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ond h\/pe\r—ﬁne (3 [ nes %\r Dan and 2 |ines —ﬁ»" Dob) Shucteures

Di: 5376 nm }(in d,\"f> 587. 7458 }én Vacuum )
Dz: 58%.0nm - J89./1583

RBut we hovent touched wlu/ coctamn trangtions have cevtai
S’Hengﬂv ( p/)y ohe IS Shbnfe/r tkan anoﬁ:er) and u)/»7/ Some
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$6.2. Absorption Stimulated Emission and gp,om,,ews Enmission I 109

From odomic gtruchure theon | we know odoms have discrete enevgy (evels,
Hssume an atom has o energy levek £, and £, (agan, energy levels
ynean the €13en stutes of }:\/‘,), ond 1S bmughf o 4 thexmal yadiation fleid,
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O ond | (,‘,e.) D < Vi) =|, O= ?2, ) = 1) and at‘:b:ens:bn/eﬁs.
Because Quarntum Tiansiion  Can hwpmn \/e.Yg]l —f%«s*/' ( on the order s]ﬁ
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So it 1S not” SwFrr‘s»U that Az s usua[l# avound /pgg-l_

To be aca,cm‘fe, 6)5‘1&) ard ,______-’——d%"r(f) Shou Id be cailed ~the fransifom

Prbbab(lt"'}} Per unt hme. But Pe,ople usuallg J ust bn\?—j& Hhem ag

the Francition Pobabilitf, Ll must be awar of the differences.
“This s a)hs/ we call Az as ~the gl)om'mwu franshvn prokability pex unt fine

@ Relatienship among Finstoin Coefficients Azi, Bia, asd Bar .
At thermal @%Lu'lfbn‘uM, atomic  population on each evergy leved is given

b}’ MOLdeeN-—Bofg/mann distiibation |ad -

/\/(: = N ,ﬁzﬁ_ e*E‘;/KaT
Wheve Eo is the energy /e,ve,é, Ke, is -the Botlman Constant”, | Is
the ‘I?amfmm, N s the total afomic population

N= =N
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-Ei e T
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1f on the pther hand, atms are i ground states v hen some

continuous  ypdiation [(e.g., +Hheymal Yadiation) passes through the
ofoms , the atoms may absorb photns at” = (&« -E¢)/n
Thus, the received yudiatim wil have [ess powey ot these
resonance %eguena‘es ’ oppeatty AS dark lives jn specT? .
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Fraunhofer Lines in Solar Spectrum

The following website can be used to look at the solar spectrum and numerous Fraunhofer lines
http://bass2000.obspm.fr/solar_spect.php? PHPSESSID=b1{b4b5¢30286b1698ae5b2{330b3318
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Ll‘fe'ﬁ‘ﬂl@: Radiactive ,qu’—'hme and Eﬁ‘éc’n‘\/e Lfﬁ'ﬁ‘me
“The probabl  Fe; that™ an excited atom
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Besides SF;,H‘“Y]Q@% QM\\SSCW\, an enexgy /e\/ej EK can be aé)éfqu/ﬂﬁ%/ b)/

S'h“mulwfw/ em’sgion transtons ond by collision — Induced  yudiofienless Hanstons

'T})e, Ob{"/fdé/ eﬁ%a‘ IS o yeduce ~the /zﬁﬁ\/ﬂe @'F&Ln atom g% th Exc )
where Ng~ density of Calisim
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§4.5 Transiton Probob:|ities . Statenent of +he Problem /

Above e Jntroduce ~the Emsten A and B coef{;‘c(‘evﬂ? P}zenomeno/ogl'm@
to abegcr[bé the a,bsorp—h\a-n and emission P};eno mena., }-/owe\/@\c +o guan-h:m-h\/e/), :
descebe the fransition Phenoﬂlena , we must undevstand +hi's tansition concept

fom QM frame ~work . (hat is Transition probability i am 7

(D) Trmnsition iS & chanse of State of an afom With +ime | e, -the
otom ([ ragaxdaol as a &M System ) changes its State fom e eigenstate
to another,

— The eisen Stades anel ergen values Df Hamdltonian o Peraiar‘ ave
Solved b\/ Solvuy ~the energy ersenvalue e;uaj?‘@ﬂ, e, the
+Hme — [n o’épen46nt Sch r*o"d:‘no%r‘ %{uw‘?‘on )

— The evolution of stite wWith +me /s deseyibed by the tine=
G)gf)enapevﬂ' Schredinger egyaction . Therefore | the tmnsion problem
showtd pe solved in the 'mee work e-F M SChfé'O"W W@?

(2) A)r'H’?W;” Madvadion e ld 5 *(;he afem s MSM@ZZ& /M Dnhe &F s @ne)?\/

egenstateS . Transchon jovelves changéy the atomi State Fom pme
esenstate 1o another — essenﬁ‘a/%z the otomc Sipte  bewmes o

swposm‘vn of egen states Thus , the adom has certzn Pm/,a/)[/ﬁ/% |
4o be in another egenstite.

Let us Keep the above two points jn mind and Solve -the
—b\‘me——aPePt’?"O‘eﬂT gc},pgalmé@r eim-h‘an o devive hansiten Prpbabr/,y%/p .




Tus
Considet™ & Ph\/S(cwp AS>/$+6WI With Ham,‘/“fpnc‘a,n ,l/-‘/,,. The elyen wlues
and eigenstates of M, are denoted by En ad |4,
019> = Eq 190> (1)
Assune 'd’\“’ ﬁo Is _Q___D_I_ Qxf"\c‘*[:,/ fl'me/”a}afendenf. Thus, I'ts

eisenstates afe statonary siates given by

| &n #> = | e— tEat/h (2)

(ohich safisfies the Schrodinger %&wfﬁm;
A
th’ﬁ?’@n[f)> = Ho ,(ﬁn[f)> (%)
The solution of Stationary stedes i's obltined og ~the follwing,
Since QD is not explt‘cﬂ'/@/ Qz,aew@au;(’ on bime  we (an use
Separation of Variables ond Write |, (D) = T %07, where
T(t) is @ tine Jactr ad | P> does not- deperd on T,
Substitute | B,y = Tt | Fny iato the Qchrisdiger Luaton,
. A
h L8 )g,5 — Teo e 190 = T Ea 14

= ih éI_‘_’El = 1 En
dt B
= TH=7¢
_ Bt/

oo By = T 47 E
Snce et t=0 ,|B (t=D7 = %Yy = T =
LBy = ey EET

N -




T b
/4’t +=0, A Peﬂwbom‘m (s applced +o the g ysfem. T/he Ha miHotian

opéfodaf‘ o-F ~the 87Ié‘fem/\ —i;l«enA becomes .

Ny = Ho + H' (1) ()
Before the peyhurbation is added | the Q/s'lem s @ijv\ed to be /‘m%‘a/é{
in the sfatimar State ’§£ >, an e igenstate of Ho Wit elgenalie E
Startey at =0 when the perhurbafion is opplied, the system evolves
® The shfe [§£> is ho /onger [ genp,m/) @n eiyenstale of the

pertuwrbed Hamiltonian ﬁi(ﬂ,

S The Stafe evolves to be the SuferFost‘hbn O‘F Se\/em@ eogenyv‘aflj
&F ﬁv . So there will be waalm‘/:'v"lvxl Ptf (4) OJC jf}n% the gyﬁem
r another™ eigensfrife /@f> of f/?, at +me t.

T, other words, <the pevturbation CaigeS the System o make

taunsitions  between the Stufionan/ stfes of the unpevhurbed Syﬂ‘?”l:
B> — 1P

The evolutfion of swte | Yoy with fime s defermined by
S s Hon . - A
the Sthrddiger eguation . -4 dg{f» — H®E Wy (5.

Since Thee Stattionary states of A, foan an orth ononm/, complete
ps's, the state }(ﬁ[i—)> (an be e,xpanded on Hhis basis,
|y = 6@ E. 0> (6>
—he initiad conditon of |pe) is
| pe=o> =D > (D




Since | Y0 Is & SwperPosfhbn of +he S’/uv‘f‘an/my shates of y(‘{'\,o Ing

e Wil be Prababrlfg 1o find +he §7/sfem in anethey” 97‘aﬁbma¢
State I@f> Which s differedt ﬁm the fnitiad ofale 1P
Aaor)fj to M, This probﬂb'/t# is Given b>/_.
Pip © = <& |po>] = |Cet]” (B
Pig @ mears the probabiliy of findy the System in the state
B> ot time T oler evalvig fom the initial Shate 1.
~his, Pop (© is the Jranscton probability of the System from
+the Inf‘h‘aﬁ state }év> T -the 'ﬁnaﬂ state | ey ot time +
and pnder Hami [fonian O[fmjm }/—\l (t) = ;}v + I/—\l'(f),
T}vefﬁ%m , the PYbb[em becomes how to Selve the Schredger
?/%W‘fm (5) <to derwe the coefficient Cp (£, Substitute %S, (4)
ond (6) info Eg.[E);

i %{I B, > 4 C"H)> +¢h %/Cnli—)—a@;lén(f)>)

dt
= 3 (G0 1B, 00) + 5 (iR O1B)
Recall (3, ,"‘5__@_ [ gSn (@> = /{\/D )cﬁn(t)> e oan canced the
>t /

9 form on the left with +the (st term on the wgwaﬁ%(@_
Thus, we obtain .

i = (185 4Gy~ 5 fue o [Batt)) (o) |

| M .
Use <& (o] = | B = e‘Eft/Qc%) t+o hme both sideg
of %I“’)l we obfan :

2.

OB




T8

3 (<& 18,5 98 0) =5 [ono<ds | A1E#) o

A (En~EV/h ¢ (Bn-En )ty !
e <g>ml q>n>=e 5,;;” :%n (/3) ,,

Qec‘*” <§m lén> =

O E%‘[u) becomeS .

. (Es —FEn
o 4 G© %:(Cn('t’) et >%<€€clfl’l%>]

dt
= %(én('(’) e Ofn—t/'/,/cn] (1)

chete ey = (E{’—-En)/ﬁ (1)

Hey = <% H' 15> (%)
Note thaT from Schrédigger f%uai“fbﬂ () to Eg (1), itis an
oxact devivation. So EZ.[IB} IS e%uim[ent +o Eg'(g—), Ty other
povds, Eg.(/@ fs @nother ﬁrm of Schrideqer Eguation To
devive the transitin probabilify P ) = | Gr (0], we need

to Solve Ez. (12> 4o obfam Cr (t).

It is usually dfhicurt to selve Eg.c1%) exoctly  excepl

7N 'Feu) occasions O Tn our cless, e wil Tnhoduce “the exact™
Solution —jzor O gr)ecﬁaj case — QA *}wa«leveﬁ Qym‘em thot™ e

Wil obtan the Rebi oscillation o Kobi Fre%u&n%{ . @Then
we Wil irhoduce the time -—Je/:*encéen'l’ pevturbation «theovy o
Solve The eguahtn With approximatizrs for genemﬁ cages .

O Armed with these Knaledges, (de wil then go o the Jul
Quontom  “Treatment 0{ the Radiative Tyansitions,




e | Ty
Ssé"f Semi— Class Dekrtfﬁbﬂ GF Transtion vabab.'h"ﬁes 'ﬁr 3-Jevel S/sy‘em
@ Senvic(ass.ta// Description .
A A
Ho = H, (the ofom Ts deseribed by CQM)
E = E: co3 (cot —k2) (the Yadiaten 1S described /)7/ A classical EM

Llave >
Ny A - A '
H= P E = P .E cxat (the intemckon between He odom
ond the. adinion Fietd is Tt dipole approximation "%=—-e-%)
N A
”F/ms, /;i/ = Ho T /—/’ a0 the total Famd [Honian &pemﬁ-‘f‘_

Fhenomenofagfwﬂ# introduce Axi —f;r the s/mnmnww emisson

Wy the Schtdiger equation oy I [
B\/ SO “U‘ tf* diye %W”“ o ;wt»_: Heo | We)
oo descrbed qbove e can denVe Eighoin B coefficients Bis ol Bz,

Bur the Sp° rianed emission Azt s added Phenomeno/%:zw%‘{.
@w[7' QED, i-e, Phe Quantization of the Tadiaton field car mﬁom/?
e Slbcn“iwneo% emission . |

mclude
& Weak - Fretd Approkination for 3 ~Level System.

let us considex- O —level odomic Sy;@m) E. S
Lorth ﬁo 6/}“577#@3 ,%> od [Cﬁ,> ad @z‘ocenmlueg A~

of energy Ea od Eu. The Sglem State Ea

| pe>> can be ex,»rzssed po The superpositin of these +do States

[p®> = A [h>e ZE“%;-# bt |Fe> & Bk (16)

Gau—p %W%‘* ~the Same Frvcess as we dd in Section 5,3,
e will come e B3 (13). Thus, for the a-level System,




I /20
the Schrodger engen Eg_(:z) Sives uS the fotlows eguations

: ~ / :
? ! dﬁ? _ o) &t g | B 1Ga>+bwet M, 1 H>

LT

b A _ p et e, | i1 Gu> +h e g 19>

dt

Sine Lea = (Eo\- Eo»)/f) =0 Llab = [EG’E‘J/#",

AR % Qit) = — ,%—[a ) Hpo + bt) Hob ei[E“'f‘M/’;]

° ) \(Ep B
Loty = — 4 [ae) Hig €55 BV L bt Ha T

(1F)

A A Ay A A
L =P B =-erE =HD

A /
so Kl HI @Y = —eEq) %ICPID <Pl f(}[/]CPa> = Haa
Since T has 0dd paxs v s
ince ¥ has odd pach) ,  <Pal ¥ P> =<RIT 9> =0
Le define the atomic dipdle matix e(l\emevrt’ .
Dap =Dba = — <RIT IHS (1¢)
J20b = Dab Eo/’ﬁ =20 1S Cualled tha Rabi 'Fr@p%wmé{ (189
. oot —gwt \
S (A= _;_ Lo - E, _9__21?__... Dap ©° Lot/

- ) FIAVEAN ((Dake +)T
— = L R, b [ e T (9

. N — 4 (Wab-)C —((WDob+@)t

peoy=— L Rasa)[ € t+ €

[§ decy into ot |evels (s weglede&b, then the yelation
laH—)]z—F lb(t))z = { ([ 20)

must hold at all times ¢,




Tia
at t=0, the odoms are in the (ower” stafe Eg ,

. (o) ={, b(o=0 — initiad conditins (21

N -

Assume the ypdiaton fetd Eo iS Suffrcrently Small so thal for Himes
t<T :'\TZL;; . the population of E, wemams Small compared with
thet of En. e |blb<TOec], — Weak ~fietd appricdon (32)

s peal - ’jzp‘eld Coﬂd«t"ﬁ‘@ﬂ, we dan Solve Eg‘[/q) by an

nder +h ) |
Herutive procedire startsy with @ “ttr=1, b %e)=0, This itrmhiR

to put |ower oder 20" e) and Ke) into the
E%,(l‘?) -]%Y the hggl\er ovdeYy” O"t) and Lhee). In The {st ordex appr. |

2 ) ‘é)a -w)t \
{ AO) = = L P L 64( b w)+ eawamo)t] —0

Suppese

Prvceziwe, is

‘ ) ) - { (Wab- ~ ( (Wabt)T
By = —% S O rol € et g T (=2
, b -t A(hatDT

Lab [e‘( ba~Dt ) o 1

—_ A
=

2
From inittal condition . We obtamn the solution to the {st order approxineion.
N0 0y = (©) . ‘
{0[‘9 "awf&)'f'auf{') ag)a = 1 e‘t‘[&)ba-w)t et[a)ba ‘f‘&))t (a//)
by =B+ W= dab [ = 5

For the {st Term noticeable absorptin  Occurs only if & is clese T
(b, 1€ Tn the optical Frguency yange. | tha @[ << ba.
The 2nd term (tha+e) is small comFaved +to the (st term, a-{
may be neg lected . — Rotatig=tomle  appRXination .
In the votatiy —wave apprv‘x:‘mafnbn, the probability | bee> ’2
that {lm&f:y the 3}’51""" is in The upper |evel E. at time T Is

% Sin (Lpa~) b 2
|beo]* = ()" [ '*(a),,:-w)/f‘] . (20

Sinca the fnf'h‘ap Condition IS -that gl afoms are dn. the [ower
level En, b gives the tmnsitin probabilify for the
ofom 10 9o fiom Ea to By dwrg Fhetine £, Pop®) = [ b(e]”,
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b1/ Qap/2)2 Ib(t)2 ] Ib(1)12 I

05

0 2wt 4w/t
W~ Wha

a) b) c)

‘ Fig. 2.18. (a) Normalized transition probability as a function of the detuning (w — wpa)
in the rotating-wave approximation; (b) probabilit;f of a transition to the upper level as

a function of time for different detuning; (¢) |b(#)|* under broadband excitation and weak
fields

t

C N
Sine  [im (Snxt)™ £t the tonschon prokability  atl” resonance (€0—>8pa)

\ 2 J2ap)? 2 (=4
s given by bl = 5 ) * p

Which inoresses PYDPOYﬁO"“M;{ With t2% pJote that the conclusivon
From obove dexivation s only Vald under the follows’s cond toms |

*cc) fe., [Dpti<el or t<T=_ =_I :
| bl , , J2ab o T =5 =753 (z?)_
Thes smaul - sighad OpproXcmation only holds if the mayimum Tnterachon

twme. | of -the {»‘eld With the oitorm s strictes) to <7
Recal] Heisenbergy uncev-tointy principle ,  the Spem‘fﬁ/p Analyss o
0L e ith the Fnite defection fime T avves the gpectrad uith
AW x—-:;— Thus, We cannot ASsume W\onochmmaﬁch‘y/ hut have
to ke iato occount the freguency distributin of the. intexacton Te¥m),

B “Timnsition Probeilitres With Bread —Band Excitation
Let US Consider @ Yodiafion Source ith broad bandewidth, Insted
of -ue«% o Single 'f}%mc& E =L csot, e intreduce the S’Zoewaﬂ
erergy Opeﬂéﬁy P(w) Within -the '{(’?;Wogr/ Yonge of the a),gmrfm\
line  for the Yodiation Lrerd. tJe can ge/neraf«‘ze EZ.ZZI) to
include the (nteractin of broodband udiation With  owr two-leve |

S)/S'f“em E\/ ;‘n’reg»mfé Eg_(zr) ovey all —Fr.e,gwena‘es ) @.P tAe |
Yodiation Sﬂ‘ald. This \ields the —rofaza Honsikon PYDEabi/l"/}/ u® |




— T3
w(+hf11 the hime 't, ;,)C 3&'9 Il E .

