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Deux	
  échelles	
  de	
  vitesse	
  et	
  d’énergie	
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  l’état	
  excité	
  	
  (	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  )	
  	
  

• 	
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Les	
  températures	
  les	
  plus	
  basses	
  sont	
  obtenues	
  pour	
  des	
  raies	
  étroites	
  

g
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Le	
  taux	
  de	
  diffusion	
  de	
  photons	
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Mélasse	
  1D	
  :	
   v
z

g

e

raie	
  large	
   raie	
  étroite	
  

Idée	
  centrale	
  du	
  refroidissement	
  en	
  raie	
  étroite	
  :	
  accumuler	
  les	
  atomes	
  	
  
dans	
  des	
  classes	
  de	
  vitesse	
  où	
  ils	
  n’émeLent	
  que	
  peu	
  de	
  photons	
  	
  



Buts	
  de	
  ce	
  cours	
  

Introduire	
  une	
  structure	
  de	
  niveau	
  plus	
  riche	
  que	
  le	
  système	
  «	
  à	
  deux	
  niveaux	
  »	
  
pour	
  améliorer	
  ceLe	
  obscurité	
  :	
  	
  

Présenter	
  deux	
  mécanismes	
  concrets	
  Trant	
  parT	
  d’états	
  véritablement	
  «	
  noirs	
  »	
  :	
  	
  

• 	
  piégeage	
  cohérent	
  de	
  popula:on	
  
• 	
  refroidissement	
  Raman	
  

UTliser	
  des	
  raisonnements	
  staTsTques	
  pour	
  dégager	
  des	
  lois	
  d’échelle	
  	
  
caractérisant	
  ce	
  refroidissement	
  par	
  état	
  noir	
  	
  

Système	
  en	
  Λ



1.	
  

Au	
  delà	
  du	
  système	
  «	
  à	
  deux	
  niveaux	
  »:	
  

système	
  en	
  Λ	
  et	
  états	
  noirs	
  

g1	
  

g2	
  

e	
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Etats	
  instable	
  et	
  énergie	
  complexe	
  en	
  physique	
  quanTque	
  

g

e Etat	
  excité	
  instable	
  de	
  durée	
  de	
  vie	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ,	
  soit	
  :	
  

Il	
  est	
  souvent	
  commode	
  de	
  prendre	
  en	
  compte	
  la	
  largeur	
  naturelle	
  
de	
  cet	
  état	
  par	
  un	
  terme	
  addiTonnel	
  complexe	
  dans	
  son	
  énergie	
  :	
  

Exemple	
  :	
  évoluTon	
  dans	
  le	
  temps	
  du	
  vecteur	
  d’état	
  



Couplage	
  cohérent	
  dans	
  un	
  système	
  à	
  deux	
  niveaux	
  

g

e
κ:	
  fréquence	
  de	
  Rabi	
  

Matrice	
  2	
  x	
  2	
  décrivant	
  le	
  couplage	
  dans	
  la	
  base	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  :	
  	
  	
  

Valeurs	
  propres	
  de	
  ceLe	
  matrice	
  :	
  

point	
  de	
  vue	
  «	
  atome	
  habillé	
  »	
  



L’état	
  fondamental	
  «	
  habillé	
  »	
  

κ :	
  fréquence	
  de	
  Rabi	
  

• 	
  ParTe	
  réelle	
  :	
  déplacement	
  du	
  niveau	
  fondamental	
  induit	
  par	
  la	
  lumière	
  	
  

poten:el	
  dipolaire	
  (pince	
  op:que)	
  

• 	
  ParTe	
  imaginaire	
  :	
  taux	
  de	
  diffusion	
  de	
  photons	
  par	
  l’atome	
  

En	
  parTculier,	
  à	
  résonance	
   Règle	
  d’or	
  de	
  Fermi	
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Le	
  système	
  en	
  Λ	
  et	
  l’état	
  non	
  couplé	
  

g1	
  

g2	
  

e	
  

Le	
  couplage	
  de	
  l’atome	
  avec	
  les	
  deux	
  lasers	
  s’écrit	
  :	
  

κ1	
   κ2	
  

Dans	
  le	
  sous-­‐espace	
  fondamental	
  engendré	
  par	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ,	
  on	
  idenTfie	
  :	
  	
  

Interférence	
  destruc:ve	
  entre	
  les	
  deux	
  amplitudes	
  de	
  probabilité	
  pour	
  aller	
  de	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  à	
  	
  	
  

L’état	
  fondamental	
  orthogonal	
  à	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  est	
  couplé	
  de	
  manière	
  maximale	
  à	
  l’état	
  excité	
  :	
  



Etat	
  non	
  couplé	
  et	
  désaccords	
  à	
  la	
  résonance	
  

g1	
  

g2	
  

e	
  

Deux	
  types	
  de	
  résonance	
  sont	
  à	
  considérer	
  :	
  

• 	
  résonance	
  à	
  un	
  photon	
  :	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ou	
  	
  

Δ1	
   Δ2	
  

• 	
  résonance	
  à	
  deux	
  photons	
  (résonance	
  Raman)	
  

Dans	
  la	
  base	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ,	
  l’hamiltonien	
  s’écrit	
  :	
  	
  	
  	
  	
  	
  	
  	
  

A	
  la	
  résonance	
  Raman	
  Δ=0,	
  l’état	
  non	
  couplé	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  est	
  état	
  
propre	
  de	
  l’hamiltonien	
  même	
  si	
  les	
  désaccords	
  à	
  un	
  photon	
  Δ1	
  et	
  Δ2	
  sont	
  non	
  nuls.	
  

