Chopter & ATomic Sthuctwre LS
$51. ptomie Strwchwe Overview
() “The mam clue s to Solve 81‘6111‘0an5/ ~Statk &hr&drrzgef eﬁmﬂ.‘on
of o single atom (e the eiyenunlue eguation of 4> 4o
derive enevgy elgenunlues and eigen siafes,
A 1e> =5 1>

A 2 A
H =—2{% ~+ V = Kinete Etergy -t %fenﬁnﬂm@y .
AUl these operxtors on the eienvalie eguation are

ndependent of time. (s the raduced mass p=10)

M+M

@) 0 ’'s detexmined b\/ fn'lemc-h\onsi inside Oon atem
and Infevactions betueen Qtom and extexnal freld
( Statiec, independenT of time) if* any,
¥ When \;\ chmgeS, ‘Fhe energ etyenvéjueS wit chanaa,g—é
the shift of enevgy levele or the removad of
degenerncy of the enevey levels.

(3 e have Very [im i feel &lballffy +o Solve the St _
glife Schrdduger eguation cnslyticalld . oy when
\9 /s in Q %fﬂ\Ple 'FD}”W) e, l(/\—“’—rzf‘/ ‘s Fogsn‘blﬂ_
4o Solve the a%mﬁ“ﬁﬂ‘ Q,nﬁ/y*w%/ , €3 hyclns»fen ofem
yohen only consdey” Coulomb force petueen the nucleus

ond -tl,\e_ S\‘[\gle elechon .
(4) For most @~F o'f'he\r cases, _no‘f* 00/7/ we cant- sSolve +he
eguation onaly +cta/[;{) but &lso Cantd even wummw%

Approximation methads have to be used o get an
| gwrmofmafé» colutten. ~The most common appreach




I9.

1S the qDeT“fTM’bahm fhem’é/ , in Pod‘#am/a/r: +me — ,bp/e,penp{erﬂ'
Peﬁw%aﬂon ‘theofy —Son‘ Soluua the )g e:;en\/a?ue %M’}T‘&V).

(5) The main (deo of perhurbation -thevy 'S to Solve +he waﬁ‘ %
Lor the mgjor force | @.9., the Coulomb foree between nucless
o electen =« gnd Pmduca the main energy /e\/eﬂg( de natesd
By'%e pﬂfncqbaﬁ g«uan'fw'\ number N, And then Censier
the other minor foree (e.8., pin—ovbit coupls) a8 A

| Peﬁw"bo&j?ew\ to the man ehergy /e\/e!s) S0 e @;Mm’?‘eﬂ
Can be Simplied owd approxinates y Al W
Con be devied. The Yesuits ave +to P(ace Q Correckion +o
the Main [e\/@]sl cbefana@»a on different States Diffevert™
states may enperienc different conections | e, differeit”
shift of erergy | thus, Sme degenevacy can be yempyed,

{5 ) Tirferacttons to be consideved wm qtomic Structzre 'r’/ﬂeza?/ .

Let’s consider the Simplest atom — Y

@ Electrostatic |ntevacion between the nucleus and the electrom

( Coulomb force) 'FOWMO main erergy levele it
gmiwff\ vunbex~ N, L, mp  (but P, me ave degenerdle

opeqa,ene,mc‘;/ =N
@ Electon Spin and Angular momentun Ccoupley
An electron Orbf'fw(g oround @ pucleusS —> Curten! An
Q circle => magnetic moment, orbital angelar momentim

An elettion }IQS;‘_ SFM = SPl‘n magneﬁt moment =
Spin ansilar momertiun




Lo

“The electron’s privtal and SF’\“ aygu.(a,r memertum  Can hak
mﬂqﬂ»ﬂeﬁ‘c interaction . the couplss hefueen Spi and OvbE
= main enexgy /eveﬂs 379/:‘:‘ , SACf‘C’, Pﬂf'}"\a/%[ Jemove

Aegeﬂ&mc% - = 5?

L t3 =
=> Pve shucture @F energy {euoﬁs‘

@ l\)btciear fnf[u@nce . ) |
R). Muclear spn angu[ar momentum cmplfv\) 0ith electren

-

total angular moment T+I =F
=> hy perfune Shucture

b} new‘—mns N )’IMC’3“3 Q‘F‘fe(fr mMass ond Volune
=> jsotope Shift of energy levels
eg. My . 2D 3T (newtrns.o, 1, 2)
) o
® External Peld . static glectnc and  magretic fied
mognetic Zeema,n effet = enevgy &UQ/QS Splt At
Shift |
glectric . Stavk effeet o energy level S’F/ft* o
shift.
Lets consider chen on afom has more +han one election.
2
@ Electron— Electen Inteyactiens [@97 He>
®) Tlectostatic interaction between electtons
{Cen’l’i‘a,o Fretld part
non- Centd Freld pact
). Magnetic [nteyzefton betueen eleckron Magnetic moments,
%' One electon Spin cowply With ancther elechien mfﬁr{né

angular- mom entum

Spm——SPm elechon abeLLﬁaz/r Moteritum Cowphsy

‘



I,

| The electon - electran [ntexactons are much S’h@ngef than Vueleay
influence. S for multielectron atoms, e usually consier~ o-e

intevzcttons  before considexsy nuclear influences.

E)(amEfeS \ D I—{ydmgen otomic eneigy [euaﬁs .
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§52. Atomic Struckure  [nferred from Hydwgen Atom

ps explaved in the st lechure, the afomic stucture probens are
to Solve the eferyy efenvalie ouatons, (e, te Stationar)-stafe
| Schnbdmger %uaﬂ‘w to defive energy eigenstates and eigennlues.

H»/ Jroger afom TS ‘fheﬁﬁﬂ&—afbmtcﬁﬁueﬁma*tﬁaf con—be Splved
fom the Schrediger ef wation @?W*[y Therefore, 1t i representative
4o [ Hushate the approachs and Wﬂme,,/a,/ Pnnc:PIeS R e
shuchore Studd, We wil use H %o stdy the energy levels
determined by the mam Toree ( eledwstatc Tnternction between the
icleus and the e[ech@n) the g]zn orbit angu&w momentam Coup/«v
the nuclear Spin o~/ electren &zngw(a/r momenteem cau/»b/v e sotpe
Shs ft, the external electric. o magneﬁt Freld effects.,

Then wWe Wil Lse Helum atom 44 an examle +o §l lusede.
muttelecton s intevactions ok how ﬁ’le/ complizale  structeres.

9. Hy&mgw enehg\/ e/:‘gem/a ues and ecgengf-m‘p /w, CouJomb Pf??'?ﬂ'ﬁhﬁ
% For this Prob em,y e USe the {[?’>} mfrpsenfzvﬁ‘en M}Dt’bfeﬁt"
+the gv)a;has ol @Pe,m:b?’s % QA X}?AMICQ/A Coofdﬁmjé 5/\/57?4/\ (r,8¢)

H p =EY =(Z+D¥ D

A Ze™
Le? V= -
_ d
( ZH 4r£or> ¢ = &('& ] m:‘;’j”
Iy the ‘GFS‘tL S’rfaf, We On[7 ConSidey - Me +M

—tlne electro static —[%rce [ Coulomb ) between the mucleus ond a(edrm
Write V’— “n the S}D’wwj Coordmaiés tlten e hcu)e

2 J
“Eﬁ‘['}"{a&r(" a¢ﬂ 9&9( 0y + ,__L%.fgz;j
-+ VCY>(P ‘—?E _ (z)
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..Q 2 ! %
Recaul f == - h [srnp = [5“"939)"'5m29 95:23 (3)

then the Second 'ba>rm on the |eft side of +the h\/clrag.ey\ %M@M (2)
RS Pmpor'h‘onaﬁ to 'Z"Z. ’T"qus, Ay
2 (28 + Lo p+vmyp=E¢. &

ZHY" 37— 2HY2
O the left side, the {st ond 2rd ferm 0hl\/ Con€eyh r
Wh'le the 2nd teXM (s only/ (elbied to &~~p. There]‘oﬂa, we can

Splue the equation using Separation of vaviables by assumiy o
Solwtion @JC the jgrm Yir 6.9)= R Y(0.9) . ()
Substute this solutton B the above eplation, we get

Qﬂr (E-Veo] =t (&)

{ 272
’ﬁi\ff[ 1= 'é‘jr(r

Where ot s & Constant fr te Sepamation e-P Varables
Therefore | Le ger two e,vqmws fw’m this,

+ \/(Y)] }?Cr) =E R (3

[—-'2/4 YZ AY (YZT) T Sy
Yo viop —atyer 0
Both ave e:‘genvqlue e,gunﬁms\, the -Ffr:s-?— s —J%r the Yadiald
J;‘recﬁ‘m" ) an enevgy eigenvaluc e%“"mb” ; the Sécond I's an
eisenvalue %WZ for the sguare of angulor momentun) .
(1) ¥ let’s solve the 1 2 ergenvalue egM‘OV\ —ﬁ‘fs?’, Thi Suation

s Tncpepemleﬂ‘r E)'F Ver) ) tl’lug a genemﬂ ?ﬁw\@ﬂ -J%r the

cental freld Po#ewﬁaﬂ case . e fuﬁrl:er Separate Variableg .
(6,9 )= @9 Do) (%)

Substhute 1hiZ expresion and ng express /\fo W ,g ? essen—
8 e ha/ (3)

value egm I, "

S{'g -jfp—[sm& @) +of S = —

A -
?f,?df":y [10)
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[,Jkere, VvV s &nofl\ef constowt— -fov‘ ?:he SeP&T&‘h‘an af variableg .
Thus, we get QnotheY™ o0 2,3,1/.,@1‘(‘9’7’237

{ % + V@ =o (i)
é’%&—-'j};[&\ﬂgdw> +xX S =YV, (12

“The genem.o solutten Lor the oret W@ﬂ IS GiVen by
P = = pe P 32 s , for Y=o pogen (3
{ P =CH+ 'D? . for v=0 are Constamts 11y

ﬁso. wcwe'f?und'lon ng- (?)-§ (§+2T) ie, Smg/e value

in space. Thus, for v =0, we must have D=0; J%YV-#O
e must have YD =m, where m i an infeger, 'ﬁ,\g gives
US o 3recu\a,0 SolwHen -ﬁ; the first Suatton a0

P, =—ﬁ’7 ey o i, 22, (15)
HeXQ "CQ«L COef'-ﬁ‘aen{— ——-\/_é-__— rs pbfained L\/ +he novmalizatres Condiron

Apparen'ﬂy Cfﬁ s an ec}@m}a ue %ndw” —j%v [2 —t\#—é—l
ﬂ;@m tlh"—-— (F tm?) =mh ["/——L—“em?) =mh B (17)

O the ec‘gen\b.lueg 0]C é? s ﬂ? = m'ﬁ_ m=o, %I, £2 (18)
@3 is the 2 —component” of the angular momenmm Vector,

(18
* Qubsittute \/— m into the Setond egw»fzbn/‘above e obitin

— = In of S0 =m?
b e (7059) "

et U=cmRE then @ (6)=Pcud. The above ejwﬂbvy‘ eLomes,
A [ R T+ =Ty P=o 129




115

This egiation can be solved analyhamtly, but we only st the fesutts
hete . The solution reguies

O(-::-—,Q(é*ﬂ)) 0-.:0,[,2’._‘ (2,)
| M) <0, m=o, %1, 22, ..., %[ (22)
mAL*Mf’i%MLge+

_j? No,m "/(”D# Yom (23)
ey Mpm is an e@igen ]Oumc’r(on of ﬂ onel e CDTTESFD’UQ/":] esyen -
\)o.lue s )* = ﬂ(ﬂ+l)ﬁ | (2%)
) is catled +he guantum number of angular momenam.

The sdution to ezpyum‘on (20) (3

Pay=5"cw [ 25)
wheﬂz dm o piml
A== i e )
¢
a9 Pew =0 %{—; (u—1)?! £27)

Trom gbove | We obtain the eiges {‘mmzm \Qw:@*z o
N g (6P =Nim Ml cos oy e P (28)
where Nom r's the novalization conctznt— ad oblained l°7
LGf: Miw (6, ) fou®%) swgdédg ={  (=9)

= Ay = J(AmDL (20+1) ( 30)
4 (0+]m]) |

For ﬂ=0)l 2, “the Sterteg ave called S P d stateg
_ __)_. ' .
Q 0 Moo = 5 Jp-"/x Yw:/-é—ové@ Yi,T"JE&Wei‘?

L=2: Mz,0 —-\/,:7.(56032@ ’) \7/2 2] = &TT b Swpcasde Fet
ond \{21:2 :fi8ﬂ2&€¢2t?
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Notize +hat I\{Q’m | * /s independeat of g, but only JePenJen'i'“ on #.

This ¢ mpl»‘es that™ +the probabi/r'v'y of electron appearance s Yotational
g\’lmmdﬁ‘c about the 2-axs,

(2) * Pm\i‘hé’ of stofes . (Dhen mak::’ an opexttion Oja NVersies trangormation
\/k"’ %, Y>-Y, 222, e, T > —F) on a Shite wave

—F‘u\cﬁon (((P)/ f—f (p(?),and (PC—F) hm/é— bhe fb//owg Yo lations
(P& = — ev) (31)
. or (k&,?):—.—}-i{’(?) (22)

then we Sov/ the State has parity . odd parity Lo c3p)

and even parih for (32).
) Paﬂ‘fg/ is @ yneasure of the g}/"”““3?’7%,’ ef nteractions Lnder

Spah‘ap fnvexsion’ T, QM, parchy is defined as an
A b
pperedter TT that 17 [T> =|-T> } 53)
ov 1 Y7y = @)

Beperntly , {2 7y = 11 W) = ¢cPD
o f'\IZ ;,a%wwue of 1, omd Iﬂ( has ez‘(;en\mlues of +1.

undey”

For the Mg,m we obfied above, ju gf{qe,n‘mﬂ coovdinates the
SP&M fnveYSipn ( T‘-—a’y‘) O — -4, q__.>4>+7r)/ We have

Nem (-8, @+7) = ("")ﬂ\fé,m (6.8J (20
8@, u)hen JQ fs even Ymmbe‘{‘) \fﬁ,m has even quﬁy)_
when [ s odd yumber, \om has odd paih
In genemﬂ , i“)C e s no external foree, Hamittontay ppexator
H Yemains unchanged wnder panity operetoy  herfore , te
Fan“‘)y of ghle wave -ﬁmc:h‘ah IS constant, anel dloes not clmnge
with time.




- letss
(5) Mo lets Solue -the energy 6\‘3envalue zgu,aﬁ‘eﬂ (7).

et K:= — ____.._.ZHE 2

_ Me'Z

7 o V=g (2 (3
then ngo,ﬁeﬂn) becomes 5
AR 2 JR pY Pcd+1)
s von dpz P 4P "%~ p=2 JR=¢
This eguestton 1S solved ypder the boundery condifion (36
Rey)—> 00 as r—>® (23)

We SkcF the PTDCedMW— of Qolviy this agua'/z‘an, but st resuts
A0 _f;[(ows: the evgem/alues O'F energy are

n-— = é—gw—za’z.ﬁ2n‘:‘, ) ')/]:"2, 5) o (38)

“,‘ﬁe normah‘ze,d eo‘genvame Y‘adﬁaﬁ wave -,chh‘on RnoCY) is

e oz O]l )
Kn,oCr g(nm) on rcnw)!f; } )

2 ) =i+
(here - exp (_ 7%17) (%Z;:> l—:)—H 'f%—:j)
Q, S the fm’ Bohy radius, | s the pssociated
Lagwerm ’ﬁu‘ ¢tion, we also have

(37)

n=>pf+ (42).
‘2
Note. @, = 47'-525 2 0,0530m.
pe .
)\)Wﬂ\a/&‘zaz"t‘ﬁﬂ Conditten ]%rRCr) 'S flR]z Cdr =1,
e'Z

Nete . In his (Ohole- Pmceoﬂwne) e wsed VN == Zrar.
'TL\I‘S 's &Of not D"'y hydmgen atom i1gelf, put also for sther

drogen ke or, e, HE, LT 8

LW@V Wovds, the. Nucleus charge (s Ze/ ad e
dge T8 —e. B=liE 34 ger b Het, L BT
The Yeduced MASS /‘é=—-*'—‘,;n: _g}, , where M witl be Aiffeved”

5{0\(— )fffe‘r-eﬂ‘\" nuclens,

)ed’@l’l
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Thus, fmm the @M calculation, we obtain +three guan'fum
numbexs (n, 4, and m) and three efgenvaluation egwu‘?‘@ns.

