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° (BFHF, WA, FAHER BFHRM
® Quantum Optics, Marlan O. Scully, M. Suhail Zubairy, Cambridge
University Press

o #E A (wikipedia.org)
® Atom Optics, Pierre Meystre
® Notes from Prof. Wei Yi
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Laser cooling
Doppler cooling
Sisyphus cooling
Subrecoil cooling
Evaporative cooling

Cavity Optomechanics

Summary
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Laser cooling
Doppler cooling
Sisyphus cooling
Subrecoil cooling
Evaporative cooling
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Laser cooling
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Laser cooling

® Doppler cooling

® Sisyphus cooling

® Raman cooling

® Evaporative cooling

® Sideband cooling
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Laser cooling

REBAREF A

BAR RE IERR WERAR BRAMR
Doppler %% ~ 100 uK Doppler #%BR Tp = hF/2kB i EF
Sisyphus 4% ~ 1-10 pK ROHARRR Tp = h2k%2/Mkp e BET
Raman %#) ~ 10-100 nK {EF R hARER T < Tgr PHEERET. EEE
puk e (n) = 0 kel (n) ~ (D/v)>? REBT. AREET
RERH ~ 1-100 nK REE/ = iRk T ~ Tc/%el FEERETF. HF
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Laser cooling

70

aE T HRFEERFREE

~

1 1 5
ZkpT = =
2k3 2m<v>
8TRb [EF, iBFE T = 300K

ST ~ \/ﬁz \/138><10* X 300
mc?

8
87 % 038 x 106 0 <10 m/s
=292.46m/s

8"Rb BEF, IBE T =1mK

/v 3ksT - . 1.38 x 105 x 10—3
(v2) ~ mc? ©=

3 x 108
ST x 038 x 108 ° X107 m/s
=0.53m/s
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Laser cooling

JC model of two-level system:

12y iwt+ip(r
H = hwo |eXe| + ¢ 19 1 g)e| + H. c.
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Laser cooling

9] L
pee = 7715 (6 iwt Z¢pge - C.C.) — Fpee

Pge = <ZW0 - 5) Pge — 156 e (Pee = Pgg)

. Q —twt—1
Pag = 15 (e ¢ d’pge — c.c.) + I'pee
Solve in the rotating frame py. = pe’", steady state

Q . T/2+i6

Peg = —i€

2¢ 2 4T2/4+ 022

_— Q%/4
Pee = 21 T2/4+ O2)2
® Q= 00, pgg = Pec = 1/2

® Do not consider momentum of atom
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Doppler cooling

® Incorporate kinetic energy p*/(2m)
® Density matrix depends on position/momentum operator
Heisenbergy equation
dp i
- _ g
3 = 7 H Pl

where

_ R [ iwttior) P
H = hwo |e)e| + 3 [e lg)e| + H. c.] + o
Due to [H(r), p] = ihVH(r), we obtain

d£ _ 7@ ip(r) iwt
ET (VQ(r)e )e lg)Xel + H.c.
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Laser cooling

The force

F- <‘iit’> =2 (il ¥ (2m)e ) e e

® Spontaneous lifetime of atom
® Recoil frequency of atom ~ kHz

® Atom internal state — steady state
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Laser cooling

SAXIEFHT
F= () =5 (1kal ¥ () " 4 e
= 5 (K (¥ (AP ) ) e

® Assume Atom in steady state
® Ignore entanglement

® external parts are still complicated: classical center-of-mass

14 /67



Laser cooling

dt
= Fdissip + Freact

F= <d£> - ‘gpge [(VQ(r)) + Q(r) (=) (Ve(r)] e M +cc.

