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Abstract. We experimentally demonstrate a practical scheme to form a controllable double-well optical
dipole trap for cold atoms (or cold molecules), and give some experimental results as well as the fabrication
method of a binary w-phase plate. The dependence of the double-well characteristics on the phase etching
error of the m-phase plate and the evolution of the double-well optical trap from two wells to a single one
are studied both theoretically and experimentally, and the experimental results are consistent with the
theoretical prediction. Furthermore, the dynamic process of loading and splitting of cold ' Rb atoms from
a standard magneto-optical trap (MOT) into our controllable double-well one are studied by Monte Carlo
simulations. Our study shows that the loading efficiency of cold atoms from the standard MOT into our
single-well trap can reach 100%, and the relative atomic density will be reduced from 1.0 to ~0.5 during
the evolution of our double-well trap, in which the temperature of cold atoms is reduced from 20 puK to
~15 pK. In final, some potential applications of our controllable double-well optical trap in atom and

molecule optics are briefly discussed.

1 Introduction

Recently, Yin et al. proposed several controllable double-
well magneto-optical traps and double-well magnetic traps
for cold atoms by using current-carrying wires, which can
be used to realize the continuous evolution of double-well
magnetic trap from two wells to a single one by chang-
ing both the direction and magnitude of the current in
the wire or the additional bias magnetic field [1-3]. These
controllable double-well traps can be used to prepare two-
species magneto-optical trap (MOT) for cold atoms or
to study their cold collision properties, even to realize a
double-well Bose-Einstein condensation (BEC). In 2002,
Thomas et al. proposed a scheme to realize double-well
BEC by using double-well Toffe-Pritchard (IP) magnetic
trap based on time-averaged orbiting potential (TOP) [4].
In the same year, Walraven’s group realized the first
double-well 8’Rb BEC by using double-well TOP mag-
netic trap, and obtained a pure condensate with a number
of 4 x 10* atoms and studied the vibration effect of axial
center-of-mass motion of BEC in the double wells [5]. In
recent years, in particular, the applied researches on vari-
ous controllable double-well magnetic, optical or magneto-
optical traps have become one of hot subjects in the fields
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of ultracold atomic physics, atom optics and quantum op-
tics [6-14]. For instance, they can be used to study the
two-species MOT, cold collisions between two atomic sam-
ples, properties of double-well atomic BECs, matter-wave
interference of trapped atoms and quantum entanglement
between two atomic assemblies, etc.

It is well-known that a single optical dipole trap com-
posed of a focused far-red-detuned Gaussian beam can be
conveniently used to realize high-efficient loading, trap-
ping and manipulating of cold atoms (or molecules) as
well as optical-potential evaporative cooling, while a con-
trollable double-well optical trap can be used to study
collision properties between cold atoms (or molecules),
quantum tunnel effect between two wells and its atom in-
terference [6,15], or to trap and manipulate cold molecules
and prepare novel optical lattices, even to realize molec-
ular BEC [16-19] and study BEC properties in opti-
cal lattice [20-23]. Therefore, it would be interesting
and worthwhile to generate and study a novel control-
lable double-well optical trap (DWOT), both theoreti-
cally and experimentally. More recently, we proposed a
new scheme to form a controllable DWOT for cold atoms
(or molecules) and obtained some worthwhile theoretical
results [24]. In this paper, the fabrication of the binary
m-phase plate is briefly introduced and the generation of
controllable DWOT is demonstrated experimentally. The
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Fig. 1. The experimental setup to generate a controllable
double-well optical dipole trap.

influence of the etching depth error of the binary w-phase
plate on the performance and evolution of double-well
trap are analyzed, and some experimental results consis-
tent with theoretical calculations are obtained. Also, we
study the dynamic loading and splitting processes of cold
8"TRb atoms from a standard MOT into our controllable
double-well one by Monte Carlo simulations, and obtain
some simulated results consistent with theoretical predic-
tion. Finally, some potential applications of our control-
lable DWOT are briefly discussed, and the main results
and conclusions are summarized.

