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  vertus	
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  étroites	
  



Le	
  refroidissement	
  Doppler	
  

x

y

z

Force	
  de	
  pression	
  de	
  radiaBon	
  :	
  	
  

Approche	
  «	
  mouvement	
  brownien	
  »	
  :	
  	
  

On	
  a	
  envie	
  d’aller	
  chercher	
  des	
  transiBons	
  de	
  plus	
  en	
  plus	
  étroites	
  (Γ	
  peBt)	
  mais..	
  .	
  

Γ  : largeur	
  naturelle	
  	
  
	
  	
  	
  	
  	
  de	
  l’état	
  excité	
  



Validité	
  de	
  l’approche	
  «	
  mouvement	
  brownien	
  »	
  

g

e
Deux	
  échelles	
  d’énergie	
  dans	
  le	
  problème	
  du	
  mouvement	
  	
  
d’un	
  atome	
  dans	
  une	
  onde	
  lumineuse	
  :	
  

• 	
  la	
  largeur	
  naturelle	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  de	
  l’état	
  excité	
  	
  (	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  )	
  	
  

• 	
  l’énergie	
  de	
  recul	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  )	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

énergie	
  ciné7que	
  d’un	
  atome	
  ini7alement	
  au	
  	
  
repos	
  quand	
  il	
  absorbe	
  ou	
  émet	
  un	
  seul	
  photon	
  

L’approche	
  «	
  mouvement	
  brownien	
  »	
  n’est	
  valable	
  que	
  pour	
  des	
  raies	
  larges	
  	
  

Il	
  faut	
  que	
  nous	
  développions	
  une	
  autre	
  approche	
  pour	
  le	
  cas	
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Importance	
  praBque	
  des	
  raies	
  étroites	
  

Les	
  atomes	
  concernés	
  ont	
  un	
  intérêt	
  métrologique	
  important	
  (Mg,	
  Ca,	
  Sr)	
  

Atomes	
  à	
  deux	
  électrons	
  externes	
  :	
  

Le	
  spin	
  total	
  des	
  deux	
  électrons	
  peut	
  être	
  S=0	
  (singulet)	
  ou	
  S=1	
  (triplet)	
  

5s5p 1P1

5s5p 3P2

J=0
J=1
J=2

raie large
461 nm

raie étroite
689 nm

5s5s 1S0

transiBon	
  super-­‐étroite	
  (698	
  nm):	
  	
  
horloge	
  opBque	
  à	
  2	
  10-­‐18	
  	
  	
  (Boulder	
  2015)	
  

Exemple	
  :	
  atome	
  de	
  stronBum	
  

5s5p 3P1

5s5p 3P0

L=1	
  et	
  S=1	
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QuesBons	
  ouvertes	
  

Quelle	
  est	
  la	
  limite	
  du	
  refroidissement	
  Doppler	
  quand	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ?	
  	
  

Revenir	
  sur	
  le	
  rôle	
  des	
  effets	
  collecBfs	
  (déjà	
  rencontrés	
  pour	
  	
  
le	
  piège	
  magnéto-­‐opBque)	
  

Un	
  tremplin	
  vers	
  la	
  condensaBon	
  de	
  Bose-­‐Einstein	
  sans	
  évaporaBon	
  ?	
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1.	
  

Refroidissement	
  en	
  raie	
  étroite	
  «	
  monochromaBque	
  »	
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Un	
  modèle	
  simple	
  de	
  refroidissement	
  en	
  raie	
  étroite	
  

On	
  va	
  supposer	
  dans	
  un	
  premier	
  temps	
  que	
  les	
  photons	
  émis	
  spontanément	
  se	
  propagent	
  
perpendiculairement	
  à	
  l’axe	
  z	
  :	
  pas	
  de	
  recul	
  selon	
  cet	
  axe	
  lors	
  d’une	
  émission	
  spontanée	
  	
  

v
zMouvement	
  1D	
  :	
  

vitesse
état	
  excité	
  e	
  

état	
  fondamental	
  g	
  
vitesse

Le	
  seul	
  élément	
  aléatoire	
  est	
  le	
  sens	
  du	
  photon	
  absorbé	
  :	
  marche	
  au	
  hasard	
  discrète	
  

g

e



Probabilité	
  d’absorpBon	
  

Probabilité	
  d’absorpBon	
  par	
  unité	
  de	
  temps	
  (cf.	
  cours	
  précédents)	
  :	
  

où	
  le	
  paramètre	
  de	
  saturaBon	
  s’écrit	
  	
  

	
  :	
  pulsaBon	
  de	
  Rabi	
  associée	
  à	
  chaque	
  onde	
  (couplage	
  dipolaire	
  électrique)	
  

:	
  désaccord	
  à	
  évaluer	
  à	
  parBr	
  des	
  énergies	
  iniBales	
  et	
  finales	
  	
  	
  

g

e

avec	
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Etat	
  staBonnaire	
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On	
  écrit	
  l’égalité	
  des	
  flux	
  entre	
  	
  	
  	
  	
  et	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  :	
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On	
  cherche	
  la	
  distribuBon	
  staBonnaire	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  en	
  vitesse	
  pour	
  ceie	
  marche	
  au	
  hasard	
  discrète	
  

Ne	
  dépend	
  que	
  du	
  choix	
  du	
  désaccord	
  Δ  (la	
  pulsaBon	
  de	
  Rabi	
  n’intervient	
  pas)
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Un	
  cas	
  parBculier	
  simple	
  

Ecrivons	
  la	
  condiBon	
  générale	
  d’équilibre	
  :	
  

pour	
  le	
  désaccord	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  et	
  la	
  famille	
  de	
  vitesses	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  :	
  	
  

La	
  soluBon	
  (exacte)	
  dans	
  la	
  limite	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  est	
  :	
  

