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Collisional relaxation in a fermionic gas
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We propose a method to study the degeneracy of a trapped atomic gas of fermions through the relaxation of
the motion of a test particle. In the degenerate regime, and for an energy of the test particle well below the
Fermi energy, we show that the Fermi-Dirac statistics is responsible for a strong decrease in the relaxation rate.
This method can be used to directly measure the temperature of the fermionji& @50-294{9)50506-4

PACS numbsg(s): 03.75—b, 05.30.Fk, 32.80.Pj

New techniques for cooling atomic gases, based on eithehat the collisional dynamics d? gives access to the statis-
laser manipulation or evaporative cooling, have led to spectical properties of the Fermi gas, in particular its temperature
tacular progress in the realization of degenerate atomid.
samples. The most striking example is the Bose-Einstein The trapping potential for the test particlé(r) is as-
condensation of alkali-metal vapofd—3] and, more re- sumed to be harmonic and isotropic, with a frequea¢3sr.
cently, of an atomic hydrogen gé4]. These techniques can For simplicity we neglect the modification of the potential
also be applied to fermionic samples, in which spectaculadue to the mean-field interaction betwerand the Fermi
phenomena, such as the Cooper pairing of atfBhsor the  gas. We calculate the dynamics Bfin the Fermi sea by
inhibition of the spontaneous emission of an excited g6n means of the Boltzmann transport equafiaf] in the local-
have been predicted. In this Rapid Communication, wedensity approximation:
present a simple and powerful tool to study the degeneracy

parameters of such a fermionic sample, which we consider ow dw
ideal for the sake of simplicity. PV Vw+VU-Vow=-—1 @
Numerous possible ways to analyze an atomic Fermi gas coll

in the degenerate regime have recently been studied from a ) , .
theoretical point of view. Several authors focus on the interWherew(r,p,t) is the phase-space densitypat timet. We

action of the atomic cloud with light: modifications of the Put V=p/M, whereM is the mass ofP. With a notation
refraction index or of the absorption coefficient of the gasSimilar to [16] the collisional contribution to the quantum
[7,8], reduction of the spontaneous-emission rate of an exBoltzmann transport equation fé¥ is

cited atom inside the atomic cloud, and angular dependence

of the radiation patter9,10. Spectacular effects are ex- dw o s

pected when the Fermi momentyma of the cloud is larger il py=- p h3f d°p;d<Q

than the photon momentum. Unfortunately, in this regime, a coll. &

guantitative analysis of the interaction of the gas with reso- X[wf(1—f")—w'f' (1—f)]|v—vq],
nant light is difficult. Indeed, it corresponds to\3>1,

wheren is the spatial density of the gas akds the wave- (2)

length of the light. Light propagation in the medium is then ) o ) ) )
strongly affected by multiple scattering effects, which arewhereo is the collisional cross section for interactions be-
difficult to handle. tween P and fermions. Collisions occur in the low-energy
Other proposed diagnostics of Fermi degeneracy of &ange wheres-wave scattering is dominant; hence the cross
trapped gas involve the study of its spatial distribution, eitheection is isotropic and independent of energy. The first part
for a pure fermionic samplgl1—14, or for a mixture with a of the collisional integral corresponds to the decay of the
Bose-Einstein condensatel5]. These methods are well Phase-space density mp due to a collision betweeR and
adapted to study the region where the temperafiris @ fermion with momentunp;: p+p;—p’+p¢. The final
around the Fermi temperatufe , but become less sensitive relative velocity points in the direction given I§y. The sec-
to temperature in the strongly degenerate regime wfere ond part of the integral describes the reverse process, and we
<Tg. Also, as pointed out ifil0], one can take advantage of put vi=p;/m, wherem is the fermionic mass. We assume
inelastic processes inside the gas to collect information abodiat a single probe particle is present, or that the gas of the
its degeneracy parameter. probe particles is sufficiently dilute to be treated as an ideal
In the present paper we investigate the dynamics of &oltzmann gas. In the latter case we suppose that the number
probe particlgP) in the same trapping potential as the Fermiof test particles is sufficiently low that the relaxation does
gas. We assume that we can prep@ren an arbitrary orbit not significantly perturb the distribution of the Fermi gas.
of the trapping potential. An experimental procedure for suchVe use the abbreviations’ =w(r,p’,t), f=f(r,ps), and
a preparation is outlined in the last part of this paper. Nef'=f+(r,p;). The quantityf{(r,p) represents the steady-
glecting any inelastic process, the only way to change thetate phase-space distribution of the Fermi gas in the local-
trajectory ofP is an interaction with the Fermi gas. We show density approximation:
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f+(r,p) ! €)) § 0] —a—a—a
r7 = y ~ k- -
P 1+exp{[pZ2m+U(r)— u]/(kgT)} th E —"
=~ -
whereu is the chemical potential. The Pauli exclusion prin- L‘H

ciple is represented in the collisional integral by the factors 10-2_;
1-f' and 1-f, which give the occupation of the final state E /
of the collision [17]. The local-density approximation is /
valid whenrgpg>#, whererg andpg are the sizes in posi- 1 o

tion and momentum space of the Fermi gas. For a tempera- 104'5

ture much lower than the Fermi temperatufe [where ]

ksTe=(6N)¥3%w], this requires thatN>1. Indeed, one 1
gets in this case=(48N)Y%a,, and pg=(48N)"%p,0, AL T
whereayo=[%/(mw)]*? andpyo= (Mm% w)*? are the spatial 0.01 0.1 1 10
and momentum extensions of the ground-state harmonic os- T/ TF
cillator.

