Basics of coherent light-matter interactions
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Outline

# Atom in an external radiation field

» Dipole coupling and the selection rules
# Spontaneous decay of an excited atom
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Outline

# Atom in an external radiation field

» Dipole coupling and the selection rules
# Spontaneous decay of an excited atom

o Two-level atom in a (monochromatic) laser field

o Rabi oscillations
» Eigenstates
o Adiabatic and non-adiabatic transitions

# Three-level atom in a (bichromatic) laser field

» Two-photon Rabi oscillations
» Eigenstates: Coherent population trapping (dark) state
o Stimulated Raman adiabatic passage (STIRAP)
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|. Atom In an external radiation field
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Atomic Level Structure

H-like (alkali) atoms HA =2 4 V(r)  [V(r)x—<]

2Mme
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Atomic Level Structure

H-like (alkali) atoms HA =2 +V(r) [V(r)x-<]

2Mme

_ Ry

7’2,*2

1 mee4 . a2 2

Energies | &), = = dmeg)? 202 = 3

Ry

effective PQN n* = n — §; (§; quantum defect)

€ —

MAOP-AM. 30/08/22 — p. 4/25



Atomic Level Structure

H-like (alkali) atoms HA =2 +V(r) [V(r)x-<]
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effective PQN n* = n — §; (J; quantum defect) TN
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Atomic Level Structure

H-like (alkali) atoms HA = 22 +V(r) [vV(r) x —<]

2Mme T
. R mee4 a2
Energies | E, = — % Ry = (47;0)2 Lot = mec?
effective PQN n* = n — §; (J; quantum defect) TN
Wavefunctions | (r|nim) = Wi (1) = Rpi(r)Y;" (6, ¢)
1€) ——
OAMQNI[!=0,1,...,n—1 MQN (projection) m = —I,—1l+1,...,1
— 2 ——
[e.g. Rio(r) = 2a 3/26_7"/% ag = 4”507; ] 10>

mee

Parity of |nim):

® [=0,2,4,...(5,d,0,...) = Ypm(r)= VY.(—7r) even
e [ = 1,3,9,... (p,f,h,. . ) = \I!nlm(r) = —\I!nlm(—r) odd
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Spin-Orbit Coupling

Fine structure: electron spin s interacts with orbital angular momentum 1

= LS interaction V;; 1 -s ~ a?E,,

= Total angular momentum J =1+ s

M) = > Ch, ) )

mi,msg

(mi+ms=M)

MAOP-AM. 30/08/22 — p. 5/25



Spin-Orbit Coupling

Fine structure: electron spin s interacts with orbital angular momentum 1

= LS interaction V;; 1 -s ~ a?E,,

= Total angular momentum J =1+ s

M) = > Ch, ) )

(ma s M)
Hyperfine structure: nuclear spin I interacts with 7 and s

= Llinteraction Vy; <1 - I ~ 2<0?E,

p

= Total angular momentum F = J + I
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Atom-Field Coupling

M= g [P = cA()]? + V(1) = HA 4+ VAF

e

— VAF:—miP'A—I— 62A2

2Me
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Atom-Field Coupling

H=5—[P—cA(r)>+ V(r)=H*+ VAF

e

= VA =_cp. A+ 2 A’

2
2me

Dipole approximation k- -r <key <1 = A(r) >~ A(0)

(nlmy| VAT [n/l'm]) = —

= (nlmy| P |n'l'm;) - A
= i< (nlmy| [r,H*] In'U'm]) - A

= —iWpn e(nlmy| rn'l'm)) - A [wpn = 2250 ]
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Atom-Field Coupling

H=g—[P—eA(r)?+V(r)=H*+ VAF

e

A2

= VA= —m P AT 2?;
Dipole approximation k- -r <key <1 = A(r) >~ A(0)

(nlmy| VAT [n/l'm]) = —

= (nlmy| P |n'l'm;) - A
= i< (nlmy| [r,H*] In'U'm]) - A

= —iWpn e(nlmy| rn'l'm)) - A [wpn = 2250 ]

Forw~wy,y = wA=F =

Dipole coupling |VAF = —er - E
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Selection Rules for Dipole Transitions

(nlm|er |n'l'm'y =e [ &r ¥,

(’f‘) TV, ('r) 7é 0 for | —1U' =41

= |nlm) & |n'I'm’) should have different parity (r is an odd function)
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Selection Rules for Dipole Transitions

