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Evaporative cooling was performed to cool fermionic !”3Yb atoms in a crossed optical dipole trap. The
large elastic collision rate leads to efficient evaporation and we have successfully cooled the atoms to
0.37 £ 0.06 of the Fermi temperature, that is to say, to a quantum degenerate regime. In this regime, a
plunge of evaporation efficiency was observed as a result of Fermi degeneracy.
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Ultracold fermionic gases have been extensively studied
in recent years, since the first realization of degenerate
Fermi gases of “°K [1]. Degenerate “°K atoms were also
obtained by sympathetic cooling with 8’Rb atoms [2]. A
gas of SLi atoms was cooled to degeneracy by sympathetic
cooling with bosonic "Li [3,4], 2*Na [5], and ¥’Rb [6], and
also in a two-spin state mixture in an optical dipole trap [7].
These degenerate atom clouds have been applied to the
investigation of the crossover between Bardeen-Cooper-
Schrieffer superfluidity and Bose-Einstein condensation
(BEC) of molecules, and these investigations have yielded
significant progress in our understanding of such phe-
nomena [8]. In systems of degenerate Fermi gases in an
optical lattice, a variety of interesting achievements, for
example, fermionic Bloch oscillations [9] and observation
of Fermi surfaces [10], is reported. So far, Fermi degener-
acy has been realized only in the three atom species °Li,
40K, metastable *He [11]. It is quite likely that degenerate
Fermi gases of other atoms would have properties that
differ greatly from those of alkali and metastable *He
atoms, and thus their production could create new possi-
bilities in the study of ultracold Fermi gases.

Rare-earth atoms of ytterbium (Yb) have a unique ad-
vantage in studying Fermi gases because there exist two
stable fermionic isotopes, whose natural abundance is
more than ten percent: '7'Yb (14.3%) and '3Yb (16.1%)
with nuclear spin I = % and [ = %, respectively. By using
these two isotopes, we can do experiments on Fermi-Fermi
mixtures. There are also five bosonic isotopes, which
provide us with various possibilities for a sympathetic
cooling pair with favorable collision properties to realize
degenerate Bose-Fermi mixtures. Furthermore, unique fea-
tures coming from the electron structure, which is similar
to the alkaline-earth atoms, enable us to implement new
techniques (see Fig. 1). First, the absence of electron spins
in the ground state is expected to suppress heating and
atom loss caused by spin relaxation. Second, an ultranar-
row transition of !S;—3P, (the natural linewidth
~10 mHz [12]), which is an excellent candidate for an
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atomic clock [12,13] and whose optical frequency was
measured with an uncertainty of 4.4 kHz [14], enables us
to detect small energy differences such as the pairing gap
of Fermi superfluidity. Third, the metastable 3P, state has a
large magnetic dipole moment of 3up (up is the Bohr
magneton), resulting in a factor of 9 larger magnetic
dipole-dipole interaction than in the case of alkali atoms,
and thus studies of anisotropic superfluidity can be ex-
pected. The large mass is also an important feature of Yb
atoms, which leads to possibilities for interesting hetero-
nuclear molecules with large mass difference [15]. These
unique properties make production of a degenerate Fermi
gas of Yb atoms quite appealing.

In this Letter, we report all-optical formation of degen-
erate fermionic '*Yb gases. First, laser-cooled atoms are
transferred from a magneto-optical trap (MOT) to a verti-
cally and horizontally crossed far-off-resonance trap
(FORT). Reducing the trap depth of the horizontal FORT,
we performed evaporative cooling in a six-spin-state mix-
ture in the optical dipole trap. At the final stage of evapo-
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FIG. 1 (color online). Energy levels of !7Yb atoms. The inset
shows the hyperfine structure of the ! P; state. The wavelengths
of the lasers for cooling, trapping, and probing are also repre-
sented.
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ration, where the trap depth is a factor of 300 smaller than
initially, the temperature of atom clouds is approximately
half of the Fermi temperature, where we assume that the
six magnetic substates are equally distributed. Besides the
cooling of '*Yb atoms, we also investigated scattering
among different spin components of '7*Yb atoms, because
the scattering length is one of the most important parame-
ters in the study of ultracold dilute atoms.

The experiments are performed in essentially the same
setup previously used to achieve BEC in '"*Yb [16]. First,
YD atoms are decelerated by a Zeeman slower with a strong
transition ('S, — 'P|, F, = 3 — F, = 1,399 nm) and then
cooled and collected by the MOT on an intercombination
transition ('S, — *P,, F, =3 — F, = 1,556 nm) [17], as
shown in Fig. 1. The MOT beam is generated by a dye laser
whose frequency is narrowed to less than 100 kHz (the
linewidth of the 'S, — 3P, transition I' /2 is 182 kHz) and
stabilized by an ultralow expansion cavity, whose stability
is typically less than 20 Hz/s. The intensity of each MOT
beam is typically 60/, (I, = 0.14 mW/cm? is the satura-
tion intensity of the 'S, — 3P, transition) and the detuning
is —7I'. The loading time for the MOT is typically 30
seconds, which enables us to prepare 2 X 107 '73Yb atoms
in the MOT.

