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Experimental MethodsExperimental Methods

L li ti t i ti li

Roadmap to BEC with an atomic gasRoadmap to BEC with an atomic gas

Laser cooling, magnetic trapping, evaporative cooling

Nobelprize 2001

Nobelprize 1997p

Nobelprize 1997
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Experimental MethodsExperimental Methods
Cold AtomsCold Atoms

Laser Cooling
N l   b  l d b  i i  i h Neutral atoms can be cooled by interacting with 
monochromatic light (~thermal equilibrium with the light)

•Temperature 1mK  1Kp 
•Velocity 0.5m/s 1mm/s
•deBroglie wavelength 10nm 500nm
•Typical samples 108 atoms @ 1011 atoms/cm3yp p

Magnetic Trapping
Neutral atoms can be magnetically trapped U=-BNeutral atoms can be magnet cally trapped U B
1Gauss ~ 67 K for a magnetic moment  = B

BECE
Cooling in a magnetic trap by removing the hottest atoms 
and thermal equilibration (evaporative cooling)

•Typical samples >105 atoms @ 1014 atoms/cm3
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•Typical samples >105 atoms @ 1014 atoms/cm3

•Temperature <1K
•deBroglie wavelength >1m

Kalte AtomeKalte Atome
BasicsBasics
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4.1 Mechanical effects of light I: 
The scattering force

4.1 Mechanical effects of light I: 
The scattering forceThe scattering force

Basic Scattering force
Zeeman slower

The scattering force
Basic Scattering force
Zeeman slowerZeeman slower
Doppler cooling
Polarization gradient cooling
Radiation pressure trapping

Zeeman slower
Doppler cooling
Polarization gradient cooling
Radiation pressure trappingRadiation pressure trapping

Magneto Optical Trap
Coherent population trapping

Radiation pressure trapping
Magneto Optical Trap

Coherent population trapping
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Mechanical Effects of Light
h  i  f

Mechanical Effects of Light
h  i  fthe scattering forcethe scattering force

Scattering of a photon by an atom
photon momentum: k  

atom momentum:     0k

after excitation of atom:                        
atom momentum:     1k

after spontaneous decay 
of atom:                                             mean atom momentum: 1k

0





 I
I

kk
pdp

F  Mean force on atom:
222

)2(12
0

0


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



vk

I
I aL
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tdt

F 


Mean force on atom:

i l f   h    l d  l i  
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typical forces on the atom can lead to accelerations 
of 104-106 m/s2



Interaction with LightInteraction with Light Quantum Mechanics:
Optical Bloch Equation

with radiation dampingwithout radiation damping

Rabi oscillations

A basic introduction can be found in the
first two chapters of: 
R. Laudon: Quantum Theory of Light

R   d E  l

Q y g
(Oxford Uni. Press)

Rate equations and Einstein relations

Line shape for:
rabi = 104210.1

Power broadening illustrated by 
normalized line shape for:
rabi = 104210.1
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123 2
3

0
D

gc


Zeeman Slowing
W  Phillips  H  Metcalf PRL 48 p569 (1982)

Zeeman Slowing
W  Phillips  H  Metcalf PRL 48 p569 (1982)W. Phillips, H. Metcalf PRL 48 p569 (1982)W. Phillips, H. Metcalf PRL 48 p569 (1982)
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Cold Atoms
laser cooling

Cold Atoms
laser coolinglaser coolinglaser cooling

Atom in counter propagating laser field: optical molasses
Close to velocity zero:
force is linear in velocity

   Total

F=-v
For a detuning 

   Right Laser
   Left Laser

For a detuning 
laser atom 

( d f  )(red from resonance)
and the force is a 
damping forcep g f

Heating due to randomness of the photon scattering 
t i l t t  k T /2  (D l  li it)
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typical temperature: kBT=/2  (Doppler limit)
140 K for =5 MHz

Doppler MolassesDoppler MolassesDoppler MolassesDoppler Molasses

cooling limit for Doppler cooling:

  



2

22
0

1

4
I
I

BTk 

for  I/I0 <<1 and 


24BTk
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2
 TkB



Measuring 
T t

Measuring 
T t

time of flight

TemperatureTemperature

release and recapture
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Molasses Experiment
life time 

Molasses Experiment
life time life time 

Lett et al. JOSA B6  p2084 (1989)
life time 

Lett et al. JOSA B6  p2084 (1989)
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Molasses Experiment
temperature vs  turn off time

