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Bose—FEinstein condensates (BEC) of sodium atoms are transferred into one-dimensional (1D) optical lattice poten-
tials, formed by two laser beams with a wavelength of 1064 nm, in a shallow optical trap. The phase coherence of the
condensate in the lattice potential is studied by changing the lattice depth. A qualitative change in behavior of the BEC is
observed at a lattice depth of ~ 13.7E;, where the quantum gas undergoes a transition from a superfluid state to a state that

lacks well-to-well phase coherence.
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1. Introduction

Since an atomic Bose—Einstein condensate (BEC) was
firstly produced in a laboratory in 1995, the study of ultra-
cold Bose and Fermi gases has become one of the most active
areas in contemporary physics.[!*] BEC confined in an op-
tical lattice has opened a versatile research field that lies at
the interface of condensed matter physics, statistical physics,
atomic, molecular, and optical physics.[*® The phase transi-
tion from superfluid to Mott insulator in an optical lattice is
one of the particular interesting phenomena.!”! The first obser-
vation of the phase transition occurred in a three-dimensional
(3D) case.!®! Under a depth lattice, the BEC transfers from a
superfluid state to a state with a definite number of atoms in
each isolated lattice well with no coherence characteristic of
the BEC. The stability of superfluid currents in a system of ul-
tracold bosons was studied using a moving optical lattice at the
phase transition critical point of a first-order superfluid-Mott
insulator (SF-MI) phase transition.[>!%1 The phase transition
could be used to research quantum quench and nonequilibrium
dynamics in a quantum gas.[!'~13] The Mott insulator state
could also provide a means to entangle neutral atoms and form
a quantum register for a quantum computer.!'*! Mott insulator
with two atoms per site!'>] can be used to create molecules
by Feshbach resonances, which could lead to a molecular
BEC,U'%!7] eventually. Transitions from a quantum gas to a
Mott insulator in two-dimensional (2D)!!3:1°1 and 3D[®-2%1 op-
tical lattices were reported by several laboratories. Although
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the existence of a 1D Mott insulator has been verified in a cold
atom system, [>1>?! it has remained largely unexplored. Transi-
tion from a strongly interacting 1D superfluid to a Mott insula-
tor was only researched with the 8’Rb Bose—Einstein conden-
sate. In order to get the Mott insulator transition, a deep lattice
as well as high laser power and narrowly focused beams are
required. Demonstrating the transition from a BEC to a 1D
Mott insulator is highly complicated by the need of a deep
lattice. (23241

In this letter, we experimentally investigate the superflu-
idity of a 3D sodium BEC in a 1D lattice. We load the sodium
BEC into a 1D optical lattice. With an increase of the lattice
depth, the transition from superfluid to Mott insulator appears.
The reverse process of restoring the superfuidity is confirmed
as well when the depth of the lattice ramps down to zero again.

2. Experimental setup

The experiment starts with a >>Na BEC of ~8x 10* atoms
in a crossed optical dipole trap. Our BEC apparatus is de-
scribed in Ref. [25]. The optical trap was derived from a
single-mode 1064-nm laser (1064 nm, YLR-100-1064-LP),
with the two beams detuned by 220 MHz through two acousto-
optic modulators. The two dipole trap beams were in the hori-
zontal direction. The dipole trap beam 1 propagates along the
x direction. The angle between the dipole trap beam 2 and the
dipole trap beam 1 is 45°. The beam waists were 31 um and
39 um, measured by the parametric heating method under the
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full dipole trap laser power, respectively. By the end of the
evaporation stage, the beam power of each of the two dipole
traps was nearly 70 mW, and the optical potential depth was
nearly 2.6 pK including the gravity potential.

The 1D optical lattice is formed by a retro-reflected, far-
off-resonance laser beam with wavelength 1064 nm; power up
to 500 mW after passage through an optical fiber. The fiber
is employed to keep the Gaussian shape of the beam power.
The beam is focused onto a spot with an intensity full-width
at half-maximum of 60 um. The laser beam was then recol-
limated with a lens pair and retroreflected to form a 1 dimen-
sional standing wave interference pattern at the position of the
BEC. The polarization is controlled by double pass through
a A /4 wave plate. In order to further verify the overlap of
the two lattice beams, we measure the power of output laser
from the income terminal of optical fiber. When the power is
high enough, we can assure that the two beams have a good
standing-wave overlap condition. In the experiment, we also
control the loading of the atoms into the lattice beam. If the
two beams have a good enough overlap, the hot atoms will
escape from the potential and the two beams will properly in-
terfere and form a lattice.

3. Results and discussion

We generate two identical laser beams of peak intensity
I, and make them counter propagate in such a way that their
cross sections overlap completely as shown in Fig. 1. Further-
more, we arrange their polarizations to be parallel. In this case,
the two beams create an interference pattern, with a distance
d = AL /2 (A is the laser wavelength) between two maxima or
minima of the resulting light intensity. The 1D optical lattice

adds an extra potential >

V(x) = —Vpcos?(x/d), (1)

where V} is the lattice depth. One uses the saturation intensity
Iy of the transition and obtains

Vo= ghr. @
where the prefactor & on the order of unity depends on the
level structure of the atom in question through the Clebsh—
Gordan coefficients relating to various possible transitions be-
tween sublevels, A is the frequency offset between the tran-
sition frequency and the frequency of the light field, I" is the
natural decay rate of an excited state. Two obvious quantities
associated with this potential are the lattice depth V), i.e., the
depth of the potential from a peak to a trough, and the lattice
spacing d. Typically, the lattice depth is measured in units of
the recoil energy,
W r?
2md?’
where m is the mass of an atom.