H
r 0?2/2
F. issip — hkf—
dissip 2562 +T12/4+Q2/2
2
Freact - ho v

AT 2

® ﬁEUT ¢(T) =—k-r
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Laser cooling

F:<%§ZHE%JW@&D+WﬂGﬂWMﬂHf”m”M+aa

= Fdissip + Flreact

R
r 0%/2
Fawse =k G Te i oo
2
Freact = ho ve

4 82+4T12/4+Q2)2

® Reactive force, or dipole force Freact

® Dissipative force, or radiation pressure force Fyissip
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Laser cooling

F:<%§:‘gWﬂvmﬂﬂﬂ@WﬂﬂwwMaWW%w+m.

dt
= Fdissip + Freact

H
r 0?2/2
P =Pk B Tofi 002
2
Freact = ho v

® Plane running wave — dipole force vanishes
® Fuissip saturates to hil'k/2

AT 2
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Laser cooling

F:<%§:—gwmvmmwuxm&nwawnawm”“+aa

= Fdissip + Flreact

e
r 0%/2
Faan =R S T2+ 022
2
Freact = ho ve

4 82+4T12/4+Q2)2

® Red detuning § < 0: dipole force forces the atoms to regions of stronger
fields

® Blue detuning 6 > 0: dipole force forces the atoms to regions of weak laser
intersity

Redistribution of atoms in real space
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Doppler cooling

Monochromatic light field

E(r,t) = é6 cos(wt — k- 1)

Doppler frequency shift
cos(wt — k - vot) = cos[(w —wq)t], wa =k vo

® k and vy in opposite direction — Effective frequency increases

® For moving atom, the effective detuning

0d =W —wg —wo =0 — wq

Dipole force vanish, only radiation-pressure force

1 0%/2
Fuissip = S hkD o —— 4=
dissip = 3R 52 +12/4+ Q)2
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Doppler cooling

Monochromatic light field

E(r,t) = é6 cos(wt — k- 1)

® Dipole force vanish, only radiation-pressure force

1 0%/2

—hkl o——+——5= = Faissi —
2 62+ T2/4+ Q)2 aissip (Vo) — 100

Fdissip(vo) =
where
2 5Q%/2
(62412/4+ 92/2)2

n = —hk

® A field propagating toward atom — Higher frequency
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Doppler cooling

0.015 05T ——
0.01

0.005

-0.005 |

-0.01

-0.015

For 6 < 0 red detuning region:
® Atom moving toward the light field are decelerated

® Atom moving away from the light field are accelerated
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Doppler cooling

Single running wave field

hkT 02/2

F= s irearan

Two counter propagating fields

o hkT Q? B 02
T4 [(—k-r)24T2/440Q2/2  (0+k-7)2+T2/4+Q2/2
2
o Ok(k - v)Q — onu

(62 + T2/4 + 02/2)2
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Doppler cooling

> '~ <4mm > « ) <4um
-<mm <

® Atoms absorbs a low energy photon, emits a high energy photon

® Energy dissipated through spontaneous emission
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Doppler cooling

Each spontaneous emission also result in random momentum diffusion of the
atom, or heating

dBqigr _ h2K2
dt r

® Diffusive energy change: 5 Pee

® Cooling energy change:
® At Doppler limit 6 = —I'/2

dEcool _ gy — 2
ool = F v = —2nv

dFEcoor | dFEairr RT
dt a 0= keI~ g

® More sophiscated theory gives kgTp ~ %
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Doppler cooling

Limit of Doppler cooling

Atom  Tp (uK)  Treconn (1K)
TH 2389 1285
i 142.11 0.06

25Na  240.18 2.40

85Rb  143.41 0.37

830 124.39 0.20
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Magneto-optical trap (MOT)

Combine Doppler cooling and spatially varying Zeeman effect to cool and trap
atoms

Energy

m=-1

+
d (o}

> <=

NV
For one-dimensional MOT, the magnetic field B = Az. Detuning depends on

both velocity and position

b+ =0Fk-vFpBz

® Atoms at z < 0 are closer to resonance of o beam

® Atoms at z > 0 are closer to resonance of 6~ beam
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Magneto-optical trap

The total frictional force

Ok(k - v+ B2)
F =~ 2RO T — 122

(62 12/
® (Classical damped harmonic oscillator

® Limitations: Radiation, many-body collision

Exmaple: Rb MOT, n ~ 10 ecm™3, T ~ 100 uK
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Sisyphus cooling

® 1988, Philips found the limit temperature of Na 40 K, much lower than
240 uK predicted by Doppler cooling

What is missing?

