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We report on the production of Bose-Einstein condensates of sodium atoms in the hyperfine state | F =2, mp =

2) in a crossed optical dipole trap using D, gray molasses. We use the gray molasses sub-Doppler cooling technique
to obtain an atomic sample of 3 x 108 at 56 uK. After the radio frequency (RF) evaporation cooling in an optically
plugged magnetic trap, we transfer the atoms sample of 2.5 x 10° at5.7 uK to a crossed optical dipole trap where a
pure condensate with an atom number of 2 x 10° and lifetime of 6.3 s is obtained by further evaporation. We com-
pare the cooling process of sodium atoms in the |2, 2) and the |1, 1) states by evaporation in the optical trap, and

also observe the different three-body loss rates by the lifetime measurement.
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1. INTRODUCTION

Ultracold atomic gases offer a remarkably rich platform [1]
for a wide range of applications, such as coherent manipula-
tion of strongly correlated many-body states in optical lattices
[2-5], quantum simulation of spin orbit coupling [6-9], and
association of ultracold atoms into molecules in the absolute
ground state to study the long range dipole—dipole interaction
and ultracold chemistry [10,11]. To obtain atomic samples
with a higher number and a lower temperature, different special
cooling routes are designed, because there are different collision
properties for atoms in different hyperfine states during differ-
ent temperature regimes, especially in the creation of ultracold
atomic mixtures [12—18].

The ultracold atoms of 2> Na are of particular interest because
of its special collision property. The spinor Bose—Einstein con-
densates (BECs) of *Na atoms are intensively studied due to
the antiferromagnetic nature of the ?*Na atoms in the F =1
ground state [19,20]. Theoretical models involving the spin-2
spinor condensates have predicted richer quantum phenomena
as compared to the spin-1 spinor condensates [21-23] but the
unfavorable three body losses makes it difficult to cool the atoms
directly in the spin-2 state [24,25]. In the study of ultracold
chemistry, “°K?*Na is one of the chemically stable fermionic
ground state molecules that has been produced [26]; the other
one being 4OK133Cs [27]. The simultaneous cooling of the
mixture of ““K and *Na, however, is a complex process due to
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the high three-body loss rate and large background scattering
length [28]. Therefore, we must cool “°K sympathetically using
*’Na in the ground state |2, 2) initially in the magnetic trap
and then transfer the > Na atoms to |1, 1) in the optical trap to
prevent the higher three-body loss rate at a lower temperature
[29]. A recent study [30] has reported the sympathetic cooling
of ultracold molecules *Na®Li in a triplet ground state by 2*Na
atoms in the |2, 1) state and it was found that the |1, 1) state
atoms were not able to cool the molecules [14].

As mentioned in [24], cooling sodium atoms in the F =2
state is more difficult than in the F =1 state due to the higher
three-body loss rate in the F = 2 state. The three-body loss rate
of sodium atoms in the F = 2 state isabout 1.6 x 1072% cm® /s,
which is one order of magnitude higher than for the atoms in the
F =1 state. In the previous works, the BEC of sodium atoms
in the F = 2 state were realized by transferring the population
from the F =1 state BECs using microwave transition. Till
this date, we are unaware of the experimental report about direct
cooling of sodium atoms in the ¥ = 2 state to BEC in the optical
trap.

In this work, we report on the experimental production of
BEC of sodium atoms in the ¥ =2 state. We take advantage
of the gray molasses on the D, line, as reported in our previ-
ous work [31], to obtain the sufficient initial loading of the
quadrupole magnetic trap in the | F = 2, m z = 2) state. Aftera
RF-induced forced evaporative cooling in the optically plugged
magnetic trap, around 2.5 x 10° atoms at a temperature of
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5.7 pK are transferred to a crossed optical trap. Then, an
optimized evaporation process in the optical trap is used to
generate a pure BEC of sodium atoms in the spin polarized
|F =2, mp=2) state. We also study the different collision
properties of sodium atoms in the |2, 2) and the |1, 1) states,
and measure the different three-body loss rates.

2. MAGNETO-OPTICAL TRAP

The experimental system consists of two vacuum chambers:
One is a metallic chamber made of stainless steel 316L for a
two-dimensional magneto-optical trap (2D MOT) and the
other one is an ultrahigh vacuum glass cell (called the science
chamber) made of fused silica with external antireflection coat-
ing (for the wavelengths of interest), where the 3D MOT and
BEC are realized, as shown in Fig. 1.