?m, (‘b)'—-‘-‘ flb(’c)l?'da) ::M_); fe(w)[ﬁh[‘t)ba’w)fi'éj'ldw. {'23) \
2&h (@)ba "‘))/2
For themal (isht” Sowrce o proadband [agex, Peedy yaries slowly over

the obosorption lone ?‘v?\‘le, g0 jtis eSsen‘I’t‘al%[ constant ovexr +he
froguan e Tonge Ohete the Sine funcon Ts Jarge . So,
F[c&) —> [)f‘f)ba> :

+0 .
/4’30, conSiwlex T%L fﬂ”?graﬁ‘vn: f _,5123_2(_[2@0()( = 27 t. [2?)

-0

For broad band €XCitatn -the tansihien Pmbabf(fv‘# ot -the tine
TnTe/YVaJ between O owd 1’: s then Qlven b}’
- I =
P (&) = D Db P DT (20)

Note thet Hhis Probab{lﬁ‘g S ,fnea;x’lAJ ole)?@nslem’ on T. ’T/ms)
—For broad bond exc\‘mh‘m\’ +he transhon Prbba'oflt"f# e untt time

_g%- P, ) = g’—;ﬁa:bz};F(“)M) (30

becomes inobeFenobent’ e'P tme /

“To compare —this resutt Dith the Emstein coefficievit Bab
Jrtroduced P)\enomholag.‘ml@ in Section 4.2, wWe must take wifo Qccount
+thot™ the b[ackbody fudiocton s [ SO’HD?FC, While the EM wave ysed
In obove derivaton propages 1mo Ofie direction. Tn case of the
[sotropic Tadiaton , the mterackon Teym D;b (D[ WD) has 1o be
An‘v«ﬂed 57’ Q «Faavr 010 =3 'TAuS,

d P&A('U_ T

dt T 3&% €&">bﬂ>.]>zb = P(&)ba) Bab (32

E‘nsv‘e«‘n B coefficrent




I 12¢
Thetefore, the Einstein B coefficcent s given by

A} _ T 2
Eab = ;20_52 Dﬁb (33

Corsidercy ~the definifor of Dab (B3 18))  the Finstern Goefficies

2 A 0 5
B:() = ;T&ej;z <q)0l r )CPK>/ Bee = Bak/gn“ (3%)

—The Einctein Coefficient Bok ’JQN the tyongkon E;—> Ex
befween Two degenervde [evels (¢ awd [k7 S ‘theve fore

“ [ Je Je z

\ = - N — 7T \

Bix 35, h° K m% ilbtnkﬂl e See . (37)
e the |0 ensth S = ( ; 2

Hev ltne strergth Sk m% %Dmkn] = [Dore|”

@ P},eﬂomeno[og«‘m/(’ Tnclusion of 'DeCaogrl Phe nomena
Above deXivativn is made on "Closed” or isolated” 2 ~level Syster,
e, |0 and [b> are not coupled wWith any other levels. Such
Gygtem dpes not exist  because the <Stateg [a> and [b> AR not
onl\f cowpled b\/ Hanaton incuced by the exteynad yYodiation fre/d,
put also decay by Sponfaneeus emission or by other 1z |axetion
Pmce ses Such as collrsion —induces —{—mngl'—hbng))t{; COU-P(Q With othey” |

energy le,\)els.
e can include -these decay phenomena in owr Rrmulus }’Y

addig p%enomenologicaﬂ Aeca# termg to Eg,_(m)/ hich can be
e)q?fégsed by -the deca,y constants Y, and VY, . ,4 Tigorous Treafment
rguires  QED -, gzmm‘zmﬁ‘m of the rudiaten Peid .
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B — Q@) = —= HBaw + = J2ab g “(Wha ""’f »
o | . N * (W ~tDT (36)
“~—> “2 b(‘t‘) -—‘——-ZY;, b(€) -+—é’—\)2466 ald
I
Eo — = Note - E%.( 36) is obfuined undeyr the yolaiuy -

‘\\‘; a \
Troo-level System with one approXimaton (e, the (Lpateo) term IS
open decxy chownels ﬂ)’)eglec’real) Jor Single —Fre;uencg () Todiaton
o ter el et fjeld exerfton

{ n jeld .

When the Yudiatim fretd ampltude Eo is Sufficiently smoll, we
can yse He weak— sisnal approxination | i.e.,
la®)* =1, |beb|<< 1, and adf-bb¥=1. (3D
Thus, the tansrtien Pmbab‘l(v‘y for s ngle —ﬁv;uenoé/ () Yodvetion Leld
excifation owd deco /reloxaton is |
—dut
T (@ = | btt, e |*= f Y € Wt L dt
= L 2 3.52)
2 T+ (L) (
/:Pﬂb [w)
This Pap (@) & @ Lorerttian line me’(/e =

Loith a fwil width af half maximum ¥ab Yab=¥a+Ys

c‘)ba W




@ |nteraction Lith S’f’fang Freldg T 126

(Ohen infense laser beams are used Rr the excitation of atomie
rangitions, the Weak - fleld approXimation s no longer velid. Therefore,
e intoduce Rabt's  Strong~ fied theon) for 2 -level system.

e consder™ a meno chromatic —f’u‘eld &F —fr«gm&g L0 and stert fom

E%,( 19) fr -the Pmbab;[,'ﬁé{ omplitudes i the. rm%r/zg_m\}o, opproximation
3 _7 on =~
¢ (“ra M)t'l‘ i

% Aet) = %D € A
° . ‘A) — 39
bty = o (P w)talf) D
et
| nsert the +rtw€ Soluttn s Q) = ew /nto E}(B‘i),
bit) = —J—QZ——— QM ) B 2 M et 0T
{44 bob \/Zﬁkb .
= op (W +HD d‘w‘,& OOt 2D £ (bt T
Sob = =2 €
> oM (Du-wt) = N2 > W+ ~ Rasfyp =0
= o= — (@) % L [enr e+ 23 (42

The genemf Solutin® Por the amplitudes & and b are then

{ a('f') =Cl @{’M'f_(_ C, efﬂzt {
\ i s e
b(e) = (Q/Jzab)ﬂt(w"“’%(C,#‘e"aﬁ TR

ith the initiad conditens Qo>=1 and bo) =0,

Co+Ca =l ond Cipi == Cafle
i

'___’_—___-———4

— —_— ll-"' —
= G = Hi-H= Ca = Hi-H=

Tefine = — p— ‘ = E »
e D zpi-fe = [ @ 22, =/l BNy |

NPARE colled the g’enemﬂ abr 'F/O/’P% ’ff%ucn%{ v for the
yjon resonavt  Case O Fpa . |




/AT

O« "The probobilitl o [‘fude
p \% " ((ra—0) tf2 43
bit)= ¢ (Jab /R2) € sin(2t/2) (

The pmbalof(ﬁy, of Findy <the 5}’51@" in level Eu is
| b))% = (Rab/V2) S22 (40

The Fmbab:lc‘% of Fundiy the System in level En is
lath) =1~ |b®| = 1= (2a)2) s 282> (45,

E3.(a¢) ol Eg.(ur) show that the sygtem oscillates 2 ith the

freguency J2. betwan the levels Ea o Ev.
N N ol

At resonana L) =ha, J — J2o,=Dap Eo/ . »
¥ J2ab is the Kabi Lloppey freimu;,t D the Mesonance C4s
&);h)ba, also cedled Robr -f%e/;lwn%{

= tba
At Yesonance ) ’
% [am]zz c0s” (S2abt/2) (46

| o) = Sin? (VRab t/2)

o0l On resonance, || o

undamped

Fig. 2.20. Population probability |b(f)|* of the l ba— ) |2" OgC;[(p;f@ betneen
levels E, altering with the Rabi flopping fre-
quency due to the interaction with a strong

<
field. The resonant case is shown without 0 o 4 S%W—ha’@’

damping and with damping due to decay chan-

nels into other levels. The d ing curve rep- ~

reesl:ntstth(e)tf:ctoi :xsp[—(;ab/e;;lt};mg e rep _Ti)'s meang aJ' A”@ms
trans't between F, gud £y
Pertedically, Qosy from
oll on Ea o al on £, o
Vice V&Y‘SQ_'




e now in
-Lransrtion P‘f“obaloilc'-\'#_
| betd|” =

J2on € /e [ sn(2t/2]"

(Dba=) "+ (¥f2)*+ Rab

I1x8

clude the damp% tems ), axd Vb, ad phbtan the

Y= ya —yb)

(4F)

—his is the domped psciflaton with the dampry Cconstait—
1Py = (V) /e with the Rabi Floppy frepuensy
/

J2 =

The spectad prefite of

|prent}ian

St L0022

(48D

the transion Probability £ (47) Is




356.5 TransHion Prbbab\Hg,t for G Generad Cases . 5\

(1) .

“ime ——'Detpenalen'!’ Pey turbation "'_%eor‘\rl

“Time —Deme’ Pexturbation ‘Theofg[
The approxamactcon method s valid wn

A, A
Hlco << Ho )

’"hug the H Can be treated Q& R Fe('?vvrb@h‘ov\
We write Cn(H) o the eyc}mngw\ of W‘"Y ovdere @fl

Jov- the Condction of

To (/f\(a Slateg

MPTOK\ mettons
Onie) = Oty 0 (8) +Ca0e) + - (50)

The T ’na»o conditbng '{%‘f So \J‘j the So%roimgew egb(a:(‘lm < thal
ox -t:O) LP(D>>E w[{;:o)> = éL(‘t o)> QD > (5/)
Treom E%- () e have .

(st =0) = <Bgt=o| P = By Fiy =05,

l-ﬁ 0\C§(°)[£) + h L — ih

At at At
0 » nT
= ZC,:Zf ot H e (52)
et
s P e““F " HY,
N




7130
L\)e then set %Mj the foxms @f Same orc)@f MPW!W‘M on both

sdes ef +the 9,514&/*7&72 (5®. pNete: S H << Hv an
alreody o Rest oder approxmetion. Considery (%0 Is the
%@ngfl,\,_odewf a,ppmmmaﬁ@n a—FW Coeff/aenf C,,,(r’) +he 7&;}»
e ON the 1ight sile 0(0 Eg (53) i3 g/r’eaalx/ QR Firctovder

ppprokination,  Thereore thewe ;s po derverh-order 7 0"
the )”:‘5%‘1‘ gide 0-]0 Eg (53) Sp we have .

W AUTD (54
At

i dCd”G‘)x %Cn‘")(w et Hen (557
.t_.

”ﬁ d C(Z)(‘f) _ 0 \C«){'C ,
\ Aft 2 % Coh'(t) € H e, ( 56)

\

Feom E% (5)  We get é") (+) = Constanl (57
(.F(om '\‘\I\Q ‘m'ha,o CO’n(l“'hW\ Eg (5") Cq_ ['(7 O) 5;?(,

- N e e

o _ -
Soa HED =0, e hate (%0 =0, (2D

!

% Céc)(,tco) ;&ij: )

ongidert ABF ) haoe
C S {‘j E% )/ e Qo o ] :5 h |
{@ w) = Cf (6= =ofi (38,

eV = On;




- Z1%]
Substiute E5.(%8) info 5 (55>, we fave

. (O > 0p T
AL 2 R Hp O (.

The ?uaﬁ‘on Can be \\n@mfed to Jive

t
W, ~_ |
Sinee the —g\\(\cﬁ %%a'ﬁl l@\o > is ogiﬂeﬂe«d’ ’ﬁbm 'l’t\x M«"ﬁeﬁ gn%@
\Eoy 'fro'“ €. (5§), we have Cff"’(f) —0  (61)
—Thevetore , b\l -mg:j Ahe fst order @PP@&McW, we get
Cf (t) = Cf(O>C~t') ~+ Cfm@e)
) /
—;...i_,lﬁ_fe‘ Y, 0 de' (62)
Fpom our obscussion ahove  about the Honsition, robakdty ol
%(8)}/\ 'HAQ HranSifien Pfobabl‘/ﬁy fﬁ‘om 1@4;> —ib léf’?
wder [} (66) perturbation TS given by
2
. ’(' == [’é’) —_— _,,..,L t A . l
RJC[ ) } C’f l - #2 /\({; etét%o-t H;C,/{J)Jf//
(6%
“In SFedws@px/) (Je wQu.co%j Lse a Tem called Hanchon

JAE o de (6o

2

rate / which TS c@e/fmed as —the Afmansition Fraba/of/ly}&/ e
uni+tme - &,
J f ) J = |
Wag (6 = Eft = 51 G| (64

L [ st




ﬂ/39~

/)\To‘fe .me the Po.n+ e—F view o% 'ﬁﬂ?e—-cpefenden«f j)eﬁwr/xd?m t})em&?{

/

ofter mfegmﬁj E§ (60) to obfain Qc (f) (et can be
2nd order %Mm (56) T devive Cf (‘6)
approximatins C}( ey |

Su,bg'h’hk'h’/d into -dqe
(ﬁhs Procedul’é con go N to 2/106;\@‘(“ ordex”

e G = ch (+) (65)

So the Frrnsihon pmbab‘l '7 (]D‘/][ () = } Cf (ﬁ){z-

| “tro.nsi‘—ﬁon: Yate . [ )= dFerct) :M
L h)f{ ) At At

T




Ti2>

‘The +Hme »&e")@ndﬁvﬂ' P@YWWW 'theoﬁ, ['ke Egg,[63) o~ /élr‘),
ﬁ(‘ue$ ‘the 8@\09(\«9 e%ua)a‘@n '\Do(" afonsition waabf(fv‘;lo We need o
dexive the matrix elemea’(A H(]pc = (49{1 fi\f'l@ﬁ, Jhich Aefends
on B the P@ﬁwbﬂf“@“ H' and ® the ’a‘}e"shf% |CPg > andl >

v Tpdiatton plosorpfion and Hanston e care about™
SnuSordal pevtibation (rke

é ( e‘wt+@"¢w) (66>
stan’t”

(2) Fo

the Yeﬁ@d\‘c P@ﬂw\dw;ﬁ‘m (e
Laves ), A

EM >Q H(f—: }é cos ot = —a

(Shere W is 4 —h‘me——fnc@epzmdewf operstory and &) is a CO

M wave. Substtte Ej (66) vr12

angular -ﬁ'&%uewos/ of the
E _ 62) ) = t [é%ét/ /
§-(6% (o) '—Lcﬁ ﬁe HY, ¢ dt

. t 4 it/ o sl s
e ("™ (e“he®™Hdt’ (69

w———
o—

2Ch @
— FE . t 4;(5()3% ’f‘w)'t, ‘i[&;? "C«))t/ |
24:?\ ga [8 "“‘ e jdt
LAt (e ~T
e f_& € — | -+ e ",
2h | e+ W, ~u

'Thew'fofe, under the Sinusordal Perhuflmﬁbn) the tmmaton Pmbab:‘/f?{

I 5(‘\/@\ by

N2 P2 oIt | Z
N A —'!/

(69)
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Eg (68) toisale the Yesonance yatwre of the Aransiin probab it

4he 2nd fexm on the Tyt side of Eg‘. (68>

Geet When (0 % Wfi
the fixt T

is much lager ey
N 4;'—6&)—['
e'LC‘Jf ) . e@([&fc )2 5{,,@ rw)f/z 7

) ! - &
T o GrEny S
(pse2: Z\)}zen Lo %“‘&)f; ) the vft‘mf Fexm pecomel dominant
) 4;4'60)‘(7 X
74—(—3 i(ff—/:‘«)‘# _ ec(bﬁfz“*w)’%r - [[é()ﬁ;—f&))'t/z]
“ (wfé +8)/>
(70).

