=
W
N

(10) Fine Struchwre [ Eaergy level gPl.*%ﬁ%) @{ Hydrogen Atons
* The electon SPinw orbital angu(af ynomentum C@U{PC\% Couses the
hydvogen  enevgy levels to Shift amdfor splil Lo form fue
Ctuetire . At +he Some +me, fe!ﬂ"h“m"/% alse rpeduces +wa
coection terms to the enevgy levels . corechion due 4o masc
comection am YelatVity and comection catled Daxwin M | also
due t2 Y“elwl‘n)i'f% .
X Relottvity — corrected Sehroelnger” e/guaﬁ‘m :
der o for hydrogen—like afom (o) — the

LJe onl\/ consy
elecion Spin 1S /2, SO the yolatvity —corrected Schradiger
E’?Wbﬂ % Called the “Dirac 63““’“‘5"\". In abserce 97£

e)d“anuzp {reld, the HamilHenian pperator Is
A A A A I
O = Ho +4Hy +afhs +aHy

A
whefe }—/-\( o F;JLZ _ ,47'_2 _g:z fS 'd’\e. Hamf{fon,hn a/?emizbr
(>4 =L res

o~ the nDY!mYé/(a'fﬂ/ﬁ% Opse [ DMV lonsder électrostate mter—
gction  between the nucleus and +he Single electon)

A
A 4 -
Ay = =P Ll + 2N is the opertr
o guer - 2pe? ( 477£or> Fe

CDY‘@%/’M‘L@ 4o -the Covfectton caused b\/ the Kinetic energy
Clmnge due 1o e mass d/lan&a in Y‘e,(a/ﬁ?/ﬁ%,

N [ X e* A A
AHpe =50 =55 S ¢
ATT¢0 QUZCE T

s the electyon §Ptn-—orb€+ c@u;p[vg l\n‘/’emm‘an_

A . 26‘#"‘__01
AHy == T7e. Tarcr vs or

W[’O% to a Y?/aﬁ‘t/ﬁy con’?cﬁ‘m( colled Darwin feru
[ in w\emor;{ of C. Darwin ).

S the operutor comespoicks

is the eperafor



i

¥ The \(“e(aﬁ\“‘*y correctlon Can be Viewed od below, When a partele
i ot fest, [is energy in relalivity theery éﬁﬁeﬁfoﬂﬁ@ 7o he rest-
mMmoss me s given b
o i85 Z Y E, = MeCZ, where ¢ is (ight speed.

[Ohen the P@ﬁ‘l‘dé’; moves With a l/e/aa“vy <U’“/ then (s energ y

lpecomes | E=me>— Mo

Ji-2=

cC=2
[.e., the particle’s mass becomeS |arger than ts rest mass M,

The gﬂ“'\ed energy of E compared to Eo is defined asg the

Pa,ﬁrcle’s Kinetic evergy
Fr =E-E = Mme® —moc? zmgczfﬁ - 0.
This Telatvitic Ee i's diffevent than classical E}i/aga L=
Fvece, don gy = e (14 4% = £
Dhich dums into the classical eXpresse.
In relaﬁ'vﬂ% the momentum TS
Mo VU~

r VI-vre?

>. “Theve eXxisis such a YelaﬁbnShE}D between F and [

JI-v7e? '

Expandy F and ke approx imgction ;- (e obtain

C _ [P e —mect [T+ Bt =mefigEy

= 2 ! _,f__, 1. P?
M C [l"f"é“ m:c;;_:: —%xz TY'%;)Z]
p> P

— 2 s |
= Mo~ = 7 mpgaz

The third oM Ts the ¢ ww;:;w:fggused by yblpm‘u('iy TASS clr\anae
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For energy eigenvalie %Mﬁb” (ie., Stationary —state Sc}zr&ﬁkf@w equatien)
A T
. HY =EY¢
if Q = o 4&/«7’[ and ,Qﬁ Ql‘g@nm(u&a Qj?u&'m?” can be Ssolved
Q){aa%%[ : Q @[0)’:: E;(D) QMD)

and ffA/?/f\ << {-/},; ' ﬁan we aan Use P@YWWW “t‘i';eogi to solve
que, lq g%m‘m« @,W?)"D)Cc‘maj‘@éy . MSM&%{ /'HN\S is based on

the (é(”) ond E(o)/ and then make the —-ﬂ*rst* ovder correction

4o wade functions,  and make the first and Second order

Coectm o -the energy ergenvalles.
//]«f’fer‘ {ot order corection the Lave jQunch‘mn I3

= W+ 5 _Sbne_ g @
N EK(D)"Ey()D) n

Aftey two ovders 0{ COTection , the energy eigen value s

/ AHmcz
E. = B2+ aHre + 2 O

ohere sHne = [ HoPr = <nlaf 1

ond S means to tmke Swm but excludy M=l

4!

