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ENERGY LEVEL STRUCTURE oF He

the He whom  has two eechons amd we cam exterd — pmap(_l.f—
the  shrudure observed for he Hawmn bt two elechons hf'f
Hyo(mje/h hke level Struchuve .

stake of ome
Tt\.e sek OF ql«aw""«m nuwber ¢ alescrl‘bihd {:Lg > elechron.  in Ye exterda i
Bohr - Q:L\Vb'augex picture (induo(irv spin, that is) s Giren 13

R = (%,ﬁ,'m&'m“) where M 4,2, ... )
L = (0,1, - - mn-1)
(-£,- .0, - +2)

1\

]

my ,
m o
or twp elechms in He growmd state, the seb of quottm winbers
wonld e &= (10,0, t%,) Tt s found that we can on hare.

n=1, £=0 ps; = + !
n= 1 L=0 ms - __z| m\ly one a.UON'CJ Mva'nus]
2 S T 2 2

bt never mg=m, ; the o gpins hwe b be oppesite Thic leuks

1

the 5ey\eral«9aho-\, b:; N Ye Pudi exclusin P‘ma.?‘e No twy
glecbms cam have all qun.d'm numbere jdentical -

Bor m =2 (2* 0, Ms= )  (L=1 wmg= ), @1 mg==1) and
(l'—'O, mg = —'/,_) are  oalk alloweo( Combinahions | ﬁv&——(—s—-yﬁa,e_m
BLY S 1 be, = 6 dubes  ance o Mus  combingbor of quowl'\m

nimber¢.

Tn 'Pad" it is  fomd  that the levd .Cc(neh\e +or He.’ o omy +wo
eledrn oystem  golits ko by cystens | called Hhe singlet system  and
Hhe trplet Sy ke and  branshiong "“‘3 occuy. either Hdn e triple b
S_gﬂfom or within He Sl'r}jld’ Sjsl-a“) never fmm ome o the other

These systems  are oh':l-ihgw‘.d,\co{ by the value of Mg * me_ L&"U
o or A
LPES W Strglet  syctem. Mk My =1 — biplet systom,
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e sheme fr oploting Fohr— fke leelc  watd be

Each of the vesulting alowed _occubanciet are calleld {:ern-\c,
term (s designeked by e term cymbol 2% Lg

.les
(151 C) N
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fasel o ' - l -1
29, Ne= g 'msz Z ' 3
S =0 J=0 —_—
S=1 J=1 —_—
= s I
Lz ' , qn_'S'I—- E’. , m‘:_= -5. ) 3z
S= D} J=1 —
S =1 , J= 0, 1lr 2 T
(1s2p) Poia "
¥ —beV
(s2s)— 35, L"¢
&
JL -245 eV

Usts), (1s2s), (1s2p) , (1s3s), (1s2p)  (152d) efc
@s2¢)  (2s2p) , @s3s), (2% , (263d) ebe
thece ~occupancies  are forther classified based on the s
@ the spns Mg+ Mg = S
evidendly S cam ,,15 tﬂke He Vau(MeS o1 _
b) te orbkut a.a-.JvJ»y momenta 42-1 + f_ L
(&) the htal amgular mementur T e L+ S
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Trangitions  within,  the sx'pgld- System e in the UV | visible and infrared
““"\45\’9.15 Hanshon witha the ‘l:n‘P(e(— cJ_(l'-uy\ are in the 'R) vie. The
Eriplet syctem spams v 5eV,  singlet syckem Spanc ~2CeV

Tt\e. Mot Ammy\f ine ¢ U'\e 152P 1P' — Is1s 180 [:"218V) 54)’1%]

The ‘b:)pe of Covf;lu'nj OF’or:ndulnr momertum  and Pin. seen in  Heliwm
s o exaiple  of L-C copling which is seen in lon Z (2530)
DM L-¢ 60(@?“»3 is  Vahid wha the E€ 2T interachon (¢
weaker (for an twdividual elechm ) thaw, the cou\b\inj between the
orbtal angular mometa  of a pair of elechme.