® Two counter propagating fields add up inhomogeneous

® Realistic atoms have more complicated level structures

BEEBH, SHRBMET—MUHEIHA. ZINAXRE: LIE—RERHE LT,
MEREALTEERNRELT, MitkTIHEHES T,
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Sisyphus cooling

Two counterpropagating light, so-called lin-_L-lin geometry

1 i(kz— . —i
E(z,t) = 5 [exéaoe’(kz W _ ey be RTWN 4 c.c.}

% [e(z)é”e_m + c.c.]

The right/left-circular polarization

2 . ;
=P ie), e =Livicy

and

€(z) = e_ cos(kz) — iey sin(kz)

® Spatially varying polarization

® Spin-dependent lattice potentials

25 /67



Sisyphus cooling

Lin-L-Lin geometry

E

_ \/zéaefiwt[e_ cos(kz) — i€y sin(kz)]

Optical
pumping

Light shifted
energy levels

® Atoms hop to the other ground state near maxima of potential via optical

pumping

26 /67



Sisyphus cooling

Selective rule and CG coeffcients

-3/2 -1/2

12

32

173

13
23

<172

For the J;, =1/2 <5 J. = 3/2:

; . 1 —iw
H= f%hQsm(kz) (|63/2><g1/2’ + ﬁ |61/2><g,1/2‘> et

1 1 —iw
+ §hQCOS(kz) (’6,3/2><g,1/2| + ﬁ |€71/2><91/2‘> (& ¢ + H.c.

12

ke
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Sisyphus cooling

Energy
0 v w4 w2,
' ! o= Tin oF Lin oF
13
o t
16t ;
| s
'
[9-1/2) [9+1/2) |9-1/2)

AC stark shift of the ground states via large detuning approximation:

2 2
U = héso {1— gcos } ’g1/2> gl/g| + hdso [1— gsm kz] |9—1/2)9- 1/2’

=Uy(z |91/2 91/2| +U_(2) |9—1/2><9—1/2‘
where
Q2
2624 12/4

—_

So =

® Minima of U_(z) at z = nA/2, where the polarization of the laser field is
o

® Minima of Uy (z) at z = A\/4 + n)/2, where the polarization of the laser
field is o™
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Sisyphus cooling

-3/2 -112 12 32
J=3/2
s ]
(
q 213 E
\\_i_ J=1/2

® Atoms move up the potential “hill" — decelerated

® At maxima of the “hill" — transition to excited state — stimulated back
to ground state
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Sisyphus cooling

-3/2 -112 12 3/2
J=312
s |
1 213 E
J=1/2
-1/2 112
Energy
0 8 N4 308 v,
: l\ é_ le (‘)'*' Lllﬂ IU+
| b’
Ve
P '
héh E
! Us,
v '
|g9-1/2) [9+1/2) 19-1/2)
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Sisyphus cooling

Rate equations from master equation

dp 2r 2r
d;/Q — 980 cos? (kz) P12 + 980 sin” (kz)P_1 2
dP_l/Q __dP1/2
a — dt

Red-detuning laser § < 0
Loss rate from ‘g1/2> maximum near the maximum of polarization
gradient potential

® Rate equation symmetric g, /2 and g_1 /2
e Sisyphus cooling limit for Na: T, ~ 2.4 uK
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Subrecoil cooling

® Temperature in previous cooling schemes limited by spontaneous recoil
energy

® Avoid spontaneous emission

® Drive atoms to a “dark state”
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Subrecoil cooling

Consider J; =1+ J. = 1:

-1 0 1

Je
-1 0 1
The combined laser fields

1 . »
E(z,t) = 5(5’ (e.;.elkz +e_e Zkz)

® V-type and A-type three-level system
® Population can go from V to A system, but not the other

Ignore the levels associated with V-system
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Subrecoil cooling

Consider J; =1+ J. = 1:

-1 0 1 L

%

-1 0 1
The combined laser fields

1 . »
E(z,t) = 5(5’ (e.;.elkz +e_e Zkz)

® V-type and A-type three-level system
® Population can go from V to A system, but not the other

Ignore the levels associated with V-system
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Subrecoil cooling

The coupling of laser field and atom

_ R —ikz ikz —iwt
=05 (leoXga] e Jeo)g-1]e™*) e + H.c.
® Note the sign different from Chapter 5

