RADIATION
AND
INTERACTION WITH

QUANTUM THEORY OF

MATTER

1) ABELIAN GAUGE THEORY (&ED)

2) QUANTIZATION OF PHOTON FIED

3) APPLICATIONS OF INT]

ERACTION

OF EM. FIELD WITH MATTER

( NON - RELATIV(STTC)



_RAD X
4) ABELIAN GAUGE THEORY (GQED)

=N [ OCAL PTHASE TRANS FORMATION
W

(s FERMION (5PN )

5FZD!RAC - (\T(x) ((l SR/}“- M) Vi)

Ls LocaL TPHASE TF- . U(’i} GROUP
—> DEPEMDS ON STACE -TIHE

U(") L@(x) TOINT
- N(x)

STGNAL WHICH
& ¢ OHMUNICATES 7
(PHoTon )

HASE DIFFERENCE

o TRANSFORMATION OF iopim.c ONERER

L OCAL THASE TF.

. O (¥ ) )
A ) s e (’Lawqﬂ«@ﬁ){]
TN oy - c0) T8
q 0{“ - /‘\L‘ !\L VECTOR
‘foimc I ‘;f'DiRF\C o @u@) IF d/ﬁl\{



RAD \2
Ly iMVARIANCE ONDER LOCAL THASE TT. ‘

@)
Ofm%‘-' - 'PtRAC N (/)@) Y8
I

EXTRA TERH
A (/)MG)
o

DIFFERENCE (N PHASE BETWEEN
DIFFERENT SPACE -TIME TOINTS

. TO0 MAKE o (NVARIADNT  ONDER

T = (NTRODUCE VECTOR FIELD

LOCAL THASE il
( GAUGE FIELD)

WHICH COMPENSATES FOR DI(FFERENT
CHOICES OF THASE BETWEEN DIFFERENT
SPACE - TIME  PO(NTS
iNTRO DO CE COVARIANT PERIVATIVE

D _@A+t‘e‘AM

fc)ﬁ& - 4 =
REPLACE — b
VECTOR FIELD
ELECTRIC CHARCE
couPLING ©F VECTCOR F!ELD
TO TDIRAC FIELD
A,u U) A(,L{

ciioose A suCH  THAT  TOTAL - i

IS INVARIANT ONDER LOCAL THASE TE-



A c&(x
oy Y () 0« o Aﬂ]
A cB(x)

Ul —_—

7oy 2L Forny
INVARIANT ONDER
Local D) TF )

° | LAGRANG (AN i = J(ﬂ XMB\ """")ﬁ[

R(ANT UNPER LOCAL THASE TF -

4 ©(x)
vy T A ()

o U pe a0

1S INVA




—>  [NTERACTION BETWEEM MATTER 3 GAUCE FIELD

oF £ = N (¢¥" _m N

LocAL UMY (s CALLED

L, SYMHERY
UNDER
ABELIAN GAUGE SYMMETRY

REFERS TO CAUGE GROOT U(—t)

L. coupLine TO GAUGE (PHoton ) FIELD

T r 0 -m)¥ - ¢ CR AN
L in

T
INTERACTION  LAGRAN Gi AN

fl
W

= DIRAC

iDlN-r = - & (/If KHK{>AA4

GRAPHICALLY « ¢~

¥ (iDE:ic;RiBE"D BY
A FIELD )

A
€ (S STRENGTH OF COOUTLING
BETWEEYW FIELDS



[— ~ RADS

=>  QUANTUM ELECTRODYNAMICS (QED |

([, INTERACTION BETWEEN MATTER ( SPIN 1/ )

AND GAUGE FIEPS ( PHOTONS ) 1S DESCRIBED B)

£o F(ry-mA - e Ty A - 2B T

MATTER 3 GAUGE F!ED?S

e INTERACTION BETWEEN
= 2\‘[ 4
£ = - eV A
= - jp\(x) A
sl
ELEC.TROMAGHE‘H‘C CURRENT
T4 = e 4y

. R PHOTON FIED
£z AYAY AT A
o Ol) A 4
ONDER V(=) AT — A - 1S
.I_——MV 0(43 ].__MV

Of__iFFMV
4{

Ak

FELD  TEMSOR

= S



RAD G

L oL IS MVARIANT ONDER LOCAL ()(4)Z
QED

) c‘@(’x)
& > € /\[ (% )

N -
o Y ) - 2 96

—_—

JH) CAUCE SYHHETRY

j AL
(. rigp ESOATIONS  FOR A

AL N A - &

- PN

Q@‘—L /")(g,e’tqfs“f-)
l orn @ = A,

EE e

I = = .

