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The Josephson effect, an important quantum supercurrent phenomenon, has been extensively studied in superconduc-
tors and superfluids. In this paper, we investigate the rich physics of one-dimensional Josephson junctions in a red-detuned
optical lattice with sodium (Na) quantum gas. A one-dimensional Josephson array is formed by setting up an optical lattice
using a red-detuned laser. By characterizing the dependence of Josephson oscillations of the lattice depth, we experimen-
tally demonstrate the Josephson current. The lattice depth is controlled by altering the lattice power, and our observations
are consistent with theoretical predictions. These findings offer valuable insights into quantum coherent transport and the

intricate dynamics inherent to superfluidity.

Keywords: Josephson junction, Josephson critical current, optical lattice, Bose—Einstein condensates
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1. Introduction

The Josephson effect,!!! a macroscopic manifestation
of quantum tunneling, characterizes the tunneling current
through a Josephson junction composed of two weakly cou-
pled superconductors.?! Observations of the Josephson effect
have been made across diverse experimental systems. Notably,
in a superfluid helium system, quantum oscillations were ob-
served when the dimensions of the aperture between two
reservoirs were reduced to a size comparable to the healing
length of the superfluid, thereby confirming the ideal Joseph-
son effect.3-! Further exploration of the Josephson effect the-
ory is anticipated to substantially advance the field of super-
conducting electronics and establish a solid foundation for
quantum science applications, including quantum computing
and quantum communications. 6]

Previous researches on the Josephson effect have mainly
focused on superconducting or superfluid systems. Recently,
there has been a surge of interests in the Josephson ef-
fect in ultracold atomic gas systems.!®! Initial investiga-
tions have concentrated on coupled Bose—Einstein conden-
sates (BECs) in double-well traps!!'%!!l and coherently cou-
pled spinor condensates.!'?!31 In spin—orbit coupled BECs, 4]
momentum-space Josephson junctions have been realized by
coupling distinct momentum states via Raman-assisted tunnel-
ing. Additionally, Josephson oscillation between two weakly
coupled fermionic superfluids!'>! through an optical barrier
has been observed. Josephson junction models have been con-
structed in weakly connected atomic condensates,!'®!71 ex-
hibiting both direct current (DC) and alternating current (AC)
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Josephson effects.!!® The simulation of a DC superconducting
quantum interference device (SQUID)!' has been achieved
through the innovative implementation of a pair of toroidal
Josephson junctions embedded within a diluted Bose—Einstein
condensate. A variety of dynamical processes?%-%?
explored, including the tunneling of atomic interactions!’]

I have been

by manipulating the scattering length of atoms in a double-
well trap using magnetic Feshbach resonance.!?*-?81 Within
the theoretical framework of the two-dimensional (2D) Gross—
Pitaevskii equation, a dynamic model for the long bosonic
Josephson junction has been developed. The dynamic proper-
ties have been analyzed through a comprehensive examination
of the excitation spectrum of the coupled condensates. !

The Josephson critical current represents the maximum
current that a Josephson junction can sustain while maintain-
ing a superconducting state with zero voltage. Critical cur-
rent has been observed between two superfluid reservoirs in
ultracold Fermionic systems,?%3!1 where the sinusoidal cur-
rent phase relationship characteristic of an ideal Josephson
junction has been verified.[?>33! The Josephson critical current
has been extensively studied in ultracold Fermionic systems.
However, there are comparatively fewer reports on the Joseph-
son critical current in Bosonic systems. Oscillating atomic
currents have been observed in a ¥’Rb Bose-Einstein conden-
sate trapped in a blue-detuned periodic standing wave field. ¥
Subsequently, a closed-loop atom circuit has been created and
researched in a toroidal Bose—Einstein condensate.?3! But,
none of these works addressed the Josephson effect in a red-
detuned optical lattice.
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In this study, we construct a red-detuned one-dimensional
(1D) optical lattice to explore the Josephson effect in an ultra-
cold sodium bosonic gas. A 2*Na BEC is produced in the cre-
ated 1D Josephson array. We probe the Josephson critical cur-
rent by inducing tunneling oscillations of atoms between adja-
cent wells. Systematic measurements of the Josephson critical
current are conducted as a function of the lattice depths. Our
work has further enriched the study of Josephson effects in
ultracold bosonic systems, such as coherent tunneling oscil-
lations of interacting bosons and macroscopic quantum self-
trapping phenomena.

