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Simula8on	
  du	
  magné8sme	
  avec	
  des	
  atomes	
  neutres	
  

Le	
  but	
  :	
  réaliser	
  pour	
  chaque	
  atome	
  un	
  hamiltonien	
  du	
  type	
  

où	
  le	
  poten8el	
  vecteur	
  	
  	
  	
  	
  	
  	
  est	
  «	
  non	
  trivial	
  »	
  :	
  

Le	
  contexte	
  :	
  on	
  va	
  considérer	
  dans	
  les	
  cours	
  qui	
  suivent	
  deux	
  situa8ons	
  différentes	
  

1.	
  Atome	
  libre	
  ou	
  confiné	
  dans	
  un	
  piège	
  harmonique	
  de	
  raideur	
  assez	
  faible	
  

2.	
  Atome	
  dans	
  un	
  réseau	
  op8que	
  à	
  l’approxima8on	
  des	
  liaisons	
  fortes	
  :	
  	
  
	
  	
  	
  	
  discré8sa8on	
  de	
  l’espace	
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M
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Quelles	
  sont	
  les	
  approches	
  possibles	
  ?	
  

1.	
  Souhaite-­‐t-­‐on	
  3rer	
  par3	
  de	
  la	
  structure	
  interne	
  des	
  atomes	
  ?	
  

On	
  peut	
  coupler	
  entre	
  eux	
  ces	
  états	
  internes	
  par	
  des	
  faisceaux	
  	
  
lumineux	
  quasi-­‐résonnants	
  et	
  8rer	
  par8	
  de	
  ce	
  degré	
  de	
  liberté	
  	
  
pour	
  générer	
  des	
  phases	
  géométriques	
  «	
  à	
  la	
  Berry	
  »	
  

Mais	
  aXen8on	
  au	
  chauffage	
  lié	
  à	
  l’émission	
  spontanée	
  et	
  aux	
  collisions	
  inélas8ques...	
  

2.	
  L’hamiltonien	
  dépend-­‐il	
  explicitement	
  du	
  temps	
  ?	
  

Mise	
  en	
  rota8on	
  du	
  système,	
  réseaux	
  op8ques	
  «	
  secoués	
  »,...	
  

Degré	
  de	
  liberté	
  très	
  commode	
  et	
  très	
  flexible,	
  mais	
  également	
  une	
  source	
  
de	
  chauffage	
  si	
  on	
  heurte	
  une	
  résonance	
  non	
  désirée	
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  sont	
  les	
  «	
  bonnes	
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  espèces	
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  la	
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  premières	
  expériences	
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Mise	
  en	
  rota8on	
  d’un	
  système	
  (classique	
  ou	
  quan8que)	
  

Mo8va8on	
  pour	
  ceXe	
  approche	
  :	
  

F
Lorentz

= q v ⇥B F
Coriolis

= 2M v ⇥⌦

Similarité	
  entre	
  la	
  dynamique	
  de	
  par8cules	
  chargées	
  dans	
  un	
  champ	
  magné8que	
  	
  
uniforme	
  et	
  la	
  dynamique	
  dans	
  un	
  référen8el	
  en	
  rota8on	
  pourvu	
  que	
  	
  qB = 2M⌦

Système	
  en	
  rota8on	
  autour	
  d’un	
  axe	
  z	
  à	
  vitesse	
  angulaire	
  Ω	
  :	
  	
  	
   ⌦ = ⌦uz

Comment	
  me?re	
  un	
  gaz	
  ou	
  un	
  fluide	
  en	
  rota3on	
  ?	
  	
  

0n	
  fait	
  tourner	
  	
  
un	
  poten8el	
  de	
  	
  
confinement	
  
présentant	
  une	
  	
  
certaine	
  anisotropie	
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Le	
  passage	
  dans	
  le	
  référen8el	
  tournant	
  

Sur	
  le	
  plan	
  géométrique	
  :	
  

référen8el	
  du	
  	
  
laboratoire	
  
	
  	
  	
  	
  (galiléen)	
  

R
référen8el	
  en	
  
rota8on	
  
(non	
  galiléen)	
  

R0

u
x

u0
x

u0
yuy

uz uz

⌦t

Sur	
  le	
  plan	
  algébrique	
  :	
  transforma8on	
  unitaire	
  engendrée	
  par	
  	
  

ˆU(t) = exp

⇣
i⌦tˆLz/~

⌘
L̂

z

= x̂p̂
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ˆ̃H =
p̂2

2M
+ V (r̂)� ⌦L̂zĤ(t) =

p̂2

2M
+W (r̂, t)

permet	
  de	
  passer	
  de	
  l’hamiltonien	
  dépendant	
  du	
  temps	
  dans	
  le	
  référen8el	
  	
  
du	
  laboratoire	
  à	
  l’hamiltonien	
  indépendant	
  du	
  temps	
  dans	
  	
  	
  	
  	
  	
  	
  	
  :	
  R0



Interpréta8on	
  physique	
  de	
  la	
  transforma8on	
  	
  

Transforma8on	
  d’une	
  observable	
  	
  	
  	
  	
  	
  	
  :	
  	
  	
  Ô
Avant	
  transforma3on	
   Après	
  transforma3on	
  

Ô Û(t) Ô Û†(t)

ˆU(t) = exp

⇣
i⌦tˆLz/~

⌘

x̂opérateur	
  posi8on	
  
dans	
  la	
  base	
  	
  

x̂ cos(⌦t)� ŷ sin(⌦t)

x̂ sin(⌦t) + ŷ cos(⌦t)ŷ
x
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x

⌦t
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Les	
  observables	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  dans	
  la	
  nouvelle	
  représenta8on	
  (après	
  	
  
transforma8on)	
  correspondent	
  à	
  la	
  quan8té	
  physique	
  :	
  

«	
  Posi8on	
  dans	
  la	
  base	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  liée	
  au	
  référen8el	
  	
  	
  	
  	
  	
  	
  »	
  u0
x

, u0
y

R0

x̂, ŷ

conforme	
  à	
  l’intui)on	
  d’un	
  changement	
  de	
  référen)el	
  

u
x
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L’opérateur	
  vitesse	
  dans	
  	
  
le	
  référen8el	
  tournant	
  

L’opérateur	
  vitesse	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  dans	
  la	
  nouvelle	
  représenta8on	
  	
  

correspond	
  à	
  la	
  vitesse	
  par	
  rapport	
  au	
  référen8el	
  tournant	
  	
  

v̂ =
dr̂

dt
=

i

~ [
ˆ̃H, r̂]

R0

ˆ̃H =
p̂2

2M
+ V (r̂)� ⌦L̂z

v̂
x

=
p̂
x

M
+ ⌦ŷ

v̂y =
p̂y

M

� ⌦x̂

On	
  trouve	
  donc	
  dans	
  le	
  référen8el	
  tournant	
   p̂ = M v̂ +M⌦⇥ r̂

Résultat	
  similaire	
  à	
  celui	
  trouvé	
  pour	
  le	
  magné)sme	
  :	
   p̂ = M v̂ + qA
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Lien	
  entre	
  magné8sme	
  orbital	
  et	
  rota8on	
  

x

y y

x

⌦tMise	
  en	
  rota8on	
  du	
  poten8el	
  	
  
de	
  confinement	
  et	
  passage	
  	
  
dans	
  le	
  référen8el	
  tournant	
  

ˆ̃H =
p̂2

2M
+ V (r̂)� ⌦L̂z =

(p̂� qA(r̂))2

2M
+ V (r) + Vcentrif.(r)

Vcentrif.(r) = �1

2
M⌦2r2

poten3el	
  scalaire	
  

Iden8que	
  à	
  l’hamiltonien	
  d’une	
  par8cule	
  chargée	
  dans	
  un	
  champ	
  magné8que	
  	
  
uniforme	
  superposé	
  au	
  poten8el	
  de	
  confinement	
  	
  V (r) + Vcentrif.(r)

!c =
qB

M
= 2⌦fréquence	
  cyclotron	
  équivalente	
  :	
  

Rota3on	
  :	
  Champ	
  magné3que	
  uniforme	
  +	
  poten3el	
  d’expulsion	
  quadra3que	
  

poten3el	
  vecteur	
  (jauge	
  symétrique)	
  

qA = M⌦(�yu
x

+ xu
y

)



An8cyclone	
  =	
  zone	
  de	
  haute	
  pression	
  

Force	
  de	
  Lorentz	
  vs.	
  force	
  de	
  Coriolis,	
  
courant	
  de	
  Hall	
  et	
  vents	
  d’ouest	
  

 

B
Force	
  
uniforme	
  

vents	
  d
ominants	
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Mise	
  en	
  rota8on	
  d’un	
  gaz	
  d’atomes	
  froids	
  

On	
  part	
  d’un	
  piège	
  aussi	
  isotrope	
  que	
  possible	
  	
  
dans	
  le	
  référen8el	
  du	
  laboratoire	
  :	
  

En	
  pra8que	
  :	
  

!
x

⇡ !
y
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2
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�
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2
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2
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2
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!
x
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!̄
⇠ 10%

⇠ 1%

⇠ 0.1%

facile	
  

difficile	
  

tour	
  de	
  force	
  

On	
  ajoute	
  un	
  agitateur	
  tournant	
  de	
  fréquence	
  et	
  d’amplitude	
  contrôlées	
  

• 	
  Faisceaux	
  laser	
  auxiliaires	
  contrôlés	
  par	
  des	
  déflecteurs	
  acousto-­‐op8ques	
  
	
  	
  	
  ou	
  des	
  miroirs	
  mobiles	
  

• 	
  Poten8els	
  magné8ques	
  addi8onnels	
  créés	
  par	
  des	
  courants	
  oscillant	
  	
  
	
  	
  dans	
  le	
  temps	
  

ENS	
  



Est-­‐ce	
  que	
  ça	
  marche	
  ?	
  Oui	
  !	
  