Ay
H %,e,m—-— + En %"»@»”‘
A
'[’2 léﬂ.?,"l ::p(p"") FZ%LM
’y
e “ﬁf%ﬂﬂrm:\’ﬁ%ﬂ 2L,
\, _ z‘:'ze“
whee 5 = Rng (7 (om(® %), En ’“f;éﬂsgggi‘i;,‘{, n=l,2,3 -

O"[Y hder the ,cen'f‘mQ 'Fr‘eld Coulomb —férce, a,)-rhoug-h the
(Wave -Fund'«‘on &bePenJS on 3 gwm numbers (n, L, m),
e €ne1gy e:‘(?em}odues are only oPeF"—”’dJe"*' on N, This means

-'HMT ergew value 'Funch‘ons ale Jegenemn‘e) e, man# yy ﬁ‘eren“l'
Wave -Funch*ons Cof‘fESfﬂnd te 'I‘AQ dame eney?\/ e'}'@i’)\/@/d@.

omzd+t,

lzor e,OLC)/\ ﬂ) S '0;0) l, 2, %/ Ty rn-/ >

Fo(‘ each p, Vol m) o

e, ther are n of ¢, and of+1 0f m .
'TJHMS, the Jegenemcg, -:Fam‘vr 300‘(‘ each n Is qQ/‘Ven [:y ,

m=—d, —=l+,,0, « 4, ¢,

S o0+ =n*
g =0

(e, the degenevacy for hydroger atom  and hydmgen—(f/Q
[ons IS n® %r the Fn‘nc.t{;a-,@ guﬁ-n'lzw\ numbex~ 7M.
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2. Electron Spin~Orbit Interoction and fner§y Fine Structeire

An electon moves avound A puclens — hats g0ty 12 haprens
(n Eﬂm c!oe;s#c:a,@ le?s»‘cs* ( See Fyure on +he /ef{)
Z, I-F ook from  mechans ﬂﬁi’edl there i< angular

P vomentum gien by P _V xf

where T s electon orbital WMM moment”

T &s the position vector of the electn

- -~ \
yection 16 Given
( ﬂ d‘ ) veletve 1o tche nuclens

b\I +the Yight— h&lv‘d lows
f—” s the electon somentum

“When [ovl‘% ﬁbw\ elecrrwm;ne/ht 't""‘e'w“r/, A Cuyrent /z:\, circle
yoitl preduce. o magnetic dipple momemt” I, ajen by
_ }Ze =¢S5,
Ohete § i the cument , S js the ara of the circle, and
Wa ;s_dw it Vvectey” PeYFenapl‘céd(a/r o 7’7‘# cirele SMﬁ(ce,
}Tt Arrection 15 also 34‘067\ ID\/ the ﬁ}?/l'f’})ana/ (au), e, clese
ngt . / \
%lﬁvw Al’\and in the cwvent éblra(/‘h\ﬁn] then oy thumb PDM'/S
o the direction 6'&"1"{1@ maghetic fetd produced by the
CMTBWT L S the electzn h% negaﬁ}/@ Ch&@e’ the cierrent
Is In oppsite diection of electon movemest” Thus, the
- HL,. the ppposite dovection he
nefic momert ;73“71’3 to o ppraite 910 t

WW!M mementim 7’ Tn OIQQS)Z‘J /D/)Yg,tg) nwe can g_e?a,

&y

[f

Py = isi =-ef Tra T =- 25 et i
-——"_'___@_, —-’:i.mv‘}"ﬁ’ _ % "
= UY 1k > Me ;ﬁ 0 — ﬂ:ﬂ

[et ))E: Ee“ﬂel o /jz =,~yi (JJ < codled ?yr‘ornagneﬁc
Y‘ovh‘o)




2o,

In a homogenwwé Wneﬁ*c freld, A magne'h‘& moment M‘//expeménce
o MDMan of "%Tce : T = /__L’[ <2 (also called forgue)
phere T 3 the momert of foree B is -L"'UZ mafneﬁ‘c fretd .

Qee appedixX) i R
(e? PP » %_; 7 3/18)(3

f'%?’ Y. Ly A AT

Whee 5= YE 5 the angular X/Deed of He magretic momenté

Drecession . - Qrow d i 4 i

pree roud B 3 S
4
H

The daq.gmo Fm e thab tha C,__

e,[ed’mn moves aro,u\)) —tlma )quc,leu_g )

Proom;v oY ma%{neh‘c momen P:z, —Q.; g
pomd. then the [Ep precesses avowsd ,

>
an &cfeﬂmp maézneht f.\gfd E a)HA %
AN angle a-F 6 ad angu(a,r Slaeeol 97£ .

(2) fFrom Quoutim mechanicS , Ginilar o classical physies ,
.ﬂw oM Magﬂ&ﬁ‘c moment /«{a oeﬁ, but its /rzagm“'fwﬁa
s guantized and ghen by \[yz — Jpdw h.

Wefefaf@, m AM, mgneh\c moment IS gruen b\/

"(@4— = — = -/ = — -—e—E"
ycz;,;;eﬁc momewf> H £ YL Jo) ny 2+) 2 Me .
Define Rohr magneten :"2% 93T KT T
(Bohr magneton is -the
minmmum it © orbe‘-/a,p maglleﬁ‘c
moment — l‘mFov*i”avz'l* con§+an+>

= 0.927¢ XG> A m*

= 0.0092FY MA~(Am)
=0,5798 x 0 ¥ev. T

S /u‘@ = --‘/[(ﬂ““) He = *./Z(Z"”) ?e He
2..comfonerﬂ‘., /Ja = —M K& = = Me 7, /—43 [ﬂz =M, 77_)




T 2]

Here, ?‘ is call the G- factor for  orbital magnet'c mement
g/ __meakure Hs in Mg unwt ( Component of i 2—43@4"’_&92)
: Y),bieahbﬂ e-F angu(ar moment= g, 3 ~direetton
( 40 h uart)

?z=4.

aﬂtbﬁ‘r/\ // m dg'n&thﬁm 7 f 5

(3) Lontizotn of @Agkley mon
D, The magzm‘m of angulax momentum s gian Hired
(2= 4cd+D W z

py = =/l He 78

z) “The g,:a:h‘a,o drrection a'f a,ngula.f momentum s also gMnh‘ZeJ

S)‘\n& Q—:-O,[,Z)é...
) =% = Jida i — guoitized

St Mo =L, 01, 0, A+, .
2 ﬂz = ”UW — guﬂﬂﬁ’au’/‘

o Fr f=t, =1, 0 -

For D=2, mp=2,1,0,-1,-2

DY‘bl‘{'a[ A-ngu[ﬁ/)’ mOM@*?fWY\ a.,nii FDY' -3 _ . s
'f‘fﬁ i""COMFOﬂBn«'f' [&{-h Are 3%#}34) Q > m‘f. %/ p) ,, p) ) > 5‘

I=1




T22.
@ S'I‘em—éer/ach £x perimertt=. (1921)

e ;’ hYdW?eV\ I H YJ vogen ofoms 4w Comiainey” ©
I is heated to become UapoY
} Tn 'H'leﬁﬂnj G{YMLW‘C o,}w‘h‘brrm,

the atom veloccty U7 is given

by Im¥= 3 kT,

r | Whefe kg 73 Botfpmann Consto,
_._,___,ﬁ S5 | QV\J T s H'le '}W.

_____

(b) (©) :
Hydragen oifong C°‘“”U oul” Of Confaiter O PAass 'H’)roui/l slits & a/ S)z
thus, we Select the atoms 390{7 ﬂ/@ng ¥ — drrection . The maghele
'gve,[d Pmu‘da‘l by two magnes are

2B _ 9Bz
ax 2# '::01 bli:('
 Thus, in ,nhomodqeneous magne’ri‘c -Fre/d M‘ magnetic momenT

il experiene  force. r, = Hy 2B

—

982 4o

For afoms entery) the magnetic freld with X —directon Velocity,
-l;fqe,\/ Q\creﬁew& vFoTce e 2 QD‘TedTbn ( Fefpenaﬂccu/ax> ﬂus

x-ﬁt
-Ldar=L By

=2

m
>-[;,/7‘ed ang{e o( cm:%an( )d ——arc'fnn( ) = a,rt'izm(’r"-‘ )

A{fw leowuj maghets, otoms Wil 80 alorg sﬁa:yﬁf%m
+o Sereen.

e d

g >3 = SB;_ 4D _ .08  dD

5 He mre ~ 2T T

P H S)\n& /LD-Z—":M) CUS@) /E‘)C- GD:S@ lan be a,rbt"?"mvy) t%l'e)’l
[La s not Guontized, and 2, Wt be guantized.




Only when cosf s guantized, i.e, the spatiad divection of 41
is %W‘hze&f, then fs s gamﬁ‘zed = Z s ;Mﬂﬁ‘zed_
"The*fe:gsfe) the eKFﬂ‘imen—I—@p Yesults i Show Whether Ms is
: gu_a,n‘f'f'Ze,d- Indﬁed, 7?:2. s 3u4nﬁ2€d "‘"Dnly 'ILNO d[‘r‘ech‘an;‘

== (oncluston—
%Wﬁze‘l e magneﬁ‘c feld .

h'S However, pntel thed™ Pont, the _0»4/7 oo — direction Qannst
be exto(m‘ned by -H\eory. Because Lo covtnin X . tHhe
gPoam@ dccectton g has QL+ 1 Aiyectrons. Qe 0 is

on integey,
= Thz led 1o the electron Sp

20+ 4 hat to be an odd- pumber, net eyen /1)
h\/po'f’ée%% /




1oy,

(5) Electron 8Pin and magnetrc moment™
x To explacn the Stem-Gerlach e\'fen‘emen'f [even mumber of sp/ffhfo/
Uhlenbecke and (Grouclsmit ProPOSed A h\/PO'H’fS*TS m (925, an
Clecton s not a FDM‘?" C‘MLY?Q, but owns gfin moti'on bes»‘a./es
tﬁe DY'DHM @gulax momentum Y @ff” eIechn)

¥ The intriasic 8?7/\ angu!a,r momenfum(?) S Iis Fiven by

]fs”] =~ /8(s+1) 'E} S= _2’-
,ll(cmgr 2~ diredkion , the Component af gpin angulax momentam 1S
Sz:"‘msﬁj m‘&zd:“'zL
¥ The Kprn magne'h*c moment comsronaﬁ,a to the %an ang;u[w/‘
mome,n"lwv\ S glven b\/

Hs = —Jscs+) pa Js

ez = s f G e
This 95 can be dexived from Divac’s relatvity @M, 9q =2

¥ Lande 3 —'mer: Lor an a',rbt'm‘r% Angulay momen un q
the wmgfono&/:—] ”\aﬁl’l@ﬁ\c moment /'éo“ 15 gn‘»en b\/
{ Hy ==/ 9 Hs
iz = —m; 4 He

o 9. Measured Mo #- Mg vn't 3
| V Qngular momenfium projection fp in h ount
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(6) §f9w‘n—- Oorbit COwPLJG .
¥ o explain the stem - Gerlach ex:[»ermen’f‘, and the -Fme Stucture
observed wun hydmgen atomic. Spectld, Le mugt an [mFof*)w"'"
jnteraction inside the atom  besides -the mopr Coulomb free
——Letwee the nucleus and the electron. 'Tin‘s new foree s +he
magne'h‘c/ mteraction between electon's ovbit and e lecton g/p,;q’
Shich 1 called the electren  Spin—orbet couply
X This couply can be under stead . the folloary three Mo%{gr
() The movemedat 9f electron around The nuclews can also be
Tagmclevl a8 +he nuclews ymoveq aroand the electz ( o~ the

echon ~yegt coodinates). ‘T/;erefove , [t wapucej c wyrent”
. P - Speed
't/z:z?@f =___.._._ng__.- ¢ — e'emm'}a
2 Q2 — nuclear numlaw'

Them]%vc, the magneh‘c, {:‘ald Prvd ucesd ¥ — orbit radrus
bz' the cwrrent” at” the electon is

el

g =-L 2m¢ - _L _Zel

4Té 21 4715, C3r*

pIritlen on Nector, B’._ | Ze (*@“»)x'f?: | Ze f
T AT, CPY3 4rée E, 1?3

_—> P
wheve | =MeTXT £ =meC? is the Jest energy of electron.

Electten has s?fn moghetic moment ﬂ;, So WU ifnteract” With

the magne;h‘c «_‘Q‘o, (d o fove Po’renﬂ\aﬂ eneryg y

V= - B
gwbﬁ‘h\w%/ls =-—\/§E§Z’>_g’s/¢3/ ,?I: E(g'ﬂ) ;)'I MZ info ?.}
e obttun: | | 23 Hee -7

UCZ/_FZ Cofrs s 0 __ This s the

%Mb@ﬂ n "Ulf\f, (/ODYd\\f\Od'e_S 0\)1’:‘/’4 H\e electven ot rest.,
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(hen fwn [t jote the coovdinates with the nmuclewg it rest,
.th@fe 15 4 Corvection %’aa‘l‘o‘/‘ f—Z-L- . ’Tlue mfofe ,

_ [ 29 Hs€ = 7 - _et
U =% 7z rmegzmr3 b, |2 //J"“:'z'w'iz

@) Austher view & To say -the/) spm—orbit Coupleg  is the magnetic

Tnferaction between The ovbital magnetic moment—if7 —act—the — —
->

spin Magnetic moment e of the electran — ounalagy +o the

Prtevaction between fuo gmall magnd’ bars.

@ Neve acw,mjlé' &CF{M"‘#"" s -Ffbm KNV — +he cw—Péé

of two ongular momentums  and cause the Mo{rﬁz:/

ene rgf\,/ Co yTectionS .

—> -—>
=28 +/

d
o 3”"2: 2, Ez+ 0Z%.7
'%3 AL 2
Egenvalues of ]2 are §(3+O W,
vhere J :..M-{-gl} | Q4| -1, -, M—S',
Et‘gen\}ames Of Jz. are mé"ﬁ’ Where 773)‘ ?—J, j—l, -, _;‘ .

ond g = my s

—The interaction of the electon gyfn~orb.“f Coupley can
be ewchéssec) as an opeywior,

A _/!_‘_2?5,‘—465 1\./\
A= 7% e S

This, the tota A
‘HOLW\I['%@MOJ\ 'OP@"Q—tOrZ H = Ho "f' L\ HQ&

A 82 5
Wheve H°='?I_>7I+("Z7t[?o %@_




Ta?

],Lsmg time- inJePenJew+ Peyrturbation 'H!eofy (4n oppraach ) ,
1Je can devive the energy Shﬂ‘t‘ AEps Caused b)/ g gy;m,

orbit coupby interncton by derdey the mean yalue of- sbes
T the giale (e [ie., small Pe,rhbrbm‘zisﬂ doesp't cause the change

—of e flacton Unts)

A A
AEje = aHi> :J‘L[),,Z AHes %ps d’r .

—The vesutt 7s .

v 3 (341 =D P+ ~S(SH
AEgs _ o) mec> Lt e 0
{ 4 n* DL+ (b+1) v

ABp =9, (hen § =0

2
..._E-—- ~ .’J—— IS -H\e -F,‘ne Shuctwre ConS'fuvU['

W}\QY'Q ol =
e, e 12¥ ( dimensien less - I\MP”H”‘"T-}
sz = L (552D =4 [ =stst- W*‘ﬂﬁ
- .

(P A mentoned above , Ofter the coupls 9-{1 teo0 angula/r momentuns,
the Magnetic moment C,Oﬂéglyvﬂd/‘a—];o ~the total) ougular” momentin

s given by My =~ 5y 95 He, Piem T Ke
@M S/),OIA)S W ?0{ (-Hua /_a_nde. g-—-'ﬁ'?[cj'a‘f‘) IS 3“‘/8“ b\/

&z j= ~Dcd+
g, =4 +4 (£5f= g, ol
This also Stunds ue i an atom has many electrons, anel
clectns fom an -total Spin total) orbital [, o~ L-S
C‘b@b&li’sme, then 3 _ 3 _L[S(S—H)~L (L+1)
(F-T+)— 7 FTEN T ]




(8) Quie fpor gngular momentum Coupliy

- — —n
F =1 *S
Olwa,nﬂmnu,mw, ' |
. g = |L+s|, |Lasl=1, o, LS
My =, J=t, ~, =]

Drffesent J Wil cor‘r‘eS{wnM +o 5@57%5@1@/0{' enerdy correcteen
3o the an\;rméé&/ cﬁegenu&f@ enevgy !ewﬂs mzy become
hon—alegenem:ba, oY ?awr—h‘ T)Dnvépeo%ﬂemfé .

¥ o expres different energy Sttes, e use +he
QgS+!

“FO#M texm s :
/ L‘j— < 'I;OWUO argular mementilm

Srn\ %um—rum o e
Nwmbi " D{bfﬁzp angwlwr %um '
W Ot enttlm
%wmfm numbed

e M,ged -('D pPenofe —I'ZLQ

Ca.';ﬁmf.‘zed letterS S L, T4
Ieflm , ke

erall eleckons ' effects. If TS A Sgle @
e h\/dmger\~l(ke atom of [oNS, we mey yse Smod|

le-ﬂ% ,.37 ﬂ)j
-~ tom gfoww\ Stlz

> ggt{=2 P34

-——-—>S.-—>Q=o

For cxmple, e H

S
J-.—_

N~ O W

ﬁ"'@) [,2,3 ¢ ...

= ¢ PO F G-
S, F,o), £,
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Append ix Pipde moment

1) Electnc Vi Po(e Mamw‘l‘ . de-fr‘m‘ﬁ“on r's ,,.;
- E F

To homogeneous electiic field, F -9

< eled - LQPQ\_@..\;Q o a_u[,g ence. Q. Mmoment &F Lovce (tor f“e>
l ] eledn = < i 4
"y

~s

— -2 —
T=TxF =dx(28>=0@d)~¢E
= T =D «E |
“The Po-\'ewh\aﬂ enevgy 910 the s electic Jcrole momenT g, the
pomogeneous electtic fietd 7§ Given by the work done b}/ thie

oment of force U f Tdo = —DE emb .

