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We report the observation of thrgewave Feshbach resonances’bf atoms in the lowest hyperfine state
f=1/2. Thepositions of the resonances are in good agreement with theory. We study the lifetime of the cloud

in the vicinity of the Feshbach resonances and show that, depe

nding on the spin states, two- or three-body

mechanisms are at play. In the case of dipolar losses, we observe a nontrivial temperature dependence that is

well explained by a simple model.
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In the presence of a magnetic field, it is possible to obtairthese resonances, it is useful to introduce the molecular basis
a quasidegeneracy between the relative energy of two collidguantum numbers, 1, andl, which correspond to the total
ing atoms and that of a weakly bound molecular state. Thiglectron spinS=s,+s,, total nuclear spin =i, +i,, and or-
effect, known as a Feshbach resonance, is usually associatgial angular momenturh Furthermore, the quantum num-

with the divergence of the scattering length and is the keyhers must fulfill the selection rule

ingredient that led to the recent observation of superfluids
from fermion atom pairs ofLi [1-4] and*°K [5]. Up to now
these pairs were formed mwave channels but it is known
from condensed matter physics that fermionic superfluidit)}N
can arise through higher angular momentum pairprgiave
Cooper pairs have been observed®te [6] and d-wave
cooper pairs in high, superconductivity[7]. Although
Feshbach resonances involvipgor higher partial waves
have been found in cold atom systef8s-10, p-wave atom
pairs have never been directly observed.

tum numbe

(I=0) collisi

p-wave Feshbach resonances®bf in the lowest hyperfine
statef=1/2. We measure the position of the resonance a
well as the lifetime of the atomic sample for all combinations
[f=1/2,my)+|f=1/2,m(), henceforth denotetim;,m;). We
show that the position of the resonances are in good agre
ment with theory. In the case of atoms polarized in the
ground state(1/2,1/2, the atom losses are due to three-

dicted reso

or all spin

-0.25

S+ +1=even, (1)

hich is a result of the symmetrization requirements of the
two-body wave function. Since the atomic nuclear spin quan-
rs arg;=i,=1, andS=0, there are two possibili-
ties for the total nuclear spin in combination with sswave
on: =0 andl=2. These two states give rise to
the two aforementioned-wave Feshbach resonances. For
p-wave (I=1) collisions onlyl=1 is possible. This bound

; ; tate may then give rise to the thrpavave Feshbach reso-
In this paper we report the observation of three narroWriances of Fig. 1. This threshold state does not suffer from
5exchange decay, and is therefore relatively stable. Our pre-
nance field valued: (Table ) result from an
analysis which takes into account the most recent experimen-
éal data available fofLi. The calculation has been performed

channelgm;, m;) and a typical collision energy

body processes. We show that the temperature dependence o
the losses at resonance cannot be described by the thresholc
law predicted by[11] on the basis of the symmetrization
principle for identical particles. In the case of atoms polar-
ized in(-1/2,-1/2 or that of a mixture(1/2,-1/2, the

—~ -0.50
N
I
o
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losses are mainly due to two-body dipolar losses. These 0754 §=0,I=1,l=1 i
losses show a nontrivial temperature dependence that can

nevertheless be understood by a simple theoretical model

with only one adjustable parameter. In #ig2,-1/2 chan- -1.00 : : : .

nel, we take advantage of a sharp decrease of the two-body 0 50 100 150 200 250

loss rate below the Feshbach resonance to present a first
evidence for the generation pfwave molecules.

The p-wave resonances described in this paper have their FiG. 1. Coupled channels calculation pfwave binding ener-
origin in the same singlgS=0) bound state that leads to the gies, which give rise to Feshbach resonances at threshold. The two-
s-wave Feshbach resonances located at 543 G880 G.  atom states(full line) are indicated by their quantum number
The latter has been used to generate stable molecular Bos@n,,m ), while the bound statédashed ling is labeled by the

Magnetic Field (G)

Einstein condensatg4—4]. In order to discuss the origin of molecular quantum numbe&|, andl.
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TABLE |. Theoretical and experimental values of the magnetic 164 ! ! ! ' ]
field Bx at the p-wave Feshbach resonance fii atoms in [f1 .. PY
=1/2,m ) and|f1=1/2,m ). T 1 e ) °
g 124 :‘ .
(my,,mg,) Theory (G) Experiment(G) 5 i
o ° °®
(1/2,172 159 160.26) g 8 Py i
(1/2,-1712 185 186.26) pd
(-1/2,-1/2 215 215.26) g o
< 4 oo’ -
of 15 uK. A more detailed analysis will be published else- . 4
where[12]. 0
Experimentally, we probe thegewave resonances using " 485 188 187 188
the setup described in previous papgk8,14. After evapo- -
rative cooling in the magnetic trap, we transfei5x 10° Magnetic Field [G]

atoms of®Li in |f=3/2,m;=3/2) in a far-detuned crossed
optical trap at low magnetic field. The maximum power in
each arm isP)=2 W andP°=3.3 W in the horizontal and
vertical beam, respectively, and corresponds to a trap dep
of ~80 uK. The oscillation frequencies measured by para-
metric excitation are, respectively,=27x 2.42) kHz, w,
=27 X 5.003) kHz, w,=27 X 5.54) kHz, where thex(y) di-
rection is chosen along the horizongaértical) beam. A first
radio-frequency(rf) sweep brings the atoms t6=1/2, my
=1/2) and, if necessary, we perform a second rf transfer tavheren is the atom density anth®) = fd° n®1/N (a=1,2)
prepare the mixtur¢1/2,-1/2 or the pure(-1/2,-1/2. s calculated from the classical Boltzman distribution. In this
The variable magnetic fielB is the sum of two independent equation, we can safely omit one-body losses since the mea-
fields By and B;. B, offers a wide range of magnetic field sured decay time is-100 ms, much smaller than the one-
while B; can be switched off rapidly. After the radio- body lifetime~30 s.
frequency transfer stage, we ramp the magnetic fiel@do In the (1/2,1/2 channel, we find that three-body losses
~220 G withB;~8 G in 100 ms. When needed, we reduceare dominant. The dependencelgfwith temperature is very
in 100 ms the power of the trapping beams to further cool theveak[Fig. 3@)]. A theoretical calculation of the temperature
atoms. For the coldest samples, we obtain at the end of th@ependence of three-body loss rate has been performed in
evaporation sequencd~10° atoms at a temperature [11] and it predicts that in the case of indistinguishable fer-
~5 uK. This corresponds to a ratid/Te~0.5, where  mionsL, should be proportional t@*, with A = 2. Although
ke Tr=7i(BNwywyw,)'? is the Fermi energy of the system. To this prediction seems in disagreement with our experimental
reach the Feshbach resonance, we red®ice 4 ms to its
final value By~ Bg, near the Feshbach resonance. At this
stage, we abruptly switch of3; so that the total magnetic
field is now close to resonance. After a waiting time in the
trap t,.;=50 ms, we switch off the trapping and the mag-
netic field and we measure the remaining atom number after
a 0.35 ms time of flight. s bbbttt} J
We show in Fig. 2 the dependence of the atom number on ] (b);
the final value ofBg; in the case of the spin mixtur@/2,

FIG. 2. Atom number vs magnetic fieB ; after a 50 ms wait
for atoms in the spin mixtur€l/2,-1/2 at T~ 14 uK. The sharp
rop close toBy,~ 186 G over a range=0.5 G is the signature of
e p-wave Feshbach resonance predicted by theory.

