 

tvher!l} N(a) is the anl'e.~ numbel" of' ata'l!!e iti. ti'ie upp:e~ $ta~ ta O, )) 

i.s tTo.e trequen~r of t~ m:lti&tiGtt 0.m1 ttta, and the .1'a~ter of prepox-­

tiomal.1 tN' A{a1 b) is the so....edled tr-an.stt:ton ])l?O'ba'bility for the 

transition fr4;)m Qtate 'a' t& state 'b'• A{a,.'b)<it 1t~1presiiln'ts tl1e 

r,robabili w that ane a"f;Qm. in ste.ta 'a 1 Will m8.ke the 'tl'~itie>n to 

A med,ii'ioation Qf this to::r.•mula. is :neeessi te.ted by the degeoo:i• ... 

acy of th~~ ste:t@s with :ve$pe:ot to th$ qU&.ntum number i1, whieh l?epresel'ats 

·the z eompoi&ent ®t the total angulai.· ~ntum. 'lhe intensi ~ ~-r a 

ltne A ... 1~, t.w.11.t isi e.f the t~tality of all t1•aw1ttons n .. om a.tatea 

ln a l.ewl A to -states itt a :l@vel B 01' lowe:it en@l."U, is given bJ 

aumraerei0~ ot the a.bQVe f'Ormul$ over 'a• lllnd 'b1 • . Unaer eo:nditions 0t 

'na.tural ~::t(ii'taitlon 1 , ( O.S,. § 7·4}, it emi be wtttEilll ;tn the t~ 

{2} 



whe.re N'(A) ,. tbe ave.fflge n.um'be-~ of at.li>nlS in th~, uppel' le.veil A, is 

given by 

of ;r.emoval of e.tO..?U,."l rrom th(, level A by eoll1sioos with other partieles_j 

or by abs.orptien ©f radiatiM1 ~es~ etive:Ly, Tu1l?l.ld:ng use of' th.is 

role:tie,~,,. eqU4t1on (2) beecmes 

'.!.'his i'tnw. equation 1:nd:teatee that the intensity of the line A ... B 

transi t;tQ~ t -o other 1¢.lWer levels; rui.d upon the relation between the 

Pl."O'be.bility, • L .b. (.A1B' ) , of re:tlO'Vs.1. @fan atom i'Tem :atate A by . B' •. 
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~,ntQmiation about tbf} meclum.1::-m:. ot e~o-i. t .at1on taad a]Jo'Q.t othol' p~sieal 

Q.~ndi tiG1l$ in ·the $ .Q1lt"e0 'W).de-r Qi>Se:,iftlt:iQ~e} t 

!• 'the l~dt.etiQn ].1.~l~ 

1 ... q~tum meeha.nieal ·tJ.-eatment of the emi$eie~ and absei-pt:ton 

e:t radiat1.~n was <lev~lopod bY :Oil'aol2).. It leads to eJq>reasions 'i'·o:r 

ln eiaa~ic81 elett~~o theo1<y1 the eleQtx!o and ~netie 

i'1el i strengths are expressible in ter:.roo of e: seal·u po,tential. tuneti()>n 

~ and a vector po,t.ential A, whi4h can. ·t:,,e eltten. in tlw retarded 

(7) 

... 



lf f EA".td I vui,- h.aWJ.miioAl..\.'lff td th the tt.~,; w.i th ~q;uenoy )) •· and 

i t m::-t.twr 

than the exp;reasions for ¢ and A may b® eli!pantied in a series of powers 

of J! -~" $Jltl in pQWers of ...JL,.. ~ r{etatni.ng onJ.:r the i'lr$t few· tem.s_ 
e • Y i -i 

we obtain 

¢ = Rl te"T';_c~-f) f Q + " ';;"' (r,.P) - 2:;'\,;. n . ,;) }]. 
4 .,,-~y(t-L) · ~ (8) 

A = Rl [ e r' ' f"~ p - •~'" ~' x M] -'B,,
1

,( (r,.n)]j' 

where ~ is the unit veotot in t~ dh'eet!Gn of r', -~nd 

Q ;-;, ft d--c ,,c O; by hU'.Ptrtheais , 

P=frrd'C. 
M <I', ½ {[ r x I] d -r . 

Yr,~ f~rr J1:. 

The vetri,QU.S t$.1"mS in this e•ns-iea rtt!X'J' be 'til,'leated separately. :l.:'bus 1 

the 1,"8~1s involving P ha,te just i~be fo;rm of ·eh© potential.$. at large 

diirtaM-es f'r01D. an oisoil.lating e.lee-t~ic dipole whose ele~-tll'.'ic moment 

is P, IJ.he te:rm involving Mana n give,. 1'1(:}SJ?$etivelY, the :potential.a 

at l.ru:-go d:.t.stances of an o:seille,.t.ing magaet-:tc dipole of mot-:w nt M, and 

an oacil.latiag eleetdc quatU.'UJQl,0 ot mo-m@nt ~ • Efi\eh t:>f th~se 

oseil.Ut'tii3$ m.ulttpoles oontl'ibutes to tho tottill r&d!ation :h®t the 

eha;!:".i, distribution~ 1:lll.G aont~ibutions of hi gher multipolQa ne~d not 



P ·t.X ...e 6 r, 
i. 

re~ ....e z: .,., .... 
l "' I., 

lO 

total magnetic dipole moment is inoludcd.., .4. reaa0nabl0 ju~tifio.at1on 

for this :inal.usie>n ie p~onded by th~ ~esult:a fi>'t Br~18) J who 

shQV1ed that., 1n th0 Di.:J2ae rela:t:tvt.stie tha't.l;v.y- of the. hyd.ro~n atom, 

tlw ~ptn oould. be :tnte:rpreted as giving an additio11al. eontr1buti.on ·to 

the mu•ren.t I in. terms of which the• v.eetor potential :ta evalu.ate<a,. 

thG; oaeillating nrultitiolG8 :may be ;readily eva..l:uated,. 'filu.s, retaining 

Q~f t~:r.ros in.volving .P in th~ potentials, we ea:p. obt~n 111.t on.o~ the 

. field strengths I &.nd H, tQgether v4 th the rate oi' radiatien Ol' enei•gy 

flew , 

CU) 
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whe:re. a- ~ Y/e,. 1, the wave ~ber ot ·tt~ ~dia'tiQn.t a~ :~ is. ·bh:& 

s.quare of tlw aba()lut~ vatu~ of P, 

•Jlbe $Sn@ti e: i:l;pole tnl~atlton :bs. 1u1 :h~ silmU.ar to the 

el~otrie dt;p~l.a oaleulat:l~n. Indell)d1 it :way 'be ·~b·ta1ned by l'SI)lat1l1lt 

E tw H aad H by, ...-'E in the eUott-ie dil)0le oMi-e ~ llenee we ge·t 

- ll'ow, the etee-trie g;ua-d~~le lt'~iU~t:i,o.n. ;t'ield, a a:tmilal.' eal~u).a_,.. 

tion leads to tl1e 1"e-tllult 

s av. = ~:: ~ ' I < n . .-J -( ,.1 • n. ~) I · 
2 

ri • 

ltOW'; f~ e-qu.&t.tons (10 ) 1 n is a s~trie ~ - .,, .~d ~an t he:vefere 

~ Wl?it'w~ ~ - t'¼ linea1• e~lrl~tion ot• ai:111 in(i;~~~en.t ~s 

? .:: U -~ JJ + kk . 

di <-0,> = if ,Ide ... ½ u ~ ½ SJ) , 
G2 (*l) • -r { (kl •.t, lk) • i(k;i + Jld}, 

di t~> t-1 ~ { u .-; 4S • ! ttJ +-ii>$. 



etw s a~te:t· (se.e•bio?a v, fiiqnnt:l~nHii) 6' For ¢pY ltne.e:f." e~~.t•tion et 

theae, ~adtl, the.i tam tnwl,tilt,~ J v~is;h~. in the- e~reea:i en 

( n. ,. 1 - ri. l[. rJ.) . 

llijnCW th@ ~])he'r1~al.ly ~rtfil1e »art ot Jt ~eis. no Qontr!o~·M.on ~ 

the raQ!a:t:t~l\.t On nalwidit~ the total. ~t~ 0t r~di~ti~n tla~uglr! a 

dE 
dt 

,,.__, z 
wh~~ 1C ie, ·t;he ®UlJle dot pvod.~et 7ft ; 'fC , wi tb ·th~ aJhe:rie:alJ.y 

We l'l.Qw tilJ.JPW thl:ll B$:hr e:~rr,rl!J:tHim.de:no:e :principle, whieh postuls:tiS 

that the .w~diatien :ttt~lld e,eeim•~tne a aJ.)~ntan¢otus t:ra..,wi tion f~ a. 

~tate ta• to a state tl) ' ot lower enewgy ts the ·~ ·aa tl:i:11.:t gi ve:n. by 

t'Bllt?;W<)t:\e mlJilW&nt t'!l\d.~1lJ eO'MidelWatt®l.~ ll.¢lreover the apontruwo-d.0 imans:1• 

tt• p1·v,)'oa.bil:t ty 1$ t~en ~s h\ tb-ws th.ti> elas$ic~ ;¥."ate ~'J? tiacdiatio.n 

;¢>:£ th tilf e'heJ;"ge t,U. ~lt'.ll'i'b111t101t. 



13 

ii~"'lt equatiQn (4} w~ thet\ get the f'flt.'l'mlla fo1• the ele-c'/r.d.o dipQ!e 

tiNiM1 t,.¢1,n :p:i:-obeb.i li w E>'t ~ line 

{23) 



14 

s:pber1 qall;r $y:tmJ.<i:rt-r1e ~rt .... 

At&· w@ $hall l.llee., the eleet:t'io dipole moment C$:nnot contribute 

-t~ the :fQdia:t:ton in a. t:ra.nsi t:ton te wb.ieh the rnat~net1¢ et1p¢le am 

in Vlhiell both type$ o·t radiation oeoo:r• le.ad.a to tl1e :r.•eault that the 

total t .a~ausi tion j;\ll;!Olbabiii ty is ruEi1'€1').y ·t.hei ~lfi a:11: the sepe.z.ate 

12.• F.:0l¼1'd. .tted !\.n.d, ~1'01b1 dde.n .Lines 

Inveirtigation ():t' the e~ttta-ui~ Pt'O'J;)@riie-a of the oper3'tto1•a 

P,. M ·and n wh:icll oecwr in tll.e a'btr-;$ eqt.tatiOXl.'S . l eed.a to th~ f'./ell-

(ta} Eleetrtc di.pole S,0l~trliiPD. Nle-a: 

L'1 ( I:: ,( ) u ± l . {:?a:;ri:~iv n.-u~t Q'ha~J 
L 

(25) 

(28) 



6 ( 1::: ,-( } ·,c:, {) • 
.: 

that tlJ1z1 (yle<r~l"io ~i:pr,;le :si:ro,b~b.tl.i.t .iC!:ifJ 1a1e Qf tl:u~ 0i•dez,· '(I)!;' 103 to • 

10 B ~~~ - i ll; w,h~~~s t he ~~~l~Wtic dlj_jt'Jl,~ ~tui al~et:d. ·¢ (1U{Mil'.'ltt}Olti 

~e ~~ly ~tt1¢ tl:Jpole t:n ehuaeter1 el!' p\mel3,' e1eetrio g_)ladJnA,p@l~i 

arta· :l.ncU.~ated by the :tetteree d -o-.r 4, ~~e:p~ctt.vel.V' • pla~d ~lw~ t:he 

!®>~:te~~cltn.~. littis 1,n th,a it~. 
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involved in the :f'~.:r.tnultit.ci to:t• trruwiitiGn Pl.""(1)bah:tlit1es; it ta ne·eeste:ry 
\ ' 

where '.N :ta th , ·tottn.1 !!1,ttr,tb!!.t:J;- o:f -eleet:t-oIJZ in tl1e ato.mi.e sye te.m, ,md 

¢ht,l.,I!ls .,mt ) .:I. $ thr:, ,one -$leet1,pn wa:ve-1""1n~tion 



J13 

In the eacio o:f' t ,vo- -loctl:."On eonfigvi·atio~q , the w...oo t c·onvenient 

, n:iethod it; the 1Eu:ri:i◄ll'i1l1i:dOll.ed,,. tihie-1:l wa.s de,telOp(,~i by Ha:t•Uet~;.1.5 ) 1 In. 

(J-tj,-J._) ! U,+-J._ -j)! 0-ni)! (,1;-m,)!{ 0' +-J .. +m,) ! J ~ 
(J+j,+-J2..+1)! (J-J;+-J,.) ! {~;-J~-n-i).' j'(i+1>1)/ (i,t-1"1, ),i 

F ~·,- _rn, ., ,) -J-.Y>1) _-J+J,-J,.], 
LJ,-J,.-/'>\tl)-J -J,_- v>i, 



vih.~1~ » I s.t b ' C"] L e,:e 
unit al'mt1t00n.t 1 

19 

=· ~ a (a.1-1) .•. (a+r-1) b(h+-1) ... (btr-1) c.(c+-1) ... (c +r-.1). 
r=o e(e+1) ... (e+-r-1)£ (£f-.L) .. , (f+r-i) t' ! (6) 

~e seetn-ad :t:'ol'll'iul.a; -m.y be obtained nom the ta.rat by ll:$aru, ot' one ot 

·th~ relations $1. ven by Bf\iJ.oiVS). 1:.he- 11.Y:Pelfge,Q"~~-rie seri.©a ·ee1-minates 

(7) 

Table~, or t~ie oooi'fiei.ents f Q:r.> ~J. vatu.om of j ~ di;; ;;:.: ½ ;.l , 

1 ½,z} 1u-e g i"lf'eu i n as. ~ l~l~ * 

(8) 



whe~e ~ • (,l1m~ ) is the one...el,e~tl'.\Qn wa~re fwl!.i.rtion ( ta) , \Vi thQ'Ut the­

B:Pin ta~tor. 'rh~ mu.1. tt;pltoatl.on ot tlloa@ :i\uloti@n.a th~n gI, ves us 

'bbe deab'@d wa:ve ~ tio.n 

~ (i=l > .,e2·=1 > S =l ,. L=-1) 11.5 =-0, t1i:=1) = ~ l, (/::1> m;=½ >m)=l.; J1;1/>'/=·t ,m}o) 

-J.... Y (n'-1 rn ' --1. m' O o"-- l mi. l. ;i. 1) "Ir: .:1_ ...I; - ) s - z.. ) . 'j. = ; .A: -=- ) . s -= -~ J J?:1.;( = • 

e~ni 'ig;Ql"at:ton »t)S$0iil@ a de1H.nt t@ phaa~ ;r·el..ationel.l.ip wt th Oll:$ exwt.he:r, 

CS ~ S3; § 103 , Viz. i thttt 'Wll\V¢. fu:r.¾.0,tions f'or $'ta t ea of' the se:me 

tei .. m f;l~tisfy the l;"Eila.tio:na (12) ~&d (l:5) • and tl-mt the non~tagGnal 

elenl$nte of too matr1ees oi' the Qpe::ruwrs· Sx and -L~ are all f>osi ti~-. 

:.tn the ease of oonfi~tiona oon-tatntn:g ~ than two ~uiva ... 

lent el~etrox.1,,-tt,. the m0e)t eonvenien:'1$ mErtho.d ia that et Gray and Willsl'1). 

(10) 

(ll) 

,/ f (s ,t,Ms,,ML) ~ n 'V (L + ML}(L • ~1 L + l) ~ (!3;1,Ms ,ML - l) . (113) 

J f (S >- I,,M_, , !i!.. ) = n v {S + }f-'S )(s ... ~s + l) f {t~ ,L,Ms .,.. l.,.Ml ). (13) 

.f .-/.;(n, e.,lam~ ,,m.R) ~ h, 1 (l+ r~ ){l..4 in~ + l) ~J1:\fS11cl,.mn m .. c<'L). {14.,) 

.d' ~'- (n, a,l.#m., 1:l':l'l,£) -~ h ✓ (a+ m.s )(e • m s ~- 1) ¢.:C n,~,l,ms ... l,m.,<). (15) 



11.bu.s, if' we hm.ve a.n expression fer ([ (Sr¼Ms = S , .M L =, L) in 

te:r-ms ot the ze:ro-order wave :f'U.netions X {m; ,m; .iu.~.,ni~, • • • ) , then 

sueeessive appl!oationa o:f.' the operatco1~s ;/ and .J t@m.ble us te 

obtain oxp1•essiens for f {B;L;,M; jMC}, for all pos$1:l,ble M; a.na, MC. 

For thB tite.te.® Qf any given term, th¢,ise ex_presf!l1ons have the e@l'l'tH,t 

rel.a vive ;pha.aes aee0rding tG the eenvent:ten lr!$ntioned. a.beve ( cs f f!JJ3 ) . 

The e<@reasions tor~ of the wav-e fun.etions of the t1'P0 

!f ( s .L,M.s '# S;;M1_ ~ l ,) in te~ ot !/Slq;l,2e-.;Q1'd(f}l' we:v@ fu.n(r~:tonQ al~ e.,"id-en,t 

en ins:pe-otion. -Thus 1 1'01· e~le; in the OG.$$ ot tl1e ·q3 e·,uit:tgurati <:>n 

(see '!able l(b)) 0 

In o~see whe?"e ·the Gix:preseion.s fo1· ii (S0L,M5 i= S,ML ~ L) are 

not obvioU$., too:, lnQY be obtained by use of -too orthogonality ef too 

\V&Ve functions. •J.hu.s, in the r/3 oo.,ae ('.!able 2) th~ wave f\motion 

W (S = f, t .,., l,Ms = t • M L ,:;, l} is that linear e0mbinat1on ·of the two 

~ere ... order funetiQl'W with Ms = ½, M1.. c:; 2, wlliol>i is e:rthogenal to the 

we.ve tunetion !I (t:l = ½ ,L :;. 2,Ms r;:; f ,ML. "" 1). 

'lhe wave :funotioIDB obtained $.n tl:t.e ma.nnel' descrthed above 

have no def'iru.te phase ralat,ionship :tor states of differan:t to:rme . 

( o) 'Ile next aet up the, wa;ve function$. -zy (S L J M) a,a linear eombin ... 

ationa o:r t he tunetions !ff {S L M M ) • 



:ibe ('jGeffio1.onta ftn th;te: eQauiQn ~e gtv~u by the t'onnula ot F:1~ 

(ett®tions (5) }, or the. tables :in os, 9 ·1w • with too oo~latio:n 

{l'l} 

F~r le.~ls within h sam.e te:mn, th!i! wave f'u.11ction~ posaee-s -the phase 

v:~lati~l!Shi;p :;iven in oo , § 108 , ~iIDly ·that the ,OOlli•d:f.agontU. elemen.ta 

tions BQmewh~t, in that 1 t 10 th.en neoe.a.s:ro::y to tJBe the tables of cs, 

9 1
3

, f-or rm,ty one wave f1tn(?tien in eeeh leve-;l. ( the one tor wh.teh M = :r) ; 

fol~ the ether wave i'1:100,iotl,$ ean 'be obt.ai.tted by the sueees,s1 v~ appli-Ga­

ti® of the eperatoi" / to Y! {S-,1, J\M) tm<:l th® oiw:ra.t~1.· Z ,i,, ~ ito 

the eX,laI-'eSSi0.11 t'ol, "f { f~ , L~ J', M) in temis () :l; ·the funot1 OM 

I (S, t ,,Ms , .ML) • 



representing the ata..tes c,f different ter .. w have M detlni te phe.s.e 

;relatie.ni vtherena in the :Bal>tlett meth-0-d,; tibhh :e:1>pl:te.a to t'i-,o.,. 

ele~tron e~nfi~ations on:J.y1. th<~ae tv,m,tione have a d-etinite umise 

'l'!.';!l~tioa.. In. the ~~ of the rl eon.f'i~•e.~~ 0n1 whlteh is th@ Olil1 

the :rel~tiw taa!lli pl:lru'J$-.S 'i'Iel"® ehoae.n. to a~e.vrith tb.Qae given, b;r cs , 

.9 48., 

n 
1:1' = E s (r.:) L •• $i: , 

~=--1 

where 

tr(r,." } 1.s a pot0nt.ial tunetion ;repr,:)s~nting ·the r•etfeetivet• ® 'nt~el 

field !n whieh the lt th ~1~.etren e1t.1svs , e.ml / i~ the ~educed mtu1s of' 

tho electron" Sine.a thlts ll1p$.n ... o~bit Ut<iiraetion ci:OfH:, not oeiwr.:r~~ w:t th 

.of taking linear <:»mbt.na.ti~na of' the p~e ~:»ell·<:' ·~de:rs wa'V'El¼ i"unotiorus 

for ata:~a wt th the a~ ~, and M·• It we haw i• au.oh stat®s • :t-e:r;>~eocnted 



'Where. in the ca.sea w~ch we eo®,ider., the d1ag.onal eoott1ele1lts a 

a1-1e @J)rQXim.Qtely 'U.ldty, e.:l.fl;fJ@ the deviation ii'~em. l S coupling is small,. 

