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En 1924, en s’appuyant sur les travaux de Satyendranath Bose, Albert
Einstein découvrit que des bosons sans interaction, à haute densité et à très
basse température, subissent une transition de phase : une fraction macro-
scopique des bosons vient s’accumuler dans le niveau de plus basse énergie.
Cette condensation dite de Bose-Einstein a été observée dans un gaz dilué
pour la première fois en 1995, le prix Nobel 2001 vient de récompenser les
pionniers de ce domaine de recherche.

Dans ce mémoire de thèse nous commençons par décrire les diverses tech-
niques utilisées dans notre expérience pour ralentir, piéger et refroidir les
atomes. L’évolution de la densité spatiale n0 et de la longueur d’onde ther-
mique de de Broglie ΛT au cours des différentes étapes est représentée sur la
figure 1. La condensation est atteinte lorsque n0 Λ3

T > 2,612.
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Fig. 1 – Odyssée dans l’espace des phases : de la vapeur thermique au conden-
sat de Bose-Einstein. Au total, la densité spatiale n0 n’a pratiquement pas
changée mais la température T est passée de 400 K à 400 nK.

Nous utilisons des atomes de rubidium 87. Après la phase de prérefroidis-
sement par laser, les atomes sont transférés dans un piège magnétique. Nous
pouvons choisir de les piéger dans l’état |F = 1, mF = −1〉 ou dans l’état
|F = 2, mF = +2〉.

Une originalité de notre dispositif expérimental réside dans l’utilisation de
matériaux ferromagnétiques pour générer le piège magnétique. Notre électro-
aimant nous oblige à travailler avec un champ magnétique de l’ordre de la
centaine de Gauss au centre du piège, au lieu de seulement quelques Gauss
dans les dispositifs utilisant des bobines.

1



Position (µm)
200 400 600 800 10000 1200

E
ne

rg
ie a

a

a

a

b

b

b

b

c

c

c

c

Fig. 2 – Positions dans le piège des transitions radio-fréquence utilisés dans
F = 2. Les trois transitions connectant mF = +2 au sous-niveau anti-
piégeant mF = −1 sont représentées en noir.

La dernière étape utilisée pour atteindre la condensation de Bose-Einstein
est le refroidissement évaporatif. Cette technique de refroidissement consiste
simplement à expulser du piège les atomes les plus énergétiques, l’énergie
moyenne par atome piégé diminue et après rethermalisation, la température
diminue.

L’expulsion des atomes est réalisée à l’aide d’une onde radio-fréquence qui
fait passer les atomes d’un sous-niveau Zeeman piégeant à un sous-niveau Zee-
man anti-piégeant. Lorsqu’il existe plusieurs sous-niveaux Zeeman piégeants,
l’utilisation de champs forts conduit à une interruption de l’évaporation en
deçà d’une certaine température. Ce problème vient de ce que les fréquences
de transition entre les différents sous-niveaux Zeeman adjacents ne sont pas
égales à cause de l’effet Zeeman non-linéaire.

Le problème se pose dans F = 2, pour le résoudre, nous avons réalisé
l’évaporation avec trois fréquences rf. Ces trois fréquences sont choisies pour
permettre de passer dans l’état anti-piégeant |F = 2, mF = −1〉, comme le
montre la figure 2. En revanche dans F = 1, le problème ne se pose pas car
le premier sous-niveau Zeeman adjacent est légerement anti-piégeant, il est
donc possible d’obtenir des condensats de Bose-Einstein avec une fréquence
rf unique.

Une autre solution pour atteindre la condensation dans |F = 2, mF =
+2〉 consiste à piéger simultanément des atomes dans |F = 1, mF = −1〉
et dans |F = 2, mF = +2〉, et à évaporer |F = 1, mF = −1〉. Les atomes
dans |F = 2, mF = +2〉 sont simplement refroidis par contact thermique,
cette méthode porte le nom de refroidissement sympathique. Nous avons
développé un modèle pour décrire la thermalisation entre les deux espèces
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Fig. 3 – Résultat du refroidissement sympathique en fonction de η et de du
rapport N2/N

c
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mesurés pour η � 6,5.

via les collisions élastiques. Il permet de comparer le temps de thermalisation
inter-espèce (refroidissement sympathique) au temps de thermalisation intra-
espèce (refroidissement évaporatif). Dans notre cas, tant que le recouvrement
spatial des deux nuages est suffisant, les deux gaz restent thermalisés tout au
long du processus de refroidissement.

Le refroidissement sympathique est une technique très générale qui dé-
passe notre cas particulier, par exemple, avec cette technique, des fermions
ont été refroidis jusqu’à l’obtention d’une mer de Fermi.

Nous avons identifié expérimentalement plusieurs scénarios en fonction
du nombre d’atomes N2 présent dans l’état |F = 2, mF = +2〉. Pour des
conditions initiales données nous mesurons trois nombres critiques Na

2 , N b
2 et

N c
2 , les différents régimes observés sont résumés sur la table suivante :

N2 < Na
2 : condensation des deux gaz, F = 1 en premier

Na
2 < N2 < N b

2 : condensation des deux gaz, F = 2 en premier
N b

2 < N2 < N c
2 : condensation de F = 2 seulement

N c
2 < N2 : pas de condensation possible

Un modèle thermodynamique très simple permet d’expliquer nos obser-
vations. La figure 3 donne le résultat de la séquence de refroidissement en
fonction du rapport N2/N

c
2 et du paramètre d’évaporation η = εt

kBT
(où εt

représente l’énergie au delà de laquelle les atomes sont évaporés).
Enfin nous nous sommes intéressés à la production de faisceaux d’atomes
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a) b)

Fig. 4 – Atomes extraits d’un nuage condensé pendant 10 ms à partir d’une
onde rf modulée en fréquence. Le condensat est décalé à cause d’un effet Stern
et Gerlach à la coupure du champ magnétique de piégeage. L’amplitude de
modulation est de 100 kHz. a) La fréquence de modulation est de 230 Hz.
b) La fréquence de modulation est de 2 kHz.

extraits de gaz ultra-froids. Une onde radio-fréquence résonnante dans le
condensat permet de transférer continuement une petite fraction des atomes
vers un état non-piégeant. Ces atomes tombent alors sous l’effet de la gravité
et forment ce qui est appelé un laser à atomes.

La production de tels faisceaux requiert une grande stabilité du champ
magnétique de piégeage. Notre électro-aimant agit comme un blindage ma-
gnétique qui protège les atomes des fluctuations du champ magnétique exté-
rieur. En revanche l’utilisation de champs forts demande une stabilité relative
importante des courants d’excitation (de l’ordre de 10−4).

En modulant la fréquence de la rf, nous avons pu régulariser le flux de sor-
tie du faisceau d’atomes extrait lorsque la stabilité n’était pas suffisante pour
extraire les atomes avec une fréquence fixe. Dans une description classique,
nous pouvons considérer que les atomes sont extraits par paquets. Si la fré-
quence de modulation est assez importante, beaucoup de paquets sont émis
par unité de temps et les paquets d’atomes se recouvrent. Lorsque l’ampli-
tude de la modulation est supérieure à l’amplitude des fluctuations du champ
magnétique, le flux du faisceau de sortie est insensible aux fluctuations du
champ (voir la figure 4.a). Si la fréquence de modulation est faible, les pa-
quets d’atomes émis ne se recouvrent pas et nous observons une modulation
du flux du faisceau de sortie (voir la figure 4.b). Pour un faisceau issu d’un
condensat de Bose-Einstein, cette modulation peut-être interprétée en terme
d’interférences entre les différentes fonctions d’onde de sortie.
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Ècart ‡ la frÈquence moyenne de couplage  (kHz)
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Interrupted evaporative cooling of 87Rb atoms trapped in a high magnetic field
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Radio-frequency-induced evaporative cooling of87Rb atoms in theF52, m52 ground state in a magnetic
trap with a high bias field is found to be hampered, and eventually interrupted, by the presence of nonlinear
Zeeman shifts. An experiment studying evaporation at a fixed adjustable rf frequency was used to illustrate this
effect. These nonlinear shifts prevent us from reaching quantum degeneracy in theF52, m52 ground state;
however, evaporation in theF51, m521 ground state is not adversely affected, and we can produce a
Bose-Einstein condensate~BEC!. Our analysis shows that this effect can play a role in many BEC experiments.
@S1050-2947~99!50909-8#

PACS number~s!: 32.80.Pj, 03.75.Fi, 32.60.1i
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Radio-frequency-induced evaporative cooling@1,2# of
magnetically trapped neutral atoms has proved to be an
cient way to achieve Bose-Einstein condensation~BEC! in
dilute gases@3–5#. It consists of removing the most energe
atoms from the trap by coupling a radio-frequency field
trapping state (F,m), whose potential is minimum at th
center of the trap, to a nontrapping state (F,m8), whose
potential is maximum at the center of the trap. For a sm
trapping magnetic field, as in most experiments, the Zeem
effect is linear, and the rf couplings between adjacent Z
man sublevels (uDmu51) result in a multiphotonic transition
from the trapping state to a nontrapping state, allowing e
cient forced evaporation. In this paper, we show that in
magnetic trap with a high magnetic field, where the Zeem
splitting is no longer negligible compared to the ground-st
hyperfine structure, the evaporation process can be adve
affected, initially by a reduced evaporation efficiency a
eventually by a complete interruption of the evaporation p
cess. With the aid of a complementary experiment, we p
out the dramatic role of the nonlinear component of the Z
man shift on the evaporation scheme. This allows us to
derstand the interruption of evaporation and the failure
achieve BEC with87Rb atoms in theF52, m52 ground
state in a magnetic field of 150 G, and our ability to obtain
in the F51, m521 ground state.

This effect is of importance for BEC experiments usi
high-field magnetic traps, or atoms with small hyperfi
structure. It may also play a role in lines of experimen
activity in BEC which investigate the effect of large ma
netic fields on atomic properties; for instance, the study
Feshbach resonances.

We will focus here on a Ioffe-type trap, which consists
a superposition of a linear quadrupole field and dipole fi
that is, respectively, perpendicular and parallel to thez axis.
The magnitude of the total magnetic field can be appro
mated by

uBu5B5B01S B82

2B0
2

B9

2 D ~x21y2!1B9z2. ~1!
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The resulting Zeeman shift provides an anisotropic trapp
potential for low-field-seekingm states.

A fast thermalization is a key condition for an efficie
evaporative cooling. It relies on the ability to increase t
elastic collision rate by compression of the atomic clou
The most widely used means to increase the stiffness of
trapping potential is to partially cancel the bias fieldB0 . As
seen in Eq.~1!, this increases the radial curvature alongx and
y without changing the axialz curvature. In most experi-
ments, typical values of the compensated bias field are of
order of a few gauss, and the Zeeman shift is linear in
magnetic field.

In our trap, based on the use of ferromagnetic mater
@6#, we radially compress the atomic cloud by increasing
gradientB8 without modifying the bias field. This obliges u
to evaporate in a high bias field, for which the Zeeman s
is no longer linear in the magnetic field. Defining

«5
mBB

2\vhf
5

vL

vhf
,

wherevL is the linear Zeeman shift between adjacent s
levels, andvhf the hyperfine splitting of the ground state, w
may write the Zeeman shift for87Rb to second order in« as

EF,m~«!5EF1~21!F$\vhfm«1\vhf~42m2!«2%. ~2!

When the quadratic term in Eq.~2! is negligible, all the rf
couplings between adjacent Zeeman sublevels are resona
the same location in the trap@Fig. 1~a!#. Thus, for a large
enough rf power, any atom trapped in the upper trapp
state, traveling from the center of the trap and crossing
resonance~rf knife!, experiences an adiabatic passage to
lower nontrapping state, and is expelled from the trap.
contrast, in the case of a high bias field, the rf couplings
not resonant at the same location because of the quad
Zeeman effect@see Fig. 1~b!#. Depending on the hyperfine
state, this effect leads to different scenarios, which we h
experimentally investigated.
R1759 ©1999 The American Physical Society
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FIG. 1. Zeeman shift in a quadratic magnet
trap. In the linear approximation~a!, the rf cou-
plings between adjacent sublevels are resonan
the same location~rf knife, in white arrows!.
When the quadratic Zeeman effect is not neg
gible ~b!, the resonance points of the rf coupling
are separated in space~black arrows!. For the
sake of clarity, the role of the Zeeman quadra
shift has been exaggerated.
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Our experimental scheme uses a highly confining ir
core electromagnet described elsewhere@6#. Recent improve-
ments, including lamination of the pole pieces and the yo
greatly reduce eddy currents, and allow us to switch off
field within 1 ms. The power consumption is 4 W per coil for
a gradientB85900 G/cm, and the maximum gradient
saturation is 1400 G/cm. The ability to produce large gra
ents compensates the fact that the bias fieldB0 cannot be
reduced without also reducing the dipole curvatureB9. The
ratio B0 /B9 is fixed by construction to 1 cm2. The electro-
magnet is placed around a glass cell of inner volume 131
34 cm3, pumped with a ion pump and a titanium sublim
tion pump. We load a magneto-optical trap~MOT! from a
Zeeman slowed atomic beam, then switch to a forced d
MOT @7#. We obtain 83108 atoms at a density of 1.5
31011cm23. After additional molasses cooling, we optical
pump the atoms into either theF52, m52 or theF51, m
521 state. We then switch on the electromagnet in a c
figuration matching the phase-space density of the ato
cloud. The bias fieldB0 is then fixed to;150 G forF52, or
to ;190 G for F51. At the end of this loading procedure
the trap containsN543108 atoms at a temperature of 10
mK, with a peak density of 531010 cm23. All this informa-
tion is obtained by absorption imaging on a charge-coup
device camera.

We first present the effect of the quadratic Zeeman s
on the evaporation of an atomic cloud magnetically trapp
in the F52, m52 state. At a bias field of about 150 G, th
transition frequency between the sublevelsm and m21 at
the center of the trap@see Fig. 1~b!# is, from Eq.~2!,

vm˜m215106.51~1.52m33! MHz32p. ~3!