κ1	
   κ2	
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Prise	
  en	
  compte	
  de	
  l’émission	
  spontanée	
  

EquaTons	
  de	
  Bloch	
  opTques	
  

g1	
  

g2	
  

e	
  

9	
  équa:ons	
  différen:elles	
  couplées	
  

Si	
  on	
  se	
  place	
  à	
  la	
  résonance	
  Raman	
  	
  Δ	
  =	
  Δ1	
  –Δ2	
  =0,	
  alors	
  	
  
la	
  matrice	
  densité	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  est	
  staTonnaire	
  :	
  	
  	
  

Puisque	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  est	
  état	
  propre	
  de	
  	
  	
  	
  	
  	
  ,	
  la	
  matrice	
  densité	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  commute	
  avec	
  	
  

L’état	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  est	
  une	
  combinaison	
  linéaire	
  d’états	
  fondamentaux	
  :	
  
il	
  n’évolue	
  donc	
  pas	
  sous	
  l’effet	
  de	
  l’émission	
  spontanée	
  



Taux	
  d’excitaTon	
  du	
  système	
  en	
  Λ	
  	
  	
  

�4 �3 �2 �1 0 1 2 3 4
0

0.1

0.2

�4 �3 �2 �1 0 1 2 3 4
0

0.1

1

PopulaTon	
  de	
  l’état	
  excité	
  

g1	
  

g2	
  

e	
  

Δ1	
  
Δ2=0	
  

�4 �3 �2 �1 0 1 2 3 4
0

0.1

0.2

�4 �3 �2 �1 0 1 2 3 4
0

0.1

1

Désaccord	
  	
  Δ1	
  	
  (unité	
  Γ)	
  g1	
  

g2	
  

e	
  

Δ1	
   Δ2=2Γ

Désaccord	
  	
  Δ1	
  	
  (unité	
  Γ)	
  



Les	
  états	
  noirs,	
  au	
  delà	
  du	
  système	
  en	
  Λ	
  	
  	
  

Ils	
  apparaissent	
  pour	
  toutes	
  les	
  transiTons	
  pour	
  lesquels	
  

:	
  moment	
  ciné:que	
  de	
  l’état	
  fondamental/excité	
  

Ils	
  peuvent	
  également	
  apparaître	
  dans	
  les	
  transiTons	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  pour	
  	
  	
  	
  	
  	
  	
  enTer	
  	
  

Exemple	
  :	
  transiTon	
  

Jg=1	
  

Je=1	
  

Jg=1	
  

Je=1	
  

Lumière σ+	
  :	
  état	
  noir	
  	
   Lumière π	
  :	
  état	
  noir	
  	
  

0	
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2.	
  

Le	
  refroidissement	
  par	
  état	
  noir	
  



Une	
  image	
  simple	
  du	
  refroidissement	
  

g1	
   g2	
  

e Mouvement	
  à	
  une	
  dimension	
  

Effet	
  Doppler	
  

On	
  choisit	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  .	
  	
  
La	
  résonance	
  Raman	
  (et	
  donc	
  	
  
l’appariTon	
  de	
  l’état	
  noir)	
  ne	
  	
  
se	
  produit	
  que	
  si	
  	
  

�0.4 0 0.4
0

2 · 10�2

PopulaTon	
  de	
  l’état	
  excité	
  Pe

vitesse	
  (unité	
  Γ/k)	
  

vv = 0

Mouvement	
  brownien	
  sans	
  fricTon,	
  
mais	
  avec	
  un	
  ralenTssement	
  de	
  	
  
la	
  diffusion	
  autour	
  de	
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QuesTons	
  ouvertes	
  

�0.4 0 0.4
0

2 · 10�2

PopulaTon	
  de	
  l’état	
  excité	
  Pe

vitesse	
  (unité	
  Γ/k)	
  

Comment	
  varie	
  la	
  taille	
  du	
  	
  
trou	
  d’excitaTon	
  en	
  v = 0 ?

Comment	
  aller	
  au	
  delà	
  du	
  raisonnement	
  semi-­‐classique	
  fondé	
  sur	
  la	
  noTon	
  	
  
de	
  «	
  vitesse	
  »	
  de	
  l’atome,	
  indépendamment	
  de	
  son	
  état	
  interne	
  ?	
  

Les	
  atomes	
  doivent	
  trouver	
  la	
  zone	
  sombre	
  autour	
  de	
  v = 0 «	
  par	
  chance	
  ».	
  
Quelle	
  est	
  l’influence	
  de	
  la	
  dimension	
  de	
  l’espace	
  ?	
  