QI (s~L., JM I[; s(vJ L •• s.) sj 1,JJM). (a4) 
• 

In a fevr sps~ial ease$ it io n.oces.aaey ·to use the $.eeon4 .... ord.('l.r 

ap~oximat1-on to the wave ftmet:ion.~. ( Su.ah cases D.re the co it end 

~S,t wave ttmction/3 in the p8 eontisu1•at.19n, and the ~F2 amt 8Pi1 

hve functions in tho d.2 con.ti(turs.tion,.) In these eases the sta1'¥:lar<il. 

aeeo~-or.del' app~ime.tion ffltliod for non ... degenerate 1eve1s18 ) l eads 



a ~k is ele~lY' neeµigible wi tb lt'esi~et to the t.i.:r:st--o-rder valu.e,, 

¢~~pt when the U'li't\el'.• VW'd~hes,. tn;J.y tw-o $JrU:eh eae:es ooem· in tJ1e 

-. 'be a.enote,,1. by v., , te dist:Ul(..,•i.d,sh th~xi1 from too firet,-Q;rdelf wav~ 

f"..tae ViGM w: . 

UfS to -~ll.e P:'Ul'© llussell-IJaund$JJ@ (!l'OOiJes (b@f.().~ the spi?ll'll'OJibit inwr·..­

aetion iis 1ritrGdU:ced) a first -or&a:r pe:rttiTbation tl"eatill$ni: in:volv:tng, 

he·re; as it is t:i,.eatt:#ll. :t''Ull.y tn oo, Ohapt.e-ra. e am 7. In :piu•tiou!Ar• 

in _§ 27 of' r~ the .evfuuat1o.n is ~rr:ted Qut in detail for the 1>2 .ean­

figt11'at1~n; ~ in § r:/7 the tem enargi~~ a,:rt :U.$ted and eompared 

With exp~:t•~nt for a n!linbel' of QGn,fi~a.tions,. including tdl the 

ea..~es tl.'!'Oa,-t.e&. .1~ thi$ thel.3i;i~1 ~ly the p~, r;l., p 1: l!lknd d2 eotU.1eura-

duced in th$ tables ~01~.. They involve two !WJ.1.l®>.ete~$:, 12 {tal,nl) 

afJ.d li\~ (lll,nl,}, . tlie l(lt~r G.oe,Ul'ring o~y tn the ~ ~atSe~ The~e 



F;;,i(~p,np) ==- 2
1s ~(np,np) . 

FF2(nia..11 ad) = ff ~ {nd,nd}. 

lJl-t {nd,nd) =rrt F 4 (:nd,:nd) . 

l.n<.li vid.u.al ~l~-ot~<Pll.U. 'ihe ~te.ll's ll'te Md F 1- a.:r.e ohos?.!». se a,e to 

fit as we:ll 21a p:OS$ible the e~ril:nontallY oba0,~d term ene:l'€,ieal9). 

oi' the one.electron 1i\metions is in.dependent of ·the m) n..:1.u.e.i» ot 

~he individual &leQt~one . 

:rt may be nee.essa.17 to modtfy the f!e:ee:nd a!ld. t.Tu.ird ef these asa.umptione 

1n ordel" to obtain better ~~eme:nt wi tll tht~ aJi..1)el'iI001'l tr.l $n,ar &iies. 



111:ewi.se the eval:uation of th@ s1>in.-or-bi t it:1:t1e~r~etto11 rria'br1:it 

element~ (S L :r M. ) I: t {l\:) L.:• s ~ I s •:r,,•J M) will not be d.;ie(nas-Gea 
L 

here 9 as the method is fully desc:dbed in as , Cl-la,ters 8 dA'nd ll {in 

pa1•ticul~r, f ~ej f ;i,11 and f all.). T.heae mati-1:t ele:it.N:1nts w.-e listed -

in Ck\. ti.tbl0s 1ll, for a nu.robe~ Qf eoa:rie,,:1mtiorull, in.eluding all the 

ctas{l)S acm.s1d-ered J~rei m.tld ~ · repx-eduoed in 1.lhe tables 'below fo:v the 

latter eafie1,h ?lle;r ell involve a Jarameter tn..e , wM.e:h is :ve,l0.t$d 

to t4r~ se;r;mr..a.tietis of the e~,rgr le•vels w!:tli:\.n mul tiplets1 ainee the 

pl.aeetr.l(ints ·~!'l'l' in @~~l.l givon. 93" too d1$.g<>t\ttl elemem,ts in the epin­

or.bit mat.ri:r... :ll'~r th(l rl eo:af'igu~:tion~ l:tO",~~v~:r.·, tiht1 dhtgone.:t el.er,wnte 

e.1,1. v,arJ.$h1 (:1;nd .it is 1woeas-O.l".; to solv-e: 0the s~aular equ.a.tien u.v to 

tems of the ~rdi:1Jl' of ( ~ h P } ~ ~· 

l 'he ~~ra.me"f¼}r r;- ni ia dei'ineid by ,ehe equation 

as well as J~os~ible v;ith tlie e~:t:-t.imontia.J.:t..,r obsertre<l level o.cp&;ra.tions 

within imt.1..tiple ts. :ild,a is riot po~sible, h~wever.-1 f()l' the 2:tf1 eonfig,­

umtton,. 3.n m1ieh other pertu:r~'ld.o:a.s tnv-e,:i:i ,~tie i.h,ub.leta which oeeur .. 

ln this ~aso satt.sta<:tory eat!E1&taa ot tbi.~ values f.>f <;11" a:rt; obta!n/.:Hl 

by in.te..1~pQl.a:tion bet:i,;etn1 tho g1/a ~ z,p. 4 e:Qnfig'll:I'ationsl9 ) • 



{);l'blt interao•iien. .. . Uare1 to~e they 1l18..;V' ne!'.!}d modi:tlcation in owder 

te get bette;r agt.teenwnt with the e~porimntal ;r€ia.ulta. 

n '!?.I - a....., :r.,,: - .p -- •'- r• ... ~i t• .,._.,. 2 3 + ,... ~ ,,, r;:,: 
;;,. • .~14,.gt~n;:r: u.;;e t,40lJS fer ~ v Q.1:1.,1. ~a l 0,..,,:, Li !,_t L .,~n?,- .':!... <I 

· The= a~:e p1'1Qeed~ Mfil been applied. 'b-o the pe. i; Pe , p 4 arul 

-
,If•);) 
\A. ~01a:fie,n•ati. ons, with 1.iesttl ts sm g;i.,ren b-li!low. 

f 'o1• the p i- eontipJ:'tlti,e-,n tW-e wa.e made of LShort;V,sy' a ;t>est1l tOO) 

·that the tomulae tor an elmost eloseo. shell w1 t.h , say, 7 eleotrona 

l'nis.aing, can bo taken 9Ver tll mt()at unchw.~~d i'l•om the f'Gl"1ilulae fo-r the 

tii&r$;'l gheU when i.t conitia.i:na cm.ly y ele-et.ro.n.CJ ~ Tl'A'IW., f<u.• the 'P eon .. 

figura•cion, the possible s, L , J , M values are· th0 seim as foi• tb.e p8 

~bles lf~,!L.cV.lh),2.(t)~3(a'.; and. J(e) are -~:::en di1-eetly ou:t of Condon 

and 3 h01 t l ey , § rs''l ll,'Od t:able ,.11. 



X {m; ❖ t lf.Ja l l; !ll, 2. :dl ;,;. ±' 2. O} (l+,o - } . II'! ;: 
m.)'. 

:;: -~ ' ,£_ 5 

p {$ o, L .;; 2, "1 II;, o, M = l } = ( 'D,,0 ;,lL - J!/. 

'!I! ( . 
C> ·a t:, 0 ~ t ;;;, 2t ':f ;,;; 2, M * 1} - { 10;} . 

Vl/{a 11!; o, 1. e';· ,ff, J' ~~ a,,, tef! :o:> '.'I. \ 1 1ii > r.~1 _ , - \ .... . 



( l . I . a: Z) 
l:ilflt,nl~ ~-m.~tll1& 

(1'\1-) A 

(14 07·. ,. . :s 

(l'"",o4) C 

(1+,_, ... 11 D 

(l'"",-1+) E 

(O*;o*) J-4' 

(1+,o+) G 

(1+,-1+) H 

(04,-1+) ! 

(l ... ;O"") M 

(l ... ,-1"") ti 

(o"" -r·, J . . I 
p 

( + l ... )· 0 ~- Q 

,_· o- . 1+) \ . ,.- ' R 

+ ... (-l , ... 1 ) s 

( 'D,0~2)7.f.,e A 

( 'D1 0,l) :,i:; ¾ (B - C) 

(1:P,,o,.o) z )t (21?+ n ... :r-::) 

( ,·D- 0 • "') • ...,, l (r' n} ·· , · j""!!,: ·,._ 12 -~i\ .... fL. 

{ fDtO;;;;z)m S 

( 0P ,l;l.) ·:;:: G 

·(4ij '1 {')) - fl " J·&.i;v -

( sP.,,J., ..,.lJ= :t 

(3P ,0,1) ~ k (B + c) 

( ~j;\ 0 (')) - l ('I'\ .i, '1:1') "'> ,..,,. - n: . J.' • J.J ·. 

(3'.P,.G, ... l}= * (Q + R) 

(
3.P,~l~l)=t M . 

($1',~1.,0)= I~ 

(a?,..J., . ..:1) i;;; P 

( t el rt o-·)·. ... l ('i"', 't.1 ...,) 
. lal' ji,°4·1 • . ... {!" :w-Ji:l ... ~ ' 

E( 1D) = Fo + 

E(JP) == Fo ... 

30 

. {S,L,J1M) . , ' . ~ ..... 

('t)~= A 

( 'DJ) = 1:.. {B - 0) 
V2 

( 'If) :.; k (Zf+ b-t) 

('~ ')i::: ~ { Q ... R) 

('~2) = $ 

(3P: } == G 

_eap~) ~ II 

( aP3) ::: I -

(':1P2 t }:;: * {B + C) 

(ap~la-)= )! (D ◄• "EJ, 

(31?i) l:r * (Q + ti) 

(::$PO) :-:. fa 

(3P •) i::: ,ri 

t'3pQ). - ti 
\, 0 - "' 

(' S6) ~ * (D - E ~ Fj 



'u· Sp $ :p 3p I 
-- ~ e I 0 So 

' D-'l', 
,w 0 -ht 

S-r1 J. ia -:k} ~ 

a p 
I 

-tt 

epo -t -vi. ~ 

I s• 
fl,) -vi.t: 0 

1- H 
o<' ( 'D}~) b( 3l?t) 

} ( ~} = .;-

M l:j O" ±11 :t 2 . bi,;, 
'lff k,,e o<= fi-b"I.., 

(3:f;) l;:il ..-1)( 'o;} + o( { 3p;) I Z. F,._ • 
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/ 
Si.nae we now pi;,saeiS e:n:p1•e,ssion.s for the we:ve- :tunotien-a tf" (S !. J M) 

in. term.,s of pt>oduets of ene--electren wave i'Ullotions- (sec<.rtion XII) , we 

(a) Ote;,leulat1Gn of' the OM--Gl.~e,tron :ir..atrtx el,emen~, 

{t1 f!J l m5 m~J 2 •' + &. 1 / 11 s 1 m: m_;). 

(b) Calou.lation. in ta::."'t.W o.f these matl'bt eler,i:Jfinta ot the- 111e:tr-ix 



= (z.-T+--l){s(s+1) - L(Lt1) -1- 3 J(.:T+1) 

,i J C .:r +- i) 

{r}..-(L-si" 1 {f$+-L+IY1"-- Yi..} 

4J" 

5 : s (SL.:r, SL:r/) =-(z.S-t-1){zJ(-r-1-,) +zS(St- 1) -L (Lt-V} . 
:r' 

• {4} 



[Jx , TJ = Jx Tx - 1\Jx = 0 

[1 o Ty] = i :h T z 

[Jx, T-zl == •i A Ty 
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{7} 

(9) 

In f 153 :i.s given •ah!.') l'@sul t of squa1:ing tbe abSolute value a of those 

mn:trh: 01~w;,nts and s,~1:ng over m end m; ; 

L /(o<Jni IT/o(/J'n1')/z. =/(of.J 1T! o<~Jt1;/2'·t(2.Jt-~(2.J+-1±1)(1.J+-1±i.) , i'f2 /-=jt1; 
,.,.,,,..,,( 

2. 

= /(,<'.J \ Ti o(/,i) I (~J1-1}j Ut-1) ~ i'F J' "=J, (lO) 

(ll} 



these OJ.l®:ra.·&ort1 it i ~, possihl0 to evnl.Utl!,t e the qt~nti t;tcs ooou.'1"ring 

in the :ronrml.e.e of t:i"P@ {8), in the "'t j
1 

j t j :m :repx•asentatio.n23) •­

IJ;hay are 

=- J, (J, +i) -,jJ. {J._ +-!) t-3) (J t-1) 
-t, ~ 

i_ J (J° 1-1) 

J2. (J,-1-1)-J, (.J,+1) r JJ Ut-1) fi 
2 J (J' t-1) , 

(YJ,J,._j j J, ;-rJ,Jl.J-0 - (yJ, J,. j -1 f J,; rJ, Jl.j) 

= _I( 

ZT 

AJ.l c,ther such quanti tie.@ venieh. 

we get 

1.f. we tl1en rnake tho oor:rsl e. tion 

S(Sti) - L( L t-1J -1-.3J( Tr1) -/; . 

z. :rc.r 1-1) 

(SL-T-1 i z.S+l(SLT) 

{ Ji- ($-LY°] { ($ + L+-i:/- -Ti-} 

(1-J2.- ,) 

(12) 

{13} 

(14,) 
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{lO} yie.ldtii tl,e dea1r-a-d :U .. ll$ at.::rons·~Jw, given in ,eqttatil)\.ll.S (3) , (4) 

and (5 ) .. 

eQnVenti® dieotll!!Sed in aeetie.n Ul1 s't0:p (b}. 

llTOm equations (5), {4) snd (5) , or fl'-Om equat.10:ns (14}, i't 

{a) Oaleul.atton. of the lino strengths :tn pure Euseell-Da:under$ ooupl:t.r..~, 

fb) Inti~oduetiQn of the bl."eakdQ\~1n et J;)W:•e Rue$ell ... file.1:milJ,1~s coupling~ 

($,: L.: :TM i 2 S +-LI SJ L.i J M) =~ d.;~ 1l{'(SkLk:n1)/z S +l.)Tdu ~ (~LJJ"l·<» 

== L. at a. 'k ( S,J1e :rM) 2. S +LI 5k L* :T'/1~ 
k J (15) 

= I:aZ~ aJk (5"-Lkiiz5+Llr*LkJ"? F (J)j~ t11 M'). 
k 

in the matrix eleoon.ts is indepentfont of S k and l ... ,; • Sqtw.Fing tlw 



m~cing l;l'.,$,e cf t.ll~ fe¢t -Ulm t 

S ( 5>: Lk T> S: Lk J
1) = / (\ L)(J [ 2.S+L i ~ LkJ] (,f;,Jf (JJ; /'1)MJ)\ 

) 

we see th1;1·~ 

S( S· L•.:r f .L. J 1) =/£2.~a . /(S,LkJ"'/2.S-1-Li{L*:r/)(z.:.
11
,IF(:rJ/MJt1?/~ 

L ( ) .) J ,\ L' J )( ' .. M, 

m'ld. henee 

S(S, "'"' s, Ls :J~ =I~ a.; a,, Vs (S. L, ::r, s;. L,J) r {17) 

'lta.t t be positlve squa.:11e :root is to he tsh"'Eln in all e·aaes ie aeen t:rom 

&quatior1s (14), i;n which the g;ua.nti ties (S t J' I 2S ❖ L ~ r1 L J''} 

m.:re· alwei;y.s p¢>~,i ti.Vt'!~ { '11:ite is not strtotly ·tnmi; ~inc~ 

{5 L ;; ; za ·~ L \ s L J') ma;v be negatiV® in somo fi);)Oeial eases ; su.eh 

as whefi J ;:: t .... s s.nd ~3 < L <. 2S .., a.. H~veve:r, auoh. e:pe eial es.sea do 

not. arise ft.n' tlw cqid.va.lent eon.f1€:,'ttrN3:tiQWll 1.l·, Ptir :p4 and d"' • whieh 

are troat~d he:rej nor 1nda$d i'Ol" t'U'.1.1 eg;td,valent oonf.'igurati«>ilS up ·to f 5} .. 

In. general the ~on, .. ~-e1-o mati>iG el.en~iit.$ of type (le} pssseee 

c;l.ente of b:rou:dQwn ot pu1-e Husaell-8&:tU'l<lers eoup,ling., it.tat ia; eitlwl'.' 

(S ~L, J' ; 28 + L [ S 1L (1') and e.31 do not V0l'U.(:ah, or {8.J· Lj J ~ 25 + L f SJ· L; J • ) 

and aJj de not. van:t&il1 . ('lb.~ diagont".l ooeftieien:ts e~1 and ajj are 

of tlv.l) el.'der o'!' magni tu.de Qt wu. ty. ) In a. :i:'e'li eeae!3-, h~l1eve1~, t his ia 

not th~ s:i:tu.atiOJ¾ cmd the o:n.lY' nen ... yenia'.htng t flJrm.s a1-.e et the aeeorul 
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I t should oo no·tea here that no a1::-te1trpt wa.s made to include 

B. 1,1,.a_~et:te Di !}Qle Line S:trene;th& f ol' tho C@ni'iguratiou pfd: ,rl;, ,p 4 and d!~. 
,.,..~ .,.\hf l ;, ,,, .~.,-~.,..ilot.111 ' • -~ll\l'~ •- : · • . . ,.,,., _ ·, . ... ...... ~ ....- ........ 

tMortm•bed systems, tha t.liagonal. rden:ients are not filled in~ since they 

have no signifioa.nee .i1i the 1n•o1>lem o'f tranai tie>n pr0babi.U tiM i. 
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f! .. t~thod 91 Cl;l,J.eult<\tion 

'1l1e ele~rt:de quedr'Upole li.n@ st'l'engths are gJven by t he 

( 2) 

a..nd 

eoupling a1"E! not available. Formulae have been developed by 

Thibinowi.cz24) tor t he dapena.enoe en M &rld M' o:e t be matri:.t elementa 

in l..S coupling {~ee OS , § 64 ) . I!e ma.de use t•tf t he taet that , ~ is e. 

M'" of t he nw:trix of T ;ls 10;1,QWn ( ~eotion l V; eg,11ati.on (16)) , the 

dependence on M enr.l M' ot the 1n11itri.x of r. ,-, , and hen~-e of 1r 
IOO'J/ readily be found. The result~ are gi von i n c..s . ~ e4 (a} o For 



00 

( o<' JM I n1 o(,, :r t1±.2.) ~ D J<.rT-1'1'j__J"t11-,x,J'tHt-i'f._:rtt1+-J..) dic~i) 

( o( J M I lt l .( / :T t/ t I J = D (J.. l1k1)/(::r"+- t1)(.T f; /11 rt) cJ."( t ,) 

( o< J" M ! 'It i o( I J /'1 ) = l) 11- ( 3 f1 >;_ Jl.-J) of: ( 0) +- f- ( o() 0( ~ Y) 7 
(o<..:TJ'1/?tlo1. 1 J., l'1±t): ±±£ V(J;t1)(J--;:M-tXJ'fM-i.'X.:rt11+-1) (/j)±2.) 

(ci< ✓ M l 1( I"'/ .T- 1 Mt,) =- t [' ( T:!:21'1r"i) Jg-;11X..r; 1'1-i) Cl(± 1) 

(<><-TM/ o{, I rx 1 J-~ M) = ff. E l'1 )f::r2:_;,{') if (o) (o) 

(cZ ,T !'1 / dl I o<. 1 ✓-L /'1tt) = i_ F ,V ( J" + t1XJ''iM-i'j_ :;- t IH.X,.J'T ~-3) (}L ( t 2) 

(c(.J"/'1/dl,\cJ.. 1 .:J-l. Mt,):=. ±F V(J,.-/'f .. ){(J-1)'---1'11.f r/I( ti) 

(-<' J Mi at Io(' J-2. /'1 ) =- f-[. f Jq1--M~)(q--,)2·- Mi} rfi ( o). 

'lhe dyadi o.s d2 and 7 a:i:•e defined 1n equations ( 16) 01' i:Hleti on II • 

fille nia:trb.; al.ernants for J 1 
.... J ~ +l or -1- 2 t:tte o'btai~d ham. the~e 

e4oot1ons by 1~eplo.cing .; with J' 1- 1 or J' + 2, tU1.d usi ng the 1!ermi titn1 

ch.araete;i• of' the 1u."1tl':t'.ii: ( Q<' J M l 7t /«' J ' ril') ;; All otber matrix el.en:anta 

va:nish. 'Il1e qtuantities D, 1i: ~"ld F' involved. in th(!) equations are 

fuuM~i t)lls of °'- ·~ -< 
1 aut't J . 'l'l1us • for e. given oori:fi gw:cati on, the re &:r·e 

be found , in te:t".OlS of the quruatitie!!l D~ E arid l!\ by squaring the 

absolute viaJ .. uae ot these matrix elements (t'i:t>st droppins ·tbei apht:CJ:t?ic&J.ly 

symrnetrie term :r { -.1. ; o< 1 , J} :7 ) , an.1 s11.,-mning over M l':ll:ld u:. ~ W0 h&'ll'e 

s (.t. J) rx "J) -:::: t :r CJ n X 2.. r "iX ;__ ~,ix_ 2..J-t-.3) J) 'lo 

i 

5(o<.:r,, ,/ J-,) ::- s (..:: / J-1) -<- :r) ~ ± ✓CJ r1X J-iJ..2.:r-;-1):_2.:r-,) E. (e) 

S(ot.~o< 1J,2.)-::; S ( oi. 
1 
J-2..) o<. .J) =-- J (.r-1)( '2.HIX :i.-T-l){i...T-J) p "-. 



