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PHYSICAL REVIEW A 70, 021601R) (2004

J. Goldwin, S. Inouye, M. L. Olsen, B. NewmArB. D. DePaold, and D. S. Jif
JILA, National Institute of Standards and Technology, University of Colorado, Boulder, Colorado 80309, USA
(Received 5 May 2004; published 11 August 2p04

A quantum degenerate, dilute gas mixture of bosonic and fermionic atoms was producetfRisingd*°’K.
The onset of degeneracy was confirmed by observing the spatial distribution of the gases after time-of-flight
expansion. Furthermore, the magnitude of the interspecies scattering length between the doubly spin-polarized
states of'Rb and**K, |agpk/, was determined from cross-dimensional thermal relaxation. The uncertainty in
this collision measurement was greatly reduced by taking the ratio of interspecies and intraspecies relaxation
rates, yieldindag,x| =250+ 30ag, which is a lower value than what was reportedih Modugnoet al., Phys.
Rev. A 68, 043626(2003)]. Using the value folagpy| reported here, currenf=0 theory would predict a
threshold for mechanical instability that is inconsistent with the experimentally observed onset for sudden loss
of fermions in[G. Modugnoet al, Science297, 2240(2002)].
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With many recent advances, ultracold Fermi gas experination of the magnitude of the cross-species scattering
ments are now beginning to explore the strongly interactindength. Our experimental apparatus for producing the mix-
regime, where pairing can lead to fermionic superfluiflifiy ~ ture, which requires only a single magneto-optical trap
A natural extension to such studies is to investigate the propMOT), is outlined in Fig. 1. In brief, our vacuum chamber
erties of a mixture of a Fermi gas and a Bose-Einstein conconsists of two glass cells—one contains a two-species MOT
densat¢BEC). The presence of a BEC can vastly modify the while the other cell(science ce)l is used for evaporative
static and dynar_nlc character of a quantum degenerate Fe”@boling of the mixture. The lifetime fof’Rb atoms in the
gas. Maglmer pointed out that the mixture can phase separalgyagnetic trap, which is limited by collisions with the back-
coexist, or collapse, depending on the relative sign and ma%’ﬂround gas, is-4 s in the MOT cell and more than 100 s in

{Etnuq[ﬁsozf t.:]ﬁe Zosec(’:?r'l?r?]sgfnC;?Scti?/gsg)?;g&'gg sza;tﬁ(;'vr\], e science cell. The atoms are transferred between the cells
gths[2]. b using a moving magnetic trap.

.“Ch physgs ?S tgzltllnteracno?f st:.eng;[h b(.etwien 'ghe g?ses The experimental procedure for creating the mixture is as
Increaseq3]. In addition, an effective fermion-fermion at- ¢ ,\vq “First 2x 10° #Rb atoms and ¥ 107 *% atoms are

traction arises from the boson-fermion interaction, which can, ..o 4 i 2 two-species MOT from the background vapor
significantly increasd for a phase transition to a BCS-type [14]. The atoms are then transferred into a quadrupole mag-

superfluid[4]. This mechanism for the Cooper pairing of netic trap, whose magnetic field gradient along the symmetry

:;‘I?SS Is intriguing because of the analogy 1o superconducéxis in the horizontal direction is 99 G/cm. During the last

To date, quantum degenerate atomic Bose-Fermi mixtur 50 ms of the MOT, thé'Rb cloud is compressed by reduc-

»guar aeg . SO el‘?\g the intensity of the hyperfine repumping light. Simulta-

have been 7reahzed in the gollowmgzscomblnatloﬁst (fer- neously the’® cloud is Doppler cooled by reducing the
mion) with ‘Li (boson [5], °Li with “°“Na (boson [6], and . L : :

40 (fermior) with 8Rb (boson [7]. With the last mixture, detuning of the trapping light to about one natural linewidth

pioneering experiments by the LENS group revealed that théN6 MHz). In addition, the atoms are optically pumped to
scattering length betweé¥iRb and**K is large and negative
[7-10. At high densities, this strong attractive interaction
can exceed the Pauli pressure and cause the whole system to
become mechanically unstable and collafzd0-13. The
LENS group has reported the observation of such a collapse;
they see a sudden loss ¥ atoms as the number of atoms
in the ’Rb BEC exceeds a threshold valigi.