Ay

mny/

nd  _ _ 4.2 F

_ 3 =
’3((%«‘%)

Y —JV INHOMOGENEOVUS [

/3» Foo= MAXWELL ER @

Ls EM CORRENT © SOURCE TERM I
. O MMWELL EQ.

A a” - (AA) = J

_}A



L.  CAUGE INVARIANCE

A,&( U("Z AA’_ A gue

€

FREECDOM TO CONSTRAIN A

20sSIBLE CHOICES OF GAUGE ARE

LA

. TR=0 (M%)

LORENZ GAUCE ( ce VARIANT )

cOULOMB CAUGE (NON - CO\;’ARJA}\E‘
(. ysED FoR FREE FIELDS
(3. =2, ABSENCE OF
SOURCES)

. @ A’u =0 AXVAL GAUGE

A
" M = = #1
WITH /Zlu

e.q. m” (0,9,0, 1)

N FoLLOWING WE WiLL OF TEW OSE
- «
LoRENZ CAUGE /J)k AT =

!

; v
e = I,
/QAA“ o B3 Con STRAINT

CAUGE INVARIANCE ENSURES THAT BESOLTS FOR
PHYS{CAL OBSERVABLES ARE INVARmm UNPER CHO((E OF GAWE



- RADG
2) QUANTIZATION OF PHOTON FIELD

—> TPRESENCE OF CONSTRAINTS s ISSUES

vV

L», DAp:j@M

Y
A, AV = ©

( LORENZ GAUGE )

Vo ow TO GUANTISE AY WM TRESENCE

. @
OF CONSTRAINT /B}JA -0

CANONICAL HOHENTA

L, \SSUE 1 °
A‘) L -[-—‘P: AL _ _ [.‘w
AR,
T = 0O
_—‘—I-L‘ . l___ot _ -—/bGAL..{. ,JL‘AO
- (- Ta- 24 )
d€

¢ cmemic TiED)

_ A,z

FoR A A B oK

For. A° => WE CANNOT iMPOSE
COMMUTATION RELATIONS

BECKUSE TTo=0O



=> GAUGE FIXING
WW
Ly TO SOLVE ABOVE TROBLEMS WHEN
QUANTIZING THE ABELIAN GAUGE THEORY
CONS(DER ALTERMATIVE of
—AY .
zf - a4 F } DESCRIBES FREE THOTON FIELD
“m == 4 Ay
[ _ ; , 2
4 o ALY ~ A
619%———> &iﬂ:—:tayj' —Z(QAA)
h
| )
5{)% * Ozoér

( CAUGE FIXING )

s EQUATIONS OF HOTTO N

A8 L P L (A% ¢
AAOM,) ( )

CE GRS
DAY

QA‘:_,AV N /B\)(/J&AO{) = {5
op” - 3*’}@;’3’“) + ’9"(}/*("{) B

I
FIELD EG. CORRESPONDING wiTH &,

v T i
[l A = O CORRESPOND WITH CHOICE OF

LORENZ GAUGE
N N e TN N —




RAD NS

L> CANCHNICAL HMOHENTA

v = o¥ - oA oV
8 TT =- F = (AN ) g
m‘ .
T = = 3 A oK iSSUE 1
IE, 9 A* consiDERED AS
T gt OPERATOR

[, EGUAL TWHE CoHMUTATION  RELATIONS ( ETCE)

TO GUANTIZE THE THEORY , WE {HPOSE

[A&(;zé) y Av(;;‘ l—)’_‘_ =
[T ), & | - o
[ agy, e = ca s

wirtk [ A,B] = AB-BA COMHUTATOR
s BOSONS ( PHOTONS)

S LA"*(;:,:;) , 0
KD, y KNEw] - T



M oy = — = pua S g .
NN LA (x,t) , Ti (x;){-)] 2 0§ 83(x—>(‘)
CA A
- [ AN, AT - 7, [\_A“[E,#)/,/}‘\O(?ifﬂa
O

Oeo II [A (x f /—\(;'l)] S(E-Z'
Woaso o | [ATE,Y), AQ('?:EU_-—*-‘: $°(x-x')
L = [A‘”(;{'}{-)} A((Rzé-}j :.;(53{;5#?')

