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Sympathetic cooling of bosonic and fermionic lithium gases towards quantum degeneracy
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Sympathetic cooling of two atomic isotopes is experimentally investigated. Using forced evaporation of a
bosonic’Li gas in a magnetic trap, a sample of X.30° Li fermions has been sympathetically cooled to
9(3) wK, corresponding to 2.2(0.8) times the Fermi temperature. The measured rate constant for two-body
inelastic collisions of the/Li |2,2) state at low magnetic field is T:§2x 107 cm’s™ 2.
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In atomic physics, the combination of laser cooling andthe center of a Vycor glass cdl20]. On top of this cell is
evaporative cooling in magnetic traps has been successfullpcated a small appendage of external dimensions 20
used to reach Bose-Einstein condensatiBE&EC) in dilute X40 mm and a wall thickness of 2 mm. The small dimen-
vapors[1,2]. These techniques, however, are not universalsion alongy permits the construction of a strongly confining
Producing laser light at appropriate wavelengths is sometoffe-Pritchard (IP) trap using electromagnets. The two-
times difficult, and laser cooling of molecules remains adimensional quadrupole field is created by four copper loffe
challenge. Relying on elastic collisiofi3], evaporative cool- bars(IBs), each consisting of three conductors running at a
ing fails for fermions at low temperature. Indeed fwave  maximum current of 700 A. Axial confinement is provided
scattering is allowed for identical fermions, and when theby two pinch coils(PCs9 in series with two compensation
temperaturel decreases, thp-wave cross section vanishes coils (CC9 at 500 A in order to reduce the bias magnetic
asT? [4]. field. For these currents, the radial gradient is 2.38 kG/cm

Sympathetic cooling allows one to overcome these limi-and the axial curvature is 695 G/énWith a bias field of 15
tations. It uses a buffer gas to cool another species via colliG, the trap frequencies fofLi are wf27=2.57(4) kHz
sions and was first proposed for two-component plag®hs and w,,/27=118(1) Hz. The background-limited trap life-
Often used for cooling ions confined in electromagnetic trapsime is 130 s. Atoms are transferred from the MOT region to
[6,7], it has been applied recently to cool neutral atoms andhe IP trap in a magnetic elevator quadrupole trap. The el-
molecules via cryogenically cooled heliui@]. Sympathetic evator consists of lower quadrupo(&Q) coils (identical
cooling using®’Rb atoms in two different internal states has with the MOT coil§ and upper quadrupol@JQ) coils cen-
led to the production of two overlapping condens@8dsFor  tered on the IP trap axis, 50 mm above the LQ trap center.
fermions, thes-wave scattering limitation was overcome by The current ratio between the two sets of coils determines the
using two distinct Zeeman substates, both of which wereenter of the resulting quadrupole trap, allowing the atoms to
evaporatively cooled. This method has been used to readbe lifted by adjusting this ratio.
temperatures on the order 6f300 nK~0.4 T¢ [10], where This trap design allows for both large compression and
Tr is the Fermi temperature below which quantum effectsyigh atom numbers, two crucial parameters for evaporative
become prominent. Cold collisions betweéhi and ‘Li  cooling. This is particularly important for lithium atoms,
were analyzed theoretically fr11] and it was predicted that sjnce thes-wave cross sections at zero energy are at least 16
sympathetic cooling ofLi by contact with ’Li should work  times smaller than fof’Rb. The scattering length fdiLi in

efficiently. o _ state|F=2mg=2) used in our experiments is 27a, [21].
In this Rapid Communication, we report on the experi-finally, all coil currents can be switched off rapidly, allow-
mental demonstration of sympathetic cooling %fi fermi-  ng the potentials to be turned off nonadiabatically for time-