2 Experimental method and results

The scheme of a controllable DWOT is generated by an
illuminating aperture with a side length of 2a = 2 mm, a
binary m-phase plate and an ordinary positive lens with a
focal length of f = 500 mm illuminated by a He-Ne laser
beam, as shown in Figure 1. Here the binary m-phase plate
is formed by two square phase sheets with a side length 2a
and a phase difference 7. When a He—Ne laser field passes
through the binary m-phase plate and is focused by the
lens, an optical dipole trap with two wells for cold atoms
(or molecules) will be produced near the focal point of the
lens. And the intensity distribution of the generated dou-
ble wells near the focal point of the lens can be measured
by using a CCD camera. The basic principle to produce a
controllable DWOT and to evolve a double-well trap into
a single-well one can be found in reference [24].

To generate the DWOT, we choose a quartz slice with
a refractive index of n = 1.46 as a substrate of the
m-phase plate and a He-Ne laser with a wavelength of
A = 632.8 nm as an incident light field. The theoretical
value of the standard etching depth in the O phase re-
gion of the phase plate is d = Z(n)\—l) = 687.8 nm (see
Fig. 2). In our DWOT experiment, a JR-2B ion etch-
ing machine is used to fabricate our binary m-phase plate.
Five m-phase plates are etched by choosing different etch-
ing time, and the corresponding etching depth is mea-
sured by using Dektek 3st step instrument, and the etch-
ing depths of the five phase plates are 453.0, 491.3, 608.1,
649.8 and 669.6 nm. Therefore, the differences Ad between
the real etching depth and the standard etching depth d
are —234.8, —196.5, —79.7, —38.0 and —18.2 nm, respec-
tively, as shown in Figure 2, and the corresponding phase
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Fig. 2. (a) An ideal m-phase plate with a standard etching
depth d, and (b) a real w-phase plate with an etching depth
error Ad.

errors Ap are —1.0724, —0.8977, —0.3643, —0.1736 and
—0.083 rad, respectively.

In our experiment, the illuminating aperture is chosen
as a 2a X 2a = 2 mm X 2 mm square one, and its half side
length is @ = 1 mm. The intensity distributions of the gen-
erated double wells are measured by using a XC-ST50CE
model CCD camera in the focal plane of the lens with a
focal length of f =500 mm and the space resolution (i.e.,
the pixel size) of the CCD camera is 8.6 x 8.3 ym?. We
add a proper attenuator in the light path to limit the ex-
posure to be below its saturation value in order to avoid
pixel saturation. To obtain a clear image of the DWOT,
the distance between the illuminating aperture and the
binary m-phase plate must be chosen as small as possi-
ble. The experimental results of the observed double-well
images and their 2D intensity distribution are shown in
Figure 3, and the observed maximal relative intensity of
each pair of optical wells and the positions of the double-
well centers as well as their spacing are shown in Table 1.

It can be seen from Table 1 that when the phase differ-
ence of the etched phase plate is not an ideal 7, the inten-
sity distribution of the DWOT will be changed. With the
increase of the phase error A, the intensity of the left op-
tical well will be decreased, while one of the right well will
be increased. Accordingly, the difference Igmax — 11 max
between the maximum intensities of the two optical wells
increases with the phase error Ay. However, the change of
the distance between two-well centers is very small. Note
that the positions of the two-well centers and the distances
between the two-well centers in Table 1 have an estimated
error of half a pixel (£4.3 pm).

If the phase plate is moved along the z-direction, a
double-well optical trap will be gradually evolved as a
single-well one. In our experiment, the phase plate with an
etching depth of 704.5 nm was used and the correspond-
ing phase error is Ay = 0.0763 rad. When the moving
distances of the phase plate are 0.0, 0.3, 0.55, 0.7 and
1.0 mm, five images from the evolution of a double-well
trap to a single-well one and their 2D intensity distribu-
tions are observed, and the results are shown in Figure 4.
Table 2 gives some measured data of our double-well trap,
such as the maximum relative intensities of each pair of
optical wells, the position of the two-well centers and the
distance between two-well centers. Here the positions of
the two-well centers in Table 2 have also an estimated
error of half a pixel (£4.3 pm).