E; = 3)
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Fig. 1. Schematic setup of the experiment. A 1D lattice potential is formed
by overlapping an optical standing wave along the horizontal axis (x axis)
with a Bose—Einstein condensate in a crossed dipole trap. The parameters Vg
is the lattice depth and d is the lattice spacing.

We use the amplitude modulation of an acousto—optic
modulator to control the power of the lattice beams. The power
of the lattice beam is ramped up from zero to its final value
over 2 ms. Then, we simultaneously turn off the lattice and
the dipole trap, and take a 7-ms time of flight (TOF) measure-
ment. Figure 2(a) shows a typical TOF interference pattern
of a condensate released from an optical lattice plus harmonic
trap for a lattice depth Vy = 2.4E.. We make the ramp time
t =2 ms to satisfy the intraband adiabaticity condition. As can
be seen in Fig. 2(b), for small lattice depths, the BEC is only
slightly modulated by the lattice, corresponding to the appear-
ance of only two weak side peaks, at +277 /Ay in the momen-
tum space. Figure 2(a) shows the parabolic density profile of
the central momentum peak. The central momentum peak was
analyzed with a 2D distribution consisting of a Gaussian func-
tion for the thermal fraction and an inverted parabolic function
for the condensate component. 27!

The ramp sequence was stopped at different instants, then
both the trap and the lattice were abruptly switched off. Ab-
sorption images were then taken after 7 ms time of flight. The
well-to-well phase coherence is lost with the increase of the
lattice depth, as shown in Fig. 3. The ramp speed is conserved
in order to keep the same intraband adiabaticity condition. In
Fig. 3(a) the time step is 3 ms; when the depth gets to 13.7E,,
the time is 15 ms. In Fig. 3(b), the time step is 2 ms, the total
ramp time to the maximum depth is 10 ms. The side peaks
disappear and the central peak broadens, reflecting the mo-
mentum distribution of atoms in an isolated single lattice well.
There is no long-range coherence between different atoms in
this state, so no interference fringes will be seen when tak-
ing TOF measurements. The disappearance of the interference
pattern as the lattice depth was increased indicated the loss of
the phase coherence and a transition from the superfluid state
to the Mott insulator state. Here, we find that the superfluid-
ity is totally lost for lattices deeper than about 13.7E;. After
reaching the peak value, the lattice was ramped back down
again. The phase transition from Mott insulator to superfluid-
ity is observed. After the lattice was fully ramped down, most
of the atoms remained in the condensed fraction. This means
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that the atoms are still the coherent quantum system rather than
hot atoms that has been decoherent.
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Fig. 2. (a) Interference pattern of the Bose—Einstein condensate released from
a 1D optical lattice of the depth V) = 2.4E; after a time of flight of 7 ms. (b)
The fit (solid line) and the column sum of the optical density (OD) (circles).
The dashed line is the Gaussian fitting for the distribution of thermal gas.

Fig. 3. (a) and (b) Observation of the superfluid to Mott insulator transi-
tion: The lattice depths for the sequence of images from left to right are
(0,2.4,55,82, 11, 13.7, 11, 8.2, 5.5, 2.4, 0) E;. (c) Time dependence of
the lattice depth. For Fig. 3(a), the time step is 3 ms for each depth, while for
Fig. 3(b), it is 2 ms. The total ramp time is 30 ms and 20 ms.

To study the dynamics of the dephasing in the 1D opti-
cal lattice, we ramp the lattice to its final depth within 4 ms,
leave the lattice on for a varying holding time, and take TOF
images as functions of the holding time, as shown in Fig. 4.
The final depth for Fig. 4 is 2.4E;. A snapshot of the resulting
interference pattern is obtained via absorption imaging after a
varying holding time. The three atom clouds expand slowly,
decreasing the optical density for the atom cloud. The expand-
ing of the atom cloud is mainly induced by the heating of the
optical lattice. The two weak side peaks can be observed under
comparably short holding time. In this situation, the BEC sim-
ply remains superfluid, permanently maintaining a superfluid
phase across the individual lattice wells.

3 ms 5 ms 7 ms 10 ms 14 ms 18 ms

0 ms

Fig. 4. Interference pattern of a Bose—Einstein condensate released from a
1D optical lattice of depth V) = 2.4E; with various holding time after a time
of flight of 7 ms.

4. Conclusion

In conclusion, the sodium BEC was loaded into a 1D op-
tical lattice, the superfluid to Mott insulator transition was ob-
served in a Na BEC by changing the depth of the optical lat-
tice. We observed a complete loss of superfluidity at 13.7E;.
The BEC will remain superfluid with the depth of 2.4E, for a
long time. Dephasing of superfluid under higher optical depth
remained to be further researched. The result paves the way
for the study of quantum quench and nonequilibrium dynam-
ics in 1D lattice-confined spinor condensates.
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