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Fig. 4. - Doppler-free two-photon spectra of the F = 1 hyperfine component of the hydro-
gen 1S-2S transitions, recorded by coaxial excitation of an atomic beam at three different
nozzle temperatures. At 8.7 K, the resolution reaches 1 part in 10".
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Fig. 2. Laser cooling observed in the absence of a magnetic
field for two different frequency settings of the cooling laser
beam.
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•v\ Mivmili horizons Innn atomic phvsics to general relativity and eosmoicr
4a!tHj[-URsiri technologies in the fields of optics, laser jnaiiipulation
meirologv Krench laboratories, which have been s u p p | | | | j | ;:,,::;:liili;
onai leaders in these fields. .::':i;;̂ liilllll, 'WsmKim^g

laser cooling*
Six laser beain^© cross inside a vacuum chamber containing a cesium vapour If tht laser's

frequency is tuned below the resonance frequency of an optical transition of the atoms, the latter

are subject to radiation pressure u\ ihe opposite direction to tiieir velocity The thermal agitation

ol the atoms ib then dramatically reduced and the cniiled aioms are literals trapped in an optical

molasses© At equilibnum. the temperature of the atomic gas is close to 1 imcrokelvm This

corresponds to a residual agitation velocity of 1 cm per second, i.e ten thousand times less than

at ambient temperature. These low velocities increase observation times to several seconds.

(*j research performed in Pr. Claude Cohen-Iannoudji's laboratory (Nobei Prize in Physics 1997).

The "optical molasses *
typically contains 100 millions

of ultra-cold atoms.

Control loop

Oscillator
9,192... GHz

Radiation
\ A

j Transition

I probability

I E, - E2

Cesium
atom'133

Definition: a second is equal to 9 192 631 770 periods of the
radiation which corresponds to the transition between the two

hyperfine levels of Cesium 133's ground state.

The principle of an atomic clock
The principle of an atomic clock is to lock an oscillator © of f requeue) v it,

the atomic resonance frequency v{). Heisenberg's uncertainty principle snows

that the greater the interaction time T of the atoms with the radiation nniEiec'

by the oscillator, the narrower the resonance.

Two key points determine the ultimate performances of an atomic aoek <i

narrow resonance and a high signal-noise ratio.

Laser cooling allows an interaction time 100 to 1000 tunes greater 'iifi ';? b

conventional Cesium clock.

BNM-LPTFs fountain;
in operation since January

1995, it has a relative
stability of 1.3 WJ3T'j/2

(where T is the measurement
time in seconds). With an
accuracy of 2 W'15, this is
currently the world's most

accurate clock.

The atomic fountain
On the ground, the cold atoms are used in a vertical configuration called the

"atomic fountain". The laser-cooled atoms are launched upwards. They follow

a ballistic trajectory for about one second during which they are subject to

two successive micro-wave® interactions, one when travelling upwards, the

other when travelling downwards (Ramsey's method). The transition

probability is measured by fluorescence©.
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THE BOSE-EINSTEIN STATISTICS
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• The new statistics at low temperature saturates

• A phase transition (without interactions) at a critical
temperature Tc.

* For T<Tc the number of condensed atoms is
(homogeneous gas):

/
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'<K

Gas at room temperature (T-300 K)
and in good vacuum (/7=105 cm"3)

-20

Must be dilute (interactions, avoid
"trivial" phase transitions to liquid and
solid)

~6 T7 X 1 / \ I 4typically we need T<10"' K at n-\ 0

-is
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MAGNETIC TRAPPING

Zeeman splitting
of spin states

Trapping field

Bmin=0 must be avoided ( Majorana spin-flip)
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EVAPORATIVE COOLING

trapping potential

anti -trapping potential

rf drives spin-flip at a
specific value of |B

v=AE/h

Atoms with energy» <E> are ejected by the rf-
induced spin-flip. Sweeping the rf frequency to
lower values the temperature goes down.



RUNAWAY EVAPORATION

velocity distribution (Maxwell-Boltzmann)

rf cut thermalization
(elastic collisions)

magnetic trap lifetime x

elastic collision rate (nav)"

nav x >200 ^> runaway evaporation

we need interactions !
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MAGNETIC TRAP
(Ioffe-Pritchard type)

A

B=B0+(B"/2

V=-u-

V(x,y5z)=m/2

/(0r

cox=V|iB"/m

2x2]

typical values

B0=2G
@ 1=240 A => COX=2TC-12.6HZ

cor= 271-160 Hz

Cigar shaped
N/

8 jam

80jnm



IEC TRANSITION
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Column Density (A. U.)
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Absorption imaginj

Probe beam

Column density

n(x,z) = Jn(x,y,z)dy

The column density is fitted with the assumption that n is the sum of
two distributions

Gaussian (uncondensed fraction)

• temperature of the cloud

2 _ 2kBT = mco xa x (equipartition principle)

Inverted Parabola (condensed fraction) which is the solution of the
G-P equation in the Thomas-Fermi approximation

{• Number of atoms
j * Dimensions of the condensate (Rx, Rz) => A.R. oscillations
I * Coordinates of the center of mass (Cx, Cz) => sloshing

Typical values:

.. :- N~105 Rx=40 fim, Rz=4 um



EVOLUTION OF THE ASPECT RATIO
DURING THE EXPANSION

7ms 10ms 13ms 16ms 19ms 22ms 25ms

4-

3-

t>

1-

0-

non interacting j;ondensate

interacting condensate

0 5 10 15 20 25 30 35 40 45

time (ms)
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RAMSEY TYPE INTERFEROMETER WITH

BOSE EINSTEIN CONDENSED ATOMS

An assembly of Bose Einstein
condensed atoms has a definite phase?

iS(r,t)

macroscopic wavefunction with a definite
phase

How does the phase evolve?

Interferometers measure the relative
phase between two BECs

-a?



Ramsey interferometer

I pulse II pulse

nil pulse nil pulse

T

Initial state

2

I pulse ("splitter")
JAt

2)e

II pulse ("recombiner")
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t = (26 + n 1) ms +20 ms (expansion)
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Column density - t w o coupled Gross
Pitaevskii Equations

T=2.2ms f
T=0.6ms I
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• spatial separation between the two condensates -* decrease
of the overlap region

• spatial modulation of the relative phase accumulated between
the two pulses

evolution of the condensate phase

<D(r ,t)=ax (t)x2 + ay (t)y
2 + az (t)z

2 + p{i)z

numerical simulations;

<I> = const.

0

g velocity acquired during the
2 fall in the trapping potential

velocity due to the mutual
repulsion between the
condensates

JI

A =
mgt

t > zi§QjUS-
mgR

the relative phase between the two
condensates is no more spatially
uniform

33
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BEC in an optical lattice

Studies of the properties of the BEC:
Free expansion of the ground state

TOF = 27 ms

absorption
images of
the atomic
distribution

'sidebands',
due to periodic structure
of the ground state

'optical analogies':
phase-locked modes of a laser, diffraction from grating