(nlm|er |n'l'm'y =e [ &r ¥,

(’l”) TV, 1m (’I") # 0 for [ —1U'==+1

= |nlm) & |n'I'm’) should have different parity (r is an odd function)
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Selection Rules for Dipole Transitions

(nlm|er |n'l'm'y =e [ &r ¥,

(P) P Yy (r) #0 for 1 -1 ==+1

= |nlm) & |n'I'm’) should have different parity (r is an odd function)

Linearly = polarized field (Z || E)

FE =¢Fk (é:ZA‘) = my —my =0 (mphot:O)

Circularly 0. polarized field (Z | k)
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Selection Rules for Dipole Transitions

(nlm|er |n'l'm'y =e [ &r ¥,

= |nlm) & |n'I'm’) should have different parity (r is an odd function)

Linearly = polarized field (Z || E)

FE =¢Fk (é:ZA‘) = my —my =0 (mphot:O)

Circularly 0. polarized field (Z | k)

E = éiE (éi =+ Z:&) = My — mypy = 11 (mphot = :|:1)

(JMler|J'M") #0 for J—J =0,£1 & M — M’ = mphot

(F < J)

(P) P Yy (r) #0 for 1 -1 ==+1
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Spontaneous Decay of an Excited Atom

Free-space EM field: E = —i Y, | /%éka lake —al ; VA = —er - E
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Spontaneous Decay of an Excited Atom

Free-space EM field: E = —i Y, /22 épp[ap, — al 1; VAV = —er . E

[T (0)) = le, {Oro}) e>

W) = cot) e, 0) + o ko (£) [0 ko) = z
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Spontaneous Decay of an Excited Atom

Free-space EMfield: E = —i ), /2% e [are —al,_]; VAF =

2e9V
0 (0)) = [e,{0ko})
(W(t)) = ce(t)|e;0) + 3y Cho(t) 9, 1ko) =

%Ckza — i(weg o wk)ckd — %<gv 1k0| VAF |€7 O> Ce

o (1) = —4 [y /@000 g 14, [VAF |e,0) ¢ (1) di

—er - B
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Spontaneous Decay of an Excited Atom

Free-space EM field: E = —i ", /2% e [ans — al 1; VAV = —er . E

(W (0)) = |e,{Oko}) e>
W) = cot) 6, 0) + Shy cho(t) |9 1) = z
%C;w — i(weg — wk)cka - %<gv 1ka| VAF ‘87 O> Ce 19>
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Spontaneous Decay of an Excited Atom

Free-space EM field: E = —i ", /2% e [ans — al 1; VAV = —er . E

(W (0)) = |e,{Oko}) e>
W) = cot) 6, 0) + Shy cho(t) |9 1) = z
%C;w — i(weg — wk)cka - %<gv 1ka| VAF ‘87 O> Ce 19>

o (1) = —4 [y /@000 g 14, [VAF |e,0) ¢ (1) di

%Ce(t) p— —% ij0'<6’ O| VAF |g7 1kO'> CkO'(t)

= 7 Tk |9 Lo VAT [, ) fg eea0) e, (1) d

~ _# Eksa |<g7 1k0| PAF |€’ 0>|2 fot et (Weg—wi) (t—t") 4/ Ce(t)

= —Gece(t)
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Decay Rate and Level Shift

Ge = Yk 7250 000 - €kol? [y €@es™n) " (o = (glere))
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Decay Rate and Level Shift

— Wk - 2 rt (Weg—wp ) (t—t /
Ge =D ko 5oiv |0ge " €kal” [y € (weg—wi)(t=t") gt

S, = #fd?’k: Wfdwkwgfdﬂ

[ eiWea=wi) =) q@t! 5 16(wey — wy) + iP —

w€g _wk

(ge = (gler|e))
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Decay Rate and Level Shift

Ge = Yk 7250 000 - €kol? [y €@es™n) " (o = (glere))

S, = #fd?’k: Wfdwkwgfdﬂ

(Weg— t—+t’ / . 1
f ez(w g—wk)( )dt - 71'(5((,069 — Wk) -+ ZPweg_wk
= G, = %Fe + .S, with
3 2 2 3
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Decay Rate and Level Shift

Ge = Yk 7250 000 - €kol? [y €@es™n) " (o = (glere))