[

(> PHoToN PROPAGATOR  ( (N LOREWZ GAUGE)

(_Iﬂ\zg,w))A\) _ o

(NVERSE EMASTS
A

(g™ ) (Mg, +Bhk) =34

B = = 4 PHOTON PRCPACATOR
: o '
¥ AL

~
\”;

B = o kR*4i g



| R(-\qu
=> NORMAL MODE EXPANSioN OF A™(%,¢t)
e i i

(s UPON GUANTIZATION

. . ) AA
CLASS(CAL FIELDS A

A AL

ARE RE.INTERPRETED AS FIELD OPERATORS A

“THAT SATISFY E TCR
COR SIMPLICITY WE Will DROP A NOTATION
ARE UNDERSTOCD

( NOTE
N QFT THE FIELDS
AS cpmzm‘orzg)

L. PolARiZATION VECTORS:
/\M\/—MWW

A MORMAL HCDE SOLOTION 1S CHARACTER {ZED

_ B ¥ e
BY Sl & (kﬂ\) - PR
Wit k (&g 0,6 [T ) CONVENIENT CHO(CE
- — o k= (Rl€
('UE'-:“’-I 7 z
aF e ) : 5¢ PoOL.
£ (k,k-O) (4, ¢, 6,0 CALAR

4 (0, h=4) = (0,1,0 0 ) TRANSVERSE
PoL .

s
E""(]:: \:2) 2 (0,0’(,0J O‘:E-E(E,(\:g)

E° (K, L= = 1899, ()  LONGITUDINAL
7oL
[ ES
_ - A s
RS e S (I/ A) g)& (k / Af) - gf\ g)\}\f




RAD 3B

L> NORHAL MOTE ExPANSION

("z.)('

3

N (3 ,t) = f > {aca,,\)g"‘(r,,\) e
) — 2 AFO & H'k.x
(H} ]( . d.-i-():}(\) Ed(—‘:,:\) : }

a(F,\)  ANNHUATES

¢

c:s.Jr(T./,A) CREATES ~ PHOTON =
.{L.
—3 CoMMUTATION RELATIONS FOR G, &
_EX )
& s { A (;«, - A /
ju{ X e i:
~ i

- 4 —

s j'd:‘;:' eﬂ.ﬂz{ AY(7.4) - ng A (Z,f)}

.
A a(E,s) E(EA) €
A=zo

PARTICLE WITH #ASS O (PHOTON)
(4 HOVES WIiTH SPEED ©oF LiIGHT )

PHOTON WiTH HOMENTUM “_
3 POLARIZATION &



i

3AL/
g,

N) =

(L

-

(E A)

]

HE

Js

i
4
3(_;_ !._
v g . Fi)
1" B
: ( ((«J&
Cv'];_ Lu_‘i e
f )
X :1:
35“ . g
3 xy
—i-":‘ 42(1%
S 2%{-
£k
7
:
S A
i



[ a(@,x), a (F,a) ]

= - 33, £ Cu)(E) @ EENEEY
L e

T S

\'4

3, S @) S(E-T)

[a(p,\),a(k x)j NG (R
ANALOGOO SLY
[a@), a@N)] = ¢
Ta'(E,N), )y a(Ba) ] =0
“Sb-_.fr/ Sé.:Jr’l
FoR A=4,2,3 (€=1,1,3)
[ak,A), a () Sk (i)’ (F-F)
FOR A = © bt L
a(k,c),a (k,o)j_, (zu) Sk )

