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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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Laser cooling*

Six laser beams € cross inside a vacuuin chamber containing a cesium vapour. 1f the lager's
frequency is luned below the resonance frequency of an optical Lransition of the aloms, the latier
are subject Lo radiation pressure in the opposite direction Lo their velogity. The thermal agitation
of the atoms is then dramatically reduced and the chilled aioms are literally trapped in an optical
molasses €. Al equilibrium, Lthe lemperature of Lhe alomic gas is close 10 1 microKelvin. This
corresponds Lo a residual agitation velocity of 1 ¢m per second, L.¢. len thousand times less than

o L The “optical molasses”
at ambent temperature. These low velocilies increase observalion times 1o several seconds. typically contains 100 millions
{*) research performed in Pr. Claude Cohen-Tannoudii's laboratory {Nobel Prize in Physics 1997, of ultra-cold atoms.
Controt foop
) The principle of an atomic clock
£, | Transiuon . . . . . )
‘ ;p,obab'”,ty % The principle of an atomic clock is Lo Jock an oscillator 3 of frequency v b
Radhation e . in P e fp BTy N ; RPN o irvhes g
oscilator |~ A\ | vy [E~E | Resonance the aloinic wsonancg i equgnq .vU. Hexgcnbetgs unqanamg pf“muw shaws
9792.CHz |~ ‘ S width that the greater the interaction tine T of the aloms with the radiation emitted
£ N by the oscillalor. the narrower the resonance.
atcoe;'.‘;”% Two key points deL_ermme the ultimate performances of an alomic clock a
Vo v narrow resonance and a high sighal-noise ratioc.
Definition: a second is equal to 9 192 631 770 periods of the Laser cooling allows an interaction time 100 to 1000 times greater thsa b &
radiation which corresponds to the transition between the two conventional Cesiuim ¢lock.

hyperfine levels of Cesium 133's ground state.

BNM-LPTFs fountain;
in operation since January
1995, it has a relative
stability of 1.3 1073 T-1/2
{where T is the measurement
time in seconds). With an
accuracy of 2 107, this is
currently the world's most
accurate clock.

e R

0

The alomic fountain

On the ground. the cold atoms are used in a vertical configuration called the
“atomic fountain” The laser-cooied atoms are launched upwards. They follow
& ballistic trajectory for about one second during which they are subject o
LWO SUCCessive micro-wave £ interactions, one when travelling upwards, the
other when travelling downwards (Ramsey's method). The transition
probabibiy 18 measured by fluorescence .

_9.



CP—S‘V\W‘ :ﬁauw\f'atno
55 (107 /eley)

szcmov\ 2

ﬁm es
l 000 .
L]
*
L J
r ' : enceinte a vide
b e
me :
. L3t
? Lhov\ i |
“ Sht blindages
‘ : :37 magnétiques
o1 |
3 régior.l :
interaction E
micro-onde :
.
o= . cavité
: :,I micro-onde
=4 2
L] ',
. £
° )
of X
: ° : b
L . ]
: L J
' i
/ o ources datomes
e ' V froids (mélasse)
dcpiégeagc\ : ‘ e
faisccaux —— % N
détection

de détection ~—

Fig. 1. — Schéma de la fontaine 4 atomes de césium fonctionnant au
BNM-LPTF Les prcmlcv "'l‘tats ont donné unc cxactltudc de

3 lO"S




-] -~



THE BOSE-EINSTEIN STATISTICS
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o The new statistics at low temperature saturates

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

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




Gas at room temperature (T~300 K)

and in good vacuum (#=10> cm™

p=nA’gp ~107 !

e Must be dilute (interactions, avoid
“trivial” phase transitions to liquid and
solid)
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MAGNETIC TRAPPING

Zeeman splitting QUADRYPO LE
of spin states

Trapping field | 1
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EVAPORATIVE COOLING

/\E

\§<>/ trapping potential
A@i//”\\i;ix
' () , : :
anti-trapping potential

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

v=AE/h

Atoms with energys> <E> are ¢jected by the rf-
induced spin-flip. Sweeping the rf frequency to
lower values the temperature goes down.
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RUNAWAY EVAPORATION

velocity distribution (Maxwell-Boltzmann)

5 e
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rf cut thermalization
(elastic collisions)

magnetic trap lifetime =

N 5% o \_1
clastic collision rate (nov)

nov T >200 = runaway evaporation

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

B=B,+(B”/2 )x’+[B"/(2Bo)] (y*+7)
V=-u-B
Vixy.z)=m2 o (Y422 50
JEWy /O
o, =vuB”/m
Oy=0,=0;~ (z}f\f{gB’z}/(mBg)

typical values

Bo=2G
@I=240A = o~2m12.6Hz
©,= 21160 Hz

Cigar shaped

. v
>

80 pm
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THERMAL CLOUD PURE CONDENSATE
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Absorption imaging

Column density

fi(x,z) = [n(x,y,z)dy
Probe beam

Lens CCD

y

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

Gaussian (uncondensed fraction)
¢ temperature of the cloud
kgT = mow’c’x  (equipartition principle)
+

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

» Number of atoms
1 » Dimensions of the condensate (R, R,) = AR. oscillations
_* Coordinates of the center of mass (Cy, C,) = sloshing

Typical values:
Fe2 N-10 Ry= 40 pm, R,=4 um
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EVOLUTION OF THE ASPECT RATIO
DURING THE EXPANSION

Jms  10ms 13ms  16ms  19ms  22ms 25ms

non interacting condensate

interacting condensate

o 1/ o

thermal cloud

0 5 10 15 20 25 30 35 40 45

time (ms)
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An assembly of Bose Einstein
condensed atoms has a definite phase?

B(r, 1) = Jn(r, 1"

macroscopic wavefunction with a definite
phase

How does the phase evolve?

Interferometers measure the relative
phase between two BECs |

,29 —



Ramsey interferometer

]

I pulse II pulse

2>

/2 pulse /2 pulse
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Lamsey Type Osciecations
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t=(26 +n 1) ms +20 ms (expansion)
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100 -
90
80
70
60 -
50+
40-
30-
20-
10-

_3) —

wrl 0,7



column density

column dersity’

Column density — two coupled Gross
Pitaevskii Equations
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Quanfum Macroscoric Osciccarion s
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BEC in an optical lattice

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

.Ilv'l_‘.‘ i
JJ“I“',!'\;; x".ﬁ\h
iy, i
i il
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
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