[If you afe interetted in the perherbochivn thwvy) you ma/
(’,'AQCK a (M book fo ey vt A)e it J\ugv" use
1S calculafron YeSult®  in puy S{ﬁecﬁ@gwpy C{ag‘S.:]




Teyms 9,]1? by&‘ﬁ?ﬁ@"" atem Qe Yégan:le@i

A
% aHm, @75—}{3, ond 4H
Q@ Ope o, T he &M Coleulation resuls,

0% ga@rwba/ﬁ‘ms “+o

are . g uc®

A j 3
AbEn = AHn? = o N> [,Q%f/? 7y J
»—@r cll Possrb/e Y, ( in ST wunit)

b ztuc?  §gH0 b+ —sish)
Laad -_ ,.———aM'
AEss { e T ey, L#e
D Q —p (m Sz unit)
AL = o, JUESE
{o(‘#z“,ucz [tn ST unt)
= Q:‘-D
2n>

A
-

A o
X The Sum éf the Te/[a'h“(/ﬁ'f% , AL Cmc/?lt—\) , and Davwin feyms 4are

AE = AEm +aEgg + 2&4
otz e | S
2n3 Sl T
s=1/y for sigle elecHPn.

ross——

o
as——

where § = )+s -,.—_é:z:_é’—)
This is ~the. Yesu!t ']Cmn/\ ‘Divac ezjuxh‘on, re. +the e IMWH;[W
CDY\YEC’}’QJ Sckﬁﬁ%er %&Qﬂ\m\ ’%Y\ S = VZ (SFM) Parq‘-:‘deS,
Tn orher UonS, “‘H/)l\S s ’H?e vesu 'Exr bydraéen Qn_p/,
h\/dmgenf [{ke atoms ((‘on_g)} Whose glectron SF,‘n Mg,,{/@),\

momentum s S= 15,



s Example ,  Hydmgen afom =2 efergy leveld gP/‘\t
4 Em AEd  AEp AE

Sx%) =1, { E;‘“’;%/z_ ~ /2y O i/é ~1/p
é’f’ A “’“"57/241 o wml/z w-g“/g
A _ A
\S"Z) Q*“‘O; &r:::l/z w!g/g 1 O wg/&
..( QZC‘” 2
on3 )

Let’s put in the Yool numbey 2z have an idea abot the

m%ﬂ:ﬂie of energy Splt -Hpv
X = 13‘.} X Z=1, H= me—-—?/x/o kg C= 3 %00 s

> M (:%?)4>< 1¥x 9 /X/OB’X(E’W”‘P) s
o n> ox 22 =/ J
. The conespond Preguency is
~23

AL gE UBEXO
- 2 = el ></1) 7 ~—21?X/DM/1
AY) h Lb=2bxi> 217 d 4

Cor H -afom N= o energy | leve &,
ZP energy ]é‘/\/Q,O Pg/ ﬂﬂcl F/ hou/e o S/b/ v
Ly E _ L ettt
of (D AtF)=—2 F55
|y 2,19 x00" MHy — — 0T XDy

L e e T autnd
pre—g

Hydrogen n=2 enexgy level fine Stucture
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2, I\]MC/@MS Iﬂf/uenceg and Hyparﬁ‘n»@ S“WC%M‘@
X Th above olomfe Stucre calewlat ‘ons, the nuclens has been Hedted
0s o point Cherge With cexfpon Mass. Only (TS electostufic Tiferoction

ith the electron T8 cons idered,

% However, in reality, -the néiclens (even Only cons’tts of one profon)
i3 not- a point mass or poinf chm;e., It has volune. , Charge dAistabutiog
Spin angu{a}(‘ momentum -magﬂeh‘c moment. These /’)mperﬁ‘eg cange ’

the nucleus to infevact Wwith the maghetic and elecic freld produced
b\/ the electton , Tesu H?'»j " eﬂergj levels shift S’/v/:‘ﬁ% o
SFQC,WJ? lines  to {mﬁ\e\r sphthi .,