34/67



Subrecoil cooling

The coupling of laser field and atom

hQ —iw
H= oW dp (e, P)Xg1,p + hk| — [eo, p)Xg-1,p — hk|) e + H.c.
® Note the sign different from Chapter 5
® Need to involve momentum

® The translation operator e’** = [ dp|p)Xp — k|
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Subrecoil cooling
Due to conservation of momentum

® Closed manifolds

M(p) = {|€07p> ) ‘glvp + hk> ) |g71,p - hk>}

L (0 0
H= 0o 0 -
22\g o _s

|tbe(p)) =

® |n this basis

® New basis

(Igl,p+ hk) — |g-1,p — hk))

g

[Yne(p)) = ﬁ (lg1,p + hk) +|g—1,p — hk))
[Ye(p)) = leo, p)

Satisfy

H |wc> -

h$2
fQ |’¢}€> ’ H W)€> - m |¢c> ) H W)n5> =0
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Subrecoil cooling

Note that |¢nc(p)) is not exactly a dark state

Take kinetic energy as perturbation

(o) 2 o)) = "2

® Atoms can escape from the state |¢,.(p)), except for p =0

¥ne(0) is a perfect trap, a dark state uncoupled to any other state of the
system

36/67



Subrecoil cooling

® Linewidth of upper state |e(p)): T
® Linewidth of 1.(p): IV = %2
® Linewidth of ¥nc(p):

when kp/M < T’
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Evaporative cooling

Limitations

® Doppler/Sisyphus cooling in MOT are limited by heating due to
spontaneous emission

® MOT also exerts density limits due to trap losses etc.

® Subrecoil coolings have not reached the phase space densities required for
a condensate

Evaporative cooling
® Remove atoms with highest energies from the trap

® Temperature lowered as atoms rethermalized via elastic collison
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Evaporative cooling

Evaporative cooling in a magnetic trap

® Need traps with coservative forces: magnetic trap, optical dipole trap
® Lifetime of gas much longer than collision rate

® |neffective for identical fermions
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Evaporative cooling

Atom Eva.
Cooling (u K)

Rice 7L Before 0.07 200 7
After 0.1 1.4 0.4

MIT  2Na  Before 1000 0.1 200 2
After 0.7 150 2

JILA  ®Rb  Before 4 0.04 90 0.3
After 0.02 3 0.17

FEMHIE >+
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Cavity Optomechanics
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Cavity Optomechanics

Microscopic<+ Macroscopic

Mesoscopic/Macroscopic quantum effect?
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Cavity Optomechanics

optical mechanical
laser cavity mode
Weav, K Qm, Fm

| = e
a

) ) vibrating
microwave drive L capacitor :j:

LYV

C(#)

LC circuit

Cavity + Mechanical resonator
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Cavity Optomechanics

Plane parallel resonator Concentric resonator — Confocal resonator Ring resonator

A I_Zrl A
n? n?

Different cavities
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Cavity Optomechanics

Phase shift:

@»I 1x2m

<3| 2
e aEmrams]| wo
e oo

| S S T | It

Fabry-Pérot resonator:
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Cavity Optomechanics

Phase shift:
<s=--------====|| I
SCEREET> S crnrtrr | IV
Ixn

S>SS©SE| v
| S S T | It

Fabry-Pérot resonator:

_i__
G
i

® Optomechanics: one mirror of the cavity is movable
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Cavity Optomechanics

® Cavity decay rate k: Mirror transparencies, and internal absorption or
scattering out of the cavity

® Optical finesse (¥5ZMFE): average number of round-trips before a photon
leaves cavity

Fo Aw
K

® Quality factor (FRJBIEF) of the optical resonator

Q= or Energy of cavity

= WcavT
Decay of energy per round

where T = 1/k is the photon lifetime
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Cavity Optomechanics

Mechanical resonators

d?z(t da(t
dﬁg ) + mcffrm% + Mot Qo x(t) = Fex(t)

Meff
Phonon creation and annihilation operators
T = xZPF(B + l;f), P = —imesrQmrzrr(b — BT)

where the zero-point fluctuation

/ h
xT = —_—
aPE 2"’neffgzrn
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Cavity Optomechanics