) =o all the +ime , then

| et us choose
means Ef >Ei 1%, the

Cﬁei, L‘)‘Fe/’\\:w 70/
octomMm obsorbs oo P]'\o'\On and Mokes & Hrang fion 'ﬁb”’\

e [owex [evel | P> B the higher leveld | %>

~ | Fe
Ef — | P> E: W 7
AN ———— >
= | 9:> Ee — NS
Case 1 (nse 2
(ose 2, (g x> <O, Means Ep < Ei, re, the afom
[c&)@r [@\/@/O

Qoes from  the hisher leveld | F> to the

| @ > by S’r\‘rnula}redlf entt~3 a )le\m‘bn.
(Wher o is —FM awa%i from = COfs, the Aronsiton Pmbabf[l‘% (<
\/@{y qmetl « T \Wﬁ, the Hanstons we Qare about are &

Yesonane P}\enomer\on .
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"Themf“@; when [A)%a}f@\, We On(\/ take A _?Lf'f‘f""\/ sond A)Ae‘n‘
LD = «-&)f«: Lo 0”2?/ take A4+ texm . Thus, the transiten Prabab///-%

) 1?{5 }2 anz [{&)f,:tw> t/z]

8 (f —

P‘”f NG o7 i
where 4" —Fo(‘ () 7 ——&){‘4; (emcgsfon) and =" —Fﬂra) o G [abSor?ﬁo)‘

S j(\/en b\/

(1)

A Z(t;w)
2,2
77
452
4n
do = —
4
i
(
AN NP S
0 o5 | w
-—2T 2T
FIGURE —ZJL‘ ':E"
Variation,with respect to e, of the first-order transition probability Z,,(1; o) agsocia

sinusoidal perturbation of angular frequency w;¢ is fixed, When w =~ w;, a resonance app
intensity is proportional to /* and whose width is inversely proportional to f.

P oxample o @ & 0g; Cabsopiin) case (S Sk f; ab;ufe+£nge
—Fo\r Q‘xecl qime t. Thes c(eaxés; Shaws the yeSonant Wt\ re s
+yonSiilon Pfébabf/"*y s The P@babi/,‘%;{ yeaches —tl«fﬁM;am:;eg g .
As »we move away from v the Fransitien Probah/t'/g ecye i 2 oz
to 2eYd Por [0«)'6«9{,;) ‘—‘—"ZTT/'t. Lohen | L% contonues fo incvease,

2.
-the P@\Ofkb“f&l pscillates between q yuch StV ueﬁz (-2

aV\A 2@{‘0 .
? ' Aefined @&
(3) - *The reSonaunce Width Ac) can be approX nwfeg/ et

Hhe dictance  pefween +he +wo Zevos 97” P,g]aCt) abowt Q=¥

AW = 4 (33 o
= The |arger the tme t) the gmaller this width .
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Eg. (3 prsents & cexfal onalegy with the time -energy uncertainy
ume Hhat we waont o measire the energy fflerence

[7/;7 a 80’)“&‘0'#@4 PQ/VWM/ﬁ@ﬂ &(Dargru/a,f
as to detect ‘Hua

relatten « /55
Ep-~E¢=hofe by app
fguensy @ to the S)/s‘fe\rf\/ and vayeG @& SO

Jesonana. Tf the pectudation 4cts durt) 4 time T, e
unwﬁw\n@ AFE on -the Value Ef-Eé wal be @7[ He order oF

AE: f{A&)ﬁ’%[I/ﬂ .

o AE.-t >T. “This recalls the time—energy uﬂcedzm'/;(

reloatton ©  &E.at > b
Nete s heQ, the t IS He fime af measements. , Since the
cE Wil cause pcnce,rfd/z‘n‘?’%

peasemst time t 1S not mfinite

of the energy Ie\)eQ Ef. [Ohen  NO pwmrbaﬁ‘w\ ?Yes?ew/“s)
due 1?0 ~the Qfon'fanw%o 2MmisSion Az ) Hhe [Cfe-h‘me, — |
“he time Tn‘t”@(vaﬂ O]C +he -Ffe@ e Volutien &F e afom

s fraite the enery level Ef (hichee than gram/ chate)

"ﬂnu%7 the 8,7611'{&33@0&5254 emited Sx}?edﬁﬂ /c77€i$ /)a)/e covdaen
AE{: L N;HL(J\ also

Lotd-th {or Yesonance A= .
_ "ﬁ > 9T
fesurts Tn the tatwrad  [inewidthy for absorpfion.
AJ;?____;I"_:_@ . Above @PP@X’WW s vald  pnder Hhe condvhon,
AL = |w-a5¢| << 2¢0f¢

T)’MS, At =t >>—$ =~ -3 s fegm‘red condtion .
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(4) LDhen t is large enough (+—>a9) EZ-(?’) inkes the |mit
of  Jim S W[ (W £et/2]
420 [(Nﬂ iw)/zjz

= Tt I (W 20)] (70

Reeall Sax) = —2-d0x) (7))

then By (Fw) becomes: | s [ (L “»t/zz] = oMt (6s2e) (34
+ >0 [0"))% ’tw)/z]

From Ez.(?l),
ﬁf[+)=”g%%lFfi}25(chiw) (77)

’ﬂ\e +rans tion Tle .

— d Fef €© T 2
\/\)if (t) = 5—_6—[_ ==21;7_{F{1;} ;(iniw)

B e e
F\)o‘te; 5-(51)()::—-0{—5(;()' o S(Ef;_,f.,, + ) = %—é—(gf ~&¢ iﬁw)J

This furthey” exhibits the reconane feature of fadiafon
absor,;'h‘an ad emission .

(5> Limits O‘F The ']Cfrd‘—of‘der calenlach'on .

The —ﬁrg-(—-—DY"deY' app@){thﬂ:f’(‘@ﬂ can cease +o be velvd  when the.

+time bewmes oo [avge. This can be seen fhom -hoo examples,

© From Ez,,[:h)) at resonance () = + afe, the Hanstten prbabilil
. ‘.
Par ¢0) :—}"57_%4"[22 (%)

3N 2 v, 2 |
[\79+€ : ‘S”’ X . 1 when X=p ' s f[0{¢W)f/2] _— 2 = N |
X2 ;o 2 =T @&J—i“)ﬁ

[Cse Y27




g/NEYy
® Fram Eg' (77>, of resenance ()= =+ fs

P #>= D= IFee]® [ 89

Both %.(7‘?) ond E}.(SD) become Tnfu‘n(fe When t-—->001 which
‘¢ absurd, sine & Pprobabilcy can never be greater than 1

Tn practice, 'fbr the first —order aPme,‘mm‘on 40 be valid

ot yesononce , the Pr‘obalm‘fr"/‘at e Ezs_('?‘)) or (§0) must be
much  smodlex” than 1, e,

+ << h (&)
| Pl

TIndeed, for this theorzi -to be meaniyfiul ,tis necessary 1 have

aﬂfﬁ'her condition to be matched :

£ T (%

Thus, ":FOT the st —ovdex aPPPOKFmaﬁbﬂ +o be vald, the condifiong
\oelow WMust be Mmatehed -

1 <« t << "‘L (8>)
| e | © , F;-”«vl

(e | e — (84)
Eloyl  [Ep-E | Fsz |

The energ) Jaﬁ”"’“& |Es -Ec| = Fle] must be much lerged™
than the matrix elemedt™ [F{’~,




/NE
T shoo precsely why the imeguelcly Eg. (81) ont By 82> s ;

elated o the validih) of -the Prrst—order~ appoXimation , it would
beneCeSS“’}]l to caleulate -the hisher-—ovder corecton and 1O
oxamine undey. whot conditions 'H;e)/ are nejﬂ‘ac,‘ble, [t Twns |
the fn"/gw'*j E? (§1) 75 a necessavy. conditien , but" not r:‘gorvaslé{ |
Sufficient,

’["he Prbb(ﬂ-m &F codcwlwfv"g the -HanSHon Ffababt'{l‘r;b[ When
t does ot Safisfy [Eg.(80) Can be found in the Complement

Cyg in —the beok “ Auartum Mechanics ! Veolume Tweo by Clande
Cohen — Tannoud)s (Nobel Laureat’), in hich an approXination
9’F 78 Az{f"’re”" method is used — +the Seculay QpProximation
Of cowrge , hisher-order” pertwrbation -t}ueo;y can also e uged

(6) Non —monochmm atic Radration [eld Exerfation .

Moove we only consder monochramatic WaVes . Lhen The
Yodiatton han  cextren [Tnewidth [baﬂclwfdw%)/ je. mota Single
SYTMSOR{WO Loe WZ moe e Can teke Foww\er —i’m‘ns?éﬂﬂ or
the Tdiation {Fel ) -

ﬁ/&,) ~ ﬂ;w H' tw) e “y.s [ 95)

/

£
.

AN +o & Lt
L\W\efe { _ [ (¢ J'{_"
H (W)= ~ral H ) e :

- s the amplf‘m&e o-F monochematle  wove w,‘r}) d&gulxr
A
vﬁ@%lﬂenc%[ [y tn the Fourier -l'fbm&f&m 9# HE)
\ A
Thus, the et elemedt % W= <G HO[G> is

Yiven b\/




T iYp

He, (© = fj Hy, @ € “do. (86)

¢ = T : ) ot
gt

t ¢t + o
§ e dt'f H%‘(w)e dw
0 - v

= —;:%“[,jdw HeloT § Cdfe- )

A
)

271 ! (8P

4T | Hp( o) (89)

o Prp = | Ceod|F
Ti'\em{/af e, ‘t!'\e, st'h“vf\ P(b\oabf(('f&{ = F)@ FDT’HMQ/O ﬁ; ’fh
(“31%511) li]ég“r) s wm[)anenf at

atnc element” | Hee
'/Flﬁ& makes [efs &f Sense

Gtv\%u\ovr {%VL@Y\C& N
pecawre {0 & broad-bowd exettation | e useful enery

S Onl;/ -the energy at -the ’6"’7“@”&% 9’[C Bohv f}?uenc&l

OD'G‘{/ ' Eﬂe‘(g\./ al O’HL@Y" %egmo‘% i< MSQIQSS_

e i o gl e .t
acer [t§hTh The  auailable powey™ (s A [5 W,

pond |
[000«) Some‘ood\/ oan P‘(DA/LLCZ lOL{) ’70003{ @ 587””’\ bbd' U)W’A

| 5 &My [meeidth . The uceful pover 7€
G\,b ot U = J = ?

e Ty xzw > x oW = 0.2W
For (00 MH). (age{"@ 77«9%?,’ \,tSeﬁ».Q Fm\)e\(‘ ..I.»-»@-\'j“ = 05w |

———The Navewkand 3 bottec /17
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ééé Full GQuantum Treatment U’F Radiatve “Transihions

(—‘T‘he 3oocl refefence. books Hor +he swbjécf ar

© Y The Guantum Theﬂ’lg of L,‘é:ln“ Y b)’ Radrze\/ [ovdon

® " Aomic SFeun'a and Radiative Transitions” b\/ Tgor 1. Sobelman
—The 8470d feferenoa beoks Her  Yerterbation Them’}(/ ave

@ "Buantum Mechanics * on L.D. Landau
K@ “Ruantum  Ne chanics ” by Claude Cohen- Tannoud)’

/ls we have des( ‘bed Tn -the enrliexr Sectorns, “the Sem «'-—c/ass.‘mj

‘H!em(y con describe ‘(;Q-e Sh‘mu/a:ree/ //,‘ncluce&) mbsﬂpﬁbn ol omission
\/QQI well, but cannsT ﬂaﬁbm/é[ /77C/L{p/e +he Sfon'/zm eouS M,

T, -the sem; - classieat theof#, the Yudiation fF‘eld S"h’engfﬁg ?anﬁ( B
are Heafed s classical  ynriobles Ohile the atoms ave freated
%mmum - mechmﬂ‘ca%r/, (Ruentization Conditions on the ehergy of the

yodoetion —Ffeld were psed o devive Plapck’s lad, but the concept”

of phofons has Plccyeai a <small Yole M +Hhe Subfe)wwf +heor . This
Semi- Classical -theory  provides the correct theotetival expressions,

for o wide yunge of guantifies.

The mest com'bl@u Jesm‘fwﬁ‘ﬂ\ of -the yadinton field must be
i\)‘gh‘r [ n %WW”mCChM“C@p fexms swhere -the fleld obsevvables
T anl B ole Y‘efresen’l'-ei b\/ Opeyzitors, This —ﬁcll gum'/’nm freamedd”

IS applied fo the efeCWWm‘c telf . We obtam expressions for the
m;gwdvrs Hhat Y‘e,f))’egew'f' e Vanous -FCe W obsevwables and e desribe
“the variows Kinds of *Fie ld state +hat can be er\\/l?agea/ in Hie gum:/um
Po‘dwea Quantizohon hodues  charaderistic W -—mec/wm'm/ effects
i the Properfies of the Yadrantn fleid




T3
1. Dnantization oF +he Radiaton Freld
(M Potentic( ‘H)eov’(?,l for -the classical EM fretd
“The QWW" Thwﬁ;l 9]£ the radiation —ﬂ‘ed has mary cunilavitres
With the classical theory. The fleid veetels in gulatim theoy)
must be faken AS opewiors mstead of the algebraic guerhiies of
classical theod, bt both thesties @re basad on Maells  cpuaters.

It 1S no'rpoﬁfble ‘o deyive the gmnmm -7‘}1@07’5[ —]Ufpm the classical
\”"S/ bud’ ’H)e "'m—ﬂﬁfﬁb‘/) fo gWM‘fuM mechanf‘cg con be ﬁ((Dwf/IS'[ep/

most easily if the eguations of Classical EM theory ar st put into
o suitah! &l S’Mﬁﬁesh‘\/e —][;rm. The 'ﬂ‘m‘ task here is to Cast the

Clags,\wj %wﬁbns n a 'l%rm Whete -r})e }mfmom\c-agc.‘//m‘af J«Lp@w&nce “
of the freld Voriahles 15 Suitable fov conversion o Juanteum medhanis

Maoxwell's Egmﬁ‘mg for EM fretd in nonmagnetic  medium

X E —_— —
4 . /ai Lhete T o T ar the
7:1:‘7" B =&, (9F/t) +J Chame aul crredt Jenstes,
s, vE =0 rb';rec-hve%.
V- =0

The guanﬁza‘hbn procedure  is {faellitated if the classical Masgel eguakons
Ale ﬂ'QXFfeSSeA In teYms O]C the Stalav and vecter P?knh\u/s’cp one
ﬁ Wg[;edcw,[g. Tn terms of  Sealax Wre«zm/ cfb ol Verter lpo-feyrh\a,ﬂ A )

{E"-—‘—qu— 24 (37)
B =vxA (92)

thete 7xve =0 A <:}> is a Scalar —Func'h‘on.




/s
l-? the Poten‘h‘aJS ove Khown , EZ; (§9) ad (90) enable E o é’ 4o be
Jew,\,l . The Fofenﬁ‘ajs can be JAetermined j>>/ “he 1@//0“;2305

{ \7(17-/5'>~V2/T+fc’; g?l?qb -+ -C-’; ij’:yﬁ“ (71)
8T -~V (A/o) =T (92)

Whee vXVX A =V (V.5 -TV2A
His POSS[u& to Sl\mplﬁfy -the ?uaﬁms by +the IMpPOston 6’P

Come ad&(—h‘mmj Conditions on the Pafenh%s ,7}"' ond P TS fmfaf'/m/T
4o realize that EZS. (82) ad (90> do not (om[o!e-he(g $p>ea‘€y the formg
DF the PoJren'h‘als A od P, The Po’fenﬁaﬂs A ad p can be Vavied,
Within  certan l"m:‘f?, withouwt any fesulﬁé change b the obseyvable
'Ffelds E ad B. This Kind &F 'fWSﬁfmaﬁbn is aalled "g‘auge"—/m»ﬁmq,ﬁ‘m, |
|+ show!d be emriws:'Zed thet § ad E’/ e PhySl‘Ca%{ measiwrehle
\—ﬁ‘emls, do not defenc/ n any way on -the choice of Fange {or g ad p.
Hoa)e/\i@r , the —Freedom 9]0 Choice Pm‘/'\ded 'D)’ gauge ipyavience can pften
be used o obiwin ConSiderable Siuplifiations in the cakulation of
T and B .
(2) 'Tl"ﬁ Coulomb Gauge

—The EM feld is sad fo be in the Coulomb gauge Ohen the

Vector P?ffen'ﬁ“aj satisfres the Condtion
Ve A =0 (92

o o fod epecified originally by o paic of porertiele Ao e g
i @(a)a/# rpassiblz 1o WSfm’M 4o the (oulomb gauge E\// oL
e I

b = +(25%:)




TLius
Inder Cowlomb ’rfamsformmbn, ggg_ (91) o (92) are SO\M’)/tﬁed o

VA 45 PA L1 > =
73 5t o VP =H T (2
V¢ =0k (76>

Peordy o He/mhol'{g.’ theorem  any Vector {ield Can be LWriten 4s a

N O'F two Cm{aonen‘fs, ohe e-F u)l'n‘c”\ has 2evo duvevgence @l the
other of Dhich hae 2eYo curl. For the case of -the corrent Jensﬁg{
E)?, the Sum (S 5‘>=5';+T)—”:/ (97)

hete V’:_fr =o Vx7J, =o
T ol T o he fronsirse aul ongihudinal componer, TEPEEVEd.