Because these transition frequencies decrease withm, the
atoms inm52 can be transferred to the intermediate tra
ping statesm51 andm50 @8# without reaching the nontrap
ping statesm521 and m522. To demonstrate this, w
apply a fixed rf knife, close to the resonance frequenc
vm˜m21 at the center of the trap, for 5 s. The rf power
adjusted for an efficient transfer between sublevels. Then
turn off the trap and image the cloud. As the stiffness of
potential depends onm, the size of the cloud is an indicatio
of the internal state of the atoms. Figure 2 shows a plot of
size of the cloud as a function of the rf frequencyv rf/2p. It
-
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features three discontinuities that indicate different final Z
man sublevels of the atoms. Whenv rf,v2˜1 , no transition
is possible at any point of the trap, and the cloud of atoms
m52 is left unchanged. Whenv2˜1,v rf,v1˜0 , the m
52 andm51 sublevels are coupled, and a significant fra
tion of the atoms is transferred in them51 sublevel. As the
stiffness of the potential form51 is smaller than form
52, the cloud is broader. Similarly, whenv1˜0,v rf
,v0˜21 , the m52, m51, and m50 sublevels are con
nected, and a macroscopic population builds up in them
50 sublevel. This results in a broad cloud, since them50
sublevel is a weakly trapping state, with a smaller cloud
atoms in them52 andm51 states. Finally, whenv0˜21
,v rf , m52 is connected to the nontrapping statem521
via m51 andm50, evaporation occurs, and we observe
small cloud of cold atoms inm52. The frequency difference
between the discontinuities of 3 MHz in Fig. 2 agrees w
Eq. ~3!. We also checked that it scales asB0

2 by performing
the same experiment for different values of the bias field

This preliminary experiment suggests that forced eva
rative cooling will be subject to unwanted effects as the
knife gets close to the bottom of the potential well. This

FIG. 2. Measured size of an atomic cloud magnetically trapp
in theF52, m52 state after the application of a 5-s fixed rf knif
as a function of the rf frequency. We give the rms width of t
fitting Gaussian. When a double structure clearly appears, as sh
in the inset, we use a double Gaussian fit and report both rms wi
~white circles and boxes!.
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FIG. 3. Adiabatic potentials of the Zeema
sublevels of theF52 hyperfine state, dressed b
the rf field, in a quadratic magnetic trap. The in
set is a global view of the trap, while the mai
figure shows the rf knife region. It features one
the most direct paths for an atom to escape fro
the trap~dashed line!. At point Q, the multipho-
tonic coupling is too small for the atom to follow
the adiabatic potential. At pointsB and C, the
atom follows the avoided crossing. At pointsA
and D, the atom crosses the avoided crossi
once, and avoids it the other time.
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confirmed by the observation of an interruption in the eva
ration of a cloud of atoms in theF52, m52 state in the
following experiment. After the transfer to the magnetic tra
we adiabatically compress the atoms by increasing the
dient B8 to 900 G/cm, the oscillation frequencies are
Hz32p along the dipole axis, and 90 Hz32p along both
quadrupole axes. The temperature of the atomic cloud
creases to 300mK with a collision rate of 30 s21. With our
trap lifetime of 40 s, the condition for a successful runaw
evaporation is fulfilled@1#. Indeed, while ramping down th
rf frequency from 130 MHz to a value close to 110 MHz, w
initially observe that the optical thickness of the sample
creases, which is a clear indication of the runaway cool
regime. We can cool down the sample to about 50mK until
v rf becomes equal tov0˜21 . Then the atoms can no longe
be transferred to a nontrapping state, and cooling stops. I
proceed, a broad cloud of atoms in theF52, m50 state
appears around the cloud of atoms in theF52, m52 state.

A more subtle consequence of the separation of the v
ous transition frequencies hinders the evaporation from
very beginning of the cooling. As soon as the rf is applie
the atoms accumulate in the intermediate sublevelsm51
and m50. To understand this effect, we consider the ad
batic potentials of an atom inF52 dressed by the rf pho
tons, shown in Fig. 3. Due to the presence of the nonlin
component of the Zeeman shift, the crossings between
ferent magnetic sublevels do not occur at the same loca
in the trap. At a crossing between two adjacent sublev
(uDmu51), the rf coupling, characterized by a matrix el
mentC, causes a splitting~avoided crossing! of the order of
C, clearly visible in the figure. On the other hand, at cro
ings whereuDmu>2, the splitting is much smaller thanC, as
the quadratic term of the Zeeman shift 2\vhf«

2 ~correspond-
ing to a few MHz! is greater than the matrix elementC
~typically 10 kHz! @9#. At the crossing between adjacent su
levels, atoms at a temperature of 300mK or less follow the
dressed state with a~Landau-Zener! probability of the order
of 1, and experience a change of magnetic suble
(uDmu51). By contrast, the probability of adiabatic follow
ing at crossings whereuDmu>2 is negligible for tempera-
tures greater than 300 nK, and the atoms make a nona
batic passage and remain in the same magnetic subleve
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This means that the sublevel changes are significant o
at crossings between adjacent sublevels. As an immed
consequence, an atom requires successiveuDmu51 transi-
tions to escape the trap. Figure 3 features one of the m
direct paths for an atom to reach a nontrapping state. It
be seen that the atom needs several adiabatic and non
batic passages. As a result, the best evaporation efficien
obtained for roughly equal probabilities of adiabatic a
nonadiabatic passage, which entails the existence of an
mum of the rf power. We experimentally checked that t
phase-space density obtained after the evaporation sho
maximum as a function of the rf power. Nonetheless, sin
the optimized probability of transfer between the adjac
sublevels is of the order of 1/2, a macroscopic population
the m51 andm50 states grows during the evaporation.
strong indication of this is the observation of a heating o
mK/s of them52 cloud, when we remove the rf knife at th
end of the evaporation ramp, just beforev0˜21 is reached.
This heating may be understood as a thermalization betw
the cold atoms inm52 and fast atoms that have accum
lated in m50. Inelastic collisions will also heat the cloud
For instance, a spin exchange collision of the form (m51)
1(m51)˜(m50)1(m52), though its collision rate may
be low @10#, releases an energy 2\vhf«

2'150mK.
In contrast to evaporation inF52, forced evaporative

cooling for atoms trapped inF51, m521 is not adversely
affected by the quadratic Zeeman effect. Asv21˜0,v0˜1
and them50 state is a nontrapping state@Eq. ~2!#, the atom
can be expelled from the trap following a single adiaba
potential~Fig. 4!, and the usual evaporative cooling schem
is unhindered. The restriction on the upper value of the
power mentioned for theF52 case does not apply here. F
atoms loaded in theF51 state, after adiabatic compressio
by increasing the gradientB8 to 1200 G/cm, the oscillation
frequencies are 18 Hz32p along the dipole axis and 75 H
32p along both quadrupole axes. By ramping down the
frequency from 160 to 130 MHz, we could successfully co
down the sample, and we observed the BEC transition
temperature of;300 nK. With further cooling, we obtained
a quasipure condensate of a few 105 atoms.

In conclusion, the quadratic Zeeman effect can seve
affect evaporative cooling in the upper hyperfine state
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87Rb, because the rf couplings between adjacent suble
(uDmu51) do not occur at the same location. The most o
vious effect is the interruption of the coupling between t
trapping and nontrapping states before the atoms reach
degeneracy regime. A second effect occurs before this s
ation is reached: evaporation requires successiveuDmu51
transitions with a probability of less than 1. This results in
reduced evaporation efficiency@11#, and a macroscopic
population of hot atoms builds up in the intermediate subl
els. This second effect may become important when the q

FIG. 4. Adiabatic potentials of the Zeeman sublevels of theF
51 hyperfine state, dressed by the rf field, in a quadratic magn
trap. The dashed line shows the trajectory of an escaping atom
follows the adiabatic potential at each avoided crossing.
s.

s

an

et
J

n,
tt.

ll
ls
-

he
u-

-
a-

dratic Zeeman term 2\vhf«
2 is not negligible compared to

the rf couplingC; here the anticrossings for adjacent suble
els do not merge into a single anticrossing. For a coupl
C/h of 10 kHz, the field at which both terms are equal is 4
for 23Na, and 8 G for87Rb. For a time-averaged orbitin
potential trap, the rotating bias field can easily be of t
order of 10 G, which is close to this value. Even in expe
ments with a compensated bias field, evaporation starts
position in the trap where the magnetic field is of the order
10 G. In both cases, the resulting macroscopic populatio
the intermediate levels can have dramatic effects if the
elastic collision rate is important, as pointed out in@10#.

Several strategies can circumvent the adverse co
quences of the quadratic Zeeman effect and achieve effic
forced evaporative cooling of87Rb in F52. First, one could
use several rf frequencies, in order to induce a direct tra
tion from m52 to m521. Another solution would be to us
the 6.8-GHz microwave transition fromF52, m52 to the
nontrapping stateF51, m51. Such a hyperfine microwav
evaporation was implemented in the experiments carried
7Li @4#. On the other hand, the quadratic Zeeman effect l
the degeneracy of the rf transitions, which can be a powe
tool to manipulate the spin of the trapped atoms, and to
dress separately the different spin transitions.

This work was supported by the CNRS, EU~No. ERB
FMRX-CT96-0002!, MENRT, Région Ile de France. S.G.M
acknowledges support from Ministe`re des Affaires Etran-
gères.
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Multifrequency evaporative cooling to Bose-Einstein condensation in a high magnetic field
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We demonstrate a way to circumvent the interruption of evaporative cooling observed at high bias field for
87Rb atoms trapped in the (F52,m512) ground state. Our scheme uses a three-frequency rf knife achieved
by mixing two rf frequencies. This compensates part of the nonlinearity of the Zeeman effect, allowing us to
achieve Bose-Einstein condensation where the standard one-frequency rf knife evaporation method did not
work. We are able to get efficient evaporative cooling, provided that the residual detuning between the
transition and the rf frequencies is smaller than the power broadening of the rf transitions at the end of the
evaporation ramp.

PACS number~s!: 03.75.2b, 32.60.1i, 32.80.Pj, 32.80.Wr
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Forced evaporative cooling of atoms@1,2# in a magnetic
trap is at the moment the only known way to achieve Bo
Einstein condensation~BEC! @3–5#. Particles with energy
significantly larger than the average thermal energy are
moved from the trap and the remaining ones thermalize
lower temperature by elastic collisions. For that, a rad
frequency~rf! magnetic field is used to induce a multiphoto
transition from a trapping state to a nontrapping state
all intermediate Zeeman sublevels. Atoms moving in the t
with sufficient energy can reach the resonance point~rf
knife! and exit the trap. If the rf frequency is decreas
slowly enough, and no other process is hampering the for
evaporation, the increase of the phase-space density obta
by this method eventually leads to Bose-Einstein conden
tion.

In a previous publication@6#, we reported that rf forced
evaporative cooling of87Rb atoms in the (F52,m512)
ground state in a magnetic trap with a high bias field
hindered and eventually interrupted. Our interpretation
this phenomenon is based on the nonlinear terms of the
man effect that lift the degeneracy of transition frequenc
between adjacent Zeeman sublevels. This interpretatio
supported by numerical calculations@7#. Interrupted evapo-
rative cooling in a large magnetic field is a serious probl
in several situations, which is interesting for practical re
sons — like the use of permanent magnets@8# or of an iron
core electromagnet such as the one described in@9#. High-
magnetic-field evaporation is also important in connect
with Feshbach resonances@10–13#. In this paper, we dem
onstrate that it is possible to achieve efficient evapora
cooling in a high magnetic field by use of a multifrequency
knife allowing a multiphoton transition to take place acro
nonequidistant levels. We show that, for our range of m
netic fields, it is possible to use a simple experimen
scheme where the three required frequencies are obtaine
rf frequency mixing yielding a carrier and two sidebands

We focus in this paper on87Rb in theF52 manifold of
the electronic ground state. Atoms are initially trapped in
m512 state. Our high bias field magnetic trap follows t
Ioffe-Pritchard scheme. To the second order in position@see
Eq. ~1! in @6##, the magnetic field modulusB has a three-
dimensional quadratic dependence allowing trapping, plu
1050-2947/2000/62~2!/021601~4!/$15.00 62 0216
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bias fieldB0 between 50 and 200 G. This is much larger th
in most other experiments whereB0 can be independently
adjusted, and is set typically at 1 G@14#. In a large magnetic
field, the nonlinear terms are not negligible in the Zeem
shifts given by the Breit-Rabi formula

Em~B!5mgImnB1
\vHF

2
~A11mj1j221!, ~1!

with

j5
~gSmB1gImn!B

\vHF
.

HeregS.2.002 andgI.1 are, respectively, the Lande´ factor
for the electron and the nucleus,mB and mn are the Bohr
magneton and the nucleus magneton, andvHF ~2p36834.7
MHz! is the hyperfine splitting.

Compared to the low-magnetic-field case@1,2#, the evapo-
ration process changes drastically. At a given magnetic fi
the spacings between adjacent sublevels (uDmu51) are not
equal and the direct multiphoton transition from trapping
nontrapping states becomes negligible. Evaporation of
atoms can only happen via a sequence of one-photon tra
tions of limited efficiency~see Fig. 8 in@15#! that are sepa-
rated in space. This results in long lasting atoms in them
511 andm50 states@16# that are responsible for hindere
evaporative cooling. Moreover, transitions to nontrapp
states are suppressed at the end of the evaporation r
leading to an interruption of cooling before BEC is reache

To overcome these limitations, three distinct rf fields c
be used to induce a direct three-photon transition from
m512 trapping state to them521 nontrapping state. At a
magnetic fieldB, the three rf frequencies must match th
transition frequencies defined by

v02dv085~E22E1!/\,

v05~E12E0!/\, ~2!

v01dv05~E02E21!/\,

with Em taken from Eq.~1!.
©2000 The American Physical Society01-1
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Figure 1 represents all possible transitions induced
these three rf frequencies in the magnetic trap. At posit
K, each rf field is resonant with a given transition: t
smallest rf frequency with the (m512)→(m511)
transition, the intermediate frequency with the (m511)
→(m50) transition, and the largest frequency with t
(m50)→(m521) transition; this is where the three
photon transition occurs. Because of the ordering of
three rf frequencies, the points where one-photon transit
can be induced fromm512 to m511 by the two larger
frequencies are located beyondK ~the multiphoton knife!.
Consequently, during the evaporation, hot atoms will fi
encounter the three-photon knife and be expelled from
trap, provided that the rf power is large enough to ena
efficient multiphoton adiabatic passage to the nontrapp
statem521.

The discussion above shows that, in principle, the mu
frequency evaporation requires a synchronized nontri
sweep of three different frequencies in the 100-MHz ran
with an accuracy of a few kHz~see below!. We have rather
implemented a simplified scheme where the three frequ
cies are obtained by mixing a carrier at frequencyv rf with a
smaller frequencydv rf . We then obtain three equally space
radio-frequency fields:v rf2dv rf , v rf , and v rf1dv rf , of
approximately the same power~as checked with a spectrum
analyzer!. Since in generaldv0 anddv08 are slightly differ-
ent, the rf frequencies will not exactly match the transiti
frequencies of Eq.~2!. Nonetheless, they compensate t
second-order~quadratic! term of the Zeeman shift, an
should work under certain conditions discussed below.