Here e dque ‘tkl’_ Pofex)ﬁ*a,é enefgy/ =0 -fmr&’ 70 i
'TIWS The ?ofzwh*a,o eneY%/ U=_® E'

—-

2) Magne'hc &tpale momenf abefnei as M
© ﬁ

/«é ~({STH =43 .
Tn homogeneous magnetic -Re(d
the magnetic d‘pole Wil exreﬂen& a moment of force (tordue),

,Lt X B
Similay o -tﬁe electie e Pole mement case | Hhe Pafewﬁn/

energy @F the Wnehc moment™ I'n -Hm bomogeneaus magnefie
Preld s guen by ) = _1Z.8

ﬁn\/ ‘]QT‘CQ Can ke writen as the ?W‘W 9]L a Pﬁ?‘em"mﬂ energ /

P -
F"*VU ’“—‘('é'—'t’"-agd"‘ig k)

.  component of firee actsy on @ mogneﬁc momen?t‘ N |
Fo = = He 53+ 2By 2B
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3 Force momenT of Force momentum , and angMaX mementu

@ Force causes the charge of momentum ..e.,

—>
F=g =55
Ty onothex —[%rmaj—.
- , A fm:f — = g g
F-at =4ty )= = Fowwad
e, fmpulse C'FDYCS X ﬁmeww'j to TAQ change amonil

ﬂe moemen T |
@ Momen'[? D]c {?me Qouses the ij,n E)]ﬁ ﬂﬂgu(df mamenvlum/
e ﬁ( my) = dj— T=rxp

At

= G 2z
» 9 — —_—
‘: &?":’J/ > TJ{’ X MT—? —0

Tn other %mw" T owat = A N {iaiwad
Tust="1 x(FA-{:) DR

e, ]\/lammi’ 9«(3 Fmpu,lse [1»»@,
%Mxo -to the change L amotmf @‘P a,ng,u,\[a/r }’VlDMen‘)’w’Yl




T3
(4) Explanatton of Stern- Garlach Experiment

¥ Tn the St — Gexlach enperim ent” the hydrogen atoms ave
in the grownd shte . n=(, [ =0 for the Sigle atom it has a
sqnn anguler momentum < _ I . “‘
, A o

The elechon gpin—orbit esuphy . 'V?—: T4 >3 =d+5=Y
[-€5 ’%\” “the HgTbM S‘h:«:a) “thete D @n(?/ :,[_S} =,/Z

one —&D@Q cu\%wlcw momextem a‘-.; %2
# /brCCUT"L:g to -the Tules pye described fn last )ec—luﬁe) the gvound

2 texm | 25+ 22X+

Stute 'S Lj’ = SV =2 ZSyZ
€ we @dd 1 ot the left se of this Tern, then the H

rmw‘) stete is . 193/ (W 2y J)

% Tor the Coupt"/‘/‘ —to*a/o axgwlar moment’, the atom has an

electton ynagnetic moment” ,Léa =—/i(3+D 5 He
ond Tts 2-Comprert Uy s e 9 ply

2 \
for Hy 158y, 3=44, /=0 §=1% n=1, M=24

‘ 5?~—— [/5"("‘*+;)—-0(0+)) 2
o _ > .
’ Ax(% +1) [ =3 2
O H?:_%xgyﬁz—fgys
Hig == dxapy = e,
H-} ha‘S fwo Q(,l\g'h\n(‘,"l' \/a,tues ,(..H& Gnd ,.HB
¥ Tn &G extaenmevd') 2. = 4, 5% && di) ip B A
S BReT

Ol Hydrbgen beam SFH’S Yo o beams wwpev" mhomageneawg
Magnetic Pretd, one goes up and another goes down.
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¥ Some concrele e%ﬁeﬁ‘mmj deden g S- G 6{Feﬁ7nen'f":
~23

o%h -
SZ =0 Tm, d=lm, D=2m, T=took [g=1.3000 gy

f’z=0-9=’-‘74‘¥f‘9_253/7. e get .
- 58 Jd.D
Nl e

—32 | X2
— ‘ 9'?“ D b ~.
*0.9 X4 x o 2x[.38X10 zgx yoo

—2
— F LI X0 M = £ |12em

9@(«‘Meﬂf0ﬁ Yesu lt= -Far ppcﬁ%ﬂzwﬂ' atoms

% Teblized -G e»ﬁ’

Atens Cround State| & m-g 1 Patterm
20, CioHa, B | 'S, - 0 |
Sn, Po M — -0 |
H, Li, /\/o.,K,Cu,Ag,Au Sy 2 4 [
i 2Py, 2 | EYe | 11
o 2P e | 2B22o0] | L L1\
c | ®p ¥z +2,0 L1
3?0 - © |

* Stem-— Gerlnch eXperiment yas a milestne experinent .
Glomic [Guontun physies as it proved +hree thigs,

() Angular momenhem < g’;m‘mélg gusntized.
(z) &n electfon hos let'h Qngﬂlazr mome.n-run'\/ a 3:;/2

5) The eleckion Spin magiet Monert g, = % s, aulg, =2
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(10) Eine Stuctre (Epergy level Splvtfy ) of Hydregen Atoms
¥ The elechon Spia- orbital) angulax momentim couply causes the
hydrogen energy levels to Shift andfor splt to form fue
Ctuctie. At Hhe Some tme, f‘e(a'ﬁw'v’% also rateduces +wo
comechion ferms to the enevgy levels . comection due 4o masc
conection am YelatVity and correction catled Darwin teYm  also

due to Felah‘m"hf .
¥ Relattvity = corrected Schrodugey™ eguatton ,

e 0,,,[\/ consdex” W—ﬁr /)ydmgen-—[(ke oftom [/‘an) — the
electen spin i % so the pelatity -co:redeai Schradingex
Q%W\W\ = Called the "Dimc egkﬁ'f“m’l. In absence ef
extenal {reld, the Hamiltenian pperater is
H\: k?p '+A}C{m +A/f2,s +Ai—?d
1here }i\(v = _F;Z ! £e? s the Hamiltonian albemizbr
r electpsiate mter—

2L T 4w T r
Ew —the non-m(a'h‘mf% opse [iny Cms;&le
action  between 'UL/\\Q, Nucleus and the Single electon)

A ro 8 4 =
A =L = —— (Ho +,_._.___£e 2 s the opervter
o guict - 2pc? ( 477£or>

COY‘/?’/SFM% o -the Corfection caused b\/ the Kinet energy
clr\ange due 1o +he mass dmn&a in Y‘elaﬁvﬁ‘%,

ﬁ 1 Ze &5
A His T 4T 2u%c? r3

18 the eloctym Spin-orbit coupl Intevaction

S the opereior cprresporch;

A ’ Z.ez‘hz
AHy =—77g 4Hzcz,‘-‘£j’r’,: s the eperutor

Corresp oty to g Yé(a'h‘uf/y cerection, colled Darwin feywn
(n memory of C. Daywin),
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¥ The Y‘e(aﬁ\/""&’ coryection Can be lewed oo bel ou) L)ﬁen Q Pa"'/"de
ie ot festt, jiS enmergy in rele¥ivity theery cpffeSfova o the rest

mass Mo is given b}/ E, =m»C? Where ¢ s | Gt Speed.

[Ohen the Pa,r%l‘cle moves wirh a ue{oa'vy v Hhen s erers y
pecomes E=mec*= __MeC”

/1-22

CcC=
e -t;l\e Paxﬁdes mass bewmes [a)’?er‘ Hmn 1S rest mass m,

’ﬁoe gamec/ energy of E compared 1o Eo IS defined as -t/pC

Pwﬁ—.cles Kinetic energy
— >
Fe =E -E = Me®—moeC® =MoC [‘/——7;}:
This Telatvitic Ee is different than classical Ex ezt L2,
f U<<e, then g =moc? (14 EV7e2—1) = L mV”
Which Fus . into the classical expressden.

In m[aﬁw#% the momentum 1S
P =My =

-1

MoV~

VI-U7e?

\_ “There exists Such a Yé,lahbnsht)o beWean E and P.

o C = mCZ
E= J Pici+ ms f—v_/_c—; |
ExFawﬂ'{f E and nke afpmx,mochon . wWe obtan

E = /‘ch +mZct =MeC \/—J_—l—,’,fmo ,/H-(m S

= e (1 s = 42 5]

R P
= MeC* ~+ == ZMe erc
The Third oM TS <the correction cansed by Yelativify Pass ckanae,
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¥ For enetgy eigenvalue £guatien (ie., Stattonary ~Stnke Schredinger equatin )
A .
. Av-Ee
1‘F ]i) = Ho + AH' and ;:)., el‘g,enu@due, efum‘z‘vn can be solved
exactld . Q W = £y
aﬁdifAf? << (:\[a' ﬁen we an use P@YWWW ﬁ’leorg( +o solve
the e/%u_ajz‘em @,ypma‘maj?/zy . Usually, this s base on
the ((‘D) ond EP and then make -the 7475!* ordey Corfection
+o m,\)e—ﬁmc—h‘om, and make <the frrs% o Second ordex

corectm o -the energy eigenvalles.
#ﬁer (st order correction the ave jQu,nCh‘or\ I3

b= W0+ s _LHne g9
n 5((0)_.5‘?) n

Aftey fwo orders o—f correction, the energy eigen value s

/ -3
Ee = B2+ aHke Ef,l-—]ﬁ)h'""'(o)
Ec - En

ohere At = (4504 OPr = <nlafl 1

ond S| means to toke Sum but exeluly n=k.

n
Dif you ofe interested in the perhurbection theofy) you Ma/
(’,‘Aeck a M book 4o leayn 't é\)e w:‘tl‘)‘ugk use
HS calculafron YeSWits  in puy Sloecfrbscopy c[asg,j




Tzb
A .
¥ AHm, Afi}[s, snd A/-/)d termg 97[ byd%@n afem e Tégdnleol
1S X;e,rwbwﬁ‘ms 4o /Q,, opevaor. TAe S M caleulation resuliz

. . A . y#ZU/uCz g 3
= {AHn? = —
AEm < H > one [’2’_’-'/‘2- o j

+for all possible ) (4 ST wunit)
o4 Zuc? Vi(‘}‘-e—;) D0+ —S(S+))

are

Al = | - N
s { 4n3 J0+LYlvry Lo
o ) =o (fm ST unit)
_ o L=+
Ald = ’ - .
’: {O(aZMHCI (“” ST HY)lf)
= 2 ﬁ'—‘—D
2n !

A, 4
¥ The Sum of Hhe re/[a’rr‘w‘fgt , 7'8 Cotqvl'—g , and Daywin feyms 4are
AE = AEm + aEgg + 2&4

¥ 2pc> ) _ 3
20> S+l T

pShere J = )zxs =I(= §L , sS=1/> far single elecieh.
—his Ts the Yesult from Divae eguation, ie. the Yelafividy -

corrected Schridager eguattom Lo S =1 (P particles.
Tn other wovds, ths is -Hhe result ff%r bydmge_n andl
h\/dmgen’ |ike atoms (fons) whose electron spin angulay

momentum s S= 15,

—
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3% EXCW\PJQ; Hydmée”‘ atom N=2 ernergy Je,veﬂ SFI:"I:
AEm AEd 4Epq AE
S’:-ZL, [ =1, {3"5/2 = /2y o I/ ~l/g
| =g Tty 1% —ls  ~g/ke

5’%1'“0) 61='/2 -3y L0 R
2;43

L@f's put in the Téﬁ/o numbey Tz hove an idea abowt -He

m%mﬁt&e of €nergy ‘S’P -{47,,\7 |
' Z=1 H = rﬂe=?/></0 kg C%)(/ﬁm/s

X = 37
~ y 3 raxet) 23
» oe‘fz“/—lc (,37) x 449,100 x(BXTL _usar*S
a 2 n® ox 2°
| The comspondy Fogusned s

¢
AE , Z‘LgX(D — Q,I?X/DIDHJ 72.[7)(/0/‘4/7'%

bor H -
2P enevgy ]&\/2,0 A B
| @_F (,..),.(i),._..l.ﬁ’i_g__ﬂ_c——

17
=-dx2 19 x00% MHY = = 1,07 XMy
n L
\ i"‘-( 3
\; ‘\AEQS ‘2 /2
{ "r—-'—"""' F!/é
\ Il 2
AE"\ \\ ’AEA S‘A
23 ;
WL R

Hydrogen n=2 energy level Fine Stuchure
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3. Nucleus Influences and Hyper{}ne Structure.
% Tn abole otmic Shuctvre caleulatons, the nucleus has been treated
s & Pﬂiﬂf charge IA)):/‘A cetnrn mMaoss, On’y 13 electostnbhe Tnferochon

Jith the election T3 considered,

x However, n Y‘eodc‘i% -the néicleus (even Only c.:ms.*t—tna of one Pm-rbn>
75 net™ @ point mass or point chm;e. 't has volune , chm;yae At bution
SFM ay,gu_[a}‘ momentum , .magﬂeh‘c moment. These IDWFQHT% cruze i

the nuclens to interact With -r);e Magneﬁ‘c and elecirie freld preduced
bY the electon , Tesu H?'j i efergy levele shife. S’/olﬁh‘ﬁ/ ot
gf;earmﬁ lines to firther spli’f'“bg).

% Becawse the ordey of m.agnr”v‘uaﬁe of these 8791\4"'%& /s even
SmaHeY‘”‘l:l'\an the -Fr‘ne Structore g;;/;"ﬂ'?‘ng/ +hege g[,/,‘-/ﬁ%s are
Called H}’F@ﬁq‘nf Structere”’. The inferactons that couse
these hyp@ﬁne Structues ar aled "hyperfme rnterachion”
¥ Table below [ists a comparson of the offer of magntude
of Coulomb potential, fine Structure and hyperfine gtructure,

Order of /Vlagm‘v’w/e of Enefyy Change

teyaction

Lnterac Hz eV om!

Electostatic. Coulomb Fﬂ)"ce /17’; V 4 2,0, 000
(Coarse Sfructure | . |
Fine Shucture 2 x 0% 3x0'? 10157 (1,000

Hyperfine Shructure Sy -3x107 | 10t (67~

¥ Tn genemﬂ; the fine struckue is cbout 0% times smaller
+han coarse Structwre ( of* » (0%)  and the hypey-fine.
Shuctuwre iS5 about ((° times Smailer than the fhe Struchure.
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X A nucleus can have Magnetic multipole momerts and electric
multipole Moments. The momenfz that have Major Mmfivences on
otomic energy levels ave magneﬁt dl7aole mement and +the

electne guadruroié moment Of the nucleus. ’Thez_‘r influences
-Form +he hyp@rf(‘he Sfruchue.

¥ In addif®n, [Sofepes have the Same nuclear chavge hut
different Muclear mass - different nucleax Cém‘ge J:WWO'L

and different nuclecr velume . These facters wid also
r n—f lwence gtomi'c energy levels anol S’/?ecl-faj [Meg . Their

qymém.‘-fud?/s are Stmilay~ to hyperfie structure,
¥ Here we wil considex the hyperfine Shructure caused by
the nuclear Mmagnett dipole moment™ and electric guadvupole

moMen’t‘, ond the g‘gmf@/;e 5&:593,
' "\n .ht d[k / :
(1) Magnetic hyperfie Stuctuwe (“magnetic dipole nonert

—

¥ A nucleus hes intrinsic Spin angular momentum T

The eigen value 9]0 3&:’2- rs (analag\/ to electron S/),h)
}%2) = L(I+D ‘Ez/ (I can be. infeger or half~
A

Tnﬁ%er
‘The e:‘oa,em/m’ue, O‘F 2 —componen t Ta 7s

Ifz’ = mIF, Me=T1, I, ~-, -T

/955001\611'2& u)ﬁ’}'t ‘l;'l’)e ')’lﬂC!e@‘r‘ SF?{\ angu@r m@m@n-)-u,m) +he
nucleay Mmagnetic dipole moment fz is

A A
H1=€’:§4’;I=$z§%m
A

I“LI,E — € = — eff
k5w I = o 2Mp




Tuo

w heve M[> is the profon mass, and @ s +he electron charge.
Define @ muclear” magreton [y 45,

= _eh
/Lé"l T 2Mp
\ W
Stiee Bohr magnefon 4y, = Zne the yuclear Magne ton

s 3 ordey &IC magnf—fwéz Smalley l—bha,n the EBohy magﬂefan,

M e

Hs T Mp [ &34
1,(5,\,1? the Yuclear magnevLon , the nucleay MAZ hetic Cf/‘/w/e
woment and (TS 2-comperent Can be expressed as

{ Hr = /JICz+) Jr Hn

Hzz = Mz Zz fn

Example | For proton ("H), I=l4 HUz=2794n % =t5p
For (30) . T={, Mz =08 o, @, —p.84 |
For newten (m) : T=ls , ly== 91y, Jr=-3.43

X The nucleax magneh‘c dq;o[e moment wul ftexact With the.
maghetic fretd preduced E\/ +he election ot the nucleus’ positron,
This mﬂﬁ”@ﬁfr Jbipo/e [atevachen 3 ;/‘Vel) by a Hamiltonran

: 3 B
Operator. oMy = — Hz+ Be

4

(G . ’A;‘ A
¢ Mz oex I/ ard B o T (e, electon — produce. maghetis

—g—ield ;T’;Z < Fraporh‘omﬂ 7o electron 'iv+aj ézrgm/@r momenitzem
T), . e can have 4 A A
Afm = A L3
This s genemﬂ expﬁassﬂ‘on of Magnetre hypewﬁne rateyackion
A Ts called the mogretic hyperfine terackon constant




T 4.

Nete: A is very different -me . The ]C’;‘ne Structure constant
A 1S Q Um\/efsaﬂ Consfant (ot /NVEL—?—). But A can be
A“—Ffef‘en'f’ ‘PDY‘ ah‘ffevénf atomic  States.

Mow Con&?ferS:hg{e olecton otoms ( hydmgen atom oy hydmgen—/fke rons)
H» If €=}=O <+he elech@fl pwduced magnetc Felcl ,5
_ (~ev>><(~r) e _ /“"f?)r:}
86 cr? re [/JS re=
Lhere the -Frrgf— Ferm (8 the mAfnev‘ft fr‘elo’ Produced b}/ e lectron

orbt‘v‘uj moifion ) 77,3 electrzn orbfv’zzﬂ motkon eloe %‘y/ r
s the electon cpordinates YE?Qrdrg nucleus s the origin

the Sewond Tevm s the magnﬂt fied produced by the electon
Spin mafﬂe”ﬁc MDmen'}" /[S

Sinee Hs —-—2/156‘ aw~e?’x—ﬁ_2/u&[

( 3 o~ 7 are Qfec‘f'mns Spia and orbital a,ngu,bx mOMen-le)

1,

4. A P
pe /m,v‘e B, =-09 He 03 3(? Y')h’"
r2 I'e + rz I
4
=248y
A A 5 5 4
 Wheve A/ P-4 3CSY AT
Y

Sinee the angulay momentum /7 precesses @round the electon
total ongulax Wrnen-lum ;’ the effective Con-/ﬁhmzay, 'S
the preecion of 3 o <he S divctin | Thoatoe, B
Should be §:—2HB /V }" 4,

F= R+ ‘
. the Hamiltonian operafor iz




Tua

% Ham'lonian DIPQTW’DT can be

‘The enengy shift caused by th
AH//\M M known elechen Wwave

derived by ’!RV‘/] the mean OJC
Functton ;. pp, = < abu> =2 [FFu) - fesan - Tz4p]

Heve Fis +he gua«“'h““ number —l%r +he tofa,o angu(ar momerizim

% O‘F the entire atem _ ( nofe : —; e the -[v'/aﬂ mgalarmvmﬂwn Bfe/eq‘@

—éz:%.r:} / F= I+J, 143, ,[T-7]

% 5 comsevvadhiNe as [on@ as o e\&‘l@mmﬁ—ﬁeid presenig

}
T is-the nuclear angulay momentum,

'% s the dotnd angulax” momentum ef: the electrens,
a A Ay o A
(Shefe -7 = 'L ( 2T 21 )=4 [FCF+D =TI+ -I(T+)]

AN LA+
&J\:(zyﬁ 24+ —-————*HH) . P=#o

¥ 1f J=o0, then the Magnetic hypefire GUWSW/‘,' is denotes|
o (s Uh\ch 's Hiven by |
s = (2te £5) 2L |0 ®, L=o
(AE"" <AHM> = ’— [ FCF+> = Jos+)- I(1+41)]
Os is proportional o the prokbabilily density |Yrod]* 2t

the TMucleus’ Pas:hm (Y =0).

i

X pvevell ; ds CECF+1>—= F(§+H)-T( T+)7, D=0
A= e as=(ops o) 3T | prof?

I

-%5 [FCF+H) —TC¢T+Y~T(T+D], [=o

wWheve a}'—‘(Z/L[B H%_){ >,0([+/)
g (1)




\Vector Model of Angular Momentum CWP%

AT

MF =Y F(F+1) gF M
N .

Hee = Me ¢ Yy /

Mp = F, F-l, - -F




Ty,

Note onlx/ When the electron pnve functron is known, we can
calculate 't,r)e hypu‘@»e Structure |
M- ’E—M%: Hydwﬁe’\ magnetic h\/Peﬁfme Structure
= hyd,m?eﬂ _lke tons  with nuclear charge Ze )
3
wolr=755m
Hz 2 Z°
s =4’E/',*L{,f’z [2#5 I(I+I)> = akn*

3
T Do (s o =
{’Ore v r7 = p2np(l+ L0 (0+D =

{ =o

C [ Mz Z \3 J
ao‘ 47seC* [Q/JB,/I(IH) /ﬂ,ﬂ) Wb i+ b0

Let’s considerl the ground state of hydrogen 178k
: s £
amt, U0 S= Vo, i=th T, TT=F
\ F= 2+  Tti-1, -, 173
3 — __f — i
. F—'zl'+2’“4> F""E""Z’ =0
(e QSVZ ?mund stofe 1S QFH’ to two h)’P""’f;‘ﬂc leve[s
Cor F=d, aFm =L ixz-2dxd-4x2]=Fa
or F=0, A4Ey = 2 [OX(—£x3-22T=— 4%

The enevgy separation between

',——ﬁr—'*"“ F='
f%, e ‘rj‘%_qs- h S
% \ 7\3 thgge {wo h\/PeﬁQ‘ne SP/r/hvS
\\___j,fas of hydegen ground stafe js

F=0
o A(AEN(F=0-4B, (F=0)]
= '4La$‘(‘j;gas) = g

=




Tl

O The Wen%f CorreS;FO’ld’ﬁ 1o the fransi¥on between these
4500 hyperfme SP//"”@‘US <
Yy = __ﬁhi = [ 420. 4p6 MH2 ) 40 G Hp
- < | |
Coweﬁrm‘bj r,)cwe!engd’h /ZH = '—)-/;' = 2| em.

— Thie 1S the most -j%lmous hyperfme WVe/eﬂﬁfA '
—the unierse (I Tt was +he fiest and also the molt

-F{e%uewﬂtél sed wq\)elengfk /fr_@p@uenai n md«bﬁ‘éﬁuen %/ L
QsHonom 5{ 72 detect “he distributien 0f h\/dmgan atoms

in the pniverse., Remembey™ this; | 420 MH) oF 21lcm,

*‘A’PP(“mﬁon of Hydnpgen hyper]l‘me trans'tien J420 MH)- +he

hydwgen — mo:sgv“.

F=0
B--,l..—;’:ﬂ..-———-—~- 5
be—1 F=t
1 2

1: hydwgen atom Sowre 2, Stite — Selecter

3. microwane harmonie oscillater, 4. Kuarty cell

5. owtput” of micyowave
ok Pﬁ‘nc\‘Ple: h\/df‘egen atoms  comsy 'Gbm the Sources Aawe
n the ynwwf’ stafeS F=0 and F =1, lhen 'Hle\/ jass
Lhrewgh the Stk selectsr, due ‘o different maglefic fhomes,
odoms on F=A Stale Wit/ pass, while atoms on F=D Stafe.
will be Krcked put &f the beam. Thus, only F=1 afoms
enfer the guartz cell ji the microwale harmonse oscclfater
The oscllator s Tuned To the ‘hyyxxﬁ\ne +rans: on ﬁwcﬁ
(F =41 - F-’:O) [420 MHY., Thus, S’e(]e —OScillaton Wil occur




Tub,

and owtpur EM wWaves with vend high stabilety, ( Ix0™)

Yy = 1420405 F5) 786 + 0,028 H2,
The H-mase™ heg been used aSs gecondary atomic clock
to conduct many precise measurements., Uﬂ'for{—umfetg) +he

rep of H-masteY 1S not vevy good , SO the H-—masey
is not Pft‘maYy ptomic clock.
% 220, pyperfine Fransifron (196%)
330, |25 2pt387apt3d "asmapted V55T splesT
Gromnd Stale . 6 *Sy, | T =%k

- F=4
Ry Sust F=¢
F - 625 \ AJCS

b, = 9192631 F 70 Hz |
This is the Jdefinition of a second Tn 196F




TuT.

(2) Eleetrie Hyperfime Shucture
/
H,ef‘e we consdidey” fbhe electric gllﬂim.'oole ,‘n-famchbn betuween
the nuclear electtic guadrupole moment= and the electnc Lieid
produced by —+he electon g,
- Note. net- all afoms  haye electnc XWWO/e ‘nleyndiion
pecamse £ peeds fwo Conditions to have it
). puclews has electnt guadwpole monent
2). the electnc —F‘eld erDduCed b\/ o lectons ymugt haye
non-zero gradient of electre fleld.
Al
% Peume electron fotnd angulor momentum T goes 2-dhrection
election motien IS %/mmev”‘f,\c, avoured 2_axis . Then the

electric freid gra dent b, = - ii—‘g _ %:Vf
22

Where Ve is the Po?en-ﬁaj prodiced by the electon
¥ QM results g,‘ve ~the enevgy shift couted }ay the electne
g,uadmpole interretiew s .
B £ k(k+1) = 2T(T+1D J(T+1)
ﬂE@ = 7,1.‘
T (2T~ T(2T-1)

/
here k= F(F+1) =T (T+) - I(T+1)
2% Ve <
fwnd R=enr <__(_;_..é_2§—>) rs the eleche 3WI’LL/>O/€
hyperfine consiant, <%’ng > is the mean value of the
electnc -Fc‘e/)d ?mdt‘e,nf P@c[ucepf )DY e/ec‘f‘fon/ and FE M
JePe«nden‘f“ on "‘TAQ wiave ‘ﬁgncﬁbn 97[) E/Qém,, moﬁbﬂ~

X Ham:Hontan DFem;br“ for %uadmpo/e intexacken

A |
_ (2) (2)
AH&? = ®R. U ;"DAE&=(4}{[\Q>




Tud

¥ There s N0 electne gwdmpo}e nteraction in the following

(nges . ) The electron is in S state , le., 0‘/“/9’7”/ Q”fﬂm

momentum |, =0 | Beawuse u)mf?—'funch‘ov\ rs SF})ew‘mZ%/

gymmeMt +he e,[ec’r()c -fe/d gzmd:‘enf < o 22‘{22 S>=0

2). The nuclear angu/a,f momeyfeery T=0 or Vb
+the +he electic DQlAadebalé & =0.

3} 1F .elriech’bn tomﬂ dngu[abr" momerium T = //2 or J:o

45}167\ ’Hr\e electron ooNe 'FWIC‘f'(‘on I\ 573}’6(@@/% g}/mm\eﬁqc
+the electric 'Peld gmdtew'l” Is Zevo at the nucleus

- (,Ql'\eY\ Cov\Sf"deX‘ -(:lﬂe ma@neh‘c and the electrc })VP@(“GHQ
sterpctton togeTheT the gum of enevgy Shift is
2 CKAD)=2T(TADT(TH)
47T (2T T(2T-1)

AE= AKX + 8

Dhere K=F(FAD —T(T+) —T(IH),

becouse 1= |/§ %Y 4/—[ ) =0 ,

- Fof })\,o]wgen atom,
electne g(uadrwpo)e miemdwn

So +here 7S N°
L, oo &=%o.

For kel atoms, 1>z,
Howeler | Groud sTote °Sy, = (?:gf}zp

EX01+€d S"’zd_ﬁ Pl/z = < o2 Ve> -5

O there TS no  elechric guadmpoe lnhmd"’“ for Sy “Fe.
~The [owesT energy le\)e,O that can have guadvupp!e Srkeyaction

2.
S *Py  I>2, %0 I>Z,




Tug.

(3) Tsotope Sht—f-t _

% For different isotopes of the
W\txgne'h‘c momerts @nd electrie moments can be Jcﬁem-t—/ S0
we SHuchwre Can be défferent $or different (sofopes.,

This belangs +o the contents We Just Aiscussed above.
¥ In addfﬁ‘an, +he nucleay- mass, Velume Qe apc‘{:ferewt‘ —@Y‘
will alse cause Small energy shidt. This

(sotopeS, Sp it

energy Sheft TS called the (Sotope Sh‘bcf.
* The@ ove Meﬁcﬁ n T&O'L‘Dpe S’hc‘f’f: ’M@/S'S effecT
e e et > by clenert= for iyl clenent
¥ |gotope sheft caused by mass effect,
n an afom S giuen b\/

came element : +he nucleasx”

the hype

Reduced Mass
~ H = men |+me/m .
Usxy hydrogen as an e ample ,
2.4 e 252 2
E :'—‘szezzz -':"—dgfic
n 32T 2ea A 1 21

e eY\e,Y?\') le\Je\s/ enevygy IS '[’erpor'h‘onaj to /«Q

7

K l
(Consider H \/dregen, r—f We expmss-'Eo as enexgy levels {n infinct nucleay mg
O(ZZZMeCZ o 7 zc Roohe
Fo-— 2B = Rehe S = T

+ the Isofope Shift o ench isotepe of bydrgen (S

—-— ' % e oM
AE=— B almym)= - Eﬁr#fcz i\r/ln(/‘/l-f'a'M)




150,

% I50+9Pe Shft caused b}/ Nicleay Volume eﬁfec‘f':

¥ A nuclens has cevtain ckavgze distributien  g0ithin -ﬁ\m‘*fe
vdume . The elechostutic nteyackon between +hie distributed
charge ond electon L be different +han when assumsy
+the nuclens as a Porn‘f'aharge.. “Th;‘s ’s because 3%*(‘

3 stale elec-trons,’ Jave —ﬁmc—h‘on 'S hon-zZeYo ot the nuclens
Faé‘ff’\m, e, (/(o) =0, Lhen the elechon s in +he
rrfevnal Po'ren#a,p of the nucleus, the Pofeﬂﬂa’a enevgy
A simple exp’mw‘rbw N5 as AolOs

s not — ' -
£ Assume the electn potenttal or positen T from the
L. Ze® 5p

Cevter af +he nucleus < \/(Y‘) :7( Vo(‘f)'————-—-w& -+,
.-J——- ze? 2 T'z <
AT o ' = +§§£)>0ST~R
Whete K s ‘Hl\e Yaohius 9{: 'l"he nuclens

The energy Colrection Ham/‘/{vﬂfnn &/oemjt)r IS

N
AHs = DC’”) - Oo ) = Vir) =Velr) |
o T"\e 8“9@\/ Shfft s
A Y ]
AE< ~,~.<4H37=ﬁ AT Ver) ~Votrd] ¢ @y el
— o [Rrven—voers] 4aredr

('s\ A ES = ;2,__2; [ w(o),az.’_{_%_ zeaka.
e X * | a
This is +he energy difference [oejweew?nf chavge apd g

Charge Sphefe With Todius of R, for dfferent isofzpes, R s diteer
S the eneryy shift between rsoferes rs |

SUE,) = L | ho|* 7z Ze*R*EL .




I5]

X Applicoctton of Isof'ape Sheft — l aser [Spfope Separultol)

I‘Qﬁfg — v > Ei}"‘Ee
T Y — Ee;E
g:;ﬁ 13>

weovrky PN‘G\PI"’ Use Single —Ffejwenaat hg’l\ P@u)eY‘ laser

with hy, 1o excite ene isofope to’
+he n excited Stife, ond then use the Qnd lasey
beam 4o (onlze it. Once rontzed the [onized
[Sotopesd Can be Sefa,mi'e»l Frbm other nen—ienized
[Sotopes.

An example 1's  Uranium e nrichmenT b}/ (asex~ /Sofgpe Separaiion
— logexr excite 23°( | and ther fonize it

— lonized 22D T3 def lected b)’ an elechie -F'\‘él'd‘,"'

“While 238[) remain o newtral o pass fo a defferent
Collector,




T552

A ppendt‘x . Conversion *ﬁam Afomic Dnt +o the ST Yprg
¥ TIn -the atomic unit, the energy  Correction coused b}/ mase
change n rzahwﬂ‘vu/ -H;eprg/,

AEm::.-—- Q/ZZﬁ
C"""eﬂ"ﬂ to the ST un,
2 44
AL = - 2 he R

3
[ 53 £+ % ~Znd foran pessible 4

3
FZ+/ 4n 4,

wAer N ~
€ Zn5 Fo IS —,Cme Stretep constanT

- Hef
/Q @_T&)4 s Eydbef‘gi Constant 7%(- the
b)/dfvgeﬂ |rke atems aM N"% rs reduced mass
e“z’?“hc pe’
o AEm T T @rer e nc @ie) 4«7‘#3 3 “’/2 @]

_ _ efztpct [l =2
(arefFcrops Lt A
—_ — X #Z¥pHCE ) 3
2 n3 [ 2+l T Zn ]
¥ Similar dextdation conbe applied to AEps and SEd.
AEpe = OX22% 1 [ici+D —LU+D =5 cs+41)]

o Db (i) ca.uo
= AFpg =, &2 HUCE GO+ =)U+D-S(S+1) )
4 n® DI+L> T+ 0
o, l=o0 (i I unit)
AEy = {D, uﬁaﬁo (2
, 0=0

| o, 0+0
= AE4 = {O(,,Zumz y (in ST unt)

o2n3
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4. Influence of Exfemaj (Stare) Megnetic Field

(1) Zeeman E'Ffed“:
In 13%, Buer 2eeman Tound -thar Jhen a lght™ Source fac placed

in a magnetic fieid, ’L’he emitled [f}h'[' Sfeahaﬂ [rne wwns S/o/l“;” mto
SPE&HR nes. “The $f>/’%€/ of W [ine fndicates -the ?D/'#‘y
ond shift of CWPSFWPLS energy levels, . This phencmenon /s
Called the ZFeeman effect. IT (s the nfluence result %@m +he
the Jnferypetion of atomic magrehc mements and Hhe exteyual
Static  magnetic freid.
(2) Tateruction f>7£ Statie magnetic freld wirh atoms

A
~The Ham: [Honign 5P€WAH,,§CM7“¢§%M5 to +the Mteyadhen
O—f @ (homegenesus) static external magnetic field win 2

a-{-@m /s ?1‘&/6 5?/ .
A A, 4
Amgg= —H - &
them _/3? 15 the +otal ;ﬂaﬁﬂeﬁ‘c mements that an aton %&28)
-%’ \/S '(/te e{fefw@ ma,g”@ﬁ\c 'Fé‘do ZA Qlomic cbr‘meﬂﬁbﬂ >
_g., con be Ya&uu’a’eo( as //)Dmogeﬂeﬁfig.
'The 'fa-hzj Mag/’!&ﬁk moment /L? coan be Y‘afarcieyf as
A LKA L4
L= My tls + Azt Fidiced
A . N
(,JlneYtZ: [J; = — ff /Q@ 'Z’ s ﬁe electrea orbrhv( 'ma,fne‘h‘c momenT
A A

—

p’s :_,js #B’&" 3 -the electon $/>t“n MaZhete. womenT




2 sy
/ —
ﬁ gﬁ: /é/\f = ?1 /[5 I i's ‘t‘he nuclea 8}91‘0 Mﬂingﬁ‘é monen-

¢ . |
./Inducd = -—.9/__ (T Sin 9>g IS 'Hie mc/b(cea( Yﬂdo‘)ﬂeﬁb moment

(nder -the externgl magnetic Fretd

Mote +hat the nuclear magqnehc moment e aboud 2 pyder g]L
”ﬂlagn‘iwpe Smalley” thon )—le and }_é; Tn weak _Fe,d) He
tduced  magnetic W)oment' ra far smater than the ntrmsie
magnetic. momeats [/ﬁg o /TE) But 22y gtentoon to the
A_" Slgn In the ﬁ‘mdmd %um‘ww ; which means he properiy
of diamagnet'sm of any atoms The indiced magnetic
moment Wil Show effects in })"8“ excited Sterde’  indev ey
Sﬁm& %w.gneﬁ‘c -F‘e_)d. Here,_ we il /?ﬂvﬁa RS /‘nf/uence_

A

Ay = - e
S YN
= — (e + Hsz + Hr2) B
= — He (JoMe +dsms — 3 Mz) B

(3) Zeeman Effect in Fre Structewre
(onsidey Sigle electon Case 4 /f)\/clregen odom oy })ydrbgen ~|ke
1012), We analgze the influence BF extermal magretic fleid

" to the fie Shuctwre energy levels and g[;ecmﬂ [mes
Here, the & 15 oo Small to consider~ (s ~ 7 G, (o ),




T55
'Depend\‘«g on the May netic -ﬁ‘e ld S’ffengf;\, the Zeeman éffém‘" Could he

Comparnkle 1o the electn Spin —orbital Coupl, inferaction.
Thereforz, these Hwo (nterachions Sheald pe consdered fopether.,
The WSFW% Hanil +0nwm oPemfar Aﬁ s
A = e T8 (i) E
This 40 can be treated as & perturbation to ‘the macn Haws'Honan
DFeerUf‘ and then the energy shift CausecL Z>>/ A/—/ can
loe denived 'ﬁbm time - mape,/ae_nc@en't‘ peYvarb@ﬁm -béem(}/_

This Is the advanwc mﬂ MSIbg AM to Solve these }D}’ab[em_q
Pyt -the P(‘oceolwre s rathex™ comp lCﬂ/'fe// o wWe wh't/ &17/}/
gkow the (@M Yesults below , s S

1 1/2
Ao 2P Stote (=14, L=1).
% Tn very weak magnetic freld ,
08 cowpldy (i€, Spn-orbit
Ccouplyy) s dominant, So we
have 3== ond 7=3, two s
That's o the ﬁr—'mosf lef#

Side 97L the plot. Foch \) cDYreS/mno@s
_to W\ =4 —~( anJ

0 1/2 !

