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Chaire	  Atomes	  et	  rayonnement	  

Cours	  6	  	  	  
Les	  réseaux	  op=ques	  et	  	  

le	  refroidissement	  par	  bande	  latérale	  



Bilan	  provisoire	  du	  cours	  

Nous	  avons	  iden=fié	  et	  étudié	  plusieurs	  mécanismes	  de	  refroidissement	  	  

• 	  Effet	  Doppler	  	  
raie	  large	  

raie	  étroite	  

• 	  Piégeage	  cohérent	  de	  popula=on	  dans	  un	  état	  noir	  

• 	  Refroidissement	  Raman	  

• 	  Refroidissement	  Sisyphe	  

Loi	  d’échelle	  
donnée	  par	  la	  	  
vitesse	  de	  recul	  



Vers	  la	  dégénérescence	  quan=que	  ?	  
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Chaque	  atome	  est	  représenté	  par	  un	  paquet	  d’ondes	  (de	  Broglie)	  	  
d’extension	  donnée	  par	  la	  longueur	  d’onde	  thermique	  

Gaz	  refroidi	  à	  la	  limite	  du	  recul	  :	  

:	  longueur	  d’onde	  op=que	  

Seuil	  de	  dégénérescence	  quan=que	  :	  les	  paquets	  d’ondes	  commencent	  à	  se	  recouvrir	  	  	  

Densité	  spa=ale	  n	  telle	  que	  :	  	  	  

Rôle	  (néfaste)	  des	  effets	  collec2fs	  assistés	  par	  la	  lumière	  ?	  
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Comment	  minimiser	  ces	  effets	  néfastes	  

Expérience	  d’Innsbruck	  (2013)	  

Isoler	  une	  pe8te	  par8e	  du	  gaz	  en	  la	  rendant	  	  
transparente	  à	  la	  lumière	  de	  refroidissement	  

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

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

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

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

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

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

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

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

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

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

state, which tunes the atoms out of resonance with laser cooling
photons. (d)–(f) Absorption images of the atomic cloud recorded
using the laser cooling transition. The images show the cloud
from above and demonstrate the effect of the transparency laser
(e) and the dimple (f). (d) is a reference image without these two
laser beams.
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Passer	  à	  des	  pièges	  de	  fréquence	  élevée	  (pinces	  op=ques	  ou	  réseaux	  op=ques)	  

Ouvre	  la	  voie	  vers	  un	  nouveau	  mécanisme	  :	  refroidissement	  par	  bande	  latérale	  
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Plan	  du	  cours	  

Effets	  collec=fs	  et	  diffusion	  mul=ple	  

Le	  régime	  Fes8na	  Lente	  dans	  un	  piège	  de	  fréquence	  élevée	  

Le	  refroidissement	  par	  bande	  latérale	  

Peut-‐on	  se	  passer	  de	  l’émission	  spontanée	  ?	  

Régime	  Lamb-‐Dicke	  

En	  principe	  oui,	  mais...	  



1.	  

Effets	  collec=fs	  et	  diffusion	  mul=ple	  



Rappel	  sur	  l’origine	  du	  problème	  

Exemple	  du	  refroidissement	  Raman	  dans	  sa	  phase	  de	  repompage	  
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Les	  méfaits	  de	  la	  diffusion	  mul=ple	  

• 	  Force	  répulsive	  entre	  atomes	  

Taille	  du	  piège	  magnéto-‐op8que	  

• 	  Tend	  à	  faire	  sor=r	  les	  atomes	  de	  l’état	  noir	  

Brouille	  la	  cohérence	  entre	  les	  différents	  états	  internes	  

• 	  Perturbe	  le	  repompage,	  par	  exemple	  dans	  le	  refroidissement	  Raman	  

• 	  Diminue	  l’efficacité	  du	  refroidissement	  Sisyphe	  

Force&

temps&

from the total internal reflection of a laser running wave ~Fig.
1!. This wave is linearly polarized parallel to the dielectric
surface; the resulting evanescent field is then linearly polar-
ized and it varies along the vertical direction ~perpendicular
to the dielectric surface! as

E~z !5E0exexp~2kz !, ~1!

where k21 is the decay length of the field amplitude and
E0 the value of the electric field on the interface. We restrict
ourselves here to the analysis of the atomic motion along the
z direction only; a full 3D analysis of this motion will be
given in Sec. III.
The interaction between the field and the atom, which we

model first as a two-level g-e system, is characterized by two
parameters: the detuning d5vL2vA between the laser vL
and the atomic resonance frequency vA for the g-e transi-
tion, and the Rabi frequency V05dE0/2\ , proportional to
the atomic dipole moment d of the g-e transition. We as-
sume here that the level g is stable, and that the level e has
a radiative lifetime 1/G . The atom-field interaction generates
two classes of phenomena @19#. The reactive part of the cou-
pling results in the dipole potential, which coincides with the
ac Stark shift of the ground state g @20# for a weak laser
excitation (V2!G214d2). For d@G , this potential is

Ug~z !5
\V0

2

4d
exp~22kz !. ~2!

The dissipative part of the coupling leads to absorption
and subsequent spontaneous emission of photons. The prob-
ability for a spontaneous process during a time interval dt is
given by

dna5G
V0
2

4d2
exp~22kz !dt . ~3!

The average number of scattered photons during a bounce is
calculated by integrating Eq. ~3! along the classical atomic
trajectory which results in @21,22#

np5
G

d
mv0
\k

, ~4!

where G , v0, m are the atomic natural width, velocity, and
mass, respectively. In the following, we restrict to situations
where np!1 so that np can be considered as the probability
for a scattering event during a bounce.

B. Sisyphus effect in an evanescent field

We consider now a three-level atom, with an unstable
excited state e and two stable ground states. In our experi-
ment, these two states correspond to the hyperfine ground
levels (6s1/2 ,Fg53 and Fg54) of the cesium atom sepa-
rated by D52p39.193 GHz. The excited state corresponds
to the level 6p3/2 , whose hyperfine structure can be ne-
glected since it is small compared with the laser detunings
chosen in the experiment.
The interaction between the atom and the evanescent

wave gives rise to a potential which depends on the ground
state @Fig. 2~a!#:

U3~z !5
\V0

2

4d
exp~22kz !, ~5!

U4~z !5
\V0

2

4~d1D!
exp~22kz !5

d
d1D

U3~z !, ~6!

where d5vL2v3 is the detuning between the laser fre-
quency and the atomic resonance corresponding to the tran-
sition 6s1/2 ,Fg53!6p3/2 . The potential U4(z) is propor-
tional to U3(z), but weaker.
Consider an atom in state Fg53 with kinetic energy

Ei5mv0
2/2 entering into the wave. It experiences the repul-

sive potential, so that its kinetic energy decreases, whereas
its potential energy increases. If we choose the intensity and
the detuning such as to get np!1, the spontaneous emission
process, if it occurs, will preferentially take place in the vi-
cinity of the classical turning point z0, given by
Ei5U3(z0) ~see Fig. 2!. The atom may then fall back in
either one of the two ground states.

FIG. 1. Atoms are dropped from a MOT located 3.2 mm above
a mirror formed by a laser evanescent wave. They are detected
through the absorption of a probe laser beam located in the vicinity
of the mirror surface.

FIG. 2. Sisyphus cooling in the evanescent wave. The laser
detuning with respect to the state Fg53 differs by D/2p59.2 GHz
from that of Fg54. ~a! The potential-energy difference between the
two states depends on the atom position in the evanescent wave.
The atoms are initially prepared in Fg53. If a spontaneous Raman
transition towards Fg54 occurs during the bounce, the atom loses
potential energy and emerges from the evanescent wave mirror with
a velocity reduced with respect to the incident one. ~b! Branching
ratios for the decay to the ground states.
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1.25 mK. We observe a linear dependence of the temperature
as a function of the intensity ~dashed lines! and a linear de-
pendence as a function of 1/d for detunings smaller than
14G . The open circles in Fig. 2 are theoretical predictions
for the mean kinetic energy obtained by a three-dimensional
~3D! Monte Carlo wave function calculation for cooling on a
J53!J852 transition, for a detuning d515G , and for
fixed relative phases between the three standing waves
(0,p/3,2p/3). The numerical implementation closely fol-
lows that of Ref. @12#. The agreement between theory and
experiments is good considering the theoretical ~0.2 mK! and
experimental ~0.1 mK! uncertainties. From this agreement,
we deduce an excited-state population on the order of
331024.
A deviation from the universal intensity-detuning law ap-

pears for d>5G and becomes more and more pronounced as
the detuning increases. We attribute this heating effect to a
destabilization of the uncoupled states by a parasitic excita-
tion of the F53!F853 transition which is indeed only at
1150 MHz ~i.e., 128G/2p) from the F53!F852 transi-
tion. Generally none of the two uncoupled states associated
with the F53!F852 transition coincides with the un-
coupled state associated with the F53!F853 transition.
Another interesting result deals with the density depen-

dence of the minimum temperature, presented in Fig. 3. For
n<109 atoms/cm3, the temperature is as low as 1.160.1
mK. The corresponding rms velocity is 8.3 mm/s or 2.4
times the single-photon recoil velocity. We noticed that the
minimum temperatures measured with the second setup us-
ing the DBR lasers are higher by 0.4 mK than those found in
the first one ~narrow linewidth lasers!. When increasing the
density up to 1.531010 atoms/cm3, the temperature in-
creases linearly to 2 mK. The density variations are obtained
either by increasing the MOT magnetic-field gradient or by
changing the diameter of the MOT beams without modifying
the GM beams. We attribute this heating effect to photon
multiple scattering within the GM atomic cloud. The surpris-
ing feature of these measurements is that the temperature in
GM as a function of density has nearly the same slope ~0.6
mK/1010 atoms/cm3) as that of the F54!F855 bright mo-
lasses for a detuning of 210G , an intensity of
V250.23G2, and a temperature at low density of 3.5 mK. In
this case the one-beam excitation rate is 631024G , resulting

in an excited-state population of ;431023 @13#. The atoms
in GM being mostly in uncoupled states, one would indeed
expect a much-reduced heating effect in GM than in BM.
The theoretical interpretation of this heating, which is a cru-
cial point in attempts to build an atom laser, will be pub-
lished in a future paper and is only sketched here. The equi-
librium temperature in molasses results from a balance
between a cooling power from the Sisyphus mechanism and
the spontaneous emission ~and stimulated! heating. From
Fig. 1 we deduce an effective cooling time '20 times longer
than that of bright molasses @3#, resulting in a cooling power
20 times weaker in GM than in BM. It is thus sufficient to
have 20 times less fluorescence emission to produce an ex-
cess temperature in GM similar to that of BM.
Finally, we have investigated the lifetime of GM as a

function of the beam intensity at a detuning of d514.5G
~Fig. 4!. At relatively high intensity (V50.7G , T52.0
mK!, the 1/e lifetime is 290 ms, a factor of 3 shorter than
that of the MOT. At lower intensities this lifetime shortens
considerably, indicating that GM possesses a loss mecha-
nism. We have not yet studied this loss in detail ~anomalous
spatial diffusion, Doppler heating, etc.!, but we have checked
that it is not dependent on the background gas pressure in the
chamber.

IV. CONCLUSION

We have shown here that gray molasses yields lower tem-
peratures than bright optical molasses and that it can be very
simply implemented with only two DBR laser diodes. The
minimum temperature is 1.160.1 mK, similar to that of
bright optical lattices @5#. Gray molasses cools the atoms in
the lowest hyperfine state and has a reduced fluorescence
rate. This opens the way to produce atomic samples with
higher densities than in a MOT but, as we have shown, at the
expense of an increase in temperature. A first possibility that
we are presently investigating is to superimpose on the GM a
far off resonance dipole trap @14# or a crossed dipole trap
@15# to create an additional confining force. We foresee sev-
eral other applications of these gray molasses; for instance,
in atomic fountain clocks where it is desirable to get a colder

FIG. 3. Temperature of atoms in gray molasses as a function of
peak atomic density for d54.5G , V250.16G2. The absolute den-
sity is known to a factor of 2. Inset: time-of-flight signal corre-
sponding to a temperature of 1.160.1 mK (v rms58.3 mm/s!.

FIG. 4. Relative number of cold atoms in gray molasses as a
function of time t . The gray molasses beam intensity is kept con-
stant for t>13 ms ~from top to bottom: V2/G2 5 0.49, 0.36, 0.25,
and 0.16!. The two lower curves at V250.16G2 were obtained at
two background pressures of Cs which differ by 30%. For a MOT
lifetime of 1 s, 1/e time constants in GM are, respectively, 290, 220,
127, and 92 ms ~from top to bottom!.

R3736 53D. BOIRON et al.

Boiron	  et	  al.,	  mélasse	  grise	  

103	  à	  104	  fois	  trop	  grand	  :	  on	  voudrait	  
une	  densité	  de	  1013	  cm-‐3	  et	  200	  nK...	  

JILA,	  Boulder,	  
1990	  



Quels	  remèdes	  contre	  la	  diffusion	  mul=ple	  ?	  

U=liser	  des	  échan=llons	  très	  allongés	  ou	  très	  apla=s,	  pour	  favoriser	  	  
la	  sor=e	  des	  photons	  selon	  les	  direc=ons	  de	  faible	  épaisseur	  ?	  

efficace,	  au	  moins	  par/ellement	  

Paradoxalement,	  la	  sec2on	  efficace	  d’absorp2on	  pour	  	  	  
le	  photon	  émis	  	  	  	  	  	  	  	  	  	  	  reste	  	  proche	  de	  sa	  valeur	  maximale	  	  	  	  	  	  	  	  

U=liser	  des	  lasers	  non	  résonants	  ?	  

Par	  exemple,	  dans	  le	  processus	  de	  repompage	  du	  refroidissement	  Raman	  :	  

on	  peut	  passer	  de	  	   à	  	  

g1	  

g2	  

e	  

g1	  

g2	  

e	  
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U=liser	  des	  lasers	  non	  résonants	  ?	  

Sec=on	  efficace	  de	  diffusion	  par	  un	  atome	  «	  habillé	  »,	  pour	  une	  transi=on	  en	  Λ

g1	  

g2	  

e	  

On	  sonde	  l’atome	  à	  la	  fréquence	  ω	  
en	  présence	  du	  laser	  (désaccordé)	  à	  ωL	  

Lounis	  &	  Cohen-‐Tannoudji	  
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Le	  régime	  Fes=na	  Lente	  

Cirac	  et	  al.,	  Cas=n	  et	  al.	  

Idée	  centrale	  :	  confiner	  les	  atomes	  dans	  un	  piège	  de	  pulsa=on Ω élevée	  :	  
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Si	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ,	  rien	  de	  grave	  :	  pas	  d’augmenta=on	  d’énergie	  du	  gaz	  	  

Si	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ,	  terme	  oscillant	  à	  la	  pulsa=on	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  dans	  	  
l’équa=on	  pilote	  :	  peu	  d’influence	  dans	  la	  limite	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (approxima=on	  séculaire)	  	  

à	  rapprocher	  de	  l’approxima8on	  du	  champ	  tournant	  



Passage	  dans	  un	  réseau	  op=que	  

Puits	  de	  poten=el	  réalisé	  par	  une	  	  
onde	  lumineuse	  sta=onnaire	  	  

V0	  

Ω

Ω

On	  va	  réaliser	  simultanément	  :	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Fes8na	  lente	  	  

condi8on	  de	  Lamb-‐Dicke	  

Ouvre	  la	  voie	  au	  refroidissement	  par	  bande	  latérale	  

Dans	  (presque)	  tout	  ce	  qui	  suit,	  on	  va	  traiter	  chaque	  site	  du	  réseau	  comme	  un	  puits	  harmonique	  
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2.	  

Le	  refroidissement	  par	  bande	  latérale	  

Ω

Ω

puits	  harmonique	  :	  niveaux	  	  

d’énergie	  en	  

0	  

1	  

2	  
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Emission	  d’un	  photon	  par	  un	  atome	  piégé	  

e

g

x

nx

n’x

Emission	  spontanée	  d’un	  photon	  :	  

• 	  état	  ini=al	  :	  	  	  	  

• 	  état	  final	  :	  

Quelles	  valeurs	  de	  n’	  ?	  

Probabilité	  par	  unité	  de	  temps	  propor=onnelle	  à	  :	  

Extension	  spa=ale	  d’un	  état	  n	  :	  	  

avec	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  extension	  de	  l’état	  fondamental	  	  

Si	  n	  n’est	  pas	  très	  grand	  :	  	  

?	  
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Le	  régime	  de	  Lamb-‐Dicke	  

e

g

x

nx

n’x

?	  

Taux	  de	  e, n	  vers	  g, n’	  	  propor=onnel	  à	  	  	  

raie	  dominante	  	  
«	  sans	  recul	  »	  

cf.	  effet	  Mössbauer	   	  	  	  	  	  	  	  	  plus	  faibles	  	  
que	  la	  raie	  centrale	  

raies	  latérales	  à	  
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Le	  refroidissement	  par	  bande	  latérale	  pour	  des	  ions	  piégés	  

e de largeur 
naturelle Γ faible

g

n

n+1

L’ion	  oscille	  à	  la	  pulsa=on	  Ω	  :	  	  

• 	  dans	  son	  référen=el,	  la	  fréquence	  d’absorp=on	  est	  ωA	  	  	  

• 	  dans	  le	  référen=el	  du	  laboratoire,	  peigne	  	  
	  	  de	  fréquences	  d’absorp=on	  :	  ωA	  ±	  j	  Ω	  	  	  

On	  accorde	  le	  laser	  sur	  la	  première	  bande	  latérale	  «	  rouge	  »	  :	  

	  ce	  qui	  induit	  la	  transi=on	  

Dans	  le	  régime	  de	  Lamb-‐Dicke,	  l’émission	  spontanée	  se	  fait	  
essen=ellement	  sur	  la	  raie	  sans	  recul	  :	  

L’ion	  perd	  un	  quantum	  d’énergie	  	  	  	  	  	  	  	  	  à	  chaque	  cycle	  absorp2on	  –	  émission	  spontanée	  

n

0	  

1	  

2	  

3	  

0	  

1	  

2	  

3	  
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Limite	  du	  refroidissement	  par	  bande	  latérale	  

La	  probabilité	  de	  présence	  πn	  est	  essen=ellement	  concentrée	  sur	  	  
l’état	  fondamental	  n = 0	  et	  un	  peu	  sur	  le	  premier	  état	  excité	  n = 1	  	  

e

g

e

g

Boulder	  (1989)	  :	  refroidissement	  de	  198Hg+	  sur	  une	  raie	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  de	  faible	  largeur:	  	  	  	  

Boulder	  (1995)	  :	  transi=on	  Raman	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  entre	  états	  stables	  =	  Raman	  sideband	  cooling	  
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Transposi=on	  à	  des	  atomes	  neutres	  

g1

x

x

g2

n
n-1

n-1

e

g1

x

x

g2

n
n-1

n-1

e

Couplage	  cohérent,	  résonant	  avec	  	  
la	  transi=on	  	  

Repompage	  de	  g2	  vers	  g1	  qui	  donne	  dans	  
la	  limite	  Lamb-‐Dicke	  

Pour	  une	  direc=on	  d’espace	  donnée	  :	  
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Le	  couplage	  cohérent	  

g1

x

x

g2

n
n-1

n-1

On	  peut	  un	  couplage	  décrit	  par	  	  
l’opérateur	  	  	  	  	  	  	  	  tel	  que	  :	  	  

Change	  à	  la	  fois	  l’état	  interne	  et	  	  
l’état	  externe	  de	  l’atome	  

• 	  Autres	  choix	  plus	  «	  sub=ls	  »	  :	  une	  radiofréquence	  ou	  les	  lasers	  créant	  le	  réseau	  

Stanford,	  ENS,	  U.	  Arizona,	  PennState	  U.	  (1998	  –	  2012)	  :	  	  	  

réseaux	  1D	  et	  2D	  :	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ;	  réseau	  3D	  :	  	  

Boulder,	  MIT	  (2012-‐13)	  :	  pince	  op=que	  à	  un	  atome	  

• 	  Paire	  de	  faisceaux	  laser	  auxiliaires	  avec	  le	  bon	  choix	  de	  polarisa=on	  
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Visualisa=on	  d’atomes	  individuels	  

Harvard,	  MIT,	  Strathclyde	  (2015)	  :	  microscope	  atomique	  avec	  refroidissement	  par	  bande	  	  
	  	  	  	  	  	  	  latérale	  pour	  des	  espèces	  pour	  lesquelles	  le	  refroidissement	  Sisyphe	  fonc=onne	  mal	  

Site-Resolved Imaging of Fermionic 6Li in an Optical Lattice

Maxwell F. Parsons, Florian Huber, Anton Mazurenko, Christie S. Chiu, Widagdo Setiawan,
Katherine Wooley-Brown, Sebastian Blatt, and Markus Greiner*

Department of Physics, Harvard University, Cambridge, Massachusetts 02138, USA
(Received 16 April 2015; published 28 May 2015)

We demonstrate site-resolved imaging of individual fermionic 6Li atoms in a single layer of a 3D optical
lattice. To preserve the density distribution during fluorescence imaging, we simultaneously cool the atoms
with 3D Raman sideband cooling. This laser cooling technique, demonstrated here for the first time for
6Li atoms, also provides a pathway to rapid low-entropy filling of an optical lattice. We are able to
determine the occupation of individual lattice sites with a fidelity > 95%, enabling direct, local
measurement of particle correlations in Fermi lattice systems. This ability will be instrumental for
creating and investigating low-temperature phases of the Fermi-Hubbard model, including antiferromag-
nets and d-wave superfluidity.

DOI: 10.1103/PhysRevLett.114.213002 PACS numbers: 37.10.De, 03.75.Ss, 07.60.Pb, 67.85.Lm

Particle correlations reveal the underlying order of an
interacting quantum many-body system. Strong correla-
tions give rise to rich quantum many-body phenomena
such as high-temperature superconductivity and colossal
magnetoresistance [1]. One approach toward studying
correlated many-body systems uses ultracold atoms to
implement a well-understood and tunable realization of a
particular model and the behavior of the clean atomic
system as a benchmark for theory [2]. This “synthetic
matter” approach is especially fruitful for strongly corre-
lated fermionic systems, where, for even the simplest
models, the sign problem of the quantum Monte Carlo
method precludes accurate computations of thermody-
namic observables [3]. In addition to theoretical simplicity
and tunability, ultracold atomic systems can be designed to
have interparticle spacings of the order of the wavelength of
visible light. By placing a quantum gas under an optical
microscope we can therefore directly observe and manipu-
late quantum correlations at their smallest length scale.
Such a quantum gas microscope has been realized for
bosonic 87Rb [4,5] and very recently for bosonic 174Yb [6]
atoms. In bosonic systems, site-resolved imaging has been
used to study the quantum phase transition from a super-
fluid to a Mott insulator [5,7,8] and from a paramagnet to
an antiferromagnet [9]. Single-site resolution also enables
the extraction of nonlocal order parameters such as string
order [10] and allows studies of strongly correlated
dynamics in optical lattices [11–13]. Until very recently
[14,15], however, site-resolved imaging had not been
demonstrated for fermionic atoms. In Fermi-Hubbard
systems, cold atom experiments without single-site reso-
lution have observed Mott insulators [16,17] and antifer-
romagnetic correlations [18,19]. In these experiments,
an understanding of the prepared many-body state is
limited by lack of direct access to the many-body wave
function and the inability to locally measure correlations.

The extension of quantum gas microscopy to fermions
will provide novel probes for Fermi lattice systems, such as
site-resolved spin correlation functions and local entropy
measurement.
Here, we demonstrate site-resolved imaging of fermionic

6Li in a single layer of a 3D optical lattice with high fidelity
[see Fig. 1]. 6Li is an especially suitable species for many-
body experiments with ultracold atoms because its light
mass leads to fast thermalization and dynamics, and its
broad magnetic Feshbach resonances [20] allow precise
control of atomic interactions. The natural energy scale for

FIG. 1 (color online). Fluorescence image of atoms in a single
layer of a cubic lattice obtained using Raman sideband cooling.
The filling fraction in the center of the cloud is 40%. We collect
approximately 750 photons per atom during a 1.9 s exposure.
The color bar is in arbitrary units.
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favors population in the trapping states. Specifically, the
decay rates Γeg, Γee, Γgg, and Γge, defined in Fig. 2(b),
are proportional to 1, s, s, and s2, respectively, where
s ¼ Ω2=ð4δ2Þ. The ratio of the antitrapped population to
the trapped population is suppressed, because in steady
state, it is given by Γge=Γeg, which scales as s2. Another
benefit of large detunings involves the state jDi ¼
j9=2;−9=2i into which atoms are optically pumped
[Fig. 2(c)]. This state is dark to the optical pumping light,
and hence has no excited state admixture; consequently, it
experiences a trapping potential. Atoms in trapping states
jg; Ni decay preferentially into trapping states or jDi, since

the ratio of antitrapping transitions to dark state transitions
scales as Γge=Γgg ¼ s, which is small at large δ.
In light of these considerations, we detune the

hyperfine-changing (F) pumping light −80 MHz from
the Stark-shifted F ¼ 7=2 → F0 ¼ 9=2 transition and the
Zeeman-level (mF) pumping light −80 MHz from the
Stark-shifted F ¼ 9=2 → F0 ¼ 7=2 transition. The optical
pumping beam copropagates with the x Raman beam, and
has its polarization optimized for minimal σþ admixture.
TheF andmF components have intensities of 5.8 mW=cm2

and 1.6 mW=cm2, respectively; the Lamb-Dicke parame-
ters for optical pumping are ∼0.18 for all directions.
This Raman cooling scheme allows us to collect fluo-

rescence while keeping the atoms confined to their lattice
sites [Fig. 3(a)]. Furthermore, we find that atoms are cooled
predominantly into their motional ground state. Indeed,
Raman spectroscopy after cooling reveals vibrational
ground-state populations of 0.92(2), 0.92(2), and 0.85(2)
along x, y, and z, respectively [Fig. 3(b)]. This corresponds
to a 3D ground-state population of 72(3)%. Note that
parameters are optimized for imaging fidelity rather than
for a large ground-state population. We measure a fluo-
rescence rate of ∼5000 photons=ðatomsÞ with a lifetime of
∼30 s. With a photon collection and detection efficiency of
20%, about 1000 photons per atom can be collected in an
exposure time of 1 s, which is sufficient to detect single
atoms with high fidelity. Since the system is in steady state,
the cooling rate is equal to the heating rate, which can be
estimated by the number of scattered photons and the
Lamb-Dicke parameter. This gives a cooling rate of
∼2 μK=ms.
To verify that we can resolve individual lattice sites, we

measure the point spread function (PSF) of our imaging
system using isolated atoms from sparsely populated
images. The measured PSF has a full width half maximum
(FWHM) of 640 nm [Fig. 4(a)]. Images are deconvolved

FIG. 2 (color online). (a) Electronic ground (jg; Ni) and excited
(je; Ni) states dressed by optical pumping photons. (b) On
resonance, all dressed states are equally populated and experience
an antitrapping potential. The four decay channels between the
dressed states are equal. (c) The dressed states withΩ=δ ¼ 0.175,
shown with the dark state jDi. Only a small fraction Ω4=δ4 of the
steady-state population resides in antitrapping states. For the
atoms in the trapping state, the branching ratios between trapping
transitions (solid arrows) and antitrapping transitions (dashed
arrow) are shown.
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FIG. 3 (color online). (a) Site-resolved imaging of fermonic atoms on a densely filled 541-nm-period optical lattice, with an exposure
time of 2 s; one can clearly discern the lattice structure and individual atoms. (b) Raman spectrum after cooling. The lattice depths are
chosen such that the vibrational sidebands are well resolved. The heating sidebands for the three lattice axes are labeled Z, X, and Y.
We observe a large sideband asymmetry, from which we extract a 3D ground-state occupation of 72(3)% [19].
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FIG. 2. Single-atom-resolved fluorescence images of fermions. (a) Fluorescence image of a dilute cloud of 40K atoms
in the optical lattice (1.5 s exposure time with EIT cooling). (b) 10µm ⇥ 10µm subsection of (a); white dots mark the lattice
sites. (c) Magnified subsection of (a) showing an individual atom. (d) Horizontal (red circles) and vertical (blue squares)
profiles through the centre of the averaged single-atom images (e), fitted (horizontal only) with a Gaussian profile (red dashed
line). The grey line shows the di↵raction-limited point-spread function (PSF) of the microscope objective. (e) Measured PSF
using 640 single-atom images as presented in (c), averaged using subpixel shifting [6].

In this work, we achieved single-atom-resolved fluores-
cence imaging of 40K using electromagnetically-induced-
transparency (EIT) cooling [10, 11]. This technique has
been used to e�ciently cool trapped ions [12] and to ma-
nipulate individual neutral atoms in an optical cavity
[13–15]. EIT cooling is similar to grey molasses, recently
used to cool atoms and enhance density in free-space
atomic samples [16–18]. Both methods rely on the ex-
istence of a spectrally narrow, Fano-like line profile [19]
and dark resonances arising from quantum interference
in a ⇤-like level scheme. In confining potentials with
quantized vibrational levels, as is the case in our opti-
cal lattice, the narrow absorption line can selectively ex-
cite red-sideband transitions that cool the atomic motion
by removing one vibrational quantum, while carrier and
blue-sideband excitations are suppressed. We present
EIT cooling as an alternative to Raman sideband cool-
ing techniques [20–22], which have been applied recently
to image atomic clouds [23] and individual atoms [24],
and which are being pursued by other research groups to
achieve single-site imaging of fermionic lithium or potas-
sium.

The key component of our experimental setup is a
high-resolution optical microscope (Fig. 1a) with numer-
ical aperture NA = 0.68 [8], providing a di↵raction-
limited resolution of 580 nm (full width at half-maximum,
FWHM) at the wavelength of the 4S1/2 ! 4P1/2 tran-
sition, �

D1 = 770.1 nm (D1-line). We prepared a sam-

ple of cold fermionic 40K atoms within the focal plane of
the microscope (Appendix) in a three-dimensional optical
lattice (wavelength � = 1064 nm). In order to implement
the EIT-cooling scheme, we tuned both coupling and
probe beams (Rabi frequencies ⌦

C

and ⌦
P

) close to the
D1-line (see atomic level scheme in Fig. 1b). The coupling
light was blue detuned by � = 10� (� = 2⇡⇥6.0MHz is
the linewidth of the 4P excited states) from the F =
9/2 ! F

0 = 7/2 transition in the lattice, and simi-
larly, the probe beam was detuned by � = 10� from the
F = 7/2 ! F

0 = 7/2 transition. Both pump and probe
beams were derived from the same laser by passing the
light through an electro-optical modulator (EOM), which
generates sidebands at the frequency of the ground state
hyperfine splitting, �hfs = 2⇡ ⇥ 1.2858GHz. A retrore-
flected EIT beam in �

+��

� configuration is overlapped
with each of the optical lattice beams in the x- and y-
directions (Fig. 1a) to provide cooling in the horizontal
plane. We avoided the use of vertical EIT beams to
prevent stray light along the imaging axis. Instead, we
used an o↵-resonant two-photon Raman transition red
detuned by �

R

= 2⇡ ⇥ 8GHz from the 4S1/2 ! 4P3/2

transition (D2-line at 767.7 nm) to couple the motional
states between the vertical and horizontal lattice axes
(Appendix). One Raman beam was aligned vertically
and the other one horizontally at a 45� angle between
the x- and y-axes (Fig. 1a). We blocked the stray light
of the vertical Raman beam with narrowband interfer-

6Li:	  Harvard	   40K:	  MIT	  

40K:	  Strathclyde,	  Glasgow	  
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Ouverture	  adiaba=que	  du	  réseau	  

0	  

1	  

2	  

3	   Le	  refroidissement	  par	  bande	  latérale	  fournit	  	  
un	  «	  ordre	  »	  de	  bonne	  qualité	  (peu	  d’entropie),	  	  
mais	  la	  température	  reste	  rela=vement	  grande	  :	  

On	  peut	  terminer	  la	  phase	  de	  refroidissement	  par	  une	  diminu=on	  	  
de	  la	  profondeur	  V0	  du	  réseau,	  donc	  de	  la	  pulsa=on	  d’oscilla=on	  Ω
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Réseau	  périodique	  et	  théorème	  de	  Bloch	  

V0	  

Etats	  propres	  de	  l’hamiltonien	  

périodique,	  de	  période	  

Fonc=ons	  de	  Bloch	  :	  

:	  périodique,	  de	  période	  

q	  :	  quasi-‐moment	  choisi	  dans	  	  
	  	  	  	  	  	  la	  première	  zone	  de	  Brillouin	  	  

�1 0 1
0

10

20

30
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Bandes	  d’énergie	  et	  profondeur	  du	  réseau	  

�1 0 1
0

10

20

30

�1 0 1
0

10

20

30

�1 0 1
0

10

20

30

Réseau	  profond,	  
bandes	  plates,	  

pas	  d’effet	  tunnel	  

Réseau	  faible	   Réseau	  nul,	  
parabole	  repliée	  
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Décompression	  du	  réseau	  

Le	  problème	  reste	  périodique	  de	  période	  	  	  	  	  	  :	  l’indice	  de	  Bloch	  q	  reste	  un	  bon	  nombre	  quan=que	  

Si	  on	  décomprime	  assez	  lentement	  (temps	  caractéris=que	  	  	  	  	  	  	  	  	  	  	  ),	  un	  atome	  ini=alement	  
dans	  la	  bande	  d’énergie	  n	  va	  y	  rester	  

�1 0 1
0

10

20

30

�1 0 1
0

10

20

30

-‐1	   0	   +1	   -‐1	   0	   +1	  

q / k

0	  

10	  

E / Er

�1 0 1
0

10

20

30

-‐1	   0	   +1	  
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Distribu=on	  en	  vitesse	  finale	  

�1 0 1
0

10

20

30

-‐k	   0	   +k	  
q 

E / Er

0	  

10	  

Vitesse	  uniformément	  répar=e	  entre	          et	  	  	  

Impulsion	  uniformément	  répar=e	  entre	  	  	  	  	  	  	  	  	  	   et	  	  	  

un	  autre	  mécanisme	  «	  au	  recul	  »...	  

Effets	  collec=fs	  ?	   Stanford	  :	  

100	  fois	  plus	  faible	  qu’un	  refroidissement	  Sisyphe	  gris	  
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Rôle	  éventuel	  d’interac=on	  entre	  atomes	  ?	  

On	  part	  de	  la	  situa=on	  idéale	  où	  100	  %	  des	  sites	  sont	  occupés	  avec	  π0	  =	  1	  

Les	  atomes	  sont	  dans	  des	  états	  orthogonaux	  (fonc=ons	  de	  Wannier)	  

En	  absence	  d’interac=on,	  des	  états	  à	  une	  par=cule	  ini=alement	  orthogonaux	  	  
restent	  orthogonaux	  :	  pas	  d’accumula=on	  macroscopique	  dans	  un	  état	  donné	  	  

En	  présence	  d’interac=ons	  répulsives	  entre	  atomes	  :	  

• 	  	  L’état	  ini=al	  peut	  être	  considéré	  comme	  un	  isolant	  de	  Moy	  à	  température	  nulle	  
• 	  	  La	  décompression	  va	  conduire	  à	  un	  condensat	  de	  Bose-‐Einstein	  pur	  dans	  l’état	  p = 0	  !	  

cf.	  expérience	  de	  Munich,	  Greiner	  et	  al.,	  2002	  



3.	  

Peut-‐on	  se	  passer	  de	  l’émission	  spontanée	  ?	  

Pourquoi	  ceJe	  ques2on	  ?	  

• 	  C’est	  souvent	  l’impulsion	  	  	  	  	  	  	  	  	  	  du	  dernier	  photon	  émis	  spontanément	  qui	  limite	  	  
	  	  	  le	  refroidissement	  à	  une	  valeur	  de	  l’ordre	  de	  l’énergie	  de	  recul	  

• 	  Ce	  sont	  les	  photons	  émis	  spontanément	  qui	  causent	  le	  chauffage	  lié	  à	  la	  diffusion	  mul=ple	  

Expérience	  récente	  à	  Stony	  Brook	  :	  Corder	  et	  al.,	  2015	  
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Rappel	  :	  cas	  d’une	  évolu=on	  hamiltonienne	  de	  l’atome	  isolé	  

Gaz	  de	  N	  par=cules	  indépendantes	  :	  

cf.	  chapitre	  d’introduc=on	  :	  l’évolu=on	  de	  l’opérateur	  densité	  à	  une	  par=cule	  	  
est	  unitaire,	  ses	  valeurs	  propres	  sont	  constantes	  dans	  le	  temps.	  

On	  ne	  peut	  ni	  augmenter,	  ni	  diminuer	  la	  popula=on	  des	  états	  occupés	  

x x

V(x)V(x)

π0	  ,	  π1	  ,	  π2	  	  restent	  constants	  ainsi	  que	  le	  produit	  

π0	  

π1	  

π2	  
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Atomes	  couplés	  au	  champ	  électromagné=que	  quan=fié	  

Atomes	  
Champ	  quan=que	  	  

modes	  remplis	  
+	  modes	  vides	  

On	  peut	  alors	  transférer	  de	  l’entropie	  d’un	  système	  (les	  atomes)	  vers	  l’autre	  (le	  champ)	  

L’émission	  de	  photons	  dans	  des	  modes	  du	  rayonnement	  ini=alement	  vides	  	  
est-‐elle	  nécessaire	  pour	  obtenir	  un	  refroidissement	  ?	  

«	  Refroidissement	  »	  doit	  être	  compris	  ici	  comme	  	  
«	  accumula8on	  d’atomes	  dans	  un	  même	  état	  quan8que	  »	  
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Un	  système	  modèle	  	  
à	  deux	  modes	  

On	  choisit	  les	  fréquences	  ω	  et	  ω’	  pour	  avoir	  résonance	  dans	  le	  processus	  Raman	  
s=mulé	  faisant	  passer	  l’atome	  de	  l’impulsion	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  à	  l’impulsion	  	  

• 	  On	  néglige	  les	  processus	  (non	  résonnants)	  qui	  peupleraient	  d’autres	  classes	  d’impulsion	  	  

On	  part	  d’un	  mélange	  50%	  -‐50%	  d’atomes	  d’impulsion	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  et	  	  	  	  	  	  	  	  	  	  	  

• 	  On	  néglige	  l’émission	  de	  photons	  dans	  les	  autres	  modes	  (vides)	  du	  rayonnement	  

g

e
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Un	  système	  modèle	  à	  deux	  modes	  

Partant	  de	  l’atome	  dans	  l’état	  	  	  	  	  	  	  	  	  	  	  	  	  	  ,	  	  
oscilla=on	  de	  Rabi	  avec	  la	  fréquence	  	  

Etat	  ini=al	  du	  champ	  :	  

Partant	  de	  l’atome	  dans	  l’état	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ,	  oscilla=on	  de	  Rabi	  avec	  

On	  peut	  choisir	  un	  temps	  t	  tel	  que	  :	  	  

• 	  un	  atome	  par=	  de	  	  	  	  	  	  	  	  	  	  	  	  	  	  y	  sera	  revenu	  avec	  probabilité	  ≈	  1	  

• 	  un	  atome	  par=	  de	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  pourra	  être	  trouvé	  dans	  	  	  	  	  	  	  	  	  	  	  	  	  avec	  probabilité	  ≈	  1	  	  

A	  cet	  instant	  t,	  on	  a	  augmenté	  la	  popula=on	  de	  l’état	  	  	  	  	  	  	  	  	  	  	  	  	  ,	  sans	  avoir	  	  
eu	  d’émission	  spontanée	  de	  photons	  dans	  un	  mode	  ini=alement	  vide	  



Cas	  d’un	  état	  cohérent	  du	  champ	  électromagné=que	  

Etat	  cohérent	  	  (ou	  quasi-‐classique):	  état	  propre	  des	  opérateurs	  «	  annihila=on	  de	  photon	  »	  

Transforma=on	  unitaire	  proposée	  par	  Mollow	  (1975)	  :	  

Atomes	  
Champ	  quan=que	  	  

modes	  remplis	  	  
+	  modes	  vides	  

Atomes	  
Champ	  quan=que	  	  

Modes	  vides	  

Si	  on	  néglige	  l’émission	  spontanée	  (i.e.,	  le	  couplage	  aux	  modes	  ini=alement	  vides)	  :	  

On	  est	  ramené	  au	  cas	  de	  l’évolu2on	  hamiltonienne	  de	  l’atome	  isolé	  :	  pas	  de	  refroidissement	  



En	  conclusion...	  

Richesse	  des	  mécanismes	  qui	  ont	  été	  proposés	  (pas	  tous	  étudiés	  expérimentalement)	  

Au	  cours	  de	  ces	  six	  leçons,	  nous	  n’en	  avons	  étudié	  qu’une	  frac=on.	  	  

Couplage	  à	  des	  cavités	  op=ques	  («	  cavity	  cooling	  »)	  

U=lisa=on	  de	  boucles	  de	  rétroac=on	  (lien	  avec	  le	  refroidissement	  
stochas=que	  de	  la	  physique	  des	  par=cules)	  	  

Exemples	  de	  mécanismes	  non	  abordés	  ici	  :	  

Evapora=on	  de	  par=cules	  

Est-‐ce	  encore	  u=le	  d’explorer	  d’autres	  mécanismes	  compte	  tenu	  	  
du	  succès	  des	  mécanismes	  existants	  (y	  compris	  l’évapora=on)	  ?	  



Pourquoi	  aller	  plus	  loin	  

• 	  Nécessité	  d’avoir	  une	  refroidissement	  homogène	  sur	  tout	  l’échan=llon,	  ce	  qui	  n’est	  
	  	  	  pas	  garan=	  dans	  le	  refroidissement	  par	  évapora=on	  

L’évapora=on	  enlève	  les	  par=cules	  sur	  les	  bords	  du	  gaz	  :	  

• 	  la	  température	  n’est	  pas	  toujours	  uniforme	  
• 	  les	  constantes	  de	  temps	  peuvent	  être	  longues	  

• 	  Le	  refroidissement	  radia=f,	  en	  par=culier	  le	  concept	  d’«	  état	  noir	  »,	  peut	  se	  généraliser	  	  
	  	  	  à	  des	  assemblées	  d’atomes	  en	  interac=on	  

Problème	  à	  N	  corps	  dissipa=f,	  avec	  la	  possibilité	  de	  générer	  des	  états	  	  
fortement	  corrélés	  protégés	  de	  la	  dissipa=on	  causée	  par	  la	  lumière	  	  