2. Theoretical model

Josephson proposed in 1962 that supercurrents would
emerge between two weakly coupled superconductors con-
nected through a tunnel junction. At zero applied voltage, a
quantum-mechanical phase difference of A¢ would induce a
direct current. In the case of ideal superconductive tunneling,
this current is given by[’]

J = JosinAg, (1

where Jy is the Josephson critical current. Furthermore, an
electrochemical potential difference across the tunnel junction,
denoted as AV, would result in the emergence of an alternat-
ing current. The frequency and magnitude of this current are

determined by Eq. (1) with

Jd(Ag) AV

o n

Properties of a BEC in a dilute gas can be adequately de-
scribed within the mean-field approximation. The order pa-
rameter ¥(r,7) is introduced to characterize the condensate
wavefunction, and it satisfies the Gross—Pitaevskii equation
(GPE).B3¢] The effective Hamiltonian contains an extra non-
linear term g|¥(r,)|%, approximating an interatomic interac-

2)

tion (self-interaction) of the particles in the ultracold ensem-
ble. Here g = 47th2a/m, m is the mass of a particle, a is the
s-wave scattering length, # = h/27 is the Dirac constant, and
|¥(r,1) 2 = n(r,1) is the local spatial density of the condensate.
If the self-interaction is weak enough, the nonlinear term can
be neglected, and the GPE becomes the standard Schrédinger
equation. In many applications, it is convenient to present it in
the form ¥ (r,7) = \/n(r,t)exp (i9(r,1)).

The Josephson effect demonstrates the coherent behav-
ior of an ultracold quantum ensemble through the tunneling
phenomenon. It is observed when the entire ensemble is sep-
arated into many weakly coupled almost-stationary subsys-
tems. The entire system can be described by a linear combi-
nation of the order parameters of those subsystems. Following
Refs. [34,37], the wavefunction of the macroscopic phase of a
quantum fluid is decomposed by a tight binding approximation

IP(VJ):\/]VTZWk(I)(Pk(r)? 3
k

where Nt is the total number of the particles in the entire sys-
tem, i (1) = /mi(1) exp(igx (1)), mi(r) = Ni(t)/Nr, Ni(t) is
the number of particles within the k-th subsystem, @ (r) is the
stationary single-particle wavefunction within the k-th subsys-
tem neglecting interactions with other subsystems.

We consider a 1D system, which can be realized via creat-
ing an elongated trap potential and a quasi-periodic extra po-
tential oriented along the axis. Substituting Eq. (3) into the
GPE, one obtains a system of coupled equations

A AY)

s = (& +AIW) Vi — KWt — K1, (4)

where the tunneling rate is proportional to the parameter
K=~ _/ [(hZ/Zm) Vo Vit + OVeuPer] dr,

goNT
& = ZK/{ (Veor) +Vext(P13]d"", A==— /(Pk

For the sake of simplicity, we consider a double-well
system (k = 1,2) and neglect the self-interaction within each
subsystem, i.e., assume A = 0. Additionally, we also intro-
duce the designation A = (& — €)/2 and set the origin of
the energy scale at the middle point between € and &. This
case the equations take the form of the ones, considered by
Feynmann*®! in his very simple explanation of the Josephson
effect

lhdlet(t) =—-Ay; —Ky», (5a)
lhdllszt(t) =LAy, —Ky. (5b)

After separating the real and imaginary parts, it results
in a system comprised of four coupled first-order differential

equations
Ldng k-1 :
1hw = (=1)""'K\/ninysinA¢, (62)
do K (m k=3/2 A
it = (nz> cosAp +(—1) 5 (D)

Oscillations of a trapped ultracold ensemble can be ex-
cited by subjecting it to a jolt.
supposing the trap potential to be the harmonic oscillator with

In the absence of a lattice,

frequency @y along the elongated trap axis, the entire ensem-
ble oscillates at this frequency @y, similar to the behavior of
a pointlike particle. The superimposing of a lattice alternates
this behavior. It is shown in Ref. [34] that such a behavior
can be described in the collective coordinates & = Yy kny (the
weighted mean value of the well number) and A¢ = ¢ — @
(the phase difference between the order parameters of adjacent
wells) by equations
dé(r)

h—= = =2KsinAd (1), (7a)
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0 _ i agaren.
where A is the wavelength of the lattice laser. These equa-
tions resemble typical pendulum-like equations. The notable
feature of these equations is their independence from explicit
interatomic interactions. From Egs. (7a) and (7b), noting that
the current is J = N,(d&(r)/dr), the critical Josepson cur-
rent can be expressed as Jy = 2KNy/hi. The parameter K de-
pends on the height of the energy barrier V. By consider-
ing the oscillatory motion of atoms within the lattice structure
and incorporating the concept of effective atomic mass!>%40]
m/m* = (®/wyp)?, the value of m* refers to states near the bot-
tom of the energy band. Therefore, the critical current is given
by

_4nNy (0
0= mlz <0)0) ) (8)

where o represents the actual frequency of the oscillations
within the lattice. The dependencies predicted by this equa-
tion have been verified and confirmed through our experimen-
tal results.