. I 
the IDQWi:x: el e~nts :tor omly a.oo pail' of Val.U$$ of M and M , i"o1• a 

give~ o{ t 0/ 1 1 , 1 1• The problem of evalt»lting ;bhe eleet1:i0 qu,adl"tipole 

1.irw strengths ma.v then be tre.a·t,ed in the following st~rpa t 

.( 7) 

tl!Jhe:ee ,. t:rom ;eq_uation ( 2) of section III, 

'lhe integrk1t:U.m over ¢ and Q mar be ea.sil y ear1·1ad. out, ·the latter 

with the aid t>f some l'©Cl.U'1~n.ce rel.a tt. OM in OS, f 44 UU.) . He nee, 1 f 

00 

s.tf. =- .. e f rl2 (ru.) ~ <11" 9 

0 



( J / e•r / )m + ) (ih?±i) f(,R :rrn)(-f. ±h1+-J) -s,_ -/I(±!). (ll) 
h iY\ - • 11 - I -= - (2 _,f - I )( 2.. J__ f- 3) 

. I 
'!he r~~ilt ele1~l.®'nts for m -= m ... l f.tnil m "" 2 follow,, @ bete:r·e• f1'00l 

I the el ements fo.r m ~ ~- ,.. l and m ·~ £,. ree~ctive]Jr~ by use 0f ·the 

In ,vhat follows, we shall d:r.o» th0 .s:pherieall.1 $:9'il:linetnc te:rrn 

ts,._:;:-, ;tn aeeor.daru;e with e,u• :WGVi@U.S c-ona!d®:C®.t-ions . 

,lhC~Q;r~~: J::f• we denote the set ot i.ndJ.vidual eloet:roo q.u.aatwn numbe;ra 

n.l ,9..~ ,m~ ,m_; by a k, then t he ?.Th1lltr1~ qom-~one.nt (A prJ B} in the ~ ~ettooie 

(l.) vansh.oa if B dH'f'er-s from f.,. by mo1~e t han or:w i n.d.:1,vi,1u..."-ll. oot j 

( ;e.) hag the val.ue 

{13) 

if all the irutividua.l sate in. A agr~e •i th all t hose in B except that 

a k 'f bk -. 1.l:he aign i a positive Ol' negative a.aeording to t he ]larity of 

the :t>3mutet10n Whieh ehanf!ffe}s the oon:v~ntional order of B intQ on¢ in 



(AIF /A) = L. (a"I f l ac: ) . (l5) 
~ t:J 

,_ 
(a L J M ) '((.,/ S

1
1.: 1 '!!i ' } for all poaeible q\Mlntum m®b$ra s , Li J, 

re-

ple.oed by a cyad1o er dependont on the saiw qi.a.an tum . 1\Ul'!ibers.. The 

resw. t if evia.ent:ty 

(l.6) 



3:ata© i,tgn aa is possess.et! bz,i .. th~ tJ.uant1t;r D, E .qr F whi•oh is pres·etrt 

in the iuat:rix ('};le~nt (t:\ Lk J M I ff/ t~ I;t J'
1
M

1

). 

A i'U:rtoo~ reduetion of tlle :p:rOblem of evaluating the el.e~trie 

q'l:~Ole• 11.n:e S'tNngl;h$ was ll'l..tade by !iu.b1ttOW':i.ez6 },. He developed 

tiJffllltl! 1-athei• ~01,.:pli<l!;i.ted f<in'.'mtu.ae for th~ 1.ine st:t-e:ngths :Ln LS ~-., 1:4ig 

in te~IS of quantities Gl E and I , which de~nd only on s. Lt s ' , 1/, 

ru1d not <>n J' and Y 
1

• T!:iese f~ae a:rre g'.t.wn in oa, table (1,
9 • U::se 

ab!1'-re. :troir ;in st«e:P (e) 1-t 'Quld then, be neeeaoo:cy to cvaJ.u;.;1t~ on..'ty one 

lil.il.tl"ix elenw.nt (S L J M I'((, I ;;; 1 I.1 J
1 H) be'trnee.n e~dh pair ot te~ s, L~ 

4\M B I f:t;' P ( o:ci 'be-tr,re~.n th@ l®"tels of one term}, 111:;rooad. of o~ ma.tTix 

. , 

~tl"U;t::,r, or. iih~ tot,aUt,r of l .inea conns~tin~~ levela <.it±' the s:ame, telml}. 



ia ~l 1lmb1\i.gu.i ty an 'li11~ »J.~~~dttre detM:l:riOOd 1n '.JS , f f/d ~ fO'·;f O'b¾i:n .... 

u~ the Iriat!"i.x c1uanti U<>a D,, 1i. mid li' ~1 too <1uantitiee G, ll &i.nd ! . 

2h.e. a.tn~n:mat t.l:lat on~ $bouJ.d &'MW.eh tbw ~t]n given in the table to 

th:(~ po1d:tli;ve !iJg;uare ~oot Q,f a oezt·oo.in quoti~nt sh(;)t\ld 'be widacrgteo<l 

to im11-1Y the taking o:l?' a ,i;ro;rmally pea1tive'1 squwe l'®t.. 'iilta.t is .. 

th.e $ie,"lte i_n the ~;-tmla~ for Di J~ and 11' 1:n term.a of G·; F. and l a~ 

to be ohoae.n inde~inde11ttl1· ot the sigu.a which i~ l~ter be int~du~d 

in the Val110s {;If nt H o.lld I,, sa ~:u aa in f:lo:roo of the l>r-aoketed 

OX,P,l~S.$i.Q;flS il'l the table" 

11£ in tr~ i • g:netic di:pole eue, i.t w neoess1;Ary i .n a few eases 

to ue wa:-ve :f"!Jla~ti oxui of tlls eeeond (}ff~•r ~t tapp:r.-o:iid~~ tion.,. ~se. 

oa.seli!i e.N rna.l!kad v1I1erfil'Ve1.,. they o.oettl'·~ 'lner,r; ~a no atwm;trc to retain 

all to~ i:rt the ~a,oo,l'J.d 01dw:ii1 1 1.J~~Op•t , s.a b®i'Olt B 1 in the no11ijaJ.iZQ.tion 

~- ~ .. l~e~ri.q !:~ad{µ.pA:J.? .. ki!~ ~~(;f~"'.flh$ P.~ :fine .~r+fat:~•at;if~ 'if t"Jl.8·#,:.. ~~. ~-

'th~ pitoeedll.lte d&$e:it•ibed a'Q0ve ·htl>.s h~en appliea to the pl!/,, rl' t 

p 4 a:nd ~ QGntig1:;u;•a. ttows, wt tli ~eul ta ae gi;ven tn the tables bel~w., 

I$ tbe ~bles <:>i' matrbr &1exne:at$ on:Ly t..l.Q:ese ~t:v:t;&t e1em~t!ta, wh:t.oh 0eour 

on th:e prineipal. '11 "~~Wll, or te the 1•i()jlt cr,f tlw principal die.gen.al. 

WGN l:i.ate-d., sinee t."le cth~r el.emen.ts lll01 be ob.'tiained 'by use Qt tlle 

Ke:1."1llitit:m eltflraoter of the m.at:rt.0~41,. Bxeept :t'ti>l.4 this feature., bl~ 

s:pa~es :tn the tabl<1!@ indiee.te that the CQ:rresp.c.-m.di:ng ir~tri:x el e:ioonts 

( il)'.A,'.' l:tn.o s tY&l:!8ths} YMbh. In taees Wh-$\l"G 1 t is OOee$'SM'Y ~ l')~et.$: 



ln the rJ:a ruid w3 eontigu:r•atioi.w otl,l. o-r tru:i r1W;:tilri.x eleroonts 

of ic in t-11.e s 1 J M .1::u;w.e1ne we:re conrputed;, el.th~, as was ir.i:dieated 

in ste;.J.1 ( g} ~ on.1.u' a :f.trc-a¢i;i,.011 (Ji' tl~se v;e~e J},e60$~ftttf. lti tl~ e~ec of 

·hl',;:, dit co!lfigu!'atl,on,, ~lli~ tJt\'t.:..~u elemmnte W I. J' M ) ft) s ' L ' J·' ri' ) 

o(/1 = «-,-1 = - ~ 1I rfi (o )+ f SJ. :I 
o<'o;= 2-;._ If£( o) + f s< / 
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0 I -, o _s- O.<-

Q(/-J ~ -2;: d7 (-:i. ) 
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( l.:p; I fl I ~Ds~· } , whieh are t he eom9l ex oonju.~atss of ( 'l-u;'') ii I 2.P; ) • 
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!• .H~-~ .. Q,ll~~~.op.. ~ ~tf}@:ca 

:t~ri.oal ealaule.tions were made of the 1;11.8gnet:l.e dipole and 

eleo:tl"lc qut11.d1-u1,H>lo tra»ai'U.(m probabilitie-s fol" the 1Jef}2 
0 r:.r/ 1 np 4 

and 3~ eon.i1.(.;Ut"et.ions ~ n hQV;J.ng 'hl:Mll values 2, 3 and 411 .A!tJuit fifteen 

at~ W0:re t'l.18.f.i't-O)d. in ea@ or th$ ,.,pk ~onttgU.lll'ationet these t1~ing atoms 

i.n Ufter0nt ete.g0s of io:nl~.att.on~ i-te fo~ulae :f~r th~ ct!11 coni'igurE,t• 

tien \'i~re applied ·tQ .eu, one case , thtat of re VIX. All 0aleulations 

were earried out to tnl"ee tigua.•ea; and. tvm f~•es were taken as 

a:lijni:t'i~ant in the final l'E!Sul:tfh 1he- ealeulati on$ were re:peat&d in 

a slightly ditfet><'Yf/lt ,nann~r f0r oheQkin.g j\Ur,PPll:l~Si &a::l.d WE!l:'e cheoke-d 

in othe:P ways wherever ;pO$.llible. 

:Data conoening 'the ext-ent oi' the braakdow-n of pure Russell ... 

Sau.nclers eoupling f:or the pk eonfig'lll·t,rtions were tru-cen from a pal)@r 

by- Robin.son ane.1 Shortley19) • 'illey ma.de a detailed einaJ,ysie of the 

pft ., ~ and p t ~ont:i.g,urat:t cu;m trorn ·the point flJ-t new ot :lnter.root'U.a te 

0ou;pling theory ( c.s , (,')ls.pter ll) 't Dy eoneideri:ng tlw deviation.a ot 

the term. mad r11ul. t1plet interval ratios f'r<n t:b.e- val:u.es ;p1•edictei by 

the ptu>e Hussell,3au,nde:rs oou.pling eeheme, they olrtw.ned values of the 

pvamete.;r~ F2 (nP,ttJ?} and ~ h P . t0;"t' a lar&,"e_ number of at·Qt.'tl.8 in variQU.s 

$tage, of t0ntwati~n . 'T..bes.e p.a:rwwt$:rs enter into the e:z:preesieno f~ 

the ooeff!eionts, dei'ined in equation {2~} of section :cn 0 which give 

the perturbed wave tune ti ~ns in tet'W,is of the pm-e Russe.11 ... saunde.~ 



00 

wa:vo t\m.oti ~s ( ct.. T.!a.bles 2 { e) and © { e)) • 

~~obin..'l$0];1. Gd Shol\'tler f~l$d tm t tl'le 1')Q.l'enW-'OOl'S 1i'a and t: 

~ed f~irly well w:it?1 the val.1.1.ee vthieh we:rro ob·tained 'by t;i.e1Jll8 

hydrogenl:tke :radial \\1nve functi ens in the equations defiJJi:ns f 2 aad 

C , t0gether with appropriate sereenb.&@.; oonetents which were taken 

to be 0onatant alon.(5 ea.ob iao-eleetronto s~quence.. 1.lhe scll'e~nili[~ 

constants for F~ end t a3;,ia diffeNnt.. 'Illus, .if tile $U.bsti tute into 

end 

12 ( 2_p, 2p) ::,: '7'11 .s (Z ... a-;:), ) 

'.F2 ( 31),3:p} ""' tiil5,.9 ( ~~ ..... (]j' /o } (l) 

!l'2 (4p,4p) ~ l.74h9 (.& -IT+), ) 

rfue, ·wave numbers ot the forbidden lines for th® atom.$ o'£ the 

J}£ eonfigu:rations we~ eomputed from the te:mn J;.evels taken mm a. 

tlla bi b.Uograp~· to the paper of· Robinson and ~1hortley ,. are alsG 

listed in the bibliography to this thesis24>. Tklo tatom.s whose term 



1lle e11."l)rG.Sslons fc;r the t:fat'l,,gi ti.on probabilities iti. the 

el.E!ctrio quadrupole ~ase we involve the sqtW,cye ,of' the inte8',ll'al. 

and o II!, uaintA: I!artree sel:f .... eonai@tent field wave tuncrli1 ons cale\l ... 

la 'tied by Hal?t~e an(3. Blaek211H . HQt11ever, sneh wa.v®, f"une tl c.>ns were not 

wa.$ n.eoeuseu:•y. It wa.'il decided. to cozi~u.t~ s:;i by using hJ{ir@genlU:e 

wavm tunct:to»~ toset.'1er with &l,>Pl~priate s:e,reening constm\te. 'l1he 

in.te@l'nl, which is e.ssentie.l.ly the rooan val.11e of 1'- » ie ·then given by 

(4) 

indicated by tbe results of EtotJ-i..11Sot1 and B~tley f'o1· t ,he :pa1,•f®.Ot&;r$ 

F$l a.nd C • In tha absence of a. set of ae·rEHi>ning nenataata el'.Wlrtae:ter ... 

istio of as, the sereent~ eonartanta e.01.-r.e~p:onding te the paramet.ew li',i 

wewe uaed. These are the in,tiat·eep·ts on the l'., u:ts, i:n the di~ of 

F,3 as a ft.tnet:ion ot Z1 ~i' tM .s:traight lines (wtth hydrogenl.ike ala.pea 

given by equations ( l) } i'lhieh best fit the w.J.u.ae of 12 deternd.ned by 

Robins.on an(l She11tl.e:y-. i:tt.he GO:VGellin@ c-on.s-tants fol' F~ were used. 

re.ther than t hose for <; , b:ee~use Cri,e is essentially an ave:r~ 



value Qt ~ - ~ » w:b~reas Fs is es:sentially e;n avet~~ value .o.f r - ' and. 

.... tii~/e is ·tuo nwan ~·aiue of "J:/i!; ,. , Hen.oe tbe screening @Pn.s-t.e.nt t:o.r Fte, 

ebmll.& be el.ose~ to the true a~efd..ng een;$ta.nt to1t si:-1 than that of 

¢ n,e • 

(5) 

°Whel1'0 )) (n.1 ) t.s t he wave ~r difft'lrenel?I betwe~n tii.tr.1 (n:i.)k 

oQn:f.'i~ation and th$ (nt)k- 1 eont1~tion; Yo {!'t, l ) ta th® wave 

•ber ditfe.~nce between the (nl)k eonf'igura:tion, and. the (nl)lf• I {n+I ) } 

eonf1gul'~tion; 2', 1 is the net ¢1'.arge Olt the core tHJ>nsiatil18 of the a-Wm 

under ceP..sideration minus one e1eetron, and (Z ,.,. rr;., 1 ) ia tba etfe~'tive 

at~e numbe:r ot the {11l.1) 1t oonfigurt:ttion. '1'he seo~nd elC,P:rea:si,on for v 

1oF the 3~ eonfit~Uon of :te VU , all of tho teJ?m va.l.ues 

ex,c$:pt tlla.t tor 1s 0 '\'ilGFEl taken frua cie,~a of Bowen end Edlenl 6} . '!be 

Is 0 vw.ue ( 66707 om - I } ffl:W tat."en f:r<m. $0.!00 \U:l.:pttbl.i,shed W(ll'.'k ot Edlen .. 



{~11m ~a.\'Wl:1$ fol' tna 5<12 @nttguwe.tlon '.!'Or the .:J.so .... s:teetl'.'onio 

seqaence fr0m .M:n VI to !ii I X had b.f'Jen Gbtained by cad.127) ,, hllt they 

involve tlw two l)ro.·moote:vs F.a and F+ • T.b.e.ae eon.stan.ts were oompttt'@d. 

-""''" ~t- • - " 1 ..,..\I • ~ ·t'" ' r1 :!t '1'11 ... .:i 3 p $ .,.. • .a-·.,,, .i,.vli...., \lite ei~·;i;·JJll01WtlL v~U.68 Q .,; .ue J,., ... ,ti Qii;u .. .. i : SO}?at'$i.li.vn3." 

:.aai~ l'ea.sen 'for using these tw(l) aeparatione rs.tl1e-:r t~ all of the 

terLU level.a i s that the 1D - 3 ? intenal ts of eritieal i:mp©rte.nee 1n 

interval eq_uru te the e:a:p$rimental one-. 'fbe values ot .I;~ and F4 thus 

obtained fit the 's ,,,. aF sepgration :fairly wall ; but the 10· ... aF 

J.~ ( ' Ds: ) -]) ( S :ro .. ) ~·m Q 5 F~ -r 45 ll\. ·II; 16129 

·wctll1?m. ) ,;.;ii. l" (a Fm) -::.l,5 Fr,;: • · 75 ?4 ~ 19!500 J,~ ..;:.. , 

(6) 
El ( ,~ )· :ts (a l"111) t:. J.:.;J F~ + 10 :!r 't e: 2757.Q "'t 

.... 

,.,< 
~ 

I ,.. ) 
,i,)o 

.,,. ~·,(;SF. • l!i · In.I} ;,: 22 Fia 4 135 'JJ'/f ::::, 64361 . 

'lhe numbers f>n t.he right. hand tside-s of these equatJ.ona are the e~r-

1.mer.rl/lQl valu.es, where the statit;) tieal aan_s of the level.a in the Sp 

(and :ilF) tenoo have ~n te.k:8n., aeeord.111,g t-o the :t'ol:'Illr.alta. 

~ (2J + l ) 1!.l (3 ! ;:r) 
• , . !>I •. Jfl • O•~••~~t,,o,~ • (7) 

L (2J + l.) 
::r 



7 

1!ti.eo1"eti~all.v the tour ~tl'a:i&h,t lines ijl3-Qtlld tnt~seot in a eonnion. 

~int.~ 'l'ha ttew,•@ i no.,iee,te$ tbat at le:ast 0110 leffl 41s$~ea wttb 

3 00.....--------,---~---:---------,--------, 

'G--3 

~ 
I 

I 
l..00 - ' - - - - - - - _, - -

\ 

I 

I 
100 - - - - - - - - ,- - - - -

0 ______ ......_ _____ ~, -----~-----
l'foO zooo 'A. JOO ~zoo z:soo 

Fz. (cni-') 

'.Ih~ p~emetai~ ¢3.t to~ Fe v.n was taken as the: a.:ve1~e~ ()f 

the values ebt~d ~ t.be 8P a.11d 3 F multiplata , using too ta.Qt ·t;he·t 



!, NJa~a Re,\;nll ts 

In o:rd~ tc gd.v.e SOIOO idea ~f tlle ~ee~ta.intiee f.?i\volved ta 

t.he ¢aloule..tion. or the integr.\!11 1a~ ~ table 10 lists ·the value.a of a~ 

o'hlta1ned f'o:f aeveJ?al a.tome, ueing ·htie two app~ox;i.raat.e mirthod,e d.es ... 

e:ribed o.b.ove~ For o I, o Il end o U:.t, the val.uea ot s:;;i obte1n~d by­

ntmierioal int&eP1~tion, using • tbe H~ra:e-.Blacll:25) a;ppii'om.mate wave 

funetton.,.~ .. , are also • a~illatad; and tor Q l , N ! ~ N Il tbe vQJ.u.e,s 

obtained t,y Condon10l trom the 13rown, Bal!t.lett and DU;lltl app~o~:illla'tie 

v1aw ti.met•1ona29l awe. .listed • 

.1,\a was :pointed ou..t betore, Sf,Vo~al ottoi.>a oceur in the caleu ... 

l.ations which OondenlO) made of the trane1tio:n :probabilit:t:ss f:or a 

few of tl1e mo.st illlJ,>or:tan.t at~ ot the pk eo11.figu.rati.onliJ. In order tQ 

falilil.U.ate compa~ioon of his results with the ones obtained here, both 

sets of !'e,0ulttJ i!U's :Ul'1lted in 1ables ll for 'the cases o 1:0:, o II and 

o I • Elte1tens,,n 1 s reaul ts~ J f'o:r o n :r t >e al.so given in '.i?ab.le 11 ( a} • 

1:n th~ preead..tng ae¢t:i.ons.. It is int!Pl''ttating ~ao to OOOll)al"$ this 

~l~ with the t>®sults obt.."'1Ulf:;1d when th~ lee& a.eeu:rate vaJ..1~s Of s~ 

we.re ti.;Sed. SQtll© of the isnial.le:r ditfet>et10es between Condon' s 1>es~lta 



a~d the re~u1.w ob~in.~d ti.ere 'bu 'U,m,0 Gt£ t'lw ~ 0 ~QC1Jl'"IltG Va\.U@'~ r,f 

S.-s.~ ~e due t9 eltgb·t dit'':i?e:1'.eoo.etS ·;l.n t!.w p110,c~dure Qf ~culirtt~ .. 