7
Thus, EZ (9¢) Oon be STmPlf-ﬁ‘ed ‘o
>n —
— VA + cz%_g"‘f‘é"j’r (78) .

in considerisy 'j':’_ = ¢, Voot
’)’he Solution of Eg,(??) iS
- -
Ho P ) 3
AP = ijl‘f( ) BFE (99)

=

LYheve t=t —| ?"?///c [ (00)

The Vector prtential 7 at positin 17 0wt tme ¢ thus includes expleity
the effect of the {inite Velocty of light in Je/aé/fz\;j the armivel ot
Y of the mfluence of the cument at a distant pont r' A
Dbsevver ot T can have Q knou)/ea/ge of Hhe curvent Jigtnbutin
ot ' only as it existed at the Yetarded time t' given by E (190),
‘TAQ Scalax Pofen#o\ﬂ gf; can be Obfaied fvom % (96)

> _ 1 Dy 32
(y )= - dSrl
Clb 47r£o l ?——?” [/D/)




. — /
The electic Qeld vecter E oan also be divided joto  fransverse T iué

oo lmg.h‘ult‘fw@ ?)ow‘l@: ’? —.:Eif -1— E: [102)

LOheYe V‘E’r —f——Vx?: =P ( te3)
Thas. ¢ Br = - SH/ 5t /10%)
-ET, = "\775 (125

The magnet Preid vectr B T enfiely trancverse accordl fo the
Maxwell %?U-a/ﬁ‘m’r V- B =D.

The gfe@a‘ aept/an*luge of the Coulomb gauge, for the problem of
the Toudioction —Freld and 1S [nferacheon Wrth charges and cunent [res
the Separation of the —ﬁ‘eld #WWS ool Moaxell s 6}?M’/‘WS jato $wo |
Aistinet Poof'ls. The /o/y,vzdmaﬂ Pa{f Is associated wpith the Scalav

potential ¢ . ¢y, = -V = V. (106)
§ T =-& 56 Jot (1072

Tl\e l ongvfﬁ,«dmaﬂ e@uaﬁ‘ms a’e&,ﬁl;g the -,C;‘eldg an‘,sr‘mg «f;@m ﬁe c/zmyes y
s deteymined by the juatons of clectpstatics,

The +ransverse Foqf'l' [s associated Wi, the Vecter Pofén'h‘aj
A . ""’\V)(-é:r"—: — 3?/2‘[’

—}—j—;vx}é’——:a [éfT/azL) + I (/0@
V-Er =0
V-8 =0

The unsyerse W& describe EM waves, Dhich are fnf/uemeg/ 9,;/), b)’ \—7:_;_ . ‘.

The  Seporotivn of the eguatbns b a Sttt part / logindial) |
pssocioled with the C}‘Mg“’- cpenso}‘y and a d}llzwwfc paxt [tomsverse )
Ossociated 1ith the EM] waves 15 & fomal consoguumce of the Coulomb
Qauge  Condifion .




(3) The free classical fred L7
)'F a Yegion aF Sface Where T’T =0  and hence
—VA = %2{7’ =0 ( 109/
<the fred in sneh a Yegion of gFace s sad 1o be]pree.
The 2wm—hzam‘an 0f the EM freld proceeds by the Y\ep/acemeyﬂ" )
of the classial vector ]7979”47““[ A 1;71 A Guoitin _ mechanical opereteT A
The finad mancpulaten on the clagsical freid [lende 1o a form of the
classical eguatos i which the Hansiton o guorin Meckanics i
stipshtfeserd .
| et us considex . cubic veqon of Space of sde L merely as
Q mgfon oF SFN'Q prthout é‘m«‘t]{ YEﬂﬂ boma’w‘es_ We take runm% LOaVES
oundl gwbjecr $hem o Peru‘od:‘c boourw@a)s/ conditens. TMS, +he vectolr
?a'{ev\-h'aﬂ in the “Cavity " can be expanded in o Fowrier serneg.

T =3xS hwer (BTt 2w ep(E- DY
=
where the components of the wavevector K take the values
Ky = 2T Nx/L - Ky =2mNy /|, Ke LY/ N

With Ny, Ny, Nz =0, =1, £2, +3, ---
The e vector TZ___._ Z){If/\/xf 4 /\/yg N /\lz/(;). The Coulomd
Jauge condifion L3 (7% is satisfed if

K- A (0 = K- Aren =0 (1)
—here afe fwo independent™ diresttons o{ Ao (4> fr each E. 2—1::?(4
The Aoffere™ fpaney components of F ave in depen Jeit

ad st Seperaiely Sefsfy e foud eguaton B1m) Sk
’ﬁ\us, K'Zf(.é) —+ L 32;}1({‘) — _i
a cx o T ° (3> B

ad FX(H Satisfies The Same eguation



/N
’ﬂwe F owvieY” COQ;/'ﬁ‘u‘en’lS ‘Hle/YQ?fé Saih\S]Cy 'Hle Sc‘m})[e -—/-/wrmon IC. .

equodion (az,aﬁ © /547 ) + @i Ae (O =0 [ 11%)

L>here We = C-K (15)

"ﬂ;e Soluften af Ez_ (1) can be taken Qs

/}K ) = A exF(-— {eet) | (06>

Thus, -the (,o\»«f(e‘ha Vectsr poJrevrh‘aﬂ becemes

B = S Auep(-iact+iB T+ G expline-iB-)]
2 LD

—

The cycle—avwged energy content of a Single mode ks

g == [ (2B +4 BSHdv ( 18)
Ca.\h'hé

Whete the bors a’ende 7 cycle averrge, and Ek
ano) agnetic fretds associodted With the mode, Thus, (N2 |

fk _ 2 24;( ——7/60 (AK e,xr;(-mgt+clc r) AK exp [z‘&)[l’-—c‘??)] 5’

and ;"g’;; are He electic

{ B =T7XAe =4 Kx[A,: Q‘CF(”HJEL"fi? r)-f}gap(mzt 2N
(/ao)/

(’—F K Is mlong )”WCIS ?K 1S a/onj 2 - axis, 'fAeVl ‘g; IS m x—ax:s‘>
Substitute Egs (11?) ad (120 into Eg(u&) the energy
g, =28 Vax Ao - A (121

heve V= L3 |
The mode Varicbles Ap o At can be replaced by a generblized |

moda Pogmen cootdinate ﬁk and mede “momentum” F. n accodlance

WOith the 'l'mns-ﬁrma:hbns — N
Me = (4 V) ’2(4),453,( +ER)er  (1ad)

_.).*L
Ae = (44 V2% (b -iR)B (193D




I g
’F’"ﬁ COOYAaWeS GCoe oA (P.», are scoler gwﬁ‘h‘eg, .H’e dl‘fec#‘ana,/ P|2 Hes
@‘F /Tic ad A howig  been SeFamIzJ by +he [rtroduction o-f a unt

”PD!QXFZQT‘\OY\ yector EZ .F;r +he meode, 7’}‘MS, the S"hgle ~mode energy

gg =—2'— (ﬂ:z'l'd)z @7<> (1P,
This is preciseld the usual form of the enegy of a classical

haymonc pscillodor, The problem of +the vector Pa+en77‘a/ associalzd
With a cavity mode hos been made Rrmally \’%LLI‘VAW to & classical

harmonie —oscilleder™ problm. The complte classiced  Hamittonian

£o0 the Caﬁf{}]{ s 'Fonned 1)7 ok 4 Swm  pvey TZI aned the o
ndependent diections af o of +he S'hg/e mocﬁz-e,xpre%:bn Eg//aa).

4) The }MV”’Z""’ mechanical harmonic pscillater

The EM freid is quentized by convertly (e and fi ine gubnTn

]y\fchwn ,‘cmﬂ Poﬁ"h‘an ond momentuum a[)efbdaﬁ ?l; aml’ﬁ;

The @M Hamiltonian ff%r o A-D haymenie pscillador of unit puass (s

}/,\I = %[%2+m2§6 (12¢f)
(A)he,ft 1§ ad é ob&\/ the Msua,@ commuwtation velatton .
rh,pa=2¢h (124>

£oand A7 replace b ad P
Define & pai of epe@ors A # 4" o TEPUE 7 P.

1
&Al = [213&0)—2 [502 +i7§) [12F)

J)
The, § = (Bfw)* A+a") (157)
’,‘; = _.z[ﬂw/z)‘zl' (4— &%) [ 130)

The GPWS 4 and At are called the destructon anl creeton
ppemtvrs o the  haxmontc pscillator, They do ndr, howevel™,




Yepresen™ observables of the hamenic pscillator. I 150.

Fom E%s.();?? ~128), loe haxe
2t A -, A2 Az AN AL
AtA =(h) (P gt i0Z P - ieFd)

G\,——\/—*——’

_ - A 1 e |
. o = (ho)! (A ~F79)  gur, pr--ta (131 ‘
mtuiaX -+ .
\ "3> A A -:-(Z/L;w)'(ﬁ _f_,_zl_‘t;a)) (135D ‘
Thus, the commutator of the newd operlers s
Ea;a+]—:&£+—&+a=1 [133)
FYDM (132) e obfain A
K / H = he /é\ﬁﬁ + =) (134)

Ay A
’T}\C ofemdvf‘ &+a s Ccdled "H/(e \/]umb@f‘ p})eﬂzj'ﬁf‘ e-F -H,e ogc.‘[/a:/m(‘,
ond (e denole it as )i\);__:___ a—rA (35
Let |n> be an energy eisenState of the haymontc oscillator WDith

eigenvalue En. The elsenvalue  eguation is

A

Hny =ho (Y& +2L) Iny =Enln? [126)
Muttply both Sides from the left by 4

AL 0

fo (8844 + 4 &9ns =6 B> (5D

U'{F"{‘-z’(j E%,(f%)) Eg.[(?;?) becomes
A

ho (3*91&**2\{*#%—4-34() [n) =En ﬁ"’/@/ (/38‘)

ohich can be re-avianged as
A
bio (844 + 4y 4% [y =B+ T0) 2T Im> = F atiny

(9) |
The last eguatton again has the HJom of an energy eisenvalue |
egparion . |+ s howos thot the stale 2+ n> 7S an eigenstate of




the hoormenic  psesllater” Dith eigenvalue £, L he. 5]

0)9 Aef(‘ne_ +the new e.‘&ensfzde ons] eifen value as

A
é In+> =at () ( 1%0)
Epst =En+h@ (i)
’rl'NAS, ‘E% (15(?) CON be w(l\""‘eﬂ as
f-} In+1y = Epny In+ ) (1%<)
These_ Yesuts Show Hhat éaa‘ven a hamonike~ T 7T T 77
/ N At EVH—'
oscillator energy [evel En, there exists anothe™ 2 .
le\)Q,Q '1:)&) abole the 'Fﬁ;‘f‘ 'The enevgy /e\le,/g - *: En-i
t)nus%m an M—-SFMM [adder. As in R
Classical mechanics, thete 1S N0 maxinum enevgy — _FeShe
2
Lestrichon Br the hammonic escillater, and the o “ii‘; _
LTI Eeo

ladldey™ of |evels extends Wa,rds +o rnf}m‘fé{_
The [ower end ef the [addex can be jnvestigated 57’ multiplication

of By (136) from the left by 4. e obain

Nain> =(E-ta)Biny (1
T‘MA$, ‘the S’}Bd:& A[Y)> S an energy elgeﬂﬁlﬂil A)(?’l’l el}en\/a/ue
En"ﬁw- A)e de-][“ne

In-t > = é\l/n> [ 14%)
En.-{ = En—t&) [IUI>
(146)

So A 1n-1> =By I 01>,
The ladder of enersy levels thus exterds downwards with ggual
Gleps 0. However, the ladder wush hawe ol lowey end because
the oscillatoy™ Kinetic and Po‘/@m"‘a/ eNnergres are PD’SH{Ve l?umr/w‘ﬁ‘egl
and He esenvalues @re not allowed to be Nesahve




ALY
Le’f‘ |0 be +he W State o)ith enezy E, Eg (143D éz,‘ygg/
roundl ,
’&70‘“ H’e? State }i\l a 0> = (Eo-’ﬁw)ﬁ [ (1+F)
Since by hypothesis, there is o eisenstate of lower energy han the
gﬁw Sl’a:bz ) %ﬂ- an@! Solwten 570 EZ (/4—7) Ccns:‘sfem‘ A)ffh ﬂn_z;

ical ton T
Ph\/s | foterpretn iS 2\”0> 5 8)

7‘he W—S‘(?«jz condden CON be nged Ao determine Eo, Stnce
Ez_' (126) «f%\r ‘t’/h\e gWsﬂ‘a}fZ becomes |
H |o> ~hwbth+ Doy
= hAt(h10%) +Lheolo>
= 0 +Zholo
ov By = Lhwlo> =E. o> (149)
Thus, -the energy eigenvalue E =L jw [ 150)
“The enegy egenvalueS o the hamenic. oscillatr ar
En=M+2) ho (151)
As shown in the Figue on Page T 151, 2 end o7 destioy oF ¢ reafe
heo in the oscillator’s  eXcifation energy, aw +hug
prbdwf-g o. Step down or wp the [adderr The states |n> are

A
Simu Honepus eigenstates of H ad o
N> = Atalay =nln>  [(152)

o %mnhcm

’The e“gen\/alue e-F 7’)\ mo':‘c:aj@s +he Num bey o-F gumﬁra hed exetes
above the oscillater 2o shife .




To normakize the eigensfate [n)> e, fo make Iis3

<n-tfn=1y =n|nY =Ln+ | N+ = { (153)
|et us considet” -the effect of these ¢ ondctiens on 52.(‘1444). [nsert
o mwmber fader €. p,[p-i> =& [nY
<n-| QZG en[n-1> =n| £+£1n> = N<nIn>=n

=lea*=n = en=/n.

Thes, A n> = n [n-1> (154)
Similar /@\+IH>=/7)_+T [n+> [155)

Differert energy g senstates of -the hoymonic, oscillaters ark
DY‘MD@%M e~ The on/y non- vams/wg maircx elements of 4 m,J
+ ave those of the tyPpes

<n—tl€z;n> = Jn [ 158
< [ 4 n> Y (15%)

E\/U# Hevmitian 6F®f‘0\3|'5f A&w matnx elements that S’aﬁf‘/
ondifiom . .
the ¢ <Dl 3> =<¢D bliy (15%)

[+ is cleax that @ and 4 At are net Hermitran 0/>em""f§ and
@am‘o\'j fo the ge/nemﬂ Pﬁnu‘oles 070 &/\4 -1—),97/ cannot Y‘epresen'('
obsevvable  guautities. However, the\ prapeﬁg of destoyey or
CYea;Ivt, 8 gu@m‘u/m 9-)0 ener%z)// Dhen app[.ed fo an enevgy egen-
state of -the oxillator fs eacf/g oppreciated in A physical sense.
/\)ex+, we will use a ot p/‘ﬁ fo ?Wﬁée the radutn freid




(5) @wa,n‘l’\‘zm’?m\ Q—F the [:\‘ald | L15¥
The EM freld is now gtmv‘\zd b\/ the associotion of a g““""w"l’
mechanicad haymonie oscllator with  each mode K of the yadiaton
_ﬁeu The mode to Jhich m gua,n'hwl - me.chanical oPerwlvr refers is
i dveated 57/ a swhscript. ak and dk are the opevalols that ¢ yeat™ ane
JesHb/ A zmnw\ of evergy hede in the cavity £~ freld mode of ,,
paNyector K. These guan#a afe -the phofons of mmmvedm’/: ~the numbey
of P)\o‘l"DY\s K excited [ “The cavity i ole"'&ﬂnmea[ />>/ the e/gem/a/ue N

of the appropriate umber operutcy Ne va'*a ansd has possible
Volues 0,1, 2, -+~ The excitafon |evel of a cavity mode E i
determined by jts eigenstate |ne> . Tie Creation, destruction, andf
MumbeY™ ore/\’atfvfs for mede 12 @P/QA fo N> o ;,ey the 7%’/9“"7
Yules. a,(mo = /0 [ne 1> Qo> =0 (159
A2 ey =t e+ (160

Wk | N> = Nk | N> (161)
The states of the Hotal yadiation field in the casity can be
S)oecrﬁ‘eo' l’)’ the numbers of photons 1y, | Nk=, Vs,
C/OMF\e‘P‘Q set” of Cavity ymodes g B
In couwﬁﬁ the normal modes | [+ musH be Temembered that Hor
each worvecer K there are fwo independeit directions of the mode
Polwnzml‘m 2 . He“’- we [et thu sigle Symbol K stusd for borh the
Joonevectsr o] polatizafion of amode. c)ith Hirs convention, the phiase
“a Pamc%la.r }’\oma? mode. B /mplres that both the wrdevedloy ad
polarization of the mode are gpecfied .

oo excited inThe

-~




I/55
A Stfe of the fofal field can be writen as |y, Nea, Nks, - >
ond s s Fea“ﬁ‘ed 57; A String of mumbers | Smee the different cavits
Modes afe independent | the stote of -the totnl field can be writen
oS o Prbo’vtc‘l‘ 0{3%2 Soteg &F —+he ;‘naln\/fdumﬂ modes
| M, Nkz, Mies, > = [ D> [Nk | Niesy <+ 62y
The Stoteg oF the fndividual Covity modes Lol a/wﬂ/gé be assumed I)Dﬂw/r'zesl
and it Rlows that the tofal stk of the freid s also normalized .
Pn operator that Tefers to @ parteular normal) mode Ky affects only
the Fi\om in that parficular mode 'ﬁf@m"'#‘% » .
163) |

A+

A; [ M, Nz, Mes, v, Nieg, > = Mgt }n"',n"% = ket >
Sometines 1O denote the states of the toind ﬁek{ by the Short-hand

3> = 10> Mea) [nes> -+ (16e)

The Symbo05 §nk} hetre dencte -the complete set 6T numbers that gfea‘ﬁ/
te Excifaton levels of all the havmonic Oscillaters associated 0%
~the cavity Modes. There |s 0(/&9% an fﬂ]{;‘m'fe Nnumbers of oscllators
The|dnel> fon a complefe Se of states fir the EM froid 1 the
Covity (ohen every member Ny of the Set SN } is allowed o 7ake
on the vales 2evo ard all the positive integers .

The classicall vector petestial Fg ad FE Lo caviy mode B
Q)crre%eel in “teYm ap Pk Cnel K 1:71 E%g_ (163 a~t (j23) oure converdes!
{rifo %uawfum—mecham‘d & perutors ex[mg;segp in Tems 070 ﬁ o 2,_ :

E:@LEOVMKZSJ/Z(A)KQK#‘L\PK)@;_ —_— (,é&“)
2\~}% 2 A A —2—'- A A,
(42 VR (o g+ i )8 =(h/2e V0 4t
B =(haviR 3% (B~ PO —> .
(48Vi )" (e b= 0P Y8, = (V) GrE e



X 15
The relationships Siven by E;S.//‘;?) ad (138) have been used above,
"ﬁne Hansrhen 'ﬁbm classrca@ are) guam“wm mechanics fhus (onsists
013 the replatement of the classical fourier Cf’eﬁq‘:"enﬁ A and I b}/
+the destruction O}?emj?ST‘ 2{\'( andd the Creafion 9}’3%7' ﬂ: ’ mu(ﬁ;ohéd Ay A,
ymmermw@ *Fadar and o umt Veckr, The guﬂmh»m -~ mechan ;Caﬁ e,)(/oress:bn
fo‘f the Tota ) vector Pofenﬁaﬁ s obfained 1>7/ Sub stitetron 070 E;s.

(165) o (86 into E},(“?): (/5-7)\
/\ - -/-1:» \ \—)A
/T =3( W/zéo\/w/c)%'éﬁ fl\g e"[’("t‘&)k“f teker )H?rfe"f’/t&)zf—ék"?)}
- |
A %eAComer% resutts —er the electtic  and maéneﬁ‘c ,ﬁ\e Id DFQM.
£, and B, associofe With Mmode & are obfaned [oy mak-g Simi by~
~ ~ ‘ - M .
Sw}i/g\:mm?s in EZJ uz) A(/c;a) _ . A Oéf)
Ep = ¢ (Tt /28) é;‘_f Q,‘exF(—w‘a)ktn‘?- ) —diexp(dod - iF. ?‘)}
L & A ~ 4 A LA
BL = (/28 V0e V28 { fop(-turt +4F- D)~ Aexpleont B} |
The Orem‘vf ~or the Aw transyerse. electiic. avl magnee frelde are ( )|
A

— A '
B =3b, B-3% "
"lqe eltd ene —_ o A L b As
i -Fe Tg,y beCOWleS (C:K ’_2_21_ Cmivf)k/&&,gk+—ﬂ%§.gh/ng> d(/.

+ can be -
I+ can proven that EK - (et Fex T

“The Hamitonian opexatrr for the totad EM fieid in the caviry (s
Qjc*‘ %W‘)k(é?é’é\g+%) (172
The total energy of the Yudietion 'Par(‘a,\)(‘l'# sfate / fnk}> I's
§=%Z=§E(n,<+é)ﬁwk | (173)




\ LYd

O Dadiative Transthon Probabilitres

Rediatve tonsifions are to deal with the idteraction between an afom
il 0 Tadbation Preld . Amed with the guanfized fachation fteid, hete
let us freet the Yodiatve Hanskons ©rth il gwwdum ynechamics
.e. Q gwmﬁzed slom teracts ith @ gwwnhzed vadraton freid

(Dhen the ofom and The Thdiwhion fEech, hove. interaction , the
o*la,o mel‘romour\ Dperm‘vr s gpven on/

H = Ha + Hf + Hm (174

Whete Ha H; and H,,\t are the Hamiltoman Opersiors of the
ptom, the Yudiaton fed, ond %e, intevaction. The r'dea behind
the total Hatilnan operdor H is that the atom and the

r&dlafm’\ ‘ﬁeld are ‘h’em‘ea' s Q& Dhole S}ls'lem, ane both ave
oleseribed by gbwlﬂcm mechamcs

— IS
Ha z 2 (175)
A A, N
Hf = Z h il (al: R "'E/) (136)

1 here > is to Take Sum fr il electons inside the atom, U indude |
ol ,n'lemd?mws that cletermine the otomic State ke the Coulomb
infevuckion  between the nNucleus awf electtons, elem‘rﬁs‘/ahc intevaction
between electons, S’Fm orbit C‘DLLPlf/‘v Nucleay §/7m —elechen caupé««\y
nd CﬁnS‘f’W# exteynal -Pxeld m—Fluence et . a_K Is Hhe Cveation
operitor, A is the i hi lactiom operator (alse culed destruction ppexdor),




A T 75
Assume Ha has egenstates  [a> and | by . I

A A

Hal| 6> =Eal®>  H,|b> =E.[b> (177
N d
He [y =(Mia + 2 ) h% e (178)
A
He INerz» = (Mer = + L) e [Mery

AN A
Note +hat both Ha and Hg are independent™ of time .

A A A

Let H, = Ha tHs (179)
A = o> [ N> =[ &, N> (180)
B = |b> | M 21> =] b, M ®17 (131)

Note: The reason that we Can ife IA> and |B ag Bgs.(180-14)
s thet )-/-?4 and H{— ave Tf\depeywlen’f‘ a')a each other

Thus, we have
;’?DIA> I[EA +(ﬂm+"2L>F&>/<,Lj I/]> ::EA,/D (182

A |
H, |BY = [Ep + (Nt +D) ] B> = Es By (83 |
[13¥%)

hee  E, = Fat (Mir+2) T in
[l&i’)

Eg = Eub + (M %l +5L)'l7)&)k,x
Fom Egs.(183) and (183, e Know the eiyen Stafes
| 4> = |AD é“E‘t/ﬁ ¢, > =|B>e

Swtisfy  the Sthrdldinger eguation .
. A
fh —dz‘{t— l LPNH:)> = HD /l‘/'ﬂ [‘(’)>/ N;:A B [[X:})

BT (136D




LI%F
~The otal Ham(h‘oman &fervdzﬂr‘ H s given by
H = Ho + ot [ 188)
-T-}lﬁ 'd% (S o Tma;t— Hm'l' s Aa '[fnme—apepenaderﬂ’ )'Deﬂwrﬁa:h‘m

+o Hv ond then use perturbatin theof (ist order) o dlerive
‘(jlne 'h"oLY[Srhm\ Ffbbab Itﬁ'{ Smilar o Dhat coe hd i +he Semi-

claSSlwu@ ’HH’,W# ﬁue mrha,O CondrhonS‘ are
CA (0) =1, Mo) =0, &, the SYS‘IEW\ s at [l °>>//<99)

For Schrslger egustion oY) = H 2

the siile )w(_” — %_Cn/'f) /%(ﬂ> (1)

The Pmbabih‘ig[ f’(: the S)lsfem n Sfafe /%(+)> of +me T

is Qiven l’)’ ]CBH:))Z

Similor o the derivation 4x d14
415 (4)(15—) = (")@f

= ,‘ﬁgl_céow: UBEDV g b [ py

[t (BE)
[j, 84 “ % ,H(nf’A> dt (9

m Semy —CMG.‘caﬂ 'I’Illemy)

t(Es-En) o/ <B/ Hm't) >

(172> |

o ofPm = =

Theabte | the fousition pro b(x(o(("’y Fom (4> 4o 18> s |
() = | (0] = | ¢ |= t (BT, |
aé Cﬁ )] )J T} / f € /

B At |
The fowsition Prbbab\ ety pex unit +(me,. (19¢) |

._J?Ae(f)__ | d (e Earts
Wiz (9 "ij"‘“i;‘fz%‘]f S Bl 5]

(19%)




‘ A tbo
- derive the transon prbabilty  wWe must rite oul” the

W]-e,mamh Hamilﬁpnmn OFem:IBT ﬁ it . FW +he entie <€ 7/$‘fem b{— the
odom in')Q,md’b% wWith 'L’lxz radhation —Pr‘eld ’ ano'f/wr ;Dﬂ/g[ +to Write
<the 'Ivhzﬂ Ham\lbﬂmm H S

[F-enn] o445
L ~.-£ g. B (1%
o = H’c 5 2 A Pl § +u
1Jhere % B mFresen'lE the Tntemcton ef ‘the Spin mag hetic moment

of the electron with the pscillates magnetic {eid of the plane wale,

E% U?é) Can be ‘er-er devived +o

(19
.0 o B A e oy |
N Het = 7 i[’/ﬁf’f’fc'?(@ ‘i"p“sz‘B "ZH(’Af{"L)jj (198)

The 'fszS‘f’ frdo Teymg In EZ (198) 0&1’@"0, on ﬁ’ \necw[«g , ond the thivd |
Dhe J@Feno’& on [t guadm'hcallgl A)'t'}; y)omm/ [rsht Souvces e ,,n‘eﬂs,g/
is Sufficiently low that the effect of +he A2 tevim can be neglected.

l\

To Compare the (st and the 2nd Teyms 3 s on the prder of 1y
—A; [s O’F the o\fder D'F KA Thus (/4’" O?/ )[F (s MDmen‘/um>

S., 3 __ hkA hk
'—7\‘"“7\"" —~ = 5

P'f . PAa P

'F/F is, atmest, of 'H/permler of afomic dimension [?ohr s Q)
i
K= QT//L S B 0‘5—/))
' = Lo < f (199
=7 Y )

The ’N’gQ lnagmh% Come$ 'ﬁ"om the 7%5:" |ght W/wf/\ IS Aloonm
o move Lo ymost cases e sﬁm%{




Tlé1

Thus, e P2 e b = L
—2—/—: F[f) << 74_ S;A' 23 : —5— -8B (200)
et US onl\/ considex™ the ﬁ A1) term Lor nod,
A o = N
Hit = — 2 [7? For A ff)] (201)

Subsﬁ‘h’d@ ’Eg (16F) inte Eg.[aol)/
A e [ [£.9(a e -ckl
Hin‘t = “'% % H 'pr\/a)k.[ek‘ ¢>{ake + Qe € ; |

Some (’OM/F”CW“ pceurs hexe, She e ‘wfl\ne The atom anrd]
the Codiatton 'F?‘e(cl as an entire sygtem, the Iyteructions loetween

them ar ngéwcrdeoi o tntenal fnteraction. Because 1o external
intevadtion g lntoduced , the enhie Syéﬁem energy (theatom +
the (deatton {ield ) should be conSevvafive . Thix means +hatT the
-to—{ﬁ)@ Homi [tonian ﬁ is imdependent D’P time N +the
Yé)){ese/ﬂ’mh\m’\{ L}/N (.b>=lN>e—€ENt/’iT N=A B }
e Qa ol gf ave indeperdent of time [./1\,;,4, Shoutd pe Fuwmed
o Hime — ,‘noﬂafeMgIDede"Gf; re. Set t=o X
A 2 e
i =5 o (e {2 Rl P
o (203)

{\)o-te'_ HQXQ e 0n171 Consider S'\flg/e eleﬁ%mfﬂgfe mode  fadiation
{z?e(d To $imp/i{7: the 7{\7';,,1; o Eg (303>

This is called Sthrddongec Yepresentation (or pictue)  i-e.,
ppersiors ok independent of ttme ) bt il Hine -lependnce
< Tnclnded Tn the state vector,




AFPQ"J*’\X 1 S},hrﬁd""ﬁ'@f , He,fsenberg) ond  Tnfexaction )?efreSen'/Ztﬁm Litre
These are +hree J@Effemn‘} ways o hondle the fime ﬁtdvr‘,
(') Schyddingel  Representation (Ficture)
All observeble opewators are independleal” of time.,
The time dactors Qre neluded 0n/7/ n the Skt Vectors.

— —cEyt
hf BXW&, L())»en we use ?‘///\/ _ IN>€ N /'F /\/=A,B,\~~}

¢ the Replesentrtion | e are worlay in ) |
C{/—h‘ ‘ F(E . : a " wO"/A(y the gcﬁra:l:%eer l?eFIPSevrfahiW.
| s 1S peqnuse H = Ha+ H_Jc +an‘t ol OFem;)'afS aye Tfime —
- « A A
|not€}>6ﬂ49"7', and & BNV _ 6—6[/7’* HHEOYVE cludes @)l Time
olafena’ence fFacw‘an.

(2) Heisenberg Kepresentation [ Prereere )
Al state vecrs Qe ;‘no'epenolmf of tine
T; —chbts afe fnc‘/w[.aJ 0n/7' in the D’?QYWS,

| rme
Hersen berg reFresen‘Pwhbn NS opfcrsﬁe o S Lrb‘al{.]er rJaF)@gen-bﬁbﬂ_

teraction Qe)ores?,n faton  (Pretere)
f?elor%enﬁmvns ave two exifemes

S 10 "Hle mddle —

3) 1
Sehrodinger and Heisonberg

(Dhile the T,rrexedton Representation
Poert D]O time Sactors  Qve included n the stale vector,

@h’" ot ?a\r—# t))a Hime. «Fachs aye FndupUJ n the Drem;lmrs‘
for example | in the Sem.‘—classn‘ca,d '/ﬁ\emy, we Use

. A

b A Jyesy = He+ H) [ WD

s ine— independowt, but~ both H B and W)

deit. Al Rpresentations Qe e?uiva/en‘i’, e
Yesuts but they can make preblems Simplified .

A
[,)lfuafe Ho i
qare tine —depen
g the Same




I 162

A .
Since Hiat 1S ﬁh’lé——lﬂabefenden'f/ e can obtain 'ﬁ"am the (st

Peﬂwrbom‘m e%ua:h‘an Eg_(l%) the Coefficient C,g')ﬂ):

pYoley
[0 =~ - | <8l b [A> (BB /f
th ¢ (G-ED/4 wlifr € 2
_ T ptEED L ¢B }i} | A (Sc4)
- - B int
'h' ZEB "E7)>/7t'
Oinea Q{ (Es —'5*)175___. 9,4: (EB"E’!)T/ZF 5;”[@‘2:")%'5]
(Eg "'EA)/’h' B (Eg ’5§>/2'Fl_ [2&9 |

~. “The transiten Fmbabfh"'f;l from [A> —> B> 1S /%,(m))
Bop = |G = | CiP 0| = <B A" STE BT
S’ [(Fs~Ex)t/20 ] " [(&’Eﬁ%ﬂz/zaé)
R ‘ n ~EA)T/20h |
Since -6’1;!:\0" [(EB’EI‘J/Z#]Z = Tt J—[/EB"EA)/Z#’]

E(M)"—"—-@%J(Xl/z onht 0 (Es —Ea) (207

Thus, Jor (age T,

+ A
Poap = Z|<al Al I (B 62) (208
From EF (188) aud (18€), we have

Ee -E4 = [E;, + (et +2) Fﬁ)k]”[Eq+ (nk'f"é/‘)z’)—“)#]

= E},—Eb\ + hde
. 2Tt A
N B = S <Bl Hig |45 T (E-Ea 2 50 (2D




. o . R Té3
T}\E Hansifion P"Ub&bahw PE,Y\ unrt time &

— -> yii A 2

Wa-e = O)OE c = ‘;%,‘KBI Hig| A>| O (B —Ba £hHtk) (219

Agan | o< We sbited n the Semi-classical —H\ew;{} %‘S"&Qq)
ond E;_(alo) are \/aj(d On/y —](Sr‘ COﬂd\“fT‘ons o.j(’.

e (20D
|E,-Ea) 1<B| it ] A7) '

Now et us ar\alyze The trans'tivn in two a@tﬁlerewt’ processes

a'bgo(‘["h\o‘“ and emrission .
(1) For absorption,, the nttal State Ts the ower stalz Ja> e3ith

Nk Phéfons; ‘the {rnaﬂ stife Ts -the upper stale [6> @ith

(ﬂp‘l} Pho’bﬂg ) FFBM EZ, (Qo;) IB> — - Egzl—:b, (y,k-/> 4
N VAN
CBl gl iy = <b Mt | Hi”la, D> )
e I A
AT <nl<"’ A | Ny *
RV 28l [ :> [A> — By=Ea, e

bl &P
:——E—V’ZZMKW<M—€A—;'F€\’<' | o> (1)
waﬁ‘\'(\‘fW\”e E% (213) into E@—.[;'@’

_ 2T > h A A BT
Whss = S5 I maym, Mefblee Pe ) g -Ecte) |
_ TeTNe | B BT SR |
e Vi ’< bl €+ P la>} 0 (Ep-Fa- hwk)
This is abswp’rc“an pwbmb{lh"g[ per un't time #2)
i@, pbsorptien Tale o pfom With Sngle mode

\udhadton  Feld.




v
(2) For emission , initiald stale |a, n">/ final stz | b, Y)"+’>.