Our experiment starts by collecting **Na atoms in a 2D
MOT made by neodymium bar permanent magnets [32],
which generate a magnetic field for both the 2D MOT and
Zeeman slower in the gravity direction (-z direction). This
design has been used to achieve a high atomic flux of °Li [33]
and ?*Na [34] atoms, offering a more compact geometry
compared to the standard Zeeman slower. The hot atoms
released from the heated oven (~200°C) move along the z
direction and are decelerated by a Zeeman slower beam with
a red detuning of 309 MHz from the |F, =2) — |F, = 3)
transition, which enter the vacuum chamber from the Zeeman
slower beam window linearly polarized along the x direction.
Then, the atoms are collected by the 2D MOT and sent to the
ultrahigh vacuum science chamber by a blue-detuned (from
the |F, =2) — |F, = 3) transition) push beam along the x
direction. There are several advantages of this scheme, such as
a smaller size, low sodium source consumption to maintain
efficient loading of the MOT, and better background pressure
in the science chamber because the atoms from the oven cannot
enter directly into the science chamber through the differential
tube. Moreover, an improved 2D MOT based on this scheme
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Fig. 1. Schematic drawing of the vacuum system designed for the
production of ultracold sodium atoms, consisting of the 2D MOT
and 3D MOT. The sodium source is located 200 mm below from the
center of the 2D MOT and the atoms from this source are slowed down
and loaded into the 2D MOT by the Zeeman slower. The inset shows
the top view of the whole vacuum system with dimensions of about
800 mm x 610 mm.
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Fig. 2.  Energy level diagram of **Na atom and the optical tran-
sitions used for the 3D MOT, gray molasses cooling, and Zeeman
slower. The 8 denotes the two-photon Raman detuning.

has been developed by [35] to increase the atomic flux by using
multiple-sideband cooling in the 2D MOT.

In the science chamber, the atoms are trapped and cooled by
the six 3D MOT beams forming the dual-operation magneto-
optical trap operating on the D, transition [36]. Each of these
six beams carry two laser frequencies: One is marked as the
MOT trapping light and is tuned to | Fy = 2) — | F, = 3) tran-
sition with a red detuning of 41 MHz, and the other, called the
MOT repumping light, is tuned to the |F, =1) — |F, =0)
transition (in contrast to the typical repump locking transi-
tion | F, =1) — | F, =2)) with a red detuning of 6 MHz, as
shown in Fig. 2. Actually, the roles of the cooling and repumping
frequencies are not distinct because there are the almost same
number of atoms in F =1 and F = 2 ground state in the 3D
MOT. A low magnetic field with a gradient of 2.7 G/cm along
the z direction is used to keep the atomic density and hence
the laser-induced atomic loss low. The total number of atoms
trapped in the 3D MOT isabout 7 x 107 at 700 uK.

3. GRAY MOLASSES ON THE D LINE

Gray molasses (GM) cooling is a special method for sub-
Doppler laser cooling, which consists of polarization gradient
cooling and velocity-selective coherent population trapping
[37]. The GM cooling mechanism operates on the dark and
bright states, which are the coherent superposition of the
Zeeman sublevels in the ground hyperfine manifold F, =1
and F, =2.Intheo™ — o~ configuration, the stationary wave
formed by the molasses laser beams has a linear polarization
that rotates around the beam direction in a linear helical pattern
with a period of one wavelength A. In this configuration, the
polarization gradient of the light field changes without a change
in the ellipticity (as opposed to the /in L [in configuration).
The moving atom in the rotating linear polarization vector
faces a fictitious homogeneous magnetic field in the direction
of motion, which resembles a friction force [38,39]. A com-
plete picture of the GM cooling is described in detail in [40],
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taking into account the full Zeeman-level structure. More
recently, GM cooling has been widely realized on many alkali
atomic species operating on the D transition [41-45], and even
successfully implemented on the D, transition [31,46-49].

The cooling, repumping, and GM light is provided by a
master oscillator + Raman fiber amplifier 4- frequency doubling
system with an output of 2 W at 589 nm. This power is sufficient
for cooling and trapping of **Na in our experiment. This single
laser source supplies the coherence between the two frequencies
to generate the long-lived dressed dark states in the GM cooling,.
The cooling and repumping laser frequencies are finely adjusted
using acousto-optic modulators (AOMs) in the double-pass
configuration [50]. In the GM cooling stage, the cooling and
repumper frequencies are tuned to Acg and Apgg, as shown in
Fig. 2, where the two-photon Raman detuning is defined as
8 = Aprc — Acg. The AOMs act as fast switches and frequency
and intensity tuners. After the frequency tuning, the coolingand
repumping lights are combined by a polarization beam splitter
(PBS) and then divided by several PBSs into six beams to be
delivered to the science chamber by polarization-maintaining
optical fibers.

