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p THREE-LEVEL ATOM:
——— 13> Assume the atom initially in:
E .
D wt=0)=cl1+c)2
— |2>

I |1>

Py = CLEZ|, +C,|” = ctE2(c, +C,Ch + ¢,C) +¢,0h)
= CtEZ (0 + P + Pio + Por)
= Ct'Eg (,011 + Poo +
MG
populations atomic coherence

(quantum interference)

Example: for (¢/(t=0))= = Pabs=ct-EZ (0, + 0,,+ 2Rep,,) =0
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P ATOMIC COHERENCE EFFECTS

Three-level optical techniques:

e Coherent Population Trapping (CPT)
e Electromagnetically Induced Transparency (EIT)
« Stimulated Raman Adiabatic Passage (STIRAP)

Some applications:

« Laser cooling based on CPT

\

- DARK STATE PHYSICS

J

e High precission magnetometry (atomic clocks) based on CPT

e Lasing without inversion based on EIT or CPT
e Slow/super luminal light based on EIT
e Quantum memories based on EIT

e Robust and efficient population transfer based on STIRAP
e Subwavelength lithography/microscopy based on STIRAP

 Single photon gun based on STIRAP
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D RECENT APPLICATION: LIGHT HARVESING

Coherent excitation transfer via the dark-state channel in a bionic system
Hui Dong, Da-Zhi Xu, Jin-Feng Huang and Chang-Pu Sun
Light: Science & Applications (2012) 1, e2; doi:10.1038/lsa.2012.2

Light absorption and energy transfer were studied in a bionic system with donors and an acceptor. In
the optimal case of uniform couplings, this seemingly complicated system was reduced to a three-level
A-type system. With this observation, we showed that the efficiency of energy transfer through a dark-
state channel, which is free of the spontaneous decay of the donors, was dramatically improved...
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1.1 TWO-LEVEL ATOM: SEMICLASSICAL THEORY "

P INTRODUCTION

. . Light classically described: Maxwell Egs.
Semiclassical Theory

Quantum matter: Schrodinger eq. + Bohr’s atomic model

@ Some examples of phenomena described by the Semiclassical Theory:

Radiation pressure = <@&====» laser cooling of atoms and ions
Dipole force <¢====» (Qptical traps for neutral atoms
Rabi oscillations <G====P> (QQubit manipulation

Optical nutation <¢====>» Decoherence
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P PERTURBATION OF A QUANTUM SYSTEM:
TEMPORAL EVOLUTION OF THE PROBABILITY AMPLITUDES

m—=> Evolution of a free atom

with a Hamiltonian Hg General solution: Y a 2 _1
n . . <
0 W) =How(n) = Y = Yae i | ia
= \H0i>:Eii>
ipm *=a7

=) Perturbation: H=Hgpg+V with V<<Hjg
a - g(t)

n I

Then: 7Y (& -icqai)e_i““i>=_§(haa +V)ge Al
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P (ELECTRIC DIPOLE) INTERACTION OF A PLANE WAVE LIGHT FIELD WITH
A TWO-LEVEL ATOM:

=> Model: . 2>
W
WWW> 020
i_ 11>
E(zt) = Egcost —kz) >~ E(t) = Egcost)

A :2k7T>> ag =0.53A

EDA (Electric Dipole approximation)

m=—> Electric dipole interaction: V(ADE) = —,D-E(t) = —(—e)F-E(t)
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=—> Electric dipole moment operator:
- _ - . _ % N — — - 3
[, = —ef, =—e(j|F|i) ——ejuj(r)rui(r)d r
U; (r') has, in general, a well defined parity

}-mi = e[ rlu, (N['d°r =0

¥ (r’)2 is a symmetric function in

if 0j(r) and Uj(r) have same parity mm) [ijj =0
if O(r) and Dj(l’") have oposite parity = Hij = Ajj # 0

(0 Ao
For the two-level atom, we end up with: 7 =

Ag O

0 7Q codat)
nQ codat) 0

= V :( j where QO = _H0'B0 s the Rabi frequency

h
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=—> Atomic evolution

w(t) =ag(t)e 1 +ap(t)e 2t 2

with: i ot .
= —h<1N 27 ap=iQcos(at)e “0'ay

. et |
—;@<2N1>e' “0 a1 =iQcodat)e' D'y

=—> “Rotating Wave Aproximation” (RWA):
3 =i e i(ao-alt 4 g |(a0+a)t]a2 % él—lze' ao
1 | Q :
6'12—|£22 (ap-wlt | dlwp+al a ar =i e Bl g

with A=a-ag
being the detuning
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P EXACT SOLUTION WITHIN THE RWA