ons via collisions with evaporatively cooledi bosons ina  offlight absorption imaging. In contrast, early Bose-Einstein
magnetic trap. Both species were cooled from 2 mK tocondensation experiments wifhi used a permanent magnet
~9(3) uK, corresponding toT~2.2(0.8)Tr where T¢  trap[22].
=(holkg)(6N)? o is the geometric mean of the three  We describe now the main steps of our sympathetic cool-
oscillation frequencies in the trap, amMdlis the number of ing experimentgparameters are summarized in Tabled
fermions. For these experimental conditiofg~4 K.  x10° ‘Li and 1.6x10° SLi atoms are captured i1 min
This method represents a crucial step towards the production the MOT. The relative numbers ofLi and 6Li can be
of a strongly degenerate Fermi gas®i and the study of its  adjusted by changing the light intensity tuned to each isotope
optical and collisional propertiefsl2,13. It also opens the with the laser setup described [23]. Both isotopes are
way to interesting studies on mixtures of Bose condensatesooled to~0.8 mK, optically pumped to the upper hyper-
and Fermi gasegl4—16. Finally °Li is considered a good fine state,F=2 (respectively,F =3/2) and captured in the
candidate for the observation of BCS transit[d7-19. LQ trap with an axial gradient of 400 G/cm. Characterization
A sketch of our apparatus is shown in Fig. 1. First fthé  of the LQ trap with ’Li revealed two time scales for trap
and °Li isotopes are simultaneously captured from a slowedosses: a fast on@.00 m3 that we attribute to spin relaxation
atomic beam and cooled in a magneto-optical {fd®T) at and a slow ong50 9§ due to Majorana transitions near the
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FIG. 1. Experimental setup. Both lithium isotopes are collectedth® presence or absence‘tfi. Because th¢2,2) state ofLi
from a slow atomic bearfAB) in a magneto-optical trafMOT) at ~ has a negative scattering length, as the collision energy in-
the center of a glass cell. Atoms are magnetically elevated usin§reases, the scattering cross section falls to zero. This occurs
lower quadrupoléLQ) and upper quadrupol@Q) coils in a small  at To=8 mK, i.e., within thes-wave energy rangg24]. To
appendage. At this site, a strongly confining loffe-Pritchard trapovercome this limitation, we apply a stage of one-
consisting of four loffe bargIBs), two pinch coils(PC9 and two  dimensional Doppler cooling ofLi in the IP trap with a bias
compensation coiléCCs allow evaporative cooling ofLi to quan-  field of 430 G using ar*-o" laser standing wave aligned
tum degeneracy and sympathetic cooling®bf-Li mixtures. along thex axis. Each beam has an intensity of 28/V/cn?

and is detuned about one natural linewidth below the reso-

) nance in the trap.nl 1 s of cooling, the temperature in all
trap center. Just before the magnetic elevator stage abofree dimensions drops by a factor of 4 and the loss of atoms
40% of both isotopes remain trapped. is 15%. In the compressed IP trap, the temperature is now

The transfer to the UQ trap is done by increasing the_» mk. sufficiently belowT,. Thus at the start of the
current in the UQ coils to 480 A in 50 ms and ramping off gyanoration, the collision rate is15 s2, i.e., 2000 times
the current in the LQ coils in the next 50 ms. Nearly mode-the background gas collision rate.
matched transfer into the IP trap is accomplished by simul- Absorption images are taken with }0s exposure time,
taneously switching on the IBs and the PCs while switchingmmediately after the trap is turned off and before the cloud
off the UQ coils. The transfer efficiency from LQ trap to the ¢an expand. Independent laser systems provide isotope selec-
IP trap is 15% and is limited by the energy cut due to thetye probe beams. From these images, the total number of
narrow dimension of the appendage mm in the radial  atoms is found, to an accuracy of a factor of 2. The tempera-
direction. High-energy atoms hit the glass cell and are 10st. Ayre is then deduced from a fit of the cloud size in the axial
wider appendage would allow a higher transfer efficiency bugjjraction by a Gaussian of standard deviatiog, and the
at the expense of a reduced radial gradient. Our simulatiofyeasured oscillation frequenay,,. This temperature mea-
shows that the chosen size is optimum with respect to thg ;ement agrees to within 15% with a time-of-flight mea-
initial collision rate in the IP trap for a temperature of 1 mK g\,rement of the kinetic energy.
in the LQ trap.

