Atom-Light Interaction: Multi-Level Atoms
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Atom-Light Interaction: Multi-Level Atoms

' E

General ED Selection Rules 1¢ state: A F
- . 1) F=0 19&/ n
AL = *1 L : total e orbital A. M. J="y, L ’-, S
AF =01*1 E: total orbital + spin A. M. 2P state: 2P,/L (1,)

Amc=q9 =0,t1 @° polarization of EM field Ja1y F=01 s
.3 = 3/2-1 P = 1( 2‘ 1
Clebsch-Gordan coefficients (Ep. L2 Ee me) 15112 _ 5

(Fmo | VIFE MYy 1,9, Fme | £ mp?
Level diagram for

{Fome| VIF me > € {1-9;F'me | Fmp) transitions 18y, (F=1) > 2y, (F=2)
m=-2 -1 O 1 zlp‘g/l(;(':’-)
Hydrogen atom
15 -2S : forbidden 1¢-3p : allowed
Totalspin: F = J+T, J=L+3
otal spin: = J4+T, =L+
A A N m= 1 o 1o (F=1)

nuclear orbital electron spin
Polarization: | 2=0 /9, 1 \%--1




Atom-Light Interaction: Multi-Level Atoms

E F Note: When the field polarization is pure linear
1< State: A or circular the levels are coupled in pairs,
— 9 and the oscillator strengths depend on
J= 1/2 F=0 1 2-93/,_ _ 1 the Clebsch-Gordan coefficients
4 I L
’/
90 state: ) 1 Demo: Clebsch-Gordan Coefficients and
P 2 ) 0 Oscillator Strengths from Mathematica
J=7y, F=0,1 z
J=3,, F=11 o .
l[z o

Level diagram for

transitions 18y, (F=1) = 28y, (F=2)

m'= - -
2 1 O 1 2 \293/1(‘:‘:1)
(k) Optical pumping: In dilute gases without
collisions, atoms can be “pumped” into a
single, pure state, e. g., 1Sy, (F=1,M:=1) ,
If driven with & =1 polarization this will
18, (P realize a true 2-level system, as 29, (F'=2, m}=2)
M= _1 o '/2.( =1) can only decay back to 15y, (F=1,m.=1)

N _ _ - (sk) If more than one frequency or polarization is
Polarization: | =0 /9 =1 \ 4:-1 Present, one can often drive Raman transitions

End 02-01-2024 °




Begin

02-06-2024 Raman Coupling in 3-level Atoms

Raman Coupling in 3-Level Systems

Consider an atom with this 3-level structure

A electronic
l [1 € excited state

VAN

(W,X;) (09+0,%y)

6 (£ 0 here)
/ N
%
117 18> 1
electronic

ground states

For simplicity we set E, = £, (no loss of generality)

at v, coupling (17 12 w/Rabi freq. X
Fields

atc+ §, coupling[2) (1> w/Rabi freq. 7(1'

The Hamiltonian for this system is ( 7C,,')(9_ real )

O %) O
H=%& [ %8B w Y1)
o %) o

where

Xq['é) - % (el‘&)'b{_e-;w‘ﬁ)

XZ(H - Xé ( ei(m&)ﬁ + Q:; (ww)'}-é)

Setting [2(t)) = G,(£)11) +Qy (£)[1) 04 6E) (3
we get a S.E.

0, =141 (&% + %) g,

OLL: —:wa IX' (Q, ﬂw{')ﬂq
. 0 —
—1% (@l(wf e 'f-@l(ww‘)’é) 5?3

d& - ( i(w o) -:(w+dfl£—3 0,




Raman Coupling in 3-level Atoms

)= -5 (xu.e_ilm; X ) Colt)

;Ci.,_[-(.) = (wq_"" w) Cﬂ.“’

& (5, X M), )

(detuning)

Rotating Wave Approximation.

et a,=A,, ay=bye” e as—-&se'éf

P

Plug into in S.E.

Ly = - 29(1+e, ey f
by= = i(thy=0) by ?;’(e,‘wﬁ«)/@i
‘___'t.}éﬁ(el’.fw'f'd\f“'_") 6_'3

'é’a'; ~1 04y~ )% (14 2@ty g

2

Drop non-resonant terms, set (0~ W = A

-
by =-i 7{%1
by = - —;>—i—‘6m._£
/6 ~"l(§‘63"'l 1'62_




Raman Coupling in 3-level Atoms

Rotating Wave Approximation.
tet a,=A4,, a,=b,e 'V 0, =b,e'%F

Plug into in S.E. w-r

— .Xf( piLtuedlt ) by

by= 156y -1 X2 (qeeritlotole)p

2

Drop non-resonant terms, set (- W = A

~—
by =~ - &y
L —'-LA[SL'—E ?::;_"61""1 '?2{_;43
/63 -“iébs"l é"‘éz_

This S.E. has no explicit time dependence
Easy to solve numerically...

Now assume that {5, (t=0) = O ® the atom is in
the electronic ground state at =0 when the
fields turn on.

® we can solve eq. for [, (1)
Lyt -ialy - g, gle) (%6 + Lrpy )
-

okt A
b 6)= - " J ie'®tglt)dt < (a)
0

Reminder: Integration by parts

fb{ dx = [Ftx ]{’ o
(x)o(x\AK = X) G tx) —J F(x)ax)Ax
A9 ), 3

a
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Raman Coupling in 3-level Atoms

This S.E. has no explicit time dependence
Easy to solve numerically...

Now assume that 4 (t=0)= 0 ® the atom is in
the electronic ground state at =0 when the
fields turn on.

5 we can solve eq. for ,6,_({) :

LLM) = -iad,-iglL), glt) (2;? b+ 52_%193 )

Reminder: Integration by parts

f«f&d%(x\d( [F(x\ﬂ(ﬂ] fF(x)S(x)dx

We consider the relative magnitude of (4) & (@)

(1) Let Rabi freqs be of the same order, Y, ~ X, ~ X

(2) £&,, 4, areat most~ 1 ® g\[né) in (A)is v X
(3) In (R), the part LO:)(-L)-: ?_‘_[{:”-;,@ )
Where /(5 »@- are ~ ‘X,@— and A5, ~ 'Z"

from Rabi
solutions

A Q| —
C.'[‘éB:(CDS-%}:-FI-IIS 1)@l6£/2‘

Cylt =(13£§, J“’) et

2 Rabi

Xl‘fﬂz Solutions
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We consider the relative magnitude of (A) & ()
(1) Let Rabi freqs be of the same order, Y, ~ X, ~ X
(2) £,, b, areat most~ 1 ® 5[1‘,) in (A)is ~ X
X (4ot dy)

Where ,(;, ) K'-s are ~ ")(,62 and /(:,_ ~ X,

(3) In (@), the part 13 é(—.&) =

from Rabi
solutions

®» we can solve eq. for ,(£):
Lyt s =iak,~iq ), qlo)- (%6, + Kop, |
——-—

& 18) =& 'Aff.'e;&ﬁ'%he')ott' <~ (A)
0
ey ([ + Q_;A-U%(—E)—J:— (:—é— 3 Atlc‘é(ﬁﬂd{')

A - -~

@)

We consider the relative magnitude of (4) & (@)
(1) Let Rabi freqs be of the same order, Y, ~ X, ~ X
(2) «G“/@'z areatmost~ 1 ®» 5[1‘,) in(A)is~ X
X (4ot dy)

Where ,(;1 ) )@'-3 are ~ ")(,62 and /(;,_ ~ .}i,

(3) In (@), the part % é(—.&) =

from Rabi

solutions

(4) Therefore —3(-75) Lo and e .%(‘9) ﬁ,’_’
AL (A) 4 gle) At

®» We canignore (2) when A*» %

o —
A, (&) ~Zq\ce)+—

= —[X' (”9tl-{7)+ {”736&)]

ZZZ 63(0)]

‘At%b}

—-14t 1
te [ 5¢ D10+
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We consider the relative magnitude of (4) & (3)
(1) Let Rabi freqs be of the same order, Y, ~ X, ~ X
(2) £&,, &, areat most~ 1 ® %[15) in (A)is~ X

(3) In (®), the part Lé(ﬂ: Z_(,('”-f,@ )
Where,(y )@- are~')(f,— and /(: N'K

from Rabi
solutions
[ - %% @ _ 1 3 xt
(4) Therefore Z@[-{;)«,E and = - L 2%

®» We canignore (2) when A*> X

P

o~ L | -iAE
/(J,_['E\F'*A %('E)'\'Z@ (

gfo}
= [ B Lrpw]

a0 ;.%z, o2 6y0) |

-idt
(5) Finally, the last term < -e-A'—- can be ignored

because it averages to zero on the timescale
on which /61 , &, evolve,

Note:

The ground state amplitudes evolve slowly
Because X,/A,¥,/A 4«1, while the excited
state amplitude evolves fast and adiabatically
follows the instantaneous values of ,(91 Ay

Plug the solution for.b, (£) into the egs. for ,61,,(”;3

~

b 8) "ET[’ )+ 7”(%(1;)

/(;3(15 =i ( —N)z-ru. +i 1? by 1)




Raman Coupling in 3-level Atoms

-iQt
(5) Finally, the last term « %— can be ignored

because it averages to zero on the timescale
on which ((91 , 4, evolve.,

Note:

The ground state amplitudes evolve slowly
Because X,/A,X,/A 4«1, while the excited
state amplitude evolves fast and adiabatically
follows the instantaneous values of 261 Ay

Plug the solution for b, (¢) into the egs. for £, 6,

—-

,@—(63 = % Z; (&) + X X’% (L)

, X, X
/(73(5)“"( _~),@—C{ +1 L{Al @-J_(-L)

We simplify by making a final change of variables

; Xt
C,(L) = blt)e ' ad C3(£)=/f73(£ Je s

-w

X Xs These are two-level
C () =1 TN Cs(4) equations!

X 'E

C‘;("Q =— (5 + X:FA)(! ) C&['é) + 1 >2_>A(2 C.{(’é)

Physical Discussion: We have an effective 2-level
atom with effective Rabi Frequency and detuning.

¥ Yo X=Xy
Nefs = A 5e¢4=5+ G A

Note that ) ~ X/ while the excited state population
R~ X/Ai This means that for large %, /A we can have
large ). and no opportunity for spontaneous decay.

P

Coherent Rabi oscillations and long lived
superposition states
10



Raman Coupling in 3-level Atoms

We simplify by making a final change of variables

i X XE
C,(L) = blt)e %'t c3(+)=113&)z st

-w

X, Xy These are two-level
C‘ (£) =1 ~1—= ‘—;A Co(£) equations!
. X Yz

Calt) =—i (8 + T

X, X
C MA
A )Cstt) + T Clt)

Physical Discussion: We have an effective 2-level
atom with effective Rabi Frequency and detuning.

Y, ¥ X2 Xy
Nefe = :ZAQ-; éec&"é""ﬁz&‘

Note that \  ~ X/ while the excited state population
(P X/\l This means that for large %, A we can have

large ). and no opportunity for spontaneous decay.

— -

Coherent Rabi oscillations and long lived
superposition states

Note also: The effective Raman detuning is shifted.

HW Set 2: Dressed-states of a 2-level atom

q :&Xz
187 ——~ T‘+> E, = Ao

o, —Bmo,
. o E-_AX
(%-> YA
L «)(?-
3-level system ® ground state shifts —_, —%
4A 44
®» Differential ground state shift —"-LZL

Final note: The atomic dipole (/ﬁ} will have

components that match the frequency and
polarization of both driving fields, with
amplitudes that depend on both fields.

o

Non-Linear wave mixing,
Breakdown of superposition principle
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Raman Coupling in 3-level Atoms Begin 02-08-2024

Note also: The effective Raman detuning is shifted. Example: Velocity dependent Raman Coupling
m' = O
F'=1

HW Set 2: Dressed-states of a 2-level atom

19y —— - Tm> E, = A, ;&Xz / \

HX
-&&w, Huo,t 32 / \ S
- vy -/ N__ v
‘~—‘)Lm.,> E_=-—.’e_‘¥ F=1 —¢f—
A m= -1 o) 1 0
L (X?_ ~> - -
or & U b_ o
3-level system round state shifts —, ~% * + -
X1 Xo
® Differential ground state shift ——- field fregs. in velocity dependent
L" A co-moving frame Raman detuning
0, = W+ fear
) _ . . + S=9k
Final note: The atomic dipole (x@) will have = 03— foas } = o

components that match the frequency and
polarization of both driving fields, with Applications:
amplitudes that depend on both fields.

— Doppler velocimetry

-7 — Raman Cooling by velocity selective
momentum transfer
Non-Linear wave mixing, — What if we apply a 774 Raman pulse?
Breakdown of superposition principle — Atom Interferometry
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