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	  Out-‐of-‐equilibrium	  physics	  with	  cold	  quantum	  gases	  	  

jeudi	  25	  juin	  de	  14h00	  à	  17h30,	  amphithéâtre	  Guillaume	  Budé	  

14:00	  -‐	  14:45:	  LeNcia	  Cugliandolo	  (Laboratoire	  de	  Physique	  Théorique	  et	  Hautes	  	  Energies,	  
Paris):	  Fast	  and	  slow	  quenches	  across	  phase	  transi;ons	  in	  open	  systems	  

14:45	  -‐	  15:30:	  Zoran	  Hadzibabic	  (Université	  de	  Cambridge):	  
Cri;cal	  Dynamics	  in	  a	  3D	  Bose	  gas	  

15:30	  -‐	  16:00	  :	  pause	  

16:00	  -‐	  16:45	  :	  Giovanna	  Morigi	  (Université	  de	  Saarland,	  Sarrebruck):	  	  
Quantum	  structures	  of	  photons	  and	  atoms	  

16:45	  -‐	  17:30	  :	  Jérôme	  Beugnon	  (Laboratoire	  Kastler	  Brossel,	  Paris):	  	  
Out-‐of-‐equilibrium	  physics	  with	  Bose	  gases	  in	  2D	  geometries	  

Ce	  workshop	  est	  ouvert	  à	  tous	  sans	  inscrip;on	  préalable	  



Les	  premières	  mélasses	  opNques	  

x

y

z
1985	  :	  Bell	  Labs,	  atomes	  de	  sodium	  

On	  a	  d’abord	  pensé	  que	  ces	  mélasses	  étaient	  bien	  	  
décrites	  par	  le	  modèle	  du	  refroidissement	  Doppler	  	  

En	  parNculier	  	  

1987-‐88	  :	  NBS	  (NIST),	  atomes	  de	  sodium	  

Le	  modèle	  Doppler	  «	  à	  deux	  niveaux	  »	  ne	  s’applique	  pas,	  
l’expérience	  de	  refroidissement	  marche	  «	  trop	  bien	  »	  	  

Γ:	  largeur	  naturelle	  de	  l’état	  atomique	  excité	  



Les	  températures	  sub-‐Doppler	  

z
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NIST	  1988	  :	  

• 	  	  pas	  la	  bonne	  variaNon	  avec	  le	  désaccord	  

• 	  	  pas	  la	  bonne	  température	  limite	  

Où	  est	  l’erreur	  ?	  	  	  	  	  	  

Hypothèse	  de	  départ	  :	  modélisa3on	  par	  un	  système	  à	  deux	  niveaux	  

g

e
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Au	  delà	  du	  modèle	  à	  deux	  niveaux	  

g

e
Pour	  un	  atome	  «	  	  à	  deux	  niveaux	  »,	  une	  seule	  constante	  
de	  temps	  pour	  son	  évoluNon	  interne	  	  (Γ-‐1)	  même	  si	  	  
l’intensité	  lumineuse	  est	  très	  faible.	  	  	  

Jg=1/2

Je=3/2

Pour	  une	  transiNon	  atomique	  plus	  complexe,	  
de	  longs	  temps	  de	  pompage	  opNque	  τp	  sont	  
possibles	  si	  l’intensité	  est	  faible.	  	  

échelle	  d’énergie	  	  

échelle	  d’énergie	  	  	  	  	  	  	  	  	  	  	  	  ?	  	  
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Buts	  de	  ce	  cours	  

Introduire	  le	  modèle	  Sisyphe	  standard	  «	  brillant	  »	  	  
et	  l’analyser	  en	  terme	  de	  mouvement	  brownien	  

Idée	  essen;elle	  :	  placer	  l’atome	  dans	  une	  situa;on	  	  
où	  il	  monte	  plus	  de	  collines	  qu’il	  n’en	  descend	  

Jg=1/2

Je=3/2

Aller	  au	  delà	  du	  régime	  de	  mouvement	  brownien	  linéaire	  	  

Discuter	  la	  physique	  de	  l’effet	  Sisyphe	  «	  gris	  »	  

Combinaison	  d’effet	  Sisyphe	  et	  d’états	  noirs	  

Nombreux	  progrès	  très	  récents	  



1.	  

Le	  modèle	  Sisyphe	  standard	  

Comment	  favoriser	  la	  montée	  de	  collines	  de	  poten;el...	  

Le	  TiNen,	  1548-‐49	  
Musée	  du	  Prado	  
Madrid	  
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Une	  transiNon	  modèle	  

Au	  delà	  de	  l’atome	  «	  à	  deux	  niveaux	  »	  

• 	  	  TransiNon	  mekant	  en	  jeu	  deux	  sous-‐niveaux	  	  
	  	  	  	  fondamentaux	   Jg=1/2

Je=3/2

• 	  On	  cherche	  à	  créer	  une	  modulaNon	  des	  énergies	  de	  	  	  	  	  	  	  	  dépendant	  de	  l’espace	  

• 	  On	  va	  uNliser	  une	  configuraNon	  lumineuse	  1D	  pour	  laquelle	  les	  composantes	  	  
	  	  	  de	  polarisaNon	  circulaire	  gauche	  et	  circulaire	  droite	  varient	  dans	  l’espace	  

εx εy
σ+ σ- σ+

λ/4	  



Les	  déplacements	  lumineux	  pour	  la	  transiNon	  modèle	  

On	  choisit	  un	  désaccord	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  négaNf	  comme	  pour	  le	  refroidissement	  Doppler	  :	  	  
les	  états	  	  	  	  	  	  	  	  	  sont	  déplacés	  vers	  le	  bas	  	  

1	  1/3	  

z
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z = 0

1	  



Pompage	  opNque	  pour	  un	  atome	  au	  repos	  

A	  l’équilibre	  :	  

PopulaNon	  	  	  	  	  	  	  	  	  pour	  les	  états	  	  

Pour	  une	  intensité	  lumineuse	  assez	  faible,	  on	  peut	  négliger	  la	  populaNon	  des	  états	  excités	  

L’atome	  tend	  à	  occuper	  l’état	  	  
interne	  de	  plus	  basse	  énergie	  

z

σ+

V(z)

σ- σ+

z = 0

Temps	  caractérisNque	  d’akeinte	  de	  l’équilibre	  	  	  	  	  	  	  	  	  	  avec	  	  	  
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Le	  mécanisme	  Sisyphe	  

Quand	  l’atome	  bouge	  dans	  l’onde	  lumineuse,	  les	  populaNons	  des	  deux	  états	  internes	  
ne	  s’ajustent	  pas	  instantanément	  à	  la	  configuraNon	  lumineuse	  

Retard	  de	  l’ordre	  de	  	  

Effet	  maximal	  quand	  	  

g_

g+

Se	  généralise	  à	  3D	  pourvu	  que	  le	  pompage	  opNque	  conNnue	  à	  	  
accumuler	  les	  atomes	  dans	  le	  niveau	  interne	  le	  plus	  bas	  en	  énergie	  
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2.	  