Y’fne L-S CO“H“U enerygy l‘sJ While the orb_\'—l.:- orbt copling eneryy i
Mo _Ze® T.¢ Mo Ze_ B . e L

W Zmg ¥ | W mr Zm, o

We first add the £ to give L=F0; and S= 38 ; we then sek T=L+¢
Thic  ccheme lles 22 elechons also. However iR a shell

is  filled then the ground  stake is the one in which He filled
shelle  have J=0 , L=0 S=0

On\ﬂ the elechromg in  mon-closed shells meed be considered o
Ad'em«'rvlv the ahju-‘,av momertum  state of the atom.

A Aifferent cofling scheme arises | if the individual  electrm L5
covpling s comparable o e or greater than the Lot or EL-E)-
auﬂiy between +wo  arbi tra):«j elecbong. )
C|ear\3 . Hus sitwahon, arises for  atomg with |a@e Z , since the £
cowpling dependc on the srengbh of the mognehe fidd of Hhe nucleus

exPer\‘chceL l:y the orb(h‘v\j electron.

Tve second Scheme s ealled J"j aou&lt'nd since Zc and S firck
couple o form I for the % dechon. and  the o and g, teme
of different elechems interact with ead. other of the next order.
In Huis cau{ph'ha scheme it _,“‘(j makes Sense B tallkk about the
tal RhJu._q:La.V Mo entum J = Zi ; but not of the ovbital

wmomenta L. or their Sum 1:}
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ENERGY LEVELS

The angular  momentum covplin 9 schemes ndicake existence of fine
structure | but  does wot  tell ug ahgtb.'»\d sbont the ererqy levels.
To Obtwl‘rv ﬁvose Wwe heedl. "b $o|ve 'er Scl-\vb‘auujer eqm:(’fo-» ‘ﬁ?’ ’d‘e/
electrostatic part of the Hamiltpwian, -fm_:t

However, even +for the si»syegt case — the UHeliwm adom — the mulbelobom

Haomilbonian, has 1o  exadk solwhons.  The Hanolbborian s
A 2 3 . ]
H - - ( AR A ) - Al {\n obwc,]
2. Yl rz Y"z lL?u:tS

Tn the crudest approximotion  we may treat the 1/n, term as the
Per{:v«‘oafl‘om: ,ﬁ = ﬁo + '/v"12 '

The hamiblomian, H, has exadk coluhong, which are dmfly produchr of
one.  elechm, wavefun cheons

‘P = \L1 djz_ Ip(" F'\ ) -V;_ ) = 11/10—') \I/L(rz—) \'V\Ai"u“a“j'

\ th hydvge
The grownd.  state energy would be . A;an a:;H i SYBSM-QL
Bo = B0 ¥ ) Pt (2= 2

where \1/101(“4,2_) are  the lyo(mgcn—ln'Ke qronnd stake fundtine with z=2

Evidently E, = (= 22 ) x 2

= 4 (domie  wits) — Ths is 102:2 eV, when
in —Fac)c the vdue is 79¢V  or —2-90 atumts

We can do slighetly better than this bj treach'vy the Mo elechons

5@ bJ Skef:

—  Treak the first eedbor as  Pounmd "a(ir;d'lj " B the nudeus ie with
Z=7_, So ‘&\QJ‘: Eo«); __|2_ Z?. - -2 s

— Treat the second eechon as bound o am ' screened” rucheus i€ for

the secomd elechm aloe, z=1 S0 thet Eyzy= L
; 2
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The net  binking  energy  wrldds Hhen be

E‘o = Eo(:\} s on(z) = S

_ -2 — | - wkwk c(o.ser b He adual

o —

4

Nl\.n

Vdue tham the previons ome but  on the “an" side  thet is mare +ve

As a W/Mﬂ@ less  drashe aﬁempt ok  account he Hor He sf:reem’vg
wWe May set  the St:reewf»-‘ﬂ term as (z- é) where €< , S0 Hat
the b!'n_d)."'}ﬂ eherqy A cldotabed above makches the acdual vdue

= - 2 N o
Eo 25 &= é(Ze) = B, b

?lﬁh'nj Z22 and By = -290  gives €= 0€56.