Siniloxl, ) o] A7 = <b, et | A5 12,

o Ay A A -c\lz—)’%
Y N
AT \~>%
= - £ + <bé-a'f>€—_tk. a 2
H_Z_,éoﬁvzk\/nkl | Ee 12> 20
 Waag = &1 €8 T ke P ol R -Er i)
C WASE T T T 2 Ve
2 .H) J\; ‘A9' [E.Yg 2
= Te etl) |op)oc - Pet™ T |ap] d(d -G +14k)
H® g, Vide (>18)

/ﬂ\(‘s S the emission Pr‘obo:\oi(ﬁy, pexr unct —b}ne_/ ,‘,e.) oo
emissten Ywle tar atom fn"raf‘a’uh—g Jith Single mode Thadratien
%’\‘eld.
Note EZ,.(QI‘)’) has o dexm Hhat is »‘/\o@epenaﬂe»/zt‘ o€ Pho—fm\
Number N, This |s o S’%T{ even Lohen there i no
Yodlodtion freid | there Is st emission ————Slpon—lanems emissiou

A
3 2 N A T
l/JA'EB = vawkl<b,é1‘f>eué rla>IZJ[Eb’Ea+E£JP~>

He ; (206
[ _é’ ——L\"',.
A>B  [Pe Ve (219)

gl-; — g];oy)'/dnems ’ st — stimulated |




Tter
Abole e obtain the transtion Probabilcty pev unt tme for an atm

,‘n'remah{j With ang[e mode. Yudiation ,F‘ o1d . When the yadiation Pretd
Coriming multiple modes, the Hanstion yYafe showid be <the Infegradon
feswt of the number of modes that can iateract Wirh the oiom

+imes the Sff\gle mode “ansiten Yafe, Tn a wunit Solid Qﬁg/e djz,
the mode yumber IS 3:?/@;’) l;y

_ Ve -
d[\} /Qﬁ_)gﬁcg d./z CJE' (2,&)

shete £ 15 eneryy. (e use Eg.(218) to tine L.(21) ard
E«%_(aré‘)/ and then infesiate ovey- dE . Because of the g funeron
in Egs. ( 213) ard (215), 071y cerfain enefgy of the Yadiatt®n
Lreld IS Cchoosen, who |atisres the yegonavce Conditons Fiven

oy the O ‘ﬁ‘”Ch\m , (We uge emission Eg (218> a0 ar example here) |
W -dN = j@z(ﬁnxf") V&)K’— <bé—>,—4’@—6\}?’% >
S A8 Mg, \/ o (2ZiVhC? [<blet oyl d 2
o C2% Lk (Next!)
ST M. hc®
Aote: (e use N (the m
o the Toromel o goase ver wanber” of phefons of given poburzatin
wose Vecto's <> EB+di) to represent the
photon member, Je = Doy = { Ea- Eol fr =), This, We
obtain the franstin Tate undo wulti-mode Yadiation feiy

[<b 5o FeB T as*dn

-3 = A
d Wem = & & (Nea +1) LA 2T
- §mEpuce. Hc® [<Bl e F e (o> "d2 ( 219)
25 7 & A B
d Wab = e7e Ther |< bl eg&'?’@m r/a>12d./2 (220)

emru*e, hc?




T 16b
Heﬂa, ()[/\J CO‘ﬂéQFonapS to 4R [tb_ unit <olid @ng/e>.

/r)\MS, \M\de‘(' mwﬁ-—mcde mdl\aﬁ\oﬂ '?I\éld’ 'I;Le 8)70'”7'3”7‘60“& emission
Yote TS > A 4
&“A)S _:-___@2&2_ 5,<ble(q'7)€’ck'

P 8T HE Ke
The Stmulatesd emission and aLSar}D-ﬁbn Yateg ave

2N N A SR
AW = wffifi :Z;\ [<blé: F &F ﬁ”lzd@ (222)

Note . The SFoﬂfaneous ard Stimuladed emission / a}psmfhbm) Yotes
. \ A _\-9‘-4» 2

Contatn the Same motri element I<bI€A)¢,L"P’€£K r/a>) .

Therefore , if this matrix element is 2010, then both Spontaneous

oard Stmulated emSsion [oles ad absmfﬁbﬂ rafes Are 2erd, i@
Sieh Transition is yot pyssibéa_. On ‘ﬂ)e O‘f’t?eY\ ha”’d» "JC T/“:S

)’V\Dbmx clement” [s nDn—ZefD) <l';)qey\ 3]70n'/'anepu,g) Yﬁ\mule‘eel e miss
Cnd absmpﬁw e are Mon-Zevv.

Sometimes it 1S More corVenien!” fo BY[DYESS the Phofon
Yumber M., in texme of the ifensity of Yodiaten. The intensity

NNO Light povdey™ on unit area
ox @ Energy Flux densi?y

of @ Light evergy prssiy unt afea in unit time

[a>]"d2 (22

A,

e S =1
L——f@: V=S -Cat ={-cxi=c
) — ¢ —

T d®dz = D°CTu bW
“ (z2meH? dwd.j2 (222)

= Na = ——-—‘—"‘(222: Ty

(224)




A T/47

\ ez / ’A—> 4 ‘»-
RN d(’\)Sf 2%“'9'@’%'?8?‘# r’a>J2d‘/Z (22I)

L) ith Egs‘ (221), (222) ad (228), e ab@‘n the tansition Prabab»'/féz{
pet” wnt fme ex[’\@’sgfms. [Ooco we Need o garive the Matix element. |
For BT o o these oguations, beawusse the Yadiction floid
wwlenﬁk A is much [ong.e:f than the gom dimensien,

TZ- V= 201 << {

L c— _)9»
’ﬁ)us, [0e  con e,xFomd é”‘" as

A
\-7"" “ A . 2,
@"4 ¥ = { + L ET ~ ﬁ—/f—f)‘ + .- (226)

2 !
[Ohen 'fukza a@bﬁ‘erewt pyder olﬁ appmxfmw‘m e obfzin
e ) — electnic dipole transition
o &
LE-Y — { megnetie clipole fansiion

electic gkadm,/?ale franstien
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3. FElectric Di pole TMnS(‘ﬁ‘on( Electriz Dipole Radinfion)

(Ohen 'f??vk% e‘\‘?'%:: {, %S. (Qat)  (222), ad (225 Sive

the Afansiton (e 'f;r* electric optTJDIE ’h’ansﬂnml calld £, Tansdon
It is the Transiton befueen election Sfafes e, fﬁam the groun
Sfode to excited states. Electon States ate the Dffereat™ states
Somed by diffeedt clection corfiguratn.  Bor example,
No ?%W state /s {8729 2/36 381, }l'_a., electizm cwg}“mﬁbn
No frst excited state s {S*25>2pf 3P/ ,
Clr\w‘ﬁes 'From 38 — 3P L3¢ the clectrlc dipole ng"’” +tom
the ground Stale o the (st excted State.

b T FeF Ty = | S Flay (357
Mote ; be femove kA" under _éA—) Subseript L convenienc
“To {‘e;p(aca the operafer "?5’ with the opevater ’/’\f"’ , We use
the commutnten Yelattenskip . (x,pT=ih, [xPhT-[x FRl=c
I+ is not defficwrt to obtun

L x, ‘}’xz 1=2h P _ (228)

Thus, ['F' hl“ _______‘)? (229
Where He\ = _Ei This Wil be a homework. fo prove £3s(228)
2/ . (229).

Thus, <b/;>;a>==-!-*-—<bz e —He>
— "i—_ﬁ'——(EpL—Eb>';bl rla‘>
— (M ea <bl Y |ad> (2>




T 149

pheve Doa = (B -BY/t
'The majn)( e[emen'[' Con Yow be writen (n Teymn D‘F )” Q’QW
]<bl"“’%e“‘ a>]” = <bl P 1a>/ =l?’~ <bIFla>)

= [Pe*| T e «<b| ~;\‘e'[a.>/2

= P> |<b| & T [a>)? 231
Substirute Eg.(33]) lnfo Eg (331> o [ (225), fe obfain the
Hongatizn Pmbalm‘( H‘(vfl pey” unit time .

2 ,\3 oA -
d—l’\JSF =§§"i§%—c_§[<b,?'?la>,
A KA -

m‘; |<b| €-d [a>] (23

A A
duse ——L& Ler {<b}"e?-fla>[2

S ic
e bl & T a>]? (23
Note : e define the e,!ec’mc CptFo,e moment™ of the atom as
ﬁ) = —e ?’ C234)

A
(A)lnefe e s ’dne election cha,rga) —Y? s 'ﬁle o lection PDSfﬁm
felative to the Mudexs (ie., mass center).

/\Jo‘f@,‘. In electric GQOFO’Q ’Hﬁﬂg‘:ﬁ\m , ‘t’};e electiic &CF@/Q momen"f’
A . .
dipole moment. The Pemaﬂeﬂt electtic obclvole moment af'a.n

atom 1s at&ﬂ&tS 2eYD, je., (j>——((,bl-er (4> =0. This 15
because T’ s arrh‘QYmmefﬂc , the mean value s 2ero ~for any
election orbits . The instantaneous electic dipole moment s non zers.




(1) Selectim Rules derived from 3]’—87/mbvls and Reduced Madrix E/emg-//;o

To illustrate the Selection Yules "ﬁ”"&aﬁ%fen'i” Kivds 0)0 Hanschen, 1t (s
important o mtroduce 27— Symbo/ and veduced motix element oF

‘Goup Theory", A Clese nspection of the line intensfy, polexizantn,
ond @Ytj”‘(‘“ drstiibutem o emitrer ond absorbed ypdiotion has to Take
[yrfo a ccount” 070 'ﬂ'\e prientation 9{3 +the afomg With Xéslved”'fa a Slpeaﬁed '-
ditection, colled the 2“”‘#2“1%" axis, —ﬁ’e’%fﬂe , we desribe the atomic |
energy levels |a> and 16> by gets of gzwuhwx NumbexS
[0, Ta, Ma) and (Ab, Ib, Ms)
Whete J stends For +he -}zrlaj wzgu/ar momentim ‘9?0
M stands for Ts F'rv"eeh‘am orle the guﬁz‘n‘f’?\thbw oxs, Al
orther gwﬂm TMmbers Qfe féﬁfefenfw/ as a &hole Ay o
W ith his reyfesew’lﬁ“‘m) The s,rm—/aneous transiion Probobil 7y

+ Sold angle /s

.Fer wnt Aime Fe,Y" A )
VAL A =
&wsf(owmwo/bm,,)r—ml<o(bwbl'é’- d" |0t Teta>] di2
(235)

' A, A ) !
d Wep (aTarla =06 TeMe) = 2?;2 o oM - T JoaTM>] angy

hete the K clemeit <on Ty My -3 |otaTa Moy Sepreser’s. Hhe
rsiton flom Skl | caTaMa> o stale 00To M),

Thic matriy element can be se,ymmw into @ preduct of 1o
»vars, a "gebme%fa‘c@/ foctor! degeribiy the orientattn of the
ofom , and an " nfrindic {actor' Ohich def)@wals on the Yudintve
cowPV:;; of the two erergy States




. Il

A
/}Cm% to . I,Oe}ner—- Eckaxt ‘theorem , ("é’ T zf z;dfgr ;.,__,, 0;_,>
< TuMs] dy| 0ta T Mo

L
= (~)TM [ Tb jAJ STl lotaTey (33D

M, g, Ma
N N ) o v -
dhere (% ) 7 el the "27-symbal Aeperdy on Mo, M

g_; /V),,’*Ma. 'T/:ege (ﬁzaf—p{; can be e\clbmﬁsed b)/ the C&
focfficients (Clebsch— Gordan ), Whichdlescribe the coupla of axgular |
nomenta By A Sysfem fm“fr*al/vol in oo State (Ja, Ma). The phston
tanefers an angulaxr womentem of | h wth Projection ity (m=0,) 7'
ond b1ingS  the olomic s}/sfem DI?’D onother sl (Jp, Ms).

The Second Ffuctor <ol Tull o Il g Ty 1S colled the “reduced
mediX element’. 1t ;s ino(’epem?ewf of the atomic pyientation , ard
g ives the "thsfca[ Pm{‘f" of the Hansiim prabalpf/«'fy, The reduwsl
matriy element depends on the afomic Lave funetiom (f; (42 Ta) arof
L{/_F (XpJ) In the coordnale +fame o the atom.

From the Fmpefﬁes of 37— Symboﬁ (Cer coeffirrevts >, +he
Conditons Jor  nonZerv redrix elements ave

AT=0,=%, TJatde>1, AM=0, %I (238)

Shete AT = Je —TJa, aM =My, —Ma.,

—hefe are the So-called Selecton Ywles Jor Ly -transitons
When Considery other gwmﬁom numbers  pe have

AS =0, al=0 % Llatly =] (237
(—ﬁr sigle election , Al = =)




I (42,
In addhon, -the panity of the inital anel Lnal States must be
oppesite  i.c., ponty must change.
Furthermore  fhere is no [omitedon on the priccipal - guantum
Y\umb@Y‘ ChowOQQ) f.e.) AN Can be &Ybf?‘mf%: AN =0 and An #0
The combination of above four conditions foms the selectn

fules For the electtic dpoe (L) transtms. Belad is «
table copied -from the book.” Aomic and Jaser Spestroscopy ",57 (’orney'

TABLE 7.1.

Selection rules for single photon transitions in atomic spectra

Rule Electric dipole Magnetic dipole Electric quadrupole

1. AT =0, 1 A =0, T 1 AJ =0, %Y1, %2
(0 0) (0« 0) (0 h0; 755 01

2. AM =0, T 1 AM =0, T1 aM=0,%1,%2

3. Parity change No parity change No parity change

4, One electron jump No electron jump One or no electron jump
AL = %1 AL =0, An = 0 AL =0, T2

5. AS = 0 ' AS = 0 . AS = 0

6. AL = 0, 1 ' AL = 0 AL =0, 1, %2
(00 (0 «p0; 0 «p1)

When hy Perﬁne Stuctures are nvolved, -the addﬂz‘@naﬂ Qelection
Y—(AICS ave ., AF = 0, i/‘/ F =0 <—7é' F:O (aq0>
AMF =0, i’

Jor both E; and My transitons




T3

(2) Totensity | Folar izofton, and  Angulay- Prstributon @—/Q

Feemon Spef’haj [ rneg

pOrthout extermod maqaneﬁc Peid, same J but Afferent M levels ave
Ae?enemjz . HoaDe\)er, -H'te Hansfion 34}/&3 Po(am‘zed /@//rl‘, hieh
enobles the diserimngtion of aQFRef ent” Com,POneﬂTS a,[-h{ouﬁh -ﬁpj; are Hhe Same.

et 118 consder™ in & cevtn AJ -flanston the Bhree. componeats

AM =0, =1, This Wil Gilve polaxizatton an;i angulay distribution
) .

bor amM =0, "¢ Me=Ma, g--—o, é:=@2, .

<Ay Ip M&[ %o %)O/a Ja Moy = é;’*(O(bTb N |0t T My iy |
Kﬂ\‘af(bn WP&W® e k—: dlYeéhbw/ and 18 PO(wﬂéwﬁbn *éj M
o, Qv shown &0 Fswe . 2, s in the plane of (%3

o L=, Co2=0. =D [lhea” Folaﬁ‘zaﬁ‘@ﬂ

N AW&F (oA ToM >clpy TpM )
2 40>
—;moe z&;—w | <ot Tk | 2] taTum I s d 2 :
e

Tor aM=%1,

- % ~
Loty ToM| 2. ) oaJaMay = €= CToM | Ve | 0aTaM F1>

= \/lé [ex + f@y) (O(b JpM ] ngld“j’qM;P;
O emp = 243)
(X . Sy © 5 9>Opm(ax po(wrcwzbw (27
Cax =9, ezy =~ |




T 1Y

R dw“’t’ (g TaM ==y, Tp M)

__ete RN RS2 ANPYS VRN b
ﬂm)(w IE st ] (21w

X —é{*(f—%cos""é)dJZ_

Pssume  we can dtgm&mh Aam =0, E | COMFWQYI?%Q The observed

Zn’fensﬂ‘% o.F +he fluofescence emdted fol2 +he divecton & agamgvk

product e the
the guantization AXIS 15 detrermiued by FHEN@AgilaY Hunsition
%4

Me ®{> {n(ﬁ\\/fduap alom JVJSF aY\A the yumber J%Sa“% Q7L
dong on the Anttial stalt (o6 Ty My (af @ fur didou f>2)

I(QMJZ—’—- /\f (Aa~Ja Ma) . O)U\}sf (X Ja Me™> ot Jb/%,)

2 4 -
— d_@e e g N(O(a ja,Mn) } <O(bjl>” Y 1)030»30«>/2

2 ¢, C24nf”
x|/ 36 | J«) ;f%(,ﬂr%&) Fﬁr;’;i) 9
My 2 Ma Sin*e Lo g =0 (24
Thes /s the intensi?y for S/>ea‘]4‘c fran stton —ﬂraw\
| oo Ja Mo = | Xy TpM> jn unit soli ang/e.
T‘\e d‘/\/§/> (g Oa/‘/fofaQ/b:}"b My IS the anglar fransition
Vucte f?or +hig g/?écfﬁ‘@ tran gitton between opé”ﬁ[er‘evyf
Jeemon  Sublevels, -/“[/'f e 20
z = =
The angle factor { i 7-;1: 4 o)
3=

gl‘b@S -fAe angu(a,f destributten 9]8 Jeeman com,/oonen'/'”s/
Shaon ae  dhe llees"y Loure




TI98
Angulax Distrebidion #Mtw‘m {for By transtion aM=0, = |

Z “s—dipole axis -*‘

% _—
@" > AM=tl 7 Fyee. Angulax dostrcbution QF
;g(, +he »Fluofesce,nce emdctted on
' ' ‘the Peeman 00m;>onew°!’§
Note, m=a4aM=Mz-Ma.
¢ | | CaTa Ma> —> |0l T Mp>

Above *?x‘guﬂi Shows  the angquiax distribwion By AN =0 and &AM =%]
trongions . T he polaxization Chavaclelists of the emited {Juorescence

are different «E»\F the dwo cases,
for AM =0, e , Mb=Ma . (m=2)
the em?ffed ot gbsorbed pbm‘vn s lmewrﬁ/ polatized mdlzmw’l
avnd 15 r};o(a,r(za,ﬂom divecton g g{ .

For aM = |
the emdfecl or absorbed photon IS cmcucady polarized
(ud éa TN .
/ M " M y M
A M \ . M .y M "
Linear Folartzatin Ceulaxt” Folarization Cireuler polarization

(1ot ( Tight)
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(3) AT Tiuncekon [Probabilitres ond  Erngein Coeffrerents
Above we discussed the Hansiten  probabilities Pr the Zeeman
components of certwin &J transi. o Jetr us toke a look
ot the total transdten probability  af the AT 4ranshon af
the SF&WJ [ine Tatensty.
Feest, let us rnvestigate the Spertanesus eMmESIn wa/em )
Al three fransitions of aM =0, F1 ave pasible | and Al drrectons of
fodiation e alse Posable- To obtuin the total fransten

probability, let uS fritegite dwlsp over” pal possible divectons

AM=0, sy (e M 06,3 M) = [ sp Ohad = 4Tor)

Fa® (3’., ! Ta

_ L. ] s 2
= Z7z 35 lom o M)Ko«ﬂbu?llowo} (2u7) |

AM=21, g, (otaTo M — X T M) =jdws,>(ofaJaMﬂ — 04 TuM)

5,
[ a3 % g Dianor o
These ave the HmnSiten Probakfl("fét pey” unit tme (i all Solid
6‘(713(@5> @-F each Zeeman COMPonerﬂf‘,

Qecond , et us devive the total Hansiton probability of the |
AT tansiton  je., incdudG ol Peeman cam{pomz‘x. for the. jnitiad
le\)eﬂ Ja it has ﬂlam/ My Sub-levels . for each Ma Sub—level, |
it hae maxmam 3 trnstions to the —Fna,ﬂ State Jo (4AM=0,%1) |
Thus, the ‘fb‘lﬁﬁ Hanstion Pmbabf/u/? —Ffam Ma Tz |ower state T, |

s Given !>7' MZ st’ (ctg TaMa — Xp Tp M)
b

o ___L_ 4603 _ _g > \Tb { 7&)2
= 5 3% 03 ,{o(bJslldl’d“T“>l %,b(-/v],, 2 Ma

(249)




I77
sy the fotloorss rela,fwmslfw\f of ga“ — gymbolls

3 9= 0 ()n iz 3a — %
mmz( m, M ) m, m ma) 2}§+' (Y[v);, 5)5—(/77;,77) )(25‘9

J ( Ja\® .
A vy 7 ) = = 50

, B.(a4a) can be Furthor denived as
Z ‘/\IsF ( Ao Ja Ma —> &4, Tbe>

= = ” 5 [<o4,7,,nd I e Ta>) ™ J:w

Note, %(%3) 1S l-ﬂo\@FerQ@n'r O'F Mﬁ- (11 ’["A,‘s means thect +the
transtion probabilt fiom any one Mo of Ja o fower stars

fe @%‘U‘Q I Le also hawe onother “swrpn”s%” conclusion . The
F%.(262) ako gives the totad franstien probabdify fom olyJa= T,

| a0’ [
WSI’ (ctada=> 0 d) =Z0 335 S et T 3 10lada>|*

( 2t2)

(283

Stnce —foromkﬁ Single ofem , j+ can only be in one Na Sub—
leved . o [ts tofal Hanshen tate Wsp TS given b7/ B (2r2)

We showd not multipEly it by the degeneracy of Jn [eved
(2T0+1).

(Ohen there s no extemad moagnetc Rew, Zeeman Componerts
a-? the of Jo =04, T, transton O®N the Same tancten 'ﬁogwug/ ) l-f:
R dont c}is*h‘ngu\‘q,k )’)ola,ﬂ‘z:xh‘m , then 0\0)7 ohe S[?ecﬁ??j [fne i<
o bserved fFﬁY‘ HAp Joo —> o Jb fransiten 1{ we agsume each Ma
Sub-levels are homogeneaus)y excited  and the population on each
Ma 15 Nu, then the total populaton on Ja s

/\/JA = (2Ja +1) /\/M = ?:)’a/\/M , ?To\ 2T+l (25%)




TIFS
’F}\\AS) “L‘he HaJo—2 04T} SPeoﬁao [Tne Tn’rensf'/# s

I o< Ng’a WSF (O(aJ;-a D(bJ},) F&) = g@’a A//VI WSF[%%’*DQ?Z)W&)_ :
(254)

For ongular distributon and polaxizaton of 06 Ja—> 0T, tranaion
analysq:g, e need to sttt from Egs (342) and (244)  For m’?’ |
prbiTe Y- argle @, 0dd bhe Comfributions ’E‘om all  Peeman Cp/nfoﬂe)’rfj
-boge'ﬁne\f_' {,De S'((\P +he Pn)cedwre heve . The results ave -that the
Todiodien tensty s Tno()epena‘en# p{l G angle L +he Tadiation is
(Sotwepic ond On - polavized . This is mfurrec! b?/ the physics —
N Spoce withouwt™ eyternal magnetic [ electtic freld should be
Isotrpic . Tn Such & QFace , O @rowp o atoms that are excitec]
homogen%“s‘\/ e also (Soﬁvr.‘c ) The a‘eCa/é]I —ﬁbm each Ma
Subdevels cannot have different speed — but” the same Spontaness
emission Wfe, i.e., N0 single onentation Wl chow) Aomitnant
'?ewhwé. Thus, the yadiwtion -Q‘Q(d -Prbm the §e=p Q\QCCPUY"S I<
also (sefropic — e Yodiation 1s Not aﬁe,fenM on ang ar direction. |
of course , if the growp of aloms afe Not hdnogenevus/\;/ exe'ted ||
bt Mo sublevels  ave Seled“i\/e!y excited, then the isoftopic F(bper-/v‘es |

afe Mo [ongey” valid.
Exomple . %orrfw\eous emission
~ s ?%O‘HZ?{‘C /

Ta==2 Ma=~-2 —I o +I +2

My= -l 1o +1




TIF9
Tor stimulated trumsitions (emission and @bSUth‘on)/ He Stuatm

s more Complicaded . Usually 1de Shine @ Yadiahon Reld onto
+he atoms %bm one oLfrecﬁ‘oz/], ond Sometimes +the Tadoteen 15

PO lanzed -
O 1§ the tnerdent [cght is polaxized anol Can distinguish Zeeman componerts |
olso Mo opﬁ\Caﬂ PMM}:\-) QH@"', then wWe should Start {lom |

Eg (22%) ( W = e* T L.Aﬁ 2 and dexive
sg C, st HZ&'HZQZC )<b'e F{&>’ dJZ>1

9%““**‘5“3 stmilar to the Sron-iunwus Cases ggs,/am and ¢ aew)

AM :O, JWS‘(’ (A0 TJaM -> ), TBM)
— 1 | 4n
47s,  hoe
AM = %1, dWst (claTa MFI = 6T M)
> . 2
= 2717—2: - ’#%"IM’("%JLM/'\'/‘é‘[lxibdy)/da%/w'—ﬂﬂ
C (e de (214)
® I—F +the incident [isht s ﬂoﬂ»Polcurfz_eol) then we will ObSevve the
—to-faﬂ Ad frangteons — AT Speamﬁ (tne. Since the gpan*cwww&
eMISSIoN f(bm O Ja—0G T IS 1Sotpic od n0ﬂ~P0/&Y“Ze”’; the
OPPOSI%\OT\ PcheSS —_— @LSor‘F‘h‘gn oA :rb____o/a J—o\ ,\S I\.So'ﬁv]?t\c, . e,
/\)0 mater™ Ohich Ol(TeC'h‘Bd\ 'H/I?— vyadiatten (s I\HC(‘devﬂ"/ 'ﬂle S fimulafed
Tronsction Ffbbabt“"ﬁ',’ <hould pe the Same . Theféﬁrﬂe We can uhilize
the (‘30-11757742 %ezd Yesuls pbtamed akbove -fv devive +he ransiten |
P-Obab:lfv‘?rl L non—polarizes Yoddation /\mtemal—zg wWirh atoms
C
Tea = = f ()

e JeF‘oe Ea>Eb) re., Q& level is hisher than b ’e\/ej.

Tea [<o4,Tum| dz |0l TaM>| “sir® A (2r8) |




“Thus, 'S'z'\" Stimuwlates] &bSo(Fﬁbﬂ . L/ 8e

1 4/;
dWst (XpTp = Ha Ja) =7, 352 pre )2% , | <ctaTall 29//0@32>Id12
(arzE)

’faf Shimuwlatesd emission .

A
d Wet (laTo = 6Ted =75 3;;2 @ >2J} [<c4 31 d lloada>|d
(2r%)

Egle A and B coefficients are obfaied in rsot@pic radiafon fred,
thich corresponds 1o the totald AT transton (ineludy ol Feeman Ca"b'”ne,n‘?‘)

- 4’ |
Thvs , AA."‘D’ st (Ao Jo = X 1) Zré 3hc3 27t [<otTull d "oij;},
(287)
BG*L an) = l/\JSt (O(a:fa —>O(bt)’b)
= g = o — <470 Tl mr|® (oo

Brea fle) = Wst (db:)—b"da:];)
A
| <taTall ANTe>]~ (261)

47“& 3‘)5’ P[ zin,—f-t
Fom %3.(9«3’?-—95'), We obfain

_ he?
Ao = B2 B | GaBan = GiBoma (30D

(dheve ?m"“;j“"" ,  de=2Tut.




ARy
4) Oscillator strength | Line S’?‘f%j*/), and A
E—%uom‘em (S5%) Gives the Sfech%o [me T n’luﬁlz/# for Sronfaﬂeau,s
emission o Jan—204 b
T (claTn—>0% T )< N (haTa) Wsp (olaTa—> XeJ ) he
A

oc 4@3 / — 2
N 425 0 [<o, Tl d lotda>]” (263

otfe _ - _ A -
s N, = N ) =t = (B '}%*ﬁms, the (2Tat)
NSF(O(aJa—B*O(bTb> o< 2\7/0\’*"
fFacbr is Coancelled out,
Thus, the Ine fnfensﬁg{, T rs /‘nal’efuw
g, bur peperteadl to the Guak of the matrix element,

(/Je a}e][fne ‘t)ae [tne S’f’@ng'l’lf) S (Ta— :72) as

of guantum number

A 2
S(Ta=T) =|< o0l d 1l fa Tu>] [ 24
Symm*f:,' = S(Ta>To) = S(T—>Ta) (268)
e define the oscllatr Stength (7( value ) ag
2 COho, A 2
(2T = st oy [Tl T 1063
A
=§%5—L;_§?%_S(Ja—>1) (R66)
e M
hete (o =EumEa) /f, K= petar . (267)
FW em“%\‘em) Opa, <O, - £c<0 K — wpper
f: - (ower‘.

Fcr Q,bSGf‘,DT’(\Gn , Cabs >0, -« ~jc¢;|< >0

. ;/"L b 2

(3T = St ng—rl l<oq,j‘,ll%uoza:7;>( (>68)
— 2H a b -

— TZhe® 27+l S (T > T)




O S (T T =S(Te»=Ja) I3

(2T T (Ta=T> =(2TtDF(T, - T)
ves, = G Fee = i Tee (269)
Comparz L (259> with Lys. [D66) and (&«48)’ We have

> 2
A = _C Pk (— )

QWE,,HZCB
— é_f_%@ﬁ’c—; g: ’F«:k (97°)
o Fo = Mee;aizfs gn Ay (271)
Regand Jl o me | ol s =T
S = %:?reecz/v' %i—'/}u (37%)

Remembey’, @,bSOY“Ph?m pscillater S’ffengﬂ, ) pasfﬁ‘ve, anrol the

omisein escillater” Sffength i's negative .
3Py, —x

AL 07 o.(,ww% 0330
23 y 375 ¥ v
Ve
pscillator stength 7 for Na 2 P> 38 fangions
28 — 3P 0.9
Note . S (T T) =1 (272) %33,e yp o0.0153
Jb 38 - 5p 0. 002, -

(- @ all tronsifions from  J [ n‘ndubkij absorpion o emf&s&m) have the Sum
'v-? oscillator Stiengths to be 1 For sigle electn fransiion .
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4 ngheﬁ“c (Dfpile Tvansifion and  Electric &M&dm?o,e Tinstion

A
> e A =1\
4 N — — .r
etk’ r—z [__/_ (,K>° r‘ — [,C ____..) ,_/,\...
21
. a, Lot
When we consideX” 4he 2nd oM (. T and e _-Q_Sv.'fg'a—[ym

/Lé

in eguaton (198) we Wil obtain the intevacion petween the
yrdiation $rerd and the atomic magnetic 6&0790,2 memevT P and

+the ofomie ?\Ladmpola W\oyr\en’t‘l@[edﬁc ‘
S the fransitiem bebalof/t“l;&[ < “the Sguere of mattix elemed

M¢ E= ~
dwg(l,(' ) o< awéf"-zm
M, B
o L
Suger = b (it 47

e '/M =

M Ee Honsihen )Prbboda:((#e[ s much Smal

L

— L
Cﬁﬂsﬂeﬁ(ﬂ 4/?‘ T fevm,
TP IR
<bl’é§/\'%€ a Y“}a> <bli4;eg,\'-?/<’r/a>




(1) Magnefic VDfl’ﬂﬁe ( My) Tmns:ﬁin . o
4 A —[—\— -—Ila —ﬂa —> AL A _ "'9359 ["89"&'9
Beco\use (,?x“_g).(C)XD)-’—:(A"C)(E-:D) (’Af ) )
A s, AA LA A
o Dpm B (FT =T F)E
NN A A A, N AN
= £ [(2nFIT-E) =~ (G T (T B
L5 AU " "
=2 (K x &) (TXF) R
AL Ao, A
::,_\_6\_),. (ﬁ?xeu)‘L f><}> = |
2 \
) s 274
:—"L—e&?—— (z,xew‘ﬂi (37¢)
A A
—> e'ﬁ A o A

' the ovbital mognetic moment of the electfon, A(g,g: ()
A -—D
—ﬁ: X ‘é[;“ s 'Hﬂe untt \Vedor a/onoq -tz{e MA}}?@*\C ‘Ffé«?el E .

