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En 1924, en s•appuyant sur les travaux de Satyendranath Bose, Albert
Einstein découvrit que des bosons sans interaction, `a 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 ´energie.
Cette condensation dite de Bose-Einstein a ´eté observée dans un gaz dilu´e
pour la première fois en 1995, le prix Nobel 2001 vient de r´ecompenser les
pionniers de ce domaine de recherche.

Dans ce mémoire de thèse nous commen¸cons par décrire les diverses tech-
niques utilisées dans notre exp´erience pour ralentir, piéger et refroidir les
atomes. L•évolution de la densité spatialen0 et de la longueur d•onde ther-
mique de de Broglie �T au cours des di�érentesétapes est repr´esentée sur la
“gure 1. La condensation est atteinte lorsquen0 � 3

T > 2,612.
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Fig. 1 … Odyss´ee dans l•espace des phases : de la vapeur thermique au conden-
sat de Bose-Einstein. Au total, la densit´e spatialen0 n•a pratiquement pas
changée mais la température T est passée de 400 K `a 400 nK.

Nous utilisons des atomes de rubidium 87. Apr`es la phase de pr´erefroidis-
sement par laser, les atomes sont transf´erés dans un piège magnétique. Nous
pouvons choisir de les pi´eger dans l•état |F = 1, mF = Š1� 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. Notreélectro-
aimant nous obligeà travailler avec un champ magn´etique de l•ordre de la
centaine de Gauss au centre du pi`ege, au lieu de seulement quelques Gauss
dans les dispositifs utilisant des bobines.
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Fig. 2 … Positions dans le pi`ege des transitions radio-fr´equence utilisés dans
F = 2. Les trois transitions connectant mF = +2 au sous-niveau anti-
piégeantmF = Š1 sont représentées en noir.

La dernièreétape utilisée pour atteindre la condensation de Bose-Einstein
est le refroidissement ´evaporatif. Cette technique de refroidissement consiste
simplement à expulser du piège les atomes les plus ´energétiques, l•énergie
moyenne par atome piégé diminue et après rethermalisation, la température
diminue.

L•expulsion des atomes est r´ealiséeà l•aide d•une onde radio-fr´equence qui
fait passer les atomes d•un sous-niveau Zeeman pi´egeantà un sous-niveau Zee-
man anti-piégeant. Lorsqu•il existe plusieurs sous-niveaux Zeeman pi´egeants,
l•utilisation de champs forts conduità une interruption de l•évaporation en
deçà d•une certaine temp´erature. Ce problème vient de ce que les fr´equences
de transition entre les di�érents sous-niveaux Zeeman adjacents ne sont pas
égalesà cause de l•e�et Zeeman non-lin´eaire.

Le problème se pose dansF = 2, pour le résoudre, nous avons r´ealisé
l•évaporation avec trois fréquences rf. Ces trois fr´equences sont choisies pour
permettre de passer dans l•´etat anti-pi égeant|F = 2, mF = Š1� , comme le
montre la “gure 2. En revanche dansF = 1, le problème ne se pose pas car
le premier sous-niveau Zeeman adjacent est l´egerement anti-piégeant, il est
donc possible d•obtenir des condensats de Bose-Einstein avec une fr´equence
rf unique.

Une autre solution pour atteindre la condensation dans|F = 2, mF =
+2� consisteà piéger simultanément des atomes dans|F = 1, mF = Š1�
et dans |F = 2, mF = +2 � , et à évaporer |F = 1, mF = Š1� . 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 esp`eces
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Fig. 3 … R´esultat du refroidissement sympathique en fonction de� et de du
rapport N2/N c

2. Les points noirs représentent les rapportsN a
2 /N c

2 et N b
2/N c

2
mesurés pour� � 6,5.

via les collisionsélastiques. Il permet de comparer le temps de thermalisation
inter-espèce (refroidissement sympathique) au temps de thermalisation intra-
espèce (refroidissement ´evaporatif). Dans notre cas, tant que le recouvrement
spatial des deux nuages est su�sant, les deux gaz restent thermalis´es tout au
long du processus de refroidissement.