At the position where the three-photon transition is re
nant, the carrier frequencyv rf will verify

FIG. 1. Implementation of the three-frequency rf knife to evap
rate in a high magnetic field. All possible transitions are rep
sented. Evaporation happens atK via a three-photon transition reso
nant in the intermediate states.
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3v01dv02dv0853v rf , ~3!

but there will be a residual detuning for each one-photon s
of the multiphoton transition. For example, the optimu
dv rf that maximizes the multiphoton transition probabili
will be

dv rf5
dv01dv08

2
~4!

and the residual detunings for each intermediate steps o
three photons transition are then both equal to

D5
dv02dv08

6
. ~5!

If the Rabi frequencyV rf associated with each one-photo
transition is significantly larger than the residual detuningD,
the multiphoton transition is quasiresonant in the interme
ate levels, leading to an effective Rabi frequencyVeff
}V rf . If on the other handV rf is smaller thanD, the effec-
tive Rabi frequency is

Veff}
V rf

3

D2
~6!

and the multiphoton transition is inefficient for evaporatio
we are then in the scheme of hindered and interrupted ev
ration. We therefore expect that our scheme will be effici
for small enough magnetic field when the residual detun
D is smaller than the one-photon Rabi frequencyV rf .

Table I gives the values of the Zeeman shifts and
differencedv02dv08 for various magnetic fields. For the r
power used in this scheme, the one-photon Rabi freque
V rf is of the order of 10 kHz, and the discussion abo
shows that our simplified three-frequency knife evaporat
scheme should work for magnetic fields significantly le
than 100 G. This is what we observe: it is impossible
achieve BEC in bias fields of 207 and 110 G, but BEC
obtained in a trap with a bias field of 56 G by using
appropriate sideband splittingdv rf that is kept constan
while ramping down the carrier frequencyv rf .

Figure 2 shows the effect of the sideband splittingdv rf at
a bias field value of 56 G. We have plotted the number
condensed atoms as a function ofdv rf , all other parameters
being kept unchanged. This is a good indication of the e
ciency of the evaporation. The curve shows a maximum
dv rf52p30.45 MHz. This value verifies Eq.~4! for a mag-
netic field of 56.6 G. This magnetic field corresponds to

-
-

TABLE I. Zeeman effect for different magnetic fields, calculated from the Breit-Rabi formula.

B ~G! 56 110 207

(v02dv08)/2p ~MHz! 39.058–0.434 76.255–1.621 141.800–5.398
v0/2p ~MHz! 39.058 76.255 141.800

(v01dv0)/2p ~MHz! 39.05810.449 76.25511.732 141.80016.096
(dv02dv08)/2p ~kHz! 15 111 698
1-2
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position of the rf knife at the end of the ramp. We conclu
that frequency matching is mostly important in the last p
of the radio-frequency ramp. The width of the curve is ab
10 kHz ~half width at half maximum!, which corresponds to
power broadening@17#.

Table II reports experimental data showing quantitativ
the efficiency of our simplified three-frequency kni
scheme, without which BEC could not be obtained at 56
It is interesting to note that, even when the magnetic field
too large to allow our simplified three-frequency kni
scheme to reach BEC, it is nevertheless more efficient th
simple one-frequency knife, since it allows us to reach
significantly lower temperature. It is also remarkable that
efficient evaporation was obtained at a bias field of 56
since the beginning of the evaporation takes place in a la
magnetic field~of the order of 200 G! where the condition
~4! does not hold, and the detuning of the intermediate o
photon transitions is much larger than the Rabi freque
V rf . Although it has not been noticed much, a similar si
ation is encountered in most BEC experiments~using one-
frequency knife evaporation!: the nonlinear Zeeman effect a
the beginning of the evaporation is often much larger th
the Rabi frequency, and the evaporation hampering
scribed in @6# is certainly happening then. The success
these experiments as well as of our three-frequency sch
shows that whether the evaporation is hindered or not o
matters at the end of the evaporation ramp. To qualitativ
understand this observation, we can note that the hea
induced by the atoms populating the intermediate lev
should not vary drastically with the temperature of t

FIG. 2. Bose-Einstein condensation with the three-frequenc
knife: number of atoms in the condensate versus the sideband
quencydv rf . The width of the curve is of the order of the Ra
frequency of a one-photon rf transition.
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cooled cloud. At the beginning of the evaporation, i.
‘‘high’’ temperatures, the relative heating stays negligib
@18#. Close to the end, i.e., ‘‘low’’ temperature, when heati
should give rise to hampered evaporative cooling, evapo
tion is fully efficient and the intermediate levels are com
pletely depleted. This could explain the success of BEC
periments. To verify these assumptions, more theoret
work, for instance in the spirit of@7#, is needed.

In conclusion, we have demonstrated a scheme to circ
vent the hindrance and interruption of evaporative cooling
the presence of the nonlinear Zeeman effect. We implem
a three-frequency evaporative knife by a modulation of the
field, yielding two sidebands. This scheme allows us to
tain BEC of 87Rb atoms in the (F52,m512) ground state
in a bias field of 56 G, where the standard one-frequenc
evaporation scheme fails. Our observations also support
physical ideas presented in our previous work to explain
hindrance and interruption of evaporative cooling in a hi
magnetic field, as well as the qualitative discussions of t
paper.

The success of this simplified scheme and the com
mentary observations reported in this paper indicate tha
more sophisticated multifrequency evaporation sche
should work at larger bias field, provided that the resona
in the intermediate steps of the multiphoton transition
achieved within the Rabi frequency of the one-photon tr
sitions, at the end of the evaporative ramp.
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TABLE II. Experimental results: lowest temperature achieva
with and without sideband activated, and highest phase-space
sity achieved for different bias fields. At a bias field of 56 G, o
three-frequency scheme yields BEC, while a single freque
scheme fails because of interrupted evaporative cooling.

B0 ~G! 56 110 207

T1-freq ~mK! 10 50 100
T3-freq ~mK! 0.1 0.5 15
nl3-freq

3 .2.612 0.1 1023
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Understanding the production of dual Bose-Einstein condensation with sympathetic cooling

G. Delannoy,* S. G. Murdoch, V. Boyer, V. Josse, P. Bouyer, and A. Aspect
Groupe d’Optique Atomique Laboratoire Charles Fabry de l’Institut d’Optique, UMRA 8501 du CNRS, Baˆtiment 503,

Campus Universitaire d’Orsay, Boite Postale 147, F-91403 Orsay Cedex, France
~Received 5 January 2001; published 9 April 2001!

We show, both experimentally and theoretically, that sympathetic cooling of87Rb atoms in theuF52,mF

52& state by evaporatively cooled atoms in theuF51,mF521& state can be precisely controlled so as to
produce a condensate in either or both states. We also study the thermalization rate between two species. Our
model renders a quantitative account of the observed role of the overlap between the two clouds and verifies
that sympathetic cooling becomes inefficient when the masses are very different. Our calculation also yields an
analytical expression of the thermalization rate for a single species.

DOI: 10.1103/PhysRevA.63.051602 PACS number~s!: 03.75.Fi, 05.30.Jp, 32.80.Pj, 51.30.1i
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Evaporative cooling has proved to be an efficient ro
toward Bose-Einstein condensation~BEC! @1#. However, not
all the species are eligible for evaporation. For instance,
elastic cross section may be small@2,3# or may be forbidden
as for fermions at low temperature@4#. In the case of a rare
species, one may also want to avoid the large loss of at
inherent to evaporative cooling. Sympathetic cooling is p
tentially a very good solution in those cases, and may als
used to enhance ‘‘standard’’ cooling technics@5#. It consists
in putting the target sample we want to cool in thermal co
tact with a buffer gas that can be cooled to the desired t
perature. This cooling can be done either by conventio
cryogenics@6,7#, or by evaporative cooling as demonstrat
by Myatt et al. @8#. These authors have produced dual BE
by sympathetic cooling of a gas of87Rb atoms in theuF
52,mF52& state~target gas, notedF52 hereafter! by the
use of an evaporatively cooled gas of87Rb atoms in theuF
51,mF521& state~buffer gas notedF51). In their experi-
ment, the number of target atoms, although almost cons
during the initial phase of the cooling, decreases significa
near the condensation. In this paper, we investigate a s
tion similar to the one of Myattet al., but thanks to a high
bias field, the number of atoms in the target gas rema
constant in the last cooling stage, all the way down to BE
This allows us to quantitatively study how the production
dual BEC relies on a precise control of the initial condition
We also study the effect of the interspecies thermaliza
rate on sympathetic cooling efficiency, by changing the ov
lap between the buffer and the target gas. Our experime
observations agree with the results of a calculation of
thermal contact between the atomic species. This calcula
not only shows the crucial role of the overlap, but also w
sympathetic cooling is very efficient for equal masses of
target and buffer gases. In addition, it allows us to recove
an analytic way a result previously found numerically for t
thermalization rate of a single species.

Our experimental apparatus has been described in a
vious publication@9#. After a laser cooling sequence, w
transfer the87Rb atoms from a dark spontaneous-force op

*Electronic address: guillaume.delannoy@iota.u-psud.fr, ht
atomoptic.iota.u-psud.fr
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cal trap into the magnetic trap. During the transfer, an opt
pumping pulse allows us to transfer most of the atoms inF
51 ~buffer!, while keeping an adjustable fraction inF52
~target!. Our iron-core Ioffe-Pritchard trap operates with
high bias fieldB0 between 50 and 250 G, and the magnet
field curvatureC along the dipole direction is linked toB0
~the ratio B0 /C is fixed by construction to 1 cm2). After
adiabatic compression, the magnetic-field gradient in
strong ~quadrupole! directions is G51 kG/cm. To cool
downF51, we use standard rf forced evaporation. We ch
acterize both species simultaneously by absorption imag
after turning off the magnetic trap. During this release,
atoms experience a magnetic kick due to a Stern-Ger
effect that allows us to spatially separate atoms inF51 and
atoms inF52. We probe on theF52→F853 transition
after repumping the atoms fromF51 to F52. With usual
analysis, we derive the temperature of the two clouds fr
the image.

In a first experiment, we have studied sympathetic cool
at a bias of 56 G, with initially 108 atoms in F51 at a
temperature of 300mK, and various initial numbers of at
oms inF52. We observe no loss of target atoms during t
whole cooling process@10#. Indeed, the atoms inF52 see a
trapping potential twice as steep as forF51, and as in@8#,
very few target atoms are evaporated at the beginning of
evaporation sequence. Moreover, at our high bias field,
nonlinear Zeeman effect prevents rf coupling of theuF
52,mF52& trapping state to any nontrapping state at the e
of the evaporation@9,11#. When starting with a very smal
(<33104) number of atoms inF52, we get aF51 con-
densate with typically 106 atoms. If we continue the evapo
ration, another condensate appears inF52 at a lower tem-
perature. For 33104 atoms inF52, both gases condens
simultaneously at a temperature of 200 nK, as shown F
1~a!. If we start with a larger number of target atoms~but
smaller than 83104), a condensate appears first inF52 at
T.200 nK, and then inF51 at T,200 nK. For a yet
larger number of target atoms, we can obtain a condensa
F52 and no condensate inF51. If the number of atoms in
F52 is more than 23105, BEC is observed in neither hy
perfine state.

These experimental observations can be explained wi
simple model based on an energy budget. We assume

//
©2001 The American Physical Society02-1
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both species are always thermalized~see last part of this
paper!, and that the numberN2 of target atoms is constan
The total energy of theN1 buffer andN2 target atoms in
harmonic traps is thereforeE53(N11N2)kBT. The buffer
gas is evaporatively cooled with an energy cutoffhkBT. We
denotedN1 the elementary~negative! variation of the num-
ber of buffer atoms. The corresponding~negative! energy
variation isdE5dN1(h1k)kBT, wherekP@0,1# is a func-
tion of h @1,12#. After rethermalization at a lower tempera
ture T1dT, the total energy becomesE1dE53(N11dN1
1N2)kB(T1dT). Keeping only the first order, we hav
dT/T5a dN1 /(N11N2) with a5(h1k)/321. Assuming
that h is constant, we get

T5TminS N1

N2
11D a

with Tmin5TiniS N2

N1
iniD a

. ~1!

In this formula, Tini and N1
ini are the initial values,N2 is

constant and has been neglected with respect toN1
ini in the

expression ofTmin ~as the temperature has to be reduced
several orders of magnitude, the initial fraction of atoms
the target gas must be very small!. The temperatureTmin is
reached when all the buffer atoms have been evapor
(N150). To understand the different regimes experimenta
observed, we first study the evolution of the phase-sp
densitiesDF52.17NF(\vF /kBT)3 @13# (F51 for the buffer
and F52 for the target gas!, in harmonic traps of mean
frequenciesvF , during the evaporation. Equation~1! allows
us to expressD1 andD2 as functions ofN1. Figure 2 repre-
sents the evolution ofD1 and D2 during the evaporation
~while N1 is decreasing!. We observe that the phase-spa
density of the target gasD2 always increases to reach i
maximum value

D 2
max5

2.17

N2
(3a21) S N1

inia \v2

kBTiniD 3

~2!

FIG. 1. Sympathetic cooling of87Rb atoms inuF52,mF52&
~upper images! by evaporatively cooled atoms inuF51,mF521&
~lower images!: effect of the thermal contact.~a! Small sag
(7 mm) between the two clouds: sympathetic cooling yields B
for both species.~b! Larger sag (26mm): below 400 nK~third
snapshot!, the temperature of the target does not decrease anym
while completely evaporating the buffer.
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at the very end of the evaporation; this is becauseN2 is
constant and the temperature always decreases. We als
serve that the buffer-gas phase-space densityD1 first in-
creases@14# to a maximumD 1

max that we write

D 1
max5D 2

maxS v1

v2
D 3 ~3a21!(3a21)

~3a!3a
, ~3!

and then decreases to zero. At the intersection of the
curves, the phase-space densitiesD1 andD2 have the same
value

D (5)5D 2
maxF11S v2

v1
D 3G23a

. ~4!