Taille	
  du	
  trou	
  d’excitaTon	
  
�0.4 0 0.4

0

2 · 10�2

Trois	
  états	
  «	
  en	
  cascade	
  »	
  :	
  

g1	
   g2	
  

e

κ κ

Si	
  le	
  désaccord	
  Raman	
  	
  Δ=2kv	
  	
  n’est	
  pas	
  nul,	
  les	
  états	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  et	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  sont	
  couplés	
  entre	
  eux	
  

quadra:que	
  en	
  vitesse,	
  avec	
  une	
  courbure	
  	
  
ajustable	
  avec	
  la	
  puissance	
  laser	
  



Au	
  delà	
  de	
  l’approximaTon	
  semi-­‐classique	
  

Prise	
  en	
  compte	
  du	
  mouvement	
  atomique	
  
dans	
  le	
  formalisme	
  quanTque	
  

Famille	
  fermée	
  vis-­‐à-­‐vis	
  de	
  l’évoluTon	
  cohérente	
  :	
  

Seule	
  l’émission	
  spontanée	
  permet	
  de	
  faire	
  passer	
  d’une	
  famille	
  à	
  l’autre	
  

Etat	
  noir	
  unique	
  quand	
  on	
  prend	
  en	
  compte	
  à	
  la	
  fois	
  les	
  états	
  internes	
  et	
  externes	
  :	
  

état	
  non-­‐couplé	
  de	
  la	
  famille	
  v = 0 :
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Mise	
  en	
  évidence	
  expérimentale	
  à	
  1D	
  	
  

TransiTon	
  entre	
  un	
  état	
  fondamental	
  et	
  un	
  état	
  excité	
  tous	
  deux	
  de	
  moment	
  cinéTque	
  1	
  

ConfiguraTon	
  laser	
  contre-­‐propageante	
  avec	
  des	
  polarisaTons	
  σ+	
  et	
  σ-­‐	
  	
  

hélium	
  dans	
  son	
  état	
  métastable	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  :	
  	
  	
  	
  	
  	
  transi:on	
  

σ+	
  	
   σ-­‐	
  	
  

Jg=1	
  

Je=1	
   Je=1	
  

Jg=1	
  

Le	
  pompage	
  opTque	
  produit	
  alors	
  automaTquement	
  un	
  système	
  en	
  Λ



Mise	
  en	
  évidence	
  expérimentale	
  à	
  1D	
  (suite)	
  	
  

Recherche	
  d’un	
  effet	
  de	
  collimaTon	
  
d’un	
  jet	
  atomique	
  d’hélium	
  métastable	
  

Expérience	
  à	
  l’ENS	
  (Aspect	
  et	
  al.,	
  1988)	
  

Etat	
  noir	
  aLendu	
  :	
  

Deux	
  pics	
  en	
  vitesse	
  à	
  	
  

Chaque	
  pic	
  a	
  une	
  largeur	
  neLement	
  subrecul	
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3.	
  

Lois	
  d’échelle	
  pour	
  le	
  refroidissement	
  sub-­‐recul	
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Les	
  paramètres	
  d’un	
  refroidissement	
  «	
  par	
  zone	
  sombre	
  »	
  

La	
  dimension	
  de	
  l’espace	
  des	
  vitesses	
  à	
  refroidir	
  :	
  1D,	
  2D,	
  3D	
  ?	
  

La	
  forme	
  du	
  trou	
  d’excitaTon	
  

L’existence	
  éventuelle	
  d’un	
  refroidissement	
  auxiliaire	
  	
  
qui	
  limite	
  l’excursion	
  maximale	
  de	
  la	
  vitesse	
  d’un	
  atome	
  

�0.4 0 0.4
0

2 · 10�2

taux	
  de	
  diffusion	
  	
  
de	
  photons

vitesse	
  	
  

plus	
  généralement	
  
pour	
  un	
  état	
  non	
  couplé,	
  

Bardou	
  et	
  al.,	
  2002	
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ModélisaTon	
  du	
  taux	
  d’excitaTon	
  

Zone	
  «	
  sombre	
  »	
  :	
  

Zone	
  «	
  brillante	
  »	
  :	
  

Deux	
  zones	
  dans	
  l’espace	
  des	
  vitesses	
  accessibles	
  :	
  

«	
  Murs	
  »	
  dans	
  l’espace	
  des	
  vitesses	
  :	
  

Mécanisme	
  sous-­‐jacent	
  de	
  type	
  refroidissement	
  Doppler	
  ou	
  Sisyphe	
  

Leur	
  posiTon	
  exacte	
  importe	
  peu,	
  on	
  les	
  place	
  ici	
  à	
  la	
  vitesse	
  de	
  recul	
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Marche	
  au	
  hasard	
  dans	
  l’espace	
  des	
  vitesses	
  

temps

Tant	
  que	
  la	
  parTcule	
  est	
  dans	
  la	
  zone	
  brillante,	
  elle	
  reste	
  un	
  temps	
  court	
  (	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  )	
  sur	
  
chaque	
  classe	
  de	
  vitesse	
  visitée.	
  	
  

Quand	
  la	
  parTcule	
  tombe	
  par	
  chance	
  sur	
  une	
  classe	
  de	
  vitesses	
  de	
  la	
  zone	
  sombre,	
  
elle	
  y	
  reste	
  plus	
  longtemps	
  	
  	
  	
  

Ce	
  temps	
  de	
  séjour	
  diverge	
  quand	
  	
  	
  	
  	
  	
  	
  s’approche	
  de	
  0	
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DistribuTon	
  du	
  temps	
  de	
  séjour	
  dans	
  la	
  zone	
  sombre	
  

«	
  Arrosage	
  »	
  uniforme	
  de	
  la	
  zone	
  sombre	
  :	
  

Probabilité	
  de	
  séjourner	
  un	
  temps	
  τ	
  dans	
  la	
  zone	
  sombre	
  :	
  

ce	
  qui	
  donne	
  à	
  1D:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ,	
  soit	
  pour	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (états	
  noirs):	
  	
  

A	
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Anomalous diA'usion processes, dominated by rare events, are shown to exist and to play a central role

in certain subrecoil laser cooling schemes. We present a new statistical analysis of these processes, in
terms of Levy Rights, which provides a precise analytical description of the cooled atoms in the long time
limit, where the standard methods of quantum optics are inappropriate. These analytical predictions are
quantitatively checked by comparison with the results of quantum Monte Carlo simulations of the cool-
ing process at intermediate times.