La	  limite	  du	  refroidissement	  Sisyphe	  
(approche	  «	  mouvement	  brownien	  »)	  
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La	  force	  agissant	  sur	  un	  atome	  en	  mouvement	  

g_

g+

Force	  ressenNe	  sur	  les	  niveaux	  	  

PotenNels	  :	  

Force	  moyennée	  sur	  les	  deux	  états	  internes	  :	  

Les	  populaNons	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  sont	  obtenues	  en	  résolvant	  les	  équaNons	  d’évoluNon	  :	  

et	  idem	  pour	  	  	  	  	  	  	  	  	  	  avec	  	  	  

Après	  moyenne	  sur	  une	  période	  spaNale	  :	  
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CaractérisaNon	  de	  la	  force	  moyenne	  

A	  basse	  vitesse	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ,	  force	  de	  fricNon	  habituelle	  :	  	  

coefficient	  de	  fricNon	  	  

Indépendant	  de	  l’intensité	  
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Plage	  de	  linéarité	  de	  linéarité	  de	  la	  force	  :	  

Propor;onnelle	  à	  l’intensité	  

Force	  maximale	  pour	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ,	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  :	  on	  ne	  peut	  pas	  espérer	  mieux...	  	  	  	  	  	  	  
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Limite	  du	  refroidissement	  Sisyphe	  

Approche	  habituelle	  de	  type	  «	  mouvement	  brownien	  »	  

• 	  	  FricNon	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ,	  avec	  	  	  

• 	  	  Diffusion	  en	  impulsion	  :	  deux	  sources	  de	  chauffage	  

(ii)	  FluctuaNons	  de	  la	  force	  instantanée	  quand	  l’atome	  saute	  entre	  g+	  et	  g-‐	  	  

(i)	  Chocs	  aléatoires	  dus	  à	  l’impulsion	  emportée	  par	  les	  photons	  émis	  spontanément	  

Force	  

temps	  

Température	  d’équilibre	  :	  
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Comparaison	  théorie	  -‐	  expérience	  

ENS	  1990	  
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Vol. 6, No. 11/November 1989/J. Opt. Soc. Am. B 2035
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Fig. 7. Variations with velocity v of the force due to polarization gradients in the lin lin configuration for a Jg = 1/2 Je = 3/2 transition
(solid curve). The values of the parameters are Q2 = 0.3r, a = -r. The dotted curve shows sum of the two radiation pressure forces exerted in-
dependently by the two Doppler-shifted counterpropagating waves. The force due to polarization gradients leads to a much higher friction
coefficient (slope at v = 0) but acts on a much narrower velocity range.

D
kBT= - (4.30)

a

Finally, we discuss the validity of the semiclassical approxi-
mation used throughout this calculation.

In order to calculate the exact value of Dp, one could
compute the correlation function of the force operator.'2 "13
For a multilevel atom, such a calculation would be rather
tedious, so that we prefer to use a heuristic calculation here.

There are three main contributions to Dp; the two first
ones are already present for a Jg = 0 Je = 1 transition, 2 '
and the third one is specific of an atom with several ground-
state sublevels:

(i) There are fluctuations of the momentum carried
away by fluorescence photons.

(ii) There are fluctuations in the difference among the
number of photons absorbed in each of the two laser waves.

(iii) There are fluctuations of the instantaneous dipole
force oscillating back and forth between f,/2(z) and f-/ 2 (z) at
a rate 1/Tp.

For a Jg = 0 Je = 1 transition, 2 ' the two first contribu-
tions give for a dipole radiation pattern

(4.31)

nitude for these two contributions in the case of a Jg = 1/2
Je = 3/2 transition. To evaluate the third contribution
(coefficient Dp"), we start from

D = dr[f(t)f(t + T) - 2], (4.32)

which must be calculated for an atom at rest in z (the label z
was omitted for simplification). The force f(t) oscillates
between f,/2(z) and f-.1 2 (z), and its correlation function can
be written as

f(t)f(t + T) = > Y fjP(i, t; j, t + T),
i=+1/2 j=1/2

(4.33)

where P(i, t; j, t + r) represents the probability of being in
state i at time t and in state j at time t + T. The calculation
is then similar to the one done to evaluate the fluctuations of
the dipole force for a two-level atom (Ref. 16, Subsection
4B), and it leads to

Dp 4[f, 2(z)] 21/ 2St(z) II_/ 2St(z)Tp

= 2h2 k2 - so sin4(2kz).

Once this is averaged over a wavelength, it gives

Dp"_ 3 622rDr- Th h2 -So.

(4.34)

(4.35)We assume that Eq. (4.31) still gives the good order of mag-

D- '' 7h 2k2rso.
10
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l ase r  intensity (nz / f2 )  n2/161r 

Fig. 2. - Temperature as a function of laser intensity and detuning. a) The lines are least-squares fits 
to those points which for a given detuning are within the range of validity of eq. (1). Insert: lowest 
temperature achieved as a function of detuning, for both polarization configurations. For 181 >>r 
(U2x = 5.3 MHz) the lowest temperature is essentially constant. b) Temperatures of a) plotted against 
Q2/)8(r. The straight iine is a fit to the points with small Q2//8(I'. 181/2n = 10 MHz (il, 20 MHz (O), 
30 MHz (O), 40 MHz (x), 54 MHz (O), 95 MHz (*), 140 MHz (O). 

each detuning, there is a lower l i t  to the intensity for which the molasses can function. As 
the intensity is decreased toward this limit, we observe a udisintegrationm of the molasses 
which manifests itself as a dramatic decrease in the size of the TOF signal and the 
appearance of wide wings on the TOF spectrum. The signal h a l l y  disappears at  an intensity 
which is nearly linear in detuning, and approximately given, to within about 15% for a given 
laser intensity calibration (see below), by 0 2 / ( 6 l r  = (0.6 + 2.W/161). At high intensity 
and for the smallest detunings, we observe a deviation from the linear law mentioned above; 
in this domain, the temperature increases more slowly than the laser intensity. 

In order to further illustrate the agreement with eq. (l), we have replotted in fig. 2b) the 
temperature as a function of 02/)61r. This strikingly demonstrates that the temperature 
depends only on this single parameter and is quite iinear for small values of 02/16(I'. We 
determine C of eq. (1) by calculating C(6)= 161(aTIai) for each 6. Excluding the 
6 =  - 10 MHz data, these C(6) are, as expected from eq. (l), independent of 6, to within a 
standard deviation of 5%. Expressing T in units of iii'lkB, and detuning and Rabi frequency 
in units of the natural width r, C is dimensionless, and for linIllin we find the average 
CI, = 0.45. The lin 1 lin data are similar and give C, = 0.35. 

The lowest measured temperature is (2.5 + 0.6) pK. As shown in the insert of fig. 2, it is 
nearly independent of detuning for 161 > W and we find that it is also independent of the 
polarization choice of the experiment. The corresponding r.m.s. velocity along the vertical 
axis v,.,., = (2kBTIM)lR is only 12.5 mm/s or 3.6 times the single photon recoil velocity 
v,, = hklM. Still narrower TOF peaks with «TB < 2 pK have been obtained but showing 
significantly non-Gaussian character in the wings. 

The uncertainty (standard deviation) of 0.6 pK includes the following contributions. 
Uncertainty in vertical thickness of the slice and the probe: 0.3 pK; uncertainty in the 
calculated effect of the slicing: 0.3 pK; statistical fluctuations in the measured TOF widths: 
0.3 pK; heating by the probe beam, which affects the time an atom spends in the probe: 

0# 0.5# 1#

κ2 / |Δ| Γ

?	  

ExploraNon	  sur	  un	  facteur	  10	  à	  20	  	  
en	  intensité	  et	  en	  désaccord	  	  

Température	  minimale	  	  

avec	  	  

Cela	  marche	  en	  fait	  trop	  bien	  :	  de	  nombreux	  points	  de	  ce	  graphe	  sont	  en	  dehors	  de	  	  
la	  plage	  de	  linéarité	  de	  la	  force	  moyenne	  	  	  	  	  	  	  	  	  	  :	  	  

La	  théorie	  du	  mouvement	  brownien	  n’est	  pas	  valable	  pour	  ces	  points	  	  
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3.	  