In rti.bl..e~ J.ij ~"(.) l1st~d tl1e ~~'ti.c dipete and e-le~t1~te 

1ue.dmtpol e '.b~lna1t1&n. pl'Qbe.ll1U.ttes :tor futty .... on.e.;.:i atoms in the 

eonfi~~~-Mons n1l) • .n"J)ti am ~ 4 {whei,e 11 ~ 2, $ tM: 4} ♦. '.rh@ values <rJf 

the. ,~~t:iwte.1'$ li':i:,. \n" end. s2 uaed ln tlw oaleu:latt~ns are al.sf;') lJl(:rie d, 

t~~thew with the e©Ottieiettt~ llt. d e.nd ai b, wld.oh a.'\i'~ e m9S\-B!We or 

the -®Xten't et brealcdQw.n Qf LS CQU:P,lir>,.,g. ThfMH'il t&l-;:,les !ndi~t:0l the 

relative eoatl?'ibUttenij e;_f ·this two t;..r-g~e of :i.~aaiation to- the teYbal ti+an­

si t;t.Qn :i;itobabi:U tte~,. 

1'ha tot~l trans,i t3,.on pro'babill'ti.00 foll' t -b~e e.t~ 1n the n;pk 

cQnfi~ti~i:w are listed in ~'ble-a l3. In these tables tl]l:jre a::i:·e 

$.l.so g-1:re.n fo2· t;i$Wten$.en('¼e th@ v,ave l ea.gths or those aatrono1ldeall, 

e>ba~M"able liooa wM.eh would b0 e~_peeted ·to o-e etr.Gllft unde,r nebular 

oono.itl01W~ 'fue litt@i whiel1 have be-en obee:rveo. up to the ,resent ti~ 

a:ve indicated 'by uncls:rlin.illg the c<,:r:re-lllJ;1¢indlng wa~ l e-ngtlu1,. ~se 

wave l engths,, 8/Ud the infQI•ttia ti ®ll as to which. lines have been •@b~e11v~d, 

a.re take~ tr~ a :f'o-r theoming; rut"tiel~ ~Jl .lkl:\'if®:U and wr~e5)" 

lnble 14 e-®tain.~ the m&.~ti~ di:tml$, eleqts.,.ic quo.dl"Up@le; and 

·total lt--ans.ition ;o:reb~~ili ties tor" tbe 3'<:tlll o-o:1~:tgurtll.1aen Qf i'le v:cx. 

':il,:te pr:u-~'tel'i :F;;z , l'l1:, l;Jd ~ Gte ~:re e..lso ltoted, t~etlle:r. witli t~ 

ooettiei.ents h. di f , k; u, v · whl.ch O{)l;~W? in the we:v01 fooeti(}M tt'll.• the 

pe.;r~be.d c11ystem.. .As in t:hGl ~aae 0f the ·1/t eontwn .. atiolli..~ • the w-a.ma 

len&"the ot tli.e ast:ronamie~l.Y oh$e"abl-e li~s -~ given :tn the, a~ 



tablet tl".e ob.serve ct linelll 'b€> ing m'ldft31.lin~d ~ 

m o~®2' t-o 11lurirtr.o:te tl1e a~be:nt of a..gweDnt ef' the 

i.fue-(1)111ril<j$J.Jy d~teJ.l.'ruin.ed t:ranait!()n :pl"o'babilil.tiee w1 th the e•r:il'Jlen• 

M :cel.ati ~e in~:ns.1 t~ s, the :r!alat.iV'(!} il~te,~:.l ties obaaj;'l'f/ed for the 

i'orbidden :utlea Qf o !II, o :n:, o X and Fe VII a,t¼e ;U.sted 1:n. Tab-lee 

ll(a.)~ ll(b)~ ll(e} an.d 14, reapeet:twlv" 'lllfM;ie va;1.ue!tl ~~ taken 

~n ·~lle e.:rticlt} 'by :aowea am v,rsei} <1' 

l11>r ,~wnte:nc~ wa snul WJ$ e al.igl:r'~ dift$t-ent ~01u1ti()ll 

itl the tabl.ea thu,n v~ ua.$,d 1n the i:Use®ai~ of t.r~l(W:i 'bien :pmlallb:11 ... 

:t ties in section I l'.,,. ~he prQbability ~t v~aueittou tl't.lin a et:a:te .A 1Hs 

e. eta.te B ¢:f l.tiwe:r e~gy- will ~ . dencr~d bl tlle e~a$ien 

:l.nat~tM'i o.f the to1mer ~~»e1:1i;;i en 

.tl( A,,B) • 



~l)l;~ }:!2" _q!!m~~ttJ!.ct Val,µe~ !! tp.e l~~~t7~.'f. 

~Uhl ).,;"" ~ .t.~.(1%,•~L !-'~dl:i J.!_~~~ :111.~~~· 

C I 
NII 
o :rn 
Al VIXI 

Bi I 
Cl !if 

JI I 
O IX 
Si VIII 

◊ I 
Si VII 

'l'i n :r 
Fe VII 

s9 ~ t l:om i'~pproz .. 
lie.Ve J5'un.:oti QnS 

6 .• 35 
2.5 
l .• 52 

3.45 
1.75 

SU # ~ $e~ng 
o:>nst auts. of l'ia, F 

5,..21 
iS.-,69 
l .,tx, 

.~59 

12.i 
2.53 

4.,ao 
2.45 

.002 

z.,94 
.z55 

7 ,.02 
1. 00 

s2 , jt>Qn Screening 
Cmstan:M elf: ~41'ool1roo 
·.rerm Values 

9~05 
z • ...:1,e 
1.ea 

.. 357 

:3th4 
5.09 

7 .0J. 
2. 90 

.• ~55 

7.,49 
.415 

e~4a 
l ... 52 



'17 

-~b?,.e y{al• 9<?1~M';4f?QI). Q~ ll~s.~;~e ... Jft ~-~ T}.1Q$$_ ,.9f_,.9.?nd~~ 

~4 fYw~,?:!p~~- ~?l.Sl :r;cx • 

~pe of 
'l11•msiti on Ha<.i' n. 

s.~ 

A.( 3 P 
I 

) - s d 
• ' • 

A { 3P 2 - 's. ) q 

A( 
1
D -2 

(q 
..,0 

) q 

A( 3P0 
_, 1~'2 } q 

A( l' , - 1:0,i) a 
q 

lfutal 

A ( 3P -2 1:02 ) d 
q 

Total 

ti. <3 ]'o - 31•' ::i ) 
$. Q. 

.i.t ( ~P, - 3p } a a: 
q 

'l'otal 

· 3 3 '0 ) c1 A( p -
0 

,,; I 

'1'.ranso :P~oba. '.il'ens. :P.t-oos. 
Url.:ng Be~ t.nimg l~ ~ 3 til:ewnson' a 
CQnat .. value :Ai~ Rm~ :EeSUl.ta f'teaulte 

Of $1,u value of 8~ /n sec-' /h sec-I 
/n sec-' ;'1-1 sec-' 

l,55 1.32 l .,. 24 

.. 14 .14 .102 . 38 

.oou .00001 .00015 
-s 

1 .9$10 

2.,/7 2.;0 1,8 9.6 
-6 -7 -6 

1. 5~ 10 9 .,.6:x: 10 0 6.,7 X 10 

.0056 00·55· .000 o, •• -6 _6· 

8 .0 :!!. 10- 6 a.ax 10 e zit lO 
.0055 .0000 .ooe .0098 

-016 .016 
- 5' .. 01s -s-• -5" 

5o5lt 10. s.@ xlO l.8Y.: 10 
.010 .01a .018 .029 

_,, -11 
5,.8 " 10 4\t2 "- lO 

-~ -5 
\).? :i& 10 9,7 '.l!r 10_,i 
1 .. 3,i: l(f " ; 9 . 4:n: 10 
9 . 17:ir; lO -!S ~.7 X 10--., 

2 . 61: .lO 
-5 . -s 

2.6 X 10 

Oboowed 
·1e1at1ve 
hwnsitlsa 
NGO 9021 

4 

400 

1200 



78 

'll'a1'.\B . Probe. 'h:ana. r~obe. 
u.sing s~en1n@i U$ins ~tl'ee Pond0n 's 

'.type ()f C()!'l.$ t. V®.lue Wa:w Ji."un-eti en Re.s1.,J. ts 
T.!:-s.nsition Rai:Pn. of a2 vfalue ot a~ l n sec-'. 

/n s ec.-.' / n sec - ' 

Observed 
Helatiw 
lntenai tiee 
{ NOO '-102:"i} 

113;2 

A( .1.D~i - :i..l\ i) d 
q 

'11otal 

e ( :i.D - 'd.J-, ) .:i.. . :f31- .!.. 
;,._ 1.. 

q 

A( :i. ihi - ?.r li ) d 
q 

To·bal 

A( 2 01 .... -
~:r.,__,_ } d ,._ 

;I. q 
Total 

A( 13 1½_ - ;)_.l\ i ) tl 
q. 

Total 

A( 'ff\ k - ::1. 'I") ) d ,!: .!_ . 
;,._ 

q 
'1':'$tal. 

,i\ { 4 H,J.- '.). D l ~ q 

!l( t ,., - J. !) I '; d ~· •· I~ 1,-: 
q 

:tzyt~.l 

.1.\ ( -"-p l,: - ;i_p .!_ ) d 
J.. q 

Total 

A ( :i. ,D , - Q:O ) 
.;t ;;:: fa d 

q 
Total 

2t46 

,.0004 
+265 
,l?i? 

+15 

.. Ol:49 

.ll.6 

.3.5 

.0093 

.226 

. 24 

. (Y/e 
l.t"ht l - \) 

0 
. 0?8 

.,031 
1 ,~ l() - 7 

. ;:) lit ~· 
.051 

l . 4'21. l◊-" 

m .. ze x 10 -5" 
e ·ne ·10 - s-• ·• 'I • :x: • 

l . l -tf 1 •. :K: .. 0 

G.Ol :x:10 -11 
7 ·o - J.S .eax 1 

t\ .O lll:10 -// 

1. s x 10 
- 7 

4h/7 ~ 10 - ,r 
l . 5x 10 - 7 

.. ooe4 · 

.100 
• .l.4 

.0149 

.054.4 

.069 

,.QOtl3 
.lOt 
.♦, l.2 

,.JY/7 
7 .5 x 10 - '7 

..,o,a 

.031 
e.o :K 10 -e 

.03l 

l . t36 ,rlo -s-
4.,2}3 xlO - s-
7 dl x 10 -5" 

,I'll 1·0- '' 6 .v · X, • 
5 . 70 xio - J. s--

• - // e.o xl.Q 

l. . 5 ~ l◊ - 7 

2 . .,3 xlO -tr 
1115 ~ :w -7 

.oo 
l. , 8 
2 .. z 

.~o 
/FB 

le? 

l . 7 
1.e 
3,3 

.. 041 
0 
.o,n 

_,.,..- .. 1 • '- r a j~ t 

ll 

ta() 



'l'ran.."'l ~ :P1•oba. 'l?rana • ?:ra;b~ • 
'fype ~t using Sel'e,erun.g uaim.g i!f.Wtree: Cnndon's 

1l"T.ansiti.on Had ' n. Oons 1i. value VIaV© :&uneti 0n Hesul ta 

0bS6it'Ved 
Relative 
Int&nait i e a 
01!00 ?O'i?t/) of a,, . va1,.~ueseocr_,_s2 i n sec.-! 

J., se d':.. ,_ .. 

Sg 8;;94 2.44 

' (.3 p , ,.. } J.t. 2 - l:J o ' q .,001~ .0015 ,.00016 

A{ 3 P( - I S' ) •. 0 d .10 .10 

A( 1D?- - 10 0) q 2.a 1. •. , 

./J ( 3 .o - ' D ) d ,.013 .ou ~ " .!. ~ 
q 9 .. 4 xlO - ,- ~.5 xl0 - 7 

:t"otal itQl3 . .Ol.3 

A{'P, - 1D.J d ,004.Q .,00.'ID 
q l«-3 :x 1-0 -7 8 ,8X l,Q - 1o 

'11.etal .,0040 ~0040 .0025 25 

( 
3 • I · • 

A Po - D :z.J q 2 ,o :II! lO - "' l,4 JC.10 - b 0 

• ( ~'P _ -> p ) .a. .. ,., )- ~ 0 q 2 • .5:tl0 - 10 1 . 6 x 10 - IO 

11.( ~P,. - ~p D) d l.7xl0 -~ li;? xlO - ' 

(
7, 'P , :, ) aia :i:: :1,;o·' 

- .. 
A ~,-- 1. , d 8118 :t:10 

4 2"8x l◊-
11 

~hO xio - 11 

8 . f1x10 - , 
• - ', 

'lutal a.e x10 



'f
ab

lG
 :

u:
'i{

a.}
. 

~
.1

~
t£

£
 .. 1:

f:
>

r~
 }

!q
.~

c .
....

 :
.~E

l3:
~l

1.
"U

,]J
(;l

0 
_!

):
m

;n
si

ti
9

U
 ~

~
:J

?.
,b

,i
_l
it

i~
~

 
i'O

_f
 

2
'2,

1.. 
0

9
n

:f
'~

u
~

ti
o

n
.~

2
 

:t
n

 S
G

e-
-

1 • 
. 

. 
~ 

:J
sp

e 
o

f 
R

a-
d
'n

. 
C

 1
. 

F 2 
(e

m
-1 } 

1
8

9
4

 
~ 

(e
ut

1 
2

1
.1

 
.)

q
, 

b 
,..0

01
89

 
d 

-.
00

15
1 

S,
. 
(a

. t
: 

1'I
. n

it
s)

 
5

. 2
1 

t.
(

3
,;,

 
,_

.. 
} 

.:
O

· 
#,

 
.
.
 

i..:
!; 

l 
o 

{ 
-'

,,-
, 

I
o 

' 
A

 
'"z

. -
...,

o 
J 

( 
/ 

.. 
I,

;,
 

, 
A

 
D

i..
-

... 1
0

) 

"
(

3
P 

-
'D

) 
A

. 
t>

 
i.

 

A
(3

P 1
 -

1 D
,J

 

.)
 

I 
.t.

\(
 

p 
... 

D
1.

) 
l.

 

A
( J

~
 

•
3P

2.
} 

,. 
( 

J
P.

 
.a.,

., 
) 

A
 

'
j 

-
_,.'i

_
. 

~(
·_J

,,.,
 

_
3

1'
} 

} 
.. ,-:

. 
ro

 
... 

I 

d q_ q q a q d g_ Q
 

d q d 

.0
0

1
~ 

.0
0

0
0

2
9

2
 

.9
5

0 -
i 

3
.3

8
x

l0
 

• 0
0

0
0

0
0

0
 

'!;
)·

 
1
-1

0
-7 

"--'
-->

• 
n

x .
. 

.. 0
00

14
9 -

b 
l.

3
9

x
1

0
 

rz
 

"
~

 x
l◊

-1
1
 

V
♦
G
O
 

• 

-
7

 
2 

.. 7
8:

tl
O

 
8

.4
8

x
l0

-1
1 

-
-
i
 

o
.'

lB
x.1

0
 

N'
 I

I
 

25
61

7 
oo

 .. o
 

.0
05

95
 

-.
. 0

05
16

 

2
,.5

!,)
 

.0
18

5 

.,0
0

0
2

4
6

 

1
.8

9 
-7

 
2

*8
2

:t
lO

 

,.
00

09
40

 -
6 

1
.r

t4
x1

0 

.0
0

2
1

8
 -

s
 

1
.1

8
:d

O
 

2
.3

3t
l0

 -J
L

 

-6
 

7
.4

2
x
1

0
 

5
.0

3
x

l0
 -1

3
 

-6
 

2
.1

1x
10

 

0 
II

I 

3.
'3

54
 

2
0

1
 

.0
0'

70
7 

-.
. 0

0
5

6
6

 

1 .
. 5

5 

.
l.3

"1
 

.0
01

11
 

2 
.. 6

9
 

-
6 

1
.,3

.-3
.x

lO
 

• O
O

f>
4?

 
•7 

-t'
lo

--
:i

o
-
'
 

.
~

¢
~

 . 

.0
1.

59
 

5
~3

2
x1

0
-5

' 

-
-

//
 

th
?'

9
x

1
0

 -s
-

9.
67

:it
"l

O
 

1 
•.

 29
xl

◊-
1
1 

-s
 

2,
.S

O;
d

O
 

F 
IT

 

3
9

7
0

 
,C

-0
5 

.0
12

0 
-
-
~

6
2

 

1 
.. 0

3 

,..
?4

9 

,.0
0

4
0

5
 

3
.4

1 
-

6 
5

.,
0

4
x1

0
 

.0
3

0
2

 
2 

.. 9
9:

xl
O

-s
 

.. 0
8

6
4

. 
.0

0
0

1
9

3
 

8
,.

1
6

x
l0

 -1
0

 

--
9-

7
_._

ab
:1

0-
1

• 8
7.

X
lO

-,o
 

2.
,.0

3.
xl

O
-

t 

N
a

 V
I 

5
8

2
6

 
12

00
 

.0
2-

49
 

-
.. 0

:1
99

. 

.~
..a

 

8
-.. 7

4
 

.{
J.

25
2 

4
.,

7
5

 

-.. 
~
 .. '

ll
rl

O
 

.,$
7.

1 
-
4

 
2

,.1
Q

x1
0 

1 
.. 0

1.
 

.0
01

25
 -g

 
5.

8&
..d

O
 

... 0
2

0
8

 
.•

• 
-
i 

1 
.. 2

7:
rl

J;
) 

.,0
08

06
 

M
g

ll
i 

6
5

5
4

 
1

9
4

0
 

.. 0
3

4
9

 
-..

. o
ro

o 

.. (
l:

2
5

 -
r
 

8 
.. 6

9
x

l0
 

l.,
0-

5 
-

"f 
4"

"6
!7

zl
0 

2 
. .-1 7'

8 
.. 0

0
2

5
9

 

ri
 

51
 -

~
-r.

\-
7

 
'-

'•
 

U
.L

v
 

,..
07

94
 -

f' 
7

.0
4

z
l0

 

.0
2

5
5

 

A
l 

V
II

I 

7
0

0
2

 
26

50
 

.0
4

0
0

 
-.

o
~

 

,.5
3

9
 -

,i
. 

1.
.,5

1.
xl

O
 

2,
.,2

6 
-· 

-,
q

. 
7

.9
&

1
0

 

5
.M

 
.. 0

04
10

 ~
6

 
1 

... o
e.x

10
 

.. 2
4'

1 
-7

 

2-
!i-

:9
Sx

l0
 

.. 0
4

5
7

 
~

-



T-
ab

lE
J 

l:_
2(

b
) 

~ 
~

-
. p

tv
o

l~
 _a

~
d

 _J
E~

~
!.

 •. S
::~

aq
.:r

.t1
p:

7~
e 

'l'r
a.

ry
,s

_. 
fr

-0
b

a
l;

il
i t

_ia
r-3

 
fo

r 
$p

~ 
a

u
d

 ~
D

,._ 
~

o
n

,t
,:

1
.g

.;
~

tip
l}

s,
 J

-n 
se

c.
_-1 • 

-,,
 

F 2
 

{e
m

. 
f,,)

> 
( 

C
 ,,,
-')

 

b d £
,_ 

(a
:t

. u
 n

 it
:s

) 

\
(

l'
P 

'c
•
' 

h
. 

-
, 

-
,J

~ 
J 

A
{ 3

p
z. 

-
'B

o 
) 

A
( 

1 D
 -

1 S
o

) 
?.. 

A
( 

3 P
0 

-
1 D

.J
 

"
t 

3·
p

 
I!

~ 
'} 

a
\ 

·1
-

u
2.

· 

3 
.A

( 
1\ 

-
1 D

,._ 
) 

A
( J

po
 _

l-
pt.

.}
 

A
(3

I»
, 
_

1p
i..

) 

A
( J

pa
 ,..

:3
p 

) 
i 

fy
p

e 
Q

~
 

R
e.

d'
n.

~ 

,:i q q q d Cl
 d q 

{ 3
p

~
) 

S
i 

1 

10
20

 
14

.B
 

.0
11

11
 

-
.. 0

1
31

7 

1
2

.,5
 

,:;
 
I
!
 