R A=4,2,3 —> STRHUDARD BOSON CoHHUTATION
RELATIONS

A = o SicN CHANGE




RhD4§
IF WE CONS{DER VACUUM STATE
AS STATE  WITHCOT THOTONS
ol a(k A} |]o =0
Y

4 - PHOTON STATE WITH TPOLARIZATION A

6 A > = [4F 2(R) a'(E,a) 1o

L‘> WAVE  PACKET

jﬁr|gﬂna <

NORMALIZATION OF 4% S&TATE

<48, M| A 2D

_ (&1 (PR § () A

<o alk, ) a Tyl o

:.-A .Zn jt{ lf(l—“}

FO[?\ A: 431;3

{ .
i E o Y ATIVE NORM STATE
_< O FOR /\-O O “E‘CA



(s HAHILTONIAN -

cEs WITH A=o LERD TO NEGATIVE enercy ¥

/

L>  PHYSICAL STATE S

FREE MAXWELL Fli?LD HAS ONLY 7 TRANSVERSE COMPONENTS

E(F,2)
Ls AsSE, \ -3 STATES SHOULD NCT APPEAR
iN PHYSICAL STATES UPON  GUANTIZATION

| D > PHYSICAL VACOUM

(HAS NO TRANSVERSE ?t-to":‘ows')

WE REQUIRE
?AA’”‘M |1 &> =0 ( GUPTA -BLEULER )

cor  POS. FREQUENCY (ANNHILATING ) PART
i A®

(+) STRUHDS

NOTE THIS IS A wEI\KER CONDITICN THAN
CONSIDERING "L N9_o AS GPERATOR CONDITION



RAD 8

k, £ (%)
. o EYRN) - (E| ACRY
= Wi (&xo ‘gx\Z)
(a(fjo') _ a(E,3) ) L > =0
Y <>)O\U~,f0')“§>

ESUAL NUMBER

PHYSTCAL VACOOH STRIE HAS
TUDINAL (A=3) THCONS

oF SCALAR (A=0) AND LON 6




REDP
o THE COMBINED ENERGY OF SCALAR X LONG (TUDINAL THOTONS

(S  ZERO

<E|HIE> = fd” we D < [QENAEANE

(20)° A=, 1

o PHYS(CAL QUANTITIES ONLY INVOLVE

TRANSVERSE PHGTOMS [(k=4,2)

e ALTERING THE ALLOWED ADMIXTURES ©OF

AND LONGITUDINAL THOTONS |
7o A GAUGE TF. BETWEEN

9 POTENTILS , BOTH OF WHICH ARE N LOREMNZ  GAUCE

SCALAR
is E&QUIVALENT

(- EXERCISE )



3) APPLICATIONS OF INTERACTION RANC
OF EM. FIELD WiTH MATTER (NON- RELATIVIS

T1Q)
e HAMILTON(ANS
o : #h_
(o MANy- BoDy SYSTEM HMl = 2; 2% vV
(MATTER ) ) :
ot 7 M - 4 [tx (EE+3F
L> RADIATIOMN  FIELD s 3 X . B 48,

(s (NTERACTION  HAS TO RESPECT  GAUGE- (NVARIANEE
MMM

ce X (%,t)
f(RE) — e F (%)

LOCAL PHASE TRANSFORMATION
HAS TO LEAVE THEORY (N VARIANT

N(zt) = - KV N (%)

( (X, _ O
. g P [_{-ﬁV’V ¢ 2V fx)q

KINETIC ENERGY TERM CAN BE MADE

-

(NVARIANT  BY MINIMAL SUBSTITUTION

i -

= R-5A%)




RAD 21

UNDER  GAUCE TRANSFORMATION , A  TRANSFORMS AS

re fX(;(q/f) - _//
S——y o e { _ (‘11_ V + _::’:(37’9()
<
_ e A - _;ﬁ?{/)} /)[
<o
ce K (xt) _ _
= e ¢ (-t 7 -2a)
N [
z
5 i HAMILTONIAY 1S GAUGE (NVARIANT
¢
EXPECTNTION VALUES  REMAIN  UNCHANGED
e _ . 2. g
e ﬁ“ N Gt) (- xT-eh) N(GE)
2m C
N g
H, = L (p-%h) + V + Hey
o=t {
= }——IM + ll'l (NT F I—IEH
-+ t
I NTERACTTON
MATTER  RADIATION WITH