Molasses Experiment
temperature vs  turn off timetemperature vs. turn off time

Lett et al. JOSA B6  p2084 (1989)

temperature vs. turn off time
Lett et al. JOSA B6  p2084 (1989)
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Molasses 
E i
Molasses 

E iExperiment
temperature

Lett et al  JOSA B6  p2084 (1989)

Experiment
temperature

Lett et al  JOSA B6  p2084 (1989)Lett et al. JOSA B6  p2084 (1989)Lett et al. JOSA B6  p2084 (1989)
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Light Forces in 
Multilevel Atoms
Light Forces in 

Multilevel AtomsMultilevel Atoms
light shift, Sisyphus Effect

J. Dalibard, C. Cohen-Tannoudji JOSA B6  p2023 (1989) 

Multilevel Atoms
light shift, Sisyphus Effect

J. Dalibard, C. Cohen-Tannoudji JOSA B6  p2023 (1989) 

Atoms in light field: Dresses States
couppled 2-state system Atom <-> Light

potential

it d st t  l ti




2

2

  


U

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excited state population

scattering rate







2

2

2

  





R

ee

Cooling Limit for 
Sisyphus Effect
Cooling Limit for 
Sisyphus Effect

Estimation of the cooling force

Sisyphus Effect
J. Dalibard, C. Cohen-Tannoudji JOSA B6  p2023 (1989) 

Sisyphus Effect
J. Dalibard, C. Cohen-Tannoudji JOSA B6  p2023 (1989) 

Estimation of the cooling force

f ll l

vkvkUF pv
pg 

 




 


 221

0 2

22




23 kfull calc:

compare to Doppler cooling:

  23 kpg 

4

2k
dop



estimate the cooling limit:
Sisyphus heating: 
force fluctuates as the atoms pump between the two levels:

 22 pg pD 

lin  limit:


 







2222 1
2

          

2

k
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p
k

pD




2pgDcooling limit:

full calcualtion for  :


 pg

B

D
Tk

8

2 TkB
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+ - - Molasses 
J  Dalibard  C  Cohen-Tannoudji JOSA B6  p2023 (1989)

+ - - Molasses 
J  Dalibard  C  Cohen-Tannoudji JOSA B6  p2023 (1989)J. Dalibard, C. Cohen-Tannoudji JOSA B6  p2023 (1989)J. Dalibard, C. Cohen-Tannoudji JOSA B6  p2023 (1989)
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Molasses 
E i t
Molasses 

E i tExperiment
Polarisation Gradient Cooling

C. Salomon et al. EPL 12 p683 (1990)

Experiment
Polarisation Gradient Cooling

C. Salomon et al. EPL 12 p683 (1990). Sa omon t a . E L p68  ( 99 ). Sa omon t a . E L p68  ( 99 )

S. Chu
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S. Chu (Bell Labs 1985) 



Light Pressure TrapingLight Pressure Traping
1D and 2D lenses1D and 2D lenses

•Optical Earnshaw’s theorem:
If the light scattering force is proportional to the local Pointing 
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f g ng f p p n n ng
vector, it is impossible to construct an optical trap. 

Magneto Optic Trap
E  R b  l  PRL 59 2631 (1987)

Magneto Optic Trap
E  R b  l  PRL 59 2631 (1987)E. Raab et al. PRL 59 p2631 (1987)E. Raab et al. PRL 59 p2631 (1987)

3d magnetic field realization: 
QuadrupoleQuadrupole

Atoms are pushed to the point with B=0

T i l t
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Typical parameters:
Density: >1011 atoms/cm3

Up to >1010 atoms



Velocity Velocity Veloc ty 
Selective 
C h t 

Veloc ty 
Selective 
C h t Coherent 
Population 
Coherent 
Population p
Trapping

p
Trapping
R. Kaiser et al. 
PRL 61 p826 

(1988)

R. Kaiser et al. 
PRL 61 p826 

(1988)(1988)(1988)
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Coupled Pendulum 
Model

Coupled Pendulum 
ModelModel

P.Hemmer, M. Prentiss J. Opt. Soc. Am. B 5,  1613  (1988)
Model

P.Hemmer, M. Prentiss J. Opt. Soc. Am. B 5,  1613  (1988)
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Coupled Pendulum ModelCoupled Pendulum Model
P.Hemmer, M. Prentiss

J. Opt. Soc. Am. B 5,  1613  (1988)
P.Hemmer, M. Prentiss

J. Opt. Soc. Am. B 5,  1613  (1988)
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Raman Cooling
M  K i h  S  Ch  PRL 69 1741 (1992)