14
30

 
3

1
4

 

.0
2

5
9

 
-.o

m
? 

? 
.. 8

3
 

• 0
3

5
9

 
,,J

::2
6 

.v
0

2
5

3
 

.0
1

1
0

 

l
.?

'2
 

3
.0

0 

S 
I!

I 

1'
79

0 
5

5
5

 

.0
36

;5
 

-
.0

2
9

2
 

5
.3

6
 

.0
0

5
 

.. 0
30

9 

5
.0

1 

CJ
, 

IV
 

21
50

 
0

0
5

 

.0
48

9 
••

00
3

9
2

 

3
S

i0
 

2
.,7

0 

.0
~

8
6

 

6
.2

6
 

Ji
 

V
 

2
4

'70
 

1
~

5
0

 

.,0
'5

5(
$ 

-
.0

5
0

9
 

2
.9

6
 

7 
.. 1

1 

.1
3

5
 

? 
... 3

0
 

-6
 

~
6 

-
s
 

. 
. 

-~
 

l.
4

5x
l0

 
1

.2
ox

10
 

2~
21

:.t
lO

 
5

~
7

l:
d

0
 

.0
00

13
0 

')
r"

-O
"

'Z
C

 
('<

A
~

e:
:i

-~
 

t\
•'"

''~
n

 
•·L

 U
'1

, ·t
tv

:.
J

 
• 

,.
c

v•
,;

.)
~

~
 

i-"
"'

 
~-
·v

C
l'f.

ii"
;;J

 
-6

 
-.

;,
 

8
.,

4
4

x
l0

 
4 

...
 1-
0x

lO
 

~O
O

O
l:,%

 

~0
0

2
6

2
 

.0
-1

60
 

.. 0
0

0
05

25
 
.o

o
o

~
 

.. 0
6

1
5

 
.,0

0
0

67
6 

.0
1

4
/l 

.0
00

2~
9 

.1
0

0
 

.0
01

5!
) 

.2
05

 
.0

00
64

0 

.4
?0

 
.0

0
2

9
2

 

l{
 
V

I 

20
00

 
19

20
 

,.t
,)0

0
'7

 

-,.
O

o4
t>

 

2
~5

3
 

.. 0
0

0
2

~
, 

.-4
~

3 
.. o

ou
~

 

1
.,0

7
 

.,0
06

20
 

C
a 

V
:j;I

 

3
1

20
 

26
5'

..)
 

.1
00

 
-,

/)
8

()
1 

1 
.• 8

8
 

•. 0
0

0
ij

5
8

 

1
.1

1
 

.0
0

2
3

9
 

2 .
. 2

4 
.:0

00
7

1 

(4
:p

,.__
) 

"
'"

' 
T

 
"""

' 
.,_

 

10
0

0
 

9
M

 

.1
0

0
 

·-
.0

86
7 

lf
!,

..2
 

l.
,5

9
 

.. 0
8

4
2

 

1,
/1

6 

.,0
0

0
1

0
3

 

.0
4

4
6

 
• .

00
04

30
 

.,0
8

0
0

 
.0

01
4

8
 

A
$. 

I
I
 

15
40

 
lo

O
O

 

.1
46

 
-.

1
1

7
 

'9
.3

8 

.0
00

51
9

 

.. 2
1

0
 

,.
0

,:
)2

2
5

 

.S
~

l 
.,O

Ot
33

2
 

-1
0

 
-r

 
-7

 
-7

 
-6

 
-r

 
-s

-
. 

_ 
-6

 
--

f'
 

:7 
.-6

3
xl

0 
1

.-
2f

u:
10

 
1 .

. 0
2:

tl
O

 
5

.:
8

lx
l0

 
2

,.6
5x

10
 

L
.O

l:
d

O
 

z
.4

3
x.1

0 
7 

.2
7:

tl
O

 
7 

.s
sx

io
 

q d q d 

.0
0

0
0

41
6

 
.0

00
37

4
 

,..0
0

2
0

5 
.0

0
81

9
 

.. 0
2

6
9

 
••

 
')

A
 

'$
0

-
/0

 
,a

 
1

-~
-
,
t
"
l-

/O
 

,-
, 

!a
::'1

•~
"1

,o
-
f
 

1 
,7

.,0
: 

·1
0-

t 
5 

'-'
")

...
-1

0
·?

 
~
 ..

 , 
i x

i.
 

"'
·• 

'v
-"

-"
-'"

' 
,;,

,. 
o

~
 -

• .
:,

,J
X

 
_ 

• 
._.

 -.
o.

~..
....

 
• 

·6
 

_
.,

. 

e
.J

.5
x1

0
 

8
.2

4%
1

0
 

.. 0
0

0
4

0'?
 

.0
0

2
1

0
 

.0
0

7
9

2 

.. 0
7

6
5

 
l

.9
9

x
1

0
-6 

.. 0
2

5
' 

,1
92

 
.o

oa
ie

 
.0

42
1 

. 
.-

6 
. 

-
, 

. 
-s

-
6.

.,0
4~

1.
0 

1 
• .

33
:x

lO
 

1,
.-2

1:
xl

.O
 

.0
1:

65
 

.. o
o

o
o

e
 

•. 0
21

1 
tr

, 
-1

',l
· 



.~
 Ts

.'b
le

 ~
lq

}
._

. 
~
 ... 

D
ip

o
le

 
an

d 
i;l

oi
;;+

. ,_
Q~

µr
-~

po
~!

l 
'I'

r.
~

'?
i'l

;i
on

, 
P

ro
ba

:t1
il;

~1
?i

~s
 

fo
x•

. 2
;/

. p
qr

d,
';l

£p
.t'

a_
tio

~.
1 

l!"
g (

m
u-

'}
 

~1
~(

 c
m

-'
} 

a b S
""

(a
t.

 u
n

it
s)

 

"
{ 

,P.
,:.,

 
l.

P
. 

) 
fl

. 
..,

;>
l-

-
JL

 ••
 

2-
.L

 

'·
{ 

1-
.:.

i 
2.r-

• 
i 

..C
l. 

w
 .1

,.."
""

' 
l. 

J 
I,

. 
,._

 

• ·(
a.

D
 

4p
 

) 
I~

 
)J

.·-
~,

 /.I
. 

\.
 

,_ 

-(
j.D

 
2.

,..,
, 

} 
A

. 
lt

.-
i-{

: 

A
( z

.D
 ""

' '
i:,

 
} 

.L
t. 

~J
-i. 

A-
{ 

4
D

J.. .
.. 

~
.,_ 

) 
~

).
. 

L
 

{ ~
 

... ,.
, 

} 
A

'I..
· 

Jt,
.l,

..
-

1
,1

. 
... 

.. 

{-I
 ,.

, 
"'r

, 
} 

.A
, 

~
,
l

-
.v

.L
~ 

L
 

>.
 

A
(4

9,
~-

1
',t

J 

(
;,.

 
l..

.-
' 

A
 

U
 J. -

i.12
.iJ

 
1:

,. 
... 

~1
-p

e 
•.G

f 
~

d
,t

n 
.. 

d Q;
 

d q_ d Q
 

d q d q q d q d Q
 d q d q 

l<J
 !

 

1
00

0-
69

,.7
 

.0
00

11
 

.. o
oz

oo
 

4.
80

 

.0
08

06
 -, 

l.
1

3
.t

lO
 

• .1)
0

5
59

 
9

,.0
lx

l0
-9 

,.0
01

.&
o 

+0
75

4 

.0
0

1
0

4
 

.. 1
51

 

.. 0
00

9
$

5
 

.1
7

7
 

.1
01

 

-g
 

1
.a

e-
.x1

0
 

.0
0

00
31

6 
, 

8
.4

6
x

l0
7 

.0
00

02
05

. 

8.
21

:8
:1

J:
f9 

4.
,6

0
x

1
0

-21
 

C
 l

l 

22
8.

0 
1

7
5

 
.0

14
$ 

.0
05

13
 

2,
.4

6 

.O
?o

/7
 

l 
.. 5

6-
1d

O
'i 

.o
:n

1 
l-.

.B
5

:d
0

 

.0
1

~
 

.u
s 

.0
0

9
3

0
 

.2
26

 

.,{
Y

J8
4(

} 
.. 2

£$
5 

~1
52

 

-
7

 

-I
I 

6,
,.0

1.x
lO

 
7 

.,.-
O

fu
:;l

f,f
zs

 

4 
.. 9

9
x

l0
7 

.. 0
00

1.
ii{

; 

<'
00

00
22

6 
,.

0
0

0
0

8
7

6
 -7

 
1

.4
6

tl
0

 
4 

•.
 o
'l

x
l0

-'
9 

29
10

 
42

1 
.o

re
vo

 
•.

 O
O

'iiJ
67

 
L

~4
8 

.5
'l

l 
,,

. 
~
 .

..
 _

 
.
.
 r

,
.
 -

7 
,J

.,.
,:

:,;
(!

;~
v
 

---
2.

Be
 

l
.9

4-
~l

O
-b

 

.u
o 

.. 1
41

 

.0
6

8i
t) 

.2
82

 

.0
5

2
4

 
.:

53
2 

.. 1
9

0
 

.0
0

0
0

12
9 

.0
0.

.0
00

0 

.. O
O

Cr
.5

84
 

.0
0

{}
37

9
 -7

 
7 

.-4
7

:t
lO

 -J
g 

8~
98

:t
:l

O
 

l'
le

IV
 

.
N
a

V
 

3
5

2
0

 
'70

3
 

.,,
03

:7
3 

.0
1

~
 

.9
9

2
 

,r;
'U

40
 

11
40

 
,.0

51
2 

.0
1

8
3

 
.·a

o
 

5
.M

: 
-6

 
3

.8
7r

,J
,O

 

4?
4-

0 
1

8
0

0
 

.0
74

5 
.0

2
87

 
.. ~

..1
3 

1
8

,.3
 

1
.-f

&
lO

-s
-

2
.2

4
 

7 
.. 1

9 
:;;

 .. D
'7

rl
0

 s-
. v

i.l
0

l
5

6
 

.!Y
'l5

 
.1

6.
7 

• .
23

5 
1'.3

3
4

 

.2
1

2
 

.5
92

 

f2
2

4
 

1,
,,.1

5
 

,.1
-9

2 

.. '
71

~ 
r,

t,
o

,;
, 

.
~
~
 

.• 6
-5

1 
A

!5
0 

.2
5~

G
 

3
,?

0
 

.,E
l?

 

re .
. 30

 
.¼

"'?
 

2
.1

0 
.5

11
 

... 2
87

 

-f
 

-
7

 
-s

-
e.

eo
x

1
0

 
5 

... 2
?:

tl
O

 
1 

•. e
b

tl
O

 
.• 

.1
0 

'1
0

_,_
, 

A
 

,
,
 ...

 ~
-~

0
-1

1
 

, 
·n

-, 
1

0-
/f

 
i)

.-
r-.

;· 
X

..
&

: 
~

,
,
 i 

11
i.4

,,
J.

,-·
 

~
§

,
 
t.J

.X
 

• 

.0
0

0
4

4
4

 
.0

02
46

 

~0
20

0 
.. 0

0
1

5
9

 

-
7

 
-
7

 
2

.5
0

~
1

0
 

2
.5

0
x

l0
 

1 
•~

Q
.~

"l
•o

-
n

 
1 

1•
~-

,.◊
-1

8
 

·•
lv

tJ
d

L
.L

 
.,

,_
,.

 
, '

V
'X

.;
1,,

 

.O
~

E
 

.0
05

91
 

.1
5{

3 
.. 0

03
'7

'9
 

1.
-4

8.
xl

0-
7 

6 
.o

a:
r..

10
 -19

 

A
l 

V
lI

 
S

i 
V

II
! 

a 
!,

1 
•~

 
i8

lo
J

~
•

*
l
'
J

•
-
-
-
-· 
-
-
-

-

53
80

 
2'£

54
!J 

... 0
:9

22
 

.0
3!

!-0
 

.4
1.

6 

4-
1.

~o
 

5
.,

S
lx

lO
-s

-

16
.,.

!J
· 

.0
00

41
1 

e .
. w

 
.2

4t
>"

 

5~
11

 
.,4

.$
2 

4 
.• 0

9
 

.,5
?9

 

.,
32

1 

l.
,,5

Sx
l0

4 

6 
,., ?

,Q
.:

tl
(f

 ,1<
 

,0
13

0
 

.0
10

3 

.. 4
6.

3 
.0

00
5

3
 

l
~E
i6
xl
◊-

6
 

5
. O

lx
l0

-1
7

 

60
20

 
3

8
4

0
 

... 1
1

~ 
... 0

·4
2?

 
.. $

5
2

 

10
1 

.• .O
OO

lo
/7

 

3
8

 _ _,5
 

,.0
0

1
5

6
 

20
.2

 
.2

9
8

 

1
2

 .. 6
 

.5
82

 

ll
 .. 3

 
.. 6

?9
 

.3
79

 -,
;<

 

£
.1

6:
tl

O
 

1 
.. -

30
,:J

.(
f'

3 

00
41

6 
~0

2-
03

 

1
.8

$
 

.0
12

6 

B
.0

7:
r.;

10
 _,,_

 

1 
.. 3

9:
:d

.0
 -i

3 

~
 

t~
 



Ta
h

l~
 

U
(d

.}
,. 

.3
 

3 
-

I 
M

a,g
 .. 

D
ip

o
le

 a
nd

 B
le

e
 .. 

Q.u
ad

l.'
tt1

.,"0
le

 
1 1'

ra
ns

 .. 
'P

l·o
b

&
b

il
it

ie
e
 f

o1
· 

:3
1

) 
a

n
d

 4
:p

 
U

o
o

i'
l~

"U
l"

at
ic

n
s,

 
in

: 
se

e 
'

%
< 

_ 
l 

i+
-

.·
 

••
 

, 
• 

.&
 

i
,
,
a

 
l
l
i
!
f
 

1 
"

( 
i 

: 
•.

 
, 

'. 
• 

'i:
t_

 
,-

_,;,
_ 

,
. 

I!!
 

• .
,.

 
l 

•
i'

:q
 .,.

,.-~
,.-•

>! 
A)

;
• 

!II
 

• 
1

1
1

1
• 

' 
'j 

__
 

• 
• 

-
•
'
&

. 
J 

"P"
 

i!"
t 

i
l
 

• 
!§

 
• 

i, 
'.

 
• 

! 

1Y
l.)

e 
O

f 
B4

\td
 ~

1,
t. 

F
,.. 

{e
n

i'
} 

~ .
.. 

1,
 {

 c
n

f'
) 

a b 5,.
. (

at
. u

11
its

) 

A
(

4
c,

 
. 
~
 

\ 
..,.

 
""

JJ. 
...

 
~ 

j_
} 

... 
, .. 

(
4-

•~
 

~
--.

 
) 

A
 

;.;
i,1

.-
i'

.1. 
),,

, 
l-

,. 
{ 

l.
D

 
i..

-.
 

) 
•"

"' 
• 

Jl
--

'J
IJ

. 
l.

 
,.

 

·(
.t.D

 
.._.

.,
) 

il
.

1.L
 -

i
' J

. 
L 

"-

\
( 

1
uJ

...
1.

-
l.P

id
 

l.
 

..
. 

. ,
 ..

 D.
 

z.,
 .. 

) 
i!

.\
 

~ 
L

L~
 

!.
JJ

.. 
,_ 

-

A
( 

,,_p
.L 

-
~

~
J. 

) 
...

. 
l.

 

-4
' 

l..
, 

' 
A

{ 
S

 1..
-

-n
.iJ

 
),

. 
"'1

,.. 

a.
 

z.,
_ 

\ 
A

{ 
'S

J.-
H

, 
I 

/,,.
 

n:
-

A(
ZD

 -
'D

) 
iL

 
.l

;\
 

d Q
, d q_ d q d q d. q 4 d q d 4 d q_ d q 

{
~

3
).· 

r~
J

, 
-

~
 

\
~

I
 

I:1 
I 

.S
 

Il
 

C
l. 

Il
l_

. 
A

 .
IV

 
:t

 V
 

0a
 
V

I 
Se

 
V

!!
 

Se
 .. 

1.
'.[ 

12
20

 
3

4
3

 
,..

05
22

 
... 0

18
1 

10
 .. 2

 

.1
0

3
 

1 
U"•

\:l
~

•"
l.r

.-
6

 
-·

• 
P.

.T
.A

.~
'L

A
l 

.0
41

.)
5 

-6
 

8
.,.,0

fu
zl

O
 

.0
3

ll
 

.o
~n

o 

• O
J,J

;)~
~ 

.1
79

 

.0
1n

, 
.2

11
 

.J
.1

9 

1 
.5

:b
tl

.0
-7 

l
.~
8~
1◊

-1
6
 

-6
 

5-
.. 6

1:
,u

O
 

.0
0

0
4

29
 

.(
J0

0
2·9

9
 

,.
0

0
02

7
3

 -'3
' 

s 
•. t

;.o
xl

o 
l 

•. 2
4

xl
tf

'7 

1
5

1
0

 
1

9
4

0
 

2.
27

0 
st

38
 

8
25

 
H

l$
0 

.o
,e~

'4 
w0

'?9
.2

 
• l

O
l 

.0
22

5
 

.0
2

8
3

 
.0

3
0

0
 

6,
.,t

)'7
 

4 
.. 6

9 
:,

.4
7 

45
00

 
1'

16
0

 
.1

2"
/ 

.0
45

3 
2 

•. 6
8

 

.3
3

£ 
S

lo
'l 

2 
.. 5

3
 

tt
 •. 0

6
 

5.
45

x1
◊-

6
 

1
.l

B
x

lO
s 

.1
~n

. 
-s

 
2.

'i
lx

lO
 

.1
0

1
 

.1
52

 

.0
6R

B 
llf2

0
0

 

.0
56

8 
,.3

51
 

.J
J'J

5 

.3
7

8 
"'

 
,,

..
,_

'l
fl

-.
s'

 
l'.1

•
,:

,i
::

;.
..

..
.i.

v 

. 
2,

t)
{j

 

.2
0&

.1,
 

.1
82

 
.5

9
2

 

.1
~5

 
~

4
t.2

 

.• 2
55

 

•i
 

"'~
-~"

o-s
-

-0-
0

0
1

1
 -:

, 
tv

 ~
 .. ,

-~
 ..

t>
,.J

,_
 

• 
•

· 
...;

_:
.--

a
..

w
. 

,S
J'"

l.-1
 

,.0
0

0
2

8
9

 

.. 7
9

2 
.2

48
 

.. 4
70

 
.4

rl
l 

.4
0

0
 

,,5
5

0
 

.3
0

2
 

2.
,.5

0 
.. o

oo
ea

5 

i.
ae

 
.2

se
 

1
.1

2 
.5

45
 

1 .
. 0

2 
.6

51
 

.3
4

2
 

~
 

24
40

 
---1

!5
? 

.. 0
5

6
3

 
:~.

1
3 

15
,.

? 
.0

00
31

0 

.5 
.• 0

6
 

.. 0
02

2?
 

4 
.• 1

9 
.3

5
2

 

2 
.. 4

? 
.6

.2
1 

11 
.. 2

8
 

.7
51

 

.. f
lt

?
 

1 
O·

"' 
'
◊-
6 

n 
.:

:0
->

1
·-
-b

 
. •

 
id

..~
1.

 
( 

.. 
~
 • .

.J
) 

-I
S

' 
-/

"'
 

1 
.. 0

0:
.tJ

.O
 

4.
, . .2

5
x

l0
 

T
 

5
.2

~
1

0
.r

 
~-

.8
4x

l◊
-~
 

1.
4c

9
xl

{f
 f 

9 
•. 5

3:
;;

:l
◊-

,~
 

1
.5

~3
:d

O
-"

 
2,

.3
Bx

l◊
-'

0
 

-5
' 

3
,.0

.7
:d

O
 

.0
0

0
1

4
3

 
.0

0
10

0
 

.,0
02

.1
4

 

.. 0
01

:zn
 

.0
00

6~
15

 

!3
 .3

'~
:,d

{f
 7 

s.
w

u
o-

16
 

~0
0

6
3

8
 

.0
0

13
4

 

<'?
. 

n
o

=
"
lt

\
G

 
.. )

,.
.~

•
A

2
,.

,.
J
 

l
.1

5
x

l0
-1 'f

 

.0
00

59
9 

.0
:0

41
'1

 

.(
J2

t:i
5 

.0
0

2
5

7
 

.0
0

:~
1

. 
•. 0

0"
/5

4 

.. 0
~

8
2

 
.0

0
4

6
1

 

.. (
XJ

'7
7/

6 
•. 0

.1
30

 

.Z
,4,

4 
.0

0
8

0
2

 

-
s
 

2 
•.

 ~
.,

ji!
,0

 
.• 0

00
.1

40
 

.O
OO

?f
i5

 
2

,. o
/l

x
1

0
'3 

5 
...

 38
:iQ

J.f
'~

 
8

. '
76

x
l0

-11
 

a1
~0

 
:;~

A
O

 
~1

9
6

 
•. 0

'10
.Q

 
1 

... '
7~

1 

9 
... 2

..2
 

o/1
2

()
 

5
.-

53
,. 