PACS numbers: 32.80.Pj, 02.70.Lq, 05.40.+j, 42, 50.Lc

Laser cooling [1] provides interesting examples of ran-
dom walks. The atomic momentum p changes in a ran-
dom way, as a result of coherent absorptions and stimu-
lated emissions of laser photons between a ground state
manifold (g) and an excited one (e), interrupted at ran-
dom times by spontaneous emission of fluorescence pho-
tons. In usual cooling schemes, the exchanges of momen-
tum between atoms and laser photons give rise to a net
drift of the atomic momenta towards p 0. Competing
with such a friction mechanism, there is also a rnomen-
tum diffusion due to the randomness introduced by spon-
taneous emission, leading to a random walk in momen-
tum space, as in Brownian motion. The random recoil
Alt, due to fluorescence photons also gives rise to an im-
portant landmark in the temperature scale, the recoil
temperature Ttt, given by ktt Ttt/2 =Ett = II1 k /2M.
Up to now, two subrecoil cooling schemes have been

demonstrated [2,3]. We will focus here on the first one
[2], based on velocity selective coherent population trap-
ping (VSCPT). Some of the ideas developed here could
possibly be extended to the other scheme and to other
proposals [4]. In VSCPT, there is no friction mechanism,
but a combination of two effects. First, there are quan-
tum interference effects which prevent atoms from ab-
sorbing light if they are in certain linear superpositions of
ground state sublevels (dark states) and if they have a
very small momentum p=0. Second, for atoms with
p&0, which scatter photons in random directions, there is
a momentum diffusion in p space which allows some
atoms to be transferred from the p&0 absorbing states
into the p=0 dark states where they remain trapped for
a long time, and where they pile up. An important ques-
tion then arises concerning the ultimate efficiency of such
a cooling process. Using simple arguments, we have ar-
gued [2] that the width of the momentum distribution has
no lower limit and should decrease as 8 ', when the
laser-atom interaction time 8 is increased. However, up
to now, no quantitative prediction concerning the propor-
tion of cooled atoms and the exact shape of the mornen-

turn distribution was available [5]. This is not surprising
in view of the complexity of the full quantum optical
Bloch equations (both internal and external degrees of
freedom must be treated quantum mechanically at these
subrecoil temperatures). Furthermore, in the problem
studied here, where no steady state exists, it seems quite
difficult to extract the asymptotic behavior from a numer-
ical solution of optical Bloch equations.
In order to improve our understanding of VSCPT, we

have performed quantum Monte Carlo simulations [6],
using the "delay function" [7]. It clearly appears (see
Fig. I) that the smaller the atomic momentum p, the
longer the delay rg between two successive spontaneous
emissions, which is the principle of VSCPT. There is
another striking feature of Fig. 1 which is the starting
point of the analysis presented here: The random se-
quence of time intervals rg is clearly dominated by a sin-
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FIG. 1. Monte Carlo simulation of VSCPT. Each vertical
discontinuity corresponds to a spontaneous emission jump dur-
ing which the atomic momentum p changes abruptly. The de-
lay between two successive jumps can become very long if p gets
close to zero. The longest time interval (out of 4000) takes
about 70% of the total time. The inset shows a zoomed part of
the sequence.
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have Ei (r) X % (r) = 0 for all r. Second, since El (r) is
a monochromatic laser field with frequency cuI, all wave
vectors k; appearing in the plane wave expansion of EL(r),

El (r) = g X'„i;exp(ik; . r),
have the same modulus ~k;~ = col. /c = k. Using the same
expansion for %'r(r) given in (2), we find that the atomic
kinetic energy P2/2M, which depends only on the modulus
of the wave vectors, has a well-defined value in Wr(r)
equal to h2k2/2M. If we replace in (2) the c-number a by an
arbitrary scalar field u(r), we still have El (r) x Nr(r) =
0 for all r, so that n(r)EL(r) is the most general state
in g not coupled to e, i.e., leading to a zero transition
amplitude (1)for all @(r). Expanding u(r) in plane waves
exp(ip r/h), we introduce a set of noncoupled states,