® Define the susceptibility xm via Fourier transform: z(w) = xm (w) Fex(w)

1
Megr(Q2, — wW2) — iMeglmw

Xm(w) =

® | ow-frequency response

where k is the spring constant

48/67



Cavity Optomechanics

® Momentum transfer of single photon |Ap| = 2h/\ = 2hk

® Radiation-pressure force

(F) = ff’ (n) = hw“LaV <a*a>

where 7. = 2L/c denotes the cavity round-trip time

® (G = wecav/L describes the change of cavity resonance frequency with
position

49/67



Cavity Optomechanics

Ho = hweavd'a + 5O b'h

® The cavity resonance frequency is modulated by the mechanical amplitude

a“-)cav

9z +...

Wcav (1') X Weav + T

Optical frequency shift per displacement

_ 6wcav

ox

G =

® Expanding to leading order

® |nteraction part of the Hamiltonian
Hine = —hgoa'a(b+b"), go = Grzpr
® Nonlinear process: three-wave mixing
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Cavity Optomechanics

Weav 1014 HZ, O~ 109 Hz

go smaller
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Cavity Optomechanics

Mass

Suspended macro-
scopic mirrors

Suspended
micro-pillars

4 ,.‘

Trampoline
resonators

Suspended
membrane

Hybrid opto-
mechanical systems

Microtoroid

Semiconductor
microdisk resonator

ouble-disk
microresonator

Mass

Near-field coupled
nanomechanical
oscillators

-

Free standing
waveguides

Optical microsphere
resonator

Micromechanical
membranein a

superconducting
licrowave circuit

Photonic crystal
defect cavity (2D)

Photonic crystal
nano beam (1D)

Double string
“zipper” cavity

—

Nanorod inside
acavity

——

Cold atoms coupled
to.an optical cavity

52/67



Cavity Optomechanics

| < mp

ool

Radiation modes and vibrational degree of freedom
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Cavity Optomechanics

TABLE IL for a sampling of published cavity-optomechanics experiments.

Reference Q, /27 (Hz) m (kg) T,/2z (Hz)  Qf Hz)  x/2x Hz)  «/Q,  go/2n (Hz)
Murch er al. (2008) 42 % 10" 1% 1072 1% 103 L7x10°  6.6x10° 15.7 6x 10°
Chan et al. (2011) 39%10°  31x1076 39x10°  39x10%  5x 108 0.13 9% 10°
Teufel, Donner et al. (2011) LIx 107  48x107 32 35x102 2% 10° 0.02 2x 10
Verhagen et al. (2012) 7.8 % 107 1.9 % 10712 3.4 %107 1.8x 10" 7.1x 108 0.09 34x10°
Thompson e al. (2008) 1.3 % 10° 4% 1071 0.12 L5x 101 5x10° 37 5% 10!
Kleckner et al. (2011) 9.7 x 10° LIx 107 13x1072 9x10°  47x10° 55 22x10'
Groblacher, Hammerer er al. (2009) 9.5 x 10° L4x 10710 14x10°  63x10° 2% 10° 022 3.9
Arcizet et al. (2006a) 8.14 % 105 1.9% 1077 81 8.1 x 10° 1% 106 13 12
Cuthbertson ef al. (1996) 10° 1.85 25x10°  4.1x 10" 275 09  12x107
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Cavity Optomechanics

Hamiltonian

H = hweava'a + QDT + hgoa'a(b + b')

Quantum Langevin equation

YR

In the stable state, let 4 =0 and b= 0 to find mean field solution a =

& = —Z(A+go<b+bf>>a—ga—i—\/Eain:O

(i =10 3) - w5 5 =0

(@)
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Cavity Optomechanics

One can find

R 2
<b> - _Qgi|?r|/2

and

P 20g0|al?
t\ _ _ %90
<b+b>_ 02412/4

The photon number

2
K| tin |

K2/4+ (A - 2g3]al* /)2

~

jaf?
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Cavity Optomechanics

« %/92x=0.0,

o
x

2

laf/lal
°
=

« 9/ 2% =0.002, |a,,]"=30x

max
o

2

laf/lal
°
=

« 93/ Q2x=0.008, |ay,|*=30x

2

max
S o
»

|a/la]
°
=

-3 -2 -1 0 1 2 3

Multistable and first-order phase transition
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Cavity Optomechanics

