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Adiabatic compression of a trapped Fermi gas
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We propose a method to reach conditions of high degeneracy in a trapped Fermi gas, based on the adiabatic
transfer of a small fraction of atoms from a magnetic to a tighter optical trap. The transformation yields a large
increase of the Fermi energy, without a significant change of the temperature. The large enhancement of the
central density emphasizes the role of the interactions and makes the system much closer to the BCS transition.
We show that, despite Pauli blocking, the thermalization processes ensuring equilibrium in the optical trap are
not suppressed at low temperature.
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I. INTRODUCTION (i) The gas in the optical trap becomes much more degen-
erate than the original one. In particular, if the number of
The experimental realization of a highly degenerateatoms transferred to the optical trap is a small fraction, the
atomic Fermi gas confined in traps is a task of primary im-temperature will not change significantly with respect to the
portance, especially in view of the perspective of approachinitial value but the Fermi energy will increase in a way
ing the BCS transition to the superfluid phase. The regime oproportional to the depth of the optical trap.
quantum degeneracy has been already reached in a sample of(ii) The gas in the optical trap is much denser due to the
potassium atom§l], where first signatures of Fermi statis- tighter confinement and the effects of interaction are thereby
tics, such as the deviation of the velocity distribution from aénhanced.
Boltzmann profile and the increase of the kinetic energy with (i) The Fermi energies of the two spin components,
respect to the classical value, have been observed. The maiich initially were different because of the different mag-
difficulties in further lowering the temperature are due to thenetic trapping, become closer in the optical trap, thereby fa-
fact that the efficiency of the evaporative cooling process ig/oring the mechanism of Cooper pairing. In fact, Cooper
strongly quenchef2,3]. In fact Fermi statistics inhibits col- pairing cannot take place if the difference between the two
lisional processes at low temperature, both directly by reducFermi energies is larger than the BCS gap.
ing the phase space available for collisions and indirectly by All the above effects favor the reachability of the BCS
lowering the density of the sample because of Pauli repultransition. Another important advantage of the proposed
sion. Procedures to optimize the evaporative process haveethod is that the velocity distributions of the atomic clouds
recently permitted to reach lower temperatures, of the ordepccupying the magnetic and optical traps can be measured
of 0.2T—0.3T whereTg is the Fermi temperature]. separately. By releasing first the magnetic trap, one can mea-
In the present work we propose a method to reach condisure the temperature of the sample. The effects of quantum
tions of high degeneracy, based on an adiabatic compressiéi¢generacy can then be investigated by measuring the veloc-
of the gas. The adiabatic increase of degeneracy has provél distribution of the gas confined in the optical trap. Fi-
quite successful in producing Bose-Einstein condensation ifally, the use of optical traps opens up the possibility of
a reversible way, starting from a trapped Bose gas above tHgning the scattering amplitude of the trapped atoms by ex-
critical temperaturg4]. The main point is that, by changing ploiting the occurrence of Feshbach resonances.
the shape of the confinement from a harmonic to a nonhar- The paper is organized as follows. In Sec. | we assume
monic trap, one can increase the degree of quantum dege@diabaticity and we explore the properties of the new gas
eracy by keeping the entropy of the total system congg&nt
At the same time, despite the effects of Pauli blocking, the
process of thermalization is not suppressed at low tempera- v
ture and can take place over times much shorter than the
lifetime of the cloud. In the following we consider a gas
occupying two different spin states, initially confined by a
harmonic trap. We then switch on adiabatically a second U \Y,
tighter trap(see Fig. 1 Experimentally this can be realized
using a magnetic trap for the first confinement and an optical
trap for the second one. As a consequence of the adiabatic
process a fraction of atoms will move from the magnetic to
the optical trap. This can provide several important advan- FIG. 1. Schematic representation of the confining potential
tages. Vexdr) in the presence of the magnetic and optical traps.
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produced in the presence of the tight confinement by imposeffect on the value of the BCS transition temperature that is
ing entropy conservation. In Sec. Il we discuss the relaxatioexpected to behave, for negative scattering lengthf3,8
mechanisms that bring about thermal equilibrium in the op-

tical trap and provide estimates for the times required to T €r hr 3
ensure adiabaticity. Bes™ i N T 2pplal ]’ ®
IL. ADIABATIC TRANSFER wherepr=%(672)Y{n(0)]*? is the Fermi momentum cal-