- MATTER



INTERACTION  HAMILTONIAN
— — & =5 2 sy
Mo = Z{- 2o AR@) + & R}
INT ; ‘ ¢ 2
{ /mf. C / 2/VF\!C
L/ . ‘/
‘ i
= Hins + H
3 2
! T
, o : . = F A - 2 _-_ﬁ (m{ CcouLomMB GAUGE
(MOTE i Hyp P A+ ALT= A L TA=0)
® INTERACTION HAMILTONIAN (N SECOND GQUANTIZATION
- ” II;(_-
L, RECALL A (%) = Z Z N, <S;£‘:r { a_ e
e =1, J
(E.x
.1_. -
+ 5\\ € }
kT
5 AW2
WI(TH Hk: -A_C )
== 24 13

s NTERACTION OF A4 PARTICLE WITH RADIATION FIELD
A g B A ) T3

- e » e
Hiw= -2 2 ) Np 7. & { B

e T g _.fL.)(}
A
e
-




/\ 1 2 o M
| _ e ,
HINT - ! ( A ) EET P
, 3 _ | . :
mct e e’ \ 213 ) Vs
(W Wy )
T oA A ‘(k + —E‘) X
a_ a
{ i “gigt €
A x ¥ t ("‘“II) x
+
qE[T O\_kpGJ €
] 2
& T A P {(_k +I ) :
a
+ C\,EU_ -[]U--‘
SR —
(kK ) '
+ a-
Atr 2
' ‘ i il
WE Will CONSIDER H. + H. AS
T INT
perURBATION TO  H, + Hey
UNPERTURBED STATES
o M
Igd > - IF—' /n‘ >M® l kv >EH
p iy
M ATTER R ADIATION
FIELD
) i ‘ _ .
How + H . WILL INDUCE  TRANSITIONS
| INT

BETWEEY THESE UNPERTURBE]) STATES,



RADZ

bl

>  EXAMPLES :  PHoTONS ARE ABSORBED (21:,‘)

L N
At

ANDI 0oR. EMITTED (
(44 )

)

[m >
fhw hw' !
E’ r———— k
£ > IMELASTIC
PHOTON SCATTERING
b e > ;
( RAMAN SCATTER (NG )
Wt W, L+ k
2) (F (e = |f>
e T w
_k_,.w> ~ 1! ELASTC
P HOTOM SCATTERING
i . | o
w=w IEl=I[k]

RoT PIRECTIONS.
CAM BE DIF FERENT



RAD &
e INTRRLUDE - TIME - DEPENDENT PERTURBATION THEORY

P T W e . N

A
L> QUANTUM  SYSTEM  TDESCRIBED  BY H, (UNPERTURBED HAH!LT’.)

A B 5 =
Ho li)o“') > = T -’()? ,}o(ﬂ >

t ¥
CIGENSTATE'S E1GENVALUE §.

A Ny
L, s t-o , rerroggATION  H, (S SWICHED on
A H4

il

b
f
<

EXPAND H__,"(}J % i E(GENSTATES  OF H.
- -LLF

| ((') > = 2_. q;:\“-) € l«{m>
T

a, (F) vARiEs Now  WiTH TIME  PUE TO

f

S

£




L;

RADZ6

(F o
dt

ASSUME

N

AT

a, (F¢o) =1

A

H

A

<<

ot RHS

Ho

SYSTEM IS 10  STATE ['ym>

— FOR M #+ M
: a, (F¢o)=0

ApPLY A ° ORDER PERTURBATION THEORY

APPROX(MATE @, (F >0 = a, (b=0) = 4.

Om (F>0) » G (E= O)‘:O//mtm



L(Em"——m){—
d oda~ cn IH ML e
s (5B
a. k) = -;‘_ [0(#} <A _|H )/\(m\,.e
tlo
\I{/

ool e = £ < | H 4> [d e
Ll
A %L(EM_FMJI‘
a.lt) = + ‘ <No IHNS (e _
(En.x'Em\)

TRANSITION  PROBABILITY  FROM M — /mn

zm,,'\z( Epn- En f)

b 2%

"F ()) = [a,(H

M= vn

=<4 [ H, 14, 5]