=—> Two-level atom in the electric dipole interaction with a plane wave (EDA+RWA):

Q) . Q)2
| ‘ 2
| Qi
2=1,¢ gy é'2+iAé2+(£22j a, =0
=> General solution: & (t) = Aei (A—Q’)t/Z + Bei (A"'Q')UZ
a(t) = Cei(A-Q /2 | pami(A+Q)t/2

with Q' = JQZ + N2 being
the Generalized Rabi Frequency
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1.2 AC-STARK SPLITTING AND DRESSED ATOM

— LIJ(t)>:(Aei(A—Q')t/2 N Bei(A+Q')t/2)e—iE1t/hl>
. (Ce—i(A—Q')tIZ .\ De—i(A+Q')t/2) eiE2t/ o

+ A, Q + A L Q
—> =B -h—xh— S =Eo+h—xh—
mLTRTh R, R mREh, R,
On resonance light field Blue detuned light field
A=aw-ag=0
|2+>
|2> EZ? ................. ..’“‘ Q )
W=0) — |2 >,
WWW> {20 i
|1> El* ................ Q
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} “LIGHT SHIFTS”  Cohen-Tannoudji Ann. Phys. (Paris) 7 (1962) 423 and 469
2 i 2 |
f A>>Q => Q'=A 1+(Qj = A 1+1(Qj +...
A 2\ A
- A Q (Q/2)?
E1 =B1-h_+h _=E +nh
f A>>0 => 2 2 A
(blue detuned light) E5> =E, + hA —hQ ~E, -4 (Q/Z)
‘ 2 2 A
, 2
El_ = E1+h(Q/2)
If A<<Q @m=m=> |
(red detuned ligh + (Q/Z)2
E, =Es -7
\ 2 A

P DIPOLE FORCE

(Qr2)% _

O = 5, F(r)=-0g =—4"’A 102(r) O —im (r)
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P DIPOLE FORCE.
EXAMPLE 1: OPTICAL LATTICES

& Stationary wave: interference of two counter-propagating lasers

Q,- } vy If A<<OEZ) Atoms move towards the anti-nodes
”))/ ﬁ If A>>0E=) Atoms move towards the nodes

Immanuel Bloch in Ted Hansch's group at the LMU Munich and the MPQ in Garching
http://ww. npg. npg. de/ ~haensch/ bec/ experinents/| attice. htnl

Wavelength: 850 nm
(approx. 60 nm detuning)
Lattice Spacing: 425 nm

Lattice type: simple cubic
Beam waist: 120 um
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P DIPOLE FORCE
EXAMPLE 2. OPTICAL MICROTRAPS

@ Trapping at the focii of a microlenses array

G. Birkl and W. Ertmer, Universitat Hannover

Fluorescence reported in the experiment
Rubidium atoms

l & - 85RDb
Q

- Diode laser of 1-10 mW
- P =1 mW per trap

- 100 pum lense separation
- Trap width =7 um (1pum)

- Trapping frequency:
Gy =104 -10° ¢71
ar =10ay

- Trap depth =1 mK

- Atoms per trap: 100 (1)

Microlenses

P

Principal laser, R. Dumke, M. Volk, T. Miither, F.B.J. Buchkremer, G. Birkl, W. Ertmer,
red-detuned Phys. Rev. Lett. 89, 097903 (2002)

G. Birkl, F.B.J. Buchkremer, R. Dumke, M. Volk, W. Ertmer, Optics Comm. 191, 67 (2001)
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1.3 RABI OSCILLATIONS

W(t) = (Aei (a-Q'1t/2 | gd (A+Q')t/2) o IELt/ 7 1

.\ (Ce—i(A—Q')tIZ .\ De—i(A+Q’)t/2) eI /T 5

a(t=0)=1 Q' +A
> {az(t:O):O}:> A% o

_ o« (O) 5
Po(t) =coco = (Q) smz( 2tj
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P RABI OSCILLATIONS
EXAMPLE: SINGLE 4°Ca* ION IN A PAUL TRAP

1 DG 200 400 600 800 1000

0.8-
0.6-
0.4
0.2-
0.0
1.0
0.8-
0.6-
0.4-
0.2-
0.0

D5 o State population

o 200 400 800 800 1000
Time in us

F. Schmidt-Kaler et. al. arXiv:quant-ph/0003096 (21/March/2000)
JOURNAL OF MODERN OPTICS, 2000, VOL. 47, NO. 14/15, 2573 -2582
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D LIGHT PULSES OF WELL DEFINED AREA