S, = %]d%: Wfdwkwgfdﬂ

(Weg— t—+t’ / . 1
f ez(w g—wk)( )dt - W(S(weg — Wk) -+ ZPweg_wk
= G, = %I‘e + .S, with
3 2 2 3
1 Aw eyl _ 1 2|peg] Wi
Fe - 4meg 3he3 Se o 4meg 3mhc3 P f dwk Weg —WEk

gilcel? = =Telce? | = Jee(t)]* = e <"cc(0)]?
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Problems & Questions

#® Prove the commutation relation [r, H4] = i L P

e

® T, isthe spontaneous decay rate of an excited atomic state |e) to the ground state
|g) by emitting a photon into the vacuum modes of the radiation field.
If the initial state of the field was not a vacuum n = 0, but, e.g., a thermal state [with
Plank distribution 72 (wy,) = (e"*/k8T _ 1)~1], what would the decay rate T'., be?
Could an atom in the ground state |g) be excited to |e) by the thermal photons? What
would the excitation rate I' 4. be?
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ll. Two-level atom In a laser field
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Atom-Field Interaction

H=H*+ V()
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Atom-Field Interaction
H=H>+ VA (t)

HA = huwg |g)(g] + Twe [e) (el
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Atom-Field Interaction
H=H>+ VA (t)

HA = huwg |g)(g] + Twe [e) (el

VAF() = —p - E(t) = —pE(t) with

o=gp-e Et)=CEe W 4 ¥ = 2|&| cos(wt — )
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Atom-Field Interaction
H =N+ VA(1)

HA = huwg |g)(g] + Twe [e) (el

VAF() = —p - E(t) = —pE(t) with

o=gp-e Et)=CEe W 4 ¥ = 2|&| cos(wt — )

T(t)) = cg(t)lg) +cc(t)e) 5 |P(t) = —sHIT() =

8 _ ; ; @ge —wt * 1wt
57Cg = —lWgCy + iCe ™ (56 + E*e )

%ce = —lWeCe + 1Cy p;bg (86_"“”5 + S*ez‘“’t)
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Atom-Field Interaction

H=H*+ VA (1)

HA = huwg [g)(g] + hwe |e) (el

VAV (1) = —p - E(t) = —pFE(t) with

o=gp-e Et)=CEe W 4 ¥ = 2|&| cos(wt — )
U(t) = cg(t) [g) +ce(t)|e) 5 [P(E) = —3H|¥(E) =

Interaction picture ¢, . (t) = ¢, . (t)e "o

0~ _ ;% Pge —i(wtweg)t k S (W—Weg)t) ~u 5 Pge ox 1AL
8tcg—zceh(56 It 4 E%e 9)_zcehé’e
O~ __ ;% BReg —i(W—wegqg)t k H(WHweg )t ~ 55 Peg o, —iAL
£ Ce = iCy 22 (Ee 9/t + &% 9)t) o~ jeg Peale

Rotating Wave Approximation (RWA): w + weg > w —weyg = A
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Rabi Oscillations

8 - * — @ i
51Cg = 12" ¢ce () = =2& | Rabi frequency
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Rabi Oscillations

0 O
51Cg = 12" ¢ce

8 . .
57Ce = 1ACe +1fdcy

(Ce = Goe'A1)
1

Solution ¢,(0) =1, ¢.(0) =0
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Rabi Oscillations

%cg = iQ%c, Q=%sg
2 . = ilce + Qe (Ce = Coe'Pt)
1
Solution ¢,(0) =1, ¢.(0) =0
~ A N3,05
cg(t) = cos(Q) — i sin(§2)
Ce(t) = z% sin(Qt) :’
Q=21 (A/2)2 eff. Rabifr
=05
&)

Resonantfield A =0& Q=

cq(t) = cos(Q2t), ce(t) = isin(2) 1 |

Rabi frequency

A=0
A=2Q
- N N ~ .
/ \ ;N // \\ \ y
/ — \ /
' \ , \ / A=4 \ ,
¥ % ™, AN oV X
N, N N\ A RN
\ o 1 RSN
TN 7, N T <
NV QAN y AN ;
y S . / \ ./ ; . e
)\" K =) , N o K / \
/ \ / \
\ / \ !
/ \ \ / / \
\ / \ / / \
~— / - ~ —
4 \\ N AN \ / g
/ \
’ ' // \ ! \ \\ //
\\/,- y . \\ T X voXTn
S NN RN \ ) AN X
0 2 4 6 8 10
Time (1/Q)
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Rabi Oscillations