Raman Cooling
M  K i h  S  Ch  PRL 69 1741 (1992)M. Kasevich, S. Chu PRL 69 p1741 (1992)M. Kasevich, S. Chu PRL 69 p1741 (1992)
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4.2 Mechanical effects of light II:
h  d l  f

4.2 Mechanical effects of light II:
h  d l  fThe dipole force
Dressed state potentials

The dipole force
Dressed state potentialsDressed state potentials
Dipole traps

Optical Tweezers
RF trap

Dressed state potentials
Dipole traps

Optical Tweezers
RF trapRF trap

Optical lattices 
RF trap

Optical lattices 
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Atome im Lichtfeld
Dresses States 

Atome im Lichtfeld
Dresses States 

Atoms in Gaussian laserbem

Dresses States 
gekoppeltes 2-Zustandsystem Atom <-> Licht

Dresses States 
gekoppeltes 2-Zustandsystem Atom <-> Licht

Potential2

U


Dielectric Spheres

excited state
population






2

2

  





U

ee
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scattering rate



2

2

  


R



Optical TrappingOptical Trapping

“Optical lattice” : 4 µm polystyrol particles on water surface

Optical TrappingOptical Trapping

Optical lattice  : 4 µm polystyrol particles on water surface
conservative light force for macroscopic particles  optical tweezers

2 beam lattice 4 beam lattice2 beam lattice 4 beam lattice

this is not (only) a joke: optical tweezers do amazing things in biology
(measure the force of a ribosome)

The dipole forceThe dipole force

P


The dipole forceThe dipole force

P

E


Induced electric polarization of 
an atom in a laser field: Ep

 
2

2

the resulting interaction potential is  I
c

EpVdip 


Re
2

1

2

1

0




(„in phase“)

2

02 EcI 

c22 0

(„out of phase“)and the scattering rate  I
c

Pabs
scat 


Im

1

0


/IVdip 
2/I

go for high
detuning and
high intensity

red detuned laser blue detuned laser

/Iscat  high intensity

In most optical lattices lasers are blue detuned
( < 0) ( > 0)

In most optical lattices lasers are blue detuned
to avoid photon scattering



Atom – Light InteractionAtom – Light InteractionAtom Light InteractionAtom Light Interaction

open 2-level system:

complex optical 
i l 2

open  2-level system:

potential: V
iOpt

Rabi




 4 2

with: coupling
laser detuning

Rabi ed E
   Laser Atom

decay rate
Laser Atom



Real part: refraction, phase shift
Imaginary part: absorption 
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g y p p
(if state |2>  is not detected)

Optical LatticesOptical LatticesOptical LatticesOptical Lattices

)(i)(i)(i)( 222 kkkV


+ k h i fi)(sin)(sin)(sin)( 222 kykykxrV  + weak harmonic confinement

• the resulting potential is a simple cubic latticethe resulting potential is a simple cubic lattice
• the lattice potential is perfect: no defects, no slips
• the BEC coherently spreads over more than 100.000 lattice sites
• filling per site: 1-3 atoms m

k
Erecoil 2

22


g p
• potential depth can be adjusted between 0..50 Erecoil

• typical trap frequency per site  2 x 50 kHz



Standing Light WaveStanding Light WaveStanding Light WaveStanding Light Wave

Interference of two light waves

k


kInterference of two light waves k1 k2

  
  

E x E k k x2
0

2
1 2 0

2

1( ) cos ( )
   


   

  E Gx0
2

01 cos
  

Consider retro reflection of light from a mirror ( )
 
k kConsider retro reflection of light from a mirror (               )

and therefore a grating vector 
k k1 2    

G k k k  1 2 2

Far off resonant light: 
phase grating

 U x Gx( ) cos( )  
 

0

2

04
1 

On resonant light: 
absorption grating

 U x i Gx( ) cos( )  
 

0

2

02
1 
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transmission (thin grating):   T x A Gx( ) exp cos( )   0 01
 

Diffraction on a Standing Light 
W

Diffraction on a Standing Light 
WWaveWave

 U x Gx( ) cos( )  
 0

2

01 

Large Laser Detuning:  

 U x Gx( ) cos( ) 
 04

1 

Bragg diffractionBeugung am dünnen Gitter
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Diffraction from a standing light Diffraction from a standing light 
wavewave

Recoil picture: photon scattering
Photons

Atoms

A: Absorption. B: Stimulated Reemission

-kL2

p p g

Photons

kL1

kL1

G

kL2

Atom gets 2 photon recoils ±2 k L

Wave picture: diffraction

Atomic
matter wave

Light

Light grating vector: G = 2k

p

Atomic momentum change: ±2 k L

Light-grating vector: G = 2k
 

L

Light as a refractive index grating:
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Light