•. 7
0

5
 

4
.~

4 
.8

6
5

 

... 4
0

9
 

6
.4

'~
:-r

.lO
-J

 
z .

oo
xi

o
-9 

.0
0.

52
0 

1 
.. 0

2:
ic

1
0-

? 

U
'/4

0 
13

31
0

 
.

2
8

{}
 

~
10

0 
9

o3
8

 

5
.$

6
 

.0
02

00
 

2 
•. 1

e
 

~0
15

8 

2 
.. 4

0
 

... 4
1

5
 

1.. 
<:Z

/!
 

....
....

 ~..-
e 

.a
os

 

1
.r

~
 

.7
89

 

.,5
18

 

5
,.l

1
x

l(
f3 

. 
-7

 
1

.,i
37

x1
0

 

.O
..:J

9
?

8
 

.o
.;~

1.2
 

.5
8

4
 

.0
}
.~

 

.0
02

00
 

3
..,8

1
x
l0

-r-

ro ti
-)

 



T
ab

le
 l

Z
iE

l}
. 

~,
; ..

. ,,, 
a.~

. 

F
i.

 
.(.

em
-'

} 
52

.>
, 

( 
ff

lll
-1 ) 

b d. Si_
 (a

. t
. 

un
i t

s)
 

• 
{ 

J
r
) 

I~
 

• 
A

 
.~

i_
 -

k:;
;b

} 

A
( 

3
P

1
.,.

 1 8
0

) 

• 
( 

1.
,..

, 
's

 ,
 

"~
 

v
t.

 .
.. 

o
l 

A
{ 

3
l?

i_
 -

1 D
i..

) 

'
{

.3P
 

'D
) 

1~
 

·""
 I

 .
., 

Z. 

A
( 

3
1?' 0

 
-

1 D
,.

} 

,, 
{ 

J
•p

 
-

3
p 

) 
~
 

•·z
. 

''
O

 
• 

,A
(3

 i,
'I 

-
~J

\ 
) 

A
( 3

1i
 -

3
1\

 
) 

/ 

T
,rp

e 
o

f 
R

at
l/

'll
 

q d.
 

q d q d q q q d d q 

4 
-/

 
.D

iJ
c>

le
 

ar
i...

d 
E
lu

e
. 

G;
ua

dr
up

£1
:e

 
'l:

ra
n,<

:li
 t
l.

on
 :P

ro
b

n
b

:t
U

.t
ie

s 
fo

t,
.~

 
Con

f"i
f-'

.',
J.J

~2
t
i◊

~l
 

i;n
 o

o
e 

... 
'!f

fi!
!N

l<
i"

 
'
q

t
<

 
• 

-
I 

• 
-
.
,
.
.
.
_

~
 

' 
f 

-~
 

~
 

.
.
.
 •

• 
q

g
 

• 
-,

.,
.,

..
..

_
.,,

..
--

a
1

, 
~

• 
.
•
 
-·
,
r
i
i
;
~

-
-

-
~

~
~
 

;f
it

¢
>

~·
·,
•
•

l,
~

'a
1

"
1 

__
 

(I 
-
-
-
~

-
-
.
,
.
 

o 
l 

19
90

 
15

0
 

-
.• :

00
88

4 
,.0

0'
70

7 

2
.9

4
 . 

• 0
01

0
0

 

.1
0

2
 

2 
.. 8

2
 

~0
1

25
 

00
0

0
0

94
4

 

.0
04

04
 

~0
0

0
01

2
8

 

-~
 

2 
... 0

0x
1

0
 -1

0
 

2.
20

:x
11

 

,.0
00

01
7

$
 

.0
00

08
81

 
,3 

...
 84

2.
:1

.0
-11

 

1?
 :

rr 

r~o
•t-0

. 
Zs

30
 

-
.. O

l.4
7 

.O
l.

1
$

 

1.
..1

 

.0
07

'2
/t

 

.5
5?

 

4
.l

Z
 

.0
~1

90
 

.o
oo

:.'5
4'1

 

•. 0
2

5
1

 
~0

0
0

0
45

? -6
 

?.
,:W

::d
O

 

'2
 

"
"
'-

1~
 -9

 
V

:t
.O

i.
)X

 .. 
1 

.0
0

0.
19

6 

.. o
oo

eo
o 

4-
.4

3.
.-

u(
f 1

0
 

N
e

rn
 

55
20

 
60

0 

-~
0

21
2 

.0
1.-

70
 

1 
.. 1

1 

.0
19

0
 

2
.5

7 

5
.2

3
 

.. 3
11

 
.0

0
0

8
91

. 

.. 0
9

61
 

.. 0
0!

'1
1

2 

~ 
C

'l 
"

"
'~

 -,
5

-
J_

,.
'I

G
X

J.
U

 -t
 

3
.,6

4:
xl

O
 

• .
00

11
$

 

.. 0
0

5
9

2
 

4
.,.4

9
x1

0
-1 

t~
 x

v·
 

:i'.>~
60

 
10

50
 

...
. 0

31
.2

 
.. 0

2
fi

0
 

... 7
8

1
 

~0
4

:M
 

9 
.. 0

2 

6
.2

2 

1
.0

? 
.. o

or
»e

 

.,)$
1

8
 

.0
00

24
;.3

 -~
 

~5
.-6

2:g
:-1

.0
 -7

 
2

.i
12

x
l0

 

.0
05

54
-

.0
$

0
1

 -8
 

::S
,.,3

6
xl

0
 

-~
 

1,i
,.,.

 
v 

1i
.1

 
vr

 
s1

 v
u

 
;S

a.
,. 

-
-~

--
!I

t.
-~

 
·

, 
<

 •
• 

1oo
o 

•
·-

~
•
 
-
'i

n
:

v.
,_

111
 

• 
-.

, 
:,I

A
 

IP
tl

' 

4!
m

0 
l'
f!

K.
l 

-
.J

)4
42

 
.,0

35
41

 

.&
7S

 

... 
10

4
 

27
.0

 

7
.1

8 

3
.1

.6
 

.. 0
04

43
9 

.0
06

 
.,O

O
n4

82
 

e .
. 9S

x
1

0
 -.s

-

-6
 

l 
.. 5

0
x

l0
 

.0
2

2
0

 

.,1
.2

"~
 . 

-7
 

l
.~

lS
xl

O
 

52
,0

0 
*l

t\2
{)

 

... 
,.0

5
8

9
 

.,0
4i

?l
 

.~¼
<1

S 

.2
LJ

7 

0
0

-..
6 

a
.1

2 

8
~2

0
 

.0
0.

.'3
65

 

2 
.. 2

1 
.0

0
0

0
0

2
 

-'
7

 
l

.,1
9x

lO
 

7
.2

5z
:1

0 
-
6

 

~O
?O

O 

• .
;),

,5
4,

 

l,
.O

·l
x

l0
-

6 

58
7

0
 

3
8

4
:)

 

-
~0

'7
00

 
... o

oo
a 

.;3
5

5
 

21
..0

 
,.0

18
6 

5
~3

1 
.• 0

01
6'

7 

Z
.1

9
z1

0
-4 

") 
t"<

,-·~
r1

0
-
r
 

,!.
,J

·•
'V

-.
3

.t
i.

-

.1
9.

2 

1.
.4

5 
4

.4
4

x1
0

-6 

i:p
 

¥.
'~

 



4 
.·:.

 
"t

 
_

, 

£
~

!. .
. PJ

:J.
J.9

.1:
;.~

~~
4,.

!le
.S.e

..J~
v~

tk
~

~
!
-
~

~
:!

'.
*

.~
~

 ... f
?;

L
~

lL
~

~
~

2.
 .....

. .C
:1!

1!1
~

!
.~

~
u

~
~

--
-

J)
rp

e 
o

f 
(3

µ
1

) 

~
 ....

 
~
~
~

,-
~
~

., • 
L

y
 

r 
~f~

 ~
~
-
.
~
~
i
~
J
.

~ 
IJ

:I
~ 

C
a 

it
 

&
~ 

V
I 

~
·•

 
-,

 
-

·-
·.

i,
iw

re
r 

.-
,1
,.
,

·~
-
~
~

t
N

•/
il

i➔
w
 

.,.
..,

. 
~
~
 

F
,__

(e
m

) 
10

~0
 

15
40

 
19

00
 

23
'7

0 
~9

7
0

 
3

0
?0

 
(e

m
 

) 
0

06
 

6'
?0

 
10

10
 

l.
59

0
 

2
2

tt0
 

31
00

 

b 
~-

.0
41

8 
-~

0
51

3 
...

. 0
6

3
6

 
--

~
(}

"/
8

9
 

-.
0

9
6

6
 

-.
. 1

10
 

d 
,~0

3~
35

 
.0

4
1

0
 

.0
50

9 
.. 0

6
32

 
•. 0

71
73

 
•. 0

9
5

2
 

s,.
 (

a
t:

 1-
4 
ni

ts
) 

a.
oo

 
5
.9

5
 

4
.-2

6 
3,

.2
0 

2
,.4

9 
1

.-
9

9
 

A
{ 

P
 -

S
) 

(l
 

.6
0

1 
lo

0
3

 

-· 
{ 

'P
 

O
 

) 
.ti

. 
.

....
..

. 
,._

J 
d 

22
.7

 
~1

60
8·

 

. (
 

D
 

,, 
1 

J'.
L 

~ 
-

~
 

1 
J.O

_.,.e
 

1
1

.5
 

A
( 

P
 

.. 
D

) 
(
i 

.. 0
5

5
2

 
.4

4
!)

 
L

0
9

 
~~
~
4
8
 

5
.4

8
 

~l 
~O

O
l.

30
 

.0
05

52
 

.0
1

0
5

 
.,0

1
8

9
 

.0
.3

49
 

l ..
 {

P
-

D
) 

(i
 

.0
10

2 
.. ,1

1
6

 
~2

fl.
5 

~5
52

 
1 

... 1
1

 
q

 
~0

0
01

4
9

 
.0

00
52

4 
.. 0

0
0

6
7

8
 

~
00

13
8 

~0
02

15
 

A
( 

P
 

... 
D

 
} 

q 
.(

K
}0

02
1

8
 

.0
00

00
~

'7
 

.0
00

11
1 

.,0
00

1$
'7

 
.0

0
0

2
4

4
 

A
( 

p 
-

p
) 

q 
-7

 
-
6

 
-
4

 
-r

-
2 .

.. 1
~x

10
 

1
-2

~
1

0
 

7
.6

5x
10

 
3.

,.0
5:

xl
O

 
.,0

0
0

1
0

2
 

.,0
0

0
31

0
 

ll.
( 

p 
-

p
) 

d 
.0

0
0

2
9

9
 

.0
0

09
3'

D
 

.0
0

5
1

1
 

.0
14

/l
 

...
 0
5

5
2

 
.0

7:
56

 

'
(

""t
:..)

 
_

_ 
ll

} 
d 

ii\
. 

A
 

..;,
 

'l 
.. 0

01
3@

 
~0

0
7

3
fi

 
.0

3
0

5
 

.,
l,0

4
 

-g
 

1
.C

i.G
:<

l0
-7 

-, 
-
6

 
2

s--5
~

0
 

1
~0

3
xl

0
 

.:J
:.

4
~

1
0

 
.3

06
-

.a
~

5 
-

-.
r 

-s
-

1
.-M

:.t
lO

 
5 

•.
 50

x1
0 

©
 

C
l 



.~
l!,

;,~
 ~

~
-•

 
g

~
Jl

!.
ro

}
;e

 .~
9-

l9
:-2

,_e
:,, 

Q;i
~d

1~
1-

:o
,2

le
 __ 

T
ra

ns
,._

-
h.

'O
ba

b
tl

~
!~

~
E

.E
: .

.. ~
,~

E
 'f -

~
~

'!
!.

~
--

1
3

1
 ... :

.~
~-

~.
 

'f
yp

e
 o

f 
11.

nd
. '

11
 

(,:._
.,.,.

'r
) 

'-
'.V

 

'.t
'l 

V
J.

I 
·v 

v
n

r 
C1

.' 
IX

 
?i

n 
r: 

F
e 

X
I 

-
~

-
~

-.
-
:
O

,
t
,
·
,
_

_
_

.
.
.
.
.
.
,
.
,
,
,
,
_

_
.
.
.
_

.
,
_

_
,
.
.
,
~

-
M

o
-
-
~

,
.
.
.
 . ..

.,.
._

...
...

...
...

..,
...

..,
._

,.,.
.._

.,_
_.

 _
_

_
 ""'

° 
$ 

• 
-

--,o
. "

""
!I 

) 
►l

l 
I,
.. 

t
-

.. 
J

, 
••

 

F 
2..

 
( 
cm

.-1 } 

?;
np

 (
em

-·
} 

b J 8
2 

(J.
 t

. u
. n

it
s)

 

• 
( 

J
p 

'"
'. 

) 
✓.-

:...
 

•'-
2..

 -
l,,.

_;
,1"0

 

3 
I,

, 
\ 

A
( 

P
1 .

.. 
~;•

o 
1 

{ 
(

D
 

1,
.. 

I 
J,.

 
;..

-
,.,,

o
J 

A
( J

p
2. 

~
-'

:o
l.

) 

k
( 

J,
;)

 
-

I j
) 

) 
.a

 
;;_ 

I 
1-.

 

t 
.,3

.,
, 

-
I D

 
';· 

I ..
 <\ 

.,1;
0

. 
._

 

,,.
 

f 
.3-

p 
_

J
p 

'> 
·'"

'\
 

-
2..

 
, 

0 

t 
J 

3
'<

 
) 

A
, 

P,
 -

,!.
' 0 

a
t

3
"D

_
~

p 
\ 

~
i 

-"
;._ 

• 
I 

' 

q d q d q d q_
 

q q_
 

d d q 

3!
37

0
 

41
80

 

...
. 1

4
6

 
.. 1

1
£

 

1
♦.8
3
 

1
,?

·9
 

9
1

.8
 

1-
2-

.,
4

 

11
,.7

 
.(

H
5!

:U
 

2,
.1

2
 

.. O
G

:3
24

 

.G
OO

M
:5

 

.0
0

0
81

7 

.:
l5

2 

2
.--

04
 

.0
0

0
'1.

G
7 

3
6

9
0

 
53

20
 

,,
17

1 
.. 1

3'
1 

1 
.. u

 

2
.8

6
 

15
4 

1
3

 .. 4
 

2
2

.?
 

.1
0

8
 

3
~6

'1
 

.0
04

5-
'J.

 

.0
00

4?
8 

,.
()

01
9-

6 

.2
!J

? 

4
.J

!/l
 

~0
0

1:
G

f 

59
00

 
6

9
0

0
 

-..
.,B

OO
 

.1
55

 

1
.,1

5 

4
~8

1 

?;
)t

:1
 

14
.e

-

4
6

 .. 
t'i 

.2
01

 

6 
... 6

.i:~
 

.. 0
0

0
'1

6 

~J.
'J0

t)
69

4 

.C
tY

~
 

.,W
/il

, 

10
.4

 
.-(

10
,1

2
.7

 

42
.1

'~
} 

8
?6

0
 

-
.2

4.
'3 

~1
95

 

.. 9
0

0
 

7
.8

3
 

52
7 

1
5

,,3
 

ag
/7

 
.5

5
8

 

U
r;

: 
.....

. 
.0

0
9

6
? 

.0
00

9~
i)

 

.o
oo

iro
 

.2
5

2
 

2.
0 

.. 9
 

.O
O

JO
S

 

45
10

 
1

~
1

0
 

...
...

 }
;8

5
 

.2
-2.

.'3
 

o,
i::

;1
7 

.
o

~
, 

12
.'l

 

8
tl

 

1
6

.9
 

17
1

 
.M

.9
 

le
 .. ?

 
.0

10
0 

,0
01

!;5
.B

 

.0
1

?8
 

.. 2
-7

~ 

41
 •.

 7 
.0

·0
7

3
1 

(4
1>

1"
) 

Be
 I

 

14
10

 
18

21
 

-
.1

$
 

.1
2

2
 

9.
_3

3 

.7
26

 

tl 
•. 7

6
 

5.
E

S 

.7
94

 
.0

2
2

5
 

.1
35

 
.. 0

01
0"

' 

.0
0

0
11

2 

.0
00

39
2 

._0
0

8
5

3
 

.. 1
7.

l 
.0

0
0

0
8

'8
'9

 
$ 



-
}._

 
_, 

tl?
ab

le
 

1
3(

aj
__

-
• 

'l'
ot

.'1
l+

 
'l'

rl
m

o
it

i
o

n
 ~

b
ab

i
l
it

ie
-t

L
Jo

r 
~

. 
Co

n
t
i
e

~.
ti

o
n

i,
 J

A
 se

.9
~ 

,,
• 

'l'.
v1

~e
 

o
f' 

,. 
·"·

 
"'

l 
..,.

. 

TI
-tt

l'.l
i.-

<$
i, t

io
11

 
R

ad
 'n

 
,,, 

.r 
--

--
--

--
~

--... -.
-,

.;
._-
, __

__
___

__
 _

 
C. 

X
II

 
F 

rv
 

tl-
e 

V
I 

_
,.

,,
 
-·.

 
...

...
. ---

-· 
, 

-
LJ

! 
·"

 
_

,.
.;

,,
-_

_
,.

..
, 
~
 

N
a 

V
I 

M
g 
V

II
 

A
l 

V
II

I 

A
{ J

'r,
! 

-
-

'·
;-

) 
d 

.0
0

1
2 

• 
·•' 

I 
• 

'-'
o 

">-.
 

46
21

.4
 

.0
1

9
 

.1
4 

.?
'5

 
3

0
6

3
.0

 
'!

•7
 

A
{"'

P
i.. 

-
';2

3 0
 

)-
q 

.0
0

0
0

~
 

.. 0
0

0
2

5
 

.0
01

1 
.0

0
4

0
 

•0
2.

S
-

A
( 

ID
 

-
I.

;,
 

\ 
q 

... 9
5

 
l..

. 
~,

o 
I 

)..
 

1
.e

 
2 

.. 7
 

3
.4

 
5

7
5

5
.-0

 
43

~
3

.2
 

35
32

.2
 

j.
~

 

-
-
-·

 
A.

I 
3p

 
-

'D
._

) 
-<

t 
\ 

0 
q_ 

3 
.. 4

7.
10

 
C

\ 
(j

 
)
f"

-7
 

1 
<

,(
 

1
0-

, 
5

.,0
xl

.◊
-,

 
,;:,

.~
•,

X
J.

-..1
 

••
u

x
 

, 
..

_
,-

-.
;-

-'
j,

 

3,
.'h

d.
O

 
8
♦,1 7

:
d
O
 

1 
.. 5

-1
:1

0 
°A 

1:
~;

?~
§

 . 

A
( 

:J
n 

-
'D

) 
d 

.0
..0

00
50

 
.i:

 
' 

A.
 

I.
 

. 0
00

7
4

 
.0

05
5 

.0
3

0
 

6
5

4
8

.4
 

49
59

.5
 

:3.
99

~
~-~

 
3!

34
5

~8
 

,.
,t

,,
,i

 
.....

 
-

--
-• 

~
-
~

· 
~
 

,.,3
'7

 
1
.1

 
~
 .. 3

 

A
{ 1

P
l. 

·-
I 
D

1J
 

d 
00

0
01

5 
/\

 
• 0

0
2

2
 

.0
16

 
.-O

B7
 

65
83

.9
 

frJ
O

? 
.5

 
4

0
5

9
.3

 
34

.£
-5

._8
 

1 
.. 0

 
2,

.8
 

5 
.• e

 
_

_
 ,...

_ 
.
.
 

-~
-

A.
{3 

'Po
 
~
 

3p
;L

) 
q 

'i
t 

. 
-I

"/
-

,:; 
.. 3

~
10

 
Q

 
"
' 

"'
0

-/
Z

..
 

._,
, 

~
 

,,
 

-1
0

 
"-'

ev
X

.!.
 

5.
Bx

lO
 

t,
"'

n
lO

 
5 

@
 
,0

-'8
 
~ 

-
·1

0-
7 

1 
l 

10
-6 

_.. 
X

J.
-•

 
._1

,.
0

X
 

·· 
,..

 .•
.
 11

; 

• {
J

·o
 

_ 
3

1;
 

} 
-7

 
,e

l, 
J;

 I
 

'
l..

 
d 

re
.8

x1
0

 
-6

 
-s

-
'? 

C
 

~
o
-
'f

 
7

.4
x

l0
 

9
4?

:d
O

 
•.

 tr
£

J.
;

' 
00

21
 

.0
7

~
 

.• 2
5

 

( 
_

j.
..

. 
; 

• 
) 

A
 

;t
;·

o 
-

Jc>
, 

cl 
-
t 

fi
.8

xJ
.O

 
-

G
 

2
.b

d
O

 
-s

-
2 .

• e
x

lO
 

2
.o

x
1

0
 -

</-
.0

<)
51

 
.. 0

26
-

.0
46

 

~
 



i1
at

,l-
e 

13
 (b

) 
,. 

. 
. . 

z. 
:I.

 
• 

_
, 

~
ta

}.
 :

t~
s
i~

1
o

n
 ~

l)
~

h
il

;-
.i

 t1
,e

a 
.:f

O
!'