As an aside wWe also mote, tat f we set the same screening
c:ombant -far Ca.‘ckla\h'nﬂ 'H\e, bl'r\&:nﬂ of ‘H\e. second dednm and.
equete b o the Knowm  dst Tonisation petential, we  get an exact
wakch ""z (2-¢)? = -Et (2-04c¢)% = -0'9 = 245 eV,

NoTE {Jwble {oniSodion che@j = binding ehe,rjj of o elecdhrons = 79eV = ~2:90au
for He g\ytﬁ\c_ —_— - ——n — on efedvm= 24SeV=-09ak
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We can (wdrde the VY\‘\Z term tn the hellwm  abvm  hanuttordas,

| a5 pevh»v‘oah‘ve correchon. o the wavefunchon obbrined for Hhe

noh- iMemd’\‘vv hamibonan  Hg:
»r
W = -1l v 1 p2_ 2z _ =2 5;5
0 S | 5 —_ — ¥

whidh has  slubons BT V)= ¥ () Wn) i whidh b(r) s -

L\jdﬂjeb\ac wWave ﬁwd\o’h Tke energy aJehv,‘(uc s L——_ z%)x2 for Ye G§.
Frst  order Pemvlwﬁw 'Ux“"] ij the  correchon

LEDY = 2@, 1L v B)d
£ Z(n+ry)
To sdve Hus we mte Huat @(};,VZ) (Zj/n) 2 and
| © d__ = i , wheve ')C,zls e ‘ﬁrze. an:jle_
- (rZer?- 2r1rzcos’)b”)"z betregs Y4 (2 r
@cos X\, =  cosB cosh, + sin8 cind, cos (b))
- 2
D can be written ag Z e F, (cos) wheve Y, and v, represent
| L=0 ragﬂ the omalley or la@er of
n ad r, ab the (’0""*'
of interest
) ¢ (( .2 2 22(rt) ¥
Thuns Eo = _2_7_ Jj r aLY" 40 r Jr,_ oLQz e Z‘ “«< P cos(x‘)
T

From.  the Prvperh‘e.s of &'Pl\cw‘r.zd hovmomcy  we  have
b CeosXpp) = 5 v (8,4) Y, (5 4) -

Mme-L

g_ He adlition Hheorom ~for grl\en‘cal, l\.\rrmm.‘a}

/6 22(ravy) % o 2
4T, dt, e YT Y, ) Y, (B Ve
ne Jf —2; E-L (2141) ¢ N m;,}"’

(2£+1)

et

The ih"cjrov[ has he 6 or ¢ olefcnalence cther Ythan,  the Ybn:‘ Since Y
— ™M




of Aifferent L m, are ,,arﬂmjah,iw,h,,, eadh oMer amd since Y, = (‘HT)-I'!‘z
Is ,ibL&PgJ_ch" of 06 we cm Te ite Hhe infegal as

E «Zﬁi" a7 ZZ X, (8,8) Y 54,

2£41
amd e)aflm‘f &Q&QQEM&#QQ@. X 00(9 &, )Y 6 &) r "i’f
o Ve,
=2 (7. 2
< 2 (i, e, E W ae 5,8,
L " 2t M
) T
ez(n+r
= (aZ jj Zdr r AY 2') < (‘.' L0 is bthe Onfj bzr».)
-1
£ 0'7 oo
-2 = =
= 7t J R 2N [ f 6422 | ridr o+ Jezzr2¢ rfva
r.
".=0 G_=0 r' rz::?" ~
4 -2 Y, N ® _2
= v _( r*zdr zr'[ 1 S'l ezzr’ I”;'c(r iy j e le r, Ar]
h=o o "
l - + § Z
4

As expecked e correchion ic posihive Since it corvespords b elechon -
electhon,  vepulsion.




|_TES the &5 ekg_;’_jg_con’;d‘libf"fs_(’ oder i perturbation theary |
| & E= EY e

= (L 7)re + Ex2

= A 4 _5_ = - ﬂ_,,,,,, AN 4- 2w UTH
% ' 4 4 o

This s 4 be compared  with —2:90  (exadk).
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VARIATIONAL  CALCULATION

So far we have taken the un‘xrh«r(oeol wwcfumd-\bu o be « produck of

Fja[wjgm“c wavefumchens @ 0 = e~ 2(*)  (where 2=2)

I«(' i'TSkaA, we tmke o bual Wavbﬁmd-n'm of the -@m\
W (ﬁ,?;) = ez# [- o (r+n) ] I

Nk\cb[ N)vllc 5{.'(“ b&‘nj Sﬂ\eh.atl‘lj ahmch’l‘(_' .‘1'5 M aaym{?’blb'e PAVAW(‘!V Ce

Yot  canm b& detrmined b\, ’H\g; varztional PH'hu'p'ti Thae wavefn. Mouy be.

seen ac & ‘soreened” nucleus wavefumchion, with the screening deterwied iavishinaly

In Bus methwd  the  adjrsizble pavametey (s deternined by the. muntm g‘:\(w“h\'-
of the Wﬁhm\. Valve & Hhe eheryy

corresf;omunj > He rmrer CDMHJ'Q,
hamildonian. amd  the Bl wavefunchon .
Thot l:&, We -ﬁ‘hg[

(B = (¥, ] 8 1.0 l

were Be -lp2 [ p2_2 2
> v

trial

|
I, =

+ L
"2
and -ffnal(J mwrmse B wrte varidbm  n &

Thas expeci'ai‘fn Values of the \ariows derms . ave
S e
Chy - Gy = o - Tehee

1
w2
< __L > = +E_ o g

T ;
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8
2(EY [ dux = 204 - 27 . S = 27
g ¢
() = 27V% _ 4 [ 27 232) NoT —o® )
> (Ié) (l{)+s(l § 2 7?
= —(_2__7_')2
\ = -285 au
'\-L\A'S {¢ COVUI‘JeYaHy closer to the achunl (W'FH\AH 427')
The btral Warefunchion. that we -Congidered was ;fl«enb-ﬂj r:yrhmeh't'a
aomd AL wmet ex?h'c,'i'Hg thelnde any 12 oor-thu‘hing term . Since Hhe
\/r‘lz terme  does expl\'a’H-j evter the hanilbandan it 15 rewendde

bakke a ol wavefundhion 1o be

— o (rary) :
,‘Pbm = £ Colrpr e ]

Ti\e v«ri»('\‘oually calculabed

enerty
with one term in Yy, .

Tt Shodd Ve neted theb Huis brbl werefunchion yelds an even beltor
value Yen the best possible Value  obbutned using s\'njle parhele

with this bl funchon  gives E=-293.

wavefunchiens  ( by the a-called Cef- consistent field method of Hartree)-
We say tal the Yr, term 4w w  the “ correlahion, ereryy y
Comparicon  of various Ep estimakes
Simple  hydrogenic (- 2%*/2) x2 -4
Swecessive h\ylrajem’(, -2z2/, x (Z-l)z/z - %2 (=-2:¢)
“Scruned')' variabional o= 2?2/1¢ ---(27/\6)z (= '2'85-)
varighionel witk 1, ~ 289
S\M{)Ie kjlr@miﬁ Peﬂwlw\*\\rt —-2.75
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OCCUPATION OF LEBVELS
' we heed to consider sphal wrd cpin
FDrA'PP\y\'PE’ the exclusion ?h'vu‘ﬁ\c/\ We  say Hret  Hae wavefunchons off 4
Sivje e(cd'm«,, £ v ke speated as
A0 = YO aly or 120149

where (1) e (¢ A label  numberi the eledron

\1/(') s 'l:[\e SPA'HA»( Pari' o H#e Wﬁvefmwl'l‘an (:.— @A@ehﬂz in MC)

oc(1) Is a spi»\-u() wave{n simplect form

F(() IS A gpin-down  Wowefn.

PAUL\  EXCLUSION PRINCIPLE | SPAIN  ORBITALS |

For lorew'lj we wnle dhe Spin —othitals d;a (0 where ‘&’ represendc
Ye ot o & q(,.nJ—w»\ nuah ers n, L, My, M

Thus , m Hae Jcsijnah'ow of the spin orbitas | or a - glechmn
system | the  orbitals ()  and ¢, (2 rmust e dichnet in
accordamce with  Pauli’s P”'V‘“‘P\e‘

The Hho  elechon Spin orbrtal wave funchion s a product of &, () qSL(z)
H-owcveY’ in  akditen theye is also the ?oSS'('lai“t\j of exchange of
coovinates that does not affet the Pnb.\lailily aliﬁ'ﬁbw(-\'aw’ so the
co¥regt  2-eledhon spin-orbibal  vowvefunchion Roldd  be

big - L [60 4@ - ¢ 40]
2 when

whick Varisheg  when a=b (i-e~AM quatwm  humbers  ave ideshicad )
as veqwired by the exdusion principle

This ﬁmoho‘n is anhigymmetne  wndey exckmﬂa of  coprdinakec
\:P (1,2) = - \IJ(Z,1)

The other possibiliy D = [4,04,6)+ 6@ O] N2 is a symabr
Wavefomohon Yok~ does nok  cakisfy the exclusion principle .

Thas Hhe art-syimetry f the vavefunchon 15 an expression oF e
Oxclusion principle.
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For laker reference, (e for mulbelechm (2 2) case, Tt i useful o
wite P (1,2) as g deterninamt

b, (2 = L Ga() b, 1)

VZo | 4. ¢,

—>  orbitals
- ( bsh kj,lngw‘o)
Hence we ean wikbe wmust have the fins chhosite | and . allow for axdisynty
Thas - IR AOR MO f_! [a()plz) — a2) o]

2
L = )

r the 1% shte V) = ¥ Y@= %

To.m, 1:2)
a. ic the s!;ih part  of the top ededhms  with & and M, oleho’c\'hj
SIMS 5

the total an\ ' quan{‘a ( vaue of (S(st)) and S = Mg )

n  the avove case S=0, M¢=0 or opp- spiy\g’ S0 GS,M; z Opp
Alﬁnotiﬂl\ not for the 1% ctabe Tt s pass\ble  have amcther cpin
wave funchiong if  the sPai-ic( quastum  nwmbers  are not  all denbical:
Thic  set of spin wavefunchons (s @ Ymmetric Wrt exdhange:

T (1,2) = aafz) Bhyg o M=1 st

o, (1h2) = l{__l__[m(*t)(}(z)+(;(1)o((2):{ e by e o pprite

o.i"' (1’2) = _i_. P(') F(z) gdu\ Jopo\ Seo M‘="1 Ss=1
7]

These tq;r three  possibilities  encode the triplet state Had e caw
earbiey n the %;ed'mij context - Cleady these spin stte e mnst be
associcked  with  mon-dertcal spa&\'al_ wavefunchions  of the Iwo  elechms
in  the kj&f:jem‘c bag\'g, eq - for  fAe2g 152[) e CO“F'jAV@h\GM
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T particular, o the (5 25) conf\qw«ol'»m the Wavefurchions wil|
be

bT(1,2) = \T‘z“ (0¥, (@) + 4@ 0] o (1,2

,
4 ; 2 terms since Spal‘\al orbilals cam t NOTE : o also has
i‘:'w;;;id\":l.‘h;rt also be excl-omac.;( unlike the islﬁ;d:e dJJ fackey tn its deﬁuﬁm

V2 - \[L_[ b0y @ — @y (0] o )
VA

Tio (1,2)

0"1'__1 ( 1 2)

The eneryies Corresponaltnj ‘o the sir\lj\e{' (T") and triplet (¥)
shkes  are  Aifferert ank  can be compubed fivm

D = [ W i
wuch is  convenlertly weilten i the firm  of
(E*)
vhere  T(@) = [ ¥ ¢f(-1 p?- Z ) 4udt

\ 1-e(a-bm L.m,.tﬁman)
I(ab) = U v (r)( i M/( ALY

1}

T(1s) + T(2¢) + TUs,2¢) £ K1, 2¢)

KO = [T 4@ 4 (n) L 4(2) 46 drds,

r, at

Tl\ese are , I"esP_ecHV'dyl c«lled ’Hﬂe J.U’Eol' ; Cou‘-om(a and exdr\m\jg ml-edmis
Tl\e Jl.'fed' 'lh_tgth oo'rraspohds 172 'H\e .‘.‘tU(g rhcie ehw (m nuclear Fre!ul)
coulon inteqval,  corvenponds o the de.ctrasbthc l’ef)ulﬂcm. beh«reea 2 elec
€Kd\dh3e. ikhjwl, has ne dassical awloaue_ & velabed 1o exclusion principle..