A i

Thin and 
Thi k 

Thin and 
Thi k 

Thin grating has many different k-vectors
allows stimulated scattering for a variety of incident angles

AbsorptionThick 
Gratings 

Thick 
Gratings 

G

g
Thick grating the 

k-vectors of the light 
are very well defined 
d t  t f  

g
Thick grating the 

k-vectors of the light 
are very well defined 
d t  t f  and momentum transfer 

can only be in specific 
directions -> Bragg 

condition

and momentum transfer 
can only be in specific 

directions -> Bragg 
conditionconditioncondition

How many grating planes 
are crossed?
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4.3 Controlling Atoms with Light
ll  L h  h 

4.3 Controlling Atoms with Light
ll  L h  h Controlling Light with Atoms

Coherent population transfer 

Controlling Light with Atoms
Coherent population transfer Coherent population transfer 

STImulated Raman Adiabatic Passage (STIRAP)
Electromagnetically Induced Transparency (EIT)
Slow Light  

Coherent population transfer 
STImulated Raman Adiabatic Passage (STIRAP)

Electromagnetically Induced Transparency (EIT)
Slow Light  Slow Light, 
Stopping Light
Slow Light, 
Stopping Light
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Coherent Population Transfer I
K. Bergmann et al. Rev. Mod. Phys. 70, 1003 (1998).

Coherent Population Transfer I
K. Bergmann et al. Rev. Mod. Phys. 70, 1003 (1998).g yg y
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Coherent Population Transfer IIICoherent Population Transfer IIIp f
K. Bergmann et al. Rev. Mod. Phys. 70, 1003 (1998).

p f
K. Bergmann et al. Rev. Mod. Phys. 70, 1003 (1998).

coupled 3 state system (non degenerate):

dressed state eigenen staets

dressed state eigenen energies

adiabaticity condition
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with

Coherent Population Transfer II
K. Bergmann et al. Rev. Mod. Phys. 70, 1003 (1998).

Coherent Population Transfer II
K. Bergmann et al. Rev. Mod. Phys. 70, 1003 (1998).g yg y
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Electromagnetically Induced 
Transparency I

Electromagnetically Induced 
Transparency I

general  -system 
• two atomic ground states
• one common excited stateTransparency ITransparency I

-system Hamiltonian (RWA) in presence of two light fields

Δs signal beam 
single photon det.

Δc control beam 
single photon det

y ( ) p g

single photon det.

Ωs/c Rabi Frequency of 
the signal/control
field

Eigenstates at two-photon resonance (∆s- ∆c=0)

On two-photon-resonance state |a0> has zero probability 
to be excited
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to be excited

Electromagnetically Induced Transparency II
Dispersion in EIT Media

Electromagnetically Induced Transparency II
Dispersion in EIT MediaDispersion in EIT MediaDispersion in EIT Media

Control field off Control field on nd2dn
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d
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
ωsd

dn

ω
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Signal field 
absorption

~ Im(n)

Signal fieldSignal field 
dispersion

~ Re(n)

Atoms – Light and Matter Waves                          J. Schmiedmayer, A. Rauschenbeuel                                       Lecture 3        ‹Nr.›

Xiao, PRL 74, 6663
Harris, Physics Today, 1997



Electromagnetically Induced Transparency III
Slow Light  Stopping Light

Electromagnetically Induced Transparency III
Slow Light  Stopping LightSlow Light, Stopping LightSlow Light, Stopping Light
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Storage of a 55 μs pulse for up to 300 μs

Electromagnetically 
Induced 

Electromagnetically 
Induced Induced 

Transparency V
nonlinear optics

Induced 
Transparency V

nonlinear opticsnonlinear opticsnonlinear optics

general -system 

• two atomic groundstates
• one common excited state
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Stopping Light
D  F  Philli  t l   PRL 84  783 (2001)

Stopping Light
D  F  Philli  t l   PRL 84  783 (2001)D. F. Phillips et al.  PRL 84, 783 (2001);

Chien Liu et al.  Nature 409, 490 (2001).
D. F. Phillips et al.  PRL 84, 783 (2001);

Chien Liu et al.  Nature 409, 490 (2001).
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Slow LightSlow Light
L. Hau et al.  Nature 397, 594 (1999).L. Hau et al.  Nature 397, 594 (1999).
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