We note that a modification of the various parameters o
changes the relative position of the two curves, in particu
the ordering ofD (5), D 1

max, andD 2
max. This is what deter-

mines the outcome of sympathetic cooling.
We specifically focus on the situation whereD (5) is

reached beforeD 1
max @this happens if 3a21.(v1 /v2)3#,

which corresponds to the case of Fig. 2 and to our exp
mental parameters. The target gas can condense on
D 2

max.2.612, and in the same way, the buffer gas can c
dense only ifD 1

max.2.612. If these two conditions are sati
fied, the buffer condenses first ifD (5).2.612, otherwise the
target condenses first. These three conditions can be wr
as conditions on the numberN2 of target atoms. This lead
us to define three critical numbersN2

a , N2
b , andN2

c of target
atoms, for whichD (5), D 1

max, andD 2
max are, respectively,

equal to 2.612. Although each of these numbers depend
all initial conditions, the ratiosN2

a/N2
c and N2

b/N2
c are inde-

pendent of the initial valuesN1
ini andTini becauseD 1

max/D 2
max

andD (5)/D 2
max do not depend on the initial conditions@see

Eqs. ~3! and ~4!# and becauseD 2
max}N2

(123a) @see Eq.~2!#.
These ratios are represented in a diagram of the energy c

re

FIG. 2. Phase-space densities of the buffer~solid line! and the
target gas~dashed! as a function of the evaporation progress, ch
acterized by the ratioN1 /N1

ini of remaining buffer atoms. This plo
corresponds to the case 3a21.(v1 /v2)3. The horizontal line is
the critical value 2.612 above which BEC occurs. Here, the tar
and then the buffer will condense.
2-2
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h versus the number of target atomsN2 /N2
c in Fig. 3. We

can identify four regions on this diagram@15#, corresponding
to the different regimes of sympathetic cooling. From t
experiment, we measureN2

a533104, N2
b583104, andN2

c

523105, which is in good agreement with the calculat
values for a typical value of the evaporation parameteh
.6.5 ~see Fig. 3!.

In a second experiment, we have studied the role
thermalization in sympathetic cooling by changing t
bias field from 56 G to 207 G. In this range of bias fie
we can condenseF51 when no target gas is presen
This reduces the vertical oscillation frequenciesvFz
5$(21)FmFmB(G2/B02C)/2M %1/2, whereM is the mass of
the atom andmB the Bohr magneton, and therefore increas
the relative gravitational sagD5g/v1z

2 2g/v2z
2 between the

two clouds@8#. Figure 1~b! represents successive absorpti
images while decreasing the final frequency of the evap
tion ramp, at a bias field of 207 G (D526 mm). We initially
observe sympathetic cooling of the target gas until a te
perature of about 400 nK is reached. Then sympathetic c
ing stops. This is in contrast with the first experiment a
bias field of 56 G, where the relative sag is smallerD
57 mm), and sympathetic cooling works all the way dow
to the BEC of the two species@see Fig. 1~a!#.

To render a quantitative account of these observations
study how the thermal contact between the two clou
evolves during the cooling. For that, we calculate the ene
exchange rateW via interspecies elastic collisions. We a
sume Maxwell-Boltzman distribution at temperaturesT1 for
the buffer andT2 for the target gas~we neglect the cutoff due
to possible evaporation and quantum effects@16#!. Introduc-
ing the notationsvG for the center-of-mass velocityv andv8
for the relative velocities, respectively, before and after
collision, the energy received in the laboratory frame by

FIG. 3. Outcome of sympathetic cooling as a function of t
number of target atomsN2 /N2

c . The evaporation parameterh is the
ratio of the energy cutoff to the thermal energykBT. Trap param-
eters are fixed tov2 /v15A2. The lines represent the critical num
ber ratios N2

a/N2
c , N2

b/N2
c , and N2

c/N2
c . They separate region

where either dual, single, or no BEC can be formed. Black d
indicate the critical number found in our experiment.
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buffer atom during the collision is (M /2)vG•(v2v8). At low
temperature we only considers-wave scattering and the term
vG•v8 averages out to zero. After integration over positio
and velocities, we getW5kB(T22T1)G, where G is the
number of interspecies collisions per unit of time, fou
equal to

G5
N1N2

p2rxryrz

s12V expS 2
D2

2rz
2D . ~5!

In Eq. ~5!, s12 is the interspecies elastic cross section~taken
independent of the temperature!, V5AkB(T11T2)/M
is the rms sum of thermal velocities, andrz

5A(kB /M )(T1 /v1z
2 1T2 /v2z

2 ) is the rms sum of the vertica
sizes of the clouds~with similar expressions forrx andry).
The exponential term in Eq.~5! describes the overlap of th
two clouds. Thus the energy exchange rateW will become
vanishingly small ifrz becomes smaller than the gravit
tional sagD. We can now analyze the role of the therm
contact in the experiments. At a bias field of 207 G~sagD
526 mm), and high temperature~above 400 nK!, the effect
of the sag is negligible and the clouds are thermalized. D
ing the cooling, the sizes of the clouds and thereforerz de-
crease. At the temperature ofT1.T2.400 nK, where we
observed that sympathetic cooling stops, we haverz
512 mm and the exponential term in Eq.~5! takes the value
0.1, so that the energy exchange rate is reduced by an o
of magnitude. In contrast, at a bias field of 56 G, whereD
57 mm, the parameterrz at the temperature of condens
tion 300 nK (rz.8 mm) is still bigger thanD, the collision
rate G is only reduced by 30% because of the overlap, a
sympathetic cooling works until reaching BEC.

Starting from the interspecies energy exchange rateW,
and using the total energy conservation, we can derive e
lution equations for the temperaturesT1 andT2 of each spe-
cies taken separately at thermal equilibrium. DenotingDT
5T12T2 and T5(T11T2)/2, we obtain an interspecie
thermalization rate, which, for equal trapping frequenc
(v15v25v), takes the simple form

1

t
52

1

DT

dDT

dt
5

~N11N2!

3kBT

v3s12M

2p2
. ~6!

This result is remarkable, by analogy with the individu
thermalization rate of a single speciest21.g/3 @17#, where
g5Nv3sM /2p2kBT is the average elastic collision rate in
harmonic trap. For87Rb, the three elastic cross sectio
s1 , s2, and s12 are nearly equal@18#, and we havet21

.t1
211t2

21, wheret1
21 andt2

21 are the thermalization rate
of each species considered separately. This means that
malization between the two species happens faster than
malization of each species. So, if the evaporation ramp
adapted to cooling of the buffer alone, interspecies therm
ization will be efficient.

If the masses are different, Eq.~6! remains valid at
lower order in DT/T, if we replace M by M
5@8(M1M2)2#/@(M11M2)3#, which is symmetric in the
massesM1 of the buffer andM2 of the target. The effective
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massM is maximum forM15M2 as in our experiment, and
decreases for uneven masses~for significant different
masses,M is much smaller than the smallest mass!. It is
interesting to note that if Eq.~6! is applied to any arbitrary
partition in a single species, whereN1 and N25N2N1 at-
oms are taken at different temperatures, then the therma
tion rate between the two subsamples is exactly equal tog/3,
in agreement with the numerical simulations of@17#. To our
knowledge, such an analytical result has not been publis

To conclude, we have first presented a simple anal
allowing one to quantitatively predict the outcome of sy
pathetic cooling, in the case of no losses in the target.
have then obtained an expression of the thermalization
between the buffer and the target that quantitatively
scribes the effect of the overlap between the two clou
Moreover, when the overlap is good, the interspecies th
malization rate is the same of the intraspecies thermaliza
, i
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rate, and sympathetic cooling is very efficient@4,19#. In con-
trast, we predict a strongly diminished interspecies reth
malization rate for very different masses of the buffer a
target. Our approach allows one to derive an analytical
pression of the intraspecies thermalization rate in surp
ingly good agreement with previous numerical calculatio
Although our modeling is very simple and does not take in
account quantum statistics effects near condensation@16#, it
is a useful tool that can easily be generalized to plan
analyze experiments using sympathetic cooling.
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ATOM OPTICS AND INTERFEROMETRY

Experimental study of coupling Bose–Einstein
condensates into weakly non-trapping and trapping
states
P. BOUYER, S.A. RANGWALA, Y. LE COQ, G. DELANNOY, F. GERBIER, S. SEIDELIN,
S. RICHARD, J. THYWISSEN, A. ASPECT
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Bât. 503, Campus universitaire d’Orsay, BP 147, 91403 Orsay cedex, France

(Reçu le 1er janvier 2001, accepté le 26 mars 2001)

Abstract. We study the production of an atom laser from a Bose–Einstein condensate using radio-
frequency out-coupling. Single frequency coupling from the Bose–Einstein condensate
leads to unstable production of an atom laser due to the extreme sensitivity of this process
to magnetic field fluctuations. The extent of this experimental instability is quantified.
Stable, repeatable production of an atom laser is achieved by the frequency modulation
of the coupling, which forms a frequency comb across the condensate. Different regimes of
modulated coupling are discussed. In addition the coupling of atoms into a weakly trapping
state is studied. The oscillation frequency of this state in the vertical direction is measured.
Preliminary results indicating qualitative difference between condensate and thermal cloud
coupling are presented. 2001 Académie des sciences/Éditions scientifiques et médicales
Elsevier SAS

cold atoms / Bose–Einstein condensate / output coupler / atom laser / quantum
coherence

Étude du couplage de sortie d’un condensat vers un niveau libre et vers
un niveau faiblement piégeant

Résumé. Nous présentons la réalisation d’un laser à atomes à partir d’un condensat de Bose–
Einstein grâce à lutilisation d’un coupleur radio-fréquence. Dans le cas d’un laser
monomode (un seul coupleur radiofréquence), le couplage de sortie est très sensible aux
fluctuations du champ magnétique qui piège le condensat. Une mesure des instabilités du
laser permet alors de quantifier les fluctuations du champ magnétiques. Afin de rendre
le couplage insensible aux fluctuations, nous avons ensuite utilisé un coupleur radio-
fréquence modulé, qui crée de multiples coupleurs de sortie régulièrement espacés. Nous
présentons finalement l’étude du couplage des atomes vers un état très faiblement piégé.
L’évolution d’un condensat laché dans une telle cavité a pu être étudiée et a permis
de déterminer la fréquence d’oscillation des atomes. Enfin, dans le cas d’un couplage
faible (quasi-continu), il est possible de distinguer entre le couplage d’un condensat,
intrinsèquement cohérent, et un nuage thermique. 2001 Académie des sciences/Éditions
scientifiques et médicales Elsevier SAS

Note présentée par Guy LAVAL.

S1296-2147(01)01191-X/FLA
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atomes froids / condensat de Bose–Einstein / coupleur de sortie / laser à atomes /
cohérence quantique

1. Introduction

Since the creation of the first dilute Bose–Einstein Condensate (BEC) [1] atom lasers sourced from them
have been an important topic of study. Pulsed atom lasers have been realized by a variety of techniques,
using: intense, pulsed, spin–flip radio frequency (RF) transitions [2], and gravity induced tunneling from
an optically trapped condensate [3]. A quasi-continuous laser has been realized using Raman transitions
[4] and a continuous atom laser, limited only by the depletion of the condensate, has been achieved by RF
coupling under highly stable conditions [5]. These developments illustrate the atom lasers potential to form
atomic beams of unprecedented brightness and coherence. There is therefore need to control precisely the
production of the laser and to develop tools that characterize the laser. In this proceeding we discuss the
stability requirements for the production of a continuous laser and demonstrate the production of a stable
laser using a frequency comb. Preliminary results on coupling a fraction of the BEC and cold thermal atoms
from the|1,−1〉 state into a weakly trapping state are also presented.

2. Atom laser

The experimental scheme used is described in detail elsewhere [6]. Briefly, a87Rb BEC with
approximately5 · 105 atoms is created in the|1,−1〉 (i.e. F = 1, mF = −1) state. The construction of the
magnetic trap results in the production of a relatively large bias field as well as a large magnetic gradient in
the quadrupole direction (vertical plane). Under these condition the contribution of the quadratic Zeeman
effect makes the|1,0〉 and|2,0〉 states slightly anti-trapping and trapping respectively. We couple the BEC
to one or the other state by using either a radio frequency (RF) or a microwave frequency.

Production of a continuous atom laser, as in [5], is done by coupling the atoms from the trapping|1,−1〉
state to the weakly anti-trapping|1,0〉 state. This is implemented using a RF of approximately 40 MHz.
The frequency is relatively high due to the high bias field of 56 Gauss in our experiment. The RF power
is adjusted such that the approximate estimation of the Rabi frequency for typical coupling parameters is
about 1 kHz. The RF coupling is applied for a duration of about 20 ms.

Using a single radio frequency we can successfully couple atoms into the|1,0〉 state to produce an atom
laser. However, the atom laser exhibits both intra-shot and shot-to-shot instabilities in the density of the
out-coupled beam. In a similar experiment, continuous production of the atom laser has been demonstrated
by Bloch et al. (1999) [5]. They achieve high stability in the laser output with a combination of magnetic
shielding and stable current supply, which ensure magnetic field stability. Our experiment is not stabilized to
the same extent and therefore instabilities of the magnetic field can result in the laser density fluctuations.1

To quantify the fluctuation of the magnetic trapping potential we study the depletion of the condensate
versus the RF out-coupling frequency. The total number of atoms in the combined thermal cloud and
condensate is approximately1 · 106 of which the condensate fraction is about 50%. Varying the frequency
of the RF coupling, we measure the atoms remaining in|1,−1〉 state after 10 ms of out-coupling. This
measurement does not discriminate between the thermal cloud and the condensate atoms in|1,−1〉
( figure 1). The measured width of the out-coupled atoms in our case is approximately 80 kHz at the
threshold. The spectral width for out-coupling a condensate is given by its spatial extent in the vertical
direction because of the variation in the gravitational potential energy across it. The frequency width is
therefore given by∆ν = MRbg∆s/�, whereMRb is the mass of87Rb, g the acceleration due to gravity,
∆s the spatial extent of the condensate and� the Planck constant. Similar considerations hold for the
thermal atoms in the trap. The calculated spectral width for the condensate is approximately 10 kHz and
the thermal cloud has a calculated one sigma width of 11 kHz. Thus the observed experimental width of
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Figure 1. The filled squares
represent the depletion of the
condensate and thermal atoms

from the|1,−1〉 state as a
function of out-coupling

frequency. The frequency axis
has been centered at the point
for maximum out-coupling.

The line is the convolution of
the atomic density profile in

|1,−1〉 with a normal
distribution of one sigma width

15 kHz, representing the
fluctuations in the magnetic

field bias.

80 kHz is much larger than the expected width due to the condensate and thermal cloud (approximately
30 kHz). The present measurement is therefore a convolution of the condensate and thermal cloud widths,
with the experimental instabilities, which has the effect of broadening the depletion profile.

The primary source of instability in our experiment is from fluctuations in the trapping magnetic field,
which gives rise to a corresponding change in the resonance condition for optimal output coupling. The
efficiency of coupling is sensitive to these instabilities when the amplitude of the magnetic field fluctuations
is comparable to or larger than the spectral width of the condensate. In order to estimate the fluctuation in
the magnetic trapping field, which corresponds to shift in out-coupling frequency, we assume that it is
consistent with a normal distribution. The convolution of a normal distribution with a one sigma value
of 15 kHz, with the calculated spectral density profiles of the condensate and thermal cloud gives good
agreement with the measured depletion of atoms in|1,−1〉 ( figure 1). At this value we agree well with
both the FWHM (40 kHz) of the depletion curve as well as with the lower and upper thresholds for out-
coupling (80 kHz). From this we can conclude that the amplitude of the fluctuations have a spectral width
(two sigma) of approximately 30 kHz. Such an instability in the amplitude of the trapping magnetic field
imposes severe limitations on the ability to produce an atom laser with uniform density distribution, using
a single RF, making other means for is production necessary.

To circumvent the instability we produce an atom laser using a frequency comb instead of a single
frequency, thus countering the magnetic field fluctuations. The frequency comb is created by frequency
modulating the out-coupling RF, about the frequency of maximum output couplingνc (carrier frequency).
The expression for the modulation isνRF = νc + νBWf(νmt), whereνBW is the frequency bandwidth
of the modulation (typical experimental value is 100 kHz) aboutνc and a triangular modulation function
f(νmt). The power of the RF comb is adjusted for individual comb elements to be in the weak coupling
regime.

In the time domain picture of frequency modulation the frequency of the carrier wave (νc) varies across
the bandwidth (νBW) twice every modulation cycle. As the modulation frequency is varied three distinct
regimes of output coupling are evident from the experimental data. At low modulation frequencies (i.e.
νm � 1000 Hz), atoms from the condensate are coupled out each time the frequency modulation crosses
the instantaneous resonance frequency (twice every cycle). The output coupled atoms are non overlapping
and form distinct condensate replicas (figure 2a). On increasing the modulation frequency, the rate of
output from the condensate increases, to give a quasi-continuous output (figures 2band2c). At still higher
modulation frequency we have the overlapping of successively out-coupled atoms from the condensate,
over a considerable spatial extent as they fall under the combined influence of the gravitational and weakly
non-trapping magnetic potential. In this regime we can see non uniformity of the imaged out-coupled atoms,
which may be attributed to the interference between successively out-coupled atoms from the condensate

659



P. Bouyer et al. ATOM OPTICS AND INTERFEROMETRY

(a) (b) (c) (d)

Figure 2. The different
regimes of comb coupling.
(a) At a small modulation
frequency (νm) of 230 Hz.

(b) Quasi-continuous coupling
with νm = 2000 Hz.

(c) Quasi-continuous coupling
with magnified imaging at

νm = 3000 Hz. (d) Unstable
coupling atνm = 17000 Hz in
the magnified imaging system.
Cutting the magnetic field just
before imaging results in the

spatial separation of the
condensate and the atom laser.

in the fluctuating magnetic field. In another measurement, on changing the bandwidth of the frequency
comb, the out-coupling is seen to be reproducible at and above aνBW value of approximately 40 kHz,
whereas below this value it becomes unstable from shot-to-shot. This is consistent with the full width at
half maximum of the stability measurement (figure 1) and gives us an independent measure of the magnetic
field fluctuations.

In the frequency domain the three regimes of out-coupling can be understood as follows. If the frequency
comb is very dense, which is the case at small modulation frequencies (νM much less than the condensate
spectral width), we can expect to see interference between the matter waves coupled out of different
spatial regions of the condensate and this behaviour manifests in the appearance of discrete atom-bunches
in time (figure 2a). A crude simulation of the time interval between successive atom-bunches can be
done by fourier transforming the product of a frequency comb with appropriate phase relations and the
Thomas–Fermi condensate shape. Such a simulation is in rough agreement with the observed data. As the
modulation frequency increases the temporal spacing between the out-coupled atom bunches decreases and
at νM approximately few thousand Hz all the discreteness in the out-coupling disappears within the limits
of the imaging system and a quasi-continuous beam of out-coupled atoms is seen (figures 2band 2c).
On increasing the comb frequency still further we achieve the condition that one or less comb teeth are
available for output coupling and we revert to the situation analogous to single frequency coupling, where
the instabilities in the magnetic field start affecting the out coupling (figure 2d).

3. Atom ‘cavity’

It is also interesting to study the coupling of a condensate in an weakly trapping state that is much larger
in spatial extent than the condensate. Such a state can be considered as an atomic cavity and can be used
to study the dynamics of coherent evolution of the atoms from the condensate. In our experiment the|2,0〉
state of theF = 2 manifold is such a state. Atoms are coupled directly from the|1,−1〉 condensate state to
the cavity using a single microwave frequency of approximately 6.8 GHz.

In our experiment the measured frequency for the BEC state in the vertical direction isν⊥,BEC =
132.5 Hz, with an experimental uncertainty of±0.25 Hz. Using this value to establish the magnetic
gradient field of the trap we estimate the trap frequency of the cavity state in the vertical direction as
ν⊥,cav ≈ 29 Hz, with a few percent accuracy. Gravity shifts the trap centers for the various magnetic
sublevels by different amounts. The cavity state sags vertically byzcav = g/(2πν⊥,cav)2 ≈ 310 µm. By
comparison, the condensate shifts down byzBEC ≈ 15 µm, giving a relative shift of 300 µm. Since the
atoms are coupled from the highly localized condensate in the vertical direction into the cavity state by
a microwave photon, they are coupled to a region away from the cavity centre. The atoms are therefore
coupled in the high lying energy levels of the cavity state.

660



ATOM OPTICS AND INTERFEROMETRY Experimental study of coupling B–E condensates

D
O

SS
IE

R

Figure 3. Measurement of the
period of oscillation of the

atoms coupled into the|2,0〉
(cavity) state. The filled circles

are the data points while the line
through them is a single

frequency sinusoidal fit which
gives a cavity frequency of

30.3 Hz (period= 33 ms). The
statistical error on the measured

position of the atoms in the
cavity is at most one division
along the amplitude axis for

each point.

(a) (b) (c)

Figure 4. Atoms coupled into
the cavity state from the|1,−1〉

state. (a) An over evaporated
condensate coupled into the

cavity state. (b) A pure
condensate in the cavity state

where we see a distinct
structures in the spatial density
distribution of atoms while (c)

is the case of thermal cloud
coupling into the cavity state
resulting in a uniform spatial

distribution of atoms.

To determine the cavity state frequency, the oscillation of atoms coupled into the cavity was measured as
a function of time. For this experiment a fraction of the atoms were out-coupled from the condensate into
the cavity state by a strong, resonant microwave pulse of short duration (2 ms). The cavity state frequency
was measured by studying the position of centre of mass of the atomic cloud as shown infigure 3. The
fitted value of the oscillation period is found to be 33 ms corresponding to an oscillation frequency of
30.3 Hz. This value agrees with the the estimated trap frequency given above. The goodness of fit for a
single frequency sinusoid fit over several periods of oscillation in the cavity indicates that we are in the
region of the cavity where deviations from the simple harmonic nature of the oscillations are small, despite
its relatively large spatial extent. The one sigma error on the fit value is under 0.1% in frequency.

As we lower the microwave power (i.e. go to weaker coupling intensities) and increase the coupling time
of the atoms from the BEC, structures are observed in the cavity state (figures 4aand4b). These structures
represent a non uniform spatial density distribution of atoms in the cavity state. By contrast, coupling from
a cold thermal cloud results in a uniform density distribution of atoms in the cavity (figure 4c). The above
results are preliminary as systematic study is limited by instability in the bias field. Numerical integration of
the Gross–Pitaevskii equation yields structures similar to those observed in the cavity state. This suggests
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that the structures in the cavity state are signature of the coherence of a BEC, while lack of structure for the
thermal cloud is due to its lack of coherence.

4. Conclusions

We have demonstrated a method for continuous output coupling of a condensate into a non trapping
state which overcomes the problem of small fluctuations in the trapping magnetic field. The method
involves the modulation of the frequency of out-coupling over a bandwidth larger than the bandwidth of
the fluctuation. Various regimes of operation for this method have been explored and discussed. In addition
certain preliminary results of coupling the atoms into a extended, weakly trapping state have been discussed.
Coupling into this state seems to show different behaviour for the condensate as opposed to a thermal cloud.

1 Since the measurements reported here we have successfully suppressed the fluctuations in the magnetic bias field
using a better stabilized power supply, which enables us to produce a continous atom lasers using single radio frequency.
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We measure the angular divergence of a quasicontinuous, rf-outcoupled, free-falling atom laser as a
function of the outcoupling frequency. The data are compared to a Gaussian-beam model of laser propa-
gation that generalizes the standard formalism of photonic lasers. Our treatment includes diffraction,
magnetic lensing, and interaction between the atom laser and the condensate. We find that the dominant
source of divergence is the condensate-laser interaction.

DOI: 10.1103/PhysRevLett.87.170403 PACS numbers: 03.75.Fi, 05.30.Jp, 32.80.Pj, 04.30.Nk
A dilute gas of atoms condensed in a single quantum
state of a magnetic trap [1–6] is the matter-wave analog
of photons stored in an optical cavity. A further atomic
parallel to photonics is the “atom laser” [7–10], a coher-
ent extraction of atoms from a Bose-Einstein condensate.
Atom lasers are of basic interest as a probe of condensate
properties [11] and as a coherent source of atoms [12]. Fur-
thermore, just as optical lasers greatly exceeded previous
light sources in brightness, atom lasers will be useful in
experiments that simultaneously require monochromatic-
ity, collimation, and intensity, such as holographic atom
lithography [13], continuous atomic clocks [14], and cou-
pling into atomic waveguides [15].

Initial work on atom lasers has demonstrated several
types of coherent, pulsed output couplers [7–9] as well
as a coherent narrow-band coupler [10,16], which is the
type employed in our work. In this Letter, we address the
nature of propagation of an atom laser outcoupled from
a condensate. Our experimental data show that the laser
beam is well characterized by a divergence angle. We mea-
sure this angle versus radio-frequency (rf) outcoupler fre-
quency, which chooses the vertical extraction point of the
atom laser from the condensate (see Fig. 1a). In choosing
the extraction point, one chooses the thickness of the con-
densate to be crossed by the extracted atoms, as well as the
width of the atom laser beam at the extraction plane. To
interpret these data, we use a formalism that generalizes
the ABCD matrices treatment of photonic lasers [17,18].
This treatment allows us to calculate analytically the diver-
gence of the laser due to diffraction, magnetic lensing, and
interactions with the condensate. We find that, for our typi-
cal experimental conditions, the divergence of the laser is
primarily due to interaction between the atoms in the laser
and the atoms remaining in the condensate. We describe
this interaction as a thin lens. Note that the existence of
such an interactive lensing effect is in stark contrast to a
photonic laser, since photons do not interact. Interactions
were estimated to be similarly important for pulsed atom
lasers [7,9]. In our case, the divergence is also magnified
by a thick-lens-like potential due to the quadratic Zeeman
effect of the magnetic trapping fields.
03-1 0031-9007�01�87(17)�170403(4)$15.00
The technique we use to obtain Bose-Einstein con-
densates with 87Rb is described in detail elsewhere [19].
Briefly, a Zeeman-slowed atomic beam loads a magneto-
optical trap in a glass cell. Typically 108 atoms are
transferred to a magnetic trap, which is subsequently
compressed to oscillation frequencies of vx � vz �
2p 3 144 Hz and vy � 2p 3 9 Hz � lvz in the
quadrupole and dipole directions, respectively, where
z is vertical. The Ioffe-Pritchard trap is created with
an iron-core electromagnet, with a typical quadrupole
gradient of 11.7 T ? m21, and an uncompensated dipole
bias field of B0 � 5.4 mT. A 40 s, rf-induced evaporative
cooling ramp in the compressed trap results in condensates
of typically 5 3 105 atoms, with a 15% rms shot-to-shot
variation.

Atom lasers are created by applying a rf field at about
38.6 MHz, to transfer condensate atoms from the trapped
jF, mF� � j1, 21� state to the weakly antitrapped j1, 0�
state, which also falls under gravity (see Fig. 1a). The
rf field is weak (approximately 0.1 mT) and applied for a
relatively long duration (toc � 10 ms) [16]. There is no
significant coupling to the j1, 11� state because the F � 1

FIG. 1. (a) Schematic representation of outcoupling from the
trap potential Vj1,21� to the untrapped Vj1,0� potential via an rf
photon at vrf. The vertical direction is z. The curves shown
include magnetic, gravitational, and mean-field potentials.
(b) The wave vector kobs for the absorptive imaging light beam
at an angle f with respect to the weak axis y of the condensate.
The horizontal coordinate in the imaging plane is r . In both
images, the condensate is crosshatched.
© 2001 The American Physical Society 170403-1
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sublevel transitions are split by 0.8 MHz due to the non-
linear part of the Zeeman effect at 5.4 mT. To measure the
spatial distribution of the atom laser, we take an absorptive
image with a pulse of resonant light 6 ms after the moment
when the rf outcoupling ends and the trap is turned off. As
depicted in Fig. 1b, the image is taken at a f � 55± angle
from the weakly confining y axis of the trap. Figure 2a
shows a typical image of an atom laser.

The gravitational sag g�v2
z shifts the entire conden-

sate from the center of the magnetic trap to a region
where isofield surfaces are planes of approximately con-
stant height z0 across the condensate [10]. The relation
between rf frequency v0 1 drf and coupling height z0 is

drf � 2D
z0

Rz
2

m

h̄

√
1 2

z2
0

R2
z

!
, (1)

where D � MgRz�h̄ is the spectral half-width of the con-
densate, M is the mass of the atom, g is gravitational accel-
eration, and Rz is the Thomas-Fermi (TF) radius [20] of the
condensate along z. The radius Rz is

p
2m�Mv2

z , and m

is the chemical potential �h̄v̄�2� �15a11N�2�5�Mv̄�h̄�21�5,
where N is the number of atoms in the condensate, a11 �
5.67 nm is the s-wave scattering length between 87Rb
atoms in the j1, 21� state [21], and v̄3 � vxvyvz. In
Eq. (1), we have chosen v0 such that drf � 6D when
z0 � 7Rz. For our experimental parameters, m�h̄ ø D,
so drf is roughly linearly dependent on z0, with slope
2Mg�h̄. Therefore, in choosing the coupling frequency,
we choose the height within the condensate at which the
laser is sourced.

FIG. 2. Typical continuous atom laser output. (a) Absorptive
image of laser, after 10 ms of output coupling at 38.557 MHz
and 6 ms of free flight. The condensate (the darkest area of
image) is displaced from the beginning of the laser because of
a magnetic kick separating atoms in the mF � 21 and mF � 0
states. (b)– (d) Examples of absorption profiles of the atom laser,
taken from the three regions boxed in (a). Each profile is fit to
find a width Rn and density rn. (e) The divergence angle of a
single laser is found with a linear fit to the series of measured
widths �Rn�.
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Short-term (ms-scale) stability of the bias field is veri-
fied by the continuity of flux along the laser (Fig. 2a). We
find that the shot-to-shot stability and reproducibility of
the bias field, between each 80 s cycle of trapping, cool-
ing, and condensation, is about 60.4 mT or 63 kHz. This
stability is sufficient to scan through the condensate spec-
tral width of about 20 kHz. In one out of five runs (a run is
a set of about 10 cycles), the data were not self-consistent,
which we attribute to a larger (.1 mT) bias field fluctua-
tion during that run. We could maintain this bias field
stability, typically one part in 104 [22], by using either a
low-noise power supply or a battery, since only 1.3 A is
used to energize the dipole coils during evaporation and
outcoupling.

We analyze the images (such as Fig. 2a) to measure the
flux and divergence of the outcoupled laser. Figures 2b
through 2d show the first step in the analysis, a series of
fits to the transverse spatial profile of the laser, as measured
at several heights zn, averaging across 6140 mm. The col-
umn density profile is fit at each zn by rn�1 2 r2�R2

n�3�2,
where r is the horizontal coordinate in the image plane
(see Fig. 1b), rn is the peak column density, and Rn is the
width. This fit function would be the rigorously correct
function for an atom laser without divergence [23] or for
a free condensate undergoing mean-field expansion [24];
here we observe empirically that the fits are good. From
the integral of the column densities at each height, we de-
termine the output flux F with a fit to F�

p
2g�z 2 z0�, a

form that assumes constant flux, purely gravitational ac-
celeration, and a density that decreases with the inverse of
the classical velocity, valid when jz 2 z0j ¿ �g, where
�g � �h̄2��2gM2��1�3 is the gravitational length. Finally,
from the series �Rn� and �zn�, we determine a geometric ex-
pansion angle by a linear fit (see Fig. 2e). We will discuss
below why one would expect a linear rather than parabolic
shape for a laser falling under gravity.

We repeated the above imaging, and analysis for atom
lasers coupled at a variety of rf coupling frequencies. Fig-
ure 3 shows the averaged half-angle divergence versus out-
coupler detuning, from 15 laser images. We see that the
divergence clearly decreases at higher drf, corresponding
to lower initial heights z0. These divergence data will be
analyzed in more detail below. The inset of Fig. 3 shows
laser flux F versus drf, and is compared to

F

F0
�

√
1 2

z2
0

R2
z

!2"
1 2

2m

h̄D

z0

Rz
1

2m2

3h̄2D2

√
1 2

z2
0

R2
z

!#
,

(2)

where F0 is the peak flux, and Eq. (1) defines the relation
between z0 and drf. Equation (2) assumes the laser flux is
simply proportional to the linear density of the condensate
at the coupling point. For the solid curve shown in the inset
of Fig. 3, we have used N � 4 3 105 to give D � 2p 3

9.1 kHz and Rz � 4.2 mm. The peak flux is measured
to be about 1 3 107 s21 by the reduction in condensate
number, as in [10]. This is in agreement with the theory
170403-2
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FIG. 3. Divergence (half-angle) versus output coupler detun-
ing from the condensate center. Experimental points are com-
pared with the theoretical calculation (solid line). The dashed
line represents the same calculation, but excluding the effects
of the condensate-laser interaction. Inset: Output flux (in arbi-
trary units) versus detuning, with the same frequency scale as
the main figure.

of [23], given the applied field strength and uncertainty in
the atom number and field polarization [16].

There are several possible sources of divergence of the
atom laser, including diffraction, magnetic lensing, and
interactions both within the laser and between the laser
and the condensate. In order to understand the diver-
gence with a simple analytical model, we make several
approximations: (1) that the interactions between atoms
within the laser are not significant, valid in the low-flux
limit; (2) that the roughly parabolic density profile of the
atom laser can be approximated by a Gaussian; and (3)
that we can use stationary solutions of the Schrödinger
equation with a paraxial-type of approximation, in which
the fast degrees of freedom [23] are decoupled from the
slow evolution of the transverse degrees of freedom, as
in [25]. We follow a Gaussian optics treatment similar
to that of photonic lasers [17]: the spatial distribution
in x and y described by the wave function C�x, y, t� �
C0 exp�2iP�t� 1 ix2�2qx�t� 1 iy2�2qy �t��, where
P�t� describes the overall phase and amplitude, and
beam parameters 1�qx,y�t� � i�w2

x,y�t� 1 cx,y�t� de-
scribe the widths wx and wy and curvatures cx and
cy of the beam. The observable width is w�t� �
�w2

x �t� cos2�f� 1 w2
y sin2�f��1�2, where f is the ob-

servation angle (Fig. 1b). The initial widths w2
x �0� �

2�R2
z 2 z2

0 ��5 and wy�0� � wx �0��l give the same rms
width as would an initial Thomas-Fermi density profile.

The beam parameters qx and qy follow an “ABCD
law” similar to that for a photon laser beam: q0 � �Aq 1

B���Cq 1 D�, where the coefficients A, B, C, and D are
the four elements in a matrix which transforms ray vectors
	x, p�h̄� to 	x0, p0�h̄� according to classical equations of
motion in the same potential. In the following paragraphs,
we will calculate the ABCD matrices for interaction with
the condensate, propagation with the magnetic trap on, and
170403-3
free flight after the trap is turned off. Note that even though
the ray matrices can be derived using classical equations of
motion, their application in the Gaussian beam formalism
includes diffraction.

The mean-field interaction potential between an atom in
the laser and the condensate is UI �r� � g01rc�r�, where
g01 is the s-wave coupling strength 4p h̄2a01�M between
atoms in the j1, 0� state and the trapped j1, 21� state, and
rc�r� is the condensate density. Here we use a01 � a11.
We calculate the action of this potential treating it as a lens,
and using the thin lens approximation that each trajectory
is at its initial transverse position 	x0, y0�. In the Thomas-
Fermi limit, the potential UI �r� is quadratic, and thus gives
an impulse 	Dpx , Dpy� � �2mt1�x0, y0��R2

z � 	x0, l2y0� af-
ter an interaction time t1. The on-axis power of the lens
is given for x0 ø Rx and y0 ø Ry, with which assump-
tion we find t2

1 
 2�Rz 1 z0��g. This gives the thin lens
ABCD matrix for the x direction

M1x�z0� �

√
1 0

2m

h̄R2
z

p
2�Rz 1 z0� 1

!
. (3)

When applied to the beam parameter qx , the nontrivial term
in Eq. (3) is the wave-front curvature added to the beam. A
similar ray matrix M1y�z0� transforms qy , but with a curva-
ture term multiplied by l2. For both M1x �z0� and M1y�z0�,
the curvature is positive for all z0, since the interaction is
always repulsive. A positive curvature corresponds to an
expanding wave, and thus the condensate with repulsive
interactions (g01 . 0) is always a diverging lens.

When the atom laser falls [26], it evolves in the anti-
trapping potential due to the quadratic Zeeman effect of
the j1, 0� state, UQZE�r� � 2mBB2�r��BHF, where mB is
the Bohr magneton, and BHF � 0.4883 T is the hyperfine
splitting in magnetic units. We can neglect y-dependent
and higher-order terms, since they are several orders
of magnitude smaller for the fields in our experiment,
to get UQZE�r� 
 2mBB2

0�BHF 2 MV2�x2 1 z2��2,
where V � 2p 3 30.3 6 0.1 Hz. Below, we will return
to evolution in y. The classical motion of a particle in
an inverted quadratic potential is given by hyperbolic
functions. In the vertical direction, an elongation of the
laser is evident: we observe a length of 1.84 6 0.09 mm,
while with gravity alone, one would expect a length of
1.33 mm after 10 ms of coupling and 6 ms of free flight.
Including UQZE�r� and our measured trap parameters, we
calculate 1.87 mm, in agreement with our observations.
The ray matrix for the transverse x direction is

M2�t2� �

√
cosh�Vt2� h̄

MV sinh�Vt2�
MV

h̄ sinh�Vt2� cosh�Vt2�

!
, (4)

where t2 is the time of evolution, ranging between 0 and
toc. This interaction is a thick lens, since Vtoc . 1, and
thus there is sufficient time for the laser to change diameter
and curvature during its interaction. During the same time,
the beam parameter qy transforms by the free flight matrix
170403-3
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MFF�t2� �

√
1 h̄t2�M
0 1

!
, (5)

which is the V ! 0 limit of M2�t2�. Note that it is due to
the acceleration in both the z and x directions that make the
atom lasers well characterized by an asymptotic expansion
angle (see Fig. 2e): if there were no acceleration in x, the
laser would have parabolic borders.

The third and final transformation of the laser is free-
flight expansion between turning the trap off and observ-
ing the laser, described by MFF�tF�, where tF is the time
of flight. To find the width of the laser at any position, we
evolve the initial beam parameter qx�0� � 2iwx�0�2 and
qy�0� � 2iwy�0�2 with the elements of the matrix prod-
uct MFF�tF�M2�t2�M1x�z0� and MFF�t2 1 tF�M1y �z0�, re-
spectively. The angle is the ratio of the difference between
the observed rms beam size at t2 � 0 and t2 � toc to the
length of the laser. Note that this theory has no adjustable
parameters since the atom number, output flux, trap fre-
quencies, interaction strength, and bias field have all been
measured.

Figure 3 shows the calculated angle u in comparison
with the data. The primary feature of this curve is its mo-
notonous decrease with increasing drf throughout the range
of the data. This trend is due to the condensate lens, as is
demonstrated by comparison to u without the transforma-
tion M1 (dashed line in Fig. 3). Simply put, a laser sourced
at lower heights (greater drf) interacts for less time with the
condensate. The quadratic Zeeman potential UQZE acts to
magnify the divergence of the condensate lens, increasing
the slope in this region by roughly a factor of 4. Out of
the range of our data, there are two more salient features:
(1) The angle u decreases at drf , 25 kHz. This is due to
a reduction in initial width of lasers sourced from the very
top of the condensate, since divergence angle is propor-
tional to beam radius for a constant focal length. (2) The
angle u increases for drf . 5 kHz due to diffraction. A
combination of diffraction and interactions imposes the
minimum divergence possible on the atom laser, in our
case approximately 6 mrad.

In conclusion, we have measured the divergence of an
atom laser. We demonstrate that in our case, interactions
are a critical contributor to the observed divergence. The
strong parallel between atom and photon laser beams, both
fully coherent, propagating waves, is emphasized by the
success of a model obtained by generalization of the stan-
dard treatment of optical laser beams. The understanding
of atom laser propagation provided by our measurements
and model provide a basic tool for future experiments with
atom lasers.

The authors thank W. D. Phillips, C. I. Westbrook, Ch.
J. Bordé, M. Köhl, and S. Seidelin for comments. J. T.
acknowledges support from a Chateaubriand Fellowship.
This work was supported by the CNRS, Le Ministère de la
170403-4
Recherche, la Délégation Générale pour l’Armement, and
the European Union (Grant No. HPRN-CT-2000-00125).

*Electronic address: http://atomoptic.iota.u-psud.fr
[1] M. H. Anderson et al., Science 269, 198 (1995).
[2] K. B. Davis et al., Phys. Rev. Lett. 75, 3969 (1995).
[3] C. C. Bradley et al., Phys. Rev. Lett. 75, 1687 (1995); C. C.

Bradley, C. A. Sackett, and R. G. Hulet, Phys. Rev. Lett. 78,
985 (1997).

[4] D. G. Fried et al., Phys. Rev. Lett. 81, 3811 (1998).
[5] A. Robert et al., Science 292, 461 (2001); F. Pereira Dos

Santos et al., Phys. Rev. Lett. 86, 3459 (2001).
[6] See also http://amo.phy.gasou.edu/bec.html/
[7] M.-O. Mewes et al., Phys. Rev. Lett. 78, 582 (1997).
[8] B. P. Anderson and M. A. Kasevich, Science 282, 1686

(1998).
[9] E. W. Hagley et al., Science 283, 1706 (1999).

[10] I. Bloch, T. W. Hänsch, and T. Esslinger, Phys. Rev. Lett.
82, 3008 (1999).

[11] I. Bloch, T. W. Hänsch, and T. Esslinger, Nature (London)
403, 166 (2000).

[12] M. Andrews et al., Science 275, 637 (1997).
[13] J. Fujita et al., Nature (London) 380, 691 (1996);

F. Shimizu, Adv. Atom. Mol. Opt. Phys. 42, 73 (2000).
[14] P. T. H. Fisk, Rep. Prog. Phys. 60, 761 (1997).
[15] J. H. Thywissen, R. M. Westervelt, and M. Prentiss, Phys.

Rev. Lett. 83, 3762 (1999); M. Key et al., Phys. Rev. Lett.
84, 1371 (2000).

[16] In this work, the coupling width is uncertainty limited at
approximately 2p 3 100 Hz with a coupling rate at ap-
proximately 2p 3 6 Hz. These widths are small compared
to the chemical potential h 3 1.6 kHz. We call these atom
lasers “narrow-band” because the energetic width of the
output mode is limited by the coupling rate and/or the rf
pulse length (as in [10]), instead of the spatial size of the
condensate (as in [7–9]).

[17] H. Kogenick, Appl. Opt. 4, 1562 (1965).
[18] Ch. J. Bordé, in Fundamental Systems in Quantum Optics,

edited by J. Dalibard, J.-M. Raimond, and J. Zinn-Justin
(North-Holland, Amsterdam, 1992), p. 291.

[19] B. Desruelle et al., Eur. Phys. J. D 1, 255 (1998);
B. Desruelle et al., Phys. Rev. A 60, R1759 (1999).

[20] For a review of Bose-Einstein condensate theory and an
explanation of the Thomas-Fermi formulas used here, see
F. Dalfovo et al., Rev. Mod. Phys. 71, 463 (1999).

[21] D. S. Hall et al., Phys. Rev. Lett. 81, 1539 (1998).
[22] We attribute this field stability to the magnetic shielding of

the condensate by the iron yoke of the electromagnet.
[23] F. Gerbier, P. Bouyer, and A. Aspect, Phys. Rev. Lett. 86,

4729 (2001).
[24] Y. Castin and R. Dum, Phys. Rev. Lett. 77, 5315 (1996);

Yu. Kagan, E. L. Surkov, and G. V. Shlyapnikov, Phys. Rev.
A 54, R1753 (1996).

