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Measurement of p-Wave Threshold Law Using Evaporatively Cooled Fermionic Atoms
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We have measured independently betwave andp-wave cross-dimensional thermalization rates
for ultracold*°K atoms held in a magnetic trap. These measurements reveal that this fermionic isotope
has a large positive-wave triplet scattering length in addition to a low temperatprevave shape
resonance. We have measured directly thevave threshold law which, combined with the Fermi
statistics, dramatically suppresses elastic collision rates at low temperatures. In addition, we present
initial evaporative cooling results that make possible these collision measurements and are a precursor
to achieving quantum degeneracy in this neutral, low-density Fermi system. [S0031-9007(99)09214-5]

PACS numbers: 32.80.Pj, 05.30.Fk, 34.50.—s

While many examples of quantum degenerate fermioniin character for bosonic atoms, while the Pauli exclu-
systems are found in nature (electrons in metals andion principle prohibitss-wave collisions between spin-
nucleons in nuclear matter, for example), low-densitypolarized fermions. Evaporative cooling for fermionic
Fermi systems are exceedingly rare. However, techniquestoms must then proceed either throygivave collisions
similar to those that led to the observation of Bose{7] or through sympathetic cooling [8].

Einstein condensation (BEC) in atomic systems [1] can Since thes-wave and p-wave binary elastic cross
be exploited to realize a quantum degenerate, dilute gasections are not well known fot’K [9—-11], we have

of fermionic atoms. Novel phenomena predicted for thismade measurements of elastic collision rates in a magnetic
system include the suppression of inelastic collisions [2]frap. The Fermi-Dirac quantum statistics*®K provide a
linewidth narrowing through suppression of spontaneousinique opportunity to observe-wave collisions directly.
emission [3], and the possibility of a phase transition toExploiting this fact, we have seen evidence fop-avave

a superfluidlike state at sufficiently low temperatures [4].shape resonance and have measured threshold behavior of
Just as was found in the case of BEC in alkali atomsthe p-wave cross section. To our knowledge, this work
knowledge of the binary elastic-collision cross sectiongepresents the first direct measurement of tphevave

and interatomic potentials is crucial for experiments onthreshold law for neutral scatterers [12].

fermionic species. Both evaporative cooling and the We use a double-MOT (magneto-optical trap) appara-
prospect of fermionic superfluidity depend on the coldtus [13] to trap and precod’K atoms prior to loading
collision parameters. For example, accurate prediction athem into a purely magnetic trap. Operation of the MOT’s
magnetic-field Feshbach resonances [5], which could bemploys two MOPA (master-oscillator power-amplifier)
used to realize Cooper pairing of fermionic atoms, hingesliode laser systems [14], each frequency stabilized using
on detailed understanding of the interatomic potentials. Ithe DAVLL (dichroic absorption vapor laser lock) tech-
this Letter, we present measurements of elastic collisiomique [15] which accomplishes a large frequency range
cross sections for evaporatively cool&K, including a  for locking. Also, we have developed an atom source [16]
direct measurement gf-wave threshold behavior and the that is enriched with 5%°K (whose natural abundance is
resultant strong suppression of the collision rate. 0.01%). This system allows us to trap any of the three