3. Experimental setup

The experiment is conducted in a >*Na BEC confined
within a 1D optical lattice. The atomic beam from the oven
chamber is decelerated by a Zeeman slower and captured in
a conventional magneto—optical trap (MOT),*!1 atom cloud
is further cooled through a compressed magneto—optical trap
(CMOT) and an optical molasses process.!*>) Throughout the
laser cooling stages (MOT, CMOT, and optical molasses), a
crossed optical dipole trap (ODT), is maintained at a depth
of 350 uK. The angle between the two beams (beam waist of
32 um and 39 um) is 6 = 45°. At the end of the laser cool-
ing process, the ODT depth is increased to 700 nuK. Follow-
ing a 400-ms loading interval, approximately 2 x 10° atoms at
70 uK are confined within the ODT. Bose—Einstein conden-
sate, containing 1.1 X 10° sodium atoms in the F = 1 state,
is obtained by 2.5-s rapid evaporation cooling after the load-
ing from the ODT. Detailed experimental procedures for the
preparation of sodium BECs are provided in Ref. [43].

In this study, constructing the Josephson array is a critical
step. A 1D optical lattice!**! is built to form the 1D Josephson
array, as shown in Fig. 1(a). The optical lattice is generated us-
ing a red-detuned 1064-nm fiber laser (ALS-IR-1064, 30 W).
The laser beam passes through an acousto—optic modulator
(AOM), and the diffracted beam traverses atomic cloud before
being reflected by a mirror. This configuration creates counter-
propagating optical fields, resulting in an optical lattice (1/¢e?
radius of ~ 39 um) with a lattice constant of 532 nm. A pair
of Helmholtz (anti-Helmholtz) coil, is used to create bias (gra-
dient) magnetic field around the central position of the atoms.

The quantized initial states are prepared by the coils. Atoms
inthe |[F = 1,mp = —1) state are loaded into the optical lattice

to form the Josephson array.
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Fig. 1. Experimental scheme. (a) Sketch of experimental setup. A 2Na BEC
is prepared in an ODT formed by two 1064-nm laser beams with different
1/€? radius. A 1D optical lattice is used to create a Josephson junction array
in which atoms are induced to tunnel through the array by a combination of
a bias magnetic field and a magnetic field gradient dB/dz. (b) Schematic di-
agram of experimental time sequence. Atoms are loaded into the dipole trap
and cooled to form BEC via evaporation cooling. A gradient magnetic field
is applied for 1500 ms to prepare the pure initial state |F =1,mp = —1).
Subsequently, the atoms are transferred to the combined trap over a 40-ms
ramp-up period. With a biased magnetic field, the atoms are confined in the
combined trap for displacement measurement relative to the initial position
with absorption imaging.

The experimental sequence is depicted in Fig. 1(b). Ini-
tially, the pure quantized state |F = 1,mp = —1) is prepared
using a magnetic field gradient of 15.4 Gs/cm (1 Gs=10"%T)
prior to evaporative cooling.[*3! The lattice beam is switched
on by the AOM, whose voltage is ramped up from O to the
final value. In parallel, the gradient field ramps up from zero
to 11 Gs/cm. Both the magnetic field and the lattice are held
for 40 ms to the final value in order to avoid significant atomic
loss. After this stage, the atoms are transferred to a combined
trap consisting of magnetic harmonic trap and an optical peri-

odic potential. A constant current is applied to the bias coils,

033701-3
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leading to a magnetic field of 3.3 Gs aligned with the optical
lattice axis. Following a 5-ms duration of the bias magnetic
field, it is abruptly turned off while the atoms remain in the
combined trap before the stage of time of flight with 6 ms.
Finally, the displacement of the atoms relative to their initial
position is detected by absorption imaging.

4. Results and discussion

With the application of a bias magnetic field, the null
point of the magnetic field exhibits a slight displacement from
its original position, and the coherent collective oscillations
of atoms become distinctly observable. In Fig. 2, we show a
coherent collective oscillation of atoms within the combined
trap. First-order diffraction peaks at +277i/A are observed in
the momentum space following the regulation of the optical
lattice. Atomic oscillation data have been fitted using the si-
nusoidal function x = xp + Asin[®w (7 — )], where A denotes
the amplitude and @ represents the angular frequency. The
measured oscillation frequencies for the central momentum
peak and the two first-order diffraction peaks are 113.65 Hz,
113.16 Hz, and 113.49 Hz, respectively. The nearly identical
oscillation frequencies of these three diffraction peaks indi-
cate a consistent quantum coherence throughout the oscillation
process.