150	
  000	
  atomes	
  de	
  rubidium	
  dans	
  un	
  piège	
  isotrope	
  

!
x

2⇡
⇡ !

y

2⇡
⇡ 170 Hz

fréquence	
  de	
  rota8on	
  :	
  	
  
⌦

2⇡
= 130 Hz

Réseau	
  de	
  vortex	
  ordonné	
  :	
  on	
  verra	
  plus	
  tard	
  que	
  ce	
  réseau	
  est	
  la	
  signature	
  
du	
  magné8sme	
  orbital	
  (naturel	
  ou	
  ar8ficiel)	
  dans	
  un	
  superfluide	
  en	
  interac8on	
  

Lien	
  entre	
  la	
  densité	
  de	
  vortex	
  	
  ρv	
  et	
  la	
  fréquence	
  cyclotron	
  équivalente	
  ωc	
  

⇢v =
M!c

h
!c = 2⌦avec	
  ici	
  	
  

ENS	
  



x

y y

x
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La	
  rota8on	
  cri8que	
  

Supposons	
  que	
  l’agitateur	
  tournant	
  soit	
  un	
  poten8el	
  quadra8que	
  

V0(r) =
1

2
M!

2(x2 + y

2)

dans	
  le	
  référen8el	
  tournant	
  

�V (x, y) =
✏

2
M!

2
�
y

2 � x

2
�

isotrope	
  

Peut-­‐on	
  choisir	
  les	
  paramètres	
  du	
  problème	
  pour	
  aXeindre	
  le	
  régime	
  	
  
d’une	
  par8cule	
  libre	
  en	
  présence	
  d’un	
  champ	
  magné8que	
  ?	
  	
  

qA = M⌦(�yu
x

+ xu
y

) Vcentrif.(r) = �1

2
M⌦2r2

Ĥ =
(p̂� qA(r̂))2

2M
+ V0(r) + �V (r) + Vcentrif.(r) =

(p̂� qA(r̂))2

2M

?	
  

Il	
  faut	
  choisir	
  simultanément	
  	
  
✏ ! 0

⌦ ! !



Peut-­‐on	
  aXeindre	
  la	
  rota8on	
  cri8que	
  ?	
  

x

y y

x

⌦t
�V (x, y) =

✏

2
M!

2
�
y

2 � x

2
�

✏ ! 0

⌦ ! !

Pour	
  imposer	
  une	
  rota8on	
  à	
  la	
  fréquence	
  angulaire	
  	
  Ω	
  avec	
  l’agitateur,	
  
il	
  faut	
  une	
  anisotropie	
  tournante	
  suffisante	
  :	
  

• 	
  Si	
  l’anisotropie	
  tournante	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ,	
  le	
  gaz	
  ne	
  se	
  met	
  pas	
  en	
  rota8on	
  	
  ✏ ! 0

✏ > ✏statique

• 	
  Si	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  pour	
  une	
  anisotropie	
  	
  	
  	
  	
  fixée,	
  instabilité	
  dynamique	
  !	
  ✏⌦ ! !

⌦/! 2 [1� ✏, 1 + ✏]

Divergence	
  exponen8elle	
  de	
  la	
  distance	
  	
  
au	
  centre	
  du	
  piège	
  dans	
  la	
  zone	
  :	
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!1012 cm23, and atomic interactions can be neglected
(mean-field energy økBT). The second set of experi-
ments corresponds to a much colder sample (T , 50 nK),
i.e., to a quasipure condensate with 105 atoms.

After evaporation, the atomic cloud is stirred during a
time t by a focused laser beam of wavelength 852 nm and
waist w0 ! 20 mm, whose position is controlled using
acousto-optic modulators [2]. The beam is switched on
abruptly, and it creates a rotating optical-dipole potential
which is nearly harmonic over the extension of the cloud.
Then we switch off the magnetic field and the stirrer, allow
for a 25 ms free fall, and image the absorption of a resonant
laser beam propagating along the z axis. We measure in
this way the transverse density profile of the sample, that
we fit assuming a Gaussian shape for the noncondensed
cloud, and a parabolic TF shape for the condensate. We
extract from the fit the long and short diameters in the
plane z ! 0, and the average position of the cloud. The
latter gives access to the velocity of the center-of-mass of
the cloud before time of flight.

The center-of-mass displacement as a function of
the stirring time t is shown in Fig. 1. We choose here
e ! 0.09 and V ! v!, so that the motion predicted
by Eqs. (1) and (2) is dynamically unstable. To ensure
reliable initial conditions, we deliberately offset the center
of the rotating potential by a few micrometers with respect
to the atom cloud [15]. We find the instability for the
center-of-mass motion both for the noncondensed cloud
(Fig. 1a) and for the quasipure condensate (Fig. 1b). The
center-of-mass displacement increases exponentially, with
an exponent consistent with the measured e.

We consider now the evolution of the size of the atom
cloud as a function of t (Fig. 2). The noncondensed cloud
exhibits the behavior expected from the single particle dy-
namics, i.e., the “explosion” in the X ! Y direction. The
cloud becomes more and more elliptical in the xy plane.
The long radius increases with time, while the short one re-
mains approximately constant (Fig. 2a). On the opposite,
we find that the condensate remains circular (Fig. 2b), with
no systematic increase in size. We then obtain the follow-
ing counterintuitive result: for a significant repulsive inter-
action the atoms remain in a compact cloud, while they fly
apart if the interaction is negligible. We observe this sta-

FIG. 1. Center-of-mass displacement after free expansion (log-
scale) vs stirring time for V ! v! and e ! 0.09. (a) Noncon-
densed cloud with 107 atoms, T ! 5 mK. (b) Condensate with
105 atoms. Solid line: exponential fit to the data.

bility of the shape of the condensate rotating at the critical
velocity for e # 0.2. Above this value of e we find that
the atomic cloud rapidly disintegrates. For e " 0.3, after
a stirring time of 50 ms, we observe several fragments in
the time-of-flight picture.

We now perform a theoretical analysis of how the inter-
particle interaction stabilizes a rotating condensate. To this
end we use the 2D #x, y$ time-dependent Gross-Pitaevskii
(GP) equation for an idealized cylindrical trap (vz ! 0).
In the rotating frame the GP equation reads

i≠tc !
1
2

%2D 1 #1 2 e$X2 1 #1 1 e$Y2

1 2gjcj2 2 2VL̂&c , (3)

where L̂ is the z component of the angular momentum op-
erator. In Eq. (3) the coordinates are given in units of the
initial harmonic oscillator length

p

h̄'mv!, and the fre-
quencies in units of v!. The condensate wave function
c#X,Y , t $ is normalized to unity, and the effective cou-
pling constant is g ! 4paÑ, with a being the positive
scattering length, and Ñ the number of particles per unit
axial length. The effective coupling g depends on density
and characterizes the ratio of the mean-field interparticle
interaction to the radial frequency v!. Our experimental
conditions correspond to g ! 130.

Since the trapping potential is harmonic, the average
center-of-mass motion of the condensate is described by
the classical equations (1) and (2) and is decoupled from
the evolution of the condensate wave function in the center-
of-mass reference frame [15]. We shall therefore restrict
to wave functions c centered at x ! y ! 0 for all times.

We start with a variational analysis of the steady state of
the condensate in the rotating frame. Since the experiment
is restricted to stirring times shorter than typical vortex
nucleation times [2], we use a simple vortex-free Gaussian
ansatz for the condensate wave function [16]:

c#X,Y$ ~ exp#iaXY 2 bX2'2 2 gY2'2$ . (4)

We extremize the GP energy functional with respect to the
real parameters a, b, g. Extremizing with respect to the
phase parameter a gives a ! V#g 2 b$'#g 1 b$. As
b and g should be finite and positive this sets the constraint

FIG. 2. Long (") and short (±) diameters of the atom cloud vs
stirring time, for V ! v!. (a) Noncondensed cloud. (b) Quasi-
pure condensate (same parameters as in Fig. 1).
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particle is unchanged. Atom loss leads to a small decrease
in cloud radius which, through conservation of angular
momentum, increases ~!!. Over a period of up to 2 sec we
decrease the number of BEC atoms by up to a factor of
100, to 5! 104, while increasing ~!! from 0.95 to more
than 0.99 [19]. At this point, further reduction in number
degrades the quality of images unacceptably. Ongoing
evaporation is imposed to retain a quasipure BEC with
no discernible thermal cloud.

With increasing rotation, centrifugal force distorts the
cloud into an extremely oblate shape (see Fig. 1) and
reduces the density significantly—thus the BEC ap-
proaches the quasi-two-dimensional regime. For the
highest rotation rates we achieve, the chemical potential
! is reduced close to the axial oscillator energy, "2D "
!

2 #h!z
# 1:5, and the gas undergoes a crossover from inter-

acting- to ideal-gas behavior along the axial direction. To
probe this crossover, we excite the lowest order axial
breathing mode over a range of rotation rates. For a
BEC in the axial Thomas-Fermi regime, an axial breath-
ing frequency !B $

!!!

3
p

!z has been predicted in the limit
~!! ! 1 [20], whereas !B $ 2!z is expected for a non-
interacting gas.

To excite the breathing mode, we jump the axial trap
frequency by 6%, while leaving the radial frequency
unchanged (within <0:5%). To extract the axial breathing
frequency !B, we take 13 nondestructive in-trap images
of the cloud, perpendicular to the axis of rotation. From
the oscillation of the axial Thomas-Fermi radius [21] in
time we obtain !B. Rotation rates are obtained [19] from
the aspect ratio by averaging over all 13 images to elimi-
nate the effect of axial breathing. As shown in Fig. 2(a),
we do indeed observe a frequency crossover from !B $
!!!

3
p

!z to !B $ 2!z as ~!! ! 1. To quantify under which
conditions the crossover occurs, we plot the same data vs
"2D [Fig. 2(b)], where the chemical potential is deter-
mined from the measured atom number, the rotation rate,
and the trap frequencies. For "2D < 3, the ratio !B=!z
starts to deviate from the predicted hydrodynamic value
and approaches 2 for our lowest "2D # 1:5.

As ~!! ! 1, also the dynamics in the radial plane are
affected. For the highest rotation rates, interactions be-
come sufficiently weak that the chemical potential !

drops below the cyclotron energy 2 #h!, which is only a
few percent smaller than the Landau level spacing 2 #h!".
Then, "LLL " !

2 #h! < 1, and the condensate primarily oc-
cupies single-particle states in the LLL. These form a
ladder of near-degenerate states, with a frequency split-
ting of # $ !" %!. The number of occupied states is
NLLL # !