Le refroidissement sympathique est une technique tr`es 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 identi“é expérimentalement plusieurs sc´enarios en fonction
du nombre d•atomesN2 présent dans l•état |F = 2, mF = +2 � . Pour des
conditions initiales données nous mesurons trois nombres critiquesN a

2 , N b
2 et

N c
2, les di� érents régimes observ´es sont résumés sur la table suivante :

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

N a
2 < N 2 < N b

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

2 < N 2 < N c
2 : condensation deF = 2 seulement

N c
2 < N 2 : pas de condensation possible

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

2 et du paramètre d•évaporation � = � t
kB T (où � t

représente l•énergie au del`a de laquelle les atomes sont ´evaporés).
En“n nous nous sommes int´eressésà la production de faisceaux d•atomes

3



a) b)

Fig. 4 … Atomes extraits d•un nuage condens´e pendant 10 ms `a partir d•une
onde rf modulée en fréquence. Le condensat est d´ecalé à cause d•un e�et Stern
et Gerlach à la coupure du champ magn´etique 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-fr´equence résonnante dans le
condensat permet de transf´erer continuement une petite fraction des atomes
vers unétat non-piégeant. Ces atomes tombent alors sous l•e�et de la gravit´e
et forment ce qui est appel´e un laserà atomes.

La production de tels faisceaux requiert une grande stabilit´e du champ
magnétique de piégeage. Notre ´electro-aimant agit comme un blindage ma-
gnétique qui protège les atomes des ”uctuations du champ magn´etique exté-
rieur. En revanche l•utilisation de champs forts demande une stabilit´e relative
importante des courants d•excitation (de l•ordre de 10� 4).

En modulant la fréquence de la rf, nous avons pu r´egulariser le ”ux de sor-
tie du faisceau d•atomes extrait lorsque la stabilit´e n•était pas su�sante pour
extraire les atomes avec une fr´equence “xe. Dans une description classique,
nous pouvons consid´erer que les atomes sont extraits par paquets. Si la fr´e-
quence de modulation est assez importante, beaucoup de paquets sont ´emis
par unit é de temps et les paquets d•atomes se recouvrent. Lorsque l•ampli-
tude de la modulation est sup´erieureà l•amplitude des ”uctuations du champ
magnétique, le ”ux du faisceau de sortie est insensible aux ”uctuations du
champ (voir la “gure 4.a). Si la fréquence de modulation est faible, les pa-
quets d•atomes ´emis ne se recouvrent pas et nous observons une modulation
du ”ux du faisceau de sortie (voir la “gure 4.b). Pour un faisceau issu d•un
condensat de Bose-Einstein, cette modulation peut-�etre interprétée en terme
d•interférences entre les di�érentes 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 ®eld
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Radio-frequency-induced evaporative cooling of87Rb atoms in theF5 2, m5 2 ground state in a magnetic
trap with a high bias ®eld is found to be hampered, and eventually interrupted, by the presence of nonlinear
Zeeman shifts. An experiment studying evaporation at a ®xed adjustable rf frequency was used to illustrate this
effect. These nonlinear shifts prevent us from reaching quantum degeneracy in theF5 2, m5 2 ground state;
however, evaporation in theF5 1, m52 1 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, 32.60.1 i
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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 ®eld
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 ®eld, as in most experiments, the Zee
effect is linear, and the rf couplings between adjacent Z
man sublevels (uDmu5 1) 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 ®eld, where the Zeem
splitting is no longer negligible compared to the ground-st
hyper®ne structure, the evaporation process can be adve
affected, initially by a reduced evaporation ef®ciency 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 theF5 2, m5 2 ground
state in a magnetic ®eld of 150 G, and our ability to obtai
in the F5 1, m52 1 ground state.

This effect is of importance for BEC experiments usi
high-®eld magnetic traps, or atoms with small hyper®
structure. It may also play a role in lines of experimen
activity in BEC which investigate the effect of large ma
netic ®elds 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 ®eld and dipole ®
that is, respectively, perpendicular and parallel to thez axis.
The magnitude of the total magnetic ®eld can be appr
mated by

uBu5 B5 B01 SB82

2B0
2

B9
2 D~x21 y2!1 B9z2. ~1!
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The resulting Zeeman shift provides an anisotropic trapp
potential for low-®eld-seekingm states.

A fast thermalization is a key condition for an ef®cie
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 ®eldB0 . 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 ®eld are o
order of a few gauss, and the Zeeman shift is linear in
magnetic ®eld.