[25] H. Wallis, J. Dalibard, and C. Cohen-Tannoudji, Appl.
Phys. B 54, 407 (1992).

[26] The potential UQZE also acts within the condensate, but is
neglected transversely because V2 ø v2

x , and longitudi-
nally because Rz ø g�V2.
170403-4



(	��	������	�

J:K �� �� 	
��* D��
��E� +����L ��� �������
�������������F* �� �	��
� * :C@ 7:H<>8�

J<K � ��������* D4�
����������� ��� ���
����/�� ���
��� +
��F*  �������
����� !��� ����� "#��� $�� <A: 7:H<>8�

J=K � ��������* D4�
����������� ��� ���
����/�� ���
��� +
��� IX����
!��
�����/F*  ����������� !��� ����� "#��� $�� = 7:H<?8�

J>K �� �����
�� �� ������� �� ��������� �� �������� �� ��
�
�����* D������
���� �0 1����#������� �������
���� �� 
 ������ 
���
��� �
���F*  ������ � $* :H@ 7:HH?8�

J?K �� 	� ������ ��� � ������ �� !� ������� �� �� ��� ��"����
�� �� �"�#��� �� �� �"��� �� �� ��������* D1����#�������
�������
���� �� 
 /
L �0 ������ 
����F* �	�� ���� %���� 	%* =HAH
7:HH?8�

JAK �� 	�����$� �� ��%&���� �� �
����� �� !� '"���* D#�������
�0 1����#������� �������
���� �� 
� 
����� /
L X��� 
���
����� ������

������F* �	�� ���� %���� 	%* :A@C 7:HH?8�

JCK �� 	�����$� �� ��%&���� �� �
����� �� !� '"���* D1����
#������� �������
���� �0 ������� 3 ������
���� �0 ������� �������
��
������F* �	�� ���� %���� 	,* H@? 7:HHC8�

J@K �� �
��������
"�(�* D.
�������/ 
���� X��� �������F* ���� &
��

�	�� 	<* CGC 7:HH@8�

JHK �� �� )����**�* D�
��� ������/ 
�� ��
����/ �0 �����
� 
����F* ����
&
�� �	�� 	<* C<: 7:HH@8�

J:GK �� ��"* D-�� �
�����
���� �0 �����
� �
��������F* ���� &
�� �	�� 	<*
A@? 7:HH@8�

J::K +� �
�"��
� +� �������� +� !
���� !� 	��%��� � ���
���
�� �� ,��"�%�
* D1����#������� 	������
���� �0 ���
����� !����
�� &���
������ 	�����/F*  ������ �$'* :=<G 7<GG:8�

:@C



J:<K � +� ��"�%
��� �� �� ����%&��� �� ,� �%��-������ +� 	�
)��������� �� !� +� '"���* D������
���� �0 ����� �������� �� 

+
� �0 -�
���� !����F*  ������ �$
* <?CG 7<GG:8�

J:=K �� �%���%&� .� ���$&
��%�� �� .� �
����� +� ��������
�� 	
"����� �� �"��/
����� �� �� ���
�
�* D4�
������ 1����
#������� 	������
�� �������� �� 
 ����� &�
F* �	�� ���� %���� ,	*
@G>G= 7<GG:8�

J:>K �� ��
� �� �� 	"�����* D!��� �����
� �������� 0�� 1����#�������
�������
���F* �	�� ���� " % * =@<? 7:HHC8�

J:?K �� !� ������� �� +� �
������� '���� �������� �� �� ��
�� �� �"��� �� �� ��������* D������
���� �0 �����0������ 1���
X��� -X� 1��� 	������
���F*  ������ �	%* A=C 7:HHA8�

J:AK ,� 	�
%�� �� '0���%�� �� �� ���������* D!��� �
��� X��� 
 �X
������ �������F* �	�� ���� %���� ,�* =GG@ 7:HHH8�

J:CK �� �
��������
"�(�* �
�� '���������� ���� �� ������� 
����*
1����1� *�� �� ��������� ����� !���
��� �� �� 2�����"���� 7#��
������ &������ ���������� 1�"�* :HH<8* ����� ����� ���  ������* &������
����* :HHG�

J:@K �� � �
������ �� !� ������� �� �� �� ������* �
�� ��
�������

� �	� (��������
���  �	

� 
� �	��� )*����
 '����+ ,
��� ,-%*
1����1� *�� �� ,��"�%�
� �� ���������� �� �� ������ 7��& �����*
!������
�* :HHH8�

J:HK � !
��* .����� ���	�
�
��* =���� ��� 7,����� ���
��* !������
�*
:HCH8�

J<GK �� �� ������ �� .� '
������* D%���/ ����� �
���� 0�� 
�����
�������F* ����  ��� (���  �* : 7:HH:8�

J<:K !� �� ��"�������� �� �� +��/�� �� �� 	� �"�������* D! ������
���
���/ ���� 0�� 
����� ��
� 0�������� ��
��
���F* ��
�� 
� �	� /0�	
������ ��������� �
���
� ���
��� := 7:H@?8�

J<<K �� �� )����**� �� '� ���%��#* D�
��� �������
���� �0 
� 
�����
��
�F* �	�� ���� %���� ',* ?HA 7:H@<8�

J<=K �� �� 	������� �� �� ��*
����%�����/� �� �� !�$� �� +� )�
.�#$����* D&��X��/ 
���� X��� $� ���
��L�� ��/��F* �	�� ���� %����
 	* =>@= 7:HH:8�

J<>K 3� 	
$��* ,
�������
� �� 1
��*������ ���� �� �������
������ ��

�
���� ����
����������� 2 ��������� �� ����
�������� ��� �� �	���

����������� ������* -����� �� ������
�* %��������� �� �
��� "�* <GGG�

:@@



J<?K �� +� �������� �� !� �"��/� +� �� ������� .� +� ���%����� ��
'������
�� �� 3� �� 	�����
* D_$
�E������ 
��������
� ���X��/
0�� ���
'�� ��
���/ �0 ��
��F* �	�� ���� " %$* @@< 7:HHH8�

J<AK �� .� !���� �� )�������� � ������ �� ��"� �� �� �� )����
%����* D-�
����/ �0 �����
� ������ 
���� X��� �
��
���� ��������F*
�	�� ���� %���� %$* <A=: 7:H@C8�

J<CK �� +� �
������ �� ���* D��
�����
�� ������� �� ��� �
/����������
�
��
�F* �	�� ���� " %�* :><= 7:HH?8�

J<@K �� ���&
� �� ���&��� �� �
��
�� � +��������� �� �� ����
���* D	���������
� ������ 0��� 
 ��/���0���� 
��� ��
�F* �	�� ���� %����
 �* HA: 7:H@H8�

J<HK �� ���&��� �� ���&
� �� �� ������* D	��������� ���
����� �0
�����
��� ��
���� �����
� 
����F* �	�� ���� %����  '* >G@ 7:HHG8�

J=GK �� �������� )� .�"����� � ������ +� ����������� � �����
�
�� 4� ������� �� +���
�� �� �� ���
�
�* D�������/
����
�0 ����$������ ������/ �B���� �� 
 ������ �
/����������
� ��
�F*
"���� �	�� 1 %'* <@= 7:HH>8�

J=:K �� �� �

*��� +� '����������� �� !��&� �� +� �
������� ��
2����� �� �� �� �

�* D-�� ������
���� �0 
���� �� 
 �
/�����
�����
� ��
�F* *��
�	�� %���� �,* =HC 7:HH>8�

J=<K �� ��������� �� 	� ������ �� � �
##�� � ������� �� �� ��
)���%����* D �/� ��������� �0 ���� 
���� �� 
 �
�E �����
������0����
�����
� ��
�F* �	�� ���� %���� 	<* <<?= 7:HH=8�

J==K �� �����
�� �� )����%�� �� ������� �� �� �
�����* D������
���� �0 ��/���
������� ���������
� ���� �
�� 0��� 
 ��X��������� �
��������
��
�F* �	�� ���� " %<* �=?HC 7:HH>8�

J=>K �� �
��
�� �� ������ '� !
����
�� �� �� ������* D"��� ����
��
���� 
���� �� 
 �
��� ����F* �	�� ���� %����  %* :?C: 7:HHG8�

J=?K 	� ����"����� 3� 	
$��� )� 	
"$��� +� 	��&�� �� .1�%�������
�� ����� �� ,� ������

&� �� � �*�%�*D-�
����/ ���� �����
�

���� X��� 
 ��������� ��������
/���F* *��� �	�� 3� 4� 
* <?? 7:HH@8�

J=AK �� �����%���"��* D�����
� ������/ �� ����� 
����� ����
 3 �����
�
���� ��� �� ��
��������� �0 �����
������� ������� �������F* *��
�
�	�� %���� '%* A?H 7:HHH8�

J=CK �� +"1��$� �����* 4�������� �
����
������ �� ��� �5�������

�
��� 2 �� ����
�������� �����
����� �� �� �
�������
� �� 1
��

*������* -����� �� ������
�* %��������� �� �
��� "�* :HH@�

:@H



J=@K ����� �0"����� �� �
���/� �� )�"�� �� 5� ����&�* D,#&-��
� ! �
/����� ����
/� ���/ 0�� ���X ��������F* 6���� (������ &��	
�

�	�� ������	 ��,* <>G 7:H@?8�

J=HK �� ��(
����* 6�
�
 ,�����
 $* >= 7:H=<8�

J>GK �� � �
������ �� �
��
�� �� �� �� ������* D.������� ��
���*

� �
/����� ��
� 0�� �����
� 
����F* �	�� ���� %����  	* <>=H 7:HH:8�

J>:K �� '� ����* D�� �����
� �
������ ��
����/ �� ��
����
��� ��������
�
/����� )����F* ��
�� 7����� *������ ,* :@: 7:H@>8�

J><K 4� 3� +
��� �� �� ,
##�� �� 3� +� ���6&
��&�* 6���� '��
�8
 ����� #�C �* :G>?* :<@> 7:HA<8�

J>=K �� �� )���%����* D	�����/ �����
� 
���� �� 
 �
/����� ��
� 0��
��������� ������������F* �	�� ���� %���� %
* :==A 7:H@=8�

J>>K ��� � ������ �� !� ������� �� �� ��� ��"���� �� �� �"���
�� �� �"�#��� �� �� ��������* D1����#������� �������
���� �� 

��/���� ���)���/ �� �
/����� ��
�F* �	�� ���� %���� 		* >:A 7:HHA8�

J>?K .� 3� '�"� 	� �� 	"�%�� �� .�"� 2� �"��
�� �� �� 	"����
�� �� � +
�
�%���&
* D,�
� �����
�� ��
��
� ��
/�� �0 ���)���
1����#������� �������
��� �� ��� _>$� �
/����� ������F* �	�� ���� "
%,* �?> 7:HH@8�

J>AK 5� ������ � ������ �� �%���%&� �� �%�"����� �� +� !��*�*
D1����#������� �������
���� �� 
 ���� ��B��������
�� )��� ���)/��
�
����F* *��
�	�� %���� '
* : 7:HH@8�

J>CK �� �� �
������ �� �� 	�����$� �� � ��%&���� �� !� +� '"���*
D����
���� �
/��� ��
� 0�� ���� 
����F* �	�� ���� " %
* �<< 7:HH?8�

J>@K �� 	�������� +� ���/� �� '� �� ���%��#* D.
/������
��� ��
��
���/ )���� 0�� �����
� 
����F* �	�� ���� " �%* :?=? 7:H@C8�

J>HK �� .� �"�&
�� �� �� �� ��������� �� +� 3� ���$�*��&
�* D	���
���������� ������ 
�� ��
���
���� ������/ �0 
���� �� �
/����� ��
��F*
�	�� ���� " %�* =>G= 7:HHA8�

J?GK 	� ����"����* �*���
����
� ��� ����
����������� �� �
�������
� ��

1
��*������ �5�� ��� �5������� �� ������� �� �	��� �
��* -����� ��
������
�* %��������� �� �
��� `�* :HHH�

J?:K .� .����" �� �� .�#%���/* &���������* ?���� ��� 7#�������
.��V#�������* .�����* :HH>8�

J?<K � 	�
���$�* ��������� ����������� �5�� ��� �5	������ ���������� 2

��� �� �
�������
� �� 1
��*������* -����� �� ������
�* %���������
�� �
��� "�* <GGG�

:HG



J?=K .� )� )� �� ��#
��
� �� +�
����� �� �� ���������* D-����� �0
��
���� 1������������� /
���F* 3� 9���  
�� "�� 1 	
* >A= 7:HHH8�

J?>K )� �� '� )��&��� � �
�&� �� �����0"����� �� �� !�$�
����
�� �� '�(����� �� �� �� �� ��������* D!��
�
���
��� ��
�/��/
��� ��
�����
�� ������� �0 
 ��
���� 1��� /
LF* �	�� ���� %���� 	,*
HHG 7:HHC8�

J??K �� �� ����*����"��� '� �� �������� � )� ���&&��"�� ��
,�
"$�� �� �������� �� �� ��������* D���������� 0���
���� �0 

1����#������� �������
��F* �	�� ���� %���� ,
* <:H> 7:HH@8�

J?AK �� �� '���/��* �
�� ��
������� 
� �	� (��������
���  �	

� 
� �	��
�� )*����
 '����+,
��� ,-%* 1����1� *�� �� ,��"�%�
� �� ������
����� �� �� ������ 7��& �����* !������
�* :HHH8�

J?CK �� +���
�* "�
�� ������� �� ����
��� ��� ���� �� ������� ����
!���

��� 2 �� ������ �������
�
������ ��� ��� ������� �� ,����� �� �������

���������
�* -����� �� ������
�* %��������� �� �
��� `�* :HH<�

J?@K 3� 3"����%� �� �� '0���%�� �� �� 2���������* D&���� �
/�����
��
�� 0�� ���� 
����F* *��
�	�� %���� � * =>H 7:HHA8�

J?HK �� �
��������
"�(�� �� �"*
���!
%� �� +� +�$�����* ��
�
��� �5���������
� ����� �	
�
� �� ��
�� 7�����#�������V#������� ��
	,�&* �
���* :H@@8�

JAGK 3� 	�����
� �� �� )���%����� �� �� ���**���* D1����#�������
�������
���� �� 
� �'����
� �������
�F* �	�� ���� " �%* >=?> 7:H@C8�

JA:K 4� ������ �� !� �"�* D1����#������� �������
��� �� ���� ������
��
��
��F* �	�� ���� %���� 		* ?=:? 7:HHA8�

JA<K '� �� '���* D#�
���
���� ������/ �0 �
/�����
��� ��
���� 
�� ����
������� ��������
��L�� �����/��F* �	�� ���� 1 �'* =>CA 7:H@A8�

JA=K �� ��
&� �� �� )� �
�#�* D�����
���� ���
���� �0 
 1��� /
� ��
�
�
���
����F* �	�� ���� 1 �$* >G=G 7:H@H8�

JA>K  � �� ."����� �� �� !�$�
���� �� �� �� �� ��������* DR������
������ �0 ��� ��
���
���� ������/ �0 
 ��
���� /
�F* �	�� ���� " %�*
=@: 7:HHA8�

JA?K �� �
��������
"�(�* 1����1� *�� ��������#�7%%� 7	���� ������

� 	�����/� �� ��
���* :HHA�HC8�

JAAK �� �������� �� �� �� ��� ��"���* �
�� "������ �� ��
���8 �
�

�������8 ��� 
������ �	��� 7!�
����� �����* &
� $��/�* :HHA8* "��� =C*
�� :@:�

:H:



JACK �� �� �� �� �� �
&&������� 	� �� 3������� �� +������ ��
�� �� '���/��* D����������� 0�� �
���������� �� ����E�F* �	�� ���� "
% * �>=@H 7:HHC8�

JA@K '� '���� +� )� �
%����&�� �� �� �
$��� �� ����"����� ��
���**���� �� �� �� +��$��&* D-�
����/ �0 ��������
��L�� 
�����
�����/��F* �	�� ���� %���� %$* AC< 7:H@C8�

JAHK  � �� ."����� '� +� �� ����(� ,� �� ����(�� �� �� !�$�
����
�� �� '�(����� �� �� �� �� ��������* D���
� 3 ������������
�0 �
/�����
��� ��
���� 
����� �����/��F* �	�� ���� %���� 	<* ?>>
7:HH=8�

JCGK �� ���"����� �� �� �
$��� �� �� ��������� �� ���**����
�� �� +��$��&� '� �� '���� �� +� )� �
%����&�* D#�
���
����
������/ �0 ��������
��L�� 
����� �����/��F* �	�� ���� %����  
* H=?
7:H@@8�

JC:K �� �� '�(�����  � �� ."����� ,� �� ����(�� �� �� �� �� ����
�����* D�����
� ������/ �0 
����� �����/�� �� 
 �
/����� ��
�F*
3� 9���  
�� "�� 1  * <<=? 7:H@H8�

JC<K ,� �� ����(�� '� +� �� ����(�  � �� ."����� �� �� !�$�
����
�� �� '�(����� �� �� �� �� ��������* D�����
� ������/ �0 
�����
�����/�� �� 
 �
/����� ��
�F* �	�� ���� %���� 	<* <<?C 7:HH=8�

JC=K �� �� ����� '� �� .��� �� ������
�� �� �������%�� �� ��
��"* D#�
���
���� ������/ �� 
 ������� ������ ��
�F* �	�� ���� %����
	'* =?CC 7:HH?8�

JC>K �� �� )���%����� �� '������
�� �� � +� ������* �
�� "��
�	�� 75���� &������)�* &��/
����* :H@H8* "��� ::* �� :CH�

JC?K �� 	� ������ ��� � ������ �� � �
##�� �� !� ��
������ �� �� ��������* D#�
���
���� ������/ �0 ������ 
����F*
�	�� ���� %���� 	'* ?<G< 7:HH?8�

JCAK .� .����" �� �� .�#�%���/* &��������� ���������* <���� ��� 7#���
����� .��* .�����* :HAC8�

JCCK �� 2����* D,���
��
�
��� �������/ �0 ����/� ������F* ��
�� �
��  
��
" 
�	* AHA 7:H=<8�

JC@K ���� �"
������ �� ��������� �� )� �� �"������* D,��
��
�
���
���
���� �� ��
���
���� ������/ �0 ��
���� 
���� �� 
 �
����0��������
)���F* �	�� ���� " %,* =H@= 7:HH@8�

JCHK 	� ����"����� 3� 	
$��� �� +� �"��
%�� +� ������
$� )�
	
"$��� � �*�%�� �� �� .1�%������* D����������� ��
���
����

:H<



������/ �0 ��� 
���� ��
���� �� 
 ��/� �
/����� )���F* �	�� ���� "
 <* �:C?H 7:HHH8�

J@GK  � '� )�&������ �� ���� �"
�����* D!����� ���
���� �� ��
���
�
���� ������/ �0 ��
���� 
�E
������
� 
���� �� �����/ �
/����� )����F*
��"  �* <?>G< 7<GGG8�

J@:K �� )� 	"�&�� ���� �� .� 	
��� 	� �� ���$� �� �� '� +�����*
D���
�� �0 ��� ��� ���/��� ��
������/ ���/�� �� ����������/ ����
����
����������F* �	�� ���� " %%* �<?:: 7:HHC8�

J@<K �� �� �� �� �� �
&&������� '� �� �� �� 	
������ �� 	� �� 3��
�����* D���� �0 ���������� �� ���
���� �0 �����
����/ 1��� �������
���F*
�	�� ���� " %%* �:?@H 7:HHC8�

J@=K )� �� �"������� �� '� ����� �� ��������� �� �� �� ��������*
D	��������
� ��
������ �0 ������ 1��� �������
���F* �	�� ���� %���� 	,*
:@@G 7:HHC8�

J@>K .� �*��/�� �� �� ���* D������� �0 ����� ����L�� +
���F* 7:HA<8�

J@?K !� �� ��"������� �� �� ���* "���� �	�� ��* =A? 7:H@G8�

J@AK �� .���
�� �� 	��8"���� �� 	
�������� �� �� ,���
� �� �� ��
��������* D&���
������ ������/ �0 ��
���� ���� 3 ! �
���������� �X��
������� ��������
� ��� ��
��
F* �	�� ���� %���� %	* CG 7:H@A8�

J@CK !� �9
�1�� �� �� ������
�� 2���� 4��� �� +�"�� +��'� ��"���
�� � �������
* D#��
���� 	�����/ �0  ����/�� !���� �� �������
!����F* �	�� ���� %���� ,'* <@GA 7<GGG8�

J@@K �� �� �$���� �� � 	"��� !� �� +������ �� � �
������ ��
�� �� ������* D���������� �0 �X� �����
����/ 1����#������� �������
�
��� �� ����
������ ������/F* �	�� ���� %���� 	,* ?@A 7:HHC8�

J@HK 	� �����%
 �� �� �� ���* D����� �0 ����� ��/��
�
�� �� 
 ��
����

����� /
�F*  ������ �,%* :CG= 7:HHH8�

JHGK � �
�&� �� ���#�� �� �"���%�� �� ������� ���
��������
!� +����� �� �� ������0"����* D.�'���� �0 ����
���� ������� 
��
������ 
���� �� 
� �����
� ������ ��
�F* "���� �	�� 1 * ������� 3 ����
����VG:GCGC?�

JH:K '� �" �� �� �� �

�* D$����� �����
���� �0 ��
���
���� ������/F*
3� �	�� 1 2 "�� &
�� 9��� �	�� �$* �=<: 7:HHA8�

JH<K �� ����� �� 	� ������ �� +"1��$� ������ �� !�$�
����
�� �� ��������* D������
���� �0 I����#���/� �����
��� �� 	��	�
	���������F* �	�� ���� %���� 	$* A<? 7:HHC8�

:H=



JH=K �� ���������� �� !� �9
�1�* D&����6������ �� &���
������ 	�����/
X��� !����� 1����#������� 	������
���F* �	�� ���� %���� ,<* =>:H
7:HH@8�

JH>K �� +����� .� 4
"� �� �� � 	� ������$* D&���
������ ������/
�0 
� 
����� 1��������� /
� ��'����F* �	�� ���� " %$* :?GG 7:HHH8�

JH?K ��� � ������ �� !� ������� �� �� �"��� �� �� �"�#���
�� +� �
������� �� �� ��������* D������ ������� 0�� 1����
#������� ��������� 
����F* �	�� ���� %���� 	,* ?@< 7:HHC8�

JHAK �� �� '����$� .� ����� �� �
/"��� �� ����� �� '������
�
�� �� .� !
���
�� �� �� �� )�����*�* D! X��� ������
��� ��
���
���������� 
��� �
���F*  ����� �,�* :CGA 7:HHH8�

JHCK 	� )� �����
� �� �� ������%�* D.
��������� ��
���� �����0��
������ 0��� 
����� ������ 
��
��F*  ������ �,�* :A@A 7:HH@8�

JH@K � �� �������* %��� 7%��������� &������ 1��E� .��� "
����* 	
���
0����
* :H@A8�

JHHK !� 	������ �� �� ������*D-�� -����� �0 !��� �
����F* "6: 1*,

;<<< �	���  �����  �	

� ��
������� 7<GGG8* ������
�VGGG@GCG�

J:GGK )� �� .���� !� �� ������ �� ,� ������

&� �� )�����*�� )� .�
+
"��� �� '� �� ���%��#* D������
���� �0 
���� �
��� ������ ����X
��� $������ �����F* �	�� ���� %����  
* :AH 7:H@@8�

J:G:K �� ���
�
�� �� ��������� �� �� )�����*�� � �����
�� �� ��
+"������* �	�� ���� %���� 
�* A@= 7:HHG8�

J:G<K �� �
��������
"�(�* 7	���� ����� 
� ������/� �� ��
���* :HH@�HH8�

J:G=K � 4����* 7������ *�����
���* =�#��� ��� 7���� 5���� a &���* ,�X
2��E* :H@H8* ��� :GAM:<=�

J:G>K �� �
��������
"�(�� 	� ��"� �� �� �"*
���!
%* &���������

��������� ( 7 ���
��* #������ ��� �������� �� ��� 
���* :HC=8�

J:G?K 4� .� �
8� �� '� ��$������� �� � !�������� �� +������� ��
!�%����� +� ������
$� )� 	
"$��� �� � �*�%�* D!��� �
���
$����/����F* �	�� ���� %���� ,	* :CG>G= 7<GG:8�

J:GAK �� +������� )� 	
"$��� �� � �*�%�* D4�
������������ !���
�
��� �� ��� �������� �0 +�
����F* �	�� ���� %���� , * >C<H 7<GG:8�

J:GCK �� �0
��� �� �� '0���%�� �� �� ���������* D.�
�����/ ��� -���
���
� 	�������� �0 
� !��� �
��� 1�
�F* �	�� ���� %���� ,	* :AG>G>
7<GG:8�

J:G@K ,� 	�
%�� �� ���������� �� �� '0���%�* D.��������� �0 ��� ��
��
�
��������� �0 
 ��
���� 1��� /
L 
� ��� ��
�� ��
�������F* 6����� '<�*
:AA 7<GGG8�

:H>



J:GHK 3� 	
$��� �� �"��
%�� 4� .� �
8� +� ������
$� )� 	
"$���
�� � �*�%�* D.����0�������� ��
���
���� ������/ �� 1����#�������
�������
���� �� 
 ��/� �
/����� )���F* �	�� ���� "  �* �<:AG: 7<GGG8�

J::GK +� ������
$� �� �"��
%�� 3� 	
$��� 3� �
���� )� 	
"$���
�� � �*�%�*D%������
����/ ��� ���������� �0 ��
� 1#	 X��� ����
�
������ ������/F* �	�� ���� "  �* �G?:AG< 7<GG:8�

J:::K )� 	
"$�� �� ���* D#'��������
� ����� �0 �������/ 1����#�������
�������
��� ���� X�
E�� ������
����/ 
�� ��
����/ ��
���F* ,��� "���
����  ��� ���� �C� �.* A?C 7<GG:8�

:H?



Résumé

Ce mémoire de thèse développe plusieurs thèmes autour de la condensation de Bose-Einstein. Il
présente différents moyens pour produire des condensat de Bose et termine par une application
du condensat : le laser à atomes.

Notre dispositif expérimental utilise des matériaux ferromagnétiques pour générer le piège mag-
nétique. Le champ au centre de notre piège est de l’ordre de la centaine de Gauss. Avec un tel
champ, le refroidissement évaporatif par radio-fréquence peut être perturbé ou même interrompu
car les fréquences de transition entre sous-niveaux Zeeman adjacents en un point donné du piège
magnétique sont différentes. Pour résoudre ce problème, nous avons réalisé l’évaporation avec
plusieurs fréquences rf simultanément.

Par ailleurs, nous avons produit simultanément deux condensats de Bose-Einstein dans des états
internes différents par refroidissement sympathique. Un modèle thermodynamique simple permet
de comprendre les différents scénarios d’apparition des condensats observés expérimentalement.
De plus un calcul du taux de thermalisation par collisions élastiques entre les deux espèces montre
à quelle condition les deux gaz restent thermalisés au cours du refroidissement sympathique.

Enfin nous avons produit et étudié des faisceaux d’atomes issus de nuages ultra-froids par un
coupleur radio-fréquence. Avec notre fort champ magnétique, la stabilité relative nécessaire pour
obtenir des faisceaux continus est d’environ 10−4. Lorsque la stabilité n’est pas suffisante, nous
montrons qu’une modulation de fréquence ou d’amplitude de la rf permet de régulariser le flux
du faisceau de sortie.

Abstract

This thesis discusses several topics concerning Bose-Einstein condensation. We present two al-
ternative techniques to produce Bose condensates and an application of the condensates : atom
lasers.

Our experimental setup uses an iron-core electromagnet to generate a magnetic trap. The mag-
netic field strength at the center of the trap is of the order of one hundred Gauss. With such a
large bias field, radio-frequency-induced evaporative cooling is found to be hampered, and even-
tually interrupted, by the presence of nonlinear Zeeman shifts. To solve this problem, we use a
multi-frequency evaporation scheme.

We have also produced Bose-Einstein condensates simultaneously in two internal states by sympa-
thetic cooling. A thermodynamic model allows us to understand the different scenarios observed
experimentally. Furthermore, a calculation of the thermalization rate via elastic collisions gives
a condition for the two components to stay in thermal contact during the sympathetic cooling
process.

Finally, we have produced and studied atomic beams generated by rf-output coupling of ultra-cold
atomic clouds. With our high magnetic field, the relative stability required to obtain continuous
beams is about 10−4. When the magnetic field is not stable enough, we show that a modulation
of the frequency or of the amplitude of the rf field allows to stabilize the flux of the atom laser.
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