culated in the center of the trap. The value of the BCS criti-

Let us consider a gas initially confined in a harmonic trapcal temperature can increase significantly with respect to its
(hereafter called magnetic trapWe assume that the trapping value in the magnetic trap. For example, in a gas®bf
frequencies and the number of atoms are the same for thetoms witha~ — 200, (3, is the Bohr radiuy by taking a
two-spin species. The Fermi energy is given I ratio U/e2=5 and an initial central density(0)~ 10"
=fwmag6N)'3, whereN is the number of atoms of each cm™2, we obtain an increase of the density by a factd5
species ana .4 is the geometrical average of the frequen-and the BCS transition temperatu(® is enhanced by the
cies characterizing the magnetic trapping poten¥igl,g. huge factor~50, becoming comparable to the initial value
We will consider systems lying initially in configurations of of the Fermi temperatureg/kB. The above discussion sug-
moderate degeneracy corresponding kgTj,=0.2¢2— gests that the proposed adiabatic mechanism might provide
0.5¢2, whereT,, is the initial temperature of the gas. For conditions of high degeneracy, not far from the transition to
simplicity, we will assume that also the optical trap can bethe BCS phase. With such a denser gas also the effects of the
approximated by a harmonic potentM}, having a tighter ~mean field on the density profile may be significant. An es-
frequencyw,p> wmag and depthV,,(r=0)=—U. In our  timate is given by the ratif7] E;,;/Ey,=~0.3pga/fi between
model the trapping potential, after switching on the opticalthe interaction energy and the oscillator energy of a spheri-
trap, is defined ad4(r)=V,,(r) inside the optical trap cally symmetric trap. By using the values employed above
(Vopt<Vmag), and Ve,(r)=Vm,r) outside(see Fig. 1L ~ one finds corrections to the ground-state propereergy,
The maximum number of atoms that can be transferred in th@ensity profile, etg.of the order of 10%.

optical trap is given by the value The high degeneracy realized in the gas is expected to
show up in the velocity distribution and in the release en-
1/ U \3 ergy. After completing the adiabatic transfer one can release

Nopt=g(m) (1)  the magnetic trap. Measuring the velocity distribution of

these atoms then provides information on the temperature of
A i i ¢ d vl the system, which is expected to be close to the initial value.
s we will see, If we start from moderately low tempera- tpq aioms of the optical trap can be imaged in a second step.

tures, Eq(1) provides an accurate estimate of the number OfFor them one predicts that the ratic,/KsT;,
n n

atoms that are actually traljsferred by the adiabatic procesSJSU/8kBTfm between the kinetic energy per particle and
providedNo,<N. The relative number of atoms transferred y,q thermal energy should be enhanced in a significant way if
in the optical trap is then given by the useful expression UskgT;,, revealing the effects of quantum degeneracy.
3 To confirm the scenario emerging from the above discus-
Nopt Uwmag sion, we have carried out a numerical calculation of the ther-
N :( ) : 2) modynamic functions before and after the adiabatic transfor-
mation. The calculation is obtained by imposing that the
initial and the final configurations have the same entropy.
This has been calculated using the semiclassical expression

0
€FWopt

Typical values that will be considered a&g,,q/ wopi=0.1
and U/eg=5, corresponding tdN,,/N~10%. Since the

relative number of transferred atoms is small, one expects S 1 e(p,r)/ksT—Inz

that the final temperatur&;;, of the gas will not change —= j -
significantly with respect to the initial valug;,. The final Ke (27h)* z tePlkeT 41

degree of degeneracy of the gas will be, however, signifi-

cantly higher since the final Fermi energy is approximately +In(1+ze <PD/keT) (4
given byer=U+ €2. By increasing further the depth of the '

optical trap the relative number of transferred atoms in-

creases significantly and so does the temperature. In the ewherez=exp(u/kgT) is the gas fugacity and
treme situation, where all the atoms have been transferred
into the optical trap, the temperature increase becomes equal
to the increase of the Fermi energy and the degeneracy of the e(p.r)= 2m +Vex(r) (5)

gas decreases back to its initial value. Due to the compres-

sion, the central density of the gas, that at small temperaturgre the semiclassical particle energies. The results are pre-
n(0)=(2me2/%2)%?(672) in the initial stage, will increase sented in Figs. 2—5. In Fig. 2 we show the relative number of
by the factor €x/€2)%? in the optical trap. The increase of atoms in the optical trap as a function of the depth of the
the Fermi energy and of the central density has an importarptical trapU/ €2 for two initial temperatures. For the chosen
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FIG. 2. Fraction of atoms in the optical trap as a function of FIG. 4. Kinetic energy per particl&,;, in units of the final
U/ el for two initial temperatureskgT;,=0.5¢p (dashed ling and  temperaturd Ty, as a function ofJ/€2 . The initial temperature is
kgTin=0.25 (dotted lind. The solid line corresponds to the ana- kgTin=0.252 . The solid line corresponds to the kinetic energy per
lytical estimate(2). particle averaged over the entire system. Also shown are the kinetic
energy per particle in the optical trdgashed lingand in the mag-

configuration With yag/@ep=0.1 and final depthU netic trap(dotted ling.

=5 e(F’, the optical trap can host about 10% of atoms con-

firming the analytic predictior2). calculated the central density as a function of the depth

) _ 0 - -
In Fig. 3 the final temperature of the gas is plotted as &°F U=5 €r andkgTi,=0.25¢, we find an increase by a

function of U/€2. As already anticipated, the final tempera- factor 15 with respect to the initial value.
ture does not change significantly from the original value,

except for values olfJ/e(F’ of the order ofw i/ wmag- Notice IIl. ROLE OF COLLISIONS
however that, due to the tight confinement, the temperature

of the gas can become comparable to the level splitting in the [N this section we discuss how the adiabatic transfer of
optical trap/ wep/ke if N is not large enough. atoms can be realized in practice and what is the role of

In Fig. 4 we show the kinetic energy per atom in units ofcollisions. Let us recall thgt t_here are se_veral time scale; in
the final temperature. The initial temperature KgT,, the problem. A first scale is f|x§d by the inverse grequelnues
—0.252. In the same figure, we also show the kinetic en-Of the harmonic wells. These timesf order of 10 °~10°
ergy per particle of the gas occupying separately the ma%g) are in general much _shorter than th_e _r_elaxatlon times due
netic and the optical trap. These values are obtained by a o collisions. The cpndmon of reversibility would require
eraging separately the kinetic energy over the particleéha‘_t the relaxanon time be .much shorter than the time over
occupying the optical trape(p,r)<0], and the particles oc- wh|qh the oppcal trap is sw[tc.hed on. From a.practlcal point
cupying the magnetic trape(p,r)>0]. The kinetic energy of view we find that an _eff|C|ent_ way to reahz_e an almost
provides an important indicator of the quantum degenerac _dlabat|c transformation is to switch on the optical trap on a

of the gas(for a classical gas one would hatg;, /kg Ty ime scale longer than the inverse periods of the harmonic

—3/2). The effect is very spectacular for the atoms of thewells but faster than the relaxation time, and then to let the

optical trap, where at) =5€2 one findsEy, /keTriy=7. By system relax to equilibrium. The first step of this transforma-

choosing a higher initial temperature the effect is less pr0:[Iorl corresponds to an adiabatic transfer of the lo

) single-particle states from the magnetic to the optical trap.
nounced, but still large Hy,/kgTin=3 for kgT;,=0.5¢2 gle-p 9 P P

0 i This transformation keeps the corresponding occupation
andU=5eg). Because of the high degeneracy,

S» _ _ _the velocitynmpers unchanged and hence conserves entropy. The sec-
distribution of the atoms in the optical trap deviates signifi-

cantly from a Boltzmann distributio(Fig. 5. We have also
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0.5 1 1 1 1 p/ (2kaTfm) 12
0 2 4 6 8 10
U/g‘; FIG. 5. Momentum distribution of the atoms occupying the op-

tical trap withU= 562 (solid ling). The initial value of the tempera-
FIG. 3. Ratio between the final and initial temperature of the gagure iskgT;,=0.25¢2 . The dashed line corresponds to a Boltzmann
as a function oU/eE for the same initial temperatures as in Fig. 2. gas of the same number of atoms at the temperdtaréy;,, .
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ond step(relaxation to equilibrium produces an increase of 0.126 - -

entropy, which is however negligible if the final fraction of 0.124

atoms transferred to thg optical trap is §mall. By using the  ¢.122 k,T. =0.25 SFO ]
choice of parameters discussed in the first part of the work ., n ]
we have checked that in this two-step transformation all the 0418 ]

relevant physical quantities differ very little from the ones 'z
obtained by imposing entropy conservation. For example,™~, 0.10 .
working atkgT;,=0.5¢2 andU=5¢€2, the final tempera- =~ . ]
ture T4,=1.16T;,, is to be compared with the valug;, 0.09 k,T. =0.5¢, ]
=1.12T,, obtained with the reversible transformati¢ig. 0.08 ]
3); even smaller differences are found in the two cases for 007 ]
the final fraction of atoms in the optical trap. 0.06 0 ' .

It is important to discuss the time needed for the system to
reach equilibrium in the second step of the transformation. t (1)
:?1/3 gfggtnggiig];?‘i %?S;;cs)nc.)fvtlzeg::lrriae“gguk?';l)ll jgt\;:gg- FIG. 6. Relgxation tooequilibrium (.)f.t.he fraction of atoms in the
tion functions for the two-spin components and that thecipt'cal Otrap with {:565‘ for two initial temperatureskgTiy
phase-space distribution of particles is a function only of the 0-25F andkeTin=0.5¢c.
single-particle energieg(p,r) (ergodic assumption[6,2].
This yields the following equation to solve:

a very shallow optical trapu<52). In this case, one can
assume that all the single-particle states in the optical trap
if(e) mo can be grouped into a single energy leg¥g=—U and that
o)) &tl —— :J desdesp(€min) the occupation of the energy levels in the magnetic trap is

mh well approximated by the equilibrium valug €)=[exp(e
_ B —w)lksT+1] Lif €=0. By using these assumptions one can
X{f(eg)(ea)[1=T(e)][1-T(e2)] solve analytically the quantum Boltzmann equati{éh and

—fle)f(e)[1-f(ea)][1—f(ea) ]}, get the following result:

© fer, =10~ %ep)] e A D+ i%ey).  (7)

where p(€) is the density of states in the potentidl],;,
which we model byp(€) = (e+U)?/2(hw,p)° if €<0, and
p(€)=€2(hwmag® if €>0. Furthermore, enip
=min{e;,€5,€3,€4} is the minimum value of the four
single-particle energies involved in the collisions aagl
=e3+€,— €, according to energy conservation. The cros
section for collisions between the two distinguishable spi
stateso=4ma? and is fixed by theswave scattering length
a. In the numerical simulation we fix the rati®myagq/ wopt
and the depthJ of the optical trap. The initial energy distri-
bution f(e,t=0) is fixed by the adiabatic transfer of atoms mor
realized in the first step of the transformation and its time A= —J desde, [1—f(ey)]f(e3)f(€y), )
evolution towards equilibrium is calculated by solving Eq. wh3
(6). From this equation, it turns out that the time scale of .
thermalization is fixed by71=wmag(|a|/amag)2N2’3, where Wherees, €, run over th_e levels of the magnetic trap and
mag= (i/Mwmag Y2 is the magnetic oscillator length. If we €2~ €3 €4— €1 By lowering the temperature, the raien-
Ch00SE Wmagl Wop=0.1, U :5621 and kgT;,=0.5¢2, we Creases and the relaxé':\tmn t|rr_1e is thereby d_elcreas_ed. For ex-
find that the time required for the system to reach equilib-2MPle, ath;I'm:O.SeF one findsA=0.787"", while at
fium in the optical trap ig =107 (see Fig. 6. For a con- KeTin="0.25¢ one hasA=1.97"*. As T;,—0 the collision
figuration of K atoms WithN=10F, wmag=27X 100 Hz, ~rale A approaches a constant valud=62/mr "
and|a|/amag: 5X 1073, this Corresponds toelwo_l, atime lj2.:|.’7'7l. This Slmple model Only aCCF)untS for the 'C0”|'
eas”y accessible in experiments_ sional processes InVOIVIng two atoms in the magnetlc trap
A remarkable feature emerging from our calculations isWith one of the two particles scattering into the optical trap
that the relaxation time needed to achieve equilibrium beand is accurate iU<eE. In the relevant situations discussed
comes shorter by lowering the initial temperature of the gasin this work, U is larger thanep and additional collisional
This is clearly illustrated in Fig. 6 where we show how the mechanisms should be considered. In particular, it is impor-
relative number of atoms in the optical trap relaxes to theant to take into account also collisions where atoms in the
asymptotic value in the case of the two-step transformatiomighest levels of the optical trap scatter into the lowest levels
for two different initial temperatures. The origin of this be- by exchanging energy with the atoms in the magnetic trap.
havior can be understood if one considers the model case dhese collisions have the effect of slowing down the relax-

In the above equatiof®=[exp(— w)/ksT+1] * is the initial
occupation of the level which, before the first step of the
transformation, was at the bottom of the magnetic trap (
=0), andf®9(e;) =[exp(e,—w)/kgT+1] tis instead its final
occupation at equilibriunichemical potential and tempera-
Sture do not change during the transformatioriNif,<N).
Mhe exponential relaxation to equilibrium is governed by the
collision rateA which is fixed only by the atoms in the mag-
netic trap
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ation in the highest levels and accelerate the thermalizatiotemperature is only about 10% higher. The final degree of
in the bottom part of the optical trap. Since the highest levelglegeneracy of the gas in the optical trap is consequently
host the largest part of the particles in the optical trap, theslightly reduced, but the qualitative features discussed above
relaxation time turns out to be considerably longer than theemain unchanged.
prediction of the simple modéV) (see Fig. 6. However, the
temperature dependence of the relaxation time is qualita-
tively the same. This behavior should be compared with the
corresponding mechanism taking place in evaporative cool- In this paper we have investigated the consequences of an
ing, where the rate of effective collisions is suppressed aadiabatic transfer of a gas of Fermions from a magnetic to a
low temperature by Pauli blocking@]. tighter optical trap. We have seen that it is possible to
We finally remark that, if one wants to improve the adia-achieve configurations involving a significant number of at-
baticity of the transformation and further reduce the entropyoms that, as a result of the transformation, will occupy a
increase, one should ramp down the deptlof the optical  Fermi sea in conditions of high degeneracy. The large en-
trap on longer time scales. Of course, in this case, the totadlancement of the release energy should be easily observable
duration of the transformation will be longer. One shouldthrough time of flight measurements. This method could
also take into account that the true shape of the optical tramake it possible to produce highly degenerate Fermi gases,
differs from the harmonic potential employed above. Differ-which, in the case of gases interacting with negative scatter-

ences appear because a dipole trap can be safely approiig length, are close to the transition to the BCS phase.
mated by a harmonic potential only at its center and, in gen-

eral, can host more atoms than the corresponding harmonic
trap with the same deptd and frequency rati@yag/ @op -
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IV. CONCLUSIONS

ACKNOWLEDGMENTS

[1] B. DeMarco and D. S. Jin, Scien@85 1703(1999. [6] O. J. Luiten, M. W. Reynolds, and J. T. M. Walraven, Phys.
[2] M. J. Holland, B. DeMarco, and D. S. Jin, Phys. Rev6A Rev. A53, 381(1996.
053610(2000. [7] L. Vichi and S. Stringari, Phys. Rev. 80, 4734(1999.
[3] M. Crescimanno, C. G. Kaoy, and R. Peterson, Phys. Rev. A[8] H. T. C. Stoof and M. Houbiers iBose-Einstein Condensation
61, 053602(2000; W. Geist, A. Idrizbegovic, M. Marinescu, in Atomic GasesProceedings of the International School of
T. A. B. Kennedy, and L. Youibid. 61, 013406(2000. Physics “Enrico Fermi,” edited by M. Inguscio, S. Stringari,
[4] D. M. Stamper-Kurn, H.-J. Miesner, A. P. Chikkatur, S. In- and C. E. Wiemar{SIF, Bologna, 1999
ouye, J. Stenger, and W. Ketterle, Phys. Rev. L&tt.2194

[9] H. Heiselberg, C. J. Pethick, H. Smith, and L. Viverit, Phys.
Rev. Lett.85, 2418(2000.
[10] W. Ketterle, D. S. Durfee, and D. M. Stamper-Kurn,Bose-
Einstein Condensation in Atomic Gagéef. [8)).

(1998.

[5] P. W. H. Pinkse, A. Mosk, M. Weidenflar, M. W. Reynolds,
T. W. Hijmans, and J. T. M. Walraven, Phys. Rev. L&®8,
990 (1997).

033603-5



