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Production of Degenerate Fermi Gases of 6Li Atoms in an Optical Dipole Trap

Xiang-Chuan Yan(严祥传)1,3, Da-Li Sun(孙大立)1*, Lu Wang(王璐)1,3, Jing Min(闵靖)1,3,
Shi-Guo Peng(彭世国)1, and Kai-Jun Jiang(江开军)1,2*

1State Key Laboratory of Magnetic Resonance and Atomic and Molecular Physics, Wuhan Institute of Physics and

Mathematics, Innovation Academy for Precision Measurement Science and Technology, Chinese Academy of Sciences,

Wuhan 430071, China
2Center for Cold Atom Physics, Chinese Academy of Sciences, Wuhan 430071, China

3University of Chinese Academy of Sciences, Beijing 100049, China

(Received 6 February 2021; accepted 9 March 2021; published online 2 May 2021)

We report the experimental production of degenerate Fermi gases of 6Li atoms in an optical dipole trap. The

gray-molasses technique is carried out to decrease the atomic temperature to 57µK, which facilitates the efficient

loading of cold atoms into the optical dipole trap. The Fermi degeneracy is achieved by evaporative cooling of a

two-spin mixture of 6Li atoms on the Feshbach resonance. The degenerate atom number per spin is 3.5 × 104,

and the reduced temperature 𝑇/𝑇F is as low as 0.1, where 𝑇F is the Fermi temperature of the non-interacting

Fermi gas. We also observe the anisotropic expansion of the atom cloud in the strongly interacting regime.

DOI: 10.1088/0256-307X/38/5/056701

Ultracold atomic Fermi gases have unique advan-
tages, such as tunable interaction, cleanness, and rich
degrees of freedom. A degenerate Fermi gas of atoms
can be studied in various ways with the develop-
ment of experimental technologies. For example, us-
ing the Feshbach resonance to tune the inter-atomic
interaction,[1] one can explore many-body physics in
the crossover of Bose–Einstein condensation (BEC)
of diatomic molecules and Bardeen–Cooper–Schrieffer
(BCS) superfluid of fermionic pairs.[2,3] In the uni-
tary region where the s-wave scattering length be-
tween atoms approaches to infinity and the behavior
of the Fermi system will not depend on the details
of the atomic potential, one can study the universal-
ity of atoms.[4−6] The optical dipole trap (ODT) and
optical lattice are also powerful methods for study-
ing the strongly correlated effects in ultracold Fermi
gases.[7,8] In addition, a spin-imbalanced Fermi gas
can be realized by adjusting the relative population of
spin components in the system,[9,10] which has been a
hot research topic in ultra-cold atomic physics.[11−18]

The degeneracy of Fermi gases was first real-
ized in 1999.[19] Since then, research in this field
has shown growing vitality. Especially in recent
years, a series of novel macroscopic quantum phe-
nomena have been discovered, including superfluid
phase transition,[20] scale-invariant expansion,[21] for-
mation of matter-wave soliton,[22] and so on. These
phenomena exist in different systems, involving basic
physics problems in the intersection of condensed mat-

ter physics, particle physics, and atomic and molec-
ular physics. Meanwhile, to get a quantum system
with fermions for studying many-body physics, the
first task is to achieve a degeneracy of Fermi gases.

In this work, we experimentally achieve the quan-
tum degeneracy of 6Li atoms in a crossed ODT. To
efficiently load cold atoms into the ODT, the gray mo-
lasses process is carried out to decrease the tempera-
ture and increase the phase space density (PSD) (see
Table 1), which is valid on Li atoms for sub-Doppler
cooling. We then perform the evaporative cooling of a
two-spin mixture of 6Li atoms on the Feshbach res-
onance in the ODT. Finally, we produce ultracold
atoms at 𝑇/𝑇F = 0.1, where 𝑇F is the Fermi tempera-
ture of the non-interacting Fermi gas. The degenerate
atom number per spin is about 3.5× 104. We also ob-
serve the anisotropic expansion of the atom cloud in
the strongly interacting regime. Following this work,
we will study the non-equilibrium dynamic behaviors
of strongly interacting Fermi gases.