We can find from Table 2 and Figure 3 that with the
increase of the moving distance t of the m-phase plate,
the maximum intensities of the two optical wells is first
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Fig. 3. The experimental results on the evolution of 2D intensity distribution of the double-well optical trap for the phase error
(a) Ap = —1.0724, (b) Ap = —0.8977, (c) Ap = —0.3643, (d) Ap = —0.1736, and (e) Ay = —0.0830. Here the horizontal and
vertical axes (unit: pixels) are the x- and y-directions, respectively.
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Table 1. The measured results of the DWOT parameters.

Ap=-1.0724 Ap=-08977 Ap=-0.3643 Ap=-0.1736 Ap = —0.0830
Left Right Left Right Left Right Left Right Left Right
well well well well well well well well well well
Maximal relative 94 253 110 250 163 218 171 208 188 203
intensity
Difference between
the two maximal 159 140 55 37 15
relative intensities
Position of the two- 54 81 59 86 48 75 45 73 58 86
well centers (pixels)
Distance between the 232.2 232.2 232.2 240.8 240.8

two-well centers (um)

decreased, and then two wells are combined as a single-
well and its intensity is increased. However, the difference
I7, max — Ir max between the maximum relative intensities
of the two optical wells is gradually increased, and the
distance between the two-well centers is decreased with
the increase of the moving distance ¢.

3 Analysis and discussion

In our experiment, we find that the etching depth error
of the m-phase plate mainly results in the change of the
intensity distribution of the DWOT. Therefore, we ana-
lyze the influence of the etching depth error of the m-phase
plate on the parameters of the DWOT and compared them
with the experimental results. In reference [24], we ana-
lyze the difference between the intensity distributions of
the DWOT formed by a Gaussian beam or a plane-wave
light, and found that when the beam waist wq is small, the
difference of the intensity distributions from the above two
incident beams is large. However, when wy > V 2a, the in-
tensity distributions of the DWOT formed by the TEMqq-
mode Gaussian beam is very close to that formed by the
plane-wave light, and the smaller the beam waist wy is, the
greater the difference between two beam models is. Since
our optical system satisfies the condition wgy > vV 2a, the
plane-wave illumination model is used in our theoretical
analysis.

The phase difference of the fabricated m-phase plate
used in the experiment is not an accurate m due to the
existence of the etching depth error, we suppose that the
resulting phase error is Agp, the transmittance function of
the m-phase plate can be expressed as

rT—a Yy
2a ' 2a

r+a y .
roct{ 9 ’2@] exp(idp), (1)

g(x,y) = rect {

where rect(z) is the rectangular function. Assuming that
the focal length of the lens is f, when the optical sys-
tem, as shown in Figure 1, is illuminated by a plane wave
with a wavelength A and an amplitude a propagated along
the z-direction, according to Fresnel diffraction theory, the

distribution of the light disturbance on the xgoyy plane
can be given by:

A a a
U(‘r()ayOvz): AZ/ / g(Jf,y)
1

xexp{f'kx2+y%<?<—})<—2@w0:*w“}}dxdy
(2)

Here z is the distance from the lens to the xgoyy plane,
and some constant phase factors are not important and
can be neglected. Equation (2) is so complicated that the
intensity distribution on an arbitrary plane (xq, yo, z) can
not be written with an analytical expression. However, the
intensity distribution on the focal plane (zq, yo, 2 = f) can
be given by an analytical formula as follows:

Iy = |U($07y0,f)|2
16A2%a* sin® (raxo/\f)sin® (razo/Nf — Ap/2)
(Af)? (razo/Af)?
" sin? (2wayo/\f)
(2mayo/Af)°

It can be seen from equation (3) that the intensity dis-
tribution of the DWOT will be changed owing to the ex-
istence of the phase error Ay, which is produced by the
etching depth error of the m-phase plate. We study the de-
pendence of the difference (Igmax — I max) between the
two-well maximum relative intensities on the phase error
Ay, and find that the theoretical results are in good agree-
ment with our experimental results (see Tab. 1), and the
intensity difference (Ig max — IL max) 18 linearly dependent
on the phase error Ay and given by

(3)

IRmaX_ILmax :A+BA<)Oa (4)
where A = 0.000731 and B = —0.94073 are the two fitting
parameters.