Among the stable fermionic alkali atom$K yields potassium isotopes, and to trap® “°K atoms (4 orders
the greatest range of possibilities for evaporative coolof magnitude moré’K atoms than previous efforts [17]).
ing strategies and interaction studies because of its large Immediately before loading the sample into the mag-
atomic spin,F (F = 9/2 andF = 7/2 hyperfine ground netic trap, the atoms are cooled to approximately 450
states). In addition to having a large number of spinduring a Doppler cooling stage of the MOT in which the
states that can be held in the usual magnetic traps, potasapping light is jumped closer to resonance. Further, an
sium has two bosonic isotope$K and*'K, which could  optical pumping pulse transfers the majoritél of the atoms
be used for future studies of mixed boson-fermion diluteinto magnetically trappable states in the= 5 hyperfine
gases. Forced evaporative cooling [6], which has proveground state. The atoms are then loaded into a cloverleaf
essential for achieving quantum degeneracy in bosonic ahagnetic trap [18] and after an initial evaporative cooling
kali gases, relies on elastic collisions for rethermalizatiorstage, we are left with roughly0’ “°K atoms at 60uK
of the trapped atomic gas. However, evaporative cooland a peak density d0° cm™3. The cloverleaf magnetic
ing strategies for fermionic samples are complicated byrap provides a cylindrically symmetric harmonic poten-
the fact that atomic collisions at these low temperaturesial, with a characteristic radial frequenaoy = 44 * 1
(hundreds ofuK and below) are predominantlywave and an axial frequency, of 19 = 1 Hz for loading. The
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lifetime of the atoms in the magnetic trap, limited by col- energy in each dimension, the exponential time constant
lisions with room-temperature background atoms, has afor the redistribution of energy;, can be extracted from
exponential time constant (f00 + 50 s, giving ample an appropriate fit to the aspect ratio vs time. To rule
time for thermal relaxation studies as well as for evapo-out significant relaxation through trap anharmonicities, we
ration. The radial frequency and the bias magnetic fielchave verified that the relaxation ra}escales linearly with
can be altered smoothly by changing the current througthe number of trapped atomé.
a pair of Helmholtz bias coils. To obtain the elastic collision cross section from
We determine elastic collision cross sections fromour measurements of thermal relaxation rates, we use the
measurements of cross-dimensional thermalization rateelation: i = ~nov, Wheren is the denS|ty weighted
[19] in the magnetic trap. The sample is taken out ofdensity of the trapped atoms given I%/fn(r)2 d’r, v
thermal equilibrium by changing, through a ramp of is the rms relative velocity between two atoms in the
the bias coil current. For the measurements reportettap, anda is the calculated average number of binary
herev, lies between 44 and 133 Hz. The changevin collisions per atom required for thermalization. The
occurs adiabatically (slow compared to the atomic motiorproductnv depends on both the size and temperaflire
in the trap) but much faster than the rate of collisionsof the trapped sample. These are measured by observing
between atoms. Since the axial frequency is essentiallthe expansion of an equilibrated sample after release
unchanged, energy is added to (or removed from) thérom the magnetic trap. The rate of expansion yields the
cloud in only the radial dimension. Elastic collisions thentemperature, while an extrapolation back to the release
move energy between the radial and the axial dimensionsime gives the initial sizes. Using the trap potential
and the thermal relaxation is observed by monitoring thecalculated from the field coil geometry we have checked
time evolution of the cloud’s aspect ratio. that the measured initial sizes and temperatures are
To avoid perturbations to the image due to the spatiallyconsistent to within their uncertainties.
dependent magnetic fields, the trap is turned off suddenly The mean number of collisions each atom undergoes,
and the cloud is imaged after 2.7 ms of free expansiona, during one relaxation time constant was determined
The aspect ratio of the cloud is observed via absorptiofrom a numerical simulation of the experiment using clas-
imaging usmg a 9.Jus pulse of light resonant with the sical Monte Carlo methods [20]. For a harmonic trap-
4812, F = 2 t04P3),, F = 12 transition. Optical depth ping potential, the relaxation simulation yields = 2.5
is calculated from the image captured on a CCD arrayor s-wave collisions andr, = 4.1 for p-wave collisions,
and then surface fit to a Gaussian distribution to find thevhere we Include eprICItIy the different angular depen-
rms cloud size in both the radial and axial dimensionsdence. The ratiG* can also be determined analytically
An example of the cloud evolution following a change through an mtegratlon over the angular dependence of
in trap potential is shown in Fig. 1. Since the expandedcattering. This give§” = 3, consistent with the Monte
cloud sizes are proportional to the square root of the clou€arlo results.
The primary results of this paper are shown in Fig. 2.
While ordinarily one cannot measure higher order partial
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wave contributions to the collision cross section directly,
the Fermi-Dirac statistics dfK allow us to probep-wave
ands-wave interactions independently. Thewave cross
section o, is determined from measurements using a
spin-polarized sample|K = 2,mp = 2) atoms), where
s-wave collisions are prohibited by the quantum statistics.
The s-wave cross sections; are determlned from data
using a mixture of two spin state%,, 2) and|2, 2) This
mixture is stable against inelastic spin exchange collisions
(s-wave), which must preserve the total projection of spin.
The magnitude of th@-wave cross section is surprisingly
large and we find tha’K has ap-wave shape resonance
at a collision energy of roughly 280K. At temperatures
well below the resonant energy (less than3R), a fit

to o, Vs T giveso, = T>0*03_ Thus, we have directly

FIG. 1. Example of thermalization data. The inset shows themeasured the expected threshold behawiprec E? [21].

axial size, zms (O),

rethermalize via elastic collisions.

and the radial sizeyx.,s (@),
after 2.7 ms of free expansion, relaxing as the trapped ato
At time 0 the cloud is
taken out of equilibrium by changing, from 133 to 44 Hz.

imaged

In contrast, o; exhibits little temperature dependence.

M¥ith these very different temperature dependencies, the

collision rate changes by over 2 orders of magnitude at

A fit (line) to the aspect ratio vs time is used to extract theOUr lowest temperatures depending on the spin mixture of

relaxation rate.

the fermionic atom gas.
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[ ™ — ] Nyn,=7/2), was varied smoothly from 70 to 100% by vary-
~ g E 1 ing the power of an applied micro;/va;ve field (frequency
T — § --------------- i swept) that removes a portion of thg 5) atoms.