The experimental setup is shown in Fig. 1. The
vacuum chamber is composed of three parts: the ef-
fusive atomic oven, Zeeman slower and science cham-
ber, as shown in Fig. 1(a). The vacuum pressure in
the effusive oven is in the order of 10−8 Pa at room
temperature, and will increase to the order of 10−6 Pa
with a temperature of 450 ∘C during the experimen-
tal progress. A differential tube (an inner diameter of
5 mm and a length of 50 mm) between the effusive oven
and Zeeman slower keeps the pressure of the science
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chamber to the order of 10−9 Pa. An electromagnetic
shutter is used for blocking the atomic beam after the
Zeeman slowing process.
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Fig. 1. Schematics of the experimental setup. (a) The
vacuum chamber is composed of three parts, including the
effusive atomic oven, Zeeman slower and science chamber.
The ion pump and Titanium sublimation pump are used
to produce and maintain the high vacuum pressure. (b)
Configuration of the ODT. Two high-power laser beams
intersect in the center of the science chamber at an an-
gle of 2𝜃 = 11.3∘. Two AOMs work at +110MHz and
−110MHz, respectively, to avoid optical interference. The
inset is an example of an image of an atomic cloud in the
ODT.

We employ the magneto-optical trap (MOT), com-
pressed magneto-optical trap (C-MOT) and gray mo-
lasses as the three sequential steps of the laser cooling.
The atomic temperature, number, and cloud size can
be measured from the time of flight (TOF) images,
and then the atomic density and phase space density
(PSD) can be calculated. The experimental parame-
ters and relevant results during the laser cooling are
summarized in Table 1.

The atomic beam emitted from the effusive oven
is Zeeman slowed and then collected in the MOT.
We use one diode laser as the seeding laser and
four tapered amplifiers (TAs) to provide enough laser
power for Zeeman slowing and laser cooling. The
frequency of the diode laser is stabilized using the
standard saturation absorption spectrum (SAS). The
Zeeman slowing beam has a power of 90 mW and
a red detuning of 170 MHz from the D2 line tran-
sition |22𝑆1/2, 𝐹 = 3/2⟩ → |22𝑃3/2, 𝐹

′⟩. In the
MOT, the cooling light (repumping light) has a red
detuning of −6.8𝛤 (−5.1𝛤 ) from the D2 line transi-
tion |22𝑆1/2, 𝐹 = 3/2⟩ → |22𝑃3/2, 𝐹

′⟩ (|22𝑆1/2, 𝐹 =

1/2⟩ → |22𝑃3/2, 𝐹
′⟩), where 𝛤 = 5.8 MHz is the natu-

ral linewidth of the excited state.[23] The cooling and
repumping beams are combined into the same opti-
cal fiber, and then the output constructs three pairs
of laser beams with the retro-reflection configuration.
Each pair has a power of 20 mW for the cooling light
and 5 mW for the repumping one. The waist radius of
the cooling beam is 8 mm. After loading atoms into
the MOT for about 20 s, we perform the C-MOT for
about 3 ms to further decrease the atomic tempera-
ture. In this process, the power of the cooling light as
well as the repumping one is linearly reduced to 10%
of its initial value, respectively, and the frequency de-
tuning is decreased to −3𝛤 for both. The magnetic
field gradient is linearly increased from 24 G/cm to
45 G/cm, compressing the atomic cloud. After the
C-MOT, though the atom number is lost some, the
temperature is reduced from 4 mK to 500𝜇K.

The standard optical molasses cooling on D2 line
transition is not efficient for Li atoms because the sep-
aration between hyperfine structure levels of the ex-
cited state is smaller than the natural linewidth. An-
other kind of sub-Doppler cooling technique, termed
gray molasses,[24−26] is valid on Li atoms. In our
experiment, the cooling light for gray molasses has
a blue detuning of 5𝛤 from the D1 line transition
|22𝑆1/2, 𝐹 = 3/2⟩ → |22𝑃1/2, 𝐹 = 3/2⟩, as well as
the repumping light with a blue detuning of 5𝛤 from
the transition |22𝑆1/2, 𝐹 = 1/2⟩ → |22𝑃1/2, 𝐹 = 3/2⟩.
The gray molasses lasts for 2 ms after switching off
the magnetic field of the C-MOT. The laser beams
for the gray molasses overlap with those of the MOT,
which facilitates the optical alignment. After the gray
molasses, the atomic temperature is reduced to 57µK
with about one order of magnitude smaller, and the
phase space density (PSD) is increased by a factor of
24 (see Table 1).

Table 1. Experimental parameters and relevant results dur-
ing the laser cooling. Here 𝛿cooling (𝛿repumping) is the de-
tuning of the cooling light (repumping light), 𝑁 is the atom
number, 𝑛 is the atomic density in the center, 𝑇 is the atomic
temperature, and PSD= 𝑛𝜆3 is the phase space density with
𝜆 being the de Broglie wavelength. 𝛤 is the natural linewidth
of the excited state.

Parameter MOT C-MOT Gray molasses

𝜕𝐵𝑧/𝜕𝑧 24G/cm 45G/cm 0G/cm

𝛿cooling −6.8 𝛤 −3 𝛤 5 𝛤

𝛿repumping −5.1 𝛤 −3 𝛤 5 𝛤

𝑁 1.0× 109 5× 108 3× 108

𝑛 (cm−3) 1.0× 1010 9.8× 1010 7.3× 1010

𝑇 4mK 500µK 57µK

PSD 1.42× 10−8 2.5× 10−6 6.2× 10−5

To achieve the degenerate Fermi gases, we load
cold atoms into an ODT for evaporative cooling. The
laser beam of the ODT is provided by a single-mode
ytterbium-doped IPG fiber laser (YLR-200-1064-LP-
WC). The ODT light is tuned on 200 ms ahead of
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the end of the MOT. A 10µs hyperfine pumping to
the state |𝐹 = 1/2⟩ is achieved by tuning off the re-
pumping light of the gray molasses before the cool-
ing light. The population ratio of the two spin states
(|𝐹 = 1/2,𝑚F = −1/2⟩ and |𝐹 = 1/2,𝑚F = 1/2⟩) is
in the range of 40 : 60 ∼ 50 : 50. The configuration
of the ODT is shown in Fig. 1(b). Two laser beams
are focused and intersect in the science chamber at
an angle of 11.3∘. The waist radius of the laser beam
is 38µm. Two acousto-optical modulators (AOMs)
used to control the laser beams work at frequencies of
+110 MHz and −110 MHz, respectively, for avoiding
optical interference. The atomic cloud loaded into the
ODT is shown in the inset of Fig. 1(b). The lifetime of
cold atoms in the ODT is measured to be about 25 s
at 𝐵 = 0 G.
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Fig. 2. Evaporative cooling in the ODT. (a) The time se-
quence of the evaporative cooling. The initial laser power
𝑃 is set to 100%. The process of ramping down the
laser power is divided into four stages. The representa-
tive atomic cloud in the end of each stage is also shown,
illuminating the decreasing of the atomic cloud size and
increasing of the atomic density. (b) The reduced tem-
perature 𝑇/𝑇F versus the laser power 𝑃 . The dashed line
denotes the Fermi temperature 𝑇F. (c) The phase space
density (PSD) versus the laser power 𝑃 . The dashed line
denotes the PSD with a value of 1, indicating the quantum
degeneracy of the Fermi gas. It is noted that the axes are
logarithmically plotted.

We carry out the evaporative cooling at 𝐵 =
832 G, where the s-wave scattering length is infinitely
large. The lifetime of cold atoms is measured to be
about 7 s, which is long enough for evaporative cool-
ing. The time sequence of the evaporative cooling is
shown in Fig 2(a). The ODT light is firstly turned
on with a power of 70 W for each beam and kept for
about 0.2 s for equilibrium. The initial atom num-

ber in the ODT is about 1.0 × 106. We then ramp
down the laser power by four-stage linear scanning
and with a period of about 1.5 s. The percentage of
the laser power is monitored by a photo detector. For
the first two stages, the laser power is controlled by an
external voltage. For the last two stages, a PID lock-
ing circuit is introduced to stabilize the optical inten-
sity. At the laser power 𝑃 = 144 mW, we measure the
trapping frequencies of the ODT using the paramet-
ric heating method, where 𝜔𝑧 ≈ 𝜔𝑥 ≈ 2𝜋 × 750.8 Hz
and 𝜔𝑦 ≈ 2𝜋 × 58.3 Hz. The atomic temperature
can be extracted by fitting the atomic density with
a finite-temperature Fermi–Dirac distribution (see an
example in Fig. 3).[27] We can then calculate the phase
space density PSD =𝑁(~𝜔̄/𝑘𝐵𝑇 )3, where 𝑁 is the
atomic number, 𝜔̄ is the geometric average trapping
frequency and 𝑇 is the atomic temperature. With the
laser power decreasing, the atomic temperature de-
creases and the PSD increases [see Figs. 2(b) and 2(c)].
The reduced temperature 𝑇/𝑇F approaches 1 when
the optical power is ramped down to about 400 mW.
When the laser power is further ramped down to about
150 mW, the Fermi gases show a quantum degeneracy
with PSD ≈1 and 𝑇/𝑇F ≈ 0.5.
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Fig. 3. Integrated optical density (OD) in 𝑦-direction
(along the axial direction). The atomic cloud is in situ
imaged at 832G. The laser power of the ODT is 5.4mW.
The experimental data are fitted by a finite-temperature
Fermi–Dirac distribution (blue curve). A small reduced
temperature 𝑇/𝑇F = 0.1 is extracted. As a comparison, an
equivalent Maxwell–Boltzmann classical gas (red curve) is
plotted with the same atomic temperature and number.
The inset denotes the image of the atomic cloud.