(55
2




RAD 28

(s rmui's  GolpRd RULE
~> TAKE  LONG TIME [IMIT F > o
.U_‘SE 'j)(/nl 2 (x’f) _ g ()( )
7 E X &
fj'—";o{)
P - m‘*(x”[ s O
_E_',(_,(z f‘_\,oo
to -
fo(x /SW\Z(:{{'J . & ﬁ(é") am (y_() _
el i 1 . (X )
~—~ ']1 (l->>> =~ /4/5!M||~|4’/\(M>) )
p-\/\J
2k ¥(E.-E,)
B Ly =
) g g ) | ¥
& K
: A
™/ ,
TRANSITION  PROBABILITY ENERCY  COUSERVATION

PER  UNIT oF TIME

THIS 1S KNOwp AS FERMijS GoLDPN RULE



L,

L

hRE

EMISSiOoN OF RADIATION BY AN EXCITED ATOM

Lk L7
INTIA L FINAL
| g > |- Mgt D
ONE EXTRA

PHOTON WITH k T

> = 14> @ |- B, c v

f

MATTER B
STATE (f’.g, e iy 2° EXCITED STATE OF -/\TOH)

5= h> @ [..omgsle >

k0~

TRANS (TioN  PROBABILITY PER UNIT TIHE g%’
o

O[/P: 21 {L/f E(E{_Ea,,)

ool

( FERHI'S  GO(DEN RULE)



(s TRANS I T1ON AMPLITUDE (/‘"(}F_

N 4° ORDER PERTURBATION  THEORY/

%fa- = <ff"‘|:-ﬂr >

N I T ST I IO (RPNt

mc kg
" E. X
@( -mEg__'l" C!EiTJQ
‘.-—
. _)- __,'.[,')'\ "
- QTJW' e \ w)
@ 1>
; 2 _4/2 A
- . _& ( h c ) < — g
& _tE.%
® < m'Eg- + | ) q—EG.. £ mEfI‘">
— >
rE.x
e M'Eg— 4 1




dP _ a7 s/ F 2
- 7 (R 1
E‘ - EH:“
T
MATTER
E_d,: EH(; .;."hcd

Q!\D\i’(

—

dro_ gl (ez). | ,(mrﬁc‘z (g 4 1)
ol ko \4T) (mc)?

C‘ka_?’

| <%,

2

)
1
Q

(g~]
=
Vv

[ ]

S(El.~E _’kwk)

(S

Ll
[wl s

2w (M)
dF

THE MORE THOTONS AVAIABLE WITH k¢  THE  HORE

Likey THE EMISSION oF ANCTHER oNE  ( BOSONS _‘)

..  STIMULATED EMISSIiON (b—-> LASER)

N

., NON-IERO PROBABILITY

SPONTANEOUS  EMISSION -



RAD 32 |
( SPONTANEOUS  EMisS SioN )

LIFETINE OF EXCITED JSTRTE

®
| M- = 0
L
;o . ) )2 | "
(L )= 28 7 [l Higloo ] T (6B
C. I
(>3
[El= L&
l
’ 1. o, e AR
C'—a’ [N 4 m [_3
. ¥ v )
1. (<Y | P& e MC; >}
2 L [<¥ | P &g
S (Bu- Eng— )
| DI S e
B 1 E (z“ﬁ‘)g
L= () & jMZ L §(6y- By - F4)
Z B o 27T m? P=t, 2 e _
u"-\rS. | A _;EX 9
-]<'¥6| P& e H>]
;l‘, CHOOSE Ew_i i TLE R <A{f||; H>




G

ggr:z <f\((f,l;€ﬁ {/\[|> = O
FOR ATOMS ﬁwk ~ A0 eV ( TYPICALLY )
k. x = % BoHR
= —kCJk G]'BOHP\
e ~ 4970 ey A \( R c
_ 10
(4&: 10 IW\) - A0 ev C‘\BQHK
1970 eV K e
~0.5 A

A 2S5 107 << 4

LONG - WAVELENGTH APPROXIMATION
/\W

ﬂ:"[:,;_ I | B 2
g = 2 = i L . X 3= _Zl_‘_ (f'-'-E X ) s
5 4 "X << ()
e \"/ A ,_J"L_-'X
cooer o <Yl (N, >



e

‘;«,g
fd“wﬁ g(gﬁi_gﬁj_fwk)
A 2
am =0 |</\(3/FJA{ >/
| CHOOSE 7 - AXiS  ALONG <¥d’{?‘[\l">
Vv
o, A 2
o A I
e 200 .M