( X—-Qix 1S magneﬁ‘c 'ﬁeld Sﬁexgﬁ))

=+ = 3 - L maghetic Sublevels

Tt why 1 St o i of the s ohen
?mdwal&;,/ INcyeases.

X These sublevels could ¢voss with each vthey 03 B
Continues Fncrwx/va (10 The intermedium case ).




It
¥ Tn very S'}Tbﬁ;‘ Mmognetic —,Qe{a(, theve BS no /onge,{“ f-<

CD""PV(I, i-ey a\aup ms are NO lwgef 30&0’ ;uanm piLm bers
(s they ave net consevvatrve . Ip s case, 2/ My 8, adl
ore approx:‘n\a:felaﬁ 3oaol glla’—"'/?w‘ Yiumbers

Mo =0 %1, Ms = /2
“The combination of M ornd Ms s
Mg | o —I | © -
Ms Vo Y Vo ~Wb -l -1
That's what 73 shown ot the far-most Vight Side of theplt
The. inteymedium Casé Can 6)’1/)/ be Solved by RA. Bt
n the fwo exfieme Cases (Vexy weak and very strong g’)/
he Can S’t\/n/alt‘f\/ +he pmb/em and USe Vector moded o
b\@l,’ s 1o {,wderg'h‘:md 1’7/)6 zzeemam @q‘ec'f’.
¥
0 In weak fieud approximaten, |
Under weaK -'F‘\e‘d . -8 COLLP[‘% A
e, dominant 30 —t‘he?/ —ﬁ;\(‘m
vﬁnc Shructure enevgy levels .

S
W
1,

Vse 2’? 2% an emmpl e, Qfl/g (@) Weak fieid (b) gf,m? Freld |
and ng/ SHates Frgue. \ecter moded of spin- orbitoagplcy
‘2— ) .
We use -the 103 ; M;> féffe&enmﬁ‘on,

| | A A A A
Y\eﬁard the Hamltonian @PQW A:”/m": - (He +Hs )- B

08 pochurbation 4o the @) £ 5 couply .




Is7.
~The energy shift caused by this perturbation ( yelptve Ho -the

Line Shructwie ehevgy level ) Ts given b\/
AEmaﬁz (Aﬁweak>

PGS
— <"(}'[£+)t)-3 > (Y‘eca(( /,2;2 =-§§’”§ﬂ&)

=~ H;:B>
— ?3 ma‘ He B
— , See appendix ~fov
oheve 9 = 3 4+ o Scs+0) =P+
?a = t= FC3+1) ~the devivation Q-Fg&>

The vector modej -fér weak 7‘7‘@1& (s that™ ﬂn}ulxr,mamemm

L ard 8 do ']D'ZELS"' )Drecesszbn arolnd T direction anel
oA A

%y‘m the ’l’omﬂ angulax momentum J | wWhile the T wil

Pfecess Slmaly azraomal ‘H&e ex#UlLap Mag}?e‘h‘c ﬁ‘elel ?

(See Frsure (2 17 the Previeus Eﬁe) 370 595 =1
~ 5o ﬁ=z} a

N = R L
2 e ‘_/P(ﬁil - OCAL) =AE (M =2) -aE( M} =) |
T J ) |
— = 7. amj fe B
hv = 1% x MsB
Luz St nn — /-'QBB =§%)Z£'B
A S=o, l=1,j=12F =
4]31 J/ _<_f_’_; | [JaE) ! My =0, 21,
« “__Jowmn ° | OE)=AE(M)-AE(y=)
gyio; | = ?5 Am()* MBB
z/—%B *%




Could you Tr¢ 12 e
«ﬁ‘gwre owt <the o ,,V NS T TT ;
Zeemon $F(¢%-“5f and : §° hyo-%%\ ,;{‘_L_ nee enn
poctal (e 37195 y i
bY yowrself?
p—d

Selectton Tules Am5= O, |
11? E. and E, are the energy Hor the upper and fower” /e\/a/sr
Shen there is no external magrete fred, then after addy

oternal freid, the energy levels become ;
EL =B, + MG HeB /}79=bz——E,)
{ E/=E, +m}, He®
o, TThe fransition fleghency IS Changed to
hy! = E ~E = (Ea-E) + (M2 -"3.) HeB
=hyY + (Mf. ~MG@)HUeB,
S AL +his case
 pyle hy+ (Me—n) e B= hY+ Am sk,
Due to -the Selectien Yule Amy= o, £l there Wil be
three défferent wavelewgths [freguencres

hy'! = hv+ {*ggg}

- HeB 2
e, wWe will Lee 3 S‘Fedmp [ines, athugh there are ?-Imnsfﬁbng




IV\ S-tvon reld a roximation .
7 PP

S-h"oi\a magneh‘c -Q‘e \d Prevenfs [—g CO(LPL% The vesul+ is
that the spin and orbital ﬂﬂg“/a*’ momentums, precess @k/ound

157

‘Hﬂe extemal magne:h‘c {re td geFam_H# (as shown in Fyure [b))
Use / 28 mp m> representatien

the 73?0’“70":1 ferm I
Smadl Q2 € 1S neglec('eA .
A/QS'{M; = ﬂ”)ﬁ T - [,Ll’z /"‘AL:)B
- (He +H>)

:m(ggé;""?s 3 ) 3
—The enegy shift

AES.;,@ = <AHS")rang>

o A A
= (2 (4 T+9S)-E D

——————"esz (G V2 +%S)

1

(9 me +3s 1) E2p
= (Go Mt +@s M) He B
f=1, s=lfe, G=1, =2,

N —-For the Combinafion of Mz, Ms

For *° energy level X

me | © —1 |

o —I
Mg -

o Y )z % Y 4

GiMe+qms 2 ) o o -] -2

(Mg =, Me=14Y) and (my=|, Ms=~1t) fwo Stfes have
-the fame energy valwe punder strmg Magnetic foid




Téo
“Thet's wl«\/ +hese +wo energy levels mevge to one [evel |
oct the fxe-wmest Night side OF 2P frsure,
The energy le\leQ slolf‘(?% prdex \/e:r'{,i S’fTonj magnetc freld
15 called B chen - Back effect.
The seleckion vules ae  Ame =0, Aamp=2, 2] |




T4

(4) Zeeman E{fec?‘ in H y Pe{‘»]q‘ne Structure

[-F an atom hes h\/Perfme Structwre | ts energy [evels w.v/
—FLT'H‘IQY Splt‘t fn the magnetic freld. For Se‘m;alzts‘vy) in ouyr clasc
e assume the magme'ht %‘e'd IS net S”HB"O@ So that Zeeman
g',[*/fj s much Smaller +hay —Fx‘ne Structure.  Tn +hix case

the hyperfme interachon ond the inteyuction Lo magneti -ﬂe/a’
Can be Yega_rded as ‘fl’lf— pa{"’u/Y‘bQ’hOﬂ jﬁ; F;?\Q S’{’YMCMTQ T})/s
Fe,ﬁhurb@‘h Hami Hbmom 9perm‘vr S

2f =4 ths + AHM; |

wWhere / 22 3 A4
AHppe = A (I J‘ ) + [21__‘127(2‘, 5 x[3(T T)+2(2F)
— f-aﬁ.a;_j
, TR
Atpg = —(Hr +Hz)- &

= +JrMrieB = 9! me ys 2
Stace gl<< ?q the 2nd Term /deﬁ}mj (s usua//y’ 1 nored,
Usiy @m P‘amﬁ’aﬁb” Theor& the energy Shift Coaused
by the AH/)%S avd AHmag Can be devived, The eguation
of it is cailed Breit—Rabi eguation. [ef US considey
=14 energy leved ( ground sl of hydrogen and alkals

otoms) . Electric %uwiwao[e 8=0. So we clo not congdey
the eledfic guadrupole hteraction,

A A"%‘ ,
AH =A (T D+ FyMy e B — Gy mz jle B




T42.
e Mhoduce & pomere f to gxpress the gﬁeﬂgﬂ, @_'L the magnetic

—F'\e“i : M:(go' ""gI/ He B ,C?J ""?:r)/wa
1 (T+/%) JE
JE=ACTH '/2) — h/Pef-(;‘ne S/D/n’/&g e 2ero g
. AE :_—_< AH >
— ,_Q):_E_r—— — MF ?1//138 Jb 4*2414_ X +X=
o O (2L+1) ’

— Breit— . eguafron .
Where MF:i(I+V2)- Byet— Rabr ef .

O when B=0, AEhs = gz 06 (for F=I7/2)
Afngs =~ ZHLSE (fr F=1 -14)

2T+l

=> Abpge (F=11/2) ~ AEhfs (F=1-
eaX magneﬁc -Frad) F mE mégucd guaw-rum

) =IE.

@ . Under very W

Numbers. MFE 2 e 2 m
( % <<1) T |+ Sz ¥
/\/% lect the (?:L 'fefm we have
+ =T+
AL = AEnfs izzi; SE-X . For F /2
- for F:I—Iz
=Alhps = L JampHe®

2T+
Eoch lnypeﬁ%e energy leveﬁ SP/,ts 4o Subleve/s wWith Qﬁ—“d
SP“C”? o I
- Uhe“ B 13 S"'m'“lg, Mg, Mz are 30005 gum:fum_ n@be/@

:]’:—.-l,—_ energy [evel split as my==1/2, then fuyther splt-
O\W% to Mz values, "




Té2.

@. 1f T is so layge ~that magnetic inferaction s /wferpr
compayzble to  elecHon SFM—O)” bt coupliy  then we
need to §o back o consider fine structure with
'mago.ﬂe'h?, interachon anrel Byperﬂne Intexacttm */’Dﬁe‘f'/)ay;

A’ m; m E] o

LS
2

1
2

Conld you fisure out a)h\/ in The dnd (ase (T=\f T=%2)
the enevgy leveds qeﬂf F=1, Mg = e, =1, 0, | is in opposite
0\'&@‘(‘ ’f‘/l&ﬂ tlne F-: 2’ mF :‘-2, I, 0, .—/} -2 /c\/elg' "7




(5) Magnetic ReSonance .

ME
=i 73 — _{%
'Zeeﬂ\«m
Tm“%\:h» n H y pﬁfm e
. Transikon
F =D N — 0

Ta Weak magneti $reid
AF=x1 , Amp=62
( for hy perfine ansitio n)

AFZD; AMF =3
(for Zeeman Fransition )

M&gﬂeﬁC Proper fies &f mottex™

Téd

mr T
;I; NMR - ) 2 VZ.
Ve ~Ve
EPR
TWNE ¥ I, e
— [/2 %2

TIn Stog magnete Rerd
AMg = | AMg =D
[ Electron ?ammagﬂeﬁ‘c Eesonancg

AMy =0, Amz ==%)
( Nucleax Maﬁ}?eh‘c /?eSOM"‘é—) |

© Diamaghetism (O Heramagnetsm @ Fermomagnetiim

EPR and NMR and MRT .
hid

“These techrologies hove lbecome Vevy fmfﬁﬁnn‘l"
appm&ches 1o S+wi7 yny«i@ﬁeﬁ Structures, chem ,wv processes,

'meclt‘cap cbc‘agl?osv‘s , ete,

\f pU Qve encoumﬁed,-to Search On *l%ese v‘oym‘cs

ond Write & S‘f‘udy report,
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Appench‘x . Vector Model @-f Angular Meomentum Cowpley and
COMPWW'HW' Ojﬁ g—— Facv‘m" Cézyromagne'/"‘c Rate)
() [~ S Couply of Electron :
s shown i Fgwre o, the |
Couphy of oo angular wmomenfum |
T$ 9»I\\/€Y\ b\/

LS

A A
J=L+%

A
(,Jl\ere —L_) s 'ﬂle Dfl)ﬁv’n/ angw/mf 7nomen'/wﬂ,
? S ‘tl’le election SP:‘n angulazr momentum ,
A
T is the electon total angulax momentum

CorreS}?onaL{) ﬁ?agneﬁz momem"g are_ .
,uL. =~ ?L /'ég / qu = 1 -ﬁr s'ngle electron
/L[S = "?S /QB ) 38 =4 -J%Y ang(e electron

’u*T =-J5 He T
From the vector modeld, we want to derive S,?q 'Fm"‘ known
Pavameters ke gL, @5 L, S’ and J.
Notice Hhat the Sum /,és '*HL s IJDT é/pﬂwﬂ -{@ ,Lé\-r
because §, =+ g5 and ,qs +H4 /‘S,__T along +he T J dcned'wn

The Pmdecm” Of ﬁ; + M a/ong (7' ao:redwn IS ‘tI?e /'4\7
N = (/4”;_3)-:1;?: -7 +Ms 7 2

2 A ___’2
U—

>




A, A D T,
L 9, T-T +3:3:7 5 -~ |
= L S
&\\ },G -_— )Jg __l§>2 U—
4 s
ACcor‘ﬂQ’U 1o 'tl’le c‘)-erfmt'hon O’F gg : */_\9/]3’ == ?J‘ /"éB J ,
We hawe 2 _j_’; +tds ST
J
From the Law Of CoSines, Con$fden,'J the \/ecl;\m’ moo/e,f,
I\ A A A, _/_\.— —Z _{\pz—v—»
e hoe . A ha e 5 gho TEENE
A A A __(_\, > A> Do
-§92= —U*z+%>z__ T T T =Y +2L 2 3
A4 4 A
Substitwte & T and LT inTe Iy %}Lw‘htm we get
Ao oA, A 2 A
9, = 9 (T2+T°-S°) +?s(?+82—- g
252
The et&en\/‘a(ues —F;Y '%“2) "/'\L""‘) ‘%’2 ave
SN Y LY
T > = JH) T =>ULt) 3 = SS+H)
(& [acawy+LiL+) - Scs+10]
j' | + g [ TCTH) +S(SH) — L(L+/)]}
J 2T (J+1)

SU—bS'ﬁ'h/‘/"L? gL. = , ?S ::‘—2 fn-L—o —f-/le W\ﬁw .
j, _ 333G+ +ScsH) — L (L+1)

’ o 23 (T+1)

3. _8(S+/)-—L(l_+/)

< 2JCTtH)

—




TEF,
2) Electron — NMucleus Couf;% (I"“‘ T co !..)

Stilar o L-S couply,

the I-7J COWPL‘%;
L oA
F=T+<

x -the elechen to'faj dngu/m’ Wome nitum
K the ndclear S"an arzgu(xr‘ Momentim
T is the atomic totzl Qngular mementun

Corresfmo&‘j Magnehz mvmen'l's are

..-»

H :‘"’“?J/UBCT
L o= AT =g pat (ot _m
. T MW . T ) 37 Tie Mp
Mp = — JrHe F
We wont +o de/rcv‘e A from gj) 9. T I,F.
Ao, #:+Hz s T eguel to B fr s <he precio
0'][ ,LQ- —(-/01 0{0"? F dlrechon: |

A L4

/L»é,: = /%%H %} f/LIJ ;;LII é
A oA LS
= —He Iy T - —;;izl'fﬂ'.}_’:\,

C 3,:= . h F




Ts8.

h‘@\m '\'lne la.vO Q-F cogfnes) A
0o 2 A A A A, L Lz 2 D2
7%= Fi4+T 2R T >TF=1L il
A, A L A As z
Ao _Be o be PP SPF - FLELP

2

Also vecall ‘%2 = J(3+v), T =TT+, —7’-}»2__ FCF+1)

e ge—f— gF g T(FE+) +3(T+D - ~T(I+1)
2 F (F+)

~ g, FFr)+1(T+) ~T(TH!)
2FC(FH )
(2) In genemﬂ —Fof any ’/zw angular momentum Cou;/z(/j
'A% J, +a,
= "?tr NBT
/Léo” 2_?91 He ELr

ﬁ;z .——-_?);{Légg-‘;
We have /LQJ_ :(/‘éa "{'Aj > .

— 5* > T + 3t
- —/MB A %’2—2 T
4 N " '%\_?
J » —\-b *
fr = ga.—*'—"” + Gy,
— A, A A 2 AZ A -—A>2 _{_\>2_ éz
From he law of Cosmeg) é"—:’? _ T 2_{_5:" TN ag,j._._ T+~
2 —, e =

?17_3\ TCFHD+ §, (3,41 —22(32H)
2T (T+H)
— g, TeF) + 3205t =0 (311D
92 2T (TH)




T68b
’'s yust to use -the

—n — i

Anothex” LJ&>/ +o derive T+F and T-F
A

Te,laﬁ‘anshCP T = :‘2’ B \’:/}?
A A
> F-F-T
N N L 4 04A 0 4L 4
(T)P=T.T =(F-I)-(F-I)
Ay AL A2
=FV+HI)-2T-F

Note . The law of CosSmes .