Here we report the production of a quantum degenerate
Bose-Fermi mixture witf’Rb and**K atoms and a determi-

FIG. 1. Schematic of the experimental apparatus. The glass cell
on the left(“MOT cell”) is filled with a background vapor 6fRb
. ) . and *X released from alkali-metal dispensers attached to the left
Present address: Department of Physics, MIT, Cambridge, MAend of the cell. The cell on the rigiitscience cell) is under ultra-
02139, USA. high vacuum, and small coils surrounding the cell produce a mag-
"Permanent address: J. R. Macdonald Laboratory, Department @fetic trap with strong confinement for evaporative coolifEhe
Physics, Kansas State University, Manhattan, KS 66506, USA.  figure does not show all the coilsAtoms are transferred from the
*Quantum Physics Division, National Institute of Standards andMOT cell to the science cell using a moving magnetic trap pro-
Technology. duced by an anti-Helmholz coil pair on a translation stage.
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their doubly spin-polarized states, which dfemg)=|2,2) 1| —— ' ' ' ' ]
for 8’Rb and|9/2,9/2 for *°%K. Once in the quadrupole mag- (A)
netic trap, the atoms are transferred to the science cell by 08¢ .
physically moving the trapping coils, which are mounted on g N

a motorized translation stag&5]. The observed loss in the Z 06f

phase-space density of tR&b cloud during the 81 cr6 9) Q

travel is only a factor of 2. In the science cell, the atoms are z 04f

transferred to an loffe-Pritchard-type magnetic trap for the

final cooling. Since there is no MOT in the science cell, the 02r

cell size can be smafbur cell is 1 cn in the cross section ol

a_md we can place COI-|S very c_Iose to the atoms to achieve 0 02 04 06 08 10 12
tight confinement with relatively low electric current

(~27 A). The radial(axial) trapping frequency fof'Rb is 10° T,

v, rp=160 Hz (v, g,=25 H2), and the trapping frequencies
for “% are \mg,/me =1.47 times higher, whene, (my) is
the mass of'Rb (“°K) atoms.

Simultaneous quantum degeneracy is achieved by radio
frequency(rf)-induced evaporative cooling 8fRb and sym-
pathetic cooling of'%. This scheme circumvents the prob-
lem of vanishing elastic cross section for spin-polarized fer-
mions at ultracold temperaturgd6]. The typical initial
number and temperature of tféRb atoms in the loffe-
Prichard trap before evaporation aXg,=3x 10° and Tk,
=400 uK; with these initial conditions, we produce a nearly
pure BEC of 2< 10° 8’Rb atoms after 40 s of evaporation. T/T,

The initial conditions for*’K in the loffe-Prichard trap are o o

not known due to the difficulty of measuring a small optical F!G. 2. Quantum degeneracy observed in time-of-flight images.
density cloud with absorption imaging. For sympathetic(?) Condensate fractiohlgec/Nioia Obtained from 20 ms time-of-
cooling from 10 to 0.4uK, a range where th®K cloud can f!lght images of’Rb. The _dashed line shows _the_ c_ondensatg fr_ac-
be imaged and there is not ye?@b BEC, we observe less Flon for an ideal Bose gas in the.thermodynamlc limit. The solid I!qe
than 10% number loss with typically 1410 “%K atoms. mclud_es the effe_cts from the finite numbe_r of atoms and the positive

Quantum degeneracy for tHaRb gas is evident in the chemical potential due tq _boson-boson interactions in the conden-
formation of a Bose-Einstein condensate, which is characte sate[17]. The phase transition occurs at 440 (k). Fugacity of the

Fermionic cloud obtained by fitting the density distribution 8K

ized by the emergence of a bimodal distribution in the ab—;s after 5 ms time of flight. The fugacityis equal to the peak

sorption images taken after time-of-flight expansion. Thephase space density of the gas in the classical limit. The different

fraction of atoms in the BEC is determined by fitting the sympols denote data taken witf%®Rb BEC presentfilled circles,
distribution with the sum of the Thomas-Fermi profie-  \ith a 8’Rb thermal cloud preserfilled triangles, and without

