Atom-Light Interaction: Multi-Level Atoms

General ED Selection Rules
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Atom-Light Interaction: Multi-Level Atoms

General ED Selection Rules

AL = %1 L : total e orbital A. M.

AF =0 *1 £ : total orbital + spin A. M.

Amg=9 =0,t1 ¢: polarization of EM field
Clebsch-Gordan coefficients ( Eqiwmt> Epm, )
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CEme | VIF,meH < {1 -a,F'ma|Fmgd

Hydrogen atom

1¢~2s: forbidden 1€ -3p: allowed
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Atom-Light Interaction: Multi-Level Atoms
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Level diagram for

transitions 1Sy, (F=1) = 20y, (F=2)
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Polarization: | 2=0 /9 1 \ 9=-1

Note: When the field polarization is pure linear
or circular the levels are coupled in pairs,
and the oscillator strengths depend on
the Clebsch-Gordan coefficients

Demo: Clebsch-Gordan Coefficients and
Oscillator Strengths from Mathematica

<+~ Dense or hot gases: Collisions redistribute
Atoms between m-levels on very short time
scales and the gas looks like a gas of 2-level
atoms w/an effective coupling strength. If the
dipole is oriented at random with the field,
Then <J¥\ 2 >&u0l.¢s v 3|<’fl>[
The same |s true tor unpolarized light

<% Short interaction time: If the atoms are
“unpolarized”(random m-level populations)
and the interaction too brief to change this,
the atoms behave as an ensemble with
different oscillator strengths

<% 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
realize a true 2-level system, as 2¢;, (F'=2, m}=2)
can only decay back to 1sy, (F=1,m.=7)

<% If more than one frequency or polarization is
Present, one can often drive Raman transitions






Raman Coupling in 3-Level Systems

Raman Coupling in 3-Level Systems
Consider an atom with this 3-level structure

A electronic
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For simplicity we set E,=E; (no loss of generality)

at w, coupling (17 12> w/Rabi freq. X,
Fields . .
at w+§ coupling 125 11> w/Rabi freq. Ay
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Raman Coupling in 3-Level Systems
Consider an atom with this 3-level structure
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For simplicity we set E,=E; (no loss of generality)

at w, coupling (17 12> w/Rabi freq. X,
Fields . .
at w+§ coupling 125 11> w/Rabi freq. Ay

The Hamiltonian for this system is ( X, ,, real)

6 %NtL) O
H=& | %#) we Y0t
o %lt) o

where

qu't) - %(:i (ei&)'b{_e-;w'b)

Xy (t)= Zé% (ot , lwedlt )

Setting [2L(t)y = 0,(E)11) 40y ()12 £ Qg E) (3D
we get a Schrodinger Equation
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The Hamiltonian for this system is ( X, ,, real)
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Xq['t) - %(:i (ei&)'b{_e-;w'b)
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Setting [2L(t)y = 0,(E)11) 40y ()12 £ Qg E) (3D
we get a Schrodinger Equation
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The Hamiltonian for this system is ( X, , %, real)

6 %NL) O
H = ;e; (X‘]('b) Wo KX,_C‘L)
o %lt) o
where

Xit8) = &1 (e )

Xyle)s K2 Qi pritwralt

Setting [2(t) = 0,(E)11) +Qy ()12 £ Qg E) (3D
we get a Schréodinger Equation
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Gy =~ ')'(2% (el tolE g+ 0,
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The Hamiltonian for this system is ( XX, real ) Rotating Wave Approximation.
let 0,= /6_“ a:.:éj_e’_;wtz ay = 6_36;5{:
O %ie) O o
H = £ Xolt) oo Nylh) PlugintoinS.E. I
o %) o .
where Ar, =“‘&(1+C—‘zw{:)’6’1
lWé AL *
X,t) = (e &) by = = ilog) by~ B (2910
] Xz okt , —(wed)E ~i Pttt 1y,
)(‘2(]93_3___(@ oWt ) 0 +1]) Oy
b= ~10y -1 X2 (4 enit0ed)E) g
Setting [2(t) = 0,(E)11) +Qy ()12 £ Qg E) (3D

w hesdi .
e get a Schrodinger Equation Drop non-resonant terms, set ¢~ w = A

R . N PRI S ~--
0, =~ (e +e7™¢)ay
Oy = =i w0y -i 51 Wi ), by =-ift
'-il& (el(wf&)*é+e:~i(wf&}t> &y /6 ocin, - >i b~ 3,9 by
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Rotating Wave Approximation.

Let 01 - /6_” alséle,—lw't a$ - 6_36151‘:

4

Plug into in S.E. @

j)" == %(11‘ C—;zw{:)’(l’l
,(,z:. —{[wo—ca)@_,-_: §1(611wt-“][,1

b= ~10y -1 X2 (4 enit0ed)E) g

Drop non-resonant terms, set - w=A
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Rotating Wave Approximation.

et 0,=4,, a,=b,e7'% a, =60

/

Plug into in S.E. @

bz:. "l.[wo"w)'@')__: 2;’(6110\)":'4_1)/61
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Drop non-resonant terms, set w-w=A
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Rotating Wave Approximation.

et 0,=4,, a,=b,e7'% a, =60

/

Plug into in S.E. @

’(.11 = "‘29(”6—'“‘)&)'6’3_

1 ]

bz:. "l.[wo"w)'@')__: 2;’(6110\)":'4_1)/61
—i ?(ellm'ﬁdwﬂj frs

by 104y X2 (1eeritlondltyg

2

Drop non-resonant terms, set w-w=A

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

Now assume that 0, (£:0) = 0 &) the atom s in
the electronic ground state at £=-0 when the
fields turn on.