C C =%+ b ~2abcnl (in Scalar)
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5. Tnfluence of Externad (Stmit) Electric Frerd I

(1) Stark Effect. The l‘nf/uence 07C on extexnal e lecdric 7C;‘e/d oy
atomic specdm was OPFSCDVQY‘eJ b7/ T, Stark in 1913 and i known
as the gtavk effect. Starks d:‘scow/r;[ was Made on the Balmey
geyres oF h\/dmoffen, Befofe FHhat In /899 Voist Fave atfention
the eleetnc Peﬂ'owkmh‘m oJF otoms and came 12 the conclusion
thot the effets would loe veYy Small . This is becsuse on 17
hydrbgen« [(ke atoms [ jons howe  Sisnificant [ineay Stark effects,
Shife ofher otoms psually have very Smal guadratic Slark effecrs,
W)\ey\ ~the extenad electric «F.‘eu s small .

(2) (uadwmtic Stark Effect.

The Stark effect is -the SP/"% and  Shifhs of afemc [evels
undey” the rirfeyactton of ar exterial electic fekd.

The enersy of an atom |n Q homogenwu; electric {veld s @piw’j
to -the Salar Pmiuc—l' of the S’ffeﬂgﬂ% of -the electric fﬁ‘e/c/ £ and
the electic Jc}»/e moment 070 the atom :-D—> token with hegatve |
Sisn. Tn othey words, the Hamd/foni pperator A /_?; in & homegenecus
SHrtic electic eld s 3:“x/jﬂ N,

4, noA

A A A
AHe = —D.- E = €271, £
z
(\ —
Whee D= -eTY, is the elechic ipde moment” of the cdomic
A

system, a E s the electiic freid Strength.
Chonge the ST wmt 1o afomic «n, then

A A A L, 4
AHe == D-E = XV, E (au)

- 2
One L. E 7S -2%—; = 8.576)(/05 (e.s.u) = ZJ;?QXIDQV/C”\

0




T68d
When the elechiic ﬁ‘eld 21} IS weak A):}e 'S rego.m/ec/ as a *
P@f—l'ourbxhbn to <the of:;:‘rm/ Hamiltonian o pevater. Thus, e
can Use perturbation ‘L‘heovy to derive the energy correction .

/\)oh‘ce +hot the matrx elements of %Connech«g States e-F
the same pan’—fé[ , /"nc/uﬂé‘% the clz‘agomp maticx e/emem‘s/ ave
Zeve: < Ui | ae | Ye> =< afle> =0.
This is beeuse A}—?e hos +he Hollowey gymmehg undey
SF“MO inversion A:/e (~-7) = - NINTS)

Y Aﬁe}¢g> = — <¢£/A/‘7e/¢i> =0,

Therefore, the {irst —order perturbatfivn dees  noT lead o

any change in the afomic ehnergy. TThe s[;/-b’z% of levels
IS determined by S"ecar)d ’Dfde\/ coYrections,

|et us Choose ‘}fre 2 ouds along the direddn of the ex'femnzf
Field . AHe = ——E:ﬁg’ Where 3%5 is the proyect®n oD
along 2 directon. for an energy state |o¢ Tm > [where X |
YEFYQSQVF/S the %Ma/nmm numbers pfher +hen J.M, a-?.,n/@g‘)

the 92nd order ;pev-lwrba‘ﬂ‘ef\ 'tjp‘eo‘%'{ gives the enexgy comeckon
as .

12 1! 5! M >|%
AF. = E* = <X TM 2 | T M >
O(Iq-/ EO(T —_ EO(,:T"
lohere the sum is token Sor o/ Fot, T4 T
A A A A
Pecawce Dp od T, are commule, (&, [ Dy, Tz | =0
only the M= M matrix elements are non- Zeyo,




T 48e
The nofuwre @f 'f}u‘s Second —ordey” Covrecton t® the energy)

loved s that the oatom does mot hove intringic electric dipole
momen'(” ‘oul/'l' ’dA.L Qx’{‘.exym// —]Q(eld nduced Some elech')?, oécpc/f_
oment | .2 ;nclucaa/ electic Jfaa momen'(" D o/E

 the enerpy comectn AL, o< E*
i.e., Pmpoﬂv‘mmﬁ —~+o -fLe 8D€We af e[ed""\c 'Fv\elcl g—h’eng%.
— So -called %uaclmh‘c Havk effect-
Fetures of guadmte Start effect

D Erergy levels with the same M| ar degeremate
C Dhen reverse. the T divectim | the @nergy doesn Change.

@ Energy Shifts o ore a//‘feoh‘aﬂ/ insfead &7& g/mmefﬂc

3)9/;#7/j on both Sides

orlgz‘na.j QP ':— M= 2/
afololuint huny A - 1 IMI=l/,

Sl’ll‘f'fed — ™ IM’:: > z

| |

: s

1 |
oy %S,
M| ==z

1 ( E
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(3) Lireas Stark ECffect,

The oabove guadmh‘c Stari< effect e%uafc‘eﬂs are vald as long a<
tthe conechons o -the energy dre Small rn Comparison W ith the
fn‘f‘t?ﬂ/p SF(% Eo(J' —Eourgr. T the W Case 1t IS necesary
‘o 4reat , at the Same -time, Hhe intevactrnm W i +h +he 3[72/0/ e xrternal

A

A/l}'e =t and the [ntevaction H' that is reS/:oﬂs"b&- for the

SF,"% of the leveds oT Mo(’:}”, [ke S]?Fn——ﬂrb:%/(‘aup/xg_
et us considey one pPair of energy fevels -r}]ey are gefamfe(/
by & splitey § when L =o0. let
Exg = E. +329, Edy i

= TM| B o gm> == <olTM | B 1T M>

"f" poa
Here, E, s the nitial enexgy levels when T ad T' are degenerate
A .
od H' is the inkwachhm thal Causes the §/>{H/a"7 of T ad T,

1D i+h external electic 'ﬁ‘eld ,
A A, A
AH = H + 4 He

E‘DW\ P@W«tﬁd’r&n "H'\G,D‘I"%{, %)e W -—/—A& QW?’ colrection

AE = i/@;—)z'—!— [<xTM | Da| 'g'm>|* E?

when |E| is vy smal/,

A >
2E =2 [+ JCTUART EY

When |E[ TS \/Q"# /a;rge,
AE = =+ }<onM[‘§z Jo!gtm> | | El

———
—
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Engvgy Leved

Quddrertic | ineax Stort E‘f{ed’

5 Sk / If F=0 fom the
Eotg?:%{./,—/ L.ngnn%) e fwo levele are
Em—r= degen,e/m,‘re,, +hen an/y

T\ L [neay- Stavk effect witl
Electie Fred  El Show up,

@) Hydrogen's Stavk effecT.

I+ twrns owt that The Stavk. effect in H _atom is
QXceF'h‘onal[# (axge , €9f>ec?a1%/ ’'n the Balmer Series.,

F"r n=2, 2?!/2 od Zgyz Qre V)ear%/ Jegeﬂemr‘e, except

the S’MDJ/ f‘e/wf'(\/c'fld/f —F“ne StHucture Covvection .
Thus, < linear Stark effecr /s stong , which enakled

Stark o obsevve the effect in 1903
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4§53, Muitielectron Atoms
For- atomsg COrrfafm:j nore than one electron, the intevactons that
e need to Consdey; i addcton to the consderntions jo hydisgen atom
oY h}lclrogeﬂf [ike oNS | cre the electpStatic inlevackons between electrons
and the magnetic i ntevactons between electiong

¥ The electwgtatc Tfntevactions Come 'ﬁom the Conlomb Yepulsion '{;rze
between glectons (in Contrast to the Coulomb atftackon -free petween the
nuclens and <the electrens ),
¥ -The magn@,h\c inteyactiong come «From “the ﬁa— +that each elechon has
orbﬁ‘aﬁ ond SFFn angu/a,r YYIomem'Zl/ So /m& gpmg/aona'(::/ Mag/)e#‘c Momeyﬁs'
"These angu(a;r momerfa ( magnetic momentz) eowple with ageh mLAer/
’F"W"{] the magnettc fmeractions. tor example, if- an atom has two
clectns  With otbival and Spin angulay momenta fmw#zzm nm bexs
ﬁ‘ 81 ﬂ,_) S, Then thevre ae Six kinds O]C mag;;eﬁc [oTRIRANS
@H (8o82>, é"?-(é‘ pz)' éB [’e' S >/ Gu [ﬂzs?_)‘ GE (/' '5,2), &5[’42 S)
Which means S/pinmeiﬂ , Orbit-ovbit couply between -two electing (&,}é}&
stn~or/of'f Coupbsy «}greaél‘ individual electron (G3, Gu)
One election orbit — another glech/on spin couply (G5, 64)
USWU[#/ G and Gy are weak, Sv can be ignoved,

¥ (Jhan adoms comain  wore than one electron, even for the Simplect
ones, Helium (He), Schrb‘in‘:\ger egum'?‘on camot be Solved a'fred%/ , erthey”
ar\ala/h‘cal[%/ or WMe,w‘ca([y, for his reason, the multielechon odomie
Structwre must be based on Some QppPoXimedion model. Her '+ r's
necessary 1o estimate the magnitwles -for diffeent jnteractions so thet
le Can treat <the Ma:)\or intevactios ist™, and then -heat Smalley
Lorces 05 perturbations 1o the Meor fateractions,




I Fo.
“The elechostatie Intexaction between -the nucleus and -the electon

ond between electong  afe on the order of magnfude of

I e2 | e
—_— T T -
4m5e | Y| 476 | ¥} -T2
et lwean eV ogev.
~  4rte A, p.053 nm
2.
Where a =Y, :M 3 -the —-Frrsf Rohr vadius .

The magvxe’h‘c interactiong between electons  or between the
-3
spin and orbit of -the Same elect’” ave  plout (0 "eV.

Therefote the electmstatic lmteracton petween clectrens IS

much (mgef +than Magnev‘?‘c in exzctons and T the <ame

prder s-F the elechpstatic iteyaekion between nucleus and
olecron Thus, we must consider The electrons ! electro~
Static Tntexoction with the nuclaus ad electn  joteygetin

‘o qc,p,“f/l/\e/Y‘.

ﬁ suttoble Schemattc tesdment™ s one inohich the Conca{af—‘o-f
sthe. Tadividual state éf an elecfon in an afom 1S accepted, and the
siate O,F an oftom A8 o whole [ defeymied by “the set @f the
Sdoctes. ef the elechons, 1aky nfo qcecount thenr Tntevaction. In

Tl’\e }‘xm;.t &f 'H/LCS aFPmK(\ma’h‘an) e SucceedS in Ob'lam‘::] ?GW&Y%

Tnvfoma;h‘ow o ~+the S\/STem 97D eﬂerg\j [ex/e/s <posstble f(%r Q. g?:‘\/en
atom, and on the relative Position and @roupiy of the [evels
Also in this [mit of approvination, Seleckon rufes for m&nﬁv‘e
+tmnsrtons ave establzhed ) which enoble pre 1o predict he
WLWQ Ofl +the §’7eah(‘ L vﬁ\r‘ eacl« element,




L Contral Freld Approxemation . "

Contl Fetd Approxmation is the startg point o treaty
multielecttzn ploms The ﬁmdame,n'lz,é @ggumf;ﬁbm i< that each
glectren Moves Mcpependjenf%{ n a cevdam e{—fec’n‘ve cen‘ﬁnl%
gymmeic field eveated by the nucleus and all +he other electons,
Even withoet knowe' ] the Aetasled 'f;’m of thi central freld, many
yesults can pe obfaned on -the basrs 971‘ the gene/rbl 'theprvz/ of
the motion p‘c @ Parﬁ‘cle n the Cem‘fd%/ gx/mmeh‘t‘c feld,

A more detailed tread ment )”epmrres o consideration o—f
the Non Gen'mzp Paf'f' ©1C the e lechrostatic ‘rlerackion belween
cledoNs, and «lSo 0f maéme/ﬁt fnfe,mw\m’zs} /m Pafﬁ‘cu/@f
SFM—O’%‘\* sevacton .. These irfeynctons pre usual@ considered
pithin perfurbaf®n theotf @S Small comections to the cen*/m%/
§\/mm@1‘ﬂ‘c freid. As Ts known, 2 pefurbation does ot altey
the NumbeY” D-[: pessible States of @ §}/Sfeﬂm

For an atom ith nucleus chayge Ze and A electrons
e overal cdom Hamiltonian opereter fi (only consider e

elechrostattc T(\T@mw‘f\a”5 s given ID\/
A VS R N Ny el
-+ = 21 %‘4720 Ve Z>;:l4”z° Y;a‘,

where % b o Take Suw %r e\/e)ﬂ&l elecﬁbn) J\f}’ Fs the

2= M i
nomentuom %\f each e lectyon | /LQ = },};)n:‘_,_M 1\8‘{%2 féduced
MASS o{ electon ( M is the nuclear mass)/ Y; 18 +he
distance of the fth eledhon from  the nucleus res s the
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mutual distance of the tth and 3th electrons.

The first ferm s the Sum of all elechens Kinete energy ;
the Second texm s the elechostatic intevgetion  between the
ueleuns andl each electron. The +hivd +erm s the electo-
sttt prfernctton between elecHens. potice that among efecting,
+the elechy static tnteracken s Coulomb Y‘ePuISz‘on —f;rce/ Sp

. R . A
1‘714@ PDT@WYL?WP ehe@\/ Ny \POSR‘deQ ' e %;FZ}?:ZI )’i;; v __T;“\S
[s OPPOﬁ\fé 1o the Couwlomb pfftaction  jnteyncken between

+the cleug N_ 1 pe?
nu and -the e)ecﬁbné; ""%4#& ~

The electrostatic jnteructon between electons s Usu
yon central -F‘e!d) and every electron motton s yeloted wit),
pther elechrens. Such com]b(c‘cwféo/ Prtevackens and motons
hove 1O et Solutton . LWe must srmph‘f\/ " Usy two
pssumpttons . (1) Each glection Moves ,‘napepenoéemL/g i the

Mean fre Id pmducad b\/ nucleug and other electrons NS
the mean field I's @ centully Symmettic electc freid,

Le‘r the ith electon @,XFeﬂ‘Qy\C& ’t’he Ce)’l‘f'mﬁ 'ﬁe!d Ue CY;)/
+hen the otomic Hamiltonian @FQW s St‘ww/“ﬁ‘ed to
A i 77%;2 N | Ze?
H= 27 — 27w "y, T EUi )
4,“—‘/ H 7=l 4 4
For each eledfon , the Hime — Fnopepen&?en’f &;hrz‘p‘il‘/ger Wbﬂ f‘
Lie., the energy ergen«’\/a/ue e@mﬁ‘on) S ;

—_— 2 Zez
[ Lo — 2 + UserY]ue = Ez Ue,

—Zné, 1
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Wheve g s the wdwe-Funah‘@n {or each election,
“The TDTWO wowe @w&h‘ﬁn @]L an alom s
P = () U (V2) U ()?;),
@nd 'the %’mp e,Y\@Tj»y Oj: t},e atom ES( under Cenﬁ?ﬂ {-}eld
E == E: appmx:‘mah‘on)
<=/ *

“The Ke\/ Step s T Solve +he ?guﬂxﬁbﬂ «Par each (‘mdw:duw/

electron. Swee PeCYe) Ts Oﬂ(\/ a@epenégeﬂf’ on 1<, but”

,‘ngbefenolewf b'F ©¢, q%) e can aﬂol?’ the era,mh‘m 9\0
yariables to solve the eguation . Let

WU ()= Ra (YD Yo (B2, F,
then we obiam Two @/glw/ﬁ‘on3:

2‘701“"' —"‘L"‘""O?% — (Ve (Ve
[NZ-ZY?‘ 'jiﬁ Ly i ) + 2HYG? HTE Yy + Uit j)@ (re)

N ) ==L RedYe)
LY (90 F) = o4 h Y (66 %)

Cam[m)red 1o hydm en %Mﬂ/fﬁm} e 0n/7 odd  UpsCYy) m the
{(mr @%aah‘on,. Similer o hydmgem eguativn So/wﬁbﬂg,'
the Solwhon TS o= Ryg; (1) Yorm; (85,65
wheve Ng, ,?4,‘, me ar the Pn‘nccpa/ ;Wﬁm pumbey  orbtal
rgwlar momerntuim gumdwm Nuwmber™ aned prbital pagnetic gumdum
Number of the jth electon. \iome s universel for ail
afes, and o p=Li (Pe D Je =010, 2,

|mil </s / my=ALs, bi=ts -, =A:

N;—I

/
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%S(‘m,‘lc‘tf‘ 'tD h\/almgen) «t})e guanmm 'y}umber [5 cpe’fe/Ym:‘nes ‘i’}le Orbz?/-mé

anguloxr momentum of the e[edrﬂon/ in the Sense c?f
2&;2 g =D (b +0 T

j.e., the et‘g)zen\/a,lue O-f +he Sguare O]CDYL;:WJ ané’u[aY“ momentim
s PeCli+D

* The mag,neh‘c guanﬁ(m 'numbéY me, as hydmgen) Aeteymines +he
-ComFonen'f” &f angu/m’ mementum @/on;} —bfwe Z ~axis @{7 coom’zm‘eg)
Le, Ja =mr. mi reprsent the S}?ﬂﬁaj ovientation of the
oybital angulay~ Momentim.

¥ Ewen Oith the centrzd -1[;‘@,/4 PV/em‘mﬁ, [t 3 dfﬁ‘}tu'i’ to 3olve

the RiCYe) %u,m‘zbn thot  also defevmines the energy eizen-
Values Ei. In QM approximation metheds dre used 1o sole the
eguation (mainly dexivey the cental Freld ¢ (Y2) and he
in&w«‘dm«o electron pave -{-’unch‘on Wi (7)) = R; (D Y 165 F)).
A POPW"’” method 75 the So—called Self - consistent — freld
CLFPY‘OXMQWJV\, oY Hm’ﬁ’éQ» Fz%k h’)e‘i‘}md. YDLL m&y Yéfer ‘to
'd\e book  (Ruerdoom Them”g 0F Atomic Structure " b\/ John C,
Clatey” (1960) Hor detaile. We will Skip the detar|e pul
yyyrmdwce its  Yesults, mafnly on the elergy e;?enVa/aesEg.