From equation (3), we calculate the intensity distri-
bution of our double-well trap on the focal plane in the
a-direction for the different phase error (such as Ap =
—0.0830, —0.1736, —0.3643, —0.8977 and —1.0742) and
fit these theoretical results with our experimental mea-
sured data, and the results are shown in Figure 5. It can
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(d)
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Fig. 4. The experimental results on the evolution of our optical dipole trap from a double-well trap to a single-well one for the
moving distance of the m-phase plate (a) ¢ = 0.00 mm, (b) ¢ = 0.30 mm, (c¢) ¢ = 0.55 mm, (d) ¢ = 0.70 mm, and (e) ¢ = 1.00 mm.
Here the horizontal and vertical axes (unit: pixels) are the x- and y-directions, respectively.



296 The European Physical Journal D
Table 2. The experimental results of the evolution of our double-well trap to single-well one.
t = 0.00 mm t = 0.30 mm t = 0.55 mm t =0.70 mm
Left Right Left Right Left Right Single-well
well well well well well well optical trap
Maximal relative 186 174 168 152 151 129 179
intensity
Difference between the
two maximal relative 12 16 22 0
intensities
Position of the two-well 54 82 81 58 7 62
center (pixels)
Distance between two 240.8 215.0 163.4 0
well centers (um)
I (2,y) = 4Pya* cos®(2max/Nf — Ap/2) + cos?(Ap/2) — 2 cos® (2max/Nf — Aw/2) cos(Ap/2) cos(2mtz /Af) sin®(2may/\f)
P gy (2maz/Af)? (2may/Af)?
Theoretical value We also measure and calculate the relative intensity
08 \p=—1.0742 /\\ *  Experimental daty distributions of our DWOT§ before and after the focal
0.6 plane (xo,y0,2 = f) for different phase error (Ap =
0.2 3 7N\ I" \ —0.0830, —0.1736, —0.3643, —0.8977 and —1.0742), and
083 . ; obtain the relative intensity distributions of our left and
-600 400 200 0 200 400 600 right wells in the z-direction around the focal plane, as
ég—' shown in Figure 6. It is clear from Figure 6 that the ex-
o6 Ap=—0.8977 perimental results are basically consistent with our the-
g;: \ oretically calculated ones, and the phase error of the -
O e A e RS phase plate only influence the relative intensities of our
600 400 200 0 200 400 600 double wells, but don’t influence their intensity distribu-
21,03 tions in the z-direction, and the smaller the phase error
2 g-gf \p=—0.3643 is, the smaller the relative intensity difference between our
gg:g{ H left and right optical wells is. This shows that the phase
900 o= ] error from th.e etching fiepth of our ph@se plate don’t
£ 600  -400 o e 500 cause the optical potential deformation in the non-focal
D40 plane, that is, the phase error don’t seriously influence
Xos Ap==0.1736 the z-dependence of the trapping potential, which is sim-
83 ilar to the case in the z-direction (see Fig. 5).
o5 Moreover, our theoretical calculation shows that the
i .0 o 8 intensity gradient in the z-direction is proportional to
(a/f)%, here a/f is the relative aperture of our lens sys-
5;2 Ap=—0.0830 1 .‘f'\ tem. Our experimental results also demonstrate this point.
o ' R The relative aperture is very small (a/f = 1/500) in our
0.2 U experiment due to the limitation of the CCD resolution, so
004 . ——T the intensity gradient of our DWOPs in the z-direction is
-600  -400  -200 0 200 400 600 very small. In fact, we can choose a larger relative aperture
X(nm) (such as a/f = 1/40 in our simulation, even a larger value)

Fig. 5. 1D intensity distribution of our double-well trap in
the z-direction on the focal plane for the different phase error
Ap = —1.0724, —0.8977, —0.3643, —0.1736, and —0.0830. The
solid lines are the theoretically calculated results, and the data
points are the experimentally measured ones.

be seen from Figure 5 that with the increase of Ay, the
positions of the two well centers are both shifted to the
left, and the height of the left optical well is gradually low-
ered, and these experimental results are nearly consistent
with the theoretical curves.

to greatly increase the intensity gradient of our DWOPs
and reduce its longitudinal size in the z-direction in a real
atom trapping experiment.