Au	  delà	  du	  modèle	  brownien	  linéarisé	  
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EquaNon	  de	  Liouville	  

ou	  alors	  uNliser	  l’évoluNon	  de	  la	  densité	  dans	  l’espace	  des	  phases	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  :	  	  

Pour	  décrire	  le	  mouvement	  d’une	  assemblée	  de	  parNcules	  dans	  un	  champ	  de	  force	  	  	  	  	  	  	  	  	  	  	  ,	  
on	  peut	  de	  manière	  équivalent	  uNliser	  le	  principe	  fondamental	  de	  la	  dynamique	  pour	  	  
chaque	  parNcule	  :	  

Ici,	  les	  parNcules	  évoluent	  sur	  un	  potenNel	  	  
bivalué	  	  	  	  	  	  	  	  	  	  	  	  	  	  et	  sautent	  de	  l’un	  à	  l’autre:	  	  

et	  idem	  pour	  	  

+ reculs spontanés
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Etat	  staNonnaire	  dans	  le	  potenNel	  bi-‐valué	  

On	  s’intéresse	  à	  la	  densité	  totale	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  et	  on	  néglige	  	  
sa	  modulaNon	  spaNale	  :	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  .	  L’état	  d’équilibre	  est	  alors	  soluNon	  de	  :	  

La	  soluNon	  s’écrit	  :	  	  

force	  et	  coefficient	  de	  diffusion	  dépendant	  de	  la	  vitesse	  

Ceke	  expression	  pour	  	  	  	  	  	  	  	  	  	  	  	  généralise	  le	  résultat	  simple	  du	  mouvement	  brownien	  linéarisé	  

obtenu	  avec	  

déjà	  obtenue	  plus	  haut	  
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Diffusion	  en	  impulsion	  

FluctuaNons	  de	  	  
la	  force	  

Impulsion	  des	  photons	  
d’émission	  spontanée	  

Tant	  que	  la	  contribuNon	  de	  	  	  	  	  	  	  	  	  	  	  	  est	  négligeable,	  on	  obNent	  

DistribuNon	  en	  vitesse	  gaussienne,	  même	  en	  dehors	  de	  la	  plage	  	  
de	  linéarité	  de	  la	  force	  :	  explique	  les	  résultats	  expérimentaux	  
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Au	  delà	  des	  distribuNons	  gaussiennes	  

Quand	  on	  baisse	  l’intensité	  lumineuse,	  la	  contribuNon	  	  	  	  	  	  	  	  	  	  au	  chauffage	  due	  	  
aux	  reculs	  lors	  de	  l’émission	  spontanée	  de	  photons	  devient	  significaNve	  :	  	  

La	  distribuNon	  d’équilibre	  prend	  alors	  la	  forme	  d’une	  puissance	  de	  Lorentzienne	  :	  

• 	  Pour	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ,	  on	  retrouve	  la	  gaussienne	  	  

• 	  	  Les	  distribuNons	  les	  plus	  froides	  (en	  terme	  
	  	  	  	  de	  	  	  	  	  	  	  	  	  )	  sont	  obtenues	  pour	  	  	  	  	  
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FIG. 1. (a) Velocity distribution of the atoms in the moving
frame. The fit with a square of a Lorentzian (see text) cannot be
distinguished from the data (solid line). The Gaussian fit (dotted
line) is clearly not adequate. (b) Fraction of detected atoms as a
function of the launch velocity (squares). Solid line: numerical
simulation. Dotted line: Gaussian velocity distribution.

n̄ !
P

j n̄j . Typically, in case (i) with Nhigh ! 4.3 3 107,
n̄ ! 1.5 3 107 cm3.

Figure 2 shows the differential measurement of the
clock frequency shift as a function of the cavity detuning
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FIG. 2. Relative frequency shift vs cavity detuning for DN !
3.5 3 107 in case (i). Solid line: fit from Eq. (2).

Dncav with respect to the atomic resonance, for atoms
initially selected in j1, 0!, with Nhigh " 4.3 3 107 en-
tering the microwave cavity and Nlow " 0.8 3 107. The
simulation shows that this modulates the effective density
by a factor of #3.3. The frequency and quality factor of
the cavity are measured with an uncertainty of 20 kHz and
4%, respectively, and the cavity is tuned by temperature
[16]. The solid line is a least squares fit of the data using
the following function:

dn$n ! A% f&Dncav'DN 1 BDn̄( , (2)

where A and B are the free parameters of the fit, and
DN ! Nhigh 2 Nlow [17]. f&Dncav' is the calculated dis-
persive line shape of the cavity pulling effect for a single
atom in the cavity. A is a common scale factor on the atom
number and is expected to be 1. We find A ! 1.26&14'
and B ! 27.2&20.0' 3 10224 cm3. Thus, the number of
atoms determined by the cavity pulling effect has an un-
certainty of 11% and agrees with the measurements de-
scribed above, within the combined error bars. This more
precise determination of N is now used for the evaluation
of the collisional shift. B, the collisional shift coefficient,
is surprisingly consistent with zero even with a frequency
standard deviation of 3 3 10216 given by the fit. Thus
in case (i), at a density of 1.5 3 107, 87Rb exhibits no
detectable shift [Fig. 3(i)], whereas 133Cs would exhibit a
shift of 3 3 10214.

Figure 3 summarizes the collisional shifts measure-
ments versus the effective density n̄ [18]. By contrast
to case (i), data recorded in cases (ii) and (iii) show
a clear dependence with the density after subtracting
the cavity pulling effect. The measured value in case
(ii) 250&10' &122

234' 3 10224 cm3 is in reasonable agree-
ment with 256 3 10224 cm3 (Ref. [10]) and 233 3
10224 cm3 (Ref. [12]). The first set of parentheses refers
to the frequency statistical uncertainty (1 standard devia-
tion); the second set refers to the linear combination of
frequency uncertainty and density calibration uncertainty.
From variations of the parameters in the simulation and
experimental calibrations, we deduce a 35% type B
uncertainty on our density. Adding quadratically the
11% statistical uncertainty on atom number, we get a
40% combined uncertainty on the density. This corre-
sponds to a scale factor of 1.4 and 1$1.4 on the density
axis of Fig. 3, defining the acceptance domain of the
measurements (dotted lines). In case (iii), the agree-
ment is similar. We find 260&16' &129

246' 3 10224 cm3

to be compared to 268 3 10224 cm3 (Ref. [10]) and
241 3 10224 cm3 (Ref. [12]). Finally, our data in case
(i), 27.2&20.0' &125

231' 3 10224, show a disagreement at
#3s with the theory of Ref. [10] and seem to favor the
more recent theory of Ref. [12].

In summary, the smallness of the 87Rb clock transition
collisional shift makes this atom very attractive for
high accuracy microwave frequency standards. When

3119

SYRTE
Rb 

A=2
1.8 vr



22	  

Traitement	  quanNque	  du	  refroidissement	  Sisyphe	  

Quand	  la	  vitesse	  quadraNque	  moyenne	  devient	  de	  l’ordre	  de	  la	  vitesse	  de	  recul	  	  	  	  	  	  	  	  	  	  	  	  	  	  ,	  	  
il	  est	  délicat	  de	  parler	  de	  posiNon	  de	  l’atome	  à	  l’échelle	  de	  la	  longueur	  d’onde	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  .	  	  

Traitement	  quan;que	  du	  mouvement	  du	  centre	  de	  masse	  de	  l’atome	  	  

• 	  Etats	  de	  Bloch	  associés	  au	  mouvement	  	  
	  	  dans	  les	  potenNels	  	  

• 	  TransiNons	  entre	  ces	  états	  de	  Bloch	  causées	  	  
	  	  	  par	  les	  phénomènes	  d’émission	  spontanée	  	  

764 EUROPHYSICS LE~TERS 

where ER = h2k2/2M is the recoil energy. We see from (7) that our treatment is valid, for a 
given potential depth Uo, in the limit of large detunings. This is known experimentally to 
lead to the lowest temperatures [3]. Classically, this situation corresponds to the case of 
particles performing a large number of oscillations on a given potential U+(z) or U-(2) before 
jumping to the other one. 