 .·;
w

 .. _
 ~n

.d
 4

]!
 _s 

0
6

.r
,;

fj,
[.

ll"
a

tio
n

;s
t,

 ,l
n

, 
~

-e
 

.~
 

'J.
yp

e 
o

f 
:l

r
~

i t
io

n
 

B
a~

l•
n 

A
{1

P
1 

-
1.9

0
) 

d 
)_

 

,. (
.l 1

:1
 

I 
c
, 

/ 
&

.. 
;i.

1..
..

,,
 

,t;
:,o

 
q 

A
( 

'D
. 

....
 1 S 0 

) 

l.
,.

 
q 

A
{ 

"P
o 

-
1 1.

\.)
 

q 

'
·(

J
'D

 
-

'D
 

) 
R,

.. 
"' 

I 
• -

• 7
-. 

d 
)..

 

A
( 

3 P2
.·-

1 D
2.,)

 
d 

~
 

A
(~

J?o
 .

.. 3 1'-z
. )

 
q 

A
{

J
p 

_
l

,:
, 

) 
\ 

' 
,.

 I
. 

d 

A.
( ,1

 Pa
 _

J
p

\ 
} 

d 

(S
p

,.
} 

Si
 

I 

.-
03

5 
65

2f
> 

•. 9
 

.,
00

25
 

l<
ti7

 

-6
 

l 
.. 5

x
l0

 

.0
00

95
 

..,0
0?

//
 -1

0
 

1
.a

x
1

0
 

"'
00

00
42

 

.. 0
0

0
0

0
8

2
 

P 
II

 
$ 

l!
l 

.2
3

 
_e

s 
4

6
6

&
.,

4
 

:-
i7

21
.l

 

.0
11

 
.. 0

51
 

3
.6

 
5

, .. 1
 

~
1

0
.2

 
-

-6
 

"/
.,.-

2
d

0
 

-s
-

2 
.. z

:1
:1

0 

... 0
00

0 
.O

M
 

.. :<n
e

 
.. o

~
 

-1
 

l,
.,

5
tl

0
 

-7
 

1.
ox

.1
0 

.o
oo

~ 
.. O

rJ
20

 

.. 0
0

!)
0

8
2

 
.. 0

00
47

 

-z_
 

(4
p

) 
C

l 
IV

 
A

V
 

K
 t

r!
 

O
a 

V
II

.: 
G

e 
r 

2
.1

 
1.

.,1
 

l.
.6

 
sn

a.
s 

,.0
6~

 
.1

55
 

.,O
M

 

6
.3

 
7

~
 

1
.s

 
53

22
-.

,2
 

-.s
-

s.
vn

o 
.0

0
0

1
5

 
.o

oo
m

 
,.

0
0

0
5

~
 

.. 0
00

10
 

.0
75

 
.. .o

o 
-.4

9 
1

-J
. 

-<!'0
4

5
 

7
~

0
,,.

9 
~

:
!
 

N
&

'J
o 

4
9

0
0

 
--

.. 1
.e

 
.. 4

7 
1.

.1
 

a.
a 

.. 0
8

8
 

0
0

4
6

.,
l 

o/
00

$ 
($

2:
~ 

56
16

 
-

-~
 

-
7 

_,
 

-s
 

-.
s-

-
6

 
5 

•.
 8l

tl-
O

 
2 .

. ,x
1

0
 

1.
on

o 
s.

bl
o 

?,
,.3

21
:c-lO

 

.oo
o.~

 
•. 0

~
'7 

.,o
?e

 
.1

9
 

,.,0
0

0
2

 

.. 0
02

1 
... -o

rw
s 

.. 0
2

6
 

,,J
f'i

? 
.. 0

05
:l

 

il
~ 

I!
 

,.,
O

O
+l

e2
 

.2
1

 

.. 3
1 -

r
 

e*
on

o 

.0
4

2
 

.-0
21

 

,m
 

·CD
 



T
ab

lt1
t 

13
 i :e,

} 
... 

ii
i 

• 
• 

.
.
 

~
-'

i'
!f

~
it

lo
n

, 
P

ro
b

ab
:i

;l
it

~
ea

 .. t
o

r 
JJ

3
• 

C
.o

n
tt

s.
,u

ra
.t

i~
 '

-•
.m

a<
:;_

, .
.. 

~
f!Y

t' 
-

1:
l'a

?W
it

ie
n

 
m-

u:•
n. 

N
I 

0 
II

 
F 

I
ll

 
N

e
IV

 
N

a 
V

 
ti!

g
 V

I 
#

~
! 

Ht
 

V
ll

I 
.. 

. 
C

M
1

' 
• 

,
.
.
.

.,
½

 
-

-
• 

_
_ 

-
-

A
( 

4,
,, 

~
'O

 
) 

d 
...

,0
09

0 
.f

)'
W

, 
... 5

'7 
54

'6
 

18
 

41
 

10
0 

~
,.1

.-
·•

,J
.. 

L
A

 
'L

 

~
$

"
',4

 

A
(

"/-,:
,, 

1-p
. 

) 
d 

,.0
05

$ 
.. 0

31
 

·~
23

 
;3:

,.2
 

7.
,.,2

 
.1

6 
39

 
• 

.:
),

i.,
 .
..

..
..

. 
,. 

,. 
3"

46
5,

.4
 

;l,
. 

(
1..

...
 
~
 

) 
d,

,q
 

'4'
07

7 
.a

s 
. .,_

25
 

,.,
54

 
l.

3
 

3~
9 

$
.,..

5 
20

 
!..

 
D,

t.-
J:

,±
 

ii.. 
'1

3
3

0
.~

 
51

7$
.3

,,.q
 

4'
11

9,
.,7

 
40

21
,.,

@
 

35
00

~
0 

3
0

9
8

,.?
 

-
A

{"
D

,1.
-

2F
t.

) 
d

,q
 

.. 1
5

 
.2

4
 

.. 5
5

 
.f

fl
 

1
.1

 
2.

.}1
 

5.
6

 
1

3
 

" 
'7

35
0 

. .S
 

57
.3

S
 .• O

 
47

1-
9,

/1
 

{-0
11

1,
.5

 
5

0
0

()
;, .

. 4
 

3
0

0
3

 .. 4
 

.t
( 

1
},z

J:-
~?

,t
) 

d.
,q

 
.,l

B
 

~,
,f:

:ti
 

.... .3
9 

.o
o 

l.
.,

l 
2 .

.. 6
 

5.
.,0

 
12

 
... 

:>..
 

?5
19

.,.
0 

57
21

 ... 2
 

4
7

1
4

.l
 

40
15

.5
 

34
00

.al
 

30
'7

4
, •.

 0. 

A
( z

.D
i.,._

-
~
 )

 
q 

.. 1
-0

 
,.1

5 
.1

~
 

,..3
2

 
.•.

 2e
 

.. 2
9-

•►.5
2
 

.3
8

 
A

 
73

19
 .. 0

 
57

21
,.

2 
4

7
1

4
.,

l 
40

11
..

2 
!.¼

85
..-

5 
so

ea
 ... e

· 

1,.
{ 

11>
1..

-
7

,,.
) 

-I
I 

-9
 

-7
 

-r
 

-4
 

}1
.,2

:d
0

-4
-

d
. 

6:
..0

xl
O

 
(J

 ..
 9
x

l0
 

5
.5

:x
lO

 
1,

 •.
 5:

dO
 

1 
•. f

JJ
dO

 
;>

.. 
L

 

A
{-

+ s
,~ .

.. 1
.1\

_!
:}

 
d,

,q
 

.. 0
()

00
32

 
,.0

00
14

 
~o

oo
eo

 
.0

0
2

9
 

00
89

 
... 0

2
3

 
.0

6
2

 
•· 

.l. 
ij

00
0 

.• 7
 

tW
.Z

9.
J
. 

A
(4

S 1t
-

2.D
,t

) 
d.

,q
 

,..Q
O

J0
'2

l 
•.

 O
O

O
ll

 
.,0

00
06

 
.o

aa
 

.. l
:4

0 
.,.

4{
10

 
l."

'8
6 

:>-
51

98
 .. 5

 
-~

 
~7

2e
,.2

, 

AC
"fh

.· -
i;

lJ
 

-9
 

-
7

 
-7

 
-
7

 
-7

 
. 

-
7

 
-6

 
-1

 
<a

 
d 

a: .
. 21

:1
.0

 
1.

5:
z:

10
 

7
*

5
x

l0
 

2 .
 .,5

:t
lO

 
2,

.5
%

10
 

l~
-5

rt
0

 
1,

,.J
lx

lO
 

2,1
!'.1

:d
O 

"' 
... 

.l.
,.

 



'l
ab

la
 l

3
fd

l.
. 

~
:t
a
l 

~
a
ru

:l
it

ic
n

 F
N

b
~

b
:t

li
-t

i~
 f

i)
,r 

!a
jl.

J 
~

l
 9

_3 
C

cn
lf

i~
p:

,a
tt

om
J1

; 
in

 ~
 -i

 .. ~
· 

·•
·tt

-
_

-·
·
..

..
-
..

. 
••

 
· 

"'
J

J
O

»
..

, 
•.

 
• 

• 
, 

s
it

s
. 

1·
1 

rs
··

 
·.:1

• 
iu

 
-

• 
•.

 
• 

•
t 

• 
J.

d 
"
·
 

J
_ 

••
 

·.
-
. 

--
.

• 
-

r 
·-

_: 
• 

·-
-

·-
·-

•·
 

-

~"
.P

e-
o'

.t 
'J.:

7a
11

..s
-1

 t1
o

n
 

R
ad

 tn
 . 

{5
!f

} 
P

I 
S

I
!
 

G
l 

:U
t 

.
,
.
 

. 
1

,.
· 

.
,
.
,
.
.
.
 

.,
, 

~,
,,.

_,
,,

,a
r

•1
 

U
.M

t 

A
{ 1

s,
t ...

 1~
tl

 
)._

 

A
i-

'1-
,-:

, 
l.

,,,
.' 

} 
...

 \
 

"
'II

--
1-

L 
.... 

>.. 
,_ 

,
1.

 
z.-

.,
. 

Ni
l, 

o,¼
.-

,.,
~ 

A
 

!,
,(

 4
1

'\
 

. 
').

.,~
 

) 
J:

).
 

1
4/

J.
 ~
 

..t:
.L

 
-

2.
. 

2.
. 

>-

A
( 1

.n
~
1 

~
1±

1 
)..

 

A
{ 

li
.~

-
~

}
 

l,
_

 
'-

A
 

J,
 

'( 
..

..
 ,.
,.

 
' 

""
':>

 
} 

--
~

· 
X

j_
 

-
· 

~
,
~
 

~
 

,. 

( 
.,_

,,
, 

i.
D

 
) 

A
' 

,::
;l
t-

l,t
 

),
 

"I
, 

1,
 

} 
A

( 
Si~

-
D
lt

 
A

 

A
( 

D,
t."

" 
1)2

l)
 

d 
.i

0
 

53
52

,.
4 

d 
.0

4:
l 

55
39

 .. 7
 

~
 

40
00

,.
5 

~
~
 

• .
lZ

 
if;

;Y
/ti

.,5
 

.....
. 

'·-
..

...
. 

S
J?

 
5$

--1
2 .•

 7 

e
;$

 
0

0
5

5
 .. 4

 

4,
,q

 
.1

2
 

,.2
~ 

... o
o 

d.
,q

 
,,.

00
 

.,3
6 

.,,
'¥

/ 

t't
, q

 
.~

i 
,.4

;1
 

,6
5

 

q 
.u

 
... la

!J 
.. 2

6 

-7
 

-G
 

-G
 

d 
l,.

.f
ud

O
 

:h
O

:d
O

 
7

.:
6

~
0

 

q 
,.0

00
44

 

d
,q

 
·0

00
5'

1 

.0
0

1
0

 
61

17
,.

3 
·, 

h 
'':

lli
tl 

.. 0
02

0 
67

5l
_,

.5
 

d 
-
!
 

-7
 

s .
. 5x

lO
 

5~
n

o
 

,..
00

23
 

55
17

' ..
 2

 
~
 .. 

..,
00

71
 

55
S

'l 
✓J

 -G
 

3 
•.

 ~
xl

O
 

A
 I

V
 

2
.5

 

.. o
o 

~
,o

 
71

$9
,..

l. 

.9
4

 
'7

2
6

5
.5

 

.• 9
'9

 
72

36
 .. 0

 

.. o
o 

o/
35

2 
.. 0

 -r
 

5 
... ,2

..'
dO

 

.-
00

48
 

4
7

ll
-.

4
 

..
 --

•
. iii

•
··

 

.0
29

. 
47

.,1
0.

z 
~

. 
•e

:s
.1

i -s
-

2
.s

x
io

 

K
V

 

6,
.l

. 

~
 .. .

5 

2.
.2

. 
6,

2£
;$

..
,4

 

li,
,'7

 
~

-5
 

1
.,

 
65

:.l
e.

.,e
 

.5
4

 
&

14
t;,

..5
 

~-0
00

-2
8 

h
~

 
4.

.'t.
20

 
~

-
.1

:0
 

41
$,

'J
 

- .0
00

14
 

ta
.V

I 

1
4

 

5
.1

 

4.
-5

 
5

4
6

0
.0

 

5 
.. 1

 
00

51
~.

e 

3-
.. 0

 
55

87
~2

 

co
36

 
59

66
 .. 4

 

,.
{}

01
5 

.0
2

2
 

,.
M

 

•. O
fJO

V,
e 

S
e•

 V
II

 

9
,.,(

$ 

th
O

 

5"
'8

 

.a
 

~0
06

4 

.0
0-

z.
2 

(.
4

p
} 

Se
 
II

 

7.
-/J

 

~
2

 

~
.A

t 

l.
i.$

 

2 
.. 1

 

.3
2:

 

... 0
0~

1 

.0
$!

? 

.,:4
0

 

... 0
02

3 
$ Q

 



'f"
ra

n
si

 ti
o

n
 

A
(J

D
 

.._
 I

,.::
, 

)·
 

, 
"'

Z. 
~..

,o
 

.. 
(· 

J
p 

. 
IQ

 
) 

A
 

1 
-

,..
o 

, 

A
l 

1
D

,. -
1 $

0
} 

'A 

A
(J

p
~.

.., 
'D

-;i
J 

).
 

( 
3

. 
I 

) 
A

 
l\

""
'

Di
. 

).
 

(
3

li
, 

l·
) 

A
 

•.
0

• 
D

i. 

A
{ 

'I
\ 

.,.
3:p

o 
) 

A
{1

1?
1 

-
3 1'

o)
 

A
{ 

lp
t 

...
. J

:p
l 

} 

~
bl

el
~

Je
J_

. 
+

 
~
 

~
t~

""
'"

'i)
.§

ln
si

.t:,
i.Q

r1
 P

ro
ba

ui
l.}

 ti
o

o
 t

o
y
 ~

It,
. 

~
nt

i,e
.a

.,
t!

P
l:}

~
 t

.!1
 r

Je
;,t

: 
~i

. 

'ly
pe

 
o

f 
Ha

d
f'l
l 

0 
I 

F
I!

 
Ne

 
IH

 
N

a 
IV

 
r~

 
V

 
.A

l 
n 

q 
~-

00
19

 
,.

()
f .• )

7
'3

 
.. O

J.
~ 

.. 0
41

 
.. 1

0
 

.2
1 

d 
,,,,

l,_O
 

,.,a
,5

 
13

.,6
 

9.
.,.0

 
27

 
6.

9 

q 
2,

,.,
$,

 
4,

,.,
1 

5,
.2

 
s,.

.z
 

'l
,.

$
 

8 
.. .

l 
55

77
~~

 
41

57
 ... .

5 
3.

54
2 

.. 8
 

d 
.. 0

1
$

 
.,

,(
)~

 
.Z

l 
1

-l
 

3 
... 

2 
(.i

,,.
2

 

~
)
 ... 
~
 

4
7

~
 .. 5

 
:a

e
w

.,.7
 

~
 

~
~
 

,d
 

.0
0

4
0

 
...

 0
2

5
 

.. ,o
se

 
.5

2
 

.... o
o 

2,
 ...
 2 

63
63

,.,
9 

• 
··,

 
....

. , 
40

00
~

2 
39

67
.-

6 
53

05
 

_, 
-

6 
-..

 r 
-_

, 
-s

-
q 

2,
.,0

xl
.O

 
"/.

.,1
,:1

0 
l_

,!
lx

lO
 

3+
6x

l0
 

~
9

7
.l

O
' 

l.
.,

.~
lQ

 

-1
0 

-9
 

-
¥ 

-
7

 
-

6 
-
6

 
q 

2
.,S

xl
.{

) 
s.

ex
io

 
3 

...
 G

rl
O

 
2

.,6
:t

lO
 

1 
.. ,5

~
 

v,
.,2

ia
.o

 

d. 
ec

00
00

l1
7 

.0
00

1
e

 
. ..,

00
12

 
.0

0
5

5
 

.:0
2

2
 

.0
7

0
 

d 
.0

0
0

0
0

0
 

.. 0
0

0
8

9
 

.,0
05

9 
.. 0

3
0

 
.. :

ts
 

·~
45

 

Si
 

V
II

 

$¼
1 

5.
..3

 

2-
,.,2

X
l0

 -.
:r

 
25

.,~
.Q

xl
O

 

~J
.;9

 

1.
-5

 

<G
 .....
 



'n
ab

:!;
~ 

~)
.~5

{ 
t'

~
 

,.
T

ot
al

 T
r&

¥
S

it
io

a
. P

ro
.'t

J~
bi

U
 ti

e
s
 f

o
r 
~
 ,,_

 $,
l'l

it 
4;

! 4 
O

o
n

;f
i£

~
a

~
 o

n
s.

, 
il

l 
se

l?
: ~

-L
 

iT
an

s!
 ·ti

o
n

 

••
. J

 
I 

A
{ 

r\
 ...

... 
S

0
) 

(. J
 

le
 

) 
A

 
l?

,..
,. 

v
o 

A
( 

'D
 

'•"
' 

) 
2..

 ..
_

 
"""

'o
 

II. 

A
('

1
P

l. 
-

1 :0
2.

) 
,A

 

A
{3

 P
1

..
, 
'D

z_)
 

;i_
 

A
(':.

? 0
• 

'D
z..)

 

A
( 

3 
P1

-.
.. 

3 P 0
 

) 

A
(

·\
) 

.,..
J:p

 
) 

) 
0 

A
 

( 
j

~
, 

~
l"J

 
) 

.i
;.

 
,r

l..
-

"
I

. 

1'
,p

e 
.(
jf

 

R
ad

,•
n

 

q d (1
 d d q q d d 

{3
:p

4
} 

s 
I 

.,0
5G

 

.. Q
.'le

 -s
 

2
.,2

x1
0 -7

 
2 

• .
2

u
o

 

.o
oo

so
 

.. 0
01

4 

C
l 

II
 

-6
 

1 
..

 2
n

o
 

.0
00

9-
4 

.0
0

7
3

 

A
 I

II
 

.,1
2 

. 
v•

15
1

.o
 _ _
, 

?~
O

x:
10

 -
6

 
7

.6
:d

O
, 

.o
os

.:i.
 

.O
S

l 

K
 I

V
 

l+
l 

oJ
.O

l.1
 -

~-
'J

I 
e7

v4
~a

 

.. 0
00

11
 -s

 
3

.,~
e

 

•. 0
1

5
 

.-,
10

 

0a
 V

 

.• 6
'-1

 

2
3

 

1
1

 
.:3

90
0-.

5
 

:a.
,.5

 
53

08
,.-

!J
 

~
-

"-

.-5
5 

61
,)8

5.
,0

 
- .,0

0.
0l

.7
 

.0
00

10
 

.0
;:1

6 

.. 3
1

 

S
¢

\'
fI

 

1.
0 

4.7
: 

12
 

$
0

0
0

.,8
 

5 
. .,5

 
4{

;7
2 

....
 2 

l-
►l
 •

 
55

59
.,e

,, 

.. 0
0

0
2

4
 

.,
J)

00
5l

 

.f0
17

-$
 

.. e
s 

@
 

«l
 



!~
+

e
. J.

,£?
.!f

l}.,
... 

W
Q

~a
l 

~r
ap

a!
_W

f.n
 f

D:,
1: 

?
~.

~
~

11
1t

,:t
es

 
to

r
-~

£
+

 a
~

, 
1£

~.
 ~~

nf
$~

um
1t

t.~
 

,!, 1
~n

t,.
),

 

.~
 

0:
1'

 
' 

4-
} 

\3
p

 
i'i

-a
11

5i
t1

~n
 

R
fld

~l
'l 

T
i 

V
I!

 
V

 V
1I

! 
O

r 
!l

: 
M

n 
l'.

> 
lfo

 n
 

- A
(J

,,
; 

-
I,;

;; 
) 

-
l.

. 
..

..
 

L
--

0 
: 

4 
l.

,8
 

z,.,
.s 

4.
8

 
7

.8
 

l~
 

·(
JP

. 
,,.,

 
) 

Pa
..

· 
.