In our trap, based on the use of ferromagnetic mater
@6#, we radially compress the atomic cloud by increasing
gradientB8without modifying the bias ®eld. This obliges u
to evaporate in a high bias ®eld, for which the Zeeman s
is no longer linear in the magnetic ®eld. De®ning

«5
mBB

2\ v hf
5

v L

v hf
,

wherev L is the linear Zeeman shift between adjacent s
levels, andv hf the hyper®ne splitting of the ground state, w
may write the Zeeman shift for87Rb to second order in« as

EF,m~«!5 EF1 ~2 1! F$\ v hfm«1 \ v hf~42 m2!«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 ®eld, the rf couplings
not resonant at the same location because of the quad
Zeeman effect@see Fig. 1~b!#. Depending on the hyper®n
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 con®ning 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
®eld within 1 ms. The power consumption is 4 W per coil for
a gradientB85 900 G/cm, and the maximum gradient
saturation is 1400 G/cm. The ability to produce large gra
ents compensates the fact that the bias ®eldB0 cannot be
reduced without also reducing the dipole curvatureB9. The
ratio B0 /B9 is ®xed by construction to 1 cm2. The electro-
magnet is placed around a glass cell of inner volume 13 1
3 4 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 83 108 atoms at a density of 1.5
3 1011cm2 3. After additional molasses cooling, we optical
pump the atoms into either theF5 2, m5 2 or theF5 1, m
52 1 state. We then switch on the electromagnet in a c
®guration matching the phase-space density of the ato
cloud. The bias ®eldB0 is then ®xed to; 150 G forF5 2, or
to ; 190 G for F5 1. At the end of this loading procedure
the trap containsN5 43 108 atoms at a temperature of 10
mK, with a peak density of 53 1010 cm2 3. All this informa-
tion is obtained by absorption imaging on a charge-coup
device camera.

We ®rst present the effect of the quadratic Zeeman s
on the evaporation of an atomic cloud magnetically trapp
in the F5 2, m5 2 state. At a bias ®eld of about 150 G, t
transition frequency between the sublevelsm and m2 1 at
the center of the trap@see Fig. 1~b!# is, from Eq.~2!,

v m˜ m2 15 106.51 ~1.52 m3 3! MHz3 2p . ~3!

Because these transition frequencies decrease withm, the
atoms inm5 2 can be transferred to the intermediate tra
ping statesm5 1 andm5 0 @8#without reaching the nontrap
ping statesm52 1 and m52 2. To demonstrate this, w
apply a ®xed rf knife, close to the resonance frequen
v m˜ m2 1 at the center of the trap, for 5 s. The rf power
adjusted for an ef®cient 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 ®nal Z
man sublevels of the atoms. Whenv rf, v 2˜ 1 , no transition
is possible at any point of the trap, and the cloud of atoms
m5 2 is left unchanged. Whenv 2˜ 1, v rf, v 1˜ 0 , the m
5 2 andm5 1 sublevels are coupled, and a signi®cant fr
tion of the atoms is transferred in them5 1 sublevel. As the
stiffness of the potential form5 1 is smaller than form
5 2, the cloud is broader. Similarly, whenv 1˜ 0, v rf
, v 0˜ 2 1 , the m5 2, m5 1, and m5 0 sublevels are con
nected, and a macroscopic population builds up in them
5 0 sublevel. This results in a broad cloud, since them5 0
sublevel is a weakly trapping state, with a smaller cloud
atoms in them5 2 andm5 1 states. Finally, whenv 0˜ 2 1
, v rf , m5 2 is connected to the nontrapping statem52 1
via m5 1 andm5 0, evaporation occurs, and we observe
small cloud of cold atoms inm5 2. 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 ®eld

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 theF5 2, m5 2 state after the application of a 5-s ®xed rf knif
as a function of the rf frequency. We give the rms width of t
®tting Gaussian. When a double structure clearly appears, as s
in the inset, we use a double Gaussian ®t and report both rms w
~white circles and boxes!.
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FIG. 3. Adiabatic potentials of the Zeema
sublevels of theF5 2 hyper®ne state, dressed b
the rf ®eld, in a quadratic magnetic trap. The i
set is a global view of the trap, while the mai
®gure 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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con®rmed by the observation of an interruption in the eva
ration of a cloud of atoms in theF5 2, m5 2 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
Hz3 2p along the dipole axis, and 90 Hz3 2p along both
quadrupole axes. The temperature of the atomic cloud
creases to 300mK with a collision rate of 30 s2 1. With our
trap lifetime of 40 s, the condition for a successful runaw
evaporation is ful®lled@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 tov 0˜ 2 1 . Then the atoms can no longe
be transferred to a nontrapping state, and cooling stops. I
proceed, a broad cloud of atoms in theF5 2, m5 0 state
appears around the cloud of atoms in theF5 2, m5 2 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 sublevelsm5 1
and m5 0. To understand this effect, we consider the ad
batic potentials of an atom inF5 2 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
(uDmu5 1), the rf coupling, characterized by a matrix el
mentC, causes a splitting~avoided crossing! of the order of
C, clearly visible in the ®gure. On the other hand, at cro
ings whereuDmu> 2, the splitting is much smaller thanC, as
the quadratic term of the Zeeman shift 2\ v hf«