From E%- (203) e obfain -the (teracton Hamilfonian pperator,

A e 'h‘ A A ___é\-r
Hl\ﬂ‘t = "‘/1" '2_—271/_65 OA. (ak/l M)
—‘:”_éﬁ) .._.____.\-;}— (Kvxek/\>'/ut. ( Qea "ak—f/_k>
C 22V
RGN TSNS
= — B(Y) L, ( 278)
N
“The -—% 35 - B texm gies the infevncion between efection Sph

Magnetic moment and the radiecten {eid, Throush Some a/gowﬁ‘{m,
We obtain the Hamoltonian 9[>ede'@Y“ for My barsitsy

A N oA D
Hit = — Bc¢r)-H (27%)




I )&
k}hex@ —/%? (S the 'b'fa} fmagne‘h‘c erole moment, inelucls
+he election orbitald | electon SPin  and nucleax S}?fn contrThutiong
This s Very 5/‘\\”"*/@“ To ;,f\‘éeﬂelecw‘c p@o]oo)e Inteyachien |

Hiwg = ~E¢T) . (2%)
Therefore, e can use Swmilay™ derivation [orvce dure to obtain
+the fransiton Pmbab»‘lﬁ‘gtapar Mpn‘t ’rlu“me, pe silrd angle |
dWsp R 5}(12?‘%510-@174,’1012&2 (23))

47¢, amhe
- L, A, ] |
d Wst —.—,—_4.‘7:2—. %-B—IMI(erM>.<blﬁ’za>} dix (28
1 2o ¢ -

(/\)heh )"!O'r consvllef% h\}P@ane, S‘h’uc'fu/re_/ <b, ',%[a> oan be Nn‘#e”
A
0S <°(bLbS},JL Mb’ -/_,—f} O(ALASA:)—a /\/’a>
A
:(*,>TL’ML(J—5 { J'A><O(bLbSbTbH'}1>H%LASAJ;> [29‘3)

“Mo 3 Ma
A e FARNN |
where (O(bLbSb T I }(,\f}/o/q laSaday = — E/j‘(“bl-bsbﬁ 'L +2SI’%LaSaJ;) :
(28u4)
—The Selechon Twles are | |
AcxX =0 (ie,an=p) alL =0, AS =0
’ (281’)

al=0, 2, Jat+Te=z| ; AM =0, i',‘ No parity Chmage.
(0 hen hx/,zzfﬁne shuctwe s jnvolved | oddctional  selection yules ave

AF =0, 21, Fatfe>=l (ie, f=0 > F=2)
(2%6)
AlMg =0, 1.

My fansi+ions 077/7 ocenr petween —F(ne Shucture oy ;’\/ ey ]C{‘ne Stuctwre

[)gecaucé AN =0D), Yesul'ﬁfj m /ow franShin ﬁe}w&#, ~ Yodio— oY
M‘meml-ﬁ‘egﬂw%, ond Are is Small,




T &
The angular Aistribution ~F M1 diahon s simiar to E¢ tansiton,

hut the Folwﬂmﬁm rs 0997%%% jqu Eq. [—57;4/\/[——-0, see -the

Dgwre below : 7}/ k- & L&
dz E H«zJ o

1 St
Ed -tran;:h‘on ?44/\ Transtion
5t (o

FoC Ev: B is iathe P‘Me oF (f:, da)
For M(: B ts in ‘the plare of (éj)/u&), bt B is perpendicular
ot Plane.
Fom E,—>M, -tke ‘:S:ONOZ‘X;:) transformatien )
P, B, To-E P
Atter infegratsy Hhrough aul POSs«ble Avrectens |

- 4w <l Il H 11 Ta
\,\[gr((xauﬁ WT) = 35ch 2J;+(/ bk /“ “ (’28?)

[ . o[ By >————~<ozifn uouﬂ@[ -
Wst (clado—>o430) = 77, %%’cfw 2Jat [anil (289)
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Polaf fzoton of Electric Dipole Tron SHons and ﬁ/kgneﬁ‘c Digole Transitions

D) Pélwrfzahbﬂ of Electric Dipole Transihons (E; 1ransitiens )
AM = 0 I — polevrizatton [ linear polarization)

, -~
= __polarizaton (cirenloor po larizatron )
AM ==, 0-°P
m= =1 0 ]
Any=m —my = —| 0 Tl
Polarization P p .

ny = 0

Selection rules for magnetic quantum number m,
and polarization of electric dipole radiation (é;{)

observed in the direction 6=0.

(2 Polarization of Magnefic Dipole Transthons (Mg transitions)
AM =%, T- FO(@“?“WT\ ( [Tnear™ polozation Hor E)
AM=0, Q- polarzatom (cirenlar pdevizedion for E )

selection rules for magnetic dipole transitions between [/V71

hyperfine levels belonging to states with the

. i “Tran$ition
same electronic angular momentum J
Static magnetic m-polarization o-polarization

field

B (By + B) (B; © B)
Weak AMF =t 1 AMF =0
Weak AF =0, £ 1 AF =+ 1
Strong AMJ =% 1 AMJ =0

. an Com

Strong AMI =0 AMI =0 /q{ n &

" Momic and Laser
S‘;echr%wpy K
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(2) Electfic Quodmpele Trmngtions (Ez)
‘ o L4
@Sﬂ—;—"&m-['ﬁ?r—rrﬁ)./{; (270)

_—,—-,t'gleu-<byr"f\’1a>-7§’ (292)
St Ten+ <bl rzoﬁ;layoﬁ’;-%!Y‘%l@é’w%ﬂ (232
then g .(27>) e can Y‘e)olace— %% cdith %%~r2£?/3
e Bt drsg
then é\g s the electic guadmpole of the ofom.

A a

Cblbloy = - B2 O <bIBIA>- T
L MaE s A A, Tt Veetol
=-B8 g - <bld]|a> L (275>

The infefacton  Homiltontan operatel is

A e /AN A (\+
H(‘n't = T 'Z—gﬁ &5 [ak;\’”alc)\ )

= — W Jhw - S ) 296D
2 C '2'2—'0‘\7' (-%/\ CQ kv) (a.pL ﬁm> (
We can use time—doperde

}?eaardc%E%, (296) as P&ﬁu%bad't‘m )
vhon Fmbabf{t"/%{) a/ngwl@r

Pefhwbottion 't’ltwy +o )@n‘oa he trang
Acstrbutton / oud  Polawization of E- “Hrong ke,




Heve e OY’)’ ol yze the Selechbr\ Yules ILiss,

LB BB la> = - <blRla>- &

(b SuTu My | &g(nl Ao Lo Se o Moy
— (")Ub My 1 T
~M,
The Selecten Tules are
AlL=p, %1, 22, latle=2; 48=0

2 Je »
2 /; )(O(bLbSB Tl B Aal 5 Sa Iy

aJ=0,%1,*2, Ja+322, AM=0, I, %2
No parhl change.
For hywﬁ‘ne structwe . odd . AT =0.
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¥ Exomple {or E= and M1 Tiansions Oxygen aton O T

OI W sv’zd‘e QlEd’fb‘n COn-ﬂ‘S,um-n‘m - 152282213“.
P¥ confiswration has  very similax lomic state tems as P°

T SR T S
bo=1, 0, =1 = L=01.2 %;,Wenf clections
Aecordny T Hund's tule the gmmJ stote fexm [z the term of

YA TM U muli’fp’fdﬁ e, the teym 2P,
fs the P Shell is less +han hatf filed 'n this P * configuratron,

the levels T=0,1,2 ar anuged in nomal oxder i.e., the Jevel
J=0 13 the IDLO?S"' le\/o/a. "was) BP,, 1< -H)egrpund Stodte —Qrf’z

s o P4, the P shel i more dhan half filled, the feved
JT=0,1,a are aYYu/W o YeVerse ordeW/ e T=2 fs'ft\e
lowest, Thus, 2Ty 15 the ground state G P¥ corfisurntion.
FTOW\ obove amd%i{s’ Ve know the @round Sfate of OI s 23@'
Thete i no Ey fronstion between IS, axd D, +o

*P.

3P stales , because AQ =0, Therefor | (S, and (D,
55?7/40 gre both metastable <ferdes.
£, Howeve, there ave ‘famous” fransitons between
. - them duwe 1o E-= and M, fransitonsg.
(,3002\ 6356A Fom 13, =D, , -the “FlmoMS ﬁ!reen[t‘ne 55 7 Fom
M| My Qisglow O 5537 A |ine is orisinatry  here !
' Since AL=2,47=2, 4h's is an F= transition .
20 As Arom 1D, "ﬁ%F, because 1D, acfual[g comtacng
ptomic Oxygen(0L) 3P, wade functon =t s My tansitions ;
Giround Stefes 3P, > 3>p, g *p. > 7P,

Covrespondsy to The famous double vad lines 53004 and 6354 A
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Evample #1 for Radinfive Transition  Probak v Computation

Problem ;. Given that™ Na F(35 —+3p) =0.741, find the transion
’Pf‘obebloflf"’g» O-F the —fawr %\)P@fﬁ\ne (,ompanen‘lg of D1 line.

Soluttons

‘-________.———/

*Py
e \
3P < — F=2
F 'zP‘—— < -
%2 | Fe=
. 0,320 N
0 96, ~0.320 -0.330 X y U v- I ::43/2 >
33 s *Sy, r /———J' F=2
b v -
Na . Coonrse F\Tne Sructuve H y Peffme Stune 'fwl:):fe-l

Ny oscillator Shength f(38—=3p) = 0941
Yom =3, f(la—>l) =, frl,=La), we get

L(3p-=3S)= - I3 f¢38—=3p)
Fap

2¥X0-+1 1
2 X[ +] 3

= — 0.320

frrom j‘chaau):%{(@-ﬂ;) e pbtain
b !

F3p—>38D= T(3°P, > 378> =F(3 .~ 375,
oL ,_\F(QZPV?/-—a 32512> — ’_F( Sng/z—% 525/2,) = —0,320
Dy line is the franonibn —]C;Dm %ZPV> — styz , Due fo The Nuclear
spin of No T =% the® are hyperfine shuctutes 3°Ty, and 325%2
Accordis 1o the Seledm Yules, aF=0., =/ So ther are [

l’\\)P@Y‘Fme COW‘P"“@VVE in the Dy 3}9‘34"7%& [ine., aa gllustated 'n the
obove r?\gwre.




Let x=4(3"Fy F=l = 28y, F=2) L
Y=F(2%P,, F1 = 3Su, Fo1)
= £ (3P, F-2—> 3%, ,F=2
V=5 (3Ph, Fea-— 375, F=/)
Ae the ’B‘ W‘# ioﬁ[ef@ﬂée amoig these /) /)y,asrf?ne Jves are Smakl. e
Aveat -H/lem s the same ﬁ&}w%{ =Ty = 97—7:‘.
Se F(Tu—T) = Sfeh=FR, we hove

£ (3°Py —»55/>,><+\/ = UtV = b330,

’F(Fox._a}[i;> = f#é@/ 2F+/ I{O/bjbIbe j//dﬁ%b}%)l
Fom Cmowp 'H\earg

<oy Tp Ty Full ci (| oaTa Iafar
atl
—’( )ju'f‘:[a‘f’F J%bla /(QFOL"'/)(QF"—{_I)){J’

L,‘ﬂg\,;}:b)__o?;éfﬁz) &3;63 aFa+t>(2Fb+'>f@£F“};«zbmuuow(

A
leet ¢ = 2H2 — [<et Jull 4 10/af7a>}

t Fa }{o(bfbuclu oaTa) |

3he*
N - Fo { Fa}z
. 5 = = C- .
F(h>R) =z R0 {1 =
For X compowat, To=o, Ta=2, fa=1, o= 2‘—,11:; fi=2

l

PO | 2 [
\X,__C.,.ax@-f-r){ s, I;éf_)

Sfm?[axl‘é ’

Nw —~




U= ¢C-1- (axa—u){
T=c-|- (2X1 +1) g

XY U V=5:1:3:3

g\pbsh‘mre +his into  the above e/p?uxh‘on X+Y U+ =-07320
% X+y = 0390 ?S = X = Zx(-0320) =-0.267
U+ = —0.320 /
g = __ZX (—0380) = ~0.05 32
§ = L x(-030) = -0 1éo
U= = X(-0330) = —0.lbo
The 3}707"’“"““5 trang i fien }Pr-olpptbf[ﬁly Pe,r unt 1Ttme s 3;‘(/@7 /;y
\/\18]7 (g TaTale » AT LR = TEOHCB = [- JK(FA—-,*FL)]

.—& ”e [m SI uﬂf‘f>
T aca f (>R

_—2m x(/éxzo "’) -JC[FA—e Fo)
9 8sexro ' x 9.1 %0 %% 2 X0 x(587é;(m 7)"

= 665 X0 Lﬂb@!

= = 1914 xiof ‘f(F =Ry =rowno | FE—R|

\,Jsr(a P Fol =35, F=2) =/. gyt || = 1-9pnd x0: 367 =o.510%" |

V\Jsr (3°Py., F=1 -3’5, F=1) —-/.9/4X/0x{y( =/.J14 XD *x 0063 =0.101 X(B'S™!

Wsp (3°Py, F- 23Sy, F-a)=/. 1 xp x 11 =0.306x0°%5"!

Nsr(a Py, Fe2—> B3, F=1) =[-714X0 S| = 0.306 X007 8™

The mito of tansiton prbabilify is 503 3.
"'Ae ratios of S‘{)edﬂv/ potensifd s X (2, +1) 2 IYGQ/’Z, +0) 2 3x(Rat D
5"(9‘5#’) —-’;XB IX5 3XJ’ 5><J’ LGl |
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EXO‘»W’P'& H#H-Z “Eﬁ‘\f R&dé&bﬁw (Tmnsfﬁﬁﬂ P{‘obubflf'fy Co lewlation

lmbw ~ th& "H\e “tronSifion beba,bfll.‘f'# @-F F:{ —0 'tmnS“h\a‘n
( Spontonesus emission Within the gwndl sbate Sy of hydregen.

. F=1 _ _ \ /
SO'M\\OY‘/S v H. 1:5’-/%’/_,.—_.”— l=0, 5= '/, d= =
X F=o I=2 o F=1,0.

The fansion betwee [ ={ <=0 of the hypevfine Shuctwre of
+he W state s & Weﬁc aLDFoIe tramsition (Mo).
The fansthsn Fmbab«‘li*g// per unit Hime  per untt sold argle g

> _ 4
sy ( F=1 =00 = Zaz- Spes [(Bx@ <tBibell £ ieTlfof |

ln‘@d‘ajﬁ over ol f@%{b(ﬁ divections, (.e. 4m Sold Qng/e, the /
gr)on‘f?/fb&mbé ’fmn&l:hb?\ Pmbab;!l;@ PeY unit +me. S

]
Wsp (F=(—0) = 40 ot B LRI 6T I Y]
¥ Im¢, 3hcs | 2R+

The mogfne’n‘c 5@07»0’6 Momexvt —\%\f— h\)P@Y-ﬁne shucture 8

(Note . A:f)[a/s‘(w) o %’) = [rzm & ) |
A A —-A—e /
W= Hy+ M= -.—.-ﬂaﬁzr/Amw) ’:/133::\/;(?:—7? N
=2 b T - gl T) =-Fe(&TET)
) T =) | 44\]3 * LN N .
. NSF[Brf F.=0) = 2he .2/?—:1:“ <t Tl & T—j’;I %%LB)’Z

A
Lt Tolobull T Il XaTaTaTa)y
— TptIptfa t L« F A
= () &L/@ﬁﬂ){)&w) éja I, Jb}<:ﬁ,HJ’HJ;>

- /- JotTpthat! Fi
(- O TIn JR Tt ) 2FH ) 7{3': :;A?:B %\/(2%,)(3;“)34 T

L+t H14] o 1 1
= (~1) X1 XJéX’*‘”’)(AXO*’) x{_i _L_r_ﬁx GxL4)(LH) = X
\[_3_, 2 2 2
= (-)x{3 xﬁx/é_ S
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<oApTp TuFoll 1 Hdaja To >

Fb { Fa\} A
— (f,)j‘b’('Ia‘f'Fb +1 5‘ /(DFa.’f")[QFbH) {Ia j_b Ib (I{, ” I ’ Ia>
JotTa th +i
v Jjbja /[;ﬁﬂ)(aﬁ,ﬂ) 1(
Gz toH T
= () X1 X [ BxiH)(2xoH )y { } xi-H)(;-H)»L x ]
= ,X!X/;)(\/z.)(/g_:—"_g—

A
LN G5 T - T ceTulaFay
= ’”’E?\T - Ejz’ = “E (9 +31)

33 = {+ > J(T4) +8(S+1) — L(L+) — {4 -—zixé +—2Lx§ -DX|
3
2

=) } (2TA)(Tat)1a DTt

276+ ) 2x£x —¢
, ]
= L Me - 558 =000
Jo =7z M (834 ’ 2
) =] —> = _ﬂ_’___ﬁ_&_)},._ﬂ—i—- —E@U——rgi ]2
Wsp (Faml = Fm0) = 77 556 2Rt )
_en ek I 3 )
STEHC  4Me 2R H (%5 +7=)
T3 e f ! =
_ : (¢ *
2 & e me  2Fa+ (?\T ji) '
s x (uaox? P x (165077 < b626x107m | [2+ooos}2
Qx &by o™ (%X/D&)EX [9./></D—3')>— 2x1+1
= 2.88 X/0 15

Such smel —ransiten waab”f'y comes from two asgpects
D M1 Aronsition

® Lo fre/;uu\og Y = (U0 MH}