0

Scg =107, Q=%sg
2 . = ilce + Qe (Ce = Coe'Pt)
1
Solution ¢,(0) =1, ¢.(0) =0
cy(t) = cos(Qt) — z% sin(Qt) <
Ce(t) = z% sin(Qt) :’
Q=92+ (A/2)2 eff. Rabifr. .
=

Resonantfield A =0& Q=

cq(t) = cos(§2t), ce(t) = isin(2) 1 |

o
Inversion 2Q7 = r-pulse ol

T
cg(T)]? =0 |ee(T)]? =1 Q-

Rabi frequency
A=0
A=2Q
- < - .
Z \ s ,/ AN P /
\ / — \ /
' vV \\ 7/ A\:4 // \ L
Vv N AL VX
AN N\ R ; \
N2z Sl * g | EANY4
S 1298 T N T
N/ X g J s /N
S NS AN / N
1N ! ) \ / \
\ /
\\ / \ / \ y \ / \
/ \ , N \
Y 2SN U s AN T S N
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4 \ / \ / \ / \ /
—- \ P / \ -7 X / JEE \ /
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Time (1/Q)
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Damped Rabi Oscillations

%ng = I'pec +i(§2 peg — pge)
%pee — _Fpee + i(nge B pegﬂ*) Yeg
%peg = (ZA — 'Yeg)peg — Z.Q(pee - 1099)

N

I'+...
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Damped Rabi Oscillations

o
9t Pag

0
Epee —

9 _
ot Peg =

['pee + Z'(Q*Peg - pgeQ)
—T'pee +i1(QLpge — Pegl”)
(1A = Yeg)peg — 182(pee — Pgg)

Yeg

1
Ir+...

Numerical solution

1 I ‘ I
Q=5
A=0
8 L
0_0‘5 N
l\ /\ /\ N AZZQ
\ / \\// \//\\/\‘/\_’\——~——— ———————— -
N - .. S
0 \_,‘ - |
1 —
\‘“'4 SR
| // \\ /,\\//\\/,\, N T e T e e e — - — — —
'y \/l g
\/
Oiﬂ0.5 -
0 \ ‘ \ ‘
0 2 4 6
Time (1/1)
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Damped Rabi Oscillations

%ng = I'pec +i(§2 peg — pge)
%pee — _Fpee + i(nge o pegQ*)
%peg — (iA — ’Yeg)peg — Z.Q(pee - ng)

Steady state ¢t — oo

pee(00) = =
ce (A7 92, +2(0P

2769

Pgg = 1 = Pee

w= /2122235 4 ~2,  linewidth

1
=1ir+..

Numerical solution

[ T [
Q=5
A=2Q
Y
|
| | | |
2 4 6
Time (1)
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Damped Rabi Oscillations

%ng = I'pec +i(§2 peg — pge)
%pee — _Fpee + i(nge o pegQ*)
%peg — (iA — ’Yeg)peg — Z'Q(/Oee - ng)

Steady state ¢t — oo

QI
(A2 172, 2/

Pee(00) = ——

2veg

Pgg = 1 = pee

w= /2122235 4 ~2,  linewidth

Resonant field A =0

pec(00) = 5 for Q2 > Ty,

Yeg %F+...

Numerical solution

- Q=51
A=0

\ N=2Q
7\ S AN L~ e e — - — —

NS~

2 4 | 6
Time (1/1)
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Eigenstates (dressed states)

Interaction Hamiltonian  (rotating frame w)

Hing = —hA[e)(e] —h(le)g] + e =—h] ¢ X | {l9) le})
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Eigenstates (dressed states)

Interaction Hamiltonian  (rotating frame w)

0
Hin, = ~hA le)(e] = hle)gl + o)el) = ~h| o A | {lo)s le)}
Eigenvalue problem Hiy |¥) = A |T)
~ Ay = AEVATHI B p

)= A | ) £ )]

Energy (10)
o

Avoided
crossing

-8 -6 -4 -2 0 2 4 6 8
DetuningA\/Q
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Eigenstates (dressed states)

Interaction Hamiltonian  (rotating frame w)

Hing = —hA[e)(e] —h(le)g] + e =—h] ¢ X | {l9) le})