When the Fermi gases reach quantum degeneracy,
the Maxwell–Boltzmann gas is no longer applicable
to describe the system, and the atomic density satis-
fies the Fermi–Dirac distribution. The atomic cloud
is in situ imaged at 832 G and the integrated opti-
cal density in 𝑦-direction (along the axial direction) is
shown in Fig. 3. The laser power of the ODT is only
5.4 mW, which corresponds to a trapping potential of
200 nK. We numerically fit the atomic density using a
finite-temperature Fermi–Dirac distribution (polylog-
arithmic function),[27,28] extracting the reduced tem-
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perature 𝑇/𝑇F = 0.1. The degenerate atom number
per spin is 3.5 × 104. For comparison, we also plot an
equivalent Maxwell–Boltzmann classical gas (Gaus-
sian distribution) with the same atomic temperature
and number.[28,29] The quantum statistics results in
a significant discrepancy from the classical gas. The
atomic density distribution of the degenerate Fermi
gas has a wider flat top than that of a classical gas,
which is caused by the Pauli exclusion principle in the
quantum regime.[30]
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Fig. 4. Anisotropic expansion of the degenerate Fermi
gases in the strongly interacting regime. (a) Exemplary
atomic clouds during the expansion. 𝐵 = 832G, 𝑇/𝑇F =
0.5. The expansion time is from 0ms to 3.5ms. Integrated
optical density in 𝑥-direction (along the radial direction)
(b) and in 𝑦-direction (along the axial direction) (c). The
expansion time is 0.5ms (black), 1.5ms (red) and 2.5ms
(blue), respectively. (d) The aspect ratio (𝜎𝑥/𝜎𝑦) as a
function of the expansion time. The error bar is smaller
than the mark size. The solid curve is the theoretical cal-
culation in the unitary regime.[31,32]

The expansion dynamics of strongly interacting
Fermi gases has been used to measure the thermo-
dynamic parameters of the system.[27] The degener-
ate Fermi gases released from an anisotropic trap will
show a characteristic anisotropic expansion due to the
many-body interaction.[33,34] We prepare a degenerate
Fermi gas at 𝑇/𝑇F = 0.5 and with an atom number
of 1.3 × 105. To study the expansion behavior of the
strongly interacting Fermi gases, we turn off the ODT
and maintain the magnetic field at 𝐵 = 832 G. As
shown in Fig. 4(a), the atomic cloud is probed for dif-
ferent expansion times, where the anisotropic expan-
sion is obvious. The atomic cloud expands rapidly
along the radial direction [Fig. 4(b)], while it remains
nearly unchanged along the axial direction [Fig. 4(c)].

The atomic cloud size (𝜎𝑥, 𝜎𝑦) can be measured by fit-
ting the atomic density with a Fermi–Dirac distribu-
tion. The aspect ratio (𝜎𝑥/𝜎𝑦) during the expansion is
plotted in Fig. 4(d), and exceeds 1 with a short expan-
sion time of 2.0 ms. The theoretical calculation for the
hydrodynamic expansion in the unitary regime[31,32]

agrees well with the experimental results. This be-
havior is in contrast to the non-interacting expansion,
for which the aspect ratio never exceeds 1.

In conclusion, we experimentally produce the de-
generate two-spin Fermi gases of 6Li atoms in an ODT.
The gray molasses technique is demonstrated to be
valid on Li atoms for sub-Doppler cooling, which fa-
cilitates the efficient loading of cold atoms into the
ODT. A deep degeneracy at 𝑇/𝑇F = 0.1 is achieved
by evaporative cooling of a two-spin mixture on the
Feshbach resonance. The anisotropic expansion has
been observed for the Fermi gases in the unitary re-
gion. This work builds a good starting point to explore
the many-body physics in the BEC-BCS crossover
and non-equilibrium dynamics of strongly interacting
Fermi gases.
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