When (7) is satisfied, the procedure is straightforward. We first look for the eigenstates 
and the energy spectrum of Ho. We fhd, as usual for periodic potentials, altemating bands 
of allowed and forbidden energies (fig. lc)). The eigenstates can be labeiled as In, q, E), 
where n is an integer 3 O labelling the band, and where E = f 1 stands for the intemal state 
g,. q is the Bloch index, chosen in the first Brillouin zone (- k < q <  k), and which takes ' 
discrete values since we use here standard periodic boundary conditions in a box with a size 
large compared to the spatial period hl2. We note that the two states ln, q, +) have the 
same energy En,, due to the symrpetry between U*. This eigenvalue problem can be cast ' 

into a universal one (Mathieu equation) if one expresses both Uo and E, ,  in terms of the 
recoil energy ER (fig. 2a)) ('). For a ~typical* laser cooling situation, Uo = 100ER, obtained 
with cesium atoms for instance with 6= - 20r and D = 1.W, one fhds o,IZx- 40 kHz, 
with 6 bands corresponding to bound states (E, ,  < - Uo/2); the width of the lowest band, 
n = O, is extremely small (< 10-6ER). The number of such ~bound bands* increases as v m ,  as does the splitting ho, between two adjacent bands. 

Now we take into account the relaxation part of (3), which causes transitions between the 
various In, q, E) (fig. lc)). Since 70 is very small compared to o,, we can use a secular 
approximation and assume that a is diagonal in the basis ln, q, E)  in steady  tat te(^). 
Averaging (5) in a given ln, q, E), we find the foilowing relation between the steady-state 

Kg. 2. - a) Band structure of the energy spectrum of Ho, plotted as a fundion of the potential depth 
Uo. The shaded areas correspond to aiiowed energies. For a given Uo, the energies above - Uo/2 
corresponding to an above-bamer motion (see eq. (2)) are mostly allowed (quasi-free motion). On the 
opposite, energy bands corresponduig to a bound classicai motion (- 3Uo/2 < E < - Uo/2) are very 
narrow except in the immediate vicinity of - Uo/2. b) Steady-state population of the various energy 
bands, as a fundion of Uo. c) Steady-state kinetic energies EK = d.ms./2M and Ei( = 6p2,/2M (where 
Gp, is the halfwidth at 1 1 6  of the momentum distribution) as a fundion of Uo. These two quantities 
would be equal for Gaussian momentum distributions. 

(') A similar treatment has been applied to the case of a Blevel atom moving in a standing wave, in 
the absence of spontaneous emission 1101. 

(9 If u is a solution of (3) in steady state, then  TUT^, where T is the A/2 spatial translation operator, 
is also a solution. The uniqueness of steady state therefore irnplies u =  TUT^, so that any nondiagonal 
matrix element inside a band (n, ql,  E 1 uln, q2, o) is zero, although the secular approximation 
argument cannot be applied to it. On the other hand, one can show that the spatial coherence of u in 
stesdy state is restricted to a m i o n  of wavelength b u s e  of spontaneous ernission processes. 

Y.	  CasNn	  &	  JD	  

30	  %	  de	  populaNon	  de	  la	  bande	  fondamentale	  
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Microscope	  atomique	  

SuperposiNon	  de	  

• 	  une	  mélasse	  créant	  un	  refroidissement	  Sisyphe	  

• 	  un	  réseau	  opNque	  profond	  :	  	  

LETTERS

x

y

z

x

y

z

x

y

z

4.9 µm

t = 0 s

t = 3 s

Figure 2 Photographs taken in turn of each of three adjacent lattice planes before and after a 3 s delay. Each small bright spot is due to a single atom. We observe the
lattice from the negative z axis. The haze in each photo is from atoms trapped in out-of-focus lattice planes. Atoms in the central areas of each image do not hop in 3 s,
although some hopping can be seen near the edges and a few atoms are lost to background-gas collisions. The out-of-focus contribution from atoms in the central plane can
in many cases be discerned in images of the adjacent planes, and vice versa. A 500ms exposure was used. The display is a linear grey scale, with no image processing.

We use a diVraction-limited objective outside the vacuum cell. Its
depth of field, 2.8 µm, is suYciently shallow that only one plane
of atoms is in focus at a time (see the Methods section). We image
one plane, then focus on the next plane by axially translating the
objective with a piezoelectric transducer, and then image again.
Figure 2 shows three adjacent lattice planes before and after a 3 s
delay. Each bright spot is due to a single atom. In the central region
of the lattice, the CCD detects ⇠3,300 photons per atom during the
500 ms exposure time (consistent with the calculated value). The
photon number per atom varies slightly across the lattice owing to
the spatial profile of the cooling beams. The diVuse light in Fig. 2
comes from trapped atoms in out-of-focus planes.

By comparing the image of each plane with the corresponding
image 3 s later, we see that no atoms in the central ⇠80 lattice sites
of each plane have changed sites. Similar measurements of other
lattice planes reveal no site hopping from roughly the 500 central
sites. Some atoms at the shallower edges of the lattice move, and
some atoms are lost to background-gas collisions, which occur at a
rate per atom of 10�2 s�1.

To determine how likely it is for an atom in the central region
to site-hop, we vary the depth of the confining potential due to the
lattice light, U0. We model site hopping as an Arrhenius process23,
where the probability that a particle hops to an adjacent site is

dictated by the ratio of its temperature to an activation energy,
assuming a Maxwell–Boltzmann distribution. Here U0 plays the
role of the activation energy. The tunnelling probability is negligible
for these lattice spacings and depths, so only thermal hopping
is relevant. The energy distribution of the atoms is imposed by
laser cooling (see the Methods section), which acts like a thermal
bath. The model holds to the extent that the polarization-gradient
cooling force remains linear in the tails of the distribution. The site
hopping attempt rate, �a, is the rate at which an atom samples the
tail of its energy distribution, which is related to the laser cooling
time. Because the atoms equilibrate with the cooling light and not
the lattice, as in condensed-matter systems23, �a is not directly
related to the trap oscillation frequency, ⌫osc, except that �a must
be smaller than 2⌫osc.

We measure the site-hopping rate in one dimension, �h, by
lowering the power in only one pair of lattice beams and counting
the number of hops in a fixed time interval. We take pictures
every 100 ms for 60 s and count the times an atom in the central
three rows of the lattice moves from one site to another. The
technique and analysis are similar to those used in real-time
scanning tunnelling microscopy studies of diVusion on surfaces24,
except that we constrain the hopping to one dimension. The total
number of hops is normalized by the average number of atoms in

nature physics VOL 3 AUGUST 2007 www.nature.com/naturephysics 557

Penn	  State	  Univ.,	  2007	  

On	  voit	  les	  atomes	  grâce	  à	  la	  lumière	  de	  fluorescence	  
qu’ils	  émekent	  lors	  du	  refroidissement	  Sisyphe	  

On	  peut	  vérifier	  que	  les	  atomes	  sont	  figés	  	  
en	  chaque	  nœud	  du	  réseau	  opNque	  
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4.	  

Sisyphe	  gris	  

Combiner	  l’effet	  Sisyphe	  et	  les	  états	  noirs	  	  
	  	  	  	  	  	  en	  uNlisant	  une	  transiNon	  

Max	  Klinger	  
1914	  
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Quel	  signe	  pour	  le	  désaccord	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ?	  

On	  considère	  une	  transiNon	  de	  Jg=1/2 vers Je=1/2	  	  

g_ g+
Jg=1/2

Je=1/2

Les	  atomes	  s’accumulent	  alors	  dans	  	  
l’état	  le	  moins	  couplé	  à	  la	  lumière	  

Pour	  que	  l’état	  le	  moins	  couplé	  soit	  également	  l’état	  interne	  d’énergie	  minimale,	  	  
il	  faut	  que	  les	  déplacements	  lumineux	  soient	  posiNfs,	  donc	  	  

z

σ+ σ- σ+g_ g+

polar.	  σ+	  
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Combinaison	  entre	  effet	  Sisyphe	  et	  état	  noir	  

Modèle	  1D,	  transiNon	  de	  Jg=1 vers Je=1,	  qui	  se	  ramène	  à	  une	  transiNon	  en	  Λ 
si	  la	  lumière	  est	  polarisée	  σ+	  ou	  σ-‐	  :	  	  

Jg=1	  

Je=1	   Je=1	  

Jg=1	  

ModulaNon	  des	  intensités	  associées	  aux	  polarisaNons	  σ+	  et	  σ-‐	  :	  	  	  

obtenue	  dans	  la	  configuraNon	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  :	  	  

on	  avait	  pris	  auparavant	  	  

M.S.	  Shariar	  et	  al.	  



Niveaux	  atomiques	  dans	  la	  configuraNon	  

ψNC

ψC

Recherche	  des	  états	  propres	  (internes)	  de	  l’interacNon	  atome-‐lumière	  au	  point	  z

• 	  	  Etat	  non	  couplé	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  non	  déplacé	  par	  la	  lumière	  	  
• 	  	  Etat	  couplé	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  déplacé	  vers	  le	  haut	  par	  la	  lumière	  	  

Mécanisme	  de	  refroidissement	  :	  

• 	  L’état	  non	  couplé	  dépend	  de	  la	  posiNon	  z
• 	  Si	  l’atome	  bouge,	  le	  couplage	  moNonnel	  peut	  favoriser	  une	  transiNon	  de	  	  	  
	  	  	  vers	  	  	  	  	  	  	  	  	  	  	  ,	  en	  parNculier	  là	  où	  les	  deux	  niveaux	  sont	  proches	  	  

• 	  Le	  retour	  vers	  	  	  	  	  	  	  	  	  	  	  	  	  	  se	  fait	  après	  escalade	  d’une	  parNe	  de	  la	  colline	  :	  effet	  Sisyphe	  
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Image	  plus	  précise	  

C.	  Cohen-‐Tannoudji	  (Cours	  au	  CdF,	  1995-‐96)	  

L’atome	  est	  iniNalement	  préparé	  dans	  l’état	  	  	  	  	  	  	  	  	  	  	  	  	  .	  Son	  état	  interne	  à	  l’instant	  	  t	  	  s’écrit	  :	  	  

avec	  pour	  un	  atome	  lent	  :	  

Du	  fait	  de	  ceke	  contaminaNon	  par	  l’état	  couplé,	  l’atome	  acquiert	  une	  durée	  de	  vie	  finie	  
et	  il	  a	  une	  probabilité	  non	  nulle	  de	  diffuser	  des	  photons	  

ψNC

ψC

Force	  moyenne	  agissant	  	  
sur	  l’atome	  :	  
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Fig. 2. - a) Velocity dependence of the NA force for B = r, So = 0.1, and 0 = x/4. The inset shows the 
w3-dependence of the non-adiabatic force for small velocities. b )  Velocity capture range as a function of 
the angle Q for E = r. By definition, at kv,, the force has its maximum. c) Velocity dependence of the 
NA force for 6 = lor, So = 0.1, and 9 = x/4. The arrows indicate the positions of the first six Raman 
doppleron resonances. d> Plot of the resonance velocities relative to the average light shift of the 
coupling state for different orders n (m n = 1, n = 2, n = 3, o n = 4, n = 5 , 0  n = 6) and angles $. 

To obtain an exact expression of the NA force, we have numerically solved the Bloch 
equations in the limit of low saturation and low velocities using a continued-fraction 
method [lo]. Figure Za) shows the resulting velocity dependence of the NA force for 6 = I', 
So = 0.1, and angle 9 = r/4. As depicted in fig. Zb), the capture range increases nearly 
linearly with the angle 9 for 6 = r. At the same time, the friction coefficient decreases. As 
expected, the NA force indeed vanishes for both 9 = 0 and for 9 = r/Z. 

As shown in fig. Zc), at higher detunings (8  > I') the NA force exhibits velocity resonances 
(resembling doppleron resonances observed in Doppler cooling[ll]) which can lead to  a 
considerable enhancement of the force. Although we cannot yet describe the exact 
mechanism for these resonances, we propose to attribute them to velocity-tuned Raman 
transitions between IC) and 1 NC) [12] which become possible due to  the mixing of these 
states introduced by the motional coupling. Thus, we expect a resonance to occur when 
integer multiples of twice the Doppler shift equal the typical energy difference between the 
two states I C) and I NC) divided by A,  i.e. n2kvr,, SSo /Z (Raman resonance condition). 
Our simulations show that kv,,,, is indeed proportional to So and 8. Furthermore, in fig. 2d) 
we have plotted 4nkvr,,, 12 /(So 8) for different angles and orders n. For sufficiently small 
angles, the Raman resonance condition is well fulfiiled. F o r  larger angles, where higher 
orders n can no longer be resolved, the Raman condition is approached with increasing n. 

Due to the existence of a velocity-selective dark state, we expect part of the atoms to be 
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Performance	  du	  mécanisme	  Sisyphe	  gris	  

Weidemüller	  et	  al.	  

reste	  gaussien	  car	  	  

CONTINUOUS POLARIZATION-GRADIENT PRECOOLING-. . . R4037

presence of a dark state [9,11],
~D &—:[~a,—haik &exp( i—y)+ ~a, h'k &exp(iy)

—lb, —&k &
—Ib, tk & ]/2, (3)

which is decoupled from the state ~e,p & for all values of
p, where, for example, a, haik & represents an atom in state

~
a & with center-of-mass momentum of Rk. Thus

~
D & is a

zero-velocity dark state. The system undergoes VSCPT
into this zero-velocity dark state, so that the equilibrium
temperature is limited by the interaction time only, and
can be substantially below the recoil limit (ideally, the
temperature approaches zero). Note that the dark state
exists for all values of g. On the other hand, the
efficiency of VSCPT into this state varies [10] as sin y.
For the particular phases of y=0 and n/2, this result has
been corroborated theoretically as well as experimentally
by Aspect et al. [1,12].
The temperature of this system will become subrecoil

as soon as significant VSCPT has taken place. The
characteristic time r„, for this, however, is typically [1]
much larger than that for polarization-gradient cooling

As a result, for t ((~„,the semiclassical picture of
polarization-gradient cooling remains valid, and the sys-
tem reaches a "partial-steady-state" temperature which
can be larger than the recoil limit. This temperature is
determined by the energy balance between the
polarization-gradient cooling and the difFusive heating.
However, since a large fraction of atoms are in the local—

& states during the polarization-gradient cooling pro-
cess (see Fig. 1), even this transient diffusion is expected
to be much smaller than that in the usual polarization-
gradient cooling schemes. We therefore expect a
precooled temperature that is much lower than the
steady-state temperature in conventional schemes of
polarization-gradient cooling.
In order to determine this partial-steady-state tempera-

ture and to investigate how this precooling enhances the
rate of VSCPT, we have performed Monte Carlo simula-
tions [13], treating the atom's external degree of freedom
quantum mechanically. Figure 3 illustrates the results
obtained for parameters close to those in Fig. 2. We start
with a distribution of atoms that is fIat over a momentum
range of +10fik, as a rough approximation of a Gaussian
distribution with an rms momentum of 104k, correspond-
ing to a Doppler precooled sample of sodium. The atoms
that go beyond +156k are deemed too hot to be recap-
tured, and are considered lost. Figure 3(a) corresponds to
the case where the lasers are on resonance (5=0), so that
there is no cooling. However, VSCPT occurs, so that
atoms start accumulating in the dark state, ~D &, mani-
fested by the peaks at +4k. The momentum redistribu-
tion takes place primarily by random walks, so that the
atoms that are far from these peaks have a very low rate
of getting into the dark state. Significant contributions to
this accumulation come only from the atoms that are
close to these peaks (i.e., within a distance of fik, which
we will call the VSCPT capture range). However, a large
fraction of even these atoms get heated beyond the
VSCPT capture range. As a result of these effects, we
find that only a small fraction (about 5%) of the atoms