After compressing the IP trap to maximum currents an
reducing the bias field to 15 G, we obtain 2.50¢° "Li at-
oms and 1.& 10’ °Li atoms at a temperature of3) mK. In
these conditions, we have been unsuccessful in reaching ru
away evaporatiori.e., increase of collision rateon ‘Li in

Evaporation is performed exclusively dhi. We apply a
%unable microwave field near thé.| hyperfine transition at
803.5 MHz to couple théF =2 mg=2) trapped state to the
F=1mg=1) untrapped state. To verify the effectiveness of
je evaporation process, we first codli alone in the trap
down to the regime of quantum degeneracy; after 15 s of
'_I'ABLE l. Typi_cal atqm numbers and temperatures before anofnolz1 S\:gshsé?/ggtfgg :toourg SW:thaat;nnl]C;g:;?:erg}lff;I)::EEST o4
during sympathetic cooling. We then lower the microwave cut energy from this value to
7 6L ~5 wK in 45 s. The central phase-space densitypijs
=noA3 whereA =h(2mmksT) Y2 andn, is the peak den-

N T (mK) N . . . .
sity. In Fig. 2,pq is plotted vs atom number at various stages
Compressed MOT B 10° 0.8 1.6x10° of the evaporation scamg(N) is well fitted by a line of
Lower quadrupole 2810 1 8x 10’ slope —2 on a log-log scale, indicating a nearly constant
Capture IP trap 3810° 0.7 1.3 10 collision rate during forced evaporation. We reached phase-
Compressed IP 310 2 2.5x 10° space densities exceeding 2.6 witk 50* atoms at 1.2uK,
End symp. cool. 1.%10° 0.03 1.2<10° meeting the condition for Bose-Einstein condensation. How-

ever, due to the effective attractive interaction, the trapped
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FIG. 3. Images ofLi and “Li atom clouds at various stages of sympathetic coolmgb) and during single-species evaporatichwith
identical initial numbers of Li atoms. Top images are 1 cm long, the others 3 mm. Temperaturds ¢fespectively,’Li alone) are given
on the left(right).

condensate is expected to be stable only for atom numbekgry small fraction of the/Li number. The ratio between the

up to a critical valug 26,27, which, in our trap geometry, is measured temperatures and the microwave cut energy is 4.
limited to a few hundred. Our current |mag|ng system iSAt a temperature around BﬁK, the number of7|_i atoms
unable to detect such a small sample. We also observe that) has been reduced to the number®af atoms (Ng). As

the trap lifetime is reduced to 28 s at a peak density of 5 result the®Li cloud is no longer cooled and remains at
4x 10 at/cm? and a temperature of 21K, well above 35 ;K.

BEC. We attribute this reduction to dipolar relaxation and For classical gases, the decoup"ng temperafq_'jeis

obtain a dipolar relaxation rate B7-7  reached whem;~Ng. In the case of'Li alone, T is ap-

=1.020810"" cnmPs ! in agreement with the theoretical proximately proportional tN, and soTpxNg. Since Tr

value 1.6<10™** cmPs™* predicted in[28] and comparable «N13 the degeneracy paramefe/Tz=N23, and Fermi

to that measured in high magnetic fi¢d,30. degeneracy can be approached by reducing the number of
Using a similar evaporation ramp lasting 40 s with 2.56| i Doing this, the highest degeneracy reached after a com-

X 10° °Li atoms and 3.X 10° "Li atoms, sympathetic cool- plete sympathetic cooling evaporation ramp WAaAT

ing of fermionic Li is clearly shown in Fig. 3. The dis- =2.2(0.8) at a temperature &f(3)uxK with 1.3x10° °Li

played images recorded at various stages of the evaporatigfioms. At this stage we are limited by the detection effi-

ramp for mixtureq(a) and (b)] or for Li alone with identi- ciency of our imaging system.

cal initial number(c). In (a), the optical density of théLi

cloud is seen to increase considerably because of the reduc- A AR
tion in size without apparent loss of atoms, a signature of 1000k @g :
sympathetic cooling. Comparisons of the cloud sizes be- "
tween (a) and (b) indicate that®Li and Li are in thermal _ QO ]
equilibrium, except for the end of the evaporation. At 39 s, M:L ®
SLiis at 40 uK, ’Liis not detectabléb), while “Li alone is = 100¢ ?@9 E
at 20 uK (c¢). This indicates that between 36 and 39 s, the = X Eg ]
numbers of®Li and Li have become equal. Beyond this . & 1
point, the temperature ofLi no longer decreases signifi- 10 . .
cantly. The thermal capacity 8Li soon exceeds that ofLi, ' ' o ]
resulting in heating and loss dLi during the final stage of 100l ®
forced evaporatioitb). Under the same conditions but with- «10® ® 3
out °Li, normal evaporative cooling ofLi proceeds to a 10 o ]
temperature of 18xK (c) that is below that obtained fdiLi Z ] o5 % E
at 39 s, 35 ukK (a). L« _%QS-%';><>< X
More quantitatively, temperatures and numbers ®bf - éo aa
and ’Li atoms as a function of the microwave cut energy are 0.1
plotted in Fig. 4. Above 40uK, the temperatures of all three TEQ : 3
clouds are nearly identical, indicating that the collision cross 0.01 ; 0.1 1 10
section between théLi |2,2) and °Li |,%) is not signifi- Li Cut Energy [mK]
cantly smaller than that of théLi |2,2) with itself. This is FIG. 4. SLi (crossesand “Li (open circles temperatures and

consistent with the prediction that the scattering length bepnympers as a function of théLi cut energy. During sympathetic
tween these states 8Li and Li is (40.8+£0.2)a, [11]. In cooling, temperatures are the same down to a decoupling region
addition, close thermal contact implies that the microwavepelow which®Li is no longer cooled. Black squares shdli alone
knife acts the same on théLi cloud with or without °Li  with identical parameters. Uncertainty in tieaxis is about 0.01
present, as expected because fhe number is initially a  mK.
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Finally an important question for studies of mixtures of tures of 0.3Tg. This work will be the subject of a future
these degenerate gases is the possibility of interspecies lopablication.
mechanisms. We have searched for such losses by recording

the °Li trap lifetimes in the presence af}d absence’bf We are grateful for the experimental assistance of Fabrice
atoms at a peak densityo('Li) =2x 10" at/cn? ar;d_ &  Gerbier and A. Sinatra-Castin, to ANDOR technology for
common temperature of 53@K. With no(‘Li)  |oaning us a camera, and to J. Dalibard, C. Cohen-Tannoudii,
= 4.600(°Li), the lifetimes were, respectively, 78) s and  G_ Shiyapnikov, and D. Gug-Odelin for discussions. M.-O.
73(8) s, showing no significant difference. We deduce anm,, F. S., and K. C. were financially supported by the EU, by
upper limit for dipolar decay ratesBs_;<1X10*  the DAAD, and by MENRT. This work was partially sup-
cns 1, Bs_e<4.6x1071% cmPs L. ported by CNRS, Colige de France, DRED, and the EC
In summary we have demonstrated sympathetic coolingTMR Network No. ERB FMRX-CT96-0002 Laboratoire
of fermionic lithium via evaporation performed on the Kastler Brossel is Unitede recherche de I'Ecole Normale
bosonic Li isotope and obtained temperatures of 2.2(Q.8) Supeieure et de I'UniversitéPierre et Marie Curie, assoeie
Recently, we have achieved Fermi degeneracy and temperau CNRS.
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