
loaded into a dual magneto-optical trap 

Observation of Fermi Pressure (MOT). About 3 X 10" atoms of 7Li are 
loaded into the MOT in 3 s. Because the 
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We report the attainment o f  simultaneous quantum degeneracy i n  a mixed gas 
of bosons (lithium-7) and fermions (lithiumd). The Fermi gas has been cooled 
t o  a temperature of 0.25 times the Fermi temperature by thermal collisions w i th  
the evaporatively cooled bosons. A t  this temperature, the spatial size o f  the gas 
is strongly affected by  the Fermi pressure resulting from the Pauli exclusion 
principle and gives clear experimental evidence for quantum degeneracy. 

The experimental achievement of Bose-Ein- 
stein condensation (BEC) of trapped atomic 
gases 5 years ago (1-3) catalyzed an explo- 
sion of research activity in atoms obeying 
Bose-Einstein statistics-that is, those with 
integer spin. In contrast, the pioneering work 
of DeMarco and Jin (4) is so far the only 
realization of quantum degeneracy in a 
trapped gas of fermions. Fermions must sat- 
isfy the Pauli exclusion principle, which for- 
bids identical particles from occupying the 
same quantum state. This simple property 
gives rise to remarkable effects that include 
the structure of the periodic table of the ele- 
ments, the nature of electrical conductivity in 
metals, and the quantum Hall effect. White 
dwarf and neutron stars manifest the Pauli 
principle in a striking way. In both cases, the 
star has exhausted its nuclear fuel and is 
essentially "dead." Tremendous gravitational 
forces draw the star in on itself. Inside such a 

sufficiently quantum degenerate that rether- 
malizing collisions were blocked by the di- 
minishing fraction of available unoccupied 
quantum states, a process known as Pauli 
blocking (4, 6 ) .  In the present work, a mix- 
ture of bosons (7Li) and fermions (6Li) is 
simultaneously cooled to quantum degenera- 
cy. The addition of the bosons enables the 
fermions to be rethermalized by their elastic 
interactions with the bosons, and minimizes 
the Pauli blocking effects. 

The present experiment uses standard 
techniques of laser cooling and trapping, 
although the complexity is increased be- 
cause of the addition of a second species. In 
order to load a magnetic trap, atoms in a 
thermal beam containing both isotopes are 
first slowed by laser radiation pressure, by 
the Zeeman slower technique, and then 

star, however, there is near-unity occupation 'LI 
of the available quantum states (i.e., quantum 
degeneracy), which provides a "Fermi pres- 
sure" that stabilizes the star against collapse 
(5). Here, we report the observation of ~ e A i  
pressure in the spatial distribution of a gas of 
ultracold, trapped atoms. 

The lack of experimental realizations of 
quantum degeneracy in trapped fermions is 
due to the inability of fermions to be directly 
evaporatively cooled, a key ingredient in all 

I 
successful BEC experiments to date. This is 
because identical fermions are unable to un- 
dergo the collisions necessary to rethermalize 
the gas during evaporation. This obstacle was 
circumvented in the DeMarco and Jin exper- 
iment by simultaneously trapping and evapo- 
ratively cooling two different spin states of 
40K (4). They report that the cooling efficien- 
cy decreased, however, when the gas became 
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laser frequencies needed to trap 6Li inter- 
fere with 7Li trapping, the loading of 6Li is 
limited to no more than 20 ms, during 
which up to - lo7 atoms of 6Li are trapped. 
Further compression and laser cooling are 
accomplished by rapidly reducing the in- 
tensities and detunings of the trapping laser 
beams (7, 8). The 7Li atoms are then opti- 
cally pumped into the F = 2, m, = 2 state, 
which is the desired state for magnetic 
trapping, whereas the 6Li atoms are opti- 
cally pumped into the F = 312 state (9). 
Finally, the laser beams and MOT magnetic 
fields are switched off while the coils of a 
cloverleaf-type magnetic trap (10) are en- 
ergized. The magnetic trap is loaded with 
-3 x lo9 atoms of 7Li and up to lo6 atoms 
of 6Li at 700 pK. The measured axial and 
radial trapping frequencies for 7Li are o, = 
2 1 ~  X (39 + 1) Hz and or =  IT X (433 + 
3) Hz, respectively. 