If the binary m-phase plate is moved along the
z-direction with a moving distance ¢, the intensity dis-
tribution on the focal plane is rewritten as

see equation (5) above.

The intensity at the focal point of the lens can be
derived from equation (5), and is given by: I;y =
APyatfsin®(—Ap/2) + (t/a)?]/(Af)? and Py = 4A%a?
which shows that the intensity at the focal point of the
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Fig. 6. 1D intensity distribution of our double-well trap in
the z-direction for the different phase error Ay = —1.0724,
—0.8977, —0.3643, —0.1736, and —0.0830. The meanings of the
lines and data points are shown in the top right corner.

lens is related to the phase error Ay and the moving dis-
tance t of the phase plate. As long as Ay # 0, the inten-
sity at the focal point of the lens is not zero, that is, the
position of the completely destructive interference point
will be not at the focal point and deflected away from the
origin due to the existence of Ap. When Ay is constant,
the intensity at the focal point will be increased with the
increase of the moving distance t.

According to equation (5), we theoretically calculate
and experimentally measure the intensity distributions of
our double-well trap in the evolution process from the
DWOT to the single-well optical trap (SWOT) when the
moving distance ¢ of the m-phase plate are 0.00, 0.30, 0.55,
0.70 mm and 1.00 mm respectively, and the phase error of
the m-phase plate is 0.0765. All the results are shown in
Figure 7. We can find from Figure 7 that with the increase
of the moving distance ¢, the distance Az, between the
two-well centers will be gradually reduced. In particular,
when the moving distance is ¢ = 0.7 mm, the two optical
wells are nearly combined into one well, and when ¢ = a,
the DWOT will be evolved as the SWOT. In this case, the
intensity of the SWOT is about twice of the DWOT. These
experimental results are nearly consistent with the theo-
retical ones. It is clear that our theoretical model and all
experimentally measured results for our double-well trap
are correct and reliable.
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Fig. 7. 1D intensity distribution of the evolution of our optical
dipole trap from a double-well trap to a single-well one for
the moving distance of the w-phase plate (a) ¢ = 0.00 mm,
(b) t = 0.30 mm, (¢) ¢ = 0.55 mm, (d) ¢ = 0.70 mm, and
(e) t = 1.00 mm. The meanings of the solid line and data
points are the same as ones in Figure 5.

4 Monte Carlo simulations

We use Monte Carlo method to simulate and study the dy-
namic loading process of cold 3’Rb atoms from the MOT
into our single-well trap and the splitting process of cold
atoms from a single-well to a double one. In our simula-
tions, the initial positions and velocities of cold atoms in
the MOT are described by the Gaussian distribution re-
spectively, and the stochastic variables are the initial po-
sition, velocity and its motional direction of cold atoms.
Each atom, according to Newton’s equations of motion,
moves in our real light field, and the collisions between
cold atoms are neglected for the sake of convenience and
due to its lower atomic density. The simulation parameters
are A\ = 1.06 um, P =4 W, ¢ = 0.50 mm and f = 20 mm.
In our Monte Carlo simulations, since the loading process
of cold atoms should be adiabatic, the moving distance
At of the m-phase plate per step and its speed should be
very small, here At is taken as 0.1 pm. Our simulation is
performed as follows: cold 8”Rb atoms with a temperature
of 20 uK and a number of Ny = 1 x 10* are first prepared
in the micro-MOT, and loaded into the single-well trap
(t = 0.50 mm) of our scheme. Then, cold atomic ensemble
in the single-well trap is split and loaded into the double-
well trap by moving the phase plate from ¢ = 0.50 mm
to 0.00 mm. Figure 8 shows the loading and splitting pro-
cesses of cold atomic cloud in the xoy and xoz planes from
a single-well trap to a double-well one. We can see from
Figure 8(a) that a cold atomic cloud is first evolved as a
longed one along the z-direction with the reduction of ¢,
and when ¢ = 0.33 mm, a long atomic cloud is split into
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Fig. 8. Results of Monte Carlo simulations: the evolution of
cold atomic cloud in the (a) zoy and (b) zoz planes during the
loading and splitting processes of cold atoms for the parame-
ters: A =1.06 pm, P =40 W, a = 0.50 mm, and f = 20 mm.