Si A=0 == yY(t) = Co{gtje_iElt/h1> +isin(§22tje_iE2t/h2>

= cos(gt) 1 +i sin(gtj 2

Qt =0 =
Qt=7m/2 =
Qt=mr =
Qt =37/ 2 =
Qt=2n =
Qt=57/2 =
Qt=3mr =
Qt=7m/2=
Qt=4n =

(2121 +i2)
ki

%

%

%

Singel qubit operations

Hadamard gate
Bit flip

Phase flip
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D LIGHT PULSES OF WELL DEFINED AREA
EXAMPLE:. CAVITY QUANTUM ELECTRODYNAMICS (CQED)

S. Haroche Group. ENS & College de France

@® Two-level atom @ Superconducting Fabry-Perot
Rydberg states (n=50,51) resonator m—
— > -
micrones Q= g n+1

+|g> L

A
v

5cm

@ Quantum Rabi oscillations @ Atom-photon entanglement

Pe ¥ )in = € atom 0>camp

P & N2, TS
St

1 :
v Vo= le00+igOn)

ti (s Hagley et al., Phys. Rev. Lett. 79, 1 (1997)

0.6+

0.4+

0.2+

0.0
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P OPTicAL NUTATION

@ Two-level atom + spontaneous emission

ERL.- |2>

Which is the probability dp that an atom
;Fl/'[ suffers a spontaneous emission in a dt?

W
WWWW> 0

— |1>

dPspon. emission = ¥-P2 (t) dt

@® Collection of two-level atoms + spontaneous emission

po(t) ¢

™t
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1.4 RAPID ADIABATIC PASSAGE

N. V. Vitanov, T. Halfmann, B. W. Shore, K. Bergmann, Annual Review of Physical Chemistry, 52, 763 (2001)
(
—— 0> Q -
* [2 & =i At ao __Ho'Eo
V> &0 QA A=ca-ag
E a =1 _¢€ Gl
e 1> \
€ Change of variables: Taking out ~ for simplicity

RO P T By N
2 1

Two state Hamiltonian

@ Eigenstates and eigenvalues:

|+) = -sing| 1) —cosd| 2)
|-) =cosd|1) -sing| 2)

with tan(2z9):% and Ei=%(—Ai\/A2+QZ)
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Eigenstates and eigenvalues:
0 QE-[’OT'EO | +) = —sind|1) - cosI| 2)
A=a-ag |-)=cosd|l)-sing| 2)

— | 1> 1
with tar(2z9) = % and E, = > (—A VN +Q° )
& Adiabatic theorem by Max Born and Vladimir Fock:

M. Born and V. Fock. Zeitschrift fur Physik, 51, 165-180 (1928)

“A physical system remains in its instantaneous eigenstate if a given
perturbation is acting on it slowly enough and if there is a gap between the
eigenvalue and the rest of the Hamiltonian's spectrum”

€ Rapid Adiabatic Passage (RAP). Assume: A =A(t); Q = Q(t)

Consists in adiabatically following ‘+> or ‘—> from ‘ 1> to‘2>
Example: the atom initially af W(t,)) =|1)

At t, :  A>0 with A>>Q=8(t)= 0:>\L|J(t0)>-\—(to> 1
At t, @ A<0 with |Al>>Q = (t, )_—:»\Lp(t ))=|=(t;)) =2
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1.5 RADIATION PRESSURE

far from resonance):

> On resonance force (nothing to do with the dipole force that works

1. Light absorption

2. Spontaneous emission

Dvi %M

V¢

V¢ =v; —7k

—> |Laser cooling:

ST A

PN - SN

\WaVaVaWaWe = W\/W\/

AVaVAVL VAT = e AVAVAVAVAY S

ST 30w \ SO

AL X
Y

(preferential absorption)

=) Doppler effect: o =w—-k-Vv

|9 ekl
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P “OPTICAL MOLASSES” D EXAMPLE:

T. Hénsch, A. Schawlow, Opt. Commun 13 (1975) 68. MAGNETO OPTICAL TRAP (MOT)

W. B. Phillips Group, “Laser Cooling and Trapping”, NIST

[—] | \ feset
http://physics. ni st.gov/Di visions/D v842/

http://ww. col orado. edu/ physi cs/ 2000/ i ndex. pl Gp4/ gr oup4. ht nd

(The Atomic Lab / Bose Einstein Condensate)