Further cooling is accomplished by mi- 
crowave-induced evaporative cooling of 
the 7Li (11). The 6Li atoms are cooled 
"sympathetically" through their elastic in- 
teractions with the 7Li and are not them- 
selves ejected. The triplet s-wave scattering 
lengths determine the elastic scattering 
cross sections for thermalization. For 7Lil 
7Li collisions the scattering length is - 1.5 
nm, whereas for 6Li/7Li it is 2.2 nm (12, 
13). Although neither of these correspond 

Fig. 1. Two-dimensional false-color images of both ,Li and ,Li clouds. At T/TF = 1.0, the two clouds 
are approximately the same size, but as the atoms are cooled further, to  T/T, = 0.56, the Bose gas 
contracts, whereas the Fermi gas exhibits only subtle changes in size. At T/TF = 0.25, the size 
difference between the two gases is clearly discernable. At this temperature the ,Li image displays 
distortions due to  high optical density. However, these distortions are present only in the radial 
direction and do not affect the measurements. The fitted numbers of ,Li and ,Li atoms, N, and N,, 
and the fitted temperatures are as follows: For the upper set, N, = 2.4 X lo5, N, = 8.7 X 104, 
and T = 810 nK; for the middle set, N, = 1.7 X lo5, N, = 1.3 X lo5, and T = 510 nK; and for 
the lower set, N, = 2.2 X lo4, N, = 1.4 X lo5, and T = 240 nK. The probe detuning is a parameter 
of the fits but is constrained to  vary by no more than its uncertainty of ?3 MHz. The fits result 
in typical reduced-x2 values of -1.0. The uncertainties in number and temperature are due mainly 
to  the uncertainties in the fit and are roughly estimated by finding the point at which the 
reduced-x2 increases by 20%. The resulting uncertainties are 8% in temperature and 15% in 
number. Other sources of uncertainty are relatively insignificant. The size of each displayed image 
is 1.00 mm in the horizontal axis and 0.17 mm in the vertical axis. 
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to particularly large cross sections; they are 
sufficient to cool both species to quantum 
degeneracy in -60 s. Similar methods of 
sympathetic cooling have been previously 
used in a two-species ion trap (14) and in a 
two-component Bose gas of 87Rb cooled to 
BEC (15). A recent preprint reports an 
experiment similar to the present one, in 
which a ,LiI7Li mixture was sympathetical- 
ly cooled, although not to quantum degen- 
eracy (1 6). 

Once the sympathetic cooling cycle is 
complete, the atoms are held in the trap for at 
least 2 s to ensure complete thermalization. 
The 7Li atoms are then probed with a 7-ps 
absorption pulse from a laser tuned near the 
2S,, - ZP3, resonance. The absorption 
shadow of the 7Li atom cloud is imaged onto 
a charge-coupled device with a magnification 
corresponding to 5 pmlpixel. An intense 
beam, perpendicular to the absorption probe, 
optically pumps atoms that fall into the lower 
hyperfine state during imaging to ensure that 
allatoms contribute to the absorption signal. 
Immediately after the acquisition of the im- 
age, a high-intensity on-resonant optical 
pulse is applied for 10 ps to quickly remove 
911 remaining 7Li from the magnetic trap. 
Because the optical pulse is more than 10 
GHz detuned from any ,Li resonance, it has 
no measurable effect on the ,Li atom cloud. 
The ,Li atoms are then imaged in a similar 
manner (1 7). 

Three pairs of images are shown (Fig. 1) 
corresponding to three cooling cycles halted 
at different final temperatures. The number of 
atoms and their temperature are obtained 
from the images by fitting them to the appro- 
priate quantum statistical density distribution 
functions. It is assumed that interactions have 
a negligible effect on the density. This is a 
good approximation because 7Li has attrac- 
tive interactions that limit the number of con- 
densate atoms, and hence the magnitude of 
the mean field (11). This effect also con- 
strains the magnitude of the mean-field expe- 
rienced by the ,Li as a result of the 7Li, while 
the self-interaction between the fermions is 
identically zero in the s-wave limit. At the 
lowest temDeratures. the radial dimensions 
approach the 5-pm resolution of the imaging 
system, and so only the larger axial dimen- 
sion is fit. To increase the signal to noise, 
data within a 25' angle of the trap axis are 
averaged. Unlike the fermions, the shape of 
the density distribution for bosons changes 
significantly as quantum degeneracy is ap- 
proached. Even for temperatures somewhat 
above T,, the critical temperature for BEC, 
the boson distribution begins to develop a 
narrow central component. For this reason, 
the bosons prove tobe a sensitive thermom- 
eter for determining the common tempera- 
ture. The temperature obtained by fitting ,Li 
to a Fermi-Dirac distribution agrees with that 