F The thermalization of mixed spin-state samples depends
on both thes-wave andp-wave collisions. The data in

Ng I (k) ] Fig. 3 can be fit to a simple model given by
° 107 i (2 20\ o 2
f [ ] AU s a, 2 (n11 + n2p) a, v,

where n; ; is the density-weighted density between two

1078 M - species given by ; = [1/(Ny + N2)] [ ni(r)n;(r) d®r

10 T (uK) 100 and the subscripts 1 and 2 stand for the two relevant
K spin states. Since the magnetic moments of %hé) and

FIG. 2. Elastic cross sections vs temperature. Theave |%’ %) atoms are only slightly different we make the sim-

cross section(O), measured using a mixture of spin states, jiri : : : _
shows little temperature dependence. However, ghaave plifying assumption that these states have identical spa

cross section @), measured using spin-polarized atoms, ex-tial profiles in the trap. A fit using the above model
hibits the expected threshold behavior and is seen to vary byith o and the ratioo, /o, as free parameters shows
over 2 orders of magnitude. The lines are a fit to the data, agood agreement with the data in Fig. 3. In addition to
described in the text, yielding, = (157 * 20)a. demonstrating the type of control over collision rates that
is available in a trapped gas of fermionic atoms, this
To explore this effect further we measure the thermalmeasurement otr,/o at low temperature provides a
ization rate vs spin polarization at @K (see Fig' 3). sensitive constraint on the triplet scattering length. The
We control the relative populations ¢§’ %) and |5, %) s-wave cross sections shown in Fig. 2 were extracted us-
atoms in a two-component cloud with a microwave fielding the above equation; however, at these low tempera-
that drives transitions to untrapped spin states in théureso, is relatlvely_sma_ll and the r_neasured thermaliza-
F = 1 ground-state manifold. The trap bias magnetiction rates are due primarily towave interactions. _
field breaks the degeneracy of the hyperfine ground-state TO compute the scattering cross sections for compari-
splitting (1.286 GHz at zero field [22]) so that the dif- SON With these data, we perform fully coupled scattering

ferent spin states can be removed selectively (see Fig. @lculations, including potassium hyperfine structure, as
inset). For the data shown in Fig. 3 the fraction ofdetailed in Ref. [11]. These calculations include additional

: 99 _ corrections that enable us to tune independently the sin-
Atoms in thelz, 3) State o/ = Nm=9/2/ Nm=o/2 + glet and triplet scattering lengths over their entire ranges
—oo < g < o, We setthe singlet scattering length’s value
107 . ' . : : ata, = 104ay [11] whereay is the Bohr radius, but leave
the triplet scattering length, as a free parameter to be de-
termined by the experiment. Scattering is strongly triplet
dominated for the collision partners used in this experi-
ment, and we find no singlet resonance near threshold.
. Therefore, each partial wave’s cross section has little de-

pendence on the spin states involved. Moreover, the pres-
II' ent experiment is relatively insensitive to the valueipf
meo2 7 ] After computing cross sections as a function of col-
712 8.5/2 lision energy, we determine temperature-dependent cross
10°F 1160 1180 1200 1 sections by computing a thermal average over collision
. freq (MHz) ‘ E events, weighted by the collision energy. Using this
0.7 ' 0.8 0.9 1.0 type of thermal averaging to account for a temperature-
f dependent cross section is supported by Monte Carlo stud-
m=9/2 ies [20]. To make a fit to the data, we compuytewhile
FIG. 3. Dependence of on spin composition af = 9 xK.  floating botha, and a multiplicative factoe which scales
A quantity proportional too, 1/7N, is measured as a function simultaneously the computes, (7)) ando,(T). This fac-
of the fraction of atoms in one of two trapped Zeemantor is required to accommodatez50% systematic uncer-

Spin states,f,,,—g2. The inset shows the number of atoms iainty in the experimental determination of absolute cross
remaining after application of microwaves at the indicated

frequency. The three features correspond to removal of trappe%ections (primarily fromv).  Our glpbal best fit og:curs
atoms in particular spin states and can be used to measure 8 @, = 157 * 20a9 ande = 1.6, with a reducedy” of
control the spin composition of the atom gas. 3.8; the corresponding cross sections are plotted as lines
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TABLE I. Triplet scattering lengthsa, in Bohr radii for larges-wave elastic collision cross section bode well for
collisions between potassium isotopes. future progress toward this goal.

Isotopes Nominal, Range This work is supported by the National Institute of

Standards and Technology and the National Science

§8 i gg _12’1 _12(6) 2 Z’ 2 1_7268 Foundation. The authors would like to express their

41 + 41 57 49 < ai <6 appreciation for useful discussions with C. Wieman and
E. Cornell.

39 + 40 3600 a; > 500 or a, < —900

39 + 41 164 140 < a, < 185

40 + 41 93 83 < a; <99
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