--
~

o 
d 

~
2

 
1

6
0

 
3

0
0

 
55

.0
 

0
0

0
 

A
{ 

'0
?... .

.. 
1 S 0

} 
q 

1
2

 
1

5
 

1
5

 
1

5
 

l.!
? 

B
2o

l-.
,7

 

A
(J

~ 
-

1

0
1..

} 
d -

12
 

2
5

 
4.

ll 
0

0
 

l?
O

 
41

44
, .. S

 
~

l6
 .. S

 
5

2
'/Z

.,
5

 

~ 
I 

) 
d 

2
.1

 
3

, .. 7
-

e.~
s 

l
l
 

1
9

 -
A

{ 
P

1 
-

D
z. 

S
l.

0
5

.~
 

4'
V

33
,.5

 
44

:.
07

.9
 

•~
O

?.
s 

im
a

.,.\
't 

A
{ 

3 ~
 

-
'D

,J
 

q 
.. -

0
0

0
~

 
... 0

00
40

 
~0

00
~'

9 
,.0

0(
)1

Js
;}

 
_.

,O
QJ

.4
 

a<
3 P

i.
 -

3 
:Po

 ) 
q 

.. 0
0

0
0

2
 

.. o
o:.

ro
 

.0
0

4
5

 
,.,

-0
0$

6 
... 0

1e
 

, (
.l 

p 
....

 J'
i¼

 
) 

A
 

I 
-

o 
<l

 
~I

B
 

.2
1

 
.,2

'/ 
,,.

25
 

.. t
2e

 

A
{ .

lp
,_ 

,,.J
r,'\

 )
 

d 
:3-

: •.
 0 

4w
i 

1
0

 
. 

2
1

 
42

 

4,
 

(-
ilp

 
) 

S
e 

I'
 

,-,.7
3 

t;-
~S

 

l[)
.,5

 

a··~
 

... 
~
 

4'
14

 

.. o
oo

u 

.. 0
00

31
 

,.0
0

0
0

 

,.l,
17

 

Q
' 

w
 



~ _, 
~~a,Ui.f>n~~,a,,b~~$.t1~s f:<:>:r: 5d .• Op:lf+.~!Xr-qt.ip.e~. ,qi@ J?~ VJ;~,1,.jtti .~e~ .. ~' 

M~ . :Oi;pol.~ 
1'ffMi ti on '.i,~ . !->m)l). 

3 ' o) A( p~ - , ..... o 

.A.{ 3p, - S o) 8.,95 
A( I ~ -

,,,, } 
.;o o .• 

3 
'Sn} A{ l's -

3 , 
Ai p~ - G,d 
~(· ' n· - 1G) $1. I?. , 4; 

A(3F4 - 'G-4 } -~2 
A( 3F8 -

1
G4) .S74 

A( 3 F~ - ' G4) 

A(
3
P1 -

3P~} .,-Q073.2 
.fi.{ J l\ - Jp~} 
11 ( 1 D - 3·p ) .,205 ~- · 2 "'2 
A( ~F4 - . !;} ) 

A{ "Fe - 1J:>ta) .104 
A( 3? -JF ) .o~ ~ ra 

Ji.( l'J?o - 3 :£\ ) 400107 
A{ ' Il:e - 3 l?, } .Ot500 
A( 3

Fi - 3 !>1 } 

A( 3F2 - 3:P, ) .00291 

A( 'v2 -
3
Po ) 

A( 3 Fri - 3 1lo ) 

A( 3F4 - 'D:2) 
A.(. 3F - 1D • ) .001 ' 3 Ii_'! 

A{ 3 F:,a - 102 } .,345 

A( ' :its _3 1 ) ' ' 4 
A( 3JJ'i.: - 3F4 ) 

.0419 

A.( .. F2 - .?lis) .. 0004 

b,:;: ,,0$4 
d ~ .0425 
f · = ~?Ul 
k "° o .• ,318 

:&;).eQ.' fiwt- total. 
~,uw. P'l'.'<.lb. ~ . ~Ql;). 

4'"8& 4..,i;, 
9 ... o 

55.3 ~ 
.,005 .59 

. 00026$ .000211 

.00534 ?ooss 

..,()0872 .ii 
,.000005 #!.':.17 
1000192 .001, 

-8 
.00113, l.4~ )( l.O 

4.00 X 108 ' -s 
4,2 x 10 

2..,19 ><- 107 !120 
.1e2 .,la 

.00Gl9 .ll 
, •. 00'97'? .ose 

0 *oou -6 
l,94 '>( 10 ,Q.00 

,,224 , .. 22 
,.ll4 l• ·~ • .t;;, 

" -,7 e.~5 )( l.O 
. -7 

9.,0 x lO 
.s12 ,.3l 

.ooaae .0()'$9 

.00194 .ao 

.0014.5 •. 55 

6.16 ,c l.◊ 9 

.,042 -9 
5.21 x l.Cf 9 

5.2 x l O 

2 .. 79 )( lO~ .mat 

u 4;1,· 0.,00ij$'#3 
V::.: ... ,.0100 

Wave Ob$e:t'v~d Rel. 
Lengtha. IntelW.i tiecs 

NOC 70~ 

3769 9 <5 
~--! , ·= 11

1 

55$7~2 
345V.5 

527$~l 3 ..::!' 

1.~~~~i 3 ? 
461})9.0 

51~.3 5 
48~3.9 3 '? ,\ 

40$9.4 4 '? 

1559'9"'1 
~0615.,5 ~4 
6?20-:i 4 

• - t , . •r 



!• '\1'.{1t,'.fti<lit~l _.2! tlw> ~~ta~<!l 

\be theo~t.i ea.l d!3-.riv~t1oli ~f tht::.i tomnl,ae U$8-d in the 

celculati0tm involves i;}.ie follQ\ving aaem.'tlptiO-ntH 

1. '1110 el.etl:t:CQn.8 may to a tiret za,pp;re::izimatiffi be ~e~ded as m®'ing 

in a eent~eil nel.,t; wi th@ut mutuaa. br~erae:t1oti. '.that i.s, the 

differ-en® between t1ie mutwu oleotrostatic :in:teraeticr,n of the 

sle~trena a1¥l sonw f!Jpr~pl?i.e.tel.s! ebosen. oen:tr&l, potential ;l.!'ltel.a 

is small e-Mugh te be ~ated. b:r fU'at -crdel." per-tu~batie-n iiheory. 

2. Eaell elecvron. in a giift/.n aonfigUl.!'ation :ta assume-d. to mov© in tbe 

s~ effee·tive ~ntral 10-&ential field; e-¢' t'.bat ·~h® ratlial partH>f' 

the one-alee.won wav~ tun.cti0ns is itJ.dependen~ Qf the m1 values of 

the ;tndiv1dual e!,eqtrone ~ 

3it. 'l.l'le eleetro.st at l c inta.r-acrbietns ootwaen_ eonf:lgu:t>ations may be 

M ·Bl.e<llted., 

4at 'llle spin ... o:rbi t latexac1r1on, b¢ttreen ct.mf:i.gw:-atiQne me~ be neglected .. 

5.. Tb0 $;p1,u>i-.<oi>bit i.:n:'ijeraotio~ its 'tlel"'1/ ~3. in comr;f.U"ison with th.e 

ele~t1'cmtati o iittetaction. 

'11.w fil'e-·e ~,o Qf these assuaptio:ns. are neeeeso.;cy t o1~ the Slate:r 

:meth~d ot h$1ldl.1n,,~ :tt.rul;V'""elea.tron problems (as, Ohapto:r e) • '.the seQond 

b involved als0 in the tbooey of the Eartree aa.1:1•- c-011Siatent fiold . 

'lbe uagleet 01· oontig,-w-a.tion iate:racrt ion a.!lrl of the apin- orbi.t perttU?ba ... 

ti'(.}.n then loads t~ the Euia~ll.,,.Sa;u,nde-r$• so.beme .~, c~aotar!~ing er.t~-sw 



separations with the alC.P8~irae-ntally obseJ?Ved. aep@l'l'at:t~. '1'111.W tor the 

2r eon.tigw;,ati an tbe Ellat<ll:r tweat,mt,;,nt ;pr0d.it'rts ·too interval rat.!€' 

7 E~r O!, N II .a..,"'id O III thic1 ratio tm."rla wt to t?e about 1 .. 14 (OS, § fi ) " 

It ma,.v be p.ossibl.~1 to e.-~eount t°Ol' the disorrepan.~y on the basi,5 ot 

tnte1•e.et:t@n of the 'ilip'f:. <u:>nfi~ation with the 2:p ti;!) (lonfi,.~wationm or 

,11th the ~!) 4 e.®figtU,at!on.t Sim!lo:r die.~;we:pruieif}:a ooeIW for too J/3 

and ;p 4 confi~ationth For the 5~ ao.tliigu:rat:i<m Gt Fe VI.I it is aeen 

from .li':lga1'e 3 tho,t t1'H➔ Slater. :tw--..trul:ae do not fit ve.ey ·,e:ll. •· Here 

statie ,.ntem-0ti.on. dete~i!l$S th~ e~nt ef bre(ikdewn of IJ3 eo1~\l:lng. 

A meas'I.U':'e of tM.s breakcl:own q-f coupling ia obtai!led :t1tooi the tfJ.~:tfic'ient~ 



a., b,1.l, ~ .. .. q u whi \'ih give tho w~ v\ t f'tme ,~io:;:w for t he l"@:ttl'itU-'b@d syr~too11 

1n terr.w of th,:: i:W;PB!·tul'OOd lmtJ@;;il'~~-3$,;t,.~"fJ ~Ve i'Ul'.iC t'J. OD$,. I t is 

$~en. frol:n -tJ.1Jit nt~l'ioal diaii.tJ. i n 2tithl ee 12 ~d 14 that thes$ coeffidents 

a1t-e ft»l' tl~ n10$t pa:;tt mnal,l1 bein.g lea th~ 0.1;. 27.rtis fUl"n1$1le$ $. 

Jw;t i :f'iea.:1;1on. ro1• t m us~ ot ths fi~st- ord.~r appr~~t1on :n~thod,, 

stlM!e t he e@~Qn,4 ... e,11:'da~ eotti"e-~tio$ at'O Qf' thti o:iew:tr el (O .l.) t•e 

li~v~v,e:t\ tbe e~tt1e.ient-a ot. brea1rd0i1n of coupling inereaae 

witli 1:nenui~ de~e of 10:n!zatt.on.. in10 fit4f!lt - orde:r tres.tm.~nt ts 

t'hel>efore less dei:end.&ble ttJJ; tlw more td~.l.y ionized atoma, In the 

ease of !!'e V.U, Gne Qf t:M <;tooffie:1eTa:b$ 1a m:im.eri.t1ally about 0~3. 

H~~El the firat .... otade:r treatment ~~ ie prebably inauequnte., 

'!be tl"Oatment ot the. a~ :t:rte,~reJ. 1$ also :t-a.the-r ine.O.eq-uate,, as 

may be seen f'l"Gm au i~ et ion of 'lable 10. J). mo.re 40?nPl~ta eet of 

Hart're$ sel:f ... o€>rw:f.etant 1.'iel d wave functio~ra ~uld cl.eati up this dlffi ­

eul ty te a great e,;~at.. 

In 31>ite <'>'f all the di.fi~ieulti(:le d.is.euaeet\ ab.ow, the l11etl'l,ed is 

@ubstantially a oouno. ~n:~ ~. 'Ihie is oo:tine, out by th$ reasona.bl.y (£God 

~groeli.19nt 'tth!oh ts ~·ote.ined with the orn,·e.~d intonsitte.a in nebu.l.llr 

and novae s~otta .. 

! • ~*.0.,<i~~sut ~ M'l$ : ~,sv.l·~~F 

All of t;he Qal<mlationo were ow.t"i.ed cu.t to. th1.oee f:l.gttt•es, al\d 

·twei fi&Jl'lt'I~ ~rte v11:t<~in.®~ ae 1Jigaificat1'b iii tlw final re1;1ul.t~11 It ts 

hoped that the nW.r.iu.-ous ebecking ae~ces whi:G•h wre uaied eueoseted in 
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~~~plicat(¾i!l 'bf the 4\1:f'--ti~ t:J.,1_le d.itt1·M:w~1ed in ·tl.wi :p:,:,€rit&dil'l6 aeet:ttln. 

A dotie.il ed ~ .... 'ilal.ys :ta ot the p
2

,. Tl and p 4- conf:tgurat-1. ons ffll!S me.de 41 

nob t Mon and e3hortl.ey4~) , Md tlhe V'Qit7.:ts wui ® t :t.~y (lei te:rm.:ine i~ the 

10% Qff, doo to the ditfieu1t1e$ 13.lu.::.rt:ra,t"ed in Fi tw r e J t ~!he ®o!oo 

• of the :Qaram.et era F2 &'id F+ i s un,fQrtul'ux~ly quj,~ critic-al fnr the 

evaluation ot the eoettioie!1t k (d©fill.0d in 'table 5(f)), due t~ the 

ta¢to:r (F~ ... 12 F4 ) 1:n t he den~a..teir. A eh~e of k in ei t~1~ ttire.e .... 

r~Ae uvaluat 1oa f>f t ho 1nt:e&;:r.~.\l -~ 1n:tl'o<.tueee e.n edcU t1o~e.l 

uneertaiiit:v into -t11e abl;J~ute vaJ:uea ot the eleetr-ie qt1.adrup0le tvansi tj.on 

p:m,babi li ties . 



Biw.ma.1:-·izing the above dieoussion,. it w.ou.1c1 seem that the 

ma.gnet1 e di:i;mle transi t .ioo pro\Jehili tie a a~ aoeura:te in absolute 

vai:ue to wt tMJl about ,.z 5% for th® r,li: eoiaf.igttrs:tio~; ea,d the el.e otri c 

qu(ad:t'lli01@ t:raiwi•Uon probabilities ahot1,ld be goed tn aba@lu.tt;, v.m.li.ie 

tf.;I wt thin a ~e.ertcm of two·, 11b@ relative v~lu:es f~ :rmre,J,y dipole 

tion e:t F~ Vll &1·1•1a ol$a!'e.d ttP, f:i.O that the v>alue oi" t e:tnn be rolia.bly 

d.~t~rroin-vd, th$ 1.•,HJ1.tlti3' obtai:netl fo:t: Fe· '\t!I Ql'lS. fflitl. Ot,tl,y M e,n 

e~ .0~~!1; wit th r>,tw~rvlliftiiQn .. ; ~ " •• . . •• I · · - ~~~.:~ - !rt•~~ 

b0m th~ rastllts l:Urt$cd in '!ables U(a), (b) and (e) it is 

!3~en that the ~e:tnent o:t t~~ Qbsarved rolf.r. tive in'tle.ll$1tioa of Unes 

Pf)8$:$Si:ng the $~ uppe:r lewl. w1 th the the0?$tioe.lly Pl'edicted 

r&4t:!vo valuei, is quite good £er thzl o-ll~l."V'\lid f(ll:r>l':r!dden line$ of o HI , 

o I! and o I.. ~ih\\'7 a~eintt,nt for 0th¢!' at~ of tl'!e r}s. contigurati-ons 

1$· aloo qnite oot1s.tae:t<:>l'y. Of aom:-ee it i s to be ;i;,~"e:tad that the 
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d:lecll!.saed above The theore tical results present all the taa.tu:resi 

of -the observed relative intensities. This suggests that the 

defioienotes of ·the theory may have been overestimated. 

General Features of the Results 
_.. ........ ___ ---------- - -- ----------

As Condon pointed out from his eeleulations10), it is of 

interest to note that in many eases the magnetic dipole transition 

proba.bili ties in a. multiplet are much larger than the electric quadru .. 

pole probabilities for the same multiplet. In particular, t hi s is true 

for all t he atoms in the p2 and p 4 confi t'Urationst and f or most of the 

multipl e t s of Fe VII. 

It is also of oonaidera.ble interest to note that in all of the 

cases whioh were calculated, the probabilities of transitions between 

levels of t he same term are negligibly small in comparison with the 

probabilities of otr..er tra.nsi t;J.ons from the same uppe;u level. This iE) 

of im.portanee in the discussion of the int en.sit i es of the lines. For 

the proba.bili ties of the unobservable intra-term trawitions enter into 

the denomina,tor of ·U.1e formula ( e) of section II, which gl. ves the 

intensitie s of other lines having the saioo upper level. HeDCe the 

latter lines would be weakened tremendously if the intra-term transition 

probabilities were relatively large . 

! • Some S~ecial Results m_ 0 III 

1. 'l'he Line 3 P0 .. 'D2 • According to the calculations recorded in ~----....... 
lable ll(a), the line 3 Po - 'D2 for O III possesses a non-vanishing 



t:ea.n~1tion ;>rol:iabil.ity, about 1/10,000 that of the atl'<Ul€,'El$t line 

of t -he mul t:l:pl e t $ p ... ' D2 • ~.t a, reeul t e~•s up the prQbleln whieh 

dG'i1$l◊l?ed when Bovren. and Wysall) 008~"8<1 'b-hi,s line, a.1.tllo~ 1 t bad 

been p:red1o ted PY Cond0cn10) to have lll. li'>er© probab.111 ty ~ 'lbe obeel'V'ed 

lhe f~.n~tte.4, U'A!!, !.( p __ p:::x; . ~feeao:r 19 s . l:}(1;1e}l1 has po-inted 

out eu :f'U.rthor :reoult of o.on$id.e:r,.,u'ble .intera-st that Qan. lot) deduced 

tr-om the trarud·Uon :i,roba.bili. ty Qaleulation.s. I t na fou.ncl aome t:tIOO 

to lower levels, or trans1 ttons ~ these lower lewls aov:n t.o still 

lew®r levels o Xn 1935 Professor Bowen29} interpreted. t.hza phenomenon 

the nebulae in the :f'E>m of 'lhi.s r esonance line o:f He II i s absorbed by 

atflnlS ()f o III 1n the leV&l 2-pre 3 1'2 , thus :raising the.fae at(;l!YHS t0 the 

energy l evel 2p3d8 J?g , from wl!.ieh they desqend with the en.rl.asion of 

pe-rmi tted lines. 

Since the 2"f!"" 3 Pj;i l tlVel is not the groUJJ,d level. · or o !II, tha 

abQW ~eba:nisn o't eni tation e:ould apply enl.y 1t a. 1a.1rge :prQJ>'or·ti on 
j)l. 

ot the at0m.-a of O Ill e:&:isted. in the $ :p~ level :instead QfA the groWl.d 
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tion l)Ji.'Ol>ab;tl.1 ti~a 'be-tween tile hnr-els ot tlle 3 P, term. we;re mlll;lh larger 

than tba probability o of removal :r.rom the 3 P~! level by oc;lltaioll, 

(see sEHl.r~ion l I) . !?'01· U' the ti~al'.Uilition proba.bili:ties were 1nuch largeJ> 

th~ c., then ~toms e~d not renmd.n in th,e UJ;)per levels long ~nough fer 

th~I'ID$ely~e equ111b1tir.tr,u. to be ostablish@d bettveen t~ at:Qma in the 

3 :£10 , 
8

P 1 am 3
1\ 11 levels und.er t:ba influence o'f collieioll:S o nenee too ,. 

:population. of 'tihe S.pre level Wi\l>uld be depl.e wd. 

Xi'rGm table ll(a) we see that 

3 3 -S I 
A( P, - P2 ) ,::: 9-ji,7 ~ lO see -

.A{3P0 • ~P1:-i~ = 5..8 1l.l: 10-
11 

see.- 1 

A(8 P
0 

.. 
3 P

1 
} ~ 2 .. e x lO.- r a.eo-1 

of the tol'1bidd®n lines oi' O 11 O II and. O II! tn tb(il nebulae, ·!ihe 

tl'ansi tion sD ... t s of o n is found to be 0;lll,y 1/5 t-e 1/10 as ,$,tll'Qil€,~ as 

,,, 4-
t~ans:t tion, But , tr.om Te.bl-a ll(b), the valu.@ of' J {"'D ... 8 } is a'b4.)u.t 

. - t -/ -4 . 
1 x lO 1;1-eo- ~ Henree o is &bout 5 or lO x 10 see , whieh ia 

<)l 0 
co:rru,tdel'abl.y l.arge,1• than A{"' P,,o ""' ' Pi:) • P.nus the e.e>ndi tion for eld,.$'terJ,ce 

of t11e 4bove absorpti0n niiH)hani em of ~~.ei tati on of. o III is i\\lfilled. 



to th~ if eon.fi~at:5.on: although the ~le:id.•1,Jy of the e.a. ~uiations 

WOJ1>2ld he l~-c.r<7a;eed by the :ttirrie ~?or of e.t'@l'.•fW l evels 1~- tlli~ 

eQtd':l.t;stUN:1.~cion . '!'hi~ e~toueion -w.cnJld have t1.J.pOJ..1a.u1t applieat'.l.o!Uile}, 

esp.~ciall.y S.n ~crmec·i:t!).tt w'l.'th the line$ o.t 15'0 ', S. &.nd F~ I! ( the 

latte,:, l e-ea:use of b-11or tle·y i @ tre~tm.rm.'t. of n..ea:!'lr ~lo..~ed abe11s20 )). 
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