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
(uDmu5 1). 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 signi®cant
at crossings between adjacent sublevels. As an immed
consequence, an atom requires successiveuDmu5 1 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 ef®cien
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 m5 1 andm5 0 states grows during the evaporation.
strong indication of this is the observation of a heating o
mK/s of them5 2 cloud, when we remove the rf knife at th
end of the evaporation ramp, just beforev 0˜ 2 1 is reached.
This heating may be understood as a thermalization betw
the cold atoms inm5 2 and fast atoms that have accum
lated in m5 0. Inelastic collisions will also heat the cloud
For instance, a spin exchange collision of the form (m5 1)
1 (m5 1)˜ (m5 0)1 (m5 2), though its collision rate may
be low @10#, releases an energy 2\ v hf«

2' 150mK.
In contrast to evaporation inF5 2, forced evaporative

cooling for atoms trapped inF5 1, m52 1 is not adversely
affected by the quadratic Zeeman effect. Asv 2 1˜ 0, v 0˜ 1
and them5 0 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 theF5 2 case does not apply here. F
atoms loaded in theF5 1 state, after adiabatic compressio
by increasing the gradientB8 to 1200 G/cm, the oscillation
frequencies are 18 Hz3 2p along the dipole axis and 75 H
3 2p 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 hyper®ne state
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87Rb, because the rf couplings between adjacent suble
(uDmu5 1) 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 successiveuDmu5 1
transitions with a probability of less than 1. This results in
reduced evaporation ef®ciency@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
5 1 hyper®ne state, dressed by the rf ®eld, in a quadratic mag
trap. The dashed line shows the trajectory of an escaping atom
follows the adiabatic potential at each avoided crossing.
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dratic Zeeman term 2\ v hf«
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 ®eld at which both terms are equal is 4
for 23Na, and 8 G for87Rb. For a time-averaged orbitin
potential trap, the rotating bias ®eld can easily be of
order of 10 G, which is close to this value. Even in expe
ments with a compensated bias ®eld, evaporation starts
position in the trap where the magnetic ®eld is of the orde
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 ef®
forced evaporative cooling of87Rb in F5 2. First, one could
use several rf frequencies, in order to induce a direct tra
tion from m5 2 to m52 1. Another solution would be to us
the 6.8-GHz microwave transition fromF5 2, m5 2 to the
nontrapping stateF5 1, m5 1. Such a hyper®ne 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, ReÂgion Ile de France. S.G.M
acknowledges support from MinisteÁre des Affaires Etran-
geÁres.
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Multifrequency evaporative cooling to Bose-Einstein condensation in a high magnetic ®eld

V. Boyer, S. Murdoch, Y. Le Coq, G. Delannoy, P. Bouyer, and A. Aspect
Groupe d'Optique Atomique, Laboratoire Charles Fabry de l'Institut d'Optique, UMRA 8501 du CNRS, BaÃtiment 503,

Campus Universitaire d'Orsay, BoõÃte Postale 147, F-91403 Orsay Cedex, France
~Received 4 April 2000; published 5 July 2000!

We demonstrate a way to circumvent the interruption of evaporative cooling observed at high bias ®eld for
87Rb atoms trapped in the (F5 2,m51 2) 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 ef®cient 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!: 03.75.2 b, 32.60.1 i, 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
signi®cantly 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 ®eld is used to induce a multiphot
transition from a trapping state to a nontrapping state
all intermediate Zeeman sublevels. Atoms moving in the t
with suf®cient 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 (F5 2,m51 2)
ground state in a magnetic trap with a high bias ®eld
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 ®eld is a serious prob
in several situations, which is interesting for practical re
sons Ð like the use of permanent magnets@8#or of an iron
core electromagnet such as the one described in@9#. High-
magnetic-®eld evaporation is also important in connec
with Feshbach resonances@10±13#. In this paper, we dem
onstrate that it is possible to achieve ef®cient evapora
cooling in a high magnetic ®eld by use of a multifrequenc
knife allowing a multiphoton transition to take place acro
nonequidistant levels. We show that, for our range of m
netic ®elds, it is possible to use a simple experime
scheme where the three required frequencies are obtaine
rf frequency mixing yielding a carrier and two sidebands