DistribuBon	
  de	
  vitesse	
  qui	
  décroit	
  comme	
  une	
  loi	
  de	
  puissance	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
à	
  l’infini,	
  avec	
  ici	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  pour	
  le	
  choix	
  de	
  désaccord	
  	
  	
  	
  	
  

Décroissance	
  beaucoup	
  plus	
  douce	
  que	
  la	
  gaussienne	
  de	
  Maxwell-­‐Boltzmann	
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Le	
  cas	
  général	
  

On	
  regarde	
  le	
  comportement	
  aux	
  grandes	
  vitesses	
  de	
  la	
  soluBon	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  de	
  	
  

C’est	
  toujours	
  une	
  loi	
  de	
  puissance	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  avec	
  	
  	
  

• 	
  Il	
  faut	
  une	
  distribuBon	
  normalisable,	
  sinon	
  les	
  atomes	
  vont	
  parBr	
  vers	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

• 	
  Energie	
  cinéBque	
  bien	
  définie	
  :	
  il	
  faut	
  que	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  converge	
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Bilan	
  de	
  l’étude	
  du	
  cas	
  1D	
  

On	
  prend	
  maintenant	
  en	
  compte	
  	
  
le	
  recul	
  lors	
  de	
  l’émission	
  spontanée	
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Un	
  traitement	
  numérique	
  confirme	
  les	
  prédicBons	
  du	
  modèle	
  simple	
  précédent	
  :	
  	
  	
  

• 	
  DistribuBon	
  normalisable,	
  énergie	
  cinéBque	
  définie,	
  etc.,	
  	
  
	
  	
  	
  uniquement	
  si	
  le	
  désaccord	
  est	
  négaBf	
  et	
  assez	
  grand	
  en	
  valeur	
  absolue	
  	
  

• 	
  Pour	
  une	
  raie	
  étroite	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ,	
  énergie	
  cinéBque	
  minimale	
  obtenue	
  pour	
  	
  

désaccord	
  :	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  conduisant	
  à	
  	
  

remplace	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  et	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  obtenus	
  pour	
  une	
  raie	
  large	
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Bilan	
  du	
  refroidissement	
  Doppler	
  

Pour	
  chaque	
  valeur	
  de	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ,	
  on	
  choisit	
  le	
  désaccord	
  qui	
  minimise	
  la	
  température	
  	
  

0.1	
  

§ 0.

mz = 0

mz = +1

mz = �1

J = 1

J = 0

g

e

impulsion

p

p+ q

W (q|p)
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0

+~k

�~k

état fondamental
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v

v + vr
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�/!r

Ec/Er

Ec =
7
10

~�
4

Cours 0 – page 1 – 16 avril 2015 – 10:33

10	
  

1	
  

0.1	
  

10	
   100	
  

raie	
  étroite	
   raie	
  large	
  

adapté	
  de	
  CasBn,	
  Wallis	
  &	
  J.D.	
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2.	
  

Comment	
  structurer	
  la	
  raie	
  de	
  résonance	
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MoBvaBon	
  

Taux	
  d’excitaBon	
  en	
  lumière	
  monochromaBque	
  au	
  désaccord	
  qui	
  minimise	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  :	
  	
  

�4 �2 0 2 4
0

0.1

0.2

0.3

0.4

0.5

v/vr

Seule	
  une	
  faible	
  fracBon	
  des	
  classes	
  de	
  
vitesse	
  sont	
  soumises	
  à	
  l’acBon	
  des	
  lasers	
  

• 	
  on	
  pourrait	
  espérer	
  capturer	
  plus	
  	
  
	
  	
  d’atomes	
  en	
  excitant	
  des	
  classes	
  de	
  
	
  	
  vitesse	
  plus	
  élevées:	
  Δ	
  plus	
  grand	
  ?	
  

• 	
  on	
  pourrait	
  espérer	
  obtenir	
  des	
  distribuBons	
  	
  
	
  	
  plus	
  étroites	
  en	
  diminuant	
  la	
  taille	
  de	
  la	
  zone	
  	
  
	
  	
  sombre	
  centrale	
  :	
  Δ	
  plus	
  peBt	
  ?	
  

Le	
  choix	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  est	
  un	
  compromis	
  que	
  l’on	
  peut	
  espérer	
  contourner	
  	
  
par	
  une	
  structure	
  appropriée	
  du	
  spectre	
  des	
  lasers	
  de	
  refroidissement.	
  



Elargissement	
  par	
  modulaBon	
  de	
  phase	
  	
  

On	
  module	
  périodiquement	
  la	
  phase	
  de	
  l’onde	
  lumineuse	
  :	
  

Le	
  spectre	
  lumineux	
  est	
  alors	
  	
  
un	
  peigne	
  de	
  fréquence	
  
(ici	
  pour	
  une	
  modulaBon	
  en	
  	
  
	
  	
  «	
  	
  dent	
  de	
  scie	
  »)	
  

�20 �10 0 10 20
0

2 · 10�2

4 · 10�2

6 · 10�2

harmonique

�6 �4 �2 0 2 4 6
0

0.1

0.2

0.3

v/vr

Taux	
  d’excitaBon	
  de	
  l’atome	
  :	
  profil	
  presque	
  rectangulaire	
  :	
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Gain	
  obtenu	
  par	
  un	
  élargissement	
  du	
  spectre	
  

�6 �4 �2 0 2 4 6
0

0.1

0.2

0.3

v/vr

AmélioraBon	
  importante	
  de	
  la	
  capture	
  des	
  atomes	
  et	
  	
  
forte	
  diminuBon	
  de	
  l’importance	
  des	
  ailes	
  de	
  la	
  distribuBon	
  

DiminuBon	
  de	
  la	
  largeur	
  en	
  vitesse	
  de	
  la	
  distribuBon	
  staBonnaire	
  ?	
  