Detect

(r) = El (r) exp(ip r/h) (4)

labeled by p. Equations (3) and (4) then show that %'Nc(r)
is a linear superposition of plane waves with wave vectors
k; + p/Fi. In general, these wave vectors do not have the
same modulus, and (4) is not an eigenfunction of P2/2M.
There are motional couplings, proportional to k; p/M,
which destabilize the states (4) and introduce a photon
absorption rate I Nc(p) from these states proportional to
p2 (if ~p~ is small enough) [5,11]. Such an absorption is
then followed by a spontaneous emission process, which
introduces a random change of momentum and allows
atoms to diffuse in momentum space. The smaller ~p~,
the smaller is the diffusion rate. Atoms thus progressively
accumulate in a set of states &Nc(r), with ~p~ distributed
over a range 8p around the value p = 0 corresponding to
the perfectly dark state (2). Arguments similar to those
used in [5] show that 6p decreases as 1/~O where 8 is
the interaction time.
We now apply these general considerations to the

laser configuration used in our experiment. It consists of
counterpropagating beams along the x and y axes, with
o.+ and cr polarizations (Fig. 1). In Eq. (3) we have
N=4 and ki=kx, k2= —kx, k3=ky, and k4=
—k y. It is then clear that for any p orthogonal to the x-y
plane the four vectors k; + p/h have the same modulus,
so that there is no velocity selection and thus no cooling
along the z axis. On the other hand, the reasoning above
shows that there is velocity selection for p in the x-y
plane, where the only trapping state of the form (4) is VNc
with p = 0. Furthermore, one can show [10]that with the
polarization configuration of Fig. 1 there is a unique two-
dimensional trapping state. We thus expect that, after the
laser configuration of Fig. 1 has been applied for a time
0 to an atom, the state of the atom will be of the form
(4) with a p component in the x-y plane very close to 0
(~p~ less than hk) and an arbitrary value for p, . This state
will thus consist of four coherent wave packets with mean
momenta ~hkx, ~hky. Thus, on the detection plane,
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FIG. 1. 2D VSCPT scheme. Under the influence of the
four VSCPT cooling beams, the atoms are pumped into a
coherent superposition of four wave packets whose centers
follow ballistic trajectories to the position-sensitive detector
5 cm below.

one should observe four spots separated by a distance
2hkrf/M, where rf is the time of flight to the detector,
the width of these spots decreasing as 1/v 8.
In order to have real cooling, one needs to fill the

trapping state with sufficient efficiency. As shown in [11],
a pure diffusion in momentum space is much less efficient
in two dimensions than in one dimension. On the other
hand, as emphasized in [9], 2D VSCPT schemes on a
Jg = 1 = = J, = 1 transition may lead to a friction force
for atoms which are not yet trapped. There is then a drift
toward p = 0 which helps to fill the trapping states [12].
Although we have not yet made any detailed calculations,
we expect, based on the fact that the light shifts in our
laser configuration are spatially dependent, that VSCPT
efficiency would be augmented by Sisyphus precooling
for the case of blue detuning [1].
We start with atoms precooled to -200 p,K in a

magneto-optical trap [13,14]. A cryogenic (6 K) beam of
He* in the 2 5& state is decelerated by radiation pressme
using a Zeeman slowing technique [15] to load the trap.
Our trap contains -10 atoms in a volume of -1 mm .
The trap is shut off, and the beams for the VSCPT cooling
process, tuned to the 2 S] —2 P[ transition, are pulsed
on (Fig. 1). All of the VSCPT laser beams are derived
from the same laser, so the phase coherence is limited
by the stability of the retroreAection mirrors. During
the time of the VSCPT cooling, the atoms move less
than 1 mm, after which they follow ballistic trajectories
under the inAuence of gravity. Atoms are detected 5 cm
below the trap by means of a microchannel plate detector
which intercepts a solid angle of 0.32 sr. High spatial
resolution (0.5 mm) is obtained by accelerating the output
of the microchannel plates toward a phosphor screen, and
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the resulting blips of light are recorded with a triggered
charge coupled device (CCD) camera which provides
temporal resolution.
The detailed sequence is the following: The trap is

loaded for about 1.5 s, at which point the deceleration
coils are turned off while the quadrupole trapping coils
remain on. This allows the magnetic fields of the
deceleration coils to decay, during which time the trap
laser parameters are adjusted to provide further cooling.
After 250 ms, the trapping coils are switched off as
well, and the trapping laser beams are left on for an
additional 3.5 ms. This phase confines the atoms in an
optical molasses while allowing the residual fields of
the quadrupole to decay. At this point, the trapping
beams are turned off and the VSCPT cooling beams are
switched on. The VSCPT interaction time is 500 p, s
in the work described here. Atoms are detected on the
microchannel plate detector a time 7.f (30—70 ms) later
within a temporal window ~ which can be as small as
1 ms. By varying rf we can probe the (uncooled) vertical
velocity distribution, and by varying v we can select
the time resolution. Images from the CCD camera are
digitized in a PC, and successive images are summed.
Simple arguments [6] show that the temperature attain-

able is limited by the stray magnetic field and scales as
the square of the field; a stray field on the order of 1 mG
limits the achievable temperature to -T&/100. The ac
components of the magnetic field at 50 Hz (-10mG) are
reduced to less than 1 mG by means of a Mumetal shield.
The static components are canceled in situ and at the time

of interest to within 0.5 mG by means of an additional
step based on the mechanical Hanle effect [16].
An image of the atomic position distribution detected

on the microchannel plate is shown in Fig. 2. The
four peaks are clearly resolved. The widths of the
peaks reflect, in addition to the final VSCPT momentum
distribution, contributions due to the size of the cloud of
trapped atoms, the size of the blips of light emitted by
the phosphor, and the dispersion of atom arrival times
during the observation time r T.he latter broadening
mechanism is absent in the direction perpendicular to
the recoil momentum. With this in mind, we present
in Fig. 3 a vertical profile through the peak at the right
in Fig. 2. An upper bound to the momentum dispersion
is given by neglecting the initial cloud size and the
imperfect detector resolution [17]. From the width of the
peak, we deduce a velocity spread (half-width at 1/~e)
of 2.3 cm/s (= v~/4, where v~ = hk/M = 9.2 cm/s is
the recoil velocity), with an uncertainty of 10%. The
corresponding temperature is TR/16.
A crucial issue is whether the VSCPT process actually