X
2wh /A

0
—2mh/\

450 (b)
400+
350} N e
300+
250F  eea )
200} W
150}
100 28 3 5
50

» First-order peaks
° Central peak

©

Position (pm)

0 5 10 15 20
Time (ms)

o

Fig. 2. (a) Depicts the coherent collective oscillations of the three mo-
mentum peaks in the combined trap. (b) The central positions of the
three momentum peaks as a function of the time subsequent to a mag-
netic field displacement. The central peak is indicated by red spheres,
whereas the first-order diffraction peaks are marked by blue spheres.

Figure 2 demonstrates the stable quantum coherence of
atoms within a Josephson array, constructed by an optical lat-
tice. Based on the global phase coherence condition, we ob-
serve the collective oscillatory motion of atoms following the
application of the bias magnetic field. As a valuable indicator
for monitoring the tunneling dynamics of the condensate in
the potential well, we focus on the variations in the position of

the central peak. Figure 3 presents a comparative analysis of
atomic oscillation frequencies in the presence and absence of
the lattice potential field. The axial and radial capture frequen-
cies of the lattice are @, =27 x 12.7 kHz and @, =27 x 78 Hz,
respectively. With a slight shift in the null point of the mag-
netic field, atoms exhibit oscillation both with or without the
optical standing wave. We utilize the identical function as de-
picted in Fig. 2 to fit the data. In the presence of the lattice, the
oscillation frequency is recorded as 147.16 Hz, while in its ab-
sence, the oscillation frequency measures 152.71 Hz. The su-
perimposed optical lattice potential forms a periodic potential
well, which inhibits the quantum tunneling of atoms and de-
crease the oscillation frequency as they traverse adjacent wells.

55

Position (pm)
N w IS
(1§ ot ot
T T T

—
ot
T

Time (ms)

Fig. 3. The central position of the central peak as a function of time in
the presence and absence of the lattice potential field. Atomic oscilla-
tion in the absence (presence) of a standing wave is represented by the
blue triangles (red circles). The solid lines represent the sinusoidal fits
to the data, and the dashed vertical lines indicate the frequency shifts
associated with or without the optical standing wave.

Finally, we further measure the relationship between the
Josephson oscillation frequency and the lattice potential depth.
The depth can be precisely altered by manipulating the laser
We scanned the energy Vy from 1.07E; to 2.49E,,

which is much higher than the chemical potential of the con-

power.

densate, with a step of 0.18E;. Figure 4 shows the measure-
ment of the Josephson oscillation frequency as a function of
the lattice depth. The square of the oscillation frequency is
directly proportional to the microscopic tunneling rate of the
condensate through the barriers. The red solid curve repre-
sents the quadratic fit to the data. As expected, the oscillation
frequency exhibits a decreasing trend with increasing poten-
tial depth. From Eq. (8), we derive a direct expression for the
critical current based on the Josephson oscillation frequency,
which is associated with both the atomic oscillation frequency
o in the lattice and the atomic oscillation frequency @y in the
absence of a periodic potential field. In the Josephson junc-
tion, the Josephson critical current Jy is directly proportional
to the tunneling rate. This condition effectively restricts the
maximum velocity of the condensate flow through the adja-
cent well, thereby reducing the oscillation frequency. There-
fore, our experiment clearly demonstrates that the dynamics of
Bose—FEinstein condensates (BECs) within a lattice structure
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are governed by a nonlinear Schrodinger equation. Further-
more, the Josephson effect has been successfully observed in
ultracold atomic gases through a Josephson array.

160 -

150

140

130}

Frequency (Hz)

1201

1101

10 1.2 14 1.6 1.8 2.0 2.2 2.4 2.6
‘/IJ (Er)

Fig. 4. Dependence of the Josephson oscillation frequency on the lattice
depth. The experimental data, derived from sinusoidal fits to the oscilla-
tory curves, is represented by blue spheres. The trend line is depicted by a
quadratic fit to the data, with a 95% confidence interval (shown in red shad-
ing) that quantifies the uncertainty in the predicted frequency values.

5. Conclusion

The phenomenon of Josephson current is successfully ob-
served in the ultracold sodium Bosonic gas system. With a
precisely designed optical lattice system, we investigated the
Josephson effect by driving the tunneling motion of atoms be-
tween adjacent wells using a bias magnetic field. This research
demonstrates the applicability of the Josephson junction in ul-
tracold Bosonic atomic systems and provides a firm experi-
mental foundation for the study of Josephson junction dynam-
ics.
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