¥ The mam vesutfs ’fm” cevitral 7Qz’e ld approximation clude
@ Swmilar to h\/drogen, the energy elgem/alues are ;‘nopependen-t
of m. The independence of m fir the energy has a Simple
ph\/s:‘m,p mean%: Tn o cental —ﬁ‘eld, oll directrong in Space,
are eguivalent and Thewfore the energy camot depend on the
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SPaﬁ‘ap orentation of the anguiay momentun,

® Unlike the case of hydrogen, the energy from central
Treld approXimation depends on both 1y and ). Fyxz,

+he mAeFendence Ofﬁ for the energy in hydmger\ —[ike z‘ons/
IS o SFe&ﬁt prop er—h/ of the Coulomb -Fretd , and does net eceur
™ the genemﬂ case OFa Ce,,ng%[ Symm etric 'Q‘e/da Tn other
NOYC{$, Coulomb 'Fl‘eld PO‘ienh\qﬂ ( —~ _JY:> (s a S"Pecﬁa,j
Cewh"a,d ﬁeld/ and it leads +o the energy g,genua/ue En
on depenols on -the Pn‘ncrqu %WW numbey N, byt

m el:andenr of . However, Centrzl 3Cv*e[cl does pot hewe
to be Coulomb form , e, It contains other forme,
such as Uy ~ 1 or UM ~ Y= or Ur) ~ 3 efe,
s lang as Uyer) Ts Slyhem‘cw[%/ gymm@,m\c‘ Such non—

Coulomb central 'G‘eld witl Cause the erergy e,genmlueg
to Ciefencf on ¢0 . Th's come$S r)Drbm +the ené:enva,lue e;uahbm

@'F R(Y:) — gngﬂ.z (Ye) and ~the mdi\ﬂ/O wave -F,w\cﬁ‘@n,

@ For -the Qame 1, energy [@\/818 wr-rh [OLY?&F j; ave hté?he_y:
For the Same &; energy levelsg wﬁ% /ayger Yl Qre ht}lne.r_

@ Each individual electron s characterized b\/ “Hree guanﬁm
numbers , Ng, Li, and Mg,

!

( Please See an example in -the next P”‘?@>
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5 b L3
)

Energy Levels of Al kals Atoms
A strtel above , the centrnl) Petd appcination fells us that
D The energy levels depemt on bofl) n and ,é guanium T)M/}nbe,rg‘
® For the Same N, hisher [ corresponds to higher energy/leyels,
e.g-, %\r n=3 in the L atom
3S < B3P < 2d
@ for ’Hle Same Q, [m?e,r 4 c»meabodg + hegfnef energy /ew,/s_
e.d., dov f=0 (S sthites)
28 <« 35S <4S<5S
Plotted on the —Far Yishtmost column s -the energy levels of
hydrgen, ag a comparison. For H, the n={ |evel 15 not
Shown , but we fecall the ground Sfute @-F H (n={, ﬁ—.;o)/
lqag energ\/ o'f --13.56\// much (OUZY“ H'wm alkal’ edDmS“

This Means H aton Is much more Stable becnuse you Y eed
much more energy to Yeyect -the electton (jonization Energy),
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2. Elechon Spin Quartun Number = fuil Deseripfion of Electon Sfates

Besides N, bc, and Mg We must considey” the eledon SPin

aS we did in the h\/dmg.en. Fach electon hag a sFm angulay

momentum yepresented b7/ 8pm guavﬂ'um number Sy= L Corregpond;

10 S, we have the Spm magnetic %Lmn%um Number~ Mg ) y@PrésemL{,
“the Qom{wnew\' e§) Spin angulay m ometum along the 2- oxi%.

T%us, We howe _)Q\/e guanﬁcw\ numbexx o desctibe each
electron gfate n, 2.8, me, Ms .
( Note : we Yemove £ in ~the Subsuﬁv’i’, as we Know e are ~/z?l/—‘7’”
sboud each election Mow; we use yp to replace the Mg to

,Y\@Pyp,gewf’ +the i~componen’}” a'P ﬂ}
Qince electrons S)’)m is alw@/ S = —ZL \ +the Yba,o eé?sh‘nguzsh-

oble %wﬁw\ Yumbers ave -the {pur gw,wfzm numberR
ﬂlﬁj}’)’b@ )ms,
e use these w%w gumﬁw\ numbeYs 4o describe. the Stete &F

on electren as |n () mg Mey,

From these %WW numbe(s , |et US derive the total
S’iﬁﬁ\oncwj Hate numbeY” Con’égfondmg, +o each 7N .

® For emch N, D=0l o, -, n-1 (e, 7 of /)

& for each 0, mp=24, 8-, —f e, 201 of me)

8 For each M, Mg = +4 (e, 2 of s)

~he ot number of possible gtuttonary SHates Ts
Np = S ool = 2n

L=0

A}
NN




8.
3 Paull Exclusion Privciple and  Atomic  Shell Structure T7

Faul’ Exclusion Prinefle. is @ "HAﬂa’amerr/nﬂ P)’lhcrp{e in atome
Structwre 'thevrga The geﬂ&mf Statement. of +this pn‘najale s that
'fDY" any S‘Ygf@m CDI’IS@h:j O]C Fermions  ( particles With Spin @jﬁ
.sz‘ﬁ or ©dd -times 970 —;%77", ¢g., electons, protons, and ynewtons)
there connot be more than one Fermion in the Same State of /

| ) me ms>. Therefore, each State Inf mp ms> Can have 2

maxmum 07{: pne electron o none.

For each n, the maximun number of possible Statonary.
state is 2n*. Sp Maximum ON? electens can have the same

Pﬂ‘ncipa,[ g-uan'lum NumbeY™ N.
' = ¥ * = %=
Exangle  for n=4», Maxmur [2n*= 2x|*=2) 2 elechens
con have M=4. TThs is beawse,
%Y‘ n= {) [\)e YYIMSWL hﬂve— /p =0 [}DECRHSQ /p-::@ /)-,.‘ n,_/)
SO mz =0 Sf{)ce MNe = -+ ’21"’ ‘%C POS.SJ?ZZ Stafes are
lﬂ,ﬂ,”’u,ms?ﬁ}'f,l?,(?, ’fz'_!“> and 14'0/01~%>.
Therfre, 01’1/\/ 9 elections Can be In -these 1o States
otom hos more ‘than 2 electrons +hen the theY“eledvmg

1f an
must 90 n>4, e-?,, n=o or >, Let us Caleulate ‘EJY“HIQ,

Pt a few n | the maximum ollowable electon numbers,
n= 4, 2. 3, 4 5,6, 7
on— 2, &. 18, 32, 5o, 12 28
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J_ﬂ aTDM‘l\C WCW TheOYy) [A}e nam& t}ﬂe Pﬂ‘flC(“paﬁ guawm

yumber N comespmdG tv each main shell,
n=+4, 2, 3, 4,57 6, -

Main Shell : kL, M, N, O,P -
But please. be aware that the Shell 7S jus+ a 0135“,77%,) +5
the rincipod guavx-mm Numbey N that ma\‘n(y Netermines the

majority part of enevgy, end youghly describes the distance
5{3 +the electons 2latve 12 the nucleus, Electons do not
(wj[# move on Some Shells Jithin The atom, because we £

‘FD‘(’ (Rueotum Mechanies, elechons have Pmba/m‘[,'i% 4o LU
n neavly every positivn jnside the atom,

E)r each n' eaéh [::0) [, 2, N-l "ﬁ)ﬁf)& 23 S’Mb—'ﬁ})é//.
’The moximum a,l(oa)ab/e ele(ﬁ'ﬁ?n ﬂumber' ]%f a ﬂ Sub—“S’/’ieU

s 2(20+1) , becaust of the (20+1) ")C My and 2 <‘>F
Mg (Me==2=D- |
s f=o S shell, 2¢20+D =2 &)

)=1 , P shell, 2(20+1) =& (P)

J=2, d shell, 2(20+) =10 (d)

)=3, X shal, 2(2L+) =4 (f)

f=i, g shel, 220+ =18 (3)

=5, h she, 2¢20+D =22 (P

Nofe . please do not confuse thete letlers R denotsy the orbied
angular Womertums W ith the marn shell leters (K, L, MmN, )
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A Electron Configurtion and  Periodic Table O]C Elements
The results o‘F enevgy ea*gem/a,lue, E¢ devived ]Crom -the
centn »F\‘etd opproXimation are the enevgy @genm{ues @f each

M&N‘\dump electon . Recoll puy aSSM_mFﬁ‘on @7[\ cerﬂTZL& 'ﬁ‘e/of

opproxinatien . Epch elebtron moves fndepenkﬁiy n the Mean T%’ n
har we really cuie aboT IS the o energy of the whole
atom . Undey ti/»e Cem‘mtﬂ Jr:\eld approx/”mahbn/ +he alpm 7o
energy is the Sum of each elechon energy .

E = %Af Ec .
b N and / ngwm%um

Since each electron énergy Ev depends on
d etermined ﬁy

Y)u/mb@ﬂi, <the afom ‘t’O'[TL,O eYleY?\/ W iU be
the @rtungement” (or (ombinafton ovr distribution) of mutt-

electrong! 7N and b valueg, e use ﬂ,ﬂ,/ Ne b, -,
Ny ln to reprsent cach electron (N of them) states. The
Combination OF N N2le - Mwbn 13 cnlled the electon
Cmﬁgumﬁ‘an, Ty atomic Shuctwre theovy' N Is writen as
(= numberl while 0 i< Yégbnesevzf‘w’ b\/ a le‘t‘f@/‘, e.2, 8
meand (Y)r%, lr—o)). 2p Means ( nN=2, ,@'f*/),ek‘
\hen we have more than ofie electiong eg. oneis M 48, @l

pnother (s 4P then the election confriouration s Writen ag
1S 2P. £ Loth electons are dn 4SS, we Can wrte 1848

as 152,
Since Ezi Jefends on N, .QZ ) 1’:}16 (tom W eneﬁgy E

s mw‘n(y detexmined by the assignmesT” of Electron Confisuration
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e Eleckon configuhon Versus He energy Jevels
The reason that we ga%{ the ofom enevgy levels ave mﬂlg
Jetemined b\/ +he elechon Configumatio (m’r 't‘m’al/é{), ‘s fhat this
IS under central Led appxinaton, (hen other ntevactions

(e-§., Non contrl electrostatic or magnetic idferactions) aYe
/ B y |
considered, there Wil be comectons to the E = {%& energy

levels. “These conmecfiong may reaultin Sheft and gf,l,-fh‘a&,

¥ ou masy yohze i the figure of Helm shown akove , there
0 @lmw/ one electon in {8 state. Th rs because (t needs
Hemendous evergy to exete both clectrons ot of greand
Stotes (4 ). This s uauﬂ//g net achievable in ezCFeXcMeWig.
For the Spectroscepy we ave tnterested olweds A4S electron is
tn Heltum oith the 2nd elechon in vaxious gfates wWhich
detemines C@t{f@f@v\t enevgy levels efﬁ +he enfie atom
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(,\)H‘l'\ the elechon confrgumﬁ‘on ConcepT, let us now Considey” ‘
how 1o -fznl in the main shells and Sub-shells of an atom wWhen
it has multi ~electrons.  Two priaciples  we must ffzozlwd‘.
® Panli Exclusion ?ﬁ‘ncfpf&, no more than 1 eletdon jn the same stale
® Lowest Energy Winciple » elections Pil in the levels with energy
os low as possible .

AccordTy o these TWO principles Dlecton Configuration
2= H, one eletron, Sogrond Shafe s 1S
7-0, He, 2 electons,  Growd shite is /8°
=2, Li, 2 Covound stte  (s22s
z=4, Be, 7 : . 132258%
J=5, B, 5 : " 1822522
=6, C , 6 ¥ , . {Szzszz_pz
=%, N, T « ) " 182 282 z;>3
7-%8 O, & ) X {5>25% 2p¥
Z=9, F 9 oy u [3225"2?5
2=, MNe, © " X |3>25*2p
=i, Na, H " « ]s*25*2pfss
£ =12, Mg,, [ I f )82 2% 2P 38%

Tableg in 4he next Pge |t -+the election Con%gwmﬂons ﬂfg\(*
+he 8YT)LLY\J state @10 all elements  Also shown i the next
page iS the ovder- fpr fillig i elections in shellg fsubshells,
Qccordy to energy level=.,
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\ Tay
et us mfoduce o 'Feb\) Conce pts Yegafﬂj atomic ghells and

glectron Con frgurations,  Atomic Cove and Valence Electrons,
% Using N (Z=u) a8 an QXMPle/ the first 10 electons Lill i
18% 28° 2[’6 Shells, ond the (|th electron iy 33 o 3p oY others

-10 Valence /ﬂ;e (0 electrons have Shfong Wtexnctions with

L -
4 ~
. e

core_+ N the nuclers and form @ closed Shell .

r ,

\\ @ 44 [The maimum NnumbeY” 0‘? eled’fbﬂs Azfemmed
el by Paulc Exclusion Princple js 2+8& =10

’Fof ‘t})e 'FY(‘SJF +1o0 Mmadn Shells Nn=l, )

Such a close shell (one nucleus pith futl ghell eledons) rs
0 Stable structue, —Form(‘ng o core of -the atom . We call
this  Momic Core".

% “The elechon outside the qtomic core IS called Valence election.
Atomrc chemical ?roper*h‘es ond SFeclmm are ma.fn// de texymined By
+his  Valence e}edmy\f Since the inteyaction befween the Valence
clectron and this atomic cove 1S not S?‘fbng) the Valence electon
i easy o be oxcited 1o excited States oy be tonvzed.

% Syace the Smallest orbits have been occupied EV core elechons
( elechons 010 the otomic Cote QY€ alled cofe electons), the
Valence electron connot occupy the Smallest pvhits any/ more
Qo it has to go to lavger orbits (usm//é{ with larger guartum
umbers o{: N and oy 2y
EXaﬂffe . For L¢ a+om, 0 electiong  pecuPy N=1 , then -the

34 one (Valence electron) his to be on N=2. This is why
the L[i erergy levels Sturt with 0 ot is.




185,
Similavly, ph enegy levels start with N =3, i.e., 33

K Y, V7 g I 7/)__:4/ Iie'/ 43
Rb X “ . o =5, e, 5S
CS it © ce ¢ 7’):‘:{/ (\.e' 63

Onlk/ H and He can start with n=4 ({s or 413%).

% promic specfrem IS madaly determired by the valene elect’ons.
ements LJFH'\ Same pumbey™ ef Valence elecons have.

So el
Qimilae chemieal properies,

gmilax spectia ond also

* Pef?odt‘c “Toble 970 elements |
The arangements of elements Qe manly determined b\/ the

Number™ &F Valence elechons, alorxg with electron canﬂbmmﬁ‘ong_
“To defermine the gmﬂﬂy of valence electons, e should ook at

the Ve,wfh‘mf column  of +he «Pem‘odrc_ +uble .

(m/éirour Quantihy of Valence electons
Growp 4 () (Alkalt metals ) {
C‘WWP 2 (I) (AI kalne Farth Medals ) 2
| of 2

Growp 3-12 ( Traasition metals)
Group 13 (IL) ( Boven C—zmuf:) 3
Growp 14 (TV) ( Carbon Group) 4
Growp 15 (V) (Nitwgen Group) 5
GCrovp 16 (VI) (Chalcog%&) 6
Gvowp 17 (VL) ( Halogens) 7
LG{WF 1§ (vi) (Neble Gases) &

¥ s Ewce/oi" {%r He only
[ 2 valewe electrons|




T3

Fr 87 s
Ra 88 s?
Ac 89  §%d
Th 90 s%df
Pa 91  s%df?
U 92 st
Np 93 s2df*
Pu o4  s%dft
Am95  $Part
Cm 96 s2df?
Bk 97  s%df®
cf 98 s%df°
E 99  s2df
Fm100 Sdell
Mviol  s%dr®?
szclfu
szd-fM
s2d?
s2a°
sd®
s2ds
s2d°
s2d7
$2d®
10
32
s2p
§2p?
32273
s2pt
3§28
ssz
Fia, Poriodic table of the elements, with electron configurations of the lowest

states. The electron configurations do not in every case represent the absolutely
lowest state, but in every case the state indicated at least is very close to the ground
state. The lines are drawn to indicate chemically similar elements,

Shown here is @ a@o“ﬁfdz’/n'l” —Pprm of pervodic *mb/e,lwh;th S
3@& at showsy the velence election mumbers o elements
\{OM "‘@‘/ 'FW} Y\owm/o Pen‘odwc table ﬁam Qm]/ Chem«‘sﬁ% books

% Note. ﬂwov(g-lﬂ He and Be. Mg, Ca ,etc all have O Valene
elections He has a clesed shell  whele the oﬁ)e@ are vnot .
’T}\QT I« .A)h\/ Hé has \/eYy Jc,ﬁ[ewr chemcq} «Pm’oefh‘eg me
others — He has conization €Nnergy ’”J[ - 24.5eV
Wohich 7S the most stmble element |




5, Sh“e'&'\’@, Penetration | Atomic Cove (plarization EﬁQ%CTS _ Lol

(D Shield . let uS consider the Case of pne valence
election  (alkals atoms)

-2

‘/' C%,D \,\ B The Taney~ electons inSde +the atomiz

\\ ,/// core Wl have Skfeli% ny'fe,cﬂ'" N
"tt’te nucleus dm@e W "f’lﬂe Valence

clecton QXFeff\eHCecl .
Tmagey his closed shell as a sphere With negative chaiges
on “the Suﬁ%ce (e-§., (0 electons @P Na) and one ;pos.‘fr‘ue,

Ct\arﬁe at ‘He Certer O‘F -t}ne_ 8}9}1@@ [-tl/»e nicleus L0,%h
Tor the Valence election [the 1{th) outdle

~+ 1) chorges) .
the sphere | the electron experiences 2 point charge
ot 'Hf\e Centey D]C —(—Ae SF}]@Y;Q L)ﬁ% charge of -+,

Z;e.' 'Hﬂe Otomic. Core chmﬁe Fo = =10 = 1,
(2) Penetrution How@vgr, 4he Valence election doeg
/“‘E:' ~0 Not a/ww?/s Sy eudsde ‘H’le atemic
~  (ore. Ac the Calenlaton we made

Weth @M in ln\/dfogbe’\ otom | the.
Jalence election does have probakilfies
4, Occwr inside -the afomic cor,
"ﬁn‘s p}\enomenov\ S called Peneﬁnﬁ‘m.

lihen Denetmation occur, Tnside -rke"gphera") the Valence
cl'\argteS/

electon il Ja\cfeﬂ‘ewcq largey micleug
because the S\m‘elolfj e—HQcT = Par—h‘al/‘gﬁ yemoved .
’T}M&, “the d\arge thad oo Valence election Can e\(‘Deﬂ‘ence,




v TEP
77 is defermined by the avernge effect of the sheeldy |
When putside the afemic and +the Fenafmﬁ?M msde ~the.

cove 1 < Z')(' < 2?