—15

FIG. 3. (a) VSCPT in the absence of polarization-gradient
cooling (5=0, and go =0.3+5/2) and (b) polarization-gradient
cooling-assisted VSCPT, with 6=1 and go=0. 3/+2, corre-
sponding to the same degree of saturation as in (a).

have accumulated in the dark state (within a momentum
interval of +fik/8) after 100&+, where rz =—2m/haik is
the recoil time.
The result is much better when the laser is detuned, so

that polarization-gradient cooling occurs along with
VSCPT. This is illustrated in Fig. 3(b). The additional
cooling helps in two ways. First, it precools the atoms, in
about 6~&, to an rms momentum of 28k. Note that this
temperature is about a factor of 10 colder than the
theoretical steady-state temperature in a one-dimensional
polarization-gradient cooling using conventional schemes
corresponding to an rms momentum of 6fik [14]. Thus,
most of the atoms are within the VSCPT capture range
after the precooling. Next, as VSCPT proceeds, the
atoms tend to get heated out of the capture range. How-
ever, the cooling force prevents them from getting too
hot, essentially keeping them within the capture range all
the time. As a result, we find that after the same amount
time (100rz), close to 40% of the atoms are in the dark
state (a factor of 8 enhancement).
Before estimating the corresponding enhancement in

three dimensions, we brieAy point out how this scheme
can be realized in three dimensions. It can be she;wn
[9,10] that a three-dimensional dark state exists when aJ=1~J'=1 transition is excited by opposite circularly
polarized standing waves, with a pair in each of three or-
thogonal directions. The polarization-gradient cooling-
assisted VSCPT is optimum when the standing-wave
phase difFerence in each direction is m/4. In order to
reconcile the facts that Doppler cooling requires positive
detuning, while this polarization-gradient cooling re-
quires positive detuning, one could employ several
schemes. For example, a magneto-optic trap (MOT) can
be used first to capture atoms from the background and
cool them to the Doppler limit. Then the MOT can be
turned ofT' and the cooling scheme presented here can be
turned on. In the time needed to go a factor of 4 below
the recoil temperature (20 recoil times), only about 15%
of the atoms would be lost [see Fig. 3(b)].

EvoluNon	  de	  la	  distribuNon	  en	  vitesse	  calculée	  	  
par	  un	  traitement	  quanNque	  du	  mouvement	  	  
du	  centre	  de	  masse	  de	  l’atome	  (Shahriar	  et	  al)	  

Deux	  échelles	  de	  temps	  

• 	  temps	  courts	  :	  Sisyphe	  
• 	  temps	  longs	  :	  accumulaNon	  dans	  l’état	  noir	  
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Premières	  expériences	  sur	  les	  mélasses	  grises	  

Aimé	  Cokon	  (1992),	  ENS	  (1995-‐96),	  Munich	  (1996)	  sur	  Rb	  et	  Cs.	  

Avantages	  par	  rapport	  à	  une	  mélasse	  Sisyphe	  brillante	  :	  

• 	  	  décroissance	  de	  la	  lumière	  de	  fluorescence	  (possiblement	  moins	  de	  pertes	  	  
	  	  	  	  par	  collisions	  assistées	  par	  la	  lumière)	  

• 	  température	  limite	  légèrement	  plus	  basse	  (?)	  

Inconvénient	  notable	  :	  

• 	  Comme	  elles	  foncNonnent	  avec	  un	  désaccord	  posiNf,	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ,	  elles	  ne	  sont	  pas	  	  
	  	  	  compaNbles	  avec	  le	  piège	  magnéto-‐opNque	  et	  le	  refroidissement	  Doppler	  	  
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Le	  renouveau	  des	  mélasses	  grises	  (2012	  -‐	  ...)	  

Rappel	  :	  raie	  D2	  et	  D1	  pour	  les	  atomes	  alcalins	  

Atome	  à	  1	  électron	  externe,	  raie	  de	  résonance	  S	  (L=0)	  	  	  	  	  	  	  	  	  P	  (L=1)	  

Prise	  en	  compte	  de	  la	  structure	  fine	  (couplage	  	  
spin-‐orbite	  du	  fait	  du	  spin	  S=1/2	  de	  l’électron)	  

S	  (L=0)	  

P	  (L=1)	  

J=L+S	  

P3/2	  	  

P1/2	  	  

S1/2	  	  

J=3/2	  

J=1/2	  

J=1/2	  

D2	   D1	  



Raies	  D1,2	  et	  structure	  hyperfine	  

L’existence	  d’un	  spin	  nucléaire	  I	  	  vient	  encore	  enrichir	  la	  situaNon	  
Moment	  cinéNque	  total	  à	  considérer	  :	  L + Selectron + Inoyau

Raie	  D2	  

F

F-1

F
F-1
F-2

F+1
	  P3/2	  

	  S1/2	  

UNlisé	  pour	  le	  refroidissement	  Sisyphe	  	  
standard	  sur	  la	  raie	  F         F+1	  	  

Mais	  l’écart	  hyperfin	  du	  niveau	  excité	  est	  	  
trop	  faible	  pour	  certaines	  espèces	  (Li,	  K)	  

Raie	  D1	  

F

F-1

F

F-1
	  P1/2	  

	  S1/2	  

2012-‐13,	  ENS,	  Palaiseau,	  Florence,	  	  
Mumbai	  :	  quid	  de	  l’uNlisaNon	  de	  D1	  ?	  

F = I + ½



Refroidissement	  sur	  la	  raie	  D1	  

ENS	  2015,	  potassium	  40	  

9/2	  

9/2	  

7/2	  

7/2	  

Δ1	  

Δ	  

I1 I2

Δ2	  
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FIG. 3. (Color online) Temperature of the 6Li D1 molasses after
a 100-µs pulse with variable Raman detuning ! for different
cooling and repumping intensities. (a) Experiment; (b) simulation.
Standard intensities [(red) circles]: Icool = 9 Isat, Irep = 0.46 Isat.
Equal cooling/repumping ratio (black squares): Icool = Irep = 9 Isat.
Inverted cooling/repumping ratio [(blue) triangles]: Icool = 0.6 Isat,
Irep = 4.6 Isat.

Despite the nice match between simulations and experi-
ments in Figs. 2 and 3, we observe that the semiclassical
simulations provide temperatures that are systematically lower
by a factor of 2 to 4 than the measured ones, particularly near
the Raman-resonance condition ! = 0. Here the simulation
predicts a temperature of 20 µK, whereas the lowest measured
temperature is 50 µK. The reason for this is not fully
understood and may come from both theory and experimental
limitations. First, the simulation is semiclassical and neglects
the wave-function extent of the cold atoms. The predicted
temperature of 20 µK corresponds to only six times the
recoil energy ER = 1

2mv2
recoil = kB × 3.5 µK. Therefore, only

a quantum treatment of the atoms’ external motion can be
expected to give a quantitative equilibrium temperature pre-
diction in the low-intensity limit. In the simulation we observe
that slow atoms are likely trapped within subwavelength
regions, where the light shift is minimal and the atom is nearly
decoupled from light over a long time without quantum jump.
This coherent population trapping effect enhances the cooling
at both large and small !, although it is most pronounced at the
Raman resonance (! = 0) since more choices of decoupled
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FIG. 4. (Color online) Experiment: Atom number and equilib-
rium temperature of the 40K D1 molasses as functions of the Raman
detuning !. δcool = 3 #, Icool = 6 Isat, Irep/Icool = 7.6%, tm = 5 ms.
In the constant-temperature regions below −0.1 # and above 2 #

gray molasses cooling involves coherences between Zeeman states in
a given hyperfine state but not between hyperfine states. At the exact
Raman condition ! = 0, long-lived coherences between hyperfine
states are established, as shown in the simulation in Fig. 5. In a
narrow detuning range, the temperature [(red) triangles] drops to
20 µK. Inset: Expanded scale.

states emerge. The semiclassical picture clearly exaggerates
the cooling effect since the wave nature of the atoms’ external
motion is not included in the model. In fact, the wave
function of the slow atoms will sample a larger volume of
the subwavelength traps and will shorten the lifetime of the
dark periods.

On the experimental side the residual magnetic field
cancellation has only been coarsely tuned for the data set
presented in Fig. 2 (as well as in Figs. 3 and 4). With careful
tuning of the magnetic field zeroing we were able to lower the
40K temperature to 11 µK (Sec. II C, on 40K) for lower-density
samples. Interestingly, other groups have indeed found on
39K lower temperatures (6 µK) than ours under the Raman
condition [12]. Note also that in Fig. 2 for positive Raman
detunings (! ∼ 0.5# at low intensity and ! ∼ # at high
intensity) the “temperature” corresponds to out-of-equilibrium
situations as the atoms are quickly heated away and lost from
the molasses. The notion of temperature should thus be taken
with care in this region, unlike for negative Raman detunings,
where a steady-state temperature is reached.

Another reason for shortening the lifetime of dark periods
of the slow atoms is reabsorption of photons emitted by
other atoms. We have indeed seen a density-dependent excess
temperature, which we measured to be 4.6 µK × 1011 at/cm3

for 40K. A careful simulation of cooling including photon
reabsorption processes is far more complex and is beyond
the scope of this work.

We also study the same Raman-detuning-dependent effects,
but for different cooling/repumping ratios. Typical experi-
mental and simulation results are presented in Fig. 3. Here
again, the simulation parameters are chosen according to the
experimental values. The simulation and experiments match
fairly well. In particular, for the usual configuration with
Icool/Irep > 1 (Icool = 9Isat and Irep = 0.45Isat), we observe a

023426-4
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FIG. 3. (Color online) Temperature of the 6Li D1 molasses after
a 100-µs pulse with variable Raman detuning ! for different
cooling and repumping intensities. (a) Experiment; (b) simulation.
Standard intensities [(red) circles]: Icool = 9 Isat, Irep = 0.46 Isat.
Equal cooling/repumping ratio (black squares): Icool = Irep = 9 Isat.
Inverted cooling/repumping ratio [(blue) triangles]: Icool = 0.6 Isat,
Irep = 4.6 Isat.

Despite the nice match between simulations and experi-
ments in Figs. 2 and 3, we observe that the semiclassical
simulations provide temperatures that are systematically lower
by a factor of 2 to 4 than the measured ones, particularly near
the Raman-resonance condition ! = 0. Here the simulation
predicts a temperature of 20 µK, whereas the lowest measured
temperature is 50 µK. The reason for this is not fully
understood and may come from both theory and experimental
limitations. First, the simulation is semiclassical and neglects
the wave-function extent of the cold atoms. The predicted
temperature of 20 µK corresponds to only six times the
recoil energy ER = 1

2mv2
recoil = kB × 3.5 µK. Therefore, only

a quantum treatment of the atoms’ external motion can be
expected to give a quantitative equilibrium temperature pre-
diction in the low-intensity limit. In the simulation we observe
that slow atoms are likely trapped within subwavelength
regions, where the light shift is minimal and the atom is nearly
decoupled from light over a long time without quantum jump.
This coherent population trapping effect enhances the cooling
at both large and small !, although it is most pronounced at the
Raman resonance (! = 0) since more choices of decoupled
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FIG. 4. (Color online) Experiment: Atom number and equilib-
rium temperature of the 40K D1 molasses as functions of the Raman
detuning !. δcool = 3 #, Icool = 6 Isat, Irep/Icool = 7.6%, tm = 5 ms.
In the constant-temperature regions below −0.1 # and above 2 #

gray molasses cooling involves coherences between Zeeman states in
a given hyperfine state but not between hyperfine states. At the exact
Raman condition ! = 0, long-lived coherences between hyperfine
states are established, as shown in the simulation in Fig. 5. In a
narrow detuning range, the temperature [(red) triangles] drops to
20 µK. Inset: Expanded scale.

states emerge. The semiclassical picture clearly exaggerates
the cooling effect since the wave nature of the atoms’ external
motion is not included in the model. In fact, the wave
function of the slow atoms will sample a larger volume of
the subwavelength traps and will shorten the lifetime of the
dark periods.

On the experimental side the residual magnetic field
cancellation has only been coarsely tuned for the data set
presented in Fig. 2 (as well as in Figs. 3 and 4). With careful
tuning of the magnetic field zeroing we were able to lower the
40K temperature to 11 µK (Sec. II C, on 40K) for lower-density
samples. Interestingly, other groups have indeed found on
39K lower temperatures (6 µK) than ours under the Raman
condition [12]. Note also that in Fig. 2 for positive Raman
detunings (! ∼ 0.5# at low intensity and ! ∼ # at high
intensity) the “temperature” corresponds to out-of-equilibrium
situations as the atoms are quickly heated away and lost from
the molasses. The notion of temperature should thus be taken
with care in this region, unlike for negative Raman detunings,
where a steady-state temperature is reached.

Another reason for shortening the lifetime of dark periods
of the slow atoms is reabsorption of photons emitted by
other atoms. We have indeed seen a density-dependent excess
temperature, which we measured to be 4.6 µK × 1011 at/cm3

for 40K. A careful simulation of cooling including photon
reabsorption processes is far more complex and is beyond
the scope of this work.

We also study the same Raman-detuning-dependent effects,
but for different cooling/repumping ratios. Typical experi-
mental and simulation results are presented in Fig. 3. Here
again, the simulation parameters are chosen according to the
experimental values. The simulation and experiments match
fairly well. In particular, for the usual configuration with
Icool/Irep > 1 (Icool = 9Isat and Irep = 0.45Isat), we observe a
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Point	  le	  plus	  froid	  pour	  40K	  à	  Δ=0	  :	  	  

Doppler	  
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FIG. 3. (Color online) Temperature of the 6Li D1 molasses after
a 100-µs pulse with variable Raman detuning ! for different
cooling and repumping intensities. (a) Experiment; (b) simulation.
Standard intensities [(red) circles]: Icool = 9 Isat, Irep = 0.46 Isat.
Equal cooling/repumping ratio (black squares): Icool = Irep = 9 Isat.
Inverted cooling/repumping ratio [(blue) triangles]: Icool = 0.6 Isat,
Irep = 4.6 Isat.

Despite the nice match between simulations and experi-
ments in Figs. 2 and 3, we observe that the semiclassical
simulations provide temperatures that are systematically lower
by a factor of 2 to 4 than the measured ones, particularly near
the Raman-resonance condition ! = 0. Here the simulation
predicts a temperature of 20 µK, whereas the lowest measured
temperature is 50 µK. The reason for this is not fully
understood and may come from both theory and experimental
limitations. First, the simulation is semiclassical and neglects
the wave-function extent of the cold atoms. The predicted
temperature of 20 µK corresponds to only six times the
recoil energy ER = 1

2mv2
recoil = kB × 3.5 µK. Therefore, only

a quantum treatment of the atoms’ external motion can be
expected to give a quantitative equilibrium temperature pre-
diction in the low-intensity limit. In the simulation we observe
that slow atoms are likely trapped within subwavelength
regions, where the light shift is minimal and the atom is nearly
decoupled from light over a long time without quantum jump.
This coherent population trapping effect enhances the cooling
at both large and small !, although it is most pronounced at the
Raman resonance (! = 0) since more choices of decoupled

0

100

200

50

150

Te
m

pe
ra

tu
re

(µ
K

)

−0.2 0 0.2
20

40

60

−6 −4 −2 0 2
0

0.5

1

1.5

2

Raman-detuning ∆ (units of Γ)

A
to

m
nu

m
be

r
(1

09
)

FIG. 4. (Color online) Experiment: Atom number and equilib-
rium temperature of the 40K D1 molasses as functions of the Raman
detuning !. δcool = 3 #, Icool = 6 Isat, Irep/Icool = 7.6%, tm = 5 ms.
In the constant-temperature regions below −0.1 # and above 2 #

gray molasses cooling involves coherences between Zeeman states in
a given hyperfine state but not between hyperfine states. At the exact
Raman condition ! = 0, long-lived coherences between hyperfine
states are established, as shown in the simulation in Fig. 5. In a
narrow detuning range, the temperature [(red) triangles] drops to
20 µK. Inset: Expanded scale.

states emerge. The semiclassical picture clearly exaggerates
the cooling effect since the wave nature of the atoms’ external
motion is not included in the model. In fact, the wave
function of the slow atoms will sample a larger volume of
the subwavelength traps and will shorten the lifetime of the
dark periods.