Eigenvalue problem Hiy |¥) = A |T)

2 2
= Ay = AEVATHID 8

) = A= [YEETEL ) 1 0 e)]

A/ N+ 2 ¥
~ 2L

» A=0 = g; Pl S |
A =40 |4 = L[lg) + >

crossing

-8 -6 -4 -2 0 2 4 6 8
DetuningA\/Q
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Eigenstates (dressed states)

Interaction Hamiltonian  (rotating frame w)

Hing = —hA[e)(e] —h(le)g] + e =—h] ¢ X | {l9) le})

Eigenvalue problem Hiy |¥) = A |T)

A, = A+VAZTAOZ S /
2 ,
6,
2 2 L
)= A |EETER £,
~ 2L
» A=0 = g‘;o_ ______________________________ ]
A =£Q | = -K[|g) £ o
+ +) = llg) £+ [e)] g, rvoided
, crossing
s A>1Q (A>0) = T
Ay = A [+) = e) i
A-= 0 |=) = g) B 6 4 2 o 2 4 6 8

DetuningA\/Q
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Eigenstates (dressed states)

Interaction Hamiltonian  (rotating frame w)

Hing = —hA[e)(e] —h(le)g] + e =—h] ¢ X | {l9) le})

Eigenvalue problem Hiy |¥) = A |T)

2 2
= Ay = AEVATHID 8

)= A | ) £ )]

g 2
s A=0 = 1 S e S B _
Ay =20 |+) = —= + SO
+ |£) \/§[|9> )] g, Avoided
i crossing
s A>|Q (A>0) = all
A=A [+) = e) o
A-= 0 |=) = g) B 6 4 2 o 2 4 6 8

DetuningA\/Q

Ay — 0 |+) g

s —-A>1Q] (A0 =
— |g)
A=A =)= |e)
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Time-dependent detuning

A(t) =at (a>0) [w(t)orweg(t)]

Energy (10)

N
(o]
(0]

—8‘—6‘—4‘—2‘0 2‘
DetuningQ/Q

MAOP-AM. 30/08/22 — p. 16/25



Adiabatic & Non-Adiabatic Transitions

Time-dependent detuning

A(t) =at (a>0) [w(t)orweg(t)]

Energy (10)

Initial state |¥(—o0)) = |g) ~ |+)

Final state |¥(c0)) = |e) ~ |+) (?)

-8 -6 -4 -2 0 2 4 6 8
DetuningQ/Q
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Adiabatic & Non-Adiabatic Transitions

Time-dependent detuning

A(t) =at (a>0) [w(t)orweg(t)]

Energy (10)

Initial state |¥(—o0)) = |g) ~ |+)

Final state |¥(oc0)) = |e) ~ |+) (?)

-8 -6 -4 -2 0 2 4 6 8
DetuningA\/Q

Non-adiabatic |+) — |—) transition probability (Landau-Zener formula)

2 2
Ptr — 6—27r1" T = Q Q

p— 8 laY]
57 1AL — A a
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Adiabatic & Non-Adiabatic Transitions

Time-dependent detuning

A(t) =at (a>0) [w(t)orweg(t)]

Energy (10)

Initial state |¥(—o0)) = |g) ~ |+)

Final state |¥(oc0)) = |e) ~ |+) (?)

-8 -6 -4 -2 0 2 4 6 8
DetuningA\/Q

Non-adiabatic |+) — |—) transition probability (Landau-Zener formula)

2 2
Ptr — 6—27('F T = Q Q

p— laY]
2 AL =] a

02 >a = I'>1& P, < 1: Adiabatic following |¥(¢)) = |[+) V¢

Adiabatic transfer |g) — |e)
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Problems & Questions

® Aresonant (A = 0) coherent field with Rabi frequency €2 can prepare an equally
weighted superposition of atomic states |g, e) for 7 /2-pulse
2 [ dtQ(t) = 2QT, /o, = 7/2 (assuming square pulse).
For a non-resonant field |A| < 2€2, what would be the pulse area/duration for
preparing |cg,e| = %? What would be the relative phases for the amplitudes?