We shall assume that tive(r,p) is initially a distribution FIG. 1. Collisional ratd"(r = 0,p=0) of a probe particl¢P) of

centered inry,po, Much narrower than the steady-state dis-massM at rest in thg bottom of a trap containing.a fermion.ic gas of
tribution of Eq.(2): ngexp[—[pZ/ZM +U(N1/(kgT)}. As temperaturé_!’ (atomic massn). The temperature is pIottgcli in units
the collisional relaxation proceeds, the population of the narf the Fermi temperaturgg, andl'y in units of the ratd™" for a

row peak is transferred to a broad distribution proportional tg-01tZmann gas at the same temperature and with the same number
Wss. In the following we focus on the initial stage of this °f 310MS: S{g%areM:m' circles,M =(133/6jm (case of &'Li gas
relaxation phenomenon, namely the decay of the narrov{?mbed by Cs).

peak, which occurs at the rat&(ry,po) deduced from Eq.

(2):
This situation is well suited for determining the tempera-
o o ture of the Fermi gas in the degenerate regime. Its absolute
I'+(ro,Po) = p h3f d°ps d*Q f(1—-1")|[Vo—vi|. (4)  calibration depends on the exact mass ratio betweamd
a

the fermions. Consequently, in Fig. 1 we also digi0,0)

This rate could also be derived from the Fermi golden rulefor the specific case of a cesium atorf*Cs) asP for a

within the local-density approximation. lithium gas (°Li). . -
We now consider three different classes of trajectories for /& now consider a second type of trajectory consisting of

P and discuss how the damping of those trajectories is afa oscillation of> with an energyE, and an angular momen-
fected by the Fermi statistics of the cloud. Most of the cal-(UM L which we set equal to zerGsee inset of Fig. B To
culations assume equal mass for theand the fermionic calc.ullate the rate at whidhis ejected from thl_s tra]ector_y by
atoms. Such a condition is approximately realize@iand ~ collisions, we suppose that the relaxation is slow with re-
the fermions are isotopes of the same elenteet, ’Li and spect to the perlod of an oscnlanc(nolllspnless reg|m)e_
61i, 3% and “K). For each trajectory class we calculate theSlnceFT(r,p) is n_ot constant over the trajectory, we define
multiple integral(4) for an arbitrary temperature numerically 20 average collision rate:
and we derive scaling laws for interesting limiting cases.

The first situation consists d? at rest in the trap center.
For a Boltzmann gas with the same number of atoms, we 1)
would expectI'{®°(0,0)=novy,, wheren is the spatial yi(EL=0)=5— § I7(r(t),p(t)) dt. (5
density at the center of the trap for this gas angis the
most probable spee@ ,=[8kgT/(7m)]¥?). To put in evi-
dence the effects of the Fermi statistics, we plot in Fig. 1 the
rate"+(0,0) normalized b)l“(TBO")(O,O). At high temperature
(T>Tg) the deviations due to Fermi statistics are negligible.
On the other hand, foF <Tg, these deviations are spectacu-
lar and we find thal'+/I'{®Ye T3, This power-law depen-
dence originates from two different phenomena both related
to Fermi statistics(i) For the Boltzmann gas)<T %2 and
voc /T, while in the fermionic gas the spatial density and the
most probable speed remain constant for vanisAinghis

aCC_Ol_mtS for a fé_lCtoch' (ii_) For T_<TF' P has a finite FIG. 2. Collision between a fermion arftlat rest. The fermion
poII|S|on probability only_ with fermions within an €Nergy has an initial momentum equal to the Fermi momenpgm pl» and
interval AE~kgT (see Fig. 2 at the surface of the Fermi ' are the momenta dp and the fermion after collision. The cir-

sphe_re[_18]: The 50|id. angleAQ) aVa_"ab'e for the allowed cumference with diametep; passing through the center of the
fermionic final states is also proportional ToTherefore the  Fermi sphere gives the possible final states in the case of equal

collisional rate is reduced by an additional fact®E AQ) ~ mass. The shell of thicknesaksT/pg represents the final states
xT?, available to the Fermi particle.
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FIG. 3. Damping rateyr(E,L=0) for a linear oscillation oP FIG. 4. Damping ratey(E,L=E/w) for a circular orbit of the

as a function of its excitation enerdy. E is expressed in units of  Tp as a function of its excitation enerdy The normalizations and
the Fermi energy ang is normalized by the rateovg, wheren symbols are the same as in Fig. 3.