The intensity of the MOT beam is decreased to effi-
ciently transfer the atoms from the MOT to the FORT. In
the case of !74Yb, which has no electronic and nuclear spin
in the ground state, the intensity is decreased down to 5/ in
our system, which results in a temperature for the MOT
clouds of 50 wK. However, '*Yb has nuclear spin / = 3
and effective radiation pressure due to the MOT beam is
smaller as a result of optical pumping [18]. For this reason,
in this '73Yb experiment, the intensity is lowered to 251,.
The temperature of '7*Yb in the MOT is 15 uK, which is
low compared with the '"*Yb MOT because of a sub-
Doppler cooling mechanism [17,19].

The laser-cooled atoms are transferred to the crossed
FORT which consists of horizontal and vertical beams. The
beams are independently produced by two 10 W diode-
pumped solid-state lasers at 532 nm and the 1/¢?> beam
radii at the crossing point are 15 wm (horizontal beam) and
24 pm (vertical beam). The initial trap depths are 620 wK
(horizontal beam, full power of 5.7 W) and 30 K (vertical
beam, 700 mW), and thus 2 X 10° atoms at 100 nK are
trapped mainly in the horizontal FORT, whose radial and
axial trapping frequencies at full power are 3.6 kHz and
30 Hz, respectively. The radial trapping frequency is mea-
sured by parametric resonance methods [20]. In this Letter,
the Fermi temperature of trapped atoms is defined for each
magnetic substate. Here we assume that six spin compo-
nents are equally distributed because '7*Yb atoms in the
ground state have no electron spins and the effect of a
magnetic field is small. Therefore the Fermi temperature
for each spin state is the same and approximately 5 uK at
this stage.

We measure atom numbers and temperatures using the
absorption imaging technique. The trapping beams are

turned off within a few hundred ns and at a time-of-flight
(TOF) time later the released gas is illuminated by a
linearly polarized probe beam pulse, resonant with the
'Sy —'P, (F, =5/2— F, =17/2) transition, propagat-
ing along the direction of a 0.9-G magnetic field. The
intensity of the beam is 0.02/;p;, where I ,p; is the
saturation intensity of the 'S, — 'P, transition, and the
pulse duration is 100 ws, which is much longer than the
absorption cycle of 550 ns at this intensity. It should be
noted that transition rates are different for each spin com-
ponent and thus the total absorption rate generally depends
on the distribution of the spin components. However, it
turned out from numerical calculations based on the rate
equation that, in our case, the total absorption rate is the
same within 2% for any initial spin distribution because of
the rapid redistribution due to the optical pumping, which
enables us to determine the total number of atoms exactly,
without knowing the population of each component.

To perform efficient evaporation, a large elastic collision
rate is necessary. At low temperature, the elastic collisions
are well described by a few partial waves because, when
temperatures are much less than the threshold energy E, (/)
for a given partial wave [ (and there is not a shape reso-
nance [21-23]), the collisions associated with the partial
wave higher than [ are negligible. This threshold energy
can be approximately determined by the centrifugal barrier
and the C4/R® van der Waals potential:

, ey

B2I(+ 1)N\3/2
Eal) = 2o Y g

o

where w is the reduced mass. In the case of fermionic
atoms, we can consider only the s-wave scattering between
nonidentical fermions at temperatures much less than the
p-wave threshold energy E (I = 1) because there is no
s-wave scattering between identical fermions. Therefore,
the s-wave scattering length between nonidentical atoms
plays an important role in the final stage of evaporation
toward degenerate Fermi gases.

We carried out the cross-dimensional rethermalization
technique to deduce the scattering length [24]. Assuming
the van der Waals coefficient Cq = 2000 a.u. [25], the
p-wave threshold energy is 43 wK. Therefore we measure
rethermalization at 6 uK, where the s-wave scattering is
dominant unless there exists a p-wave shape resonance.
Typically 1.2 X 10* atoms at 6 wK are prepared in the
crossed FORT and then a 40% amplitude modulation of
800 Hz, twice the trapping frequency of one horizontal
direction, is applied to the power of the vertical FORT
during 5 ms, which causes heating along the horizontal
direction. Following the modulation, thermal relaxation is
observed as the time evolution of temperatures in the
horizontal and vertical directions (Fig. 2). An exponential
fit to the data extracts a rethermalization time 7 =4 *
1 ms. To confirm this relaxation is not due to anharmonic
mixing, we have also applied this technique with the same
configuration of the FORT for '7°Yb atoms, whose scat-
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FIG. 2 (color online). Rethermalization process after aniso-
tropic heating of the atom cloud. We caused heating along the
horizontal direction and observed rethermalization as the time
evolution of temperatures in the horizontal and vertical direc-
tions. An exponential fit to the data is shown by the solid line.
The rethermalization time 7 is 4 ms.