#® In a Landau-Zener process of some duration T' = 1 /v, governed by the Schrédinder
eq. wor |V (1)) = H(7) |¥(71)) (7 = vt), show that the non-adiabatic couling between
the instantanous eigenstates (Vi) [H(7) [P 1) = AL |[P1))is

v

(U |0 |U_) = —j——
(U] 07 [0 = —ig

(W] O H(r) [ W)
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lll. Three-level atom
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Atom-Fields Interactions
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Atom-Fields Interactions

e>_2 - Ay s> M Ay
H=HE VY F ?r % ) ér E// gre \E
E, E, g, o °
' — |S>
9> 9> g>

HA = hwg [g)(g] + Twe |e)(e] + hws [s)(s]

VAR(t) = —p - [E1(t) + E(t)] pur = (ul g - €5 |v)
= —pegle)(g1€1e7 4 — pes(gs)le(9)) (s]E2e72" + Hec.
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Atom-Fields Interactions

HA = huwg 9)(g] + hwe le)(e] + hws |s)(s]

VAR(t) = —p - [E1(t) + Eo(t)] o = (1l o €5 |v)
= —pegle)(glE1e7M — P le(9)) (s|E267* + Hec,

Interaction Hamiltonian (rotating frame w; o)

0 Ql 0 0 Q1 Q2
H=r=—h| 1 Ay 2y Hy =—h| Q1 Ay 0
0 Q2 A+ A Qy, 0 Ao

{ ‘g>7 |6>7 S>} A1,2 — W1,2 — Wy Q1,2 — pgy 51,2
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Rabi Oscillations

[T(t)) = cg(t)g) +ce(t)le) +es(®)[s)  FT(E) = —3Ha V(L) =

Kol
ot

%Ce — (ZAl — "}/e)ce —|_ inCg _|_ 7:9268

%CS = Z(Al — AQ)CS + 1Q9c,

cg = 181 ce
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Rabi Oscillations

[U(t) = cg(t) lg) +ce(t) le) +es(t) Is) 5 [W(t) = —3Ha W) =

%cg = 1821 ¢
%Ce — (ZAl - ’Ye)ce + incg + i{dac,
%CS — ’L(Al — AQ)CS —+ iQQCe

Resonant interaction A; = Ay =0 Q15 =v20>7, =
cy(t) = cos?(Qt)

ce(t) = iv/2sin(t) cos(Ot)

cs(t) = —sin®(Qt)
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Rabi Oscillations

[U(t) = cg(t) lg) +ce(t) le) +es(t) Is) 5 [W(t) = —3Ha W) =

%cg = 1821 ¢
%Ce — (ZAl - ’Ye)ce + incg + i{dac,
%CS — ’L(Al — AQ)CS —+ iQQCe

Non-resonant interaction A; > Q9,7 =

ce(t) =i [y A=) [Q e () 4+ Qaey(t)] di!

~ i [Q1cg(t) + Qocy(t)] f €A77t gy = Sigatec (et > 1)
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Rabi Oscillations

[T(t)) = cg(t)g) +ce(t)|e) +es(®)]s) 5 [T(H) = =z Ha V(L) =

8 .
5;Cg = 1§)1Ce
5:Ce = (1A1 — Ve )ce +iQ1cy + 1822¢,

%CS = ’L(Al — AQ)CS + ’iQQCe
Non-resonant interaction A; > Q9,7 =
ce(t) =i [y A=) [Q e () 4+ Qaey(t)] di!

~ i [Q1cg(t) + Qocy(t)] f €A77t gy = Sigatec (et > 1)

= Two-photon (Raman) transition |g) — |s)

9 ey = —(iSy+7g)cq +i8let Ce Qor = “422 | eff. (2-phot.) Rabi .
%cs = — [i(SS — A1+ Ag) + fys]cs + 1 C

2
Stark shifts of |g,e): Sy.s = mi’f' ; decays vg.s = e SAg’ls — 0
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Rabi Oscillations

8 .
mc‘g — ZQeff CS

a . .
ECS — ZAGHCS —|_ ZQeff Cg
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Rabi Oscillations

o .
ECQ — /I/Qeff CS

P : :
ECS — ZAeffCS —|_ II/Qeﬂ‘ Cg

Solution ¢,(0) =1, ¢5(0) =0

cy(t) = cos(Qegt) — iQAQ—f; sin(Qegt)

2
Il

cs(1) = i gt sin(Qerrt) off = /02 + (Acgr/2)2
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Rabi Oscillations

8 .
ECQ — /I/Qeff CS

P : :
acs — ZAefsz _|_ /LQeff Cg

Solution ¢,(0) =1, ¢5(0) =0

cy(t) = cos(Qegt) — iQAQ—f; sin(Qert)

2

cs(t) = zg—g sin(Qegt) off = 1/Q2 + (Degr/2)?

Two-photon resonance A =0 =

cq(t) = cos(Qest) cs(t) = i8in(Qegt)

Two-photon Rabi oscillations
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Eigenstates (dressed states)

Two-photon resonance A; = A; = A

0O 9 0
Ha=—-h| 1 A Q
0 2 0
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Eigenstates (dressed states)

Two-photon resonance A; = A; = A

0 9 0
HA — —h Ql A QQ
0 € O

Eigenvalue problem H, [¥) = hA|P)

= A=0 Ar=—(A/2)£Q Q=/0F + 03 +(A/2)2

D) = [0 |g) — O |s)]

3

[B+) = \/}T[Ql 9) — A+ ]e) + €L s)]

+
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Eigenstates (dressed states)

Two-photon resonance A; = A; = A

0 Q1 0
Ha=—-h| Q&1 A
0 9y 0
. 9>
Eigenvalue problem Hp [¥) = A |W)
= X=0 Ir=-(A/2)£0 Q=/0F + 03 +(A/2)2
D) = \/}V—O[Qz l9) — 1 |s)]
_ 1 _
|By) = m[ﬂl 9) — Axle) + Q2s)]
Dark (coherent population trapping — CPT) state
|D) = cos O |g) —sin O |s) tan © = g—; mixing angle
= ol =co?O = Ghn el =0 |f=sin?0 = gy
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Stimulated Raman Adiabatic Passage

Time-dependent Rabi frequencies (A =0)
X Qg(ti) > Ql(ti) [@ = O]
= V() = |D) = |g)

® Oo(te) < Q(te) [©=7Z]
= [U(t)) = |D) = |s)
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Stimulated Raman Adiabatic Passage

Time-dependent Rabi frequencies (A =0)

o (k) > 0(t) [0=0) Q  STIRAP
= W)= D)=l . o
® Qo(ty) < N(te) [©=73] : 0
= )= Ip)=1s

L Energy (10,..)
o

-1

Populations

Time
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Stimulated Raman Adiabatic Passage

Time-dependent Rabi frequencies

® Qo(ty) > N(t) [©=0
= V() = |D) = |g)

® Oo(te) < Q(te) [©=7Z]
= [U(t)) = |D) = |s)

Adiabatic following condition

‘@‘ _ ‘ Q105—Q1 5

o | < AL — Ao

Gaussian pulses of duration T’

= Qumax1 2 10

oo

L Energy (19,..) .
o

-1

Populations

STIRAP

Time
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Problems & Questions

® Starting with the Hamiltonian H= for a three-level atoms with = configuration of levels,
including the decay of levels |e) and |s), derive the coupled differential equations for
the amplitudes ¢, and c¢s under the conditions |A1 + Ag| < |Aq 2| and

VA2, +7e > Qo

#® Under what conditions, the ac Stark shifts S, s of levels |g, s) ina A and = systems
are equal in magnitude and sign?

#® In a V-system, can we perform STIRAP between levels |e) and |s) having large decay
rates I'c 57
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Further Reading

® L. Allen and J. H. Eberly, Optical Resonance and Two-Level Atoms (Wiley, 1975)

® C. Cohen-Tannoudji, J. Dupont-Roc and G. Grynberg, Atom-Photon Interactions:
Basic Processes and Applications (Wiley, 1992)

® M. O. Scully and M. S. Zubairy, Quantum Optics (Cambridge University Press, 1997)

® P Meystre and M. Sargent lll, Elements of Quantum Optics (Springer, 1999)

#® P. Lambropoulos and D. Petrosyan, Fundamentals of Quantum Optics and Quantum
Information (Springer, 2007)

® L. Landau, Phys. Z. 2,46 (1932); C. Zener, Proc. R. Soc. London A 137, 696 (1932)

® E. Arimondo, Coherent population trapping in laser spectroscopy, Prog. Opt. 35, 257
(1996)

® K. Bergmann, H. Theuer and B.W. Shore, Coherent population transfer among
quantum states of atoms and molecules, Rev. Mod. Phys. 70, 1003 (1998); Rev. Mod.
Phys. 89, 015006 (2017)

http://gate.iesl.forth.gr/~dap/Inotes.html
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