After collecting atoms for 20 s in the 3D MOT, the com-
pressed MOT (CMOT) stage follows for 30 ms, after which
the magnetic field is reduced to zero in 100 ps. Then the
GM is applied for a duration of 4.5 ms keeping 6 =0 and
Acg = Apg = +2.48T", where I" is the natural linewidth of
the D2 line, as shown in Fig. 2. The typical time sequence for
laser frequencies and intensities is sketched in Figs. 3(a) and
3(b). After the GM cooling stage, a cold and dense atomic cloud
of 3 x 10% atoms is achieved at a temperature of 56 pK. The
dependence of the temperature on the detuning, the pulse time,
and the intensity ratio between the cooling and repumping light
have been described in detail in [31]. The minimum temper-
ature in GM cooling is affected by the coherence of the dark
states, which is strongly reduced by the stray magnetic fields, the
fluctuation of the laser frequency, and the power ratio between
the laser beams.

4. EVAPORATIVE PRE-COOLING IN THE
OPTICALLY PLUGGED MAGNETIC TRAP

In this section, the process of pre-cooling in the optically
plugged magnetic trap using RF evaporation is described,
whereas the entire time sequence of RF, the power of optical
plug beam and crossed optical dipole trap beams, and the
gradient of quadrupole magnetic trap is schematically shown
in Figs. 3(c)-3(f). After the gray molasses stage, the atoms
are optically pumped to the spin-polarized hyperfine state
|F =2, mp =2)byao™ laser pulse of 0.5 ms at resonance with
the | Fy = 2) — | F, = 2) transition. In the pumping stage, the
repumping light in the MOT beams is tuned to a blue detuning
AR =2T to prevent the atoms from populating the F =1
ground state.

Then, around 2.3 x 108 atoms at ~250 pK are quickly
loaded into the magnetic quadrupole trap at B, =90 G/cm
in 500 ps. The loading efficiency is about 76%, thanks to the
lower temperature and high phase space density of the atomic
cloud due to the GM technique. Loading the | F =2, mp = 2)
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Fig. 3. Power 7/, and detuning A/T of (a) the trapping and
(b) repumper laser beams as a function of time (A  here represents the
detuning from the |F, =1) — |F, =2) transition); (c) RF evapo-
ration frequency; (d) optical plug beam; (e) power of the dipole trap
beams; and (f) gradient of magnetic trap as a function of the sequence
time during the MOT loading (red shaded region), RF evaporation in
optically plugged magnetic trap (gray shaded region), and evaporation
in optical trap (blue shaded region). A microwave (MW) pulse [red
curve in (c)] is used to transfer the atoms to the lowest state |1, 1) after
loading in to the optical trap when experiment is desired in the |1, 1)
state.

ground state atoms into the magnetic trap is advantageous com-
pared to the F =1 ground state because the pumping process
is not perfect and the atoms equally populate the three Zeeman
sublevels in the F =1 manifold. However, some techniques
are developed to increase the pumping efficiency by optical
pumping for the | F = 1, mp = —1) state atoms in the presence
ofahigh magnetic field [51].

Once the atoms are trapped in the magnetic trap, the gradient
is increased to 199 G/cm in 100 ms to compress the atoms to
high density, and then a blue-detuned 15 W laser at 532 nm laser
light (Beijing Yuguang Science and Technology Development
Co., Ltd., Beijing, China) is switched on and focused at the
quadrupole magnetic trap center, creating a repulsive barrier to
suppress the atomic Majorana losses. Thus, an optically plugged
quadrupole magnetic trap is produced, with a total potential
given by

x2+22

+z22+ Upe_z( ° ) — mgz,
1

2+y2

4

Ulx, y,2) =B,
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where (t = pgpmp is the atomic magnetic moment, 3 is
the Bohr magneton, B, is the field gradient along z direction,
U, =kp x 619 uK is the depth of repulsive potential [52],
o A 35 pum is the blue-detuned laser beam waist (1 /¢ radius),
m is the mass of the sodium atom, and g is the acceleration of
gravity.

After the loading of the sodium atoms in the |2, 2) state in the
optically plugged quadrupole trap and waiting 100 ms to reach
equilibrium, an RF-forced evaporative cooling is performed
to cool the atoms down to 11 puK by a series of linear frequency
sweeps from 25 MHz to 1.0-0.5 MHz in 16.5 s. Meanwhile,
a two-step decompression of the magnetic field optimizes the
phase space density (PSD) of the atomic sample [Fig. 3(f)] to
reduce the three-body inelastic losses in the evaporation stage.