{ =

. (aiv) /me (4~ce42@)-fo(1'll (K~ g(’EH',_Enj

i Elc
lr\/\J _'ﬁc!ﬂ)
K . \JT;E
3 {é-g(m_H
- (2) L (et 4o R A
4ir wE e b = 3 V4 '
. 2 | E{._EH | . ~ 2
i ) % (:?)-ﬁﬂnz 3 (H—hi) ’</\[£,FM' J




RAD 35

N ?
b 1 we?d i
(2/3\2 ELECTRIC DiPolE OPERATOR

ELETRIC  Dipole  APPROXIMATION

o
2o




HYPERFINE _ |
N
HYPERFINE  SPLITTING (N HYDROGEN
2( Cw LiNE
T T T T ————————T TN
" witH SPiN HAS U
M- e BT
2m  C
WHICH (NTERACTS W ITH B AS
A
A i . B
HiNr = = A
A . I e R
ZXPRESS H;Nr THROUGH (TS NORMAL M™ODE EXPANSION.
) i _ — =
HiN‘T:* . 0. (VXA)
2/mc
N o Py (E'Z /\_]__ _ L X}
7\— = Z Hk EEU- {QEO‘ < + 4o .
e s
A tE: /\“’ —’L’(
VXK: LZ_Hk<E*gEQ\>{0\E(TQ —-O‘Effe }
kT
N\ m -
, e h o~ [T
Hmr N : 2‘ Hk 07 ((4)( ET“T )
2m C —




H‘/PE’RF\‘NE\Z

@ CONSIDER € IN 15 STATE ofF H

SPIN OF € INTERACTS WiTH SPIN OF PROTON
(BOTH ARE SPIN 1/z )

=S RESULTING N SPLITTING OF CROUND STATE o
( HYPERFINE SPLITTING )

et AND p1  HAS  SLIGWTLY HIGHER EMERGY

THAN e * AND P

. CONSIDER A TRANSITION BETWEEN

e” N (NTIAL STATE IR> = 1A | > M>?
AND ﬂ
¢~ N FINAL STRTE (f“(é,>: HA>'\FZ‘:{“\>€N>F

- H>QM>P}

v (N THIS TRANSITION , A PHOTON 1§ EMITIED

WITH @ Aa A om

» ) et ()

‘et (Pi;)\g, Az 2| om

A~y QUESTION | CALCULATE L{FETIHE OF TRANSITION

HELP : CALCULNTE MATRIX  ELEMENT

</J?( H‘.:IT l L > N DiroLE APPROX.

AND APPLY  FERMI'S G oLDEN RULE



HYPERFINE 3
iy

A~ AN SWER

/\ i . | ,
<PUH, Les wm 1 N> o>
1> = M[zf S F”mmm
i QTTJ A | 2 . - \
" C ) _1:— Z l<60{ Ht’NT l(>/ S(E_Mw"t”(f_twlj/
_ > f o
12
PO ) . oz
(\_> & Hl(>: (.er_ /H—C )
£ 1 H e (zwu""
% ’\[({ I - (ngm) ML« >
_i'E-z
( DiPOLE APPROX € &~ I)
(L L - gr e ‘(ﬁcz
t_,_g ~ b oamtc? 213

WiTH k, = —— ~1_EH£>: pAL




HYPERFINE
LY

N

\7 >,

TR Wi | T, CONTRIBUES
S ) l 44, ¢T >
T

7. A¥(S ALONG e~ SPIN



< ) N (tc)z C k.,
4T Re 3 (M\Cz)z

(0.5_ lOé e\/)2 A (.,?"f 40~m\)

N Q_q_rz 40}\7%)?- -(Q‘ﬁ)3<3.408%“_>

o  AD NVALLS!

RELEVANT  IN  RADIO ASTRONOHY ;V( Mi CROWAVE S )
CAN PENETRATE DOUST CLOUDS THAT ARF OPAQUE
TO VISiBLE WAVELENGTHS