On the experimental side the residual magnetic field
cancellation has only been coarsely tuned for the data set
presented in Fig. 2 (as well as in Figs. 3 and 4). With careful
tuning of the magnetic field zeroing we were able to lower the
40K temperature to 11 µK (Sec. II C, on 40K) for lower-density
samples. Interestingly, other groups have indeed found on
39K lower temperatures (6 µK) than ours under the Raman
condition [12]. Note also that in Fig. 2 for positive Raman
detunings (! ∼ 0.5# at low intensity and ! ∼ # at high
intensity) the “temperature” corresponds to out-of-equilibrium
situations as the atoms are quickly heated away and lost from
the molasses. The notion of temperature should thus be taken
with care in this region, unlike for negative Raman detunings,
where a steady-state temperature is reached.

Another reason for shortening the lifetime of dark periods
of the slow atoms is reabsorption of photons emitted by
other atoms. We have indeed seen a density-dependent excess
temperature, which we measured to be 4.6 µK × 1011 at/cm3

for 40K. A careful simulation of cooling including photon
reabsorption processes is far more complex and is beyond
the scope of this work.

We also study the same Raman-detuning-dependent effects,
but for different cooling/repumping ratios. Typical experi-
mental and simulation results are presented in Fig. 3. Here
again, the simulation parameters are chosen according to the
experimental values. The simulation and experiments match
fairly well. In particular, for the usual configuration with
Icool/Irep > 1 (Icool = 9Isat and Irep = 0.45Isat), we observe a
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Le	  voisinage	  de	  la	  résonance	  Raman	  	  
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le	  laser	  intense	  :	  déplacement	  lumineux	  	  

g2 g2

TransiNon	  Raman	  résonante	  entre	  g1 et
g2  :	  perturbe	  le	  refroidissement	  Sisyphe	  
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FIG. 3. (Color online) Temperature of the 6Li D1 molasses after
a 100-µs pulse with variable Raman detuning ! for different
cooling and repumping intensities. (a) Experiment; (b) simulation.
Standard intensities [(red) circles]: Icool = 9 Isat, Irep = 0.46 Isat.
Equal cooling/repumping ratio (black squares): Icool = Irep = 9 Isat.
Inverted cooling/repumping ratio [(blue) triangles]: Icool = 0.6 Isat,
Irep = 4.6 Isat.

Despite the nice match between simulations and experi-
ments in Figs. 2 and 3, we observe that the semiclassical
simulations provide temperatures that are systematically lower
by a factor of 2 to 4 than the measured ones, particularly near
the Raman-resonance condition ! = 0. Here the simulation
predicts a temperature of 20 µK, whereas the lowest measured
temperature is 50 µK. The reason for this is not fully
understood and may come from both theory and experimental
limitations. First, the simulation is semiclassical and neglects
the wave-function extent of the cold atoms. The predicted
temperature of 20 µK corresponds to only six times the
recoil energy ER = 1

2mv2
recoil = kB × 3.5 µK. Therefore, only

a quantum treatment of the atoms’ external motion can be
expected to give a quantitative equilibrium temperature pre-
diction in the low-intensity limit. In the simulation we observe
that slow atoms are likely trapped within subwavelength
regions, where the light shift is minimal and the atom is nearly
decoupled from light over a long time without quantum jump.
This coherent population trapping effect enhances the cooling
at both large and small !, although it is most pronounced at the
Raman resonance (! = 0) since more choices of decoupled
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FIG. 4. (Color online) Experiment: Atom number and equilib-
rium temperature of the 40K D1 molasses as functions of the Raman
detuning !. δcool = 3 #, Icool = 6 Isat, Irep/Icool = 7.6%, tm = 5 ms.
In the constant-temperature regions below −0.1 # and above 2 #

gray molasses cooling involves coherences between Zeeman states in
a given hyperfine state but not between hyperfine states. At the exact
Raman condition ! = 0, long-lived coherences between hyperfine
states are established, as shown in the simulation in Fig. 5. In a
narrow detuning range, the temperature [(red) triangles] drops to
20 µK. Inset: Expanded scale.

states emerge. The semiclassical picture clearly exaggerates
the cooling effect since the wave nature of the atoms’ external
motion is not included in the model. In fact, the wave
function of the slow atoms will sample a larger volume of
the subwavelength traps and will shorten the lifetime of the
dark periods.

On the experimental side the residual magnetic field
cancellation has only been coarsely tuned for the data set
presented in Fig. 2 (as well as in Figs. 3 and 4). With careful
tuning of the magnetic field zeroing we were able to lower the
40K temperature to 11 µK (Sec. II C, on 40K) for lower-density
samples. Interestingly, other groups have indeed found on
39K lower temperatures (6 µK) than ours under the Raman
condition [12]. Note also that in Fig. 2 for positive Raman
detunings (! ∼ 0.5# at low intensity and ! ∼ # at high
intensity) the “temperature” corresponds to out-of-equilibrium
situations as the atoms are quickly heated away and lost from
the molasses. The notion of temperature should thus be taken
with care in this region, unlike for negative Raman detunings,
where a steady-state temperature is reached.

Another reason for shortening the lifetime of dark periods
of the slow atoms is reabsorption of photons emitted by
other atoms. We have indeed seen a density-dependent excess
temperature, which we measured to be 4.6 µK × 1011 at/cm3

for 40K. A careful simulation of cooling including photon
reabsorption processes is far more complex and is beyond
the scope of this work.

We also study the same Raman-detuning-dependent effects,
but for different cooling/repumping ratios. Typical experi-
mental and simulation results are presented in Fig. 3. Here
again, the simulation parameters are chosen according to the
experimental values. The simulation and experiments match
fairly well. In particular, for the usual configuration with
Icool/Irep > 1 (Icool = 9Isat and Irep = 0.45Isat), we observe a
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Le	  voisinage	  de	  la	  résonance	  Raman	  Δ=Δ1-‐Δ2≈0	  	  	  	  

désaccord	  Δ1	  	  [Γ]	  	  
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Conclusions	  	  

Mécanisme	  robuste,	  aussi	  bien	  pour	  	  
le	  régime	  «	  brillant	  »	  que	  «	  gris	  »	  	  

• 	  	  Ingrédient	  essenNel	  :	  corrélaNon	  entre	  déplacements	  lumineux	  et	  pompage	  opNque	  

• 	  	  FoncNonnement	  bien	  au	  delà	  de	  la	  plage	  de	  linéarité	  

Distribu;ons	  en	  vitesse	  non	  gaussiennes	  

• 	  	  Température	  limite	  correspondant	  à	  une	  vitesse	  quadraNque	  moyenne	  de	  1.8 à 3.7 vr	  	  
	  	  	  	  tant	  que	  l’on	  peut	  négliger	  les	  effets	  collecNfs	  et	  la	  diffusion	  mulNple	  de	  photons	  	  

• 	  	  Permet	  d’expliquer	  quanNtaNvement	  toutes	  les	  observaNons	  expérimentales	  

Généralisa;on	  à	  de	  nombreuses	  situa;ons,	  y	  compris	  des	  molécules	  (Munich	  2012)	  