two small ones. Figure 8(b) shows that a clod cloud is first
evolved as a slightly longed one along the z-direction with
the reduction of ¢, and when ¢ = 0.33 mm, a long atomic
cloud is split into two small ones in the z-direction, and
then the two atomic clouds are evolved as two more long
ones along the z-direction as ¢t = 0.

In our simulation, we assume that the cold atomic
cloud in the MOT has a Gaussian spatial distribution in
the beginning of the loading, and when the atomic num-
ber is Ny, the initial atomic density ny can be defined as
the ratio of atomic number to the effective trapping vol-
ume. Similarly, we assume that the cold atomic cloud in
the SWOT or DWOT has a Gaussian spatial distribution,
and the atomic density n in the SWOT or DWOT can
also be defined as the ratio of atomic number to the ef-
fective trapping volume. Figure 9 shows the evolution of
the relative atomic density (n/ng) and the temperature
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Fig. 9. The dependence of the normalized atomic density and
its temperature on the moving distance t of the w-phase plate.
For the normalized atomic density n/no, the solid line is from
the simulated results; for the temperature 7', the solid line is
from the theoretically prediction, and the data points are from
the simulated results.

of cold atoms. We can find from Figure 9 that when ¢ is
decreased from 0.50 mm to about 0.45 mm, the relative
atomic density is increased from 1.0 to 1.2 due to the com-
pression of cold atomic cloud in the loading process from
the MOT to a single-well trap. When ¢ is decreased from
0.45 mm to 0.335 mm, the relative atomic density is fast
decreased from 1.2 to 0.22 due to the expansion of cold
atomic cloud in a single-well trap, and then slightly in-
creased from 0.22 to 0.46 within ¢ = 0.335 — 0.33 mm due
to the splitting and compression of the atomic cloud, and
finally slowly decreased in the left (and right) well of our
double-well trap from 0.46 to 0.42 as t < 0.33 mm due to
the expansion of the atomic cloud in the z-direction.

Also, we can find from Figure 9 that the loading effi-
ciency of cold atoms from the MOT into our single-well
trap can reach 100%, because the trap is deep enough to
trap all cold atoms from the MOT. When ¢ is decreased
from 0.50 mm to 0.45 mm, the temperature of cold atoms
is first increased from 20 pK to 22.8 pK due to the adia-
batic compress of cold atomic cloud in a single-well, and
then when ¢ is decreased from 0.45 mm to 0.335 mm, the
temperature of cold atoms is fast decreased from 22.8 uK
to 7.2 puK due to the adiabatic expansion of cold atomic
cloud in a single-well, and then suddenly increased from
7.2 pK to 13.5 pK within ¢ = 0.335—0.33 mm due to
the non-adiabatic splitting, and finally slowly increased
from 13.5 uK to 14.5 pK as t < 0.33 mm due to the
slower adiabatic expansion of the atomic cloud in the
z-direction. The solid line in Figure 8 shows the evolution
of atomic temperature T calculated by the oscillation fre-
quency of cold atoms in our trap. Note that here T is the
total temperature, which is calculated by T; = mw?z? /kp
(i = z, y, z), here m is the atomic mass, w; is the os-
cillation frequency in the ¢ (i = x, y and z) direction,
and kp is Boltzmann coefficient. It is clear from Figure 9
that the simulated results are in good agreement with
the theoretical prediction in the adiabatic expansion pro-
cesses (i.e., t = 0.50—0.335 mm and 0.33—0 mm), while
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t = 0.335—0.33 mm, there is a greater deviation between
the simulated results and theoretical prediction since the
splitting of cold atomic cloud is a non-adiabatic process.
We also can see from Figure 9 that the phase space den-
sity of the trapped cold atoms, proportional to nT~3/2, is
kept to be nearