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Lecture 2:
Cooling and Trapping towards BEC

• Keppler observing comets tails

• 1875 Crookes - demostartion

• 1901 Lebiediev and Nicols 

• 1933 Frish reflection of atoms

• 1962 Asharian intensity gradient

Uniwersytet Warszawski Wydział Fizyki

Some preSome pre--historyhistory
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Dipole traping of macroscopic objectsDipole traping of macroscopic objectsDipole traping of macroscopic objectsDipole traping of macroscopic objects
4 µm polyester spheres in water   [M. Burns et al., Science 249, 749 (1990)]

• spheres dragged to the high intensity regions(red      

detuning)

•water cools down particles 

• red light from Ar+ laser seen by 

Rayleigha scattering 

Other examples – optical tweezers
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Doppler coolingDoppler cooling
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[W. Phillips and H. Metcalf, Phys. Rev. Lett. 48, 
596 (1982)

J. Prodan et al., Phys. Rev. Lett. 49, 1149 
(1982) ]
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Subdoppler coolingSubdoppler cooling

Sisyphus coolingSisyphus cooling
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Subdoppler coolingSubdoppler cooling
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Applications Applications 

Magnetic trap Magnetic trap 
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Time Orbiting Potential Time Orbiting Potential 

T.O.PT.O.P



 

 

 

10

All optical trapAll optical trap

Evaporative coolingEvaporative cooling
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Evaporative collingEvaporative colling

Optical ScalpelOptical Scalpel

Temperature Landmark
To appreciate something is a good motivation to learn something!
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Laser cooling and trapping of atom is a breakthrough to the exploration of the

ultracold world. A 12 orders of magnitude of exploration toward absolute zero 

temperature from room temperature !!!  
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Useful References
• Books,

– H. J. Metcalf & P. van der Straten, “Laser cooling and trapping”

– C. J. Pethick & H. Smith ,“Bose-Einstein condensation in dilute gases”

– P. Meystre, “Atom optics”

– C. Cohen-Tannoudji, J. Dupont-Roc & G. Grynberg “Atom-Photon 
interaction”

• Review articles
– V. I. Balykin, V. G. Minogin, and V. S. Letokhov, “Electromagnetic trapping 

of cold atoms” , Rep. Prog. Phys. 63 No 9 (September 2000) 1429-1510. 

– V S Letokhov, M A Ol'shanii and Yu B Ovchinnikov
Quantum Semiclass. Opt. 7 No 1 (February 1995) 5-40 “Laser cooling of 
atoms: a review”

The Light Force: Concept
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Force on atom

Net momentum exchange 

from the photon to atom
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Energy and Momentum Exchange between 

Atom and Photon

• Photon posses momentum and energy.

• Atom absorbs a photon and re-emit another photon.
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Criteria of laser cooling

A laser cooling scheme is thus an arrangement of an atom-photo

interaction scheme that satisfy the above criteria!

The Light force : quantum mechanics

• Ehrenfest theorem, the quantum-mechanical analogue of Newton’s second law,

where V(r,t) is the interaction potential.

• Interaction potential: for an atom interacting with the laser field,                             , 

where d is atomic dipole moment operator.

• Semi-classical treatment of atomic dynamics:

– Atomic motion is described by the averaged velocity

– EM field is treat as a classical field

– Atomic internal state can be described by a density matrix which is determined 

by the optical Bloch equation
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Validity of semi-classical 

treatment
• Momentum width ∆p is large compared with photon 

momentum Ñk. 

• Atom travel over a distance smaller than the optical 
wavelength during internal relaxation time. (Internal variables 
are fast components and variation of atomic motion is slow 
components in density matrix of atom ρ(r,v,t))

• Two conditions are compatible only if 

• If the above conditions is not fullified, full quantum-
mechanical treatment is needed. e.g. Sr narrow-line cooling, 
Γ=2π×7.5kHz ~ ωr=Ñ

2k/2m=2π×4.7kHz 

1<<∆pkh

,1 λ<<Γ−v or 1<<Γkv

an upper bound on v

an lower bound on v

1
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J. Dalibard & C. Cohen-Tannoudhi, J. Phys. B. 18,1661,1985

T.H. Loftus et.al. PRL 93, 073001,2004

The light force for a two-level atom
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ρij (or σij)can be determined by the optical Bloch equation of atomic density matrix. 

Where d12=d21 are assumed to be real and we have introduced the 

Bloch vectors u,v, and w.

)(
2

1

)(
2

1

)(
2

1

1122

2112

2112

ρρ

σσ

σσ

−=

−=

+=

w

i
v

u

Remark: dipole moment 

contain 

in phase and in quadrature 

components with incident 

field.



 

 

 

15

Optical Bloch equation







+=
dt

d
H

idt

d ρ
ρ

ρ
],[

1

h

Incoherent part due to spontaneous 

emission or others relaxation processes

ijspon

ij

iispon
ii

dt

d

dt

d
ρ

ρ
ρ

ρ
2

)(,)(
Γ

−=Γ−=

012120

2211

112212
12

211222
22

122122
11

);exp();()(

,1

)(
2

)
2
(

)(
2

)(
2

ωωδωρσ

ρρ

ρρσδ
σ

σσρ
ρ

σσρ
ρ

−=−=−=Ω

=+

−
Ω

++
Γ

−=

−
Ω

+Γ−=

−
Ω

+Γ=

tirdEr

where

i
i

dt

d

i

dt

d

i

dt

d

rr
h

steady state solution

)
)2(1

1)(2(2

;
)2(1

2

2

0
212

0

0
22

Γ+
+−Γ

Ω
=

Γ++
=

δ
δ

σ
δ

ρ
s

i

i

s

s
30

3
;/

λ
π Γ

==
ch

IIIS satsat

Isat ~ 1-10 mW/cm2 for 

alkali atom

Two types of forces
0)0( ==r

r
φ

)()
2

)(
())(

2

)(
( 2112

0
2112

0 σσφσσ −∇++
∇

=+= i
rdErEd

FFF rpdip

rr
rrr

radiation pressure or 

spontaneous emission force

a dissipative force

dipole force or

gradient force

a reactive force

Without loss of generality, choose

)sincos()(2

)sin(cos)(

12

00

tvtudd

tEEteE

jj

jj

ωω

φωω

−=

∇−∇=∇
r

r

At r =0,

Take average over one optical cycle

))(ˆ()( 0012 φ∇+∇•=∇=∑ vEEudeEdF avgj

j

j

rv

Origin of optical trappingOrigin of optical cooling



 

 

 

16

Spontaneous emission force
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Dipole Force in a standing wave

• A standing wave has an amplitude gradient, but not a phase gradient. So 

only the dipole force exists.
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Where s0 is the saturation parameter for each of the two beams that form the standing wave.

For δ<0 (red detuning), the force attracts atom toward high intensity regions.

For δ>0 (blue detuning), the force repels atom away from high intensity regions. 
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Velocity dependent force
Atom with velocity v experiences a 

Doppler shift k••••v.
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The velocity range of the force is significant for atoms with velocity such that their Doppler 

detunings keeps them within one linewidth considering the power broadening factor.
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Doppler Cooling limit

• Doppler cooling : cooling mechanism; Recoil heating : heating mechanism

• Temperature limit is determined by the relation that cooling rate is equal to 

heating rate.

• Recoil heating can be treat as a random walk with momentum step size Ñk.
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