#h# . We are able to create condensates with "LLL
as low as 0.6, which occupy NLLL # 120 states with
a splitting #< 2$! 0:06 Hz. In this regime of near-
degenerate single-particle states a drastic decrease of
the lattice’s elastic shear strength takes place. The elastic
shear modulus C2 is predicted by Baym [11] to decrease
with increasing rotation rate from its value in the ‘‘stiff ’’
Thomas-Fermi (TF) limit, CTF

2 $ n&!' #h!=8 (where n&!'
is the BEC number density) to its value in the mean-field
quantum-Hall regime, of CLLL

2 # 0:16! "LLLCTF
2 . We

directly probe this shear strength by exciting the lowest
order azimuthally symmetric lattice mode [&n $ 1;
m $ 0' Tkachenko mode [9–11] ]. Its frequency !&1;0' (
!!!!!!

C2
p

is expected to drop by a factor of # 2:5 below the TF
prediction when "LLL $ 1.

Our excitation technique for Tkachenko modes has
been described in Ref. [10]. In brief, we shine a focused
red detuned laser (% $ 850 nm) onto the BEC center,
along the axis of rotation. This laser draws atoms into
the center, and Coriolis force diverts the atoms’s inward
motion into the lattice rotation direction. The vortex
lattice adjusts to this distortion, and after we turn off
the beam, the lattice elasticity drives oscillations at the
frequency !&1;0'. We observe the oscillation by varying
the wait time after the excitation and then expanding the

FIG. 1. Side view images of BECs in trap. (a) Static BEC. The
aspect ratio Rz=R" $ 1:57 (N $ 3:8! 106 atoms) resembles
the prolate trap shape. (b) After evaporative spin-up, N $
3:3! 106, ~!! $ 0:953 and (c) evaporative plus optical spin-
up, N $ 1:9! 105, ~!! $ 0:993. Because of centrifugal distor-
tion the aspect ratio is changed by a factor of 8 compared to (a).
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FIG. 2. Measured axial breathing frequency !B=!z (a) as a
function of rotation rate ~!! and (b) vs "2D. Solid line: prediction
for the hydrodynamic regime [20]; dashed line: ideal gas limit.
For ~!! > 0:98 ("2D < 3) a crossover from interacting- to ideal-
gas behavior is observed. Representative error bars are shown
for two data points.
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particle is unchanged. Atom loss leads to a small decrease
in cloud radius which, through conservation of angular
momentum, increases ~!!. Over a period of up to 2 sec we
decrease the number of BEC atoms by up to a factor of
100, to 5! 104, while increasing ~!! from 0.95 to more
than 0.99 [19]. At this point, further reduction in number
degrades the quality of images unacceptably. Ongoing
evaporation is imposed to retain a quasipure BEC with
no discernible thermal cloud.

With increasing rotation, centrifugal force distorts the
cloud into an extremely oblate shape (see Fig. 1) and
reduces the density significantly—thus the BEC ap-
proaches the quasi-two-dimensional regime. For the
highest rotation rates we achieve, the chemical potential
! is reduced close to the axial oscillator energy, "2D "
!

2 #h!z
# 1:5, and the gas undergoes a crossover from inter-

acting- to ideal-gas behavior along the axial direction. To
probe this crossover, we excite the lowest order axial
breathing mode over a range of rotation rates. For a
BEC in the axial Thomas-Fermi regime, an axial breath-
ing frequency !B $

!!!

3
p

!z has been predicted in the limit
~!! ! 1 [20], whereas !B $ 2!z is expected for a non-
interacting gas.

To excite the breathing mode, we jump the axial trap
frequency by 6%, while leaving the radial frequency
unchanged (within <0:5%). To extract the axial breathing
frequency !B, we take 13 nondestructive in-trap images
of the cloud, perpendicular to the axis of rotation. From
the oscillation of the axial Thomas-Fermi radius [21] in
time we obtain !B. Rotation rates are obtained [19] from
the aspect ratio by averaging over all 13 images to elimi-
nate the effect of axial breathing. As shown in Fig. 2(a),
we do indeed observe a frequency crossover from !B $
!!!

3
p

!z to !B $ 2!z as ~!! ! 1. To quantify under which
conditions the crossover occurs, we plot the same data vs
"2D [Fig. 2(b)], where the chemical potential is deter-
mined from the measured atom number, the rotation rate,
and the trap frequencies. For "2D < 3, the ratio !B=!z
starts to deviate from the predicted hydrodynamic value
and approaches 2 for our lowest "2D # 1:5.

As ~!! ! 1, also the dynamics in the radial plane are
affected. For the highest rotation rates, interactions be-
come sufficiently weak that the chemical potential !

drops below the cyclotron energy 2 #h!, which is only a
few percent smaller than the Landau level spacing 2 #h!".
Then, "LLL " !

2 #h! < 1, and the condensate primarily oc-
cupies single-particle states in the LLL. These form a
ladder of near-degenerate states, with a frequency split-
ting of # $ !" %!. The number of occupied states is
NLLL # !

#h# . We are able to create condensates with "LLL
as low as 0.6, which occupy NLLL # 120 states with
a splitting #< 2$! 0:06 Hz. In this regime of near-
degenerate single-particle states a drastic decrease of
the lattice’s elastic shear strength takes place. The elastic
shear modulus C2 is predicted by Baym [11] to decrease
with increasing rotation rate from its value in the ‘‘stiff ’’
Thomas-Fermi (TF) limit, CTF

2 $ n&!' #h!=8 (where n&!'
is the BEC number density) to its value in the mean-field
quantum-Hall regime, of CLLL

2 # 0:16! "LLLCTF
2 . We

directly probe this shear strength by exciting the lowest
order azimuthally symmetric lattice mode [&n $ 1;
m $ 0' Tkachenko mode [9–11] ]. Its frequency !&1;0' (
!!!!!!

C2
p

is expected to drop by a factor of # 2:5 below the TF
prediction when "LLL $ 1.

Our excitation technique for Tkachenko modes has
been described in Ref. [10]. In brief, we shine a focused
red detuned laser (% $ 850 nm) onto the BEC center,
along the axis of rotation. This laser draws atoms into
the center, and Coriolis force diverts the atoms’s inward
motion into the lattice rotation direction. The vortex
lattice adjusts to this distortion, and after we turn off
the beam, the lattice elasticity drives oscillations at the
frequency !&1;0'. We observe the oscillation by varying
the wait time after the excitation and then expanding the

FIG. 1. Side view images of BECs in trap. (a) Static BEC. The
aspect ratio Rz=R" $ 1:57 (N $ 3:8! 106 atoms) resembles
the prolate trap shape. (b) After evaporative spin-up, N $
3:3! 106, ~!! $ 0:953 and (c) evaporative plus optical spin-
up, N $ 1:9! 105, ~!! $ 0:993. Because of centrifugal distor-
tion the aspect ratio is changed by a factor of 8 compared to (a).

 h

a)

b)
~0.84 0.86 0.88 0.90 0.92 0.94 0.96 0.98 1

1.70
1.75
1.80
1.85
1.90
1.95
2.00

ω B
/ω

z

rotation rate Ω

0 2 4 6 8 10 12 14 16

1.70
1.75
1.80
1.85
1.90
1.95
2.00

ω B
/ω

z

Γ
2D

= µ / ( 2 ω
z

)

3

FIG. 2. Measured axial breathing frequency !B=!z (a) as a
function of rotation rate ~!! and (b) vs "2D. Solid line: prediction
for the hydrodynamic regime [20]; dashed line: ideal gas limit.
For ~!! > 0:98 ("2D < 3) a crossover from interacting- to ideal-
gas behavior is observed. Representative error bars are shown
for two data points.
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particle is unchanged. Atom loss leads to a small decrease
in cloud radius which, through conservation of angular
momentum, increases ~!!. Over a period of up to 2 sec we
decrease the number of BEC atoms by up to a factor of
100, to 5! 104, while increasing ~!! from 0.95 to more
than 0.99 [19]. At this point, further reduction in number
degrades the quality of images unacceptably. Ongoing
evaporation is imposed to retain a quasipure BEC with
no discernible thermal cloud.

With increasing rotation, centrifugal force distorts the
cloud into an extremely oblate shape (see Fig. 1) and
reduces the density significantly—thus the BEC ap-
proaches the quasi-two-dimensional regime. For the
highest rotation rates we achieve, the chemical potential
! is reduced close to the axial oscillator energy, "2D "
!

2 #h!z
# 1:5, and the gas undergoes a crossover from inter-

acting- to ideal-gas behavior along the axial direction. To
probe this crossover, we excite the lowest order axial
breathing mode over a range of rotation rates. For a
BEC in the axial Thomas-Fermi regime, an axial breath-
ing frequency !B $

!!!

3
p

!z has been predicted in the limit
~!! ! 1 [20], whereas !B $ 2!z is expected for a non-
interacting gas.

To excite the breathing mode, we jump the axial trap
frequency by 6%, while leaving the radial frequency
unchanged (within <0:5%). To extract the axial breathing
frequency !B, we take 13 nondestructive in-trap images
of the cloud, perpendicular to the axis of rotation. From
the oscillation of the axial Thomas-Fermi radius [21] in
time we obtain !B. Rotation rates are obtained [19] from
the aspect ratio by averaging over all 13 images to elimi-
nate the effect of axial breathing. As shown in Fig. 2(a),
we do indeed observe a frequency crossover from !B $
!!!

3
p

!z to !B $ 2!z as ~!! ! 1. To quantify under which
conditions the crossover occurs, we plot the same data vs
"2D [Fig. 2(b)], where the chemical potential is deter-
mined from the measured atom number, the rotation rate,
and the trap frequencies. For "2D < 3, the ratio !B=!z
starts to deviate from the predicted hydrodynamic value
and approaches 2 for our lowest "2D # 1:5.

As ~!! ! 1, also the dynamics in the radial plane are
affected. For the highest rotation rates, interactions be-
come sufficiently weak that the chemical potential !

drops below the cyclotron energy 2 #h!, which is only a
few percent smaller than the Landau level spacing 2 #h!".
Then, "LLL " !

2 #h! < 1, and the condensate primarily oc-
cupies single-particle states in the LLL. These form a
ladder of near-degenerate states, with a frequency split-
ting of # $ !" %!. The number of occupied states is
NLLL # !

#h# . We are able to create condensates with "LLL
as low as 0.6, which occupy NLLL # 120 states with
a splitting #< 2$! 0:06 Hz. In this regime of near-
degenerate single-particle states a drastic decrease of
the lattice’s elastic shear strength takes place. The elastic
shear modulus C2 is predicted by Baym [11] to decrease
with increasing rotation rate from its value in the ‘‘stiff ’’
Thomas-Fermi (TF) limit, CTF

2 $ n&!' #h!=8 (where n&!'
is the BEC number density) to its value in the mean-field
quantum-Hall regime, of CLLL

2 # 0:16! "LLLCTF
2 . We

directly probe this shear strength by exciting the lowest
order azimuthally symmetric lattice mode [&n $ 1;
m $ 0' Tkachenko mode [9–11] ]. Its frequency !&1;0' (
!!!!!!

C2
p

is expected to drop by a factor of # 2:5 below the TF
prediction when "LLL $ 1.

Our excitation technique for Tkachenko modes has
been described in Ref. [10]. In brief, we shine a focused
red detuned laser (% $ 850 nm) onto the BEC center,
along the axis of rotation. This laser draws atoms into
the center, and Coriolis force diverts the atoms’s inward
motion into the lattice rotation direction. The vortex
lattice adjusts to this distortion, and after we turn off
the beam, the lattice elasticity drives oscillations at the
frequency !&1;0'. We observe the oscillation by varying
the wait time after the excitation and then expanding the

FIG. 1. Side view images of BECs in trap. (a) Static BEC. The
aspect ratio Rz=R" $ 1:57 (N $ 3:8! 106 atoms) resembles
the prolate trap shape. (b) After evaporative spin-up, N $
3:3! 106, ~!! $ 0:953 and (c) evaporative plus optical spin-
up, N $ 1:9! 105, ~!! $ 0:993. Because of centrifugal distor-
tion the aspect ratio is changed by a factor of 8 compared to (a).
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FIG. 2. Measured axial breathing frequency !B=!z (a) as a
function of rotation rate ~!! and (b) vs "2D. Solid line: prediction
for the hydrodynamic regime [20]; dashed line: ideal gas limit.
For ~!! > 0:98 ("2D < 3) a crossover from interacting- to ideal-
gas behavior is observed. Representative error bars are shown
for two data points.
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QUANTIZED SUPERCURRENT DECAY IN AN ANNULAR . . . PHYSICAL REVIEW A 86, 013629 (2012)

FIG. 2. (Color online) Preparation of metastable supercurrent
in an annular condensate. (a) The optical ring trap is created by
intersecting a horizontal “sheet” laser beam with a vertical “tube”
LG! beam; the absorption image shows a BEC in an ! = 10 trap.
(b) Two-photon Raman transfer of atoms into a metastable q = !

state is achieved using the LG! trapping beam (red dashed arrow)
and a copropagating Gaussian beam (blue solid arrow). An atom
undergoing an internal state transfer, |↑〉 → |↓〉, also absorbs angular
momentum !h̄ from the LG! laser beam.

discernible thermal fraction of the gas [38]. The sheet beam
provides a nearly isotropic trapping potential in the xy plane,
with trapping frequencies of 6, 7, and 400 Hz along the x̂, ŷ,
and ẑ directions, respectively. The depth of the ring trap Vr is
set by the power of the LG beam. For ! = 3, the ring radius
is ≈12 µm, and the radial trapping frequency varies between
75 and 190 Hz for the Vr values used in our experiments. For
higher ! the trap radius increases approximately linearly [39].

To set the superfluid into rotation via a two-photon Raman
transition, we briefly (∼200 µs) pulse on an auxiliary 805-nm
Gaussian beam, copropagating with the trapping LG beam.
As illustrated in Fig. 2(b), the atoms are transferred between
two internal atomic states, |↑〉 and |↓〉, and simultaneously
pick up angular momentum !h̄. The |↑〉 and |↓〉 are two
Zeeman levels of the F = 1 hyperfine ground state, mF = 1
and 0, respectively. The mF = −1 state is detuned from the
Raman resonance by the quadratic Zeeman shift in an external
magnetic field of 10 gauss.

We first perform a set of interferometric experiments in
order to verify the optically imprinted phase winding (see
also [40–42]). As depicted in Fig. 3, we apply a π/2 Raman
pulse which coherently transfers only half the population into
the rotating |↓〉 state. A subsequent π/2 radio-frequency (rf)
pulse, which carries no angular momentum, mixes the |↑〉 and
|↓〉 states so that in each spin state we get an interference of
rotating (q = !) and nonrotating (q = 0) atoms. This matter-
wave interference converts the phase winding into a density
modulation, with the number of density peaks around the ring
equal to !. In Fig. 3 we show the observed interference patterns
for ! = 3, 5, and 10.

For our main studies (Secs. IV and V) we transfer all the
atoms into the rotating |↓〉 state. If we then ramp down Vr

and transform the ring trap into a simply connected sheet trap,
the phase-imprinted q = ! vortex decays into singly charged
vortices [see Fig. 4(a)]. Note, however, that in this case L/N

FIG. 3. (Color online) Interferometric detection of the imprinted
phase winding. A combination of Raman and rf π/2 pulses results
in matter-wave interference between stationary and moving atoms,
with the number of density peaks equal to !. Absorption images of
the |↑〉 state, taken 3 ms after releasing the atoms from the trap, show
matter-wave interference for ! = 3,5, and 10.

is no longer quantized, its exact value depending on the spatial
arrangement of individual vortices [43]. In the sheet trap the
q = 3 vortex breaks up into three vortices within 1 s; one
vortex leaves the condensate within 10 s, and the last one
typically survives for about 15 s.

To quantify L/N for the annular condensate, we release
the atoms without letting the vortex break up in a reconnected
trap. As seen in Fig. 4(b), the centrifugal barrier due to rotation
of the superfluid results in a central hole in the atomic density
distribution observable even after long time-of-flight (TOF)
expansion [17]. We quantify the rotation of the cloud by fitting
the radius R of the high-density ring surrounding this central
density hole [44].

IV. METASTABILITY AND QUANTIZED DECAY

A. Supercurrent quantization

The first main result of this paper is the direct experimental
demonstration of the quantized nature of the supercurrent
decay, shown in Fig. 5 for a system initially prepared in the
q = 3 state. In Fig. 5(a) we plot the evolution of the radius
R with time after the superfluid was set into rotation. The
quantization of R is strikingly obvious, and we can assign a q
state to each individual image with >99% fidelity.

We consider the quantization of the supercurrent decay the
primary experimental evidence for the vortex-induced phase

FIG. 4. (Color online) Detection of superflow. (a) If the ring trap
is transformed into a simply connected sheet trap, the q = 3 vortex
breaks up into three individual vortices. (b) Absorption images of
nonrotating (left) and rotating (right) BECs after 29 ms of TOF
expansion from the ring trap. We use the radius R to quantify the
rotation of the cloud.
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FIG. 5. (Color online) Quantized superflow decay. A superfluid
prepared in the q = 3 state is held in a ring trap with Vr ≈ 4 µ.
(a) Top panel: radius R as a function of hold time t . The R values fall
into 4 distinct bands corresponding to (top to bottom) q = 3 (blue),
2 (green), 1 (red), and 0 (black). Bottom panel: atom number N vs t for
the same data set. (b) TOF absorption images of the q = 3,2,1, and 0
states. (c) High-contrast histogram of the measured R values confirms
that we can assign a q value to each individual image with near-unity
fidelity. The shaded backgrounds indicate our q-value assignments.

slips as the decay mechanism. Condensate fragmentation
or collective excitations such as solitons would break the
quantization of R [29], while individual particles which break
away from the superflow would gradually fill up the hole in
the center of the expanded cloud; we never see any evidence
of this occurring.

The broad q = 2 and q = 1 plateaus in Fig. 5(a) show that
the intermediate 0 < q < ! states are metastable even after the
supercurrent decay is initiated by the first phase slip. In the
analogy with a particle moving in a washboard potential
[Fig. 1(a)], this corresponds to a strongly damped motion:
when the system escapes from a local energy minimum, it gets
trapped in a new local minimum rather than rapidly decaying
to q = 0.

B. Long-lived q > 1 superflow

The data shown in Fig. 5 were obtained using a ring trap
of depth Vr ≈ 4 µ. In order to test the limits of supercurrent
metastability in our setup, we also perform experiments in a
very shallow trap, with Vr just above the chemical potential
µ [45]. Since the roughness of our trapping potential scales

FIG. 6. (Color online) Long-lived q = 3 superflow. R is plotted
as a function of hold time in a shallow ring trap, showing persistent
superflow for longer than a minute. The dashed lines are guides to
the eye, indicating the bands of R values corresponding to different q

states. The inset shows the decaying BEC atom number for the same
data set; the solid line is a double-exponential fit to the data.

with Vr , reducing the trap depth to ≈µ results in the smoothest
trap we can achieve. This makes the condensate density
almost perfectly uniform around the ring and minimizes the
probability of weak links where the local µ diminishes and the
phase slips are more likely [19].

In Fig. 6 we show the evolution of R for a superfluid
prepared in the q = 3 state and rotating in a shallow ring trap.
The nonzero superflow (R > 0) now persists for more than
a minute and decays only when the condensate itself decays
significantly (see inset of Fig. 6).

The radius R shows a weak dependence on the atom number
N , making the supercurrent quantization less striking than in
Fig. 5, where the fractional variation of N over the relevant
time scale is much smaller. However, we can still see that the R
values fall into distinguishable bands corresponding to q = 3,
2, and 1 states. This allows us to conclude that the q = 3 state is
perfectly stable for ∼40 s and can persist for up to a minute. We
have checked that the slow bending of the q bands with time is
just a consequence of the weak dependence of R on the decay-
ing N (for fixed q) by preparing the initial q = 3 state with de-
liberately reduced initial atom numbers. In similar experiments
in higher ! traps the lifetime of our BEC is shorter, but even
for ! = 10 we still observe superflow persisting for over 20 s.

V. DECAY DYNAMICS

For the rest of this paper we turn to a quantitative study of
the dynamics of the supercurrent decay for different superflow
speeds. We first assess the critical velocity for superflow in
our trap, comparing it with different theoretical calculations,
and then argue that stochastic phase slips are also observed for
flow below this critical velocity.

A. Critical velocity

Generally, as the number of atoms in a rotating BEC
slowly decays with time, superfluidity becomes less robust.
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particle is unchanged. Atom loss leads to a small decrease
in cloud radius which, through conservation of angular
momentum, increases ~!!. Over a period of up to 2 sec we
decrease the number of BEC atoms by up to a factor of
100, to 5! 104, while increasing ~!! from 0.95 to more
than 0.99 [19]. At this point, further reduction in number
degrades the quality of images unacceptably. Ongoing
evaporation is imposed to retain a quasipure BEC with
no discernible thermal cloud.

With increasing rotation, centrifugal force distorts the
cloud into an extremely oblate shape (see Fig. 1) and
reduces the density significantly—thus the BEC ap-
proaches the quasi-two-dimensional regime. For the
highest rotation rates we achieve, the chemical potential
! is reduced close to the axial oscillator energy, "2D "
!

2 #h!z
# 1:5, and the gas undergoes a crossover from inter-

acting- to ideal-gas behavior along the axial direction. To
probe this crossover, we excite the lowest order axial
breathing mode over a range of rotation rates. For a
BEC in the axial Thomas-Fermi regime, an axial breath-
ing frequency !B $

!!!

3
p

!z has been predicted in the limit
~!! ! 1 [20], whereas !B $ 2!z is expected for a non-
interacting gas.

To excite the breathing mode, we jump the axial trap
frequency by 6%, while leaving the radial frequency
unchanged (within <0:5%). To extract the axial breathing
frequency !B, we take 13 nondestructive in-trap images
of the cloud, perpendicular to the axis of rotation. From
the oscillation of the axial Thomas-Fermi radius [21] in
time we obtain !B. Rotation rates are obtained [19] from
the aspect ratio by averaging over all 13 images to elimi-
nate the effect of axial breathing. As shown in Fig. 2(a),
we do indeed observe a frequency crossover from !B $
!!!

3
p

!z to !B $ 2!z as ~!! ! 1. To quantify under which
conditions the crossover occurs, we plot the same data vs
"2D [Fig. 2(b)], where the chemical potential is deter-
mined from the measured atom number, the rotation rate,
and the trap frequencies. For "2D < 3, the ratio !B=!z
starts to deviate from the predicted hydrodynamic value
and approaches 2 for our lowest "2D # 1:5.

As ~!! ! 1, also the dynamics in the radial plane are
affected. For the highest rotation rates, interactions be-
come sufficiently weak that the chemical potential !

drops below the cyclotron energy 2 #h!, which is only a
few percent smaller than the Landau level spacing 2 #h!".
Then, "LLL " !

2 #h! < 1, and the condensate primarily oc-
cupies single-particle states in the LLL. These form a
ladder of near-degenerate states, with a frequency split-
ting of # $ !" %!. The number of occupied states is
NLLL # !

#h# . We are able to create condensates with "LLL
as low as 0.6, which occupy NLLL # 120 states with
a splitting #< 2$! 0:06 Hz. In this regime of near-
degenerate single-particle states a drastic decrease of
the lattice’s elastic shear strength takes place. The elastic
shear modulus C2 is predicted by Baym [11] to decrease
with increasing rotation rate from its value in the ‘‘stiff ’’
Thomas-Fermi (TF) limit, CTF

2 $ n&!' #h!=8 (where n&!'
is the BEC number density) to its value in the mean-field
quantum-Hall regime, of CLLL

2 # 0:16! "LLLCTF
2 . We

directly probe this shear strength by exciting the lowest
order azimuthally symmetric lattice mode [&n $ 1;
m $ 0' Tkachenko mode [9–11] ]. Its frequency !&1;0' (
!!!!!!

C2
p

is expected to drop by a factor of # 2:5 below the TF
prediction when "LLL $ 1.

Our excitation technique for Tkachenko modes has
been described in Ref. [10]. In brief, we shine a focused
red detuned laser (% $ 850 nm) onto the BEC center,
along the axis of rotation. This laser draws atoms into
the center, and Coriolis force diverts the atoms’s inward
motion into the lattice rotation direction. The vortex
lattice adjusts to this distortion, and after we turn off
the beam, the lattice elasticity drives oscillations at the
frequency !&1;0'. We observe the oscillation by varying
the wait time after the excitation and then expanding the

FIG. 1. Side view images of BECs in trap. (a) Static BEC. The
aspect ratio Rz=R" $ 1:57 (N $ 3:8! 106 atoms) resembles
the prolate trap shape. (b) After evaporative spin-up, N $
3:3! 106, ~!! $ 0:953 and (c) evaporative plus optical spin-
up, N $ 1:9! 105, ~!! $ 0:993. Because of centrifugal distor-
tion the aspect ratio is changed by a factor of 8 compared to (a).
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FIG. 2. Measured axial breathing frequency !B=!z (a) as a
function of rotation rate ~!! and (b) vs "2D. Solid line: prediction
for the hydrodynamic regime [20]; dashed line: ideal gas limit.
For ~!! > 0:98 ("2D < 3) a crossover from interacting- to ideal-
gas behavior is observed. Representative error bars are shown
for two data points.
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FIG. 2. (Color online) Preparation of metastable supercurrent
in an annular condensate. (a) The optical ring trap is created by
intersecting a horizontal “sheet” laser beam with a vertical “tube”
LG! beam; the absorption image shows a BEC in an ! = 10 trap.
(b) Two-photon Raman transfer of atoms into a metastable q = !

state is achieved using the LG! trapping beam (red dashed arrow)
and a copropagating Gaussian beam (blue solid arrow). An atom
undergoing an internal state transfer, |↑〉 → |↓〉, also absorbs angular
momentum !h̄ from the LG! laser beam.

discernible thermal fraction of the gas [38]. The sheet beam
provides a nearly isotropic trapping potential in the xy plane,
with trapping frequencies of 6, 7, and 400 Hz along the x̂, ŷ,
and ẑ directions, respectively. The depth of the ring trap Vr is
set by the power of the LG beam. For ! = 3, the ring radius
is ≈12 µm, and the radial trapping frequency varies between
75 and 190 Hz for the Vr values used in our experiments. For
higher ! the trap radius increases approximately linearly [39].

To set the superfluid into rotation via a two-photon Raman
transition, we briefly (∼200 µs) pulse on an auxiliary 805-nm
Gaussian beam, copropagating with the trapping LG beam.
As illustrated in Fig. 2(b), the atoms are transferred between
two internal atomic states, |↑〉 and |↓〉, and simultaneously
pick up angular momentum !h̄. The |↑〉 and |↓〉 are two
Zeeman levels of the F = 1 hyperfine ground state, mF = 1
and 0, respectively. The mF = −1 state is detuned from the
Raman resonance by the quadratic Zeeman shift in an external
magnetic field of 10 gauss.

We first perform a set of interferometric experiments in
order to verify the optically imprinted phase winding (see
also [40–42]). As depicted in Fig. 3, we apply a π/2 Raman
pulse which coherently transfers only half the population into
the rotating |↓〉 state. A subsequent π/2 radio-frequency (rf)
pulse, which carries no angular momentum, mixes the |↑〉 and
|↓〉 states so that in each spin state we get an interference of
rotating (q = !) and nonrotating (q = 0) atoms. This matter-
wave interference converts the phase winding into a density
modulation, with the number of density peaks around the ring
equal to !. In Fig. 3 we show the observed interference patterns
for ! = 3, 5, and 10.

For our main studies (Secs. IV and V) we transfer all the
atoms into the rotating |↓〉 state. If we then ramp down Vr

and transform the ring trap into a simply connected sheet trap,
the phase-imprinted q = ! vortex decays into singly charged
vortices [see Fig. 4(a)]. Note, however, that in this case L/N

FIG. 3. (Color online) Interferometric detection of the imprinted
phase winding. A combination of Raman and rf π/2 pulses results
in matter-wave interference between stationary and moving atoms,
with the number of density peaks equal to !. Absorption images of
the |↑〉 state, taken 3 ms after releasing the atoms from the trap, show
matter-wave interference for ! = 3,5, and 10.

is no longer quantized, its exact value depending on the spatial
arrangement of individual vortices [43]. In the sheet trap the
q = 3 vortex breaks up into three vortices within 1 s; one
vortex leaves the condensate within 10 s, and the last one
typically survives for about 15 s.

To quantify L/N for the annular condensate, we release
the atoms without letting the vortex break up in a reconnected
trap. As seen in Fig. 4(b), the centrifugal barrier due to rotation
of the superfluid results in a central hole in the atomic density
distribution observable even after long time-of-flight (TOF)
expansion [17]. We quantify the rotation of the cloud by fitting
the radius R of the high-density ring surrounding this central
density hole [44].

IV. METASTABILITY AND QUANTIZED DECAY

A. Supercurrent quantization

The first main result of this paper is the direct experimental
demonstration of the quantized nature of the supercurrent
decay, shown in Fig. 5 for a system initially prepared in the
q = 3 state. In Fig. 5(a) we plot the evolution of the radius
R with time after the superfluid was set into rotation. The
quantization of R is strikingly obvious, and we can assign a q
state to each individual image with >99% fidelity.

We consider the quantization of the supercurrent decay the
primary experimental evidence for the vortex-induced phase

FIG. 4. (Color online) Detection of superflow. (a) If the ring trap
is transformed into a simply connected sheet trap, the q = 3 vortex
breaks up into three individual vortices. (b) Absorption images of
nonrotating (left) and rotating (right) BECs after 29 ms of TOF
expansion from the ring trap. We use the radius R to quantify the
rotation of the cloud.
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FIG. 5. (Color online) Quantized superflow decay. A superfluid
prepared in the q = 3 state is held in a ring trap with Vr ≈ 4 µ.
(a) Top panel: radius R as a function of hold time t . The R values fall
into 4 distinct bands corresponding to (top to bottom) q = 3 (blue),
2 (green), 1 (red), and 0 (black). Bottom panel: atom number N vs t for
the same data set. (b) TOF absorption images of the q = 3,2,1, and 0
states. (c) High-contrast histogram of the measured R values confirms
that we can assign a q value to each individual image with near-unity
fidelity. The shaded backgrounds indicate our q-value assignments.

slips as the decay mechanism. Condensate fragmentation
or collective excitations such as solitons would break the
quantization of R [29], while individual particles which break
away from the superflow would gradually fill up the hole in
the center of the expanded cloud; we never see any evidence
of this occurring.

The broad q = 2 and q = 1 plateaus in Fig. 5(a) show that
the intermediate 0 < q < ! states are metastable even after the
supercurrent decay is initiated by the first phase slip. In the
analogy with a particle moving in a washboard potential
[Fig. 1(a)], this corresponds to a strongly damped motion:
when the system escapes from a local energy minimum, it gets
trapped in a new local minimum rather than rapidly decaying
to q = 0.

B. Long-lived q > 1 superflow

The data shown in Fig. 5 were obtained using a ring trap
of depth Vr ≈ 4 µ. In order to test the limits of supercurrent
metastability in our setup, we also perform experiments in a
very shallow trap, with Vr just above the chemical potential
µ [45]. Since the roughness of our trapping potential scales

FIG. 6. (Color online) Long-lived q = 3 superflow. R is plotted
as a function of hold time in a shallow ring trap, showing persistent
superflow for longer than a minute. The dashed lines are guides to
the eye, indicating the bands of R values corresponding to different q

states. The inset shows the decaying BEC atom number for the same
data set; the solid line is a double-exponential fit to the data.

with Vr , reducing the trap depth to ≈µ results in the smoothest
trap we can achieve. This makes the condensate density
almost perfectly uniform around the ring and minimizes the
probability of weak links where the local µ diminishes and the
phase slips are more likely [19].

In Fig. 6 we show the evolution of R for a superfluid
prepared in the q = 3 state and rotating in a shallow ring trap.
The nonzero superflow (R > 0) now persists for more than
a minute and decays only when the condensate itself decays
significantly (see inset of Fig. 6).

The radius R shows a weak dependence on the atom number
N , making the supercurrent quantization less striking than in
Fig. 5, where the fractional variation of N over the relevant
time scale is much smaller. However, we can still see that the R
values fall into distinguishable bands corresponding to q = 3,
2, and 1 states. This allows us to conclude that the q = 3 state is
perfectly stable for ∼40 s and can persist for up to a minute. We
have checked that the slow bending of the q bands with time is
just a consequence of the weak dependence of R on the decay-
ing N (for fixed q) by preparing the initial q = 3 state with de-
liberately reduced initial atom numbers. In similar experiments
in higher ! traps the lifetime of our BEC is shorter, but even
for ! = 10 we still observe superflow persisting for over 20 s.

V. DECAY DYNAMICS

For the rest of this paper we turn to a quantitative study of
the dynamics of the supercurrent decay for different superflow
speeds. We first assess the critical velocity for superflow in
our trap, comparing it with different theoretical calculations,
and then argue that stochastic phase slips are also observed for
flow below this critical velocity.

A. Critical velocity

Generally, as the number of atoms in a rotating BEC
slowly decays with time, superfluidity becomes less robust.
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int

(r̂)

E

E1

E2

E3

posi8on	
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  est-­‐elle	
  négligeable	
  ?	
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◆
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  d’émission	
  spontanée:	
   durée	
  de	
  vie	
  de	
  l’état	
  excité	
  ��1 :

Facteur	
  de	
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  :	
   M =
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Facteur	
  de	
  mérite	
  pour	
  les	
  alcalins	
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+
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◆
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✓
1

�2
� 1

�1

◆

M =
e↵

�

couplage	
  effec8f	
  

taux	
  d’émission	
  spontanée	
  

	
  Même	
  varia8on	
  avec	
  l’intensité	
  lumineuse	
  	
  	
  	
  	
  	
  	
  pour	
  	
  	
  	
  	
  	
  	
  	
  	
  et	
  	
  	
  	
  	
  	
  	
  :	
  	
  	
  	
  	
  	
  	
  	
  	
  n’en	
  dépend	
  donc	
  pas	
  e↵ �2 M

Désaccord	
  op8mal	
  :	
  	
  �1 ⇡ ��2

M ⇠ �s.f.

�

�structure fine�1

�2

P1/2

P3/2

Laser	
  

On	
  vise	
  typiquement	
  	
  ~e↵ ⇠ Erecul =
~2k2
2M

Bosons,	
  87Rb:	
  15	
  nK/seconde	
  :	
  	
  	
  marginal...	
   Fermions,	
  40K:	
  700	
  nK/s	
  	
  :	
  	
  trop	
  grand	
  !	
  

Sylvain	
  Nascimbène	
  



Lanthanides	
  (erbium,	
  dysprosium)	
  et	
  transi8ons	
  Raman	
  

Atomes	
  à	
  deux	
  électrons	
  externes	
  +	
  couche	
  interne	
  incomplète	
  	
  (bosons/fermions)	
  

Dysprosium	
  :	
  	
  6s2	
  	
  4f10	
  	
  à	
  comparer	
  à	
  Yb	
  :	
  6s2	
  	
  4f14	
  	
  	
  	
  	
  

4f10	
  6s2	
  

4f10	
  6s6p	
  

bleu	
  
405,419	
  
&	
  421	
  nm	
  

Raie	
  de	
  résonance	
  bleue	
  large	
  (30	
  MHz)	
  

4f95d	
  6s2	
  

rouge	
  
741	
  nm	
  

Raie	
  rouge	
  rela8vement	
  étroite	
  (2	
  kHz)	
  

Moment	
  ciné8que	
  orbital	
  non	
  nul	
  	
  (L = 6)	
  	
  
pour	
  l’état	
  fondamental	
  

Les	
  différents	
  sous-­‐niveaux	
  fondamentaux	
  
peuvent	
  être	
  couplés	
  par	
  une	
  transi8on	
  Raman	
  

Avec	
  un	
  laser	
  de	
  couplage	
  Raman	
  proche	
  de	
  la	
  raie	
  rouge,	
  on	
  aXeint	
  	
  
un	
  facteur	
  de	
  mérite	
  30	
  à	
  100	
  fois	
  meilleur	
  que	
  celui	
  du	
  rubidium	
  

Atomes	
  très	
  promeXeurs	
  pour	
  les	
  prochaines	
  généra8ons	
  d’expérience	
  

Sylvain	
  Nascimbène	
  



Plan	
  du	
  cours	
  

1.	
  Physique	
  dans	
  un	
  référen8el	
  tournant	
  

Force	
  de	
  Coriolis,	
  poten)el	
  centrifuge	
  

2.	
  Gaz	
  quan8que	
  en	
  rota8on	
  

Mise	
  en	
  évidence	
  de	
  la	
  rota)on,	
  rota)on	
  cri)que	
  

3.	
  Le	
  couplage	
  d’un	
  atome	
  au	
  rayonnement	
  

Atome	
  «	
  à	
  deux	
  niveaux	
  »,	
  transi)ons	
  Raman	
  
Quelles	
  sont	
  les	
  «	
  bonnes	
  »	
  espèces	
  	
  ?	
  

4.	
  Poten8els	
  géométriques	
  (vecteur	
  et	
  scalaire)	
  induits	
  par	
  la	
  lumière	
  

Les	
  premières	
  expériences	
  



Etats	
  habillés	
  dépendant	
  de	
  la	
  posi8on	
   Dum	
  &	
  Olshanii,	
  1996	
  

Hamiltonien	
  interne	
  de	
  l’atome	
  couplé	
  au	
  rayonnement	
  :	
  	
  
• 	
  	
  matrice	
  2 x 2 pour	
  le	
  cas	
  d’un	
  atome	
  «	
  à	
  deux	
  niveaux	
  »	
  
• 	
  	
  matrice	
  (2F+1) x (2F+1) pour	
  un	
  niveau	
  de	
  moment	
  ciné8que	
  F	
  (transi8ons	
  Raman)	
  	
  

Dépendance	
  par	
  rapport	
  à	
  la	
  posi3on	
  de	
  l’atome	
  :	
  
• 	
  	
  	
  de	
  la	
  phase	
  des	
  faisceaux	
  laser	
  
• 	
  	
  	
  de	
  leur	
  intensité	
  
• 	
  	
  	
  d’un	
  éventuel	
  gradient	
  de	
  polarisa8on	
  
• 	
  	
  	
  du	
  désaccord	
  si	
  les	
  niveaux	
  d’énergie	
  de	
  l’atome	
  varient	
  dans	
  l’espace	
  	
  

eik·r

/ |(r)|2
"(r)



Expressions	
  explicites	
  pour	
  un	
  atome	
  à	
  deux	
  niveaux	
  

Jg = 1/2

Je = 1/2

Je = 3/2
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  de	
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φ	
  :	
  angle	
  de	
  	
  
phase	
  

θ	
  :	
  angle	
  de	
  	
  
mélange	
  

tan ✓ = ||/�

Etats	
  habillés	
  :	
   | +i =
✓

cos(✓/2)
e

i�
sin(✓/2)

◆
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✓
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�e
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◆

A±(r) = �~
2

(1 ⌥ cos ✓) r� V±(r) =
~2
8M

h
(r✓)2 + sin2 ✓ (r�)2

i
Poten3el	
  vecteur	
  :	
  	
   Poten3el	
  scalaire	
  :	
  	
  

Il	
  faut	
  un	
  gradient	
  de	
  phase	
   Bosse	
  de	
  poten)el	
  là	
  où	
  	
  
les	
  états	
  habillés	
  varient	
  vite	
  



L’idée	
  de	
  Olshanii	
  &	
  Dum	
  :	
  u8liser	
  le	
  poten8el	
  scalaire	
  	
  

Dum	
  &	
  Olshanii	
  étaient	
  intéressés	
  par	
  le	
  poten8el	
  scalaire	
  pour	
  un	
  «	
  état	
  noir	
  »	
  

i~@�`

@t
=

"
(p̂�A`(r))

2

2M
+ E`(r) + V`(r)

#
�`(r, t)

A`(r) :

V`(r) :

poten8el	
  vecteur	
  

poten8el	
  scalaire	
  

Suivi	
  adiaba8que	
  de	
  l’état	
  habillé	
  	
  | `i

Pourtant,	
  un	
  atome	
  préparé	
  dans	
  cet	
  état	
  peut	
  ressen8r	
  une	
  force	
  si	
  	
  V`(r) 6= 0

Couplage	
  atome-­‐lumière	
  :	
  

|g1i |g2i

|ei

1 2

Sur	
  les	
  trois	
  états	
  habillés,	
  l’un	
  est	
  toujours	
  d’énergie	
  	
  	
  	
  	
  	
  	
  	
  nulle	
  	
  

| NCi / 2|g1i � 1|g2i

VA�L =
~1

2
|eihg1| +

~2

2
|eihg2| + h.c.

E`

VA�L| NCi = 0état	
  non-­‐couplé	
  ou	
  noir	
  :	
  



Première	
  mise	
  en	
  évidence	
  expérimentale	
  	
  
d’un	
  poten8el	
  géométrique	
  avec	
  des	
  atomes	
  froids	
  

Recherche	
  d’une	
  situa8on	
  à	
  «	
  état	
  noir	
  »	
  comme	
  dans	
  la	
  proposi8on	
  de	
  Dum	
  &	
  Olshanii	
  	
  

87Rb,	
  raie	
  D1	
  

|g, F = 2i

|e, F = 2i

On	
  peut	
  montrer	
  que	
  la	
  transi8on	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  présente	
  toujours	
  un	
  état	
  noir.	
  	
  |g, F = 2i $ |e, F = 2i

|e, F = 1i

La	
  présence	
  rela8vement	
  proche	
  de	
  l’état	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  vient	
  perturber	
  la	
  «	
  noirceur	
  »	
  de	
  l’état	
  	
  |e, F = 1i

Etat	
  gris	
  

DuXa	
  et	
  al.,	
  1999	
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FIG. 1. The lowest three adiabatic potentials En!z", n !
1, 2, 3 (left panel, solid lines), the gauge potential G1!z" (left
panel, dotted line), the band structure (middle panel), and the
level widths g of the Bloch states (right panel) for a 1D
linear ! linear optical lattice of 87Rb blue detuned by 6G
from the F ! 2 ! F0 ! 2 transition of the D1 line (single-
beam intensity I1 ! 4 mW#cm2, quasimomentum q in units
kL ! 2p#l).

F ! 2 to 2 linear ! linear case promising to measure both
tunneling and topological effects, because of the follow-
ing: (1) Magnitude and depth of the intensity-normalized
lowest potential, E1!z"#I1, are small !,1ER#!mW#cm2",
with recoil energy ER ! h̄2k2

L#2M. (2) For low intensi-
ties that still yield satisfactory lattice loading, the depth
of G1!z" exceeds the depth of E1!z". Figure 1 corre-
sponds to a typical experimental situation that meets this
condition. (3) At such intensities, the time scale of the
c.m. dynamics, $h̄#ER , still exceeds the time scale of the
internal dynamics, h̄#%E2!z" 2 E1!z"&, by a factor of about
10. Thus, the BOA should still be valid, i.e., there should
be no transitions from E1!z" to higher lying adiabatic po-
tentials. (4) We have calculated the band structure and the
decay-induced level widths of the lattice eigenstates (Bloch
states). Since the splitting of the lowest band ('1.5ER;
see middle panel of Fig. 1) exceeds its level widths (right
panel of Fig. 1) by about a factor of 10, we will be able to
observe a few tunneling oscillations.
In our experimental cycle, 87Rb atoms are collected in a

magneto-optic trap, precooled in an optical molasses, and
then loaded into a 1D gray optical lattice. The lattice is
blue detuned by d ! 6G from the D1 F ! 2 to 2 hfs
transition !l ! 795 nm". It takes $1 ms to cool most
atoms into the lowest potential E1!z"; our simulations
indicate that, at an intensity of about 5 mW#cm2, $60%
of the atoms are prepared in the lowest band of the lattice.
Atoms in wells with predominantly s1- (s2-)polarized
light, labeled s1- (s2-)wells in Fig. 1, are predominantly
in the jm ! 2( !jm ! 22(" state. To initiate observable
tunneling between the s1- and s2-wells of the lattice, the
repumping laser is turned off, and a s1-polarized laser,
which is colinear with the lattice beams and resonant with
the D2, F ! 2 to 2 transition, is turned on for 15 ms
(intensity $0.1 mW#cm2). This laser pulse (magnetizer)
removes most atoms from the s2-lattice wells by optical

pumping into the F ! 1 ground state, whereas the atoms
in the s1-wells survive.
A tunneling event from a s1-well into a s2-well is

associated with an exchange of 4h̄ angular momentum
between the atom and the lattice field, amounting to an
exchange of two photon pairs between the s1- and s2-
components of the lattice beams. Thus, utilizing the fact
that all $106 atoms in the lattice tunnel in phase, we
can measure the tunneling current by separating the lat-
tice beams after their interaction with the atoms into their
s-polarized components, and measuring the difference of
the intensities of the s1- and s2-components. Based on
the tunnel period and the area density of atoms, we es-
timate a maximum tunneling-induced intensity exchange
of order 1023I1 to 1024I1, as observed experimentally.
Our measurement of the tunneling current is real time and
nondestructive, and relies—as does the gauge potential
Eq. (1)—on the spatial modulation of ja1!z"(.
In Fig. 2, left panel, a set of experimental data taken

at different lattice intensities is shown. The curves show
prominent oscillations with a period of 150 to 200 ms;
these oscillations reflect the periodic tunneling current
of atoms trapped in the lowest band of the optical
lattice. The tunneling remains coherent over at least five
tunneling periods. At intensities above '5 mW#cm2,
a higher frequency periodic contribution of the total
signal is observed. As an example, the data taken at
10 mW#cm2 are displayed in more detail in Fig. 3,
curve (b). The higher frequency oscillations, which are
highlighted in Fig. 3 by vertical lines, are due to tunneling
on the first excited lattice band. This band has a larger
width than the lowest band, resulting in faster tunneling
oscillations. We simulated the experiment using quantum
Monte Carlo wave-function simulations (QMCWF) [11],
shown in the right panel of Fig. 2 and in Fig. 3, curves
(a) and (c). The QMCWF include the atomic hfs and
the magnetizer/repumping action, which are an essential
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FIG. 2. Experimental (left panel) and theoretical (right
panel) periodic well-to-well tunneling currents in a gray
linear ! linear optical lattice. The curves are offset from the x
axis by an amount proportional to the single-beam intensity I1,
the maximum value of which is 15.5 mW#cm2 (15 mW#cm2)
in the experiment (theory).
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FIG. 3. Theoretical (a) and experimental (b) results for the
tunneling current at I1 ! 10 mW!cm2. The derivative of the
magnetic-dipole autocorrelation function (c), d!dt""cjM̂#t 1
t$M̂#t$jc%%, exhibits a time dependence similar to (a) and (b).

part of this experiment. The agreement between theory
and experiment in both the long-period and short-period
oscillations is excellent.
To quantitatively relate our measured tunneling periods

to the band structure, we have calculated the contributions
of restricted portions of the full atomic density matrix,
as specified in Fig. 4, to the total tunneling current. The
current is strongly dominated by the coherence between
the upper and lower branches of the lowest band (see
Fig. 2), whereby atoms within a rather small q range
of &20.2kL, 0.2kL' produce most of the current. The
latter fact results mostly from the splitting of the lowest
band being stationary at q ! 0. Aside from its physical
interpretation, the left panel of Fig. 4 simply means that
the frequency of our measured slow tunneling oscillations
quantitatively equals the full width of the lowest band.
Based on this finding, in the right panel of Fig. 4 we
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FIG. 4. Left panel: tunneling currents obtained from QM-
CWF for I1 ! 5 mW!cm2 and d ! 6G. (a) Total current.
(b) Portion of (a) that results from coherences between upper
and lower branches of the lowest band. (c) Portion of (b) that
results from a quasimomentum range jqj , 0.6kL. (d) Portion
of (c) that results from a range jqj , 0.2kL. Note the phase
coherence of all curves (a) through (d ). Right panel: compari-
son of experimental values of the tunneling period (dots) with
theoretical values (bullets) extracted from band structure calcu-
lations (see text).

compare the tunneling time of the lowest band, extracted
from experiments (Fig. 2, left panel), with the value
1!bandwidth, obtained from band structure calculations,
for different lattice intensities. At the highest intensity the
tunneling period (= 1!bandwidth) is (200 ms. As we re-
duce the intensity, the tunneling period drops, as expected,
and passes a minimum of 150 ms at I1 ( 6 mW!cm2.
As the intensity is lowered below (3 mW!cm2, the
tunneling period displays a rather sharp increase, before
the tunneling current fades away due to the breakdown of
Sisyphus cooling (which we need to load the atoms into
the lattice). For intensities between (8 and (3 mW!cm2

the tunneling rate is practically constant. At first glance,
this is unexpected, as one is tempted to believe that the
tunneling period exponentially increases with the modu-
lation depth of the adiabatic potential E1#z$. However,
in light of the fact that the atoms experience an effective
potential E1#z$ 1 G1#z$ with an intensity-independent
gauge term G1#z$, we conclude that within the mentioned
intensity range the gauge potential dominates the adia-
batic potential. This finding is in accordance with our
calculations of adiabatic and gauge potentials (for an
example, see Fig. 1). At higher intensities, the adiabatic
potential E1#z$ takes over and causes the tunneling period
to increase with intensity. We suspect that the increase of
the tunneling period observed at low intensities is related
to the breakdown of the BOA.
As shown in Fig. 3, the steady-state magnetic-dipole

autocorrelation function, ""cjM̂#t 1 t$M̂#t$jc%%t , ob-
tained from separate, steady-state QMCWF with no
magnetizing laser, also carries the signature of tunneling
(the numerical technique is described in Refs. [11,12]).
This behavior demonstrates that the tunneling is accom-
panied by periodic spin flips and that, even in steady
state, the atoms permanently tunnel periodically between
the two types of lattice wells, thus establishing spatial
coherence over several wells. It may therefore be pos-
sible to observe the tunneling in polarization-selective
intensity correlation measurements of the weak resonance
fluorescence from the steady-state lattice [13].
The influence of small magnetic fields Bjj in the lat-

tice beam direction on the tunneling current is shown
in Fig. 5. As expected from the symmetry of the situ-
ation, the tunneling period depends only on the magni-
tude of Bjj, whereby it decreases with increasing jBjjj.
While our QMCWF confirms the observed effect, one
can qualitatively understand it using the simplified model
of a symmetric double-well potential. There, the split-
ting 2E0 between the energies of the symmetric and anti-
symmetric combinations of the single-well ground states
is given by the lowest band splitting at quasimomentum
q ! 0, which, as we have found above, quantitatively
corresponds to the slower, dominant tunneling frequency
observed in the lattice. Since the effect of the mag-
netic field on the lattice potential is to alternately lift or
lower the wells by amounts 6mBBjj, in the double-well

1936
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FIG. 1. The lowest three adiabatic potentials En!z", n !
1, 2, 3 (left panel, solid lines), the gauge potential G1!z" (left
panel, dotted line), the band structure (middle panel), and the
level widths g of the Bloch states (right panel) for a 1D
linear ! linear optical lattice of 87Rb blue detuned by 6G
from the F ! 2 ! F0 ! 2 transition of the D1 line (single-
beam intensity I1 ! 4 mW#cm2, quasimomentum q in units
kL ! 2p#l).

F ! 2 to 2 linear ! linear case promising to measure both
tunneling and topological effects, because of the follow-
ing: (1) Magnitude and depth of the intensity-normalized
lowest potential, E1!z"#I1, are small !,1ER#!mW#cm2",
with recoil energy ER ! h̄2k2

L#2M. (2) For low intensi-
ties that still yield satisfactory lattice loading, the depth
of G1!z" exceeds the depth of E1!z". Figure 1 corre-
sponds to a typical experimental situation that meets this
condition. (3) At such intensities, the time scale of the
c.m. dynamics, $h̄#ER , still exceeds the time scale of the
internal dynamics, h̄#%E2!z" 2 E1!z"&, by a factor of about
10. Thus, the BOA should still be valid, i.e., there should
be no transitions from E1!z" to higher lying adiabatic po-
tentials. (4) We have calculated the band structure and the
decay-induced level widths of the lattice eigenstates (Bloch
states). Since the splitting of the lowest band ('1.5ER;
see middle panel of Fig. 1) exceeds its level widths (right
panel of Fig. 1) by about a factor of 10, we will be able to
observe a few tunneling oscillations.
In our experimental cycle, 87Rb atoms are collected in a

magneto-optic trap, precooled in an optical molasses, and
then loaded into a 1D gray optical lattice. The lattice is
blue detuned by d ! 6G from the D1 F ! 2 to 2 hfs
transition !l ! 795 nm". It takes $1 ms to cool most
atoms into the lowest potential E1!z"; our simulations
indicate that, at an intensity of about 5 mW#cm2, $60%
of the atoms are prepared in the lowest band of the lattice.
Atoms in wells with predominantly s1- (s2-)polarized
light, labeled s1- (s2-)wells in Fig. 1, are predominantly
in the jm ! 2( !jm ! 22(" state. To initiate observable
tunneling between the s1- and s2-wells of the lattice, the
repumping laser is turned off, and a s1-polarized laser,
which is colinear with the lattice beams and resonant with
the D2, F ! 2 to 2 transition, is turned on for 15 ms
(intensity $0.1 mW#cm2). This laser pulse (magnetizer)
removes most atoms from the s2-lattice wells by optical

pumping into the F ! 1 ground state, whereas the atoms
in the s1-wells survive.
A tunneling event from a s1-well into a s2-well is

associated with an exchange of 4h̄ angular momentum
between the atom and the lattice field, amounting to an
exchange of two photon pairs between the s1- and s2-
components of the lattice beams. Thus, utilizing the fact
that all $106 atoms in the lattice tunnel in phase, we
can measure the tunneling current by separating the lat-
tice beams after their interaction with the atoms into their
s-polarized components, and measuring the difference of
the intensities of the s1- and s2-components. Based on
the tunnel period and the area density of atoms, we es-
timate a maximum tunneling-induced intensity exchange
of order 1023I1 to 1024I1, as observed experimentally.
Our measurement of the tunneling current is real time and
nondestructive, and relies—as does the gauge potential
Eq. (1)—on the spatial modulation of ja1!z"(.
In Fig. 2, left panel, a set of experimental data taken

at different lattice intensities is shown. The curves show
prominent oscillations with a period of 150 to 200 ms;
these oscillations reflect the periodic tunneling current
of atoms trapped in the lowest band of the optical
lattice. The tunneling remains coherent over at least five
tunneling periods. At intensities above '5 mW#cm2,
a higher frequency periodic contribution of the total
signal is observed. As an example, the data taken at
10 mW#cm2 are displayed in more detail in Fig. 3,
curve (b). The higher frequency oscillations, which are
highlighted in Fig. 3 by vertical lines, are due to tunneling
on the first excited lattice band. This band has a larger
width than the lowest band, resulting in faster tunneling
oscillations. We simulated the experiment using quantum
Monte Carlo wave-function simulations (QMCWF) [11],
shown in the right panel of Fig. 2 and in Fig. 3, curves
(a) and (c). The QMCWF include the atomic hfs and
the magnetizer/repumping action, which are an essential
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FIG. 2. Experimental (left panel) and theoretical (right
panel) periodic well-to-well tunneling currents in a gray
linear ! linear optical lattice. The curves are offset from the x
axis by an amount proportional to the single-beam intensity I1,
the maximum value of which is 15.5 mW#cm2 (15 mW#cm2)
in the experiment (theory).
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FIG. 3. Theoretical (a) and experimental (b) results for the
tunneling current at I1 ! 10 mW!cm2. The derivative of the
magnetic-dipole autocorrelation function (c), d!dt""cjM̂#t 1
t$M̂#t$jc%%, exhibits a time dependence similar to (a) and (b).

part of this experiment. The agreement between theory
and experiment in both the long-period and short-period
oscillations is excellent.
To quantitatively relate our measured tunneling periods

to the band structure, we have calculated the contributions
of restricted portions of the full atomic density matrix,
as specified in Fig. 4, to the total tunneling current. The
current is strongly dominated by the coherence between
the upper and lower branches of the lowest band (see
Fig. 2), whereby atoms within a rather small q range
of &20.2kL, 0.2kL' produce most of the current. The
latter fact results mostly from the splitting of the lowest
band being stationary at q ! 0. Aside from its physical
interpretation, the left panel of Fig. 4 simply means that
the frequency of our measured slow tunneling oscillations
quantitatively equals the full width of the lowest band.
Based on this finding, in the right panel of Fig. 4 we
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FIG. 4. Left panel: tunneling currents obtained from QM-
CWF for I1 ! 5 mW!cm2 and d ! 6G. (a) Total current.
(b) Portion of (a) that results from coherences between upper
and lower branches of the lowest band. (c) Portion of (b) that
results from a quasimomentum range jqj , 0.6kL. (d) Portion
of (c) that results from a range jqj , 0.2kL. Note the phase
coherence of all curves (a) through (d ). Right panel: compari-
son of experimental values of the tunneling period (dots) with
theoretical values (bullets) extracted from band structure calcu-
lations (see text).

compare the tunneling time of the lowest band, extracted
from experiments (Fig. 2, left panel), with the value
1!bandwidth, obtained from band structure calculations,
for different lattice intensities. At the highest intensity the
tunneling period (= 1!bandwidth) is (200 ms. As we re-
duce the intensity, the tunneling period drops, as expected,
and passes a minimum of 150 ms at I1 ( 6 mW!cm2.
As the intensity is lowered below (3 mW!cm2, the
tunneling period displays a rather sharp increase, before
the tunneling current fades away due to the breakdown of
Sisyphus cooling (which we need to load the atoms into
the lattice). For intensities between (8 and (3 mW!cm2

the tunneling rate is practically constant. At first glance,
this is unexpected, as one is tempted to believe that the
tunneling period exponentially increases with the modu-
lation depth of the adiabatic potential E1#z$. However,
in light of the fact that the atoms experience an effective
potential E1#z$ 1 G1#z$ with an intensity-independent
gauge term G1#z$, we conclude that within the mentioned
intensity range the gauge potential dominates the adia-
batic potential. This finding is in accordance with our
calculations of adiabatic and gauge potentials (for an
example, see Fig. 1). At higher intensities, the adiabatic
potential E1#z$ takes over and causes the tunneling period
to increase with intensity. We suspect that the increase of
the tunneling period observed at low intensities is related
to the breakdown of the BOA.
As shown in Fig. 3, the steady-state magnetic-dipole

autocorrelation function, ""cjM̂#t 1 t$M̂#t$jc%%t , ob-
tained from separate, steady-state QMCWF with no
magnetizing laser, also carries the signature of tunneling
(the numerical technique is described in Refs. [11,12]).
This behavior demonstrates that the tunneling is accom-
panied by periodic spin flips and that, even in steady
state, the atoms permanently tunnel periodically between
the two types of lattice wells, thus establishing spatial
coherence over several wells. It may therefore be pos-
sible to observe the tunneling in polarization-selective
intensity correlation measurements of the weak resonance
fluorescence from the steady-state lattice [13].
The influence of small magnetic fields Bjj in the lat-

tice beam direction on the tunneling current is shown
in Fig. 5. As expected from the symmetry of the situ-
ation, the tunneling period depends only on the magni-
tude of Bjj, whereby it decreases with increasing jBjjj.
While our QMCWF confirms the observed effect, one
can qualitatively understand it using the simplified model
of a symmetric double-well potential. There, the split-
ting 2E0 between the energies of the symmetric and anti-
symmetric combinations of the single-well ground states
is given by the lowest band splitting at quasimomentum
q ! 0, which, as we have found above, quantitatively
corresponds to the slower, dominant tunneling frequency
observed in the lattice. Since the effect of the mag-
netic field on the lattice potential is to alternately lift or
lower the wells by amounts 6mBBjj, in the double-well
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Bilan	
  (provisoire)	
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