== Gy~ Ly, @

8
Z
—a—

L (108 em®s™
8
——
—a—t

3

-
ansud
/|

-1/2) at a temperatur@ ~ 14 uK. As expected from theory, ° o] ]

we observe a sharp drop of the atom number for values of the :g

magnetic field close to 186 G. The other tweavave Fesh- 2 001 4 .

bach resonances have a similar loss signature and Table | o $ ]

shows that for all spin channels, the resonance positions are 0.0001 Y

in good agreement with predictions. Note that in Table | the ! 10
Temperature [p K]

uncertainty is mainly due to the magnetic field calibration

while the short term stability iS50 mG. FIG. 3. Variations of(a) three-body andb) two-body loss rates
~ To evaluate the possibility of keepingwave molecules ys temperature at the Feshbach resonanee.#: atoms in the
in our trap, we have studied the lifetime of the gas sample ageeman ground staté=1/2,m;=1/2), B ;~159 G.(b) M: atoms
the three Feshbach resonances. We have measured the niidtarized in|f=1/2,m=-1/2), By;~215 G. @: the mixture|f

ber N of atoms remaining in the trap after a variable time=1/2,m;=1/2+|f=1/2,m;=-1/2), By;~186 G. In both cases
twait- Accounting for two- and three-body processes ohly, the full line is a fit to the data using the prediction of Ed) with
should follow the rate equation the magnetic field as the only fitting parameter.
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] ' ' ' ' ' ' ' ] TABLE Il. Parameters characterizing the two-body loss rates for
f | (1/2,-1/2 and(-1/2,-1/2 spin channels.
— 1 3 T 3
g f | « y
© ] ] (me,,mg,) (cm? uK s™) (1K) (uKG™)
[5ed 1 4
S ol f ] (1/2,-1/2 1.21x 10713 0.05 117
< E E (-1/2,-1/2 7.33x 10713 0.08 111
> 1
[hed
9 ]
0.01 f . data, Eq.(3) is averaged over a thermal distribution and for
] ] 6>0 and 5> y we get
159.5 159.6 159.7 150.8 150.9 K[ 8\
Magnetic Field [G] G T " @
FIG. 4. RatioL3(T=2 uK)/L3(T=8 uK) of the three-body de- Equation(4) is used to fit the data of Fig.(8), with B
cay rate for two different temperatures for a gas of atoms polarized B as the only fitting parameter. We get a fairly good agree-
in |[f=1/2,m;=1/2). The full line is the threshold law;~ T2. ment if we takeB-Bg=0.04 G (0.3 G for the (-1/2,

-1/2)[(1/2,-1/2] channel, illustrating the extreme sensi-
results, the analysis ¢fL.1] relies on a Wigner threshold law, tivity of G, to detuning and temperature. This feature was
i.e., a perturbative calculation based on the Fermi golde@lso qualitatively tested by measuring the variationsGef
rule. At the Feshbach resonance where the scattering crosdéth magnetic field at constant temperature. Another interest-
section is expected to diverge, this simplified treatment is noing feature of Eq(4) is that it predicts that the widthB of
sufficient. This suggests that three-body processes must tiee Feshbach resonance, as measured by atom losses, should
described by a more refined formalism, analogous to the uniscale likekgT/u. For a typical temperaturé~ 15 uK, this
tary limited treatment of the-wave elastic collisiong15].  yields 6B~0.15 G, in agreement with the resonance width
To confirm this assumption, we have compared the loss rateghown in Fig. 2.
at two given temperatured =2 uK and T=8 uK, respec- From Eq.(4) we see thaG, nearly vanishes a=0. The
tively) for various values of the magnetic figlfig. 4). If the ~ thermal average of Eq4) for 6=0 yields G,(6=0) «KkgT.
threshold law is valid, then the ratiby(2 uK)/L3(8 uK) The ratio between the maximum two-body loss rate
should always be smaller thd@/8)%~0.0625(full line of ~ =3kgT/2) and that ats=0 is then ~kgT/y, ~10? for
Fig. 4). As seen before, experimental data show no signifi~10 uK. In the regiond<0 where we expect to form mol-
cant variation ofL; with temperature near resonance. How- ecules, we benefit from a &7 further reduction of the two-
ever, when the magnetic field is tuned out of resonance wbody lossegsee Eq(4)].
recover a dependence in agreement Withj. We have checked the production of moleculeqir2,