We focus in this paper on87Rb in theF5 2 manifold of
the electronic ground state. Atoms are initially trapped in
m51 2 state. Our high bias ®eld magnetic trap follows
Ioffe-Pritchard scheme. To the second order in position@see
Eq. ~1! in @6##, the magnetic ®eld 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 ®eldB0 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
®eld, the nonlinear terms are not negligible in the Zeem
shifts given by the Breit-Rabi formula

Em~B!5 mgImnB1
\ v HF

2
~A11 mj 1 j 22 1! , ~1!

with

j 5
~gSmB1 gImn!B

\ v HF
.

HeregS. 2.002 andgI. 1 are, respectively, the LandeÂfactor
for the electron and the nucleus,mB and mn are the Bohr
magneton and the nucleus magneton, andv HF ~2p3 6834.7
MHz! is the hyper®ne splitting.

Compared to the low-magnetic-®eld case@1,2#, the evapo-
ration process changes drastically. At a given magnetic ®
the spacings between adjacent sublevels (uDmu5 1) 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 ef®ciency~see Fig. 8 in@15#! that are sepa-
rated in space. This results in long lasting atoms in them
51 1 andm5 0 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 ®elds c
be used to induce a direct three-photon transition from
m51 2 trapping state to them52 1 nontrapping state. At a
magnetic ®eldB, the three rf frequencies must match th
transition frequencies de®ned by

v 02 dv 085 ~E22 E1! /\ ,

v 05 ~E12 E0! /\ , ~2!

v 01 dv 05 ~E02 E2 1! /\ ,

with Em taken from Eq.~1!.
•2000 The American Physical Society01-1



b
io
th

he
-
th
io

r
th
b
pi

lt
via
ge

ue

d

on
he
d

so

tep
m
ty

f the

n

di-

n;
apo-
ient
ing

the
rf
ncy
ve
tion
less
to
is

an
t

r of

f®-
at

the

o
re
-

RAPID COMMUNICATIONS

V. BOYER et al. PHYSICAL REVIEW A 62 021601~R!
Figure 1 represents all possible transitions induced
these three rf frequencies in the magnetic trap. At posit
K, each rf ®eld is resonant with a given transition:
smallest rf frequency with the (m51 2)! (m51 1)
transition, the intermediate frequency with the (m51 1)
! (m5 0) transition, and the largest frequency with t
(m5 0)! (m52 1) 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 fromm51 2 to m51 1 by the two larger
frequencies are located beyondK ~the multiphoton knife!.
Consequently, during the evaporation, hot atoms will ®
encounter the three-photon knife and be expelled from
trap, provided that the rf power is large enough to ena
ef®cient multiphoton adiabatic passage to the nontrap
statem52 1.

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 simpli®ed scheme where the three freq
cies are obtained by mixing a carrier at frequencyv rf with a
smaller frequencydv rf . We then obtain three equally space
radio-frequency ®elds:v rf2 dv rf , v rf , and v rf1 dv rf , of
approximately the same power~as checked with a spectrum
analyzer!. Since in generaldv 0 anddv 08 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 ®eld. All possible transitions are rep
sented. Evaporation happens atK via a three-photon transition reso
nant in the intermediate states.
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3v 01 dv 02 dv 085 3v 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
dv 01 dv 08

2
~4!

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

D5
dv 02 dv 08

6
. ~5!

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

V eff}
V rf

3

D2
~6!

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

Table I gives the values of the Zeeman shifts and
differencedv 02 dv 08 for various magnetic ®elds. For the
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 simpli®ed three-frequency knife evapora
scheme should work for magnetic ®elds signi®cantly
than 100 G. This is what we observe: it is impossible
achieve BEC in bias ®elds of 207 and 110 G, but BEC
obtained in a trap with a bias ®eld 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 ®eld value of 56 G. We have plotted the numbe
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 rf5 2p 3 0.45 MHz. This value veri®es Eq.~4! for a mag-
netic ®eld of 56.6 G. This magnetic ®eld corresponds to

-
-

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

B ~G! 56 110 207

(v 02 dv 08)/2p ~MHz! 39.058±0.434 76.255±1.621 141.800±5.398
v 0/2p ~MHz! 39.058 76.255 141.800