is the fermionic density at the bottom of the trap andthe Fermi
velocity. Circles,T=Tg; squaresT=Tg/4; diamonds,T=Tg/16;
triangles,T=Tg/64. The inset shows a trajectory Bfthrough the

7 various alkali-metal atoms, or between two isotopes of the
fermionic cloud.

same species. Consider, for example, the specific case of
lithium atoms. If one starts with a mixture &Li and “Li,
one can perform radio-frequency evaporation around a fre-

Depending on the energy of the oscillation and the temperaquemy”rf 804 MHz, corresponding to théLi hyperfine
ture of the fermionic gas, we find different regimeee Fig. splitting. One can prepare in this way an ultracold sample of

3). As expected, foll > T the relaxation rate is the same as L, P'ﬁaY'“g the role OﬂD. WIthQUF eliminating any fermionic
the one predicted for a Boltzmann gas. It does not depen tom °Li, whose hyp_erfme_ sph_ttlng corresponds to 228 MHZ
much on the energy of the excitation, even BrksT (as 19]. The state obtained in this way corresponds to the first
long as we assume a constaatave elastic cross sectipn S|tuat|c_)n consm_lered in this paper. One can Fhen prngame_
Indeed, wherE grows, the relative velocity betwed and an arbitrary trajectory by means of successive optical stimu-
the cloijd increases 3'31/2 while the fraction of the time lated Raman transitiorf20]. Due to the isotopic shift of the
spends within the cloud decreasefef§’2 leading to a con- Li resonance ling10 GH2, these transitions can be made
stant average rate. For the degeneratefas@; three en- isotopically selective. In a realistic case, we can consid@r 10

- ; ; fermions in an isotropic magnetic trap with/27=100 Hz
ergy domains have to be considered Por(i) For E<kgT - B . _
<Eg, we recover the rat€'(0,0) displayed in Fig. 1(ii) (TF_.4 MK’QF—O;E 'm'm). The der_lsny of the fermionic
For ksT<E<Eg, the rate varies aB2. This can be easily gas 1s 5<.101 c¢m”, giving a mean-field energy created by
understood at zero temperature wWE<EF. In this case the Fermi cloud orP equal to 10 nK[21,23, which is neg-

only collisions with fermionic particles with energy close to ligible with respect tEg, as assumed in this paper.

Er contribute(first factor E), and the solid angle available i .To Tumlmart[ze, V\;e havebshow? Iln thlsbpe:jpderdthat thFe COI.’
for the allowed final states brings an extra fadfoiii ) For ISional refaxation of a probe particie émbedded in a Fermi

kg T<Egr<E, almost all final states for the fermions after the ato”?ic cloud gives direct access_to the quantum degeneracy
collision lie above the Fermi surface so that the inhibitionOf this gas, In the degenerate regirfizan be regarded as an

due to statistics in no longer effective. One recovers in this gxtt:ltatmn grc;ﬁet'; k;y Pauhts exclgfrl]onlzprmmple (?ne dc]:sm
case a rate independent 6f as for a Boltzmann gas. etermine bo € temperature of the =ermionic cloud from

The last type of trajectory considered in this paper con- the value of the relaxation rafé for E~0, and the value of
sists of a circular orbit of the test particle in the trapplngthe Fermi energy exploiting the resonant behavioil'ofor
potential L=E/w). The corresponding decay rate is plotted E~ _EF For '_5|mpI|C|ty we _have con5|dereq here a noninter-
in Fig. 4 as a function of the mechanical energyPofFor a acting Fermi gas, but it is clear that this method can be
weakly degenerate gas we recover the same result as foreétended to study the effects of interactions superimposed
Boltzmann gas. When one increases the energf,ofhe onto the fermionic excitation spectrum. In particular, we plan
damping rate is constant up kaT and then decreases, Bs to address the_z consequences of Cooper pairing of the fermi-
is orbiting outside the cloud. In the degenerate case th8ns[5'23_25 in a subsequent paper.
damping rate presents a resonant behavior ardesdEr . | am very grateful to Jean Dalibard for stimulating discus-
For E<Ef this rate is decreased because of Pauli's exclusiosions and for a careful reading of the manuscript. | acknowl-
principle, while forE>Eg it is small sinceP is outside the edge useful discussions with Micha Baranov, Yvan Castin,
Fermi cloud. Marc-Oliver Mewes, Christophe Salomon, and Florian

We now address the preparationPivith arbitrary initial ~ Schreck. This work was partially supported by the CNRS,
position and momentum. The simplest idea is to exploit theCollege de France, DRET, DRED, and ECMR Network
difference in the ground-state hyperfine splitting between thélo. ERB FMRX-CT96-0002
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