tering length is not large [26]. The result for the '7°Yb
atoms is that the rethermalization time is observed to be
longer than 50 ms, which means that the relaxation due to
the anharmonicity is not less than 50 ms; therefore, the
anharmonicity effect is negligible. In the case of '"*Yb
atoms, if we assume the atoms are equally populated
among the six spin states, the rethermalization time 7
and the elastic collision cross section o are related by £ =
2jiov, where i = [n*(F)d’r/ [n(F)d’r is the average
density and o = 4./(kzT)/(7rm) is the mean relative ve-
locity with kg the Boltzmann constant and m the ytterbium
mass. The factor % comes from the fact that there are no
s-wave collisions between identical spin components. The
constant « represents how many elastic collisions lead to
cross-dimensional rethermalization and turned out to be
about 2.7 by the Monte Carlo simulation [24]. From this
analysis, we have deduced the absolute value of the scat-
tering length |a,| = 6 = 2 nm, whose error is mainly
caused by the uncertainty in the time 7 and the density 7.
It is noted that the scattering length would be larger than
this value if six spin components are not equally distrib-
uted. This large scattering length allows us to cool the
atoms to the quantum degenerate regime.

Forced evaporative cooling is carried out by ramping
down the intensity of the horizontal beam while the vertical
FORT power is constant. In 2 s, the potential depth of the
horizontal FORT is reduced to 30 wK, which is the same as
the one of the vertical FORT, and typically 8 X 10* atoms
are trapped in the crossed region. The temperature is about
4Ty, where the Fermi temperature Ty is 1.4 puK at this
reduced FORT power. Further decrease of the horizontal
FORT power results in the evaporation in the crossed
region, and the potential depth along the vertical direction,
which is considerably affected by gravity at the final stage
of evaporation, is reduced below 2 uK. A few thousand

atoms remain in the trap, whose mean trapping frequency
is 450 Hz, and the temperature is approximately half of T
(T =~ 180 nK).

Quantum degeneracy is observed as a decrease in cool-
ing efficiency [1]. Figure 3 shows the number of atoms N
and the temperature renormalized by the Fermi tempera-

ture T = T /Ty at each stage of the evaporation. A line

represents a trajectory of evaporation with the cooling
d(InT) _
d(InN)

fit to the data above the Fermi temperature. Below the
Fermi temperature, the efficiency falls due to Fermi pres-
sure and Pauli blocking [1].

In order to produce more degenerate gases, we have
increased the volume of the optical trap by changing the
beam waist and the power of the vertical beam to 86 um
and 4.7 W. The evaporation scheme is basically the same as
described above, that is, lowering the intensity of the
horizontal beam while that of the vertical beam is kept
constant. Owing to this change, we can obtain approxi-
mately a factor of 5 more atoms at half the Fermi tempera-
ture, which enables us to do further cooling. After 4.5 s of
evaporation, 1 X 10* atoms are cooled down to ~75 nK,
corresponding to T/Tr = 0.37 = 0.06. The error comes
from an uncertainty of £8% in the temperature and *6%
in the trapping frequency. The temperature is determined
by a Fermi-Dirac fit to the data (Fig. 4) [27]. We also
extract T/Tr = 0.36 = 0.04 from the fugacity [27] and
these values are consistent.

In conclusion, we have succeeded in cooling fermionic
173Yb atoms down to 0.37T, where quantum degeneracy
is observed as the decrease in the evaporation efficiency.
We have also deduced that the absolute value of the scat-
tering length is approximately 6 nm.

It is worth noting that, in this experiment, we can
produce degenerate Fermi gases without preparing a two-
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FIG. 3 (color online). Trajectory of evaporative cooling in the
crossed FORT. The data of evaporation are shown as the solid
circles. The solid line shows the evaporation trajectory with y =
2.4. Although the evaporation efficiency is nearly constant above
the Fermi temperature 7, it decreases below Ty because of
Fermi pressure and Pauli blocking.
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FIG. 4 (color online). Velocity distribution after 4.5 s of evapo-
ration. The data are averaged over five measurements. The solid
line shows a Fermi-Dirac distribution with T/Tr = 0.37. The
two dashed lines correspond to the Fermi velocity vy =
4.4 yum/ms.

spin mixture which is stable against spin relaxation. From
this result, we deduce that '3Yb is less affected by spin
relaxation because it has no electron spin. Recently, phys-
ics of a more-than-two component Fermi gas is attracting
theoretical interests [28]. However, to our knowledge, no
stable three (or more) component degenerate Fermi gas has
been realized. Degenerate gases of the Yb experiment may
have potential for this new physics.
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