(v 01 dv 0)/2p ~MHz! 39.0581 0.449 76.2551 1.732 141.8001 6.096
(dv 02 dv 08)/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 ef®ciency of our simpli®ed three-frequency kn
scheme, without which BEC could not be obtained at 56
It is interesting to note that, even when the magnetic ®el
too large to allow our simpli®ed three-frequency kn
scheme to reach BEC, it is nevertheless more ef®cient th
simple one-frequency knife, since it allows us to reach
signi®cantly lower temperature. It is also remarkable tha
ef®cient evaporation was obtained at a bias ®eld of 56
since the beginning of the evaporation takes place in a la
magnetic ®eld~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 ef®cient and the intermediate levels are co
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
®eld, yielding two sidebands. This scheme allows us to
tain BEC of 87Rb atoms in the (F5 2,m51 2) ground state
in a bias ®eld 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 ®eld, as well as the qualitative discussions of
paper.

The success of this simpli®ed scheme and the com
mentary observations reported in this paper indicate tha
more sophisticated multifrequency evaporation sche
should work at larger bias ®eld, 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 ®elds. At a bias ®eld of 56 G,
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
nl 3-freq

3 . 2.612 0.1 102 3
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Understanding the production of dual Bose-Einstein condensation with sympathetic cooling
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We show, both experimentally and theoretically, that sympathetic cooling of87Rb atoms in theuF5 2,mF

5 2&state by evaporatively cooled atoms in theuF5 1,mF52 1&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 veri®es
that sympathetic cooling becomes inef®cient 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, 51.30.1 i
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Evaporative cooling has proved to be an ef®cient 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
5 2,mF5 2&state~target gas, notedF5 2 hereafter! by the
use of an evaporatively cooled gas of87Rb atoms in theuF
5 1,mF52 1&state~buffer gas notedF5 1). In their experi-
ment, the number of target atoms, although almost cons
during the initial phase of the cooling, decreases signi®ca
near the condensation. In this paper, we investigate a s
tion similar to the one of Myattet al., but thanks to a high
bias ®eld, the number of atoms in the target gas rem
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 ef®ciency, by changing the o
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 ef®cient 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
1050-2947/2001/63~5!/051602~4!/$20.00 63 0516
te

e

s
-
be

-
-

al

nt
tly
a-

ns
.

f
.
n
r-
tal
e
on
y
e
n

re-

-

cal trap into the magnetic trap. During the transfer, an opt
pumping pulse allows us to transfer most of the atoms inF
5 1 ~buffer!, while keeping an adjustable fraction inF5 2
~target!. Our iron-core Ioffe-Pritchard trap operates with
high bias ®eldB0 between 50 and 250 G, and the magnet
®eld curvatureC along the dipole direction is linked toB0
~the ratio B0 /C is ®xed by construction to 1 cm2). After
adiabatic compression, the magnetic-®eld gradient in
strong ~quadrupole! directions is G5 1 kG/cm. To cool
downF5 1, 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 inF5 1 and
atoms inF5 2. We probe on theF5 2! F85 3 transition
after repumping the atoms fromF5 1 to F5 2. With usual
analysis, we derive the temperature of the two clouds fr
the image.

In a ®rst experiment, we have studied sympathetic coo
at a bias of 56 G, with initially 108 atoms in F5 1 at a
temperature of 300mK, and various initial numbers of at
oms inF5 2. We observe no loss of target atoms during t
whole cooling process@10#. Indeed, the atoms inF5 2 see a
trapping potential twice as steep as forF5 1, and as in@8#,
very few target atoms are evaporated at the beginning of
evaporation sequence. Moreover, at our high bias ®eld,
nonlinear Zeeman effect prevents rf coupling of theuF
5 2,mF5 2&trapping state to any nontrapping state at the e
of the evaporation@9,11#. When starting with a very smal
(< 33 104) number of atoms inF5 2, we get aF5 1 con-
densate with typically 106 atoms. If we continue the evapo
ration, another condensate appears inF5 2 at a lower tem-
perature. For 33 104 atoms inF5 2, 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 83 104), a condensate appears ®rst inF5 2 at
T. 200 nK, and then inF5 1 at T, 200 nK. For a yet
larger number of target atoms, we can obtain a condensa
F5 2 and no condensate inF5 1. If the number of atoms in
F5 2 is more than 23 105, BEC is observed in neither hy
per®ne state.

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

//
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