obtained from the 7Li, but with greater un- 
certainty. Using the boson temperature to 
constrain the temperature of the Fermi distri- 
bution serves to decouple the number and 
temperature from the fit to the ,Li images, 
increasing the precision for which the number 
of "Li atoms, N,, can be determined. Tem- 
peratures are given relative to the Fermi tem- 
perature, which for a harmonic trapping po- 
tential is T, = fim (6N6)113/kB (18), where kB 
is the Boltzmann constant, m (o,Zo,)Il3, 
and where the frequencies are adjusted for the 
,Li mass. 

The doubly spin-polarized ,Li and 7Li 
atoms have the same magnetic moment, to 
within a correction on the order of the ratio of 
the nuclear to the Bohr magneton. At high 

temperature, therefore, where classical statis- 
tics are a good approximation, the spatial 
distributions should show little difference. 
Indeed, the upper set of images in Fig. 1, 
corresponding to TIT, = 1.0, are nearly in- 
distinguishable.   ow ever, in the middle set, 
with TIT, = 0.56, the "Li distribution is 
slightly broader than that of the 7Li. In the 
bottom set, corresponding to TIT, = 0.25, the 
relative broadening of the ,Li cloud is unmis- 
takable. In all cases, attractive interactions 
limit the number of 7Li condensate atoms to a 
small fraction of the total number of 7Li. The 
7Li temperature, therefore, cannot go appre- 
ciably below T,. The effect of quantum sta- 
tistics on the shape and size of the clouds can 
readily be seen in the axial profiles for 

0.1 0.2 0.3 

Axial Profile (mm) 

Fig. 2. Comparison of 6Li and 7Li atom cloud axial profiles. The red squares correspond to  6Li, and 
the black circles to  7Li. (A) Data from the top image of Fig. 1, corresponding to  TIT, = 1.0 and TIT, 
= 1.5. (B)  Data from the Lower image of Fig. 1, corresponding to  TIT, = 0.25 and TIT, = 1.0. The 
fits to  the data are shown as solid Lines. 

Fig. 3. Square of the 
l le  axial radius, r, of 
the 6Li clouds versus 
TIT .  The radius is nor- 
mahed by the Fermi 
radius, R, = (2k,T,l 
m ~ , ~ ) " ~ ,  where m IS 

the atomic mass of %i. 
The solid line is the pre- 
diction for an ideal 
Fermi gas, whereas the 
dashed line is cakulat- 
ed assuming classical 
statistics. The data are 
shown as open circles. 
The divergence of the 
data fromYthe classical 
prediction is the result 
of Fermi pressure. Sev- 
eral representative er- 11 lF 

ror bars are shown. 
These result from the uncertainties in number and temperature as described in the legend to  Fig. 1. In 
addition, we estimate an uncertainty of 3% in the determination of r. 
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TIT, = 1 .0 and 0.25 (Fig. 2, A and B, respec- 
tively). The deviations in the size and shapes 
of these clouds highlight their dissimilar 
quantum statistical nature. 

The square of the radius of the 'Li 
clouds is plotted versus TIT, (Fig. 3), where 
it can be seen that at relatively high tem- 
peratures, the radius decreases as T1I2, as 
expected for a classical gas (dashed line). 
At a temperature near 0.5 T,, however, the 
radius is seen to deviate from the classical 
prediction, and at the lowest temperatures, 
to plateau to -0.7 times the Fermi radius. 
At T = 0, every trap state is singly occu- 
pied up to the Fermi energy, giving rise to 
a nonzero mean energy and a resulting 
Fermi pressure. Fermi pressure is respon- 
sible for the minimum radius and is a 
dramatic manifestation of Fermi-Dirac 
statistics. 