To optimize the evaporative cooling in the optically plugged
magnetic trap, we compare the evaporation trajectories in three
cases: in the quadrupole magnetic trap (orange triangles); in
the optically plugged quadrupole magnetic trap with (red cir-
cles); and without (green circles) the decompression steps [gray
portion in Fig. 4(a)] using the parameter s = log(N)/ log(1),
which estimates the RF-evaporation efficiency. The evolution of
the atom number versus temperature in the cooling trajectories
is displayed in Fig. 4(a). The parameter s is obtained by the
linear fit (the solid curves) to the experimental data. In the case
of the optically plugged quadrupole magnetic trap (red circles),
the fit gives an s value of 1.03, signifying the efficiency of our
evaporation sequence of Fig. 3. This value is better than the
s = 1.15 obtained from the fit to the green circles that represent
the case without decompression steps. In the case of the evapo-
ration only in the quadrupole magnetic trap, the linear fit gives
s =2.99 (orange triangles), which indicates that the Majorana
losses reduce the RF-evaporation efficiency.

5. PRODUCTION OF 22Na BEC IN THE OPTICAL
TRAP

As a final step in the BEC production, an evaporation sequence
is performed in the crossed optical dipole trap. To efficiently
load the atoms in the far detuned optical trap (at 1064 nm),
the crossed optical trap is located at one of the minima of the
optically plugged magnetic trap. Each beam power reaches its
maximum power of 9 W in a fast ramp at the start of the second
RF-evaporation step, as shown in Fig. 3(e). At the crossing
point, the two laser beams are focused to a waists of 107 pum and
70.5 pm, which produce a trap potential of depth k5 x 51 uK.
To improve the loading, the ring symmetry of the optically
plugged quadrupole trap is broken by applying a homogeneous
magnetic field along the y direction at the fourth step of RF
evaporation, and a single minimum is generated to produce
a high phase density atomic sample. After the loading, the
magnetic field gradient is ramped down to zero in 30 ms and
the plug beam is abruptly switched off. At this point, about
2.26 x 10° atoms in the |2, 2) state at 5.73 pK are trapped
in the crossed optical trap with average trapping frequency
w = (a)xa)},a)z)l/3 =27 x 442 Hz. The sample temperature
T and number V are estimated by taking absorption images
after a few ms of time of flight (TOF), from which we obtain the

3/2
peak density 7, = N(%) =3.26 x 10" cm™ and the
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Fig.4. (a) Evolution of the atom number N versus the temperature
T during the evaporation in the magnetic trap (gray shaded region)
and in the optical trap (red shaded region). The RF-evaporation in the
optically plugged trap with (red circles) and without decompression
(green circles) and the quadrupole magnetic trap only (orange trian-
gles) are displayed in the gray shaded area. The evaporation of atoms
in|1, 1) (blue stars) and |2, 2) (red circles) states in the optical trap are
displayed in the red shaded area. Peak phase space density as a function
of the atom number in the optical trap evaporation are shown in the
inset image. The observed optical density (OD) along the x direction
after 15 ms of TOF shows a bimodal momentum distribution in
(b) and (d), and pure condensates in the two spin states after further
evaporation (30 ms of TOF) in (c) and (e).

peak phase-space density D =7,17,~ 1.15 x 107!, where
Aap = h /2 mkp T is the thermal de Broglie wavelength.
Using three steps of linear ramps to reduce the power in
the optical trap beams, the depth of the optical dipole trap
is reduced from 51 to 2.7 uK in 8.5 s, reaching the critical
temperature. After an additional 100 ms of holding time in
the optical trap, as shown in Fig. 3(f), a pure condensate of
2.5 x 10° atoms in the |2, 2) state is produced. The parabolic
density profile measured after 30 ms TOF is displayed in Fig. 4.
The peak density is calculated to be 9.18 x 1013 cm ™, where
the s wave scattering length @ =62.514¢ is used [53], a9
being the Bohr radius. The depth of the trap in the final step
of evaporation is £z x 2.7 uK and the trapping frequencies
(0x, 0y, ;) =21 x (72,114, 134) Hz, are extracted by
fitting the dipole model of the BEC in the harmonic trap. The
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Fig. 5. Lifetime measurement of the sodium BEC in the (a) |2, 2)

and (b) |1, 1) states. The solid lines show the numerical fits to the

experimental data. The one-body loss fits give the BEC lifetimes of
6.3 £ 0.2 sfor the |2, 2) stateand 35.3 &+ 7.6 s for the |1, 1) state.

whole route of evaporation in the optical dipole trap represented
by the N — T plane is shown in the red shaded area of Fig. 4.

To produce the condensate in the |1, 1) state, the atomic
cloud in the optical dipole trap is transferred to the |1, 1) state
by a microwave pulse (in the presence of a bias homogeneous
magnetic field) after the quadrupole magnetic trap is switched
off, as shown in Fig. 3(c). The microwave pulse is followed by
an on-resonance laser flash of 2 ms to remove any residual atoms
in |2, 2) state. Using a similar evaporation process in the dipole
trap used for the atoms in |2, 2) state, a pure condensate of
5 x 10° atomsin the |1, 1) state is obtained, with a peak density
of1.34 x 10" cm 3 fora = 52.984, [53].

We compare the optical trap evaporation efficiency of atoms
in the |2, 2) and |1, 1) states by the parameter s, obtained
from the fit to the two evaporation trajectories shown in the
red shaded area in Fig. 4(a). The value s = 0.3546 for |1, 1)
state indicates a better collision rate and efficient evaporation
compared to the |2, 2) state (with s =0.5252), which can be
attributed to the larger three-body loss rate in the |2, 2) state.

To analyze the collision properties of the atoms quantitatively
in the two hyperfine states, we measure the time evolution of
the atom number V in the BEC in |1, 1) and |2, 2) states by
holding them in the optical trap for a variable hold time. As
shown in Fig. 5, for a shorter hold time, we can see a rapid decay
of the atom number for both cases, which can be attributed to
the three-body recombination losses. At a longer hold time, an
exponential decay induced by the one-body loss can be seen. In
our experimental conditions, the two-body loss does not play
the dominant role at the densities considered here due to the
relatively small two-body dipolar loss rate. The decay curve for
the number of atoms in the BEC can be modeled by

wv_ —ki N — ks N(n?), @)
de
where #; is the one-body loss rate induced by the collisions
with background gas and the photon scattering in the optical
trap, k3 is the three-body loss rate, (#') = 1/N [ #*t1dV is the
weighted average density in a harmonic trap, and (#?) is related
to the peak density by (n?) = 8/21 n; for BEC.

Fitting the solution of Eq. (2) to the data in Fig. 5 yields &) =
0.159 £ 0.006s~! and k3 =(9.21 &+ 1.45) x 10728 cm®~!
forthe BECin the |2, 2) state. On the other hand, the fitted data
of atoms in the |1, 1) state gives #; = 0.029 £ 0.006s~! and
ky = (1.33 £0.39) x 10728 cm® s, The three-body loss rate
inour case for the atoms in the |2, 2) state isa factor of 6.9 bigger

than for the atoms in the |1, 1) state. These values for the three-
body loss are one order of magnitude larger than the previous
values of [24,25] while the one-body loss values are almost the
same. This maybe attributed to different trapping geometries of
the optical traps used (w,/w;, , ~ 50 in the pancake trap [24]
and ~167 in the 1D optical lattice [25]). The one-body loss rate
in the |2, 2) state is approximately six times larger than in the
|1, 1) state. This difference in the one-body loss rate for the two
spin states can be attributed to the residual (but larger compared
to the |1, 1) state) three-body losses in the |2, 2) state, even at
the lower atomic density after the longer holding time.

6. CONCLUSIONS

We have reported the direct production of *Na condensate
(lifetime 6.3 s) of 2.5 x 10° atoms in the |2, 2) state using a
compact experimental setup. Gray molasses cooling on the D,
transition results in a low temperature of 56 puK, which provides
agood starting point for two-stage evaporative cooling in a mag-
netic trap and an optical trap. RF-induced evaporative cooling
is performed in the optically plugged quadrapole magnetic
trap, where the Majorana losses of sodium atoms are strongly
suppressed by a focused blue-detuned laser beam. An efficient
evaporative cooling in the optical trap follows the quadrupole
magnetic trap evaporation, cooling the atoms from 5.73 pK to
the BEC temperature. Furthermore, we also study the collision
properties of sodium and show the significantly different three-
body loss rates in the |2, 2) and |1, 1) states in the BEC. We
believe our method can be used to cool the atomic mixtures of
sodium and other species and provide a platform to study spin-2
spinor condensates and the collision properties of sodium atoms
inthe F = 2 manifold.
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