® we can solve eq. for £, (1) :

Lyl = ~iad, - 904y, gl) (3;: b, + -2—;9:'(2; )
@

YN
L lt)=-€ J.‘eM%det’ <« (a)
0

- ([ g e y] - [ gt awan)

o

A

~"

@)

Math result:

f/fmcﬂ(x\dx [}:(x\catx\] JF(x')S(x)dx
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This S.E. has no explicit time dependence
Easy to solve numerically...

Now assume that 4, (£:0) = 0 &) the atom s in
the electronic ground state at £=-0 when the
fields turn on.

® we can solve eq. for £, (1) :

,(',L[,{) =-iad,-igls), gld) (3;: b, + -2—;9:'(2; )

~at(t 1A
& &)= -¢ JEe.M%H:')oH.' <« (A)
0
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Math result:

jb{ d [}:M (5 14'tx)d
(<)o (x\ALK = X (XX] —J F(x)qx)dx
S 39,7, 7
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This S.E. has no explicit time dependence
Easy to solve numerically...

Ay (t=0\=0 B
the electronic ground state at =0 when the
fields turn on.

% we can solve eq. for £, (1)
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This S.E. has no explicit time dependence
Easy to solve numerically...

Ay (t=0\=0 B
the electronic ground state at =0 when the
fields turn on.

% we can solve eq. for £, (1)
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Math result:

f)f dx = [ Fea x]b r()’)d
(x)o(x\AK = YA [ - | Flx)gx)d x
A9 ), s

Next, we consider the relative magnitude of () & ()

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

(2) £, 4, areatmost ~ 1 B g{) in(A)is ~ X

(3) In (®), the part ié)(ﬂ = Z_[,é”qt,&l)
A\ A from Rabi

where ,{}1 , K—a are ~ %ﬂzand /{J.l " _Z_i_‘ &~ solutions

e _ 1 a(g) Xt

Uore) o X2 ~ L
(4) ThereforeAg)H:) AL and () 4 gle) At

© Wecanignore (3) when A*>» x*

—_-

by [8) & ~ £ oyte) + i—a’ ‘bt

%(o)
X X
= =] T5 b+ (—lz"‘ég(-é)]

+ 0t [ ;—% b (o}{-z% 63(0)]
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Next, we consider the relative magnitude of () & ()
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Next, we consider the relative magnitude of (4) & ()

(1) Let Rabifreqs be of the same order, U, ~ X, ~ X

(2) 4,4, areatmost ~ 1 &) glt) in(A)is ~ X

(3) In (@), the part léj(ﬂ = Z"('én'f"é.s)
A\ A from Rabi

where ,(}’ , 6-3 are ~ ")(Ll and /{).1 - %L/ solutions

e _ 1 3(p) Xt

| - ?(‘%
(4) ThereforeAgl*b) AL and (A) " 8 & A

© Wecanignore (2) when A*>» X*
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N . h . . A . _’A'E .
ext, we consider the relative magnitude of () & (@) (5) Finally, the last term « ?_A_ can be ignored

. because it averages to zero on the timescale
(1) Let Rabifreqs be of the same order, U, ~ X, ~ X

on which £,, 4, evolve.

(2) 4,46, areatmost ~ 1 ®) %[1‘,) in(a)is ~ X
Note: The ground state amplitudes evolve slowly

) . because X,/A,X,/A« 1, while the excited

(3) In (@), the part % qi) = %;‘ (4t L) state amplitude evolves fast and adiabatically

from Rabi .
& i follows the instantaneous values of 4. 4, .
where ,(}’ , )6-3 are ~ ")((6.2 and /{).1,\, %K solutions A
@) | &lp X Plug the solution for b, [\ into the egs. for &, &,

| - ?(‘%
(4) ThereforeAgl*b) AL and (A) " 8 & A

— -

© Wecanignore (2) when A*>» X*
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' X XX
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= —T_}S'— b, 14)+ L2 p [%.)] 4 HA

= IAML % 2

O] Koo 0




Raman Coupling in 3-Level Systems

-iat
(5) Finally, the last term < EA— can be ignored

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

Note: The ground state amplitudes evolve slowly

because X,/A,X,/A« 1, while the excited
state amplitude evolves fast and adiabatically
follows the instantaneous values of £ 4, .

Plug the solution for b, ¢\ into the egs. for &, 4,

— -

' X XX
bye) =i L bk + i Bt

. 9
byl =i (8- 22 ) byt X g
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(5) Finally, the last term g;f can be ignored

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

Note: The ground state amplitudes evolve slowly
because X,/A,X,/A« 1, while the excited
state amplitude evolves fast and adiabatically
follows the instantaneous values of 4. £, .

Plug the solution for b, ¢\ into the egs. for &, £,

— -

' X XX
bye) =i L by + i f®)

s 2
Do) = i —%)[rgu)-ﬁ X:{ﬁi bry4)