In contrast tos-wave Feshbach resonances where dipolar-1/2) by using the scheme presented[it8,22. We first
losses are forbidden in ttfe= 1/2 manifold[16], the losses at  generate molecules {8=0, =1, |=1) by ramping in 20 ms
resonance are found to be dominantly two body in thethe magnetic field from 190 G B to B,,,.=185 G< Bg. At
(1/2,-1/2 and (-1/2,-1/2 channels. The variations of this stage, we can follow two paths before detectiig. 5).
the two-body loss rate with temperature are displayed in FigPath 1 permits us to measure the numierof free atoms:
3(b). The temperature dependence appears very different by rampingdownin 2 ms the magnetic field from 185 G to
the two cases. We show now that this is the consequence 476 G, we convert the molecules into deeply bound molecu-
a strong sensitivity to magnetic field detuning from reso-

nance, rather than a specific property of the states involved. (2,
In an extension of the work presented[iti7], we describe L2
inelastic collisions by two noninteracting open channels §=0J=1]=1 4
coupled to a singlp-wave molecular statgl8]. This model
2 . - - - -
leads to an algebra close to the one describing photoassocia- _® -@ \\
tion phenomen§l9] and the two-body loss rate at energy A o3
is given by By Bg
g,(E) = KE 3) FIG. 5. Molecules are generated by ramping from a magnetic
2 (E- 6%+ 4" field higher tharBg to B,,,.< Br. From there, two paths are used. In

) . path 1(dashed ling the magnetic field is decreased to create tightly
Here 6=u(B~Bg) is the detuning to the Feshbach resonance,ound molecules that will not appear on absorption images. In path
andK, u, andy are phenomenological constants, depending (dashed-dotted linethe magnetic field is ramped up across reso-
on the microscopic details of the potenti@l]. For each nance to dissociate the molecules. The efficiency of the molecule
channel, these parameters are estimated from our couplegroduction is simply given by1-N;/N,), whereN,; is the atom
channel calculatioiTable I). To compare with experimental number measured after path
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lar states that decay rapidly by two-body collisions. Path Xtable atom pairs requires a full understanding of the decay
gives access to the total atom numbbr(free atoms + atoms mechanisms at play close to mwave resonance. In this

bound inp-wave molecules It consists of rampingip the  paper we have shown that in the particular case of two-body
magnetic field in 2 ms fronB,,c to 202 G>Bg to convert  |ggses, the maximum losses take place when the detuning is
the molecules back into atoms. Since the atoms involved in,gjtive. Since stable dimers are expected to be generated for

molecular states appear only in pictures taken in path 2, thg oive detuning, dipolar losses should not present a major
number of molecules in the trap {&,—N;)/2. In practice, hindrance to further studies pwave molecules
both sequences are started immediately after readBipg '

and we average the data of 25 pictures to compensate for \yg thank Z. Hadzibabic for very helpful discussions. S.K.
atom number fluctqatlons. We then géj=7.1(5) x 10° and_ acknowledges support from the Netherlands Organization for
N,=9.17) x 10" which f:qrresponds 'to a molecule fraction Scientific ResearchNWO). E.K. acknowledges support
1_N1/N2_0'2(1)' Surpr|5|_ngly, we failed to detect any mol- from the Stichting FOM, which is financially supported by
ecule signal when applying the same method 62,1/ NWO. This work was supported by CNRS, and College de

atoms. . o
Since the dramatic reduction of inelastic losses close to ,(ance. Laboratoire KE?.S_tlel’ BrosseIUstlte _de re_ch er(_:he de
Ecole Normale Supérieure et de I'Université Pierre et

s-wave Feshbach resonan@3] was a key ingredient to the ) X -
recent observation of fermionic superfluids, the formation oflarie Curie, associee au CNRS
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