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Outline of lectures |

Lecture 1

Experiments with cold atoms

Atomic beam slowing, optical molasses, traps
Bose-Einstein condensation and applications

Lecture 2
Atomic clocks: basics

Lecture 3
Applications of atomic clocks



Temperature scale |
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Radiation Fressure and
Atomic beam slowing
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Atomic beam slowing (2)

« Chirped cooling
0, (1)—kV(t)=0,

Laser frequency

>

0 5ms time

Extremely simple with diode lasers !
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Hansch, Schawlow I
s acen DOppler Cooling |

Doppler effect ¢
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Absorption of the photon o, +kv, followed by a spontaneous
emission equiprobable in all directions of the space.

Act as: = - a v (friction force) =mdv/dt



Optical molasses |

S. Chu, Scientific American, 174, 1992 Na molasses



Temperature measurement I
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Sisyphus cooling |

J. Dalibard, C. Cohen-Tannoudji

Optical pumping

ight-shifted sublevels

k,T=U,/4

Limit Temperature: about 10 times recoil energy
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Test of Sisyphus cooling |
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Magneto-optical trap I

f (J=0)
[_"J pﬂsiﬁnn

"= 10 Gauss / cm

3D Molasses Trapping I = afew mW per beam
Doppler effect ~ Zeeman effect



Lithium magneto-optical trap |

Trappigg:

F=-k.r

In addition, cooling:
O F=-ki-av

Doppler cooling

+ sub-doppler cooling
Considerable increase
In phase-space density:

nil, 0107

Up to a few 1019 atoms
Density 10"at/cm3




Optical bench for laser cooling |
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Bose-Einstein Condensates:
orders of magnitude

Dilute gas of atoms at temperature T’
confined in harmonic potential :

V(i) = %ma)zrz

Condensation threshold: _ ,
n, : central density

3
N=1.2oz(kB—Tj (> A’ =2612 <
~ \/Zﬂ'kaT

Liquid helium : Gaseous condensate

1027 atoms/m?> 101 at/m’

V-3 =10 A T ~1K n-13 =015 11m T ~1 K



Magnetic trap |
F=1,m=1 .
R o

F=1,m=0 y4 E=—,ZZB=+‘,Z2HB‘
F=1,m=-1 /\
Maxwell's equations:
Local minimum of /B/ No max of |B| in vacuum
+ spin polarisation V=lpl1B]

Atoms cannot be magnetically trapped in the lower energy state.

\ Two-body inelastic collisions

Example: loffe-Pritchard trap

Trap depth 1 mK f \_:_i_
Loaded with laser cooled atoms : N |
Or cryo-cooled atoms (Harvard) ‘1 / - "1‘




Evaporative cooling |

® The only known method to reach quantum degeneracy

- Remove hot atoms
- Elastic collisions ensure re-thermalisation

/ }/ inelastic — 150

elastzc




Evaporative cooling (2) |

N — N/100
r — T/1000

—>

Phase-space density nA3
multiplied by 10’

Duration : 5 to 30 seconds, N,=10° to 107 atoms, 7,= 0.2 to 2 uK



Imagmg cold atomic clouds and condensates

Absorption imaging
1) In situ measurement: spatial distribution in the trap
2) After time of flight expansion: velocity distribution



Bose-Einstein Condensation in Rubidium 87
JILA - Boulder

1000 atoms in ground
state of magnetic trap

sience, 269, 198 (1995) _ o _
. Anderson, E. Cornell and C. Wieman + S0dium, Lithium, Hydrogen, Potassium
Helium (2s state), Cesium, Ytterbium



Bimodal distributions |

Condensate

»/Narrow peak corresponding to
The velocity width of
ground state of harmonic trap

non condensed atoms

Thermal atoms in excited states: broader distribution



Condensate signature |

A few millions atoms in anisotropic magnetic trap

T>TC T<TC
i B 0.5t uK

Time of flight 100 pm * 5 pur

Boltzmann condensats
— mv =—
Wlthout
Interactions

1sotropic anisotropic



coherence of bose-cinstein conaensates

T>T. T<T,

Young slit experiment, Munich
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Atom lasers I

But limited flux:
less than 106 /second

MIT Munich

NIST-Gaithersburg



Towards a continuous atom laser |

\ / Magnetic guide and evaporation
>
2D magneto N\ > >
-optic trap ; 2 e

=

v=40 cm/s
-

Expected flux: 107 condensed atoms /second

n proeress at ENS



Condensates on a chip |

All wires for magnetic trapping and manipulation are integrated
on a chip with a few cm? area

4 .:-._;
Munich, 2001

Greatly simplifies vacuum requirements, power requirements,
But so far, condensates with small numbers (a few 10%)
Application to atom interferometry on a chip

Quantum sensors in space

See C. Bordé lectures



Control ot interactions within a condensate I

Gross-Pitaevski equation :
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The scattering length: a I

® At very low temperatures one parameter is sufficient
to describe atomic interactions: the scattering length a

® Scattering cross section: © =4 5 a2
(for non identical particles)

® Mean field of a gas with density n(r)

4 n h2
U = —— "Da NLePE
® Example: BEC in dependence of mean field
|ldeal gas: a=0 Repulsive: a>0 Attractive: a<0
3D gas 1D gas

AN N

Gaussian Parabola Collapse (for N>N,;) Soliton




Solitons I

® Propagation of a wave without deformation over large distances
Dispersion counterbalanced by non linear interaction

® Discovered in 1834 by Scott Russell in water
.!‘f‘._

® Used in optical fibers for telecommunications

Non-linear Schrodinger equation
Equivalent to Gross Pitaevski equation




Manipulating interactions : soliton formation

One prepares a lithium 7 condensate with repulsive interaction
and place itin a quasi-1D geometry ( ENS):

—

Laser guide « ho| U kT, u

—_

One switches interactions towards a=0 (ideal gas) or a<0 (attractive)

8 ms

6.5 ms
7ms

6 ms
. B ms
G oms

4 ms e

2ms 3 ms

o : z 2ms



Rotating condensate
from single vortex to vortex lattices

As for liquid helium, existence of a critical rotation velocity

Just below Just above Notably For large-atom
The critical critical above critical ~Numbers.
frequency frequency frequency Abrikosov lattice
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Perspectives |

-xploit the quantum coherence:
Can one build a continuous atom laser with high output flux?

Atom interferometry, metrology with coherent matter waves
lithography

tudy of these new macroscopic quantum systems

ow dimension BEC : 1D or 2D (Tonks gas, quantum Hall effect)
lolecular BEC

ermions: towards superfluid transition in Fermi systems
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