Thermal equilibrium between the 'Li 
and 7Li clouds is assumed in the analysis 
presented here. To investigate this assump- 
tion, the delay between the end of evapo- 
ration and the recording of an image was 
delayed by up to 10 s. No deviations from 
thermal equilibrium were observed either 
for the longest delays or for images record- 
ed immediately after evaporation, indicat- 
ing that the 'Li and 7Li are in thermal 
equilibrium throughout the evaporation 
process. At the lowest temperatures and 
densities. the calculated time for elastic 
collisions between a 'Li atom and 7Li is 
-0.5 s. To ensure complete equilibration, 
all data presented here for TIT, < 1 used a 
5-s delay, whereas a 2-s delay was used for 
the hotter data. 

Sympathetic cooling of a Fermi gas by a 
Bose gas has several advantages compared 
with direct evaporative cooling of a two- 
component Fermi gas (4, 6, 19). As previ- 
ously mentioned, bosons provide superior 
temperature sensitivity and help to mini- 
mize the rethermalization-inhibiting Pauli 
blocking effects. Furthermore, the loss of 
fermions during the cooling cycle is mini- 
mized because they are not actively re- 
moved. Sympathetic cooling of the Fermi 
gas becomes inefficient, however, when the 
heat capacity of the Bose gas, which dimin- 
ishes as atoms are evaporated, drops below 
that of the Fermi gas. The limit of sympa- 
thetic cooling in our experiment may be 
estimated by finding the conditions at 
which both heat capacities are equal. Be- 
cause attractive interactions limit the num- 
ber of condensate atoms to less than 1000 
for the present experiment, the condensate 
fraction is small and, to a good approxima- 
tion, the minimum achievable temperature 
is T, (11). The heat capacity for a harmon- 
ically confined gas of ArB bosons at Tc is CB 
= 10.86 N,k, (20), whereas for a Fermi 
gas below -0.5 T, the heat capacity is 

C, = r2NFkB(TITF) (18). Equating the heat 
capacities implies that cooling N, fermions 
becomes inefficient when the number of 
bosons is decreased below N,(TIT,). This 
assertion is supported by our most degen- 
erate data, TIT, = 0.25, for which NB = 
2.2 X lo4 and N, = 1.4 X lo5, where 
intentionally less than the maximum num- 
ber of 6Li atoms were loaded. Because NB 
is related to Tc, and N, to T,, it can be 
shown that the condition CB > C, implies 
that TIT, 2 0.3, which is again consistent 
with observations, assuming that evapora- 
tion can extend somewhat beyond the point 
of equality of the heat capacities. This lim- 
itation may be overcome by simultaneously 
evaporating the fermions. The lack of good 
spatial overlap between the Fermi gas and 
the Bose-Einstein condensate and superflu- 
idity of the condensate may become impor- 
tant as the temperature is reduced further 
(21, 22). 

The attainment of a quantum-degenerate 
Fermi gas presents several exciting opportu- 
nities. For instance, a mixed BoseIFermi gas 
may phase-separate at very low temperatures 
(23, 24), similar to phase separation in mix- 
tures of liquid 4He/3He (25). Also in analogy 
with liquid helium mixtures (25), a fermionic 
impurity atom may be useful as a probe of 
bosonic superfluidity (21). One of the most 
intriguing opportunities, however, is the pos- 
sibility of observing a Bardeen-Cooper- 
Schrieffer (BCS) phase transition to a super- 
fluid state (26-28). Such a transition would 
be analogous to superconductivity in solids 
and to superfluidity in liquid 3He. In contrast 
to solids and liquids, however, interactions in 
trapped atomic gases are weak and tunable, 
making them nearly ideal environments for 
comparison with theory. 'Li is especially 
well suited for such an experiment, in which 
a two-component spin mixture would under- 
go s-wave Cooper pairing at sufficiently low 
temperature (26, 28), because its triplet s- 
wave interaction is both attractive and enor- 
mous (12, 19). Furthermore, magnetically 
tuned Feshbach resonances (29) have been 
identified theoretically for 6Li at modest 
magnetic field strengths (13, 30), and these 
could provide an experimentally tunable 
"knob for controlling the interaction 
strength and sign. Use of such a Feshbach 
resonance may allow tuning of the BCS tran- 
sition temperature into the regime reported 
here. 
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