% Becawse. the ordey of MAgnH‘ua@e Of these S}DI\W’%S /s even
Smalter than the -Fx‘ne Structure S};/Cﬁ’l‘ﬂj/ +hese g],/ﬁ’ﬁ%g are
Called " Hypef‘ﬁne Structure . The infeyeetions that couse
these hyPef—ﬁne, Structures ar led "hyperfine nterachon”
% Table below [ists a comparson of the orfer of magnitude
of Coulonb potential, fine Structure and hyperfine gtructure,

.Drder of Magmwe of Enefgy C’hange

| "
Tpteractton 0 ", » -
Electwostatic. Coulomb Foree /(7’; 4 20, 000
(Coarse Structwrey | L _
v oo
Fine Shuctre | 3X10%3x0" | 1970 | 1700

H\}Per‘-ﬁne Structure 3y 0T~ 3x70" | | T,0% |07

* In Qenemﬂ, the ')C;‘(le structue 1S cbout |/ o¥ times Smalley™
than Coarse Structure (o* 2 (0%) and the hyreyfine
Shucture s about (0° times Smaler than the fhe Stucture.
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X A nucleus can have Magnetic multipole momerts and electric
multipole Mmoments. The momentz that have major infivences on
atomic enegy levels are Wafneﬁt dlwe moment awnd the

olecc guadnlf@’@ moment @]ﬁ%e nueledsS .  Thei inflences

{orm the hyperfine Shuctue,

¥ In additdh) [sotepes have the Same nucleax’ chavge hut
different muclear wass,  dfferent nuclear Charge chstrpudtion,
and different nuclear volume . These facters wi also

,‘n—f luence ptomi'c  ehevgy levels anel S/oecffaej [eg ., Therr
/magm'ﬁ{d% are Simijay to byP@f"F"% Structere.,

Y- Here we wil Considex the hyperfine Structeue caused by
the, nuclear )'nctgne,ﬁt dt\/po/e moment™ and electric gma/mp@/e_

moments, and the isotepe Shiffs.

‘ x agnetic. ipole it
{1 /V)agneh‘c hyper]f ne Structwe / magne role m;;m@ )

i

¥ A nuclers has intrins ic S/Dfn /éﬂgu/@r momentum T
7}1@ @?en valug 9{: %2— s (ana(&gx/ to electron g/>,‘n)

| %2) = T(I+DH* (I can be. infeger or hodf~
A’ M+e%e\("
“The ergenynlue OB.F 2—component Ty s

[ Tel =mah, Mr=1, 3, -1
ASSOCI\O:‘—QC{ {,()FH/& ’b‘l’\e YH;(C{@&Y' 3[31\(\ anguhr MOMQHW) 't”}le

nucleay Mmagnetic dipole moment ,QI S

A A *
AI I 2Ml’ ?z 2MP 1)

"(’1,2 = € 4 — eff
l oz 1e = fum ZMp




T
=
Ke)

w here MF is the profon mass, and e s the electon charge.

Defime @ muclear” megneton [y 4s

— _eh
/MN T 2Mp
\ 2}
Stnee Bohr magne“/vnt Mo = 5= | the yuclear magneton
s 3 prder af Maﬁ?"”ﬁ‘éé@ Smallex than the Bohy magneteon ,

_,Lfﬂ) . Me /
RENEEY

He ~—  Mp
Using the Wuclecr magneton, “the nucleay™ magretc dipole
moment” and (1S 2-comperent Can be expressed as

{ Ry = /JT(z+) Jr Hw
Hie = Mz Fz Hu

Exemple . For proton (14 I=lt, Hz =Q7FHn, Fr=5.5¢
FDY“ (P’D): T =1, qu =01&¢{/(/\/) ?I =0, 84 J‘
|
For newten ()« T=I4  Jdy =~ 91 sy, Fr=-348a

X The nuclear magnetic dipole moment™ wul mtemet with the

|

Wﬂeﬁ‘c freld P(“@du(,ed }>\/ +he electton ot the wqcleug’/)asfﬁ‘d)’l.!!
"Tf/l!\S maﬁﬁef’f\c Aalbo/e inteyachen 3 ﬁ/\t/eﬂ by a2 Hamdltonian }i
|

f

|

Yator | 9
ope . oMy = — Uz Re

(U /) ‘A} '{\"» "'(‘\"‘
¢ Hzr < T oand B oo T (e, elecHon — produce . maghefic f

/
—
—F‘eld Be 2 ]Draporh‘omﬂ Zo election 'iv'/zzj Qrzga/@r Momenizem, /
/A

A,
T), . We can have A A4
AIL(/M:AI'\T |

This s @ gereral] expression of Magnetic hyperfine nterachon. |
A 1s called the magnettc hyperfine teYackton constant |