verted parabolgfor the condensate and the thermal distribu-87rp atoms presentopen circles The data are systematically
tion for an ideal Bose gafFig. 2a)]. The temperature is shifted from the theory curve expected for an ideal Fermi(tias).
determined from the fit to the noncondensed component. FoX typical value of Tz at T/Tz=0.5 is 220+50 nK.
comparison to our data, a theory curve that includes both the
effects from finite number and the positive chemical poten+rom the fugacity, measurement, and assuming an ideal
tial due to boson-boson interactions in the condensate is al§eermi gas, we find that the lowe3t/ T achieved in this
shown [17]. The theory and the experiment are in goodexperiment was 0.2. For comparison to the data, the solid
agreement. These data were taken withx 10* “%K atoms  line shows the prediction for an ideal Fermi gas in a three-
present at the end of evaporation. In comparing data takegimensional harmonic trafl8]. Most of the data lie to the
with and without*®K atoms present, no effect 8fK on the  right of the curve. This discrepancy could be explained if our
8’Rb condensate fraction is observed. This is consistent witA’k number calibration is low by about a factor of 2 so that
the low “°K density (~3x 10'2 cmi®), which results in a  T/T is systematically overestimated by 20%. Note that the
negligible contribution to th&’Rb mean field. fugacity, which is a measure of the “flatness,” is free from
The effect of quantum degeneracy on fermions is morealibration errors. The temperature measurement has been
subtle. The density distribution in time of flight becomes confirmed by fitting to the thermal wing df'Rb images
more “flat topped” than that for a classical gas due to theaken during the same experimental run. Finally, we note that
Pauli pressure. The fugaci=expux/ksT) (Where uy is  the measured fugacity shows no systematic difference be-
the chemical potential %), the cloud size in each direc- tween *°K images taken with and without &Rb BEC
tion, and the peak density of the gas are used as independgnesent in the trap. With our highest number of X .B0°
parameters for fitting the images. In Figh2the measured °’Rb atoms in a BEC and810* “)K atoms in the Fermi gas
fugacity is plotted as a function df/ Tg, whereT is deter- we observe only a slow number logs1 s time scalgand
mined from the cloud size, antk is the Fermi temperature. no sudden collapse.
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FIG. 3. Typical relaxation curve for the energy anisotropy. FIG. 4. Measurement of the elastic collision cross section
Shown is the square of tH&K cloud aspect ratio after 5 ms time of through energy anisotropy relaxation. Relaxation time constants for
flight; this is proportional to the ratio of the energies in each direc-a ‘K gas in the presence 8fRb (open circles and®Rb gas alone
tion. The *°%K cloud rethermalizes through elastic collisions with (filled circles are shown as a function of the product of average
§7Rb atoms. The line is a fit to the ratio of exponentially decaying” Rb density in the trap and the square root of the equilibrium

curves. The error bar represents only the statistical uncertainty. temperature. Lines are linear fits through the origin. The ratio of the
slopes is used to extract the magnitude of interspecies scattering

The strength of interspecies interactions is critical in dedength|agyy/, as shown in Eq(3).
termining the static and dynamic properties of the mixture.
We have determined the magnitude of the interspecies Scat'iloud, o,/ oy, is used for data analysis since it is less sensi-

L?;Z%Sif:a%t?héﬁgt ré?e[igg(;agr]n?gsuéﬁgzlmfhisoIne(t:rz%Sds_ tive to shot-to-shot variations in the absolute temperature of
-ng ' the cloud before the compressifil].

has limited accuracy because of systematic uncertainties in The data analysis is simplified by two facts; due to the
t_he atom _number, W.h'Ch |styp|cally d(_atermmed from absorlO'Fermi statistics, the spin-polarizédK atoms collide only
tion imaging. Experimental imperfections such as frequency ., sipp atoms andii) in our experiment there is no net
jitter, imperfect polarization of the probe beam, or fluctuatlonfIOW of energy b’etween th&K and ®'Rb gases. Therefore

and tilt of the magnetic field during imaging tend to reduce .
probe beam absorption. This leads to an underestimate of tﬁge thermal relaxation rate of teK cloud, 1/, depends

. a7 i

number of atoms and an overestimate of the cross-sectior?.nIy on the collision rate witfi'Rb atoms{22;

Here we avoid this systematic error by taking the ratio of two 1 1

cross-section measurements that are both proportional to the . = E<an> ORbK URDK- (1)

number off’Rb atoms(1) thermal relaxation of°K atoms in K

the presence of’Rb and(2) relaxation of a single-species Here,(ngy) is the average density 8fRb atoms in the trap,

8Rb cloud. We further use the fact that the Rb-Rb crossrgy=4ma3, is the elastic cross section for Rb-K colli-

section is already known with high accuraf@0]. sions, andvgpk=V8kgT/ 7w is the thermally averaged rela-
The experimental procedure is as follows. First, we pretive speed betweerf’Rb and “°K atoms, where u

pare 1x 10° “% atoms and 4« 10° 8’Rb atoms at tempera- =mg,m/(Mgy+My) is the reduced mass. The coefficient of

turesT~1 uK in a magnetic trap whose radial trapping fre- proportionality, 8, can be regarded as the number of colli-

quency v, rp is 90 Hz. Both gases are away from quantumsions pe*’K atom needed for thermal relaxation. The relax-

degeneracy and elastic collisions are in theave limit.  ation rate for a single-speci€éRb cloud 1/, is propor-

Multiple 1 ms rf sweeps can be applied to reduce the numbetional to the Rb-Rb collision rate

of 8Rb atoms by as much as a factor of 4, for the purpose of

varying the density. The bias magnetic field is then ramped 1 - 1<n Do v (2)

from 4.3 to 1.4 G to increase the radial confinement of the TRp Rb7 TTRbRD TR

magnetic trap to its r?guw sFreng(hrr,Rb: 16.0 H2; this where orpry=87ma3,, is the elastic cross section for Rb-Rb
adds energy to the radial direction. The duration of the ramp,__, . . o i
collisions,vg,=4VkgT/ mmgy, is the thermally averaged rela-

E) I;erz,t-(ljoZgﬁ;tqorr?ifcgﬂgi{?it;f)h dee;adt;alttgiz?tmc%%er;g ive speed betweef/Rb atoms, andv is the coefficient of
vold excitatl v » DU P roportionality for single-species relaxation. Thus, the ratio

tonlthe ;ﬁlaxatmn umerliltthfh gz?ls. d:’h&snlsmazlw;slysin?os&bl of the two time constants is free from systematic uncertain-
unless the gases enter into the hydrodynamic regime. aﬁies in the®’Rb number23].

Just after the ramp, the energy of the gas in the radi

direction is higher than in the axial direction. The cross- Thoe la  [Mgp [@rpk |2
dimensional rethermalization time constant is extracted by = 5_ 2_ 3
T« B “ \ Agp

holding the mixture for a variable time in the final trap and
measuring the aspect ratio after time of flight. Shown in Fig. The constantr (8) has been determined to be 2.67+0.13
3 is a typical relaxation curve for the energy anisotropy.(2.1+0.2 from Monte Carlo simulations using our experi-

Rather than the radial and axial sizes, the aspect ratio of thmental parameters, including the initial energy anisotropy of
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both species and the mass difference betw@&rand®Rb  rious disagreement is seen when comparing our result with
[24]. It is this mass difference that gives rise to the differencethe value of —395+ 1%, determined from a comparison of
betweena and g, as a lighter particle can redistribute more theory predictions and experimental observation of collapse
of its total kinetic energy in a single collision. phenomeng10]. These results suggest a need for further
. The measured relaxation rates for varying densities ofnvestigation of the behavior of the mixture close to the col-
Rb atoms are plotted in Fig. 4. The error bars only accounfapse. For example, the zero-temperature phase diagram in
for statistical errors. Systematic uncertainties in ffRb Ref. [12] which assumeeg,=—-2603, predicts that a con-
density were eliminated from the determination@fy by  densate with  10° atoms remains mechanically stable with
taking the ratio of the two slopes and using E8). The  nympers of% atoms as high as >t 10°. The new value for
known valueag,=98.98+0.043, for “/Rb in the|2,2) state  |a, | that we report here is also likely to have an impact on

[20], obtained by combining multiple high-precision mea- ihe predicted positions of Feshbach resonaii2zé27.
surements including photoassociation and Feshbach spec-

troscopy, is used for calibratiof25] and we obtainag The authors thank Eric Cornell and Carl Wieman for use-
=250+30a,. ful discussions. We acknowledge support from the U.S. De-

This measured value dbgk| is in mild disagreement partment of Energy, Office of Basic Energy Sciences, the W.
with the value of —41t3a, from the LENS group[8], M. Keck Foundation, and the National Science Foundation.
which was determined from a collisional measurement thaB.D.D. expresses his thanks to the JILA Visiting Fellow pro-
had the usual large systematic number uncertainty. More setam.
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