increases the density in momentum space or merely acts
to select atoms within a small velocity group. The answer
is dependent on the laser parameters. For a fixed value of
the detuning 8 = +0.5I, a scan of the laser power (Rabi
frequency 0 varying from 0 = 0.5I to 0 = 1.06I )
revealed both a monotonically increasing temperature
and a number of cooled atoms. The smallest laser
power, while giving the narrowest velocity distribution
(T = TR/30), yielded fewer atoms in the peak than
in the absence of the VSCPT cooling process. We
interpret this expulsion of atoms as being due to heating
from a "blue Doppler molasses" [1] before atoms are
trapped in the velocity-selective state. As the laser power
is increased, the distributions are observed to broaden

Cooled atom profile
~ Uncooled atom profile

FIG. 2. Image of the detected atomic position distribution
for the experimental parameters: Rabi frequency 0 = 0.81,
detuning 6 = +0.51, interaction time 0 = 500 p, s. The
figure shows an integration of 25 consecutive images for each
of which the camera was exposed from 45 to 65 ms after the
VSCPT interaction. The corresponding momentum distribution
consists of four peaks at ~hk along the x and Y axes; the peak
widths are clearly subrecoil.
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FIG. 3. Profiles of the atomic position distributions along the
dotted line of Fig. 2 with and without VSCPT cooling.
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the resulting blips of light are recorded with a triggered
charge coupled device (CCD) camera which provides
temporal resolution.
The detailed sequence is the following: The trap is

loaded for about 1.5 s, at which point the deceleration
coils are turned off while the quadrupole trapping coils
remain on. This allows the magnetic fields of the
deceleration coils to decay, during which time the trap
laser parameters are adjusted to provide further cooling.
After 250 ms, the trapping coils are switched off as
well, and the trapping laser beams are left on for an
additional 3.5 ms. This phase confines the atoms in an
optical molasses while allowing the residual fields of
the quadrupole to decay. At this point, the trapping
beams are turned off and the VSCPT cooling beams are
switched on. The VSCPT interaction time is 500 p, s
in the work described here. Atoms are detected on the
microchannel plate detector a time 7.f (30—70 ms) later
within a temporal window ~ which can be as small as
1 ms. By varying rf we can probe the (uncooled) vertical
velocity distribution, and by varying v we can select
the time resolution. Images from the CCD camera are
digitized in a PC, and successive images are summed.
Simple arguments [6] show that the temperature attain-

able is limited by the stray magnetic field and scales as
the square of the field; a stray field on the order of 1 mG
limits the achievable temperature to -T&/100. The ac
components of the magnetic field at 50 Hz (-10mG) are
reduced to less than 1 mG by means of a Mumetal shield.
The static components are canceled in situ and at the time

of interest to within 0.5 mG by means of an additional
step based on the mechanical Hanle effect [16].
An image of the atomic position distribution detected

on the microchannel plate is shown in Fig. 2. The
four peaks are clearly resolved. The widths of the
peaks reflect, in addition to the final VSCPT momentum
distribution, contributions due to the size of the cloud of
trapped atoms, the size of the blips of light emitted by
the phosphor, and the dispersion of atom arrival times
during the observation time r T.he latter broadening
mechanism is absent in the direction perpendicular to
the recoil momentum. With this in mind, we present
in Fig. 3 a vertical profile through the peak at the right
in Fig. 2. An upper bound to the momentum dispersion
is given by neglecting the initial cloud size and the
imperfect detector resolution [17]. From the width of the
peak, we deduce a velocity spread (half-width at 1/~e)
of 2.3 cm/s (= v~/4, where v~ = hk/M = 9.2 cm/s is
the recoil velocity), with an uncertainty of 10%. The
corresponding temperature is TR/16.
A crucial issue is whether the VSCPT process actually

increases the density in momentum space or merely acts
to select atoms within a small velocity group. The answer
is dependent on the laser parameters. For a fixed value of
the detuning 8 = +0.5I, a scan of the laser power (Rabi
frequency 0 varying from 0 = 0.5I to 0 = 1.06I )
revealed both a monotonically increasing temperature
and a number of cooled atoms. The smallest laser
power, while giving the narrowest velocity distribution
(T = TR/30), yielded fewer atoms in the peak than
in the absence of the VSCPT cooling process. We
interpret this expulsion of atoms as being due to heating
from a "blue Doppler molasses" [1] before atoms are
trapped in the velocity-selective state. As the laser power
is increased, the distributions are observed to broaden

Cooled atom profile
~ Uncooled atom profile

FIG. 2. Image of the detected atomic position distribution
for the experimental parameters: Rabi frequency 0 = 0.81,
detuning 6 = +0.51, interaction time 0 = 500 p, s. The
figure shows an integration of 25 consecutive images for each
of which the camera was exposed from 45 to 65 ms after the
VSCPT interaction. The corresponding momentum distribution
consists of four peaks at ~hk along the x and Y axes; the peak
widths are clearly subrecoil.
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FIG. 3. Profiles of the atomic position distributions along the
dotted line of Fig. 2 with and without VSCPT cooling.
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Quelles	
  formes	
  de	
  pulse	
  choisir	
  ?	
  

Stanford	
  1992	
  :	
  1D,	
  	
  	
  	
  	
  1994-­‐96	
  :	
  2D	
  et	
  3D	
  (libre	
  et	
  piège),	
  	
  	
  	
  	
  ENS	
  1999	
  :	
  3D	
  (piège)	
  	
  

Pulse	
  Blackman	
  :	
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the atoms are compressed in a peak 7.5 times higher than
the initial distribution [Fig. 2(a)]. The velocity spread
(half-width at I/~e) is 0.34vR, much narrower than the
width (=4vg) of the hole in I'(v). This confirms that
6 vH can be much smaller than vo, as already indicated by
Eq. (3). The corresponding temperature T,rr = TR/8 =
25 nK is equivalent to our previous result using sequences
of eight Blackman pulses [13],but with a better fraction
of atoms in the cold peak and a considerably simpler
pulse sequence. Moreover, the time evolution of the
velocity spread obeys very well the 0 't law of Eq. (3)
[Fig. 2(b)]. When the square pulses are replaced by
Blackman pulses, centered at the same frequency and
twice as long as the square pulses to maintain the same
characteristic width, higher temperatures and lower peak
heights are obtained for all interaction times [Fig. 2(b)].
In this case, the evolution of the velocity spread is well
fitted by a 0' ' law, as predicted by Eq. (3).
In order to lower further the temperature, one would

like to decrease the width vo of the hole in I'(v)
since this produces a colder final distribution [Eq. (3)].
However, when vo is decreased, the pulse is longer in
time, it interacts with a smaller fraction of the velocity
distribution, and it ultimately gives fewer chances for a
given atom to fall near v = 0 by spontaneous emission.
Furthermore, atoms can also accumulate in the outermost
zeros of the excitation profile as can be seen already
near 8vg in Fig. 2(a). The immediate solution to this
problem is to use a cooling sequence made of two pulses:
a long pulse for good filtering (vo small) and a short pulse
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FIG. 3. (a) Raman cooling with 30 p, s pulses centered at
~4v~ and 120 p, s pulses centered at ~vR, 26 repetitions.
The central peak has a I/~e half-width of 0.12vg (an 8%
contribution due to the probe linewidth has been subtracted by
deconvolution). This corresponds to an effective temperature
of T,ff = 2.8 nK. The dashed curve is the velocity distribution
without Raman cooling, corresponding to T,rr = 6.0 p, K. (b)
The Raman pulses used for the above result (for clarity, only
the pulses on the negative-velocity side are shown). As the
available power limits the peak excitation probability of the
30 p, s pulse to about 0.4, it is repeated 3 times before the
120 p, s pulse is applied.

(7 (vtrap Bvo pt)) 0 (4)
The problem is now fully characterized by the two
equations (3), (4), having two parameters (0', v,„) and
two unknowns (vo pt or equivalently Hp pt Bvo pt).
Simple algebra gives the optimum values

".:"= ('..")"'(,")'"
where rR = 2M/Rk is the recoil time, and

6ve opt (2vm~x l &/3 2/3
(6)

vR ( vR ) 20
Note that Bvo,pt decreases as 0 t, whereas BvH
varies only as 0' 't for a fixed vent which is not optimized
for each value of O. For v,„=2vR, 0 = 10 ms =
130rR (the effective total time of the cooling pulses in the
experiment) the result is vo, pt = 0.6vz and BvQ pt

covering a wide velocity range, in order to recycle those
atoms which do not interact with the narrow pulse. As
the recycling pulse is short in duration, its contribution
to the total cooling time is small. Raman cooling with
two square pulses is shown in Fig. 3(a). The sequence
consists of a 120 p, s pulse centered at v = ~vR and a
30 p, s pulse at v = ~4vR and is repeated 26 times. The
cold peak has a I/~e velocity spread of (0.12 ~ 0.01)vR,
corresponding to T,rr = 2.8 ~ 0.5 nK (TR/73), nearly a
factor of 10 lower than in the one-pulse cooling scheme.
The peak is 10 times as high as the initial distribution and
contains 35% of the total number of atoms. Narrower
filtering pulses lead to still lower temperatures, but with
a reduced gain at v = 0. For instance, T,ff = 0.8 nK =
Tg/250 has been observed with a peak height increase of
6.4, using a filtering pulse of 400 p, s duration.
In the search of an optimum square pulse cooling

configuration, a compromise must be made between the
fraction of cooled atoms and the width of the cooled
distribution. We present here a simplified derivation of
the width 6vH pt of the narrowest peak that can be filled
significantly in a given time 0, i.e., that accumulates
=50% of the atoms. A rigorous calculation optimizing the
height of the peak at v = 0 gives the same results, within
prefactors of order 1 [14]. The single important parameter
of the pulse sequence is the duration 00 of the filtering
pulse (the narrowest pulse). The excitation at ~v~ ~ vo
is realized efficiently by much shorter recycling pulses,
whose durations are neglected here. Oo is related to the
width vo of the dip in I'(v) by the condition of the first
zero of the sine function in v = 0 for I', which implies
vr/Ho = 0vo. Adding pulses on both sides of v = 0 leads
to a sequence duration of 7.O = 200 and the excitation rate
becomes I'(v = 0) = (v/vo) /2Hn and I'(~v( ~ vn) =
I/(2Ho). The optimization is now done very simply: The
narrowest peak that can be filled is defined by a filling time
just equal to the total time. The filling time being on the
order of the first return time, one has
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the atoms are compressed in a peak 7.5 times higher than
the initial distribution [Fig. 2(a)]. The velocity spread
(half-width at I/~e) is 0.34vR, much narrower than the
width (=4vg) of the hole in I'(v). This confirms that
6 vH can be much smaller than vo, as already indicated by
Eq. (3). The corresponding temperature T,rr = TR/8 =
25 nK is equivalent to our previous result using sequences
of eight Blackman pulses [13],but with a better fraction
of atoms in the cold peak and a considerably simpler
pulse sequence. Moreover, the time evolution of the
velocity spread obeys very well the 0 't law of Eq. (3)
[Fig. 2(b)]. When the square pulses are replaced by
Blackman pulses, centered at the same frequency and
twice as long as the square pulses to maintain the same
characteristic width, higher temperatures and lower peak
heights are obtained for all interaction times [Fig. 2(b)].
In this case, the evolution of the velocity spread is well
fitted by a 0' ' law, as predicted by Eq. (3).
In order to lower further the temperature, one would

like to decrease the width vo of the hole in I'(v)
since this produces a colder final distribution [Eq. (3)].
However, when vo is decreased, the pulse is longer in
time, it interacts with a smaller fraction of the velocity
distribution, and it ultimately gives fewer chances for a
given atom to fall near v = 0 by spontaneous emission.
Furthermore, atoms can also accumulate in the outermost
zeros of the excitation profile as can be seen already
near 8vg in Fig. 2(a). The immediate solution to this
problem is to use a cooling sequence made of two pulses:
a long pulse for good filtering (vo small) and a short pulse
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FIG. 3. (a) Raman cooling with 30 p, s pulses centered at
~4v~ and 120 p, s pulses centered at ~vR, 26 repetitions.
The central peak has a I/~e half-width of 0.12vg (an 8%
contribution due to the probe linewidth has been subtracted by
deconvolution). This corresponds to an effective temperature
of T,ff = 2.8 nK. The dashed curve is the velocity distribution
without Raman cooling, corresponding to T,rr = 6.0 p, K. (b)
The Raman pulses used for the above result (for clarity, only
the pulses on the negative-velocity side are shown). As the
available power limits the peak excitation probability of the
30 p, s pulse to about 0.4, it is repeated 3 times before the
120 p, s pulse is applied.

(7 (vtrap Bvo pt)) 0 (4)
The problem is now fully characterized by the two
equations (3), (4), having two parameters (0', v,„) and
two unknowns (vo pt or equivalently Hp pt Bvo pt).
Simple algebra gives the optimum values
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where rR = 2M/Rk is the recoil time, and
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Note that Bvo,pt decreases as 0 t, whereas BvH
varies only as 0' 't for a fixed vent which is not optimized
for each value of O. For v,„=2vR, 0 = 10 ms =
130rR (the effective total time of the cooling pulses in the
experiment) the result is vo, pt = 0.6vz and BvQ pt

covering a wide velocity range, in order to recycle those
atoms which do not interact with the narrow pulse. As
the recycling pulse is short in duration, its contribution
to the total cooling time is small. Raman cooling with
two square pulses is shown in Fig. 3(a). The sequence
consists of a 120 p, s pulse centered at v = ~vR and a
30 p, s pulse at v = ~4vR and is repeated 26 times. The
cold peak has a I/~e velocity spread of (0.12 ~ 0.01)vR,
corresponding to T,rr = 2.8 ~ 0.5 nK (TR/73), nearly a
factor of 10 lower than in the one-pulse cooling scheme.
The peak is 10 times as high as the initial distribution and
contains 35% of the total number of atoms. Narrower
filtering pulses lead to still lower temperatures, but with
a reduced gain at v = 0. For instance, T,ff = 0.8 nK =
Tg/250 has been observed with a peak height increase of
6.4, using a filtering pulse of 400 p, s duration.
In the search of an optimum square pulse cooling

configuration, a compromise must be made between the
fraction of cooled atoms and the width of the cooled
distribution. We present here a simplified derivation of
the width 6vH pt of the narrowest peak that can be filled
significantly in a given time 0, i.e., that accumulates
=50% of the atoms. A rigorous calculation optimizing the
height of the peak at v = 0 gives the same results, within
prefactors of order 1 [14]. The single important parameter
of the pulse sequence is the duration 00 of the filtering
pulse (the narrowest pulse). The excitation at ~v~ ~ vo
is realized efficiently by much shorter recycling pulses,
whose durations are neglected here. Oo is related to the
width vo of the dip in I'(v) by the condition of the first
zero of the sine function in v = 0 for I', which implies
vr/Ho = 0vo. Adding pulses on both sides of v = 0 leads
to a sequence duration of 7.O = 200 and the excitation rate
becomes I'(v = 0) = (v/vo) /2Hn and I'(~v( ~ vn) =
I/(2Ho). The optimization is now done very simply: The
narrowest peak that can be filled is defined by a filling time
just equal to the total time. The filling time being on the
order of the first return time, one has
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