Quantum fluctuation
& — a+da, b—pB+3b
Effective Hamiltonian
2 2
H=h <A - %) satsa + nQb'h

+ Rgo [a(aa +oah) + 5@%&] (b+bh

® Effective detuning

® Linearized approximation
H = hAdatda 4+ hQb'b + hgoa(da + 6a’) (b + bY)
® Rotating-wave approximation (A > 0, weak coupling)

H = hAsatsa + hObTh + hgoa (6@13* + 4t 13)
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Cavity Optomechanics

Quantum fluctuation
& — a+da, b—pB+3b
Effective Hamiltonian
2 2
H=h <A - %) satsa + nQb'h

+ Rgo [a(aa +oah) + 5@%&] (b+bh

® Effective detuning

® Linearized approximation
H = hAdatda 4+ hQb'b + hgoa(da + 6a’) (b + bY)
® Rotating-wave approximation (A < 0, weak coupling)

H = hAsatsa + hObTh + hgoa (5@*13* + 6&13)

58 /67



Cavity Optomechanics

Linearized version of the classical equations of motion
56 = (—m - g) sa — iGar,
Mettd = —MettQa @ — Megtl'md — hG(a" 5o + ada’™)
The modified susceptibility
X;q,leff = Xm (W) + (),

Z(UJ) = 2mefom92 ( 1 + 1 )

A+w+ik/2  A—-w—ik/2

Effective result: frequency shift and optomechanical damping

2 Qm A+w A-w
0Qm(w) =g"— |:(A—|—w)2+li4/4+(A—w)2+52/4:|

2 Qm K K
Popu(w) ="~ {(A TRt R/ APt #/4}
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Cavity Optomechanics

¥,/ 21 (Hz)

Q/2n (Hz)

10 ] | ]
A2m (MHz)
FIG. 17 (color online). Optomechanical cooling rate and fre-

quency shift in the resolved-sideband regime, shown here for
k/Q,, < 1. Adapted from Teufel et al., 2008.

® Cooling region: A = —w,,, maximum of 7,,, and zero frequency shift

® Amplication region: A = w,,, minimum of ,,, and zero frequency shift
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Cavity Optomechanics

Scattering picture

(a) )
Mechanical Mode
laser

H )

5

3

s

2

H

(=}

§ O Qm |

3 Y, [
7 >

Q Weav wr
(b) m

z Iaser/\

= )

5

£ i

5

2

£

a8

v Q QO

3 2\ S s

= Z >
# >

O wy Weay

® Stokes process

® Anti-Stokes process
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Cavity Optomechanics

For the case w. — w; = Qm,

[1,n+1)
mm_ [he
@n [1,n-1) "
w W) — Q| e
+Q
L AT [0,n+1)
10,m)
|0,n-1)

Principle of cavity-optomechanical cooling and corresponding transition diagram
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Cavity Optomechanics

® Photons enter cavity resonance by obsorbing a phonon from oscillator

Anti-Stokes processes

]-—‘n%nfl =nA"

Stokes processes happen at a smaller rate

Fn—>n+1 = (n + 1)A+

Full optomechnical damping rate I'opy = A~ — At

n=(n+1)(A* + A}) —n(A” + 4;,)

Steady-state final phonon number

_ A+ + nthrm

nf Fopt + F'm

63/67



Cavity Optomechanics

The transition rates can be calculated by the quantum noise spectrum

2
A* — LzpPF

72 Srr(w = FQm) = Q(Q)SNN(wzzFQm)
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Cavity Optomechanics
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Experimental results for optomechanical laser cooling
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Summary

Applications of quantum optics
® Ultracold atom physics
® | aser cooling
® Quantum steering of single atom and atomic ensemble

® Coupling between microscopic degree of freedom (optical caivyt mode)
and macroscopic degree of freedom (vibrating mirror)

® Macroscopic quantum effect
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