The Octual Z¥ Jeperds on  hew mu
election %F@Y}ds Tnside and putside —+he. atomic cove,

05\/&\041&31#) Zf values c@epencl on both N and ﬁgmm
Numbexs — OP iﬁﬁ%ﬁm‘f’ ﬂQ co%ﬁsov% +o c@iﬁ%{uﬁ'

clectron ovbifale. Hhot strongly affect the Peneﬁwﬁ&/\
(JO%sc‘bf lites . ZF Is called the effective chaxge .

Resies the effective chage #*, +he Peneﬁwﬂbﬂ also
af’fecfé +he eﬁedw@« guam‘um wwmbapér fynu'h‘elec‘h@w afoms.,

o hime the valence

na(‘
umbeY™ N dw enegy }e\/eﬁ

Recovﬂ the Prmcq)a/o ;ua,n‘luw\ !
En= - phe 2> s defined 0 hydrogen afom - le.,

n
Lohen election has orbitals [ke h\/dmgen, it has ful

%mwmm Nnumbex™ 1N, Lohen Fenemﬁm oocuUvs +he
Valence election 's ovbitals Wil be different {}z)m hydmgen

clection Ofbt‘f%p& ’/”%n‘s CausesS the e,ﬁfem\/e %qum

numbey™ N¥ te be Smalley™ than N,

Wt = n—ont,
Wher Jnpg Ts Guantur defect and i+ Varves Oth 7 ad
) ‘%‘(’ coch elemenT . Thus, 7%{* allzl foms

-tl/\e evxeng\/ le\/els EYW:: — }th% w))em 2"*‘ and
N

¥ \
Nn¥ pre delrmined “fom experinents.




(3)Atomic Core Polarization effect . 39,

Because of the Coulomb feld Praducea?
e by the walence electron, the chage

Acstbution centey @f +he atomic
core il have dc‘s/v/ace ment™,

This causes the mnegafive elections! charge centeY does
notl OV@W[&P WEth the Posfh‘\/e, nucleus anymom, Thus ,
the qtomic Core IS po(cm‘zed and -{%rmg’ an electric
&QL\POIQ . Thrs gtemic Cote electric dqaale Tnkeyacts on
‘t‘;\e valence electren ol Tesults n exfr (ou lom A
ocifractton, ”T)w‘s conces the Valence electron (al3o +ho
odom) energy degreases e, NX hecomes Smalley,

30 the EM becomes jﬁwﬂ'he\f‘ ﬂf&ﬂﬁve.
§m¢(ax(#) the reasen that Peneﬁ%h?m causes nN¥
+o be Smaller +han N r< <that the alence ele ctron
P,)Cfeﬁ‘e/ncw extra Coulomb ataction CDm;mred to Ll

S}n\@ld*q' SO fésut% i [owey energy =2 Smalley T*

TIn gumma/ﬂf y
Shietdd 7= (< y¥ep  [effertve charge)
Ve netration
Pene’rmﬁ‘an }:—:?0<‘f)*< n [ eﬁ“eaﬁ\(/e_ g_uanmm
Hriomic Core Polarization MiLm ber)
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6. Alkalt Atomic Structure
[kali odoms hade one \Jolence eiecmn}jug{— like

S‘nCe Q
t}le\/ hove \/ef%l Smilay atomic Structure

the h\/ dmgej\ odom |
a8 the hyolvogev\ ctom. 'T}u“s s also becouse the Qfomic
core has o closed or Flled shell , Yesultyy w zere total
o\rb{mﬂ angwlm* momentum o~ corve Sfowff magnetic moment”
7eYo SFM angulwr Momentumn  @nd CDYY@?QFOW% wnagneh‘c
Moment, “Thus, the mgyor magnetic infevaction 1A an

2l kel atem s defeymined b)/ -the valence electron’'s Spin-
Ovbit CDwPl/:;oe :%—Fl% ’—‘»’é\""/ Fforming Fine <huctuwre,

When considerty Muclear Spin, Stmilay te hydrogen atem,

ol kolt atome Wil also have nucleax g/om — olectron
total) angular momentum  coufby + ’QA? 7_:.'24:” ,

G %\(‘m h\/PG«Y“ v?\‘r\e <tructwre

But there are alse Two WMoV &Dﬁemnceg petween

the alkali atomc Strudure ond the hydrogen,

(1) Due to o lectostatic [nteradions  between electrons, though

-—t\ng mean elechnic -R‘e(d that the Valence elechon experrences

s sHll & spherical symmetnic freld ( Central fretd Y}/ cr),

2
1 ot o Coulomb freld (=7 ZEY e, Vi

OIOQ'S hot howe -""‘TLT vForma,T, ’Then as we F@in‘fed owl'
corlier in the central Ferd opproximation, the enengy
levels Osefend on both N and ,é, re. dr“f-ferenf Qg
are now C/OYTQQM to different” energy levels.




19/,

Ths s c&c‘{fexemt‘ -me bydmger\ a‘/'OMS/ w}.ere Oﬁt‘ﬁferént
fs wnder +the Same n  are degenerate, r.e. 1&1767/ have
+the Same energy eigepvalue’ . Thus, in the alkall
odomic structwre (@.§., Na), even before consierty
,Fme and b\/perﬁne shructwres, the 3S and 3P Jevels

ove not degenemfe .

@) As Just discussed above, shieids | penetaton, and atomi
Cole Pola,ﬂ\mﬁm éﬁ\ec{g colse Al kalt atems +o have.

effective chatge 7% and effective %uwn—lwn number 17,
Roth 2* aud NF \/‘C?fgl L\)/\'f’h elements and with N Y

numbers . “They need to be Netexmined from measwrements.

hen usiy measured Z¥ o n* o replace 7 and N,

+the energy levels that™ we devived for hydregen atoms
Y /

can be used to coloulede allkali atomic energy levels,

¥ Fme stuctwre of Al kol ateoms |

Recat! h}/dmgen 'Pme Structure
A% g% puc® Feo+) =L+ =5 (5H) ) 40

AE“’:{ ans  Joi+b L+
o, [=o0

Regloce 2% cth B (g0 (Where Ba=1)  Yeplace 1 itk (n%)’
omd [ is -the vedued moass fer alkall atoms then <the alkald

otoms fine St wiwre o 2
LA (Z*>/~4‘Cz Flo+) L) —s(SH)
Abps = { 4 ¥y L+ ) (0+1) /
o) ) Q.’:O

L+0
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¥ Hyperfme Structure of Alkelt Atoms

®Fo\’“ ﬂ-_::o) 5
2 Z%Za [I___dor>

L e
yOhere n¥ =n- -3 (J is 3uan+vm defec*l”)*‘. §
Z* Za ('"Zl”>

2o Abw 4’7‘8;C"[ 2He I’:f(':t"-w")> 2 af (™)
*_L[’F(F—H) FCgH) - T T+

®@ For h #iL— o .
< r3> a2y T PAGD.
oo aEm = z}‘é;? ZQHSJTET)(a%ﬂ*)S)(H—'—)a (d+)
E(3+1) — ~T(T+1)]

¥ L CFCF+0 =
Jeeman effee?‘“)

«ﬁ‘eld) ol kaltd Ol alge have

* In Ma@nef 3 % :
h\/drogeyx grtuation .

S{m(\wf‘ ‘tO

Erawle , Quantum Defect of Mo atom Jen,4)
v
fgfs(m"? nf’ Z*

NENEIINISEARS
1373 | 1.35%] 1362 1349 1343 1.35) Lo | 2P fosy | maé] 2.060
Na [3P [1750 Q.tné[ 2. 53|

o

| | 0383 0.863) 0.862] 0857 0.85¢| 0.8%5¢

5 - K 4P (5752/2233] 4.1F
o010 | oot poi3 ool QOO? Qo3 R{Q SP B14 2‘295 6,93 —

S | — |oom-0 ‘0~°°8j’0°!2 -ooh / | Cs | 6p [ssman|2345] 5.5




T93.

/ F=3
F=2
2Pan / =1
N F=0
3p <
P12 / r=
AN -
D,, Doy,
A Yvy o
Y Y v/ D, D,

3 25 \

8 12 A YYY oy
Na Fine Structure Na Hyperfine Structure

Energy Level Diagram of Atomic Na

S hovon here is an Q,anple @-F No,  odomic Sﬁuafuﬁe,
Ground State Electron Confrguration , {87 28° 2;9 33
Cayound State . 38

' 2 [ 2
n=3 [=0, 8-z = j=lts=2 = 5y
Mo nucleayr spn T = 3/2 % =

Total electon a = = r-

st eXated State + 3
n=3, L= ) Sz = 9’ é

3 J-s =3 =7Py,
131 pos0
j -
I =%, }.,.;/::_«2,:.
¢ ==




1. NOnaen’rm/ Electrostatic  [nteraction (nd S,’m‘n—&rb»‘z" g[)/.%
in the LS couply Approximaton .

¥ T, the cenpral ‘F(‘e’c/ appmxffm%n, the energy of an atom
IS ComPlefd# deteymined & y the assignment of the elechon confisuraon

(e, by the assignment of the values of n and D Afor all the
clectong , o each elechon confrguration N, b, e, b by Ny, -
Ther® o(m’esFoncl o(20,+1) 2(20+1D) 2(20s+1) -+ Siates, dfereng
bY the Vrlwes of the gua,n'fum numbers My and s or 0 othey
words, by the mutual prentation of the orbital angulax mo menii
and spins of the electons.
¥ Attributyy al these stateg 1o pne and +he Same enegy Jeved
of an atom 7S possible 45 long as we neglect that paxt of
sne electstatic eyacten between electrons whieh s ndT faken
ito ecownT n a Cen«h’td/g S)/mmth‘c @mez‘ma/ﬁbn/ ad alzo
8})"” —orbit Magneﬁc/ ‘nreyaction.  In )’éa/l“w‘% both -?7;9% q[
Inteyacton alwzy$ ocewr, hich leads T2 S’F/f*/bf] of the leved
n 4, Wz@z, 7?30%' _jnto a4 number @-IE sublevels Jowt
Cong dertion of both nferactions s on eﬁTémalé{ complex fask,

Ae a vule, therefore, One uses A consid exably simplifie d
aypmad« in which one o{ the infeynetons s conSidered Qmal|

N Comparison With the other
X lJhen considerty the non central electivstatic nkevaction  oved
"(l/v@ Tﬂ%neﬁ‘a Tnteywmetion, +the ahwic Hawmi [ Hon tan opewdm"

s Qiven )>\/
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A ~J M =S
H=l==x "2#% < &
):] + Lol F
< —
AFince ﬁési m
Where ~the —Q‘rs{’ dorm T& The Hawmelfonian opem't'af e
certraily gymme,m\c freid
the Second TRXM (s the non—cenmz/ e lectrpstatic /‘nfemcﬁm;
the third fexm is the wleckron magnet imkeracton,
’l’lv\e, 2nd and %rcl Terms Qe uswa_{%/ .[j,,@ Peywa,ﬁbn +o -the
A2t Teym. ‘De}?en% on the relative magmm@y, Qf +he 2nd
teym  and the 3rd Tem opt‘ﬁ%mn{’ methode Wil be used 1o

deriie eguattons. |f the 2nd and 3vd s 4 comparable
We have to et these Two nteractions 'toge%er/ WJhich rs
Very COW"W@/GL Bt we will consder fwe exfreme coses .
“The F‘rsi’ one 1S the mnW electostatic Tntevaction
e much stoger A*H/tan +he m;;gneﬁz/ tfeyection

A#ﬂcg >> AHm
Tn this Case = neglect A)’—?m - but [eave

A N o e 2
- P- L 2 Jah
Hi 5::["577 Ine, Ty "’“U‘M ]
N | e* v
‘f‘[; Zms. iy %U’“Cn)j.
v>=1
A

Eery electron has an orbital angular momentum P, | el
. L
3})(\ angulax momenTtimn e‘€ S74> . 7‘;\9)') 'H'le 'tc-/a,é Ofél\'{'ZL,@

A)D~r~
.2 e R

e=l




A
Angular mpmenturm L3¢ the (om TS Z’zz'd e and the

A As

tofad spin pngulay motentam &> — = 57

1r={ '
X This can be understeed as | . Classioal physies, each
elechon experiences noicential force , o s orbil angular
momentam 7S no [(onger consevyative. But the hole atem
does nzﬁ‘ eXFefo\eﬂce. QXTEW\Q/@ —{%Y‘CQ , So +he ot aﬂ,,:,%@
a 3
?mgbf Y/‘ ymomexrfum |5 ConSeYvative, Zné?)\/)) the Q/o,fzbns/vz}o
g QUm! a;/fl and H\e +otall wa‘n angu/a,r‘ momentum is alse

Consexiative  je., A A A
A [H,Ljﬁ&) fH,,S]:‘ID‘

s “Thus, he non cen«frap olectros i [nteyzeton between elecirong

leads fo @ S’FI'%ET of -the level coﬂes/:ona% to a Fiven

elechon contegiration into & number~ of /e\/els/ chavacterized
b‘\f M ffevent yalues of the Jota ovbival angulay momentam

of the clectons [, and -he total SP© gy momentem
@]‘i the elechrons S .
A noAoo
td,, 21=e, [HOS 1=0
A
[/f{\‘() Ll\a’j gD) EQ(,SEJ =D
and Mg ote gaod gua,w/um numbers RSy fa)

L) “3: /\/’L"
22 ) and Sy are (orseYuaive. Frergy levels wd/
and the elgen-

g0 b\/ 28+ | 4o &eﬁe@;}’ e:‘gemfalueél
Glate Con be Q\CPYéSSed' as )L S ML M3>' Based on

this, we furthey Consider gpin- orbit ciwfpa;l e Z"»
and I Couple with ench othey 4o fom T Thue, the




enefg\) [@\/6?8 hawe 'Pfqe 57771‘:#;3) f&,—gm 'JQm@ Shuctie. | I??

Ths T8 the /.S cawf)h'g apProximaten

He has ftuo electrons
S and R,

e

| ot us ConsideY He tum atem
olectons  have D, and Do,

Assume the ’
A A _ i
b _frads o L= hebl, bt
%;%'FNS’A: => S ':8,+Sz_, S)"\'Sz"“/) ~~'))8,’“Sz,

My = Mg, +"Me>

Mg = Mg +me,
L/ gfél ;/9/ ?’ /0.4 ////&

4 /

, 2,3
S PDFGH I, K L,MND X

[
~> S=0, |, S=0, J=1 > F
g S={, J= 2,1, 0= 5’92,3123}70
o — > odd panty

25+ L—i,j
TQ/Y‘W\ TJP‘.V\e%Q(“e“’S s called va['hTD(e‘f" undex
L N L8 Conpls.

The Mmﬁpl\‘cﬁ\//g of +he enesgy level is 2SS+ ( L>5)
—The ene@l&f{)egenc&fau/ is (zb +1)(2S+1) |
[ M. 2L+, Ms: 28+1)
% -The dependence of the energy of Sple#g on [ has & Sinple
physical meanty . to the different Vnlues of L, there camesponds
o different mutual orientation of the ovbital Qngulay momeniz
of the electrons | or roughly speakg —a different Orcentation of




Z7e
electton ovbits. Therefore n stated With a@c‘ﬁerenf Values of Lo
she elections, pn the average, awr ot dfferedl drstances Hfrom  each
‘OHK’/Y‘, whieh alse [exds to adr{:ferenca in the electrostatic

energy of repulsran.
¥ The Coulomb Tore between the nuclens oand the electons hao

aﬁﬁe\f@m argns than +he Coulomb %rce between elecitons. Ther-
(fdé . the electrostntic [nteyretion 9F electons WDith each othex
leods o @ Shift of the Bhevgy levels [/f/vmm/s ( the aksolute.
magnwmo?e of the coupby enevgy is decreased) .

% T+ has been e stablshed empm‘caﬂg +hat / tor ?mww?
wrechons  and ]er* confrgurations cortamiy @Z":{KQ’QW
electons ( electrons with +the same 1 and 0 ave calles
e%m‘\/a\ew‘r alec'hbns)’ e lechpstatic ST;[H/»% obeys a clefmte
ule — so-calied Hund's nile. peorig o the Hund's
ﬂ,tle_, —(;Ae, Ie\/ep u)z‘*/’hw ‘H‘)egmﬁ F@%z‘ble velue "JC S qu

the ghven electon confogwratton  and the greatest (pessibk

for this S ) Value of | hog the [owest energy.
g ‘p ‘D% P D
|

— 133 1s,3d
1533 ‘_iji e S
s 13,2? / I 1322
13,25 [o1S,23 F
{
(
(
(15)2::{32

He energy levelg
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lp lPl e e
0
1
2
3 S S
s+p B & fi)
- 2
3
P 3
I —
~ ; ~——
B 0
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Fic. 13-1, Splitting of energy levels of multiplets arising from an s and a p electron,
from electrostatic interaction, magnetic spin-orbit interaction, and a weak external
magnetic field (schematic).
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