Le	
  taux	
  d’excita7on	
  en	
  v = 0	
  n’est	
  pas	
  négligeable	
  quand	
  on	
  superpose	
  	
  
toutes	
  les	
  lorentziennes	
  correspondant	
  aux	
  différentes	
  harmoniques...	
  

On	
  peut	
  faire	
  mieux	
  avec	
  un	
  vrai	
  «	
  état	
  noir	
  »	
  pour	
  la	
  classe	
  de	
  vitesse	
  nulle	
  	
  (cours	
  4)	
  

Gain	
  pas	
  très	
  spectaculaire,	
  en	
  par7culier	
  à	
  2D	
  et	
  3D.	
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3.	
  

Expériences	
  de	
  refroidissement	
  en	
  raie	
  étroite	
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Expériences	
  sur	
  le	
  stronBum	
  

Katori	
  et	
  al.,	
  1999-­‐2000	
  (JST,	
  Japon)	
  

5s5p 1P1

5s5s 1S0

5s4d 1D2

5s5p 3P10
1
2

461 nm
689 nm

raie	
  étroite	
  :	
  

Pré-­‐refroidissement	
  dans	
  un	
  piège	
  	
  
magnéto-­‐opBque	
  sur	
  la	
  raie	
  large	
  à	
  461	
  nm	
  	
  

Transfert	
  dans	
  un	
  piège,	
  puis	
  une	
  mélasse	
  foncBonnant	
  sur	
  la	
  raie	
  étroite	
  à	
  689	
  nm.	
  
Elargissement	
  de	
  la	
  raie	
  pour	
  capturer	
  les	
  atomes,	
  puis	
  exBncBon	
  de	
  cet	
  élargissement.	
  

Température	
  minimale	
  mesurée	
  :	
  400	
  nK	
  

Bon	
  accord	
  avec	
  la	
  théorie	
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Piège	
  magnéto-­‐opBque	
  en	
  raie	
  étroite	
  

Jun	
  Ye	
  et	
  al.,	
  	
  Boulder	
  (2003-­‐04)	
  	
  

Dans	
  un	
  gradient	
  de	
  champ	
  magnéBque	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ,	
  la	
  résonance	
  étroite	
  se	
  produit	
  	
  
en	
  deux	
  points	
  :	
  	
  

�3 �2 �1 0 1 2 3
�1

0

1

Force	
  de	
  pression	
  
de	
  radiaEon	
  

posiEon	
  en	
  unité	
  de	
  	
  

ser cooling regimes whose underlying mechanics are gov-
erned by either semiclassical or quantum mechanical phys-
ics. In this and the following section, we will describe the
unique experimental signatures for regimes (I)–(III) and give
detailed explanations for the observed trapped atom behav-
ior.
Insight into regimes (I) and (II) thermal-mechanical dy-

namics is provided by the semiclassical radiative force equa-
tion [12]

F! !v! ,x!" =
!k!"

2 # s

1 + s! + 4!# − k! · v! − $dB! · x!"2/"2

−
s

1 + s! + 4!# + k! · v! + $dB! · x!"2/"2
$ − mg! ,

!1"

where x!= %x ,y ,z&, dB! = %dBx ,dBy ,dBz&, and $= !gJ$B /!"
where gJ=1.5 !$B" is the 3P1 state Lande g-factor (Bohr
magneton). s!%s accounts, along a single axis, for saturation
induced by the remaining four trapping beams. Figure 5(a)
shows the 1S0-

3P1 radiative force at s=s!=248 for a range of
& values while Fig. 6(a) shows the force at &=−520 kHz for
a range of s=s! values. As described in Sec. I, the qualitative
nature of the force and hence the resulting trap mechanical
dynamics depends on the relative size of # and "E. For re-
gime (I), corresponding to '&'%120 kHz in Fig. 5(a) or s
'248 in Fig. 6(a), #%"E and the 3D radiative force acts
only along a thin shell volume marking the outer trap bound-
ary. Here, the trap boundary roughly corresponds to positions
where the radiative force is peaked. This situation, as shown
by Figs. 5(b) and 6(b), produces a box potential with a gravi-
tationally induced z-axis tilt. Hence, in the x-y plane, motion

consists of free-flight between hard wall boundaries while
along the z axis, mechanical dynamics are set by the relative
size of the radiative force “kicks,” gravity, and the cloud
thermal energy. As shown in Sec. V, the thermal energy is
small compared to the gravitational potential energy. More-
over, the ratio of the maximum radiative force to the gravi-
tational force, R(16. Thus, the atoms sink to the bottom of
the trap where they interact, along the z axis, with only the
upward propagating trapping beam.
As & decreases in Fig. 5(a) or s increases in Fig. 6(a), the

trap mechanically evolves to regime (II) where #'"E pro-
duces a linear restoring force and hence, damped harmonic
motion [12,15]. Consequently the trap potential energy as-
sumes the U-shaped form familiar from standard broad line
Doppler cooling. As the trap moves more fully into regime
(II), perturbations to the potential energy due to gravity be-
come less pronounced. One expects, therefore, that the cloud
aspect ratio will evolve toward the 2:1 value set by the quad-
rupole magnetic field.
The intuitive descriptions developed above are directly

confirmed by Figs. 5(c) and 6(c) which show in situ images
of the 1S0-

3P1 MOT along with overlaid maximum force
contours calculated from Eq. (1). For excitation conditions
corresponding to regime (II), the cloud approaches the 2:1
quadrupole magnetic field aspect ratio. In contrast, for re-
gime (I) the cloud x-y width is determined largely by the
separation between x-y force maxima or alternatively, by the
wall separation for the x-y potential energy box. In the ver-
tical direction, the atoms sink to the bottom of the trap where
the lower cloud boundary z0 is defined by the location of the
z-axis potential energy minima which is, in turn, proportional
to the position where the Zeeman shift matches the laser
detuning. As & increases, z0 shifts vertically downward, an
effect predicted in Fig. 5(b) and clearly revealed in Fig. 5(c).
To quantify this relationship, Fig. 7 shows z0 versus & along

FIG. 5. (Color online). (a) Semiclassical radiative force versus
position (bottom axis, vx=vy=0) and velocity (upper axis, x=y=0)
for a range of detunings. Corresponding (b) trap potential energy in
the z direction and (c) in situ images of the 1S0-

3P1 MOT. Dashed
lines in (c) are calculated maximum force contours. For each, s
=248.

FIG. 6. (Color online) (a) Semiclassical radiative force versus
position (bottom axis, vx=vy=0) and velocity (upper axis, x=y=0)
for a range of intensities. Corresponding (b) trap potential energy in
the z direction and (c) in situ images of the 1S0-

3P1 MOT. Dashed
lines in (c) are calculated maximum force contours. For each, &=
−520 kHz.

LOFTUS et al. PHYSICAL REVIEW A 70, 063413 (2004)

063413-6

F = mg
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Température	
  et	
  nombre	
  d’atomes	
  

La	
  température	
  mesurée	
  dans	
  ces	
  mélasses	
  en	
  raie	
  étroite	
  augmente	
  	
  
avec	
  le	
  nombre	
  d’atomes	
  

Katori,	
  1999	
  :	
  	
  

Expériences	
  menées	
  à	
  Nice	
  sur	
  88Sr	
  dans	
  le	
  groupe	
  de	
  D.	
  Wilkowski	
  (2011)	
  

by measuring the evolution of the cloud over half of the
trap period, after switching off the 1D cooling laser.
For that purpose, we use the relationship !2

zðtÞ ¼
!2

zð0Þcos2ð!tÞ þ ½!pð0Þ=m!&2sin2ð!tÞ, linking the rms
value of the cloud size in the 1D harmonic trap, !zðtÞ, to
the initial values (at the switching off of the lasers) in real
space and momentum space.

Moreover, the mean square momentum depend on the
number of atoms, showing that collective effects also
induce extra heating. Regardless of the exact origin of
this extra heating, one example of this dependency is
shown in the inset of Fig. 2. We extrapolate the mean
square momentum value to the noninteracting limit (van-
ishing number of atoms) using a linear fit. The data points
for the mean square momentum in Fig. 2 are deduced in
this way.

Finally, even if the trap is loose along the cooling axis
(!k ' !r), it is not clear that it does not affect the cooling
process. Later on we will show that the trapping indeed has
a major impact when the transition is very narrow,!r(!.
To explore the influence of the trap, we use a Monte Carlo
(MC) simulation comparing cooling with and without the
trap. The MC simulation is based on a rate equation
describing the scattering events where the external degrees
of freedom are treated classically. This approach, neglect-
ing the quantum nature of the external degrees of freedom,
is known to be consistent with the full quantum approach in
free space [14]. This point is also confirmed here, where
the results of the MC simulation in free space are plotted in
Fig. 2 (green stars). In the trap, the dynamic is more subtle

because of the presence of the trapping force. It turns out,
however, that for the strontium intercombination transition
with !r ’ 0:6! the trap does not significantly modify the
mean square momentum in the steady state (red dots in
Fig. 2). We will see later that the condition !r ( ! leads
to different conclusions.
Other signatures of the quantum nature of Doppler

cooling can be found in the shape of the momentum
distribution. In the broad transition semiclassical picture,
the momentum distribution is essentially Gaussian since it
remains very well confined far from the two )"m=k
resonance lines. With a narrow transition, a single scatter-
ing event might be enough to bring the atom out of reso-
nance. As a consequence, the momentum distribution is not
Gaussian anymore and shows out-of-resonance long tails
and dips at the resonance lines [14,27]. A precise measure-
ment of the momentum distribution has been done for the
case of free space 1D cooling on clouds with large number
of atoms, to improve the signal to noise ratio. The laser
intensity was increased to 0:5Is in order to reach the
steady state regime during the laser interaction time. This
is a likely explanation to why there is only a qualitative
agreement found between the experiment and the MC

FIG. 2 (color online). Mean square momentum in temperature
and recoil units as function of cooling laser detuning. The
experimental data (black, full circles), extrapolated for N ! 0
(noninteracting gas), are compared to the full quantum approach
developed by Castin et al.[14] (green, solid line). The blue,
dashed curve shows the prediction for broad transition Doppler
theory. The red points (green stars) correspond to the MC
simulation performed in (without) the dipole trap. Inset:
Measured mean square momentum as function of the number
of atoms in the trap with " ¼ *20 kHz and If ¼ 0:06Is (red
circles) with linear fit (dashed line).

FIG. 3 (color online). Upper panels: Raw data, false color
image of the atomic cloud after 1D cooling in free space, and
50 ms time of flight. The cooling laser are along the horizontal
axis. From left to right the laser detunings are respectively
" ¼ *33 kHz, " ¼ *21 kHz and " ¼ *10 kHz, and the laser
intensity is around 0:5Is. The small horizontal asymmetry is
likely due to imperfect balance of the cooling beams intensity,
which were not precisely adjusted like for the cloud in the Dipole
trap case. Middle panels: Normalized spatial distribution along
the cooling axis extracted from the upper images. Lower panels:
Normalized momentum distribution extracted from the MC
simulation. The laser detuning is the same as in the experiment,
but the simulation is performed at the low intensity limit. These
plots show a qualitative agreement with the experiment at higher
intensity without the added trap (green open circles), as well as
in the trap (red dots). The resonance lines correspond to the
vertical, dashed lines.

PRL 107, 243002 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

9 DECEMBER 2011

243002-3
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Origine	
  possible	
  de	
  ce	
  chauffage	
  

Les	
  photons	
  émis	
  lors	
  du	
  processus	
  de	
  refroidissement	
  sont	
  proches	
  de	
  résonance	
  

La	
  secBon	
  efficace	
  de	
  diffusion	
  d’un	
  photon	
  résonnant	
  est	
  très	
  grande	
  :	
  	
  

Un	
  photon	
  peut	
  subir	
  de	
  nombreuses	
  diffusions	
  	
  
avant	
  de	
  s’échapper	
  du	
  nuage	
  d’atomes	
  	
  

Remède	
  :	
  choisir	
  des	
  échanBllons	
  très	
  anisotropes	
  
(«	
  crêpes	
  »,	
  «	
  cigares	
  »)	
  pour	
  que	
  les	
  photons	
  	
  
s’échappent	
  transversalement	
  

Critère	
  :	
  	
  	
  	
  	
  	
  libre	
  parcours	
  moyen	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  plus	
  grand	
  que	
  la	
  taille	
  	
  L	
  	
  de	
  l’échanBllon	
  	
  	
  

ou	
  encore	
  :	
  	
  	
  	
  épaisseur	
  opBque	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  plus	
  peBte	
  que	
  1.	
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Performances	
  du	
  refroidissement	
  en	
  raie	
  étroite	
  

Vitesse	
  quadraBque	
  moyenne	
  :	
  

Longueur	
  d’onde	
  thermique	
  :	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  longueur	
  	
  
d’onde	
  opBque	
  

On	
  cherche	
  à	
  produire	
  un	
  gaz	
  quanBquement	
  dégénéré	
  :	
  

mais	
  les	
  effets	
  de	
  diffusion	
  mulBple	
  se	
  manifestent	
  dès	
  que	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ,	
  avec	
  	
  	
  

IncompaBble	
  si	
  on	
  veut	
  un	
  échanBllon	
  assez	
  gros	
  :	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ???	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

Que	
  faire	
  si	
  on	
  ne	
  veut	
  pas	
  recourir	
  à	
  l’évapora4on	
  ?	
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4.	
  

Vers	
  la	
  condensaBon	
  de	
  Bose-­‐Einstein	
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StaBsBque	
  de	
  Maxwell-­‐Boltzmann	
  

Gaz	
  confiné	
  dans	
  une	
  boîte	
  cubique	
  avec	
  	
  
des	
  condiBons	
  aux	
  limites	
  périodiques	
  :	
  

Choix	
  de	
  variables	
  thermodynamiques	
  :	
  

• 	
  température	
  T
• 	
  potenBel	
  chimique	
  µ

On	
  peut	
  alors	
  calculer	
  toutes	
  les	
  autres	
  quanBtés	
  thermodynamiques	
  
nombre	
  d’atomes,	
  pression,	
  énergie,	
  entropie,	
  ....	
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Nombre	
  de	
  parBcules	
  dans	
  la	
  boîte	
  

On	
  remplace	
  la	
  somme	
  discrète	
  par	
  une	
  intégrale	
  :	
  

:	
  fugacité	
  du	
  gaz	
   :	
  longueur	
  d’onde	
  thermique	
  

Remarque	
  :	
  	
  mathémaBquement,	
  on	
  peut	
  choisir	
  µ	
  	
  posiBf	
  ou	
  négaBf,	
  mais	
  la	
  
staBsBque	
  de	
  Maxwell-­‐Boltzmann	
  n’a	
  de	
  sens	
  physique	
  que	
  si	
  	
  

µ	
  	
  négaBf	
  et	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ,	
  ou	
  encore	
  	
  	
  

µ	
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StaBsBque	
  de	
  Bose-­‐Einstein	
  

µ	
  

Pour	
  ceie	
  staBsBque,	
  la	
  valeur	
  du	
  potenBel	
  chimique	
  est	
  contrainte	
  	
  
mathémaBquement	
  :	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ,	
  ou	
  plus	
  généralement	
  :	
  

Passage	
  à	
  la	
  limite	
  conBnue	
  :	
  

Si	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (gaz	
  faiblement	
  dégénéré),	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  :	
  on	
  retrouve	
  Maxwell-­‐Boltzmann	
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La	
  condensaBon	
  de	
  Bose-­‐Einstein	
  «	
  tradiBonnelle	
  »	
  

Le	
  résultat	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  est	
  paradoxal	
  	
  

peut	
  être	
  arbitrairement	
  
	
  	
  	
  	
  	
  	
  	
  grand	
  si	
  	
  

borné	
  supérieurement	
  par	
  
avec	
  

RésoluEon	
  du	
  paradoxe	
  :	
  la	
  contribuBon	
  de	
  l’état	
  fondamental	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  est	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  mal	
  prise	
  en	
  compte	
  lors	
  du	
  passage	
  à	
  l’intégrale.	
  	
  

Ceie	
  contribuBon	
  peut	
  devenir	
  arbitrairement	
  grande	
  quand	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  :	
  	
  	
  	
  	
  	
  	
  
accumulaBon	
  dans	
  l’état	
  microscopique	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  si	
  	
  	
  N	
  	
  dépasse	
  la	
  valeur	
  criBque	
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Branchement	
  d’un	
  micro-­‐puits	
  

Départ	
  :	
  gaz	
  non	
  dégénéré	
  dans	
  une	
  boîte	
  de	
  taille	
  L	
  	
  

Une	
  déformaBon	
  «	
  triviale	
  »	
  de	
  la	
  boîte	
  (compression	
  
ou	
  expansion)	
  ne	
  va	
  rien	
  apporter	
  en	
  termes	
  de	
  gain	
  
dans	
  l’espace	
  des	
  phases	
  

DéformaBon	
  «	
  non	
  triviale	
  »	
  :	
  on	
  branche	
  	
  
soudainement	
  un	
  micro-­‐puits	
  à	
  un	
  seul	
  état	
  lié	
  

énergie	
  :	
  	
  

On	
  choisit	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  :	
  quel	
  est	
  le	
  nouvel	
  état	
  d’équilibre	
  du	
  gaz	
  ?	
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ThermalisaBon	
  en	
  présence	
  du	
  micro-­‐puits	
  

Le	
  gaz	
  est	
  un	
  système	
  isolé	
  :	
  conservaBon	
  du	
  nombre	
  de	
  parBcules	
  et	
  de	
  l’énergie	
  

avant	
  collision	
   après	
  collision	
  

Les	
  collisions	
  élas7ques	
  entre	
  atomes	
  du	
  gaz	
  vont	
  peupler	
  l’état	
  du	
  micro-­‐puits	
  

AccumulaEon	
  macroscopique	
  dans	
  l’état	
  du	
  micro-­‐puits	
  ?	
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CondensaBon	
  dans	
  un	
  micro-­‐puits	
  

On	
  cherche	
  le	
  nouveau	
  couple	
               caractérisant	
  l’état	
  thermodynamique	
  du	
  gaz	
  
en	
  prenant	
  en	
  compte	
  la	
  conservaBon	
  du	
  nombre	
  de	
  parBcules	
  et	
  de	
  l’énergie	
  

On	
  en	
  déduit	
  la	
  fracBon	
  condensée	
  :	
  	
  

Le	
  paramètre	
  de	
  contrôle	
  est	
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L’expérience	
  d’Innsbruck	
  (2013)	
  

Départ	
  :	
  107	
  atomes	
  de	
  84Sr	
  dans	
  	
  
une	
  pince	
  opBque	
  de	
  fréquences	
  :	
  

6	
  Hz	
  	
  	
  	
  -­‐	
  	
  	
  	
  35	
  	
  Hz	
  	
  	
  	
  -­‐	
  	
  	
  	
  600	
  Hz	
  	
  

Refroidissement	
  sur	
  raie	
  étroite	
  à	
  900	
  nK	
  

Micro-­‐piège	
  :	
  deuxième	
  pince	
  opBque	
  très	
  confinante	
  dans	
  	
  le	
  plan	
  xy

6	
  Hz	
  	
  	
  	
  -­‐	
  	
  	
  	
  35	
  	
  Hz	
  	
  	
  	
  	
   250	
  Hz	
  	
  	
  	
  -­‐	
  	
  	
  	
  250	
  	
  Hz	
  	
  	
  	
  	
  

Ingrédient	
  supplémentaire	
  :	
  faisceau	
  de	
  «	
  transparence	
  »	
  	
  
qui	
  déplace	
  les	
  niveaux	
  atomiques	
  dans	
  le	
  micro-­‐piège	
  :	
  	
  
les	
  atomes	
  deviennent	
  insensibles	
  à	
  la	
  lumière	
  résonnante	
  

Atoms in the dimple thermalize with the reservoir of
laser-cooled atoms by elastic collisions and form a BEC.
Earlier work [16] has shown that Bose-Einstein condensa-
tion can be attained in a conservative dimple potential, if
the reservoir is evaporatively precooled close to quantum
degeneracy and the dimple is finally applied in the absence
of near resonant cooling light. In contrast, a striking feature
of our technique is that the BEC is created within a sample
that is being continuously laser cooled.

The details of our scheme are shown in Fig. 1. Based on
our previous work [29–31], we use several stages of laser
cooling to prepare a sample of 84Sr atoms in the reservoir
trap [32]. The trap consists of an infrared laser beam
(wavelength 1065 nm) propagating horizontally (x direc-
tion). The beam profile is strongly elliptic, with a beam
waist of 300 !m in the horizontal direction (y direction)
and 17 !m along the field of gravity (z direction). The
depth of the reservoir trap is kept constant at kB ! 9 !K.
After preparation of the sample, another laser cooling stage

is performed on the narrow 1S0-
3P1 intercombination line,

using a single laser beam propagating vertically upwards.
The detuning of the laser cooling beam from resonance is
"# 2! and the peak intensity is 0:15 !W=cm2, which is
0.05 of the transition’s saturation intensity. These parame-
ters result in a photon scattering rate of "70 s#1. At this
point, the ultracold gas contains 9! 106 atoms at a tem-
perature of 900 nK.
To render the atoms transparent to cooling light in a

central region of the laser cooled cloud, we induce a light
shift on the 3P1 state, using a ‘‘transparency’’ laser beam
15 GHz blue detuned to the 3P1-

3S1 transition [32]. This
beam propagates downwards under a small angle of 15$ to
vertical and has a beam waist of 26 !m in the plane of the
reservoir trap (xy plane). The beam has a peak intensity of
0:7 kW=cm2. It upshifts the 3P1 state by more than
10 MHz and also influences the nearest molecular level
tied to the 3P1 state significantly [32,33]. Related schemes
of light-shift engineering were used to image the density
distribution of atoms [34,35], to improve spectroscopy
[36], or to enhance loading of dipole traps [23,24]. To
demonstrate the effect of the transparency laser beam, we
take absorption images of the cloud on the laser cooling
transition. Figure 1(d) shows a reference image without the
transparency beam. In the presence of this laser beam,
atoms in the central part of the cloud are transparent for
the probe beam, as can be seen in Fig. 1(e).
To increase the density of the cloud, a dimple trap is

added to the system. It consists of an infrared laser beam
(wavelength 1065 nm) propagating upwards under a small
angle of 22$ to vertical and crossing the laser cooled cloud
in the region of transparency. In the plane of the reservoir
trap, the dimple beam has a waist of 22 !m. The dimple is
ramped to a depth of kB ! 2:6 !K, where it has trap
oscillation frequencies of 250 Hz in the horizontal plane.
Confinement in the vertical direction is only provided by
the reservoir trap and results in a vertical trap oscillation
frequency of 600 Hz. Figure 1(f) shows a demonstration of
the dimple trap in absence of the transparency beam. The
density in the region of the dimple increases substantially.
However, with the dimple alone no BEC is formed because
of photon reabsorption.
The combination of the transparency laser beam and the

dimple trap leads to Bose-Einstein condensation. Starting
from the laser cooled cloud held in the reservoir trap, we
switch on the transparency laser beam and ramp the dimple
trap to a depth of kB ! 2:6 !K. The potentials of the 1S0
and 3P1 states in this situation are shown in Fig. 1(c).
Atoms accumulate in the dimple without being disturbed
by photon scattering. Elastic collisions thermalize atoms in
the dimple with the laser cooled reservoir. The phase-space
density in the dimple increases and a BEC emerges.
We detect the BEC by taking absorption images 24 ms

after switching off all laser beams. Figure 2(a) shows the
momentum distribution 20 ms after switching on the
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FIG. 1 (color online). Scheme to reach quantum degeneracy by
laser cooling. (a) A cloud of atoms is confined in a deep reservoir
dipole trap and exposed to a single laser cooling beam
(red arrow). Atoms are rendered transparent by a ‘‘transparency’’
laser beam (green arrow) and accumulate in a dimple dipole trap
by elastic collisions. (b) Level scheme showing the laser cooling
transition and the transparency transition. (c) Potential experi-
enced by 1S0 ground-state atoms and atoms excited to the 3P1

state. The transparency laser induces a light shift on the 3P1

state, which tunes the atoms out of resonance with laser cooling
photons. (d)–(f) Absorption images of the atomic cloud recorded
using the laser cooling transition. The images show the cloud
from above and demonstrate the effect of the transparency laser
(e) and the dimple (f). (d) is a reference image without these two
laser beams.
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Résultat	
  de	
  l’expérience	
  d’Innsbruck	
  (2013)	
  

Un	
  condensat	
  sans	
  évaporaBon	
  !	
  

...	
  mais	
  la	
  fracBon	
  condensée	
  reste	
  faible	
  	
  (de	
  l’ordre	
  de	
  1%)	
  

On	
  observe	
  ce	
  condensat	
  en	
  enlevant	
  tous	
  les	
  atomes	
  	
  
qui	
  sont	
  en	
  dehors	
  de	
  la	
  zone	
  de	
  transparence	
  

transparency beam, which is well described by a thermal
distribution. By contrast, we observe that 140 ms later, an
additional, central elliptical feature has developed; see
Fig. 2(b). This is the hallmark of the BEC. Although clearly
present, the BEC is not very well visible in Fig. 2(b),
because it is shrouded by 8! 106 thermal atoms originat-
ing from the reservoir. To show the BEC with higher
contrast, we have developed a background reduction
technique. We remove the reservoir atoms by an intense
flash of light on the 1S0-

3P1 transition applied for 10 ms.
Atoms in the region of transparency remain unaffected by
this flash. Only 5! 105 thermal atoms in the dimple
remain and the BEC stands out clearly; see Fig. 2(c). We
use this background reduction technique only for demon-
stration purposes, but not for measuring atom numbers or
temperatures.

Quantitative data on our experiment are obtained by
two-dimensional fits to time-of-flight absorption images
[32]. The atom number of the thermal cloud and of the
BEC are extracted from fits to 24-ms expansion images,
consisting of Gaussian distributions describing the thermal
background and an integrated Thomas-Fermi distribution
describing the BEC. Further absorption images taken
after 4 ms expansion time are used to determine atom
number and temperature of the gas in the reservoir and
the dimple, respectively.

We now analyze the dynamics of the system after the
transparency laser beam has been switched on. As we
increase the dimple strength to its final depth in 10 ms,
106 atoms accumulate in it and the temperature of the
dimple gas increases; see Figs. 3(a) and 3(b). During the

next "100 ms the dimple gas thermalizes with the reser-
voir gas by elastic collisions [32,37,38]. The temperature
of the reservoir gas is hereby not increased, since the
energy transferred to it is dissipated by laser cooling. We
carefully check that evaporation is negligible even for the
highest temperatures of the gas [32]. Already after 60 ms a
BEC is detected. Its atom number saturates at 1:1! 105

after 150 ms, as shown in Fig. 3(c). The atom number in the
reservoir decreases slightly, initially because of migration
into the dimple and on longer time scales because of light
assisted loss processes in the laser cooled cloud.
The continuous laser cooling of the reservoir provides a

dissipation mechanism, which renders our system resilient
against perturbations. To demonstrate this fact, we repeat-
edly destroy the BEC and let it re-form (Fig. 4). To destroy
the BEC, we pulse the dimple trap depth to kB ! 15 !K
for 2 ms, which increases the temperature of the dimple gas
by a factor 2. We follow the evolution of the BEC atom
number while the heating pulse is applied every 200 ms.
A new BEC starts forming a few 10 ms after each heating
pulse for more than 30 pulses. We find that the observed
decrease in the BEC size from pulse to pulse stems from
the reduction of the total atom number in the system.
To clarify the role laser cooling plays in our scheme, we

perform a variation of the experiment. Here, we switch off
the laser cooling beam before ramping up the dimple and
we do not use the transparency beam. Heat released while
ramping up the dimple or after a heating pulse is again
distributed from the dimple to the whole system by elastic
collisions, but this time not dissipated by laser cooling.
Since the reservoir gas has a ten times higher atom number

x ' (mm)

18 18

x '  (mm) x ' (mm)

0 0

z

x '
y '

-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
0

5

10

15

0.0

0.5

1.0

1.5

2.0

2.5

(a) (b) (c)

ar
ea

 d
en

si
ty

 (
10

12
 m

-2
)

t = 20 ms t = 160 ms reservoir removed

lin
ea

r 
de

ns
ity

 (
10

9  m
-1
)

0

5

10

15

t = 160 ms

6

0

FIG. 2 (color online). Creation of a BEC by laser cooling. Shown are time-of-flight absorption images and integrated density profiles
of the atomic cloud for different times t after the transparency laser has been switched on, recorded after 24 ms of free expansion.
(a), (b) The appearance of an elliptic core at t ¼ 160 ms indicates the creation of a BEC. (c) Same as in (b), but to increase the
visibility of the BEC, atoms in the reservoir trap were removed before the image was taken. The fits (blue lines) consist of Gaussian
distributions to describe the thermal background and an integrated Thomas-Fermi distribution describing the BEC. The red lines show
the component of the fit corresponding to the thermal background. The x0y0 plane is rotated by 45$ around the z axis with respect to the
xy plane and the field of view of the absorption images is 2 mm! 1:4 mm.

PRL 110, 263003 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending
28 JUNE 2013

263003-3

transparency beam, which is well described by a thermal
distribution. By contrast, we observe that 140 ms later, an
additional, central elliptical feature has developed; see
Fig. 2(b). This is the hallmark of the BEC. Although clearly
present, the BEC is not very well visible in Fig. 2(b),
because it is shrouded by 8! 106 thermal atoms originat-
ing from the reservoir. To show the BEC with higher
contrast, we have developed a background reduction
technique. We remove the reservoir atoms by an intense
flash of light on the 1S0-

3P1 transition applied for 10 ms.
Atoms in the region of transparency remain unaffected by
this flash. Only 5! 105 thermal atoms in the dimple
remain and the BEC stands out clearly; see Fig. 2(c). We
use this background reduction technique only for demon-
stration purposes, but not for measuring atom numbers or
temperatures.

Quantitative data on our experiment are obtained by
two-dimensional fits to time-of-flight absorption images
[32]. The atom number of the thermal cloud and of the
BEC are extracted from fits to 24-ms expansion images,
consisting of Gaussian distributions describing the thermal
background and an integrated Thomas-Fermi distribution
describing the BEC. Further absorption images taken
after 4 ms expansion time are used to determine atom
number and temperature of the gas in the reservoir and
the dimple, respectively.

We now analyze the dynamics of the system after the
transparency laser beam has been switched on. As we
increase the dimple strength to its final depth in 10 ms,
106 atoms accumulate in it and the temperature of the
dimple gas increases; see Figs. 3(a) and 3(b). During the

next "100 ms the dimple gas thermalizes with the reser-
voir gas by elastic collisions [32,37,38]. The temperature
of the reservoir gas is hereby not increased, since the
energy transferred to it is dissipated by laser cooling. We
carefully check that evaporation is negligible even for the
highest temperatures of the gas [32]. Already after 60 ms a
BEC is detected. Its atom number saturates at 1:1! 105

after 150 ms, as shown in Fig. 3(c). The atom number in the
reservoir decreases slightly, initially because of migration
into the dimple and on longer time scales because of light
assisted loss processes in the laser cooled cloud.
The continuous laser cooling of the reservoir provides a

dissipation mechanism, which renders our system resilient
against perturbations. To demonstrate this fact, we repeat-
edly destroy the BEC and let it re-form (Fig. 4). To destroy
the BEC, we pulse the dimple trap depth to kB ! 15 !K
for 2 ms, which increases the temperature of the dimple gas
by a factor 2. We follow the evolution of the BEC atom
number while the heating pulse is applied every 200 ms.
A new BEC starts forming a few 10 ms after each heating
pulse for more than 30 pulses. We find that the observed
decrease in the BEC size from pulse to pulse stems from
the reduction of the total atom number in the system.
To clarify the role laser cooling plays in our scheme, we

perform a variation of the experiment. Here, we switch off
the laser cooling beam before ramping up the dimple and
we do not use the transparency beam. Heat released while
ramping up the dimple or after a heating pulse is again
distributed from the dimple to the whole system by elastic
collisions, but this time not dissipated by laser cooling.
Since the reservoir gas has a ten times higher atom number
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FIG. 2 (color online). Creation of a BEC by laser cooling. Shown are time-of-flight absorption images and integrated density profiles
of the atomic cloud for different times t after the transparency laser has been switched on, recorded after 24 ms of free expansion.
(a), (b) The appearance of an elliptic core at t ¼ 160 ms indicates the creation of a BEC. (c) Same as in (b), but to increase the
visibility of the BEC, atoms in the reservoir trap were removed before the image was taken. The fits (blue lines) consist of Gaussian
distributions to describe the thermal background and an integrated Thomas-Fermi distribution describing the BEC. The red lines show
the component of the fit corresponding to the thermal background. The x0y0 plane is rotated by 45$ around the z axis with respect to the
xy plane and the field of view of the absorption images is 2 mm! 1:4 mm.
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Après	
  temps	
  de	
  vol,	
  distribuBon	
  anisotrope	
  et	
  bimodale,	
  caractérisBque	
  d’un	
  condensat	
  



En	
  conclusion	
  

Le	
  refroidissement	
  Doppler	
  sur	
  raie	
  étroite	
  permet	
  d’aieindre	
  la	
  limite	
  du	
  recul	
  

Les	
  atomes	
  sont	
  accumulés	
  dans	
  des	
  classes	
  	
  
de	
  vitesse	
  où	
  ils	
  interagissent	
  peu	
  avec	
  la	
  lumière	
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Le	
  chauffage	
  lié	
  à	
  la	
  diffusion	
  mulBple	
  empêche	
  d’aieindre	
  directement	
  	
  
le	
  seuil	
  de	
  dégénérescence	
  quanBque,	
  mais	
  on	
  peut	
  contourner	
  ce	
  problème	
  	
  
(sans	
  perte	
  d’atomes)	
  par	
  l’introducBon	
  d’un	
  micro-­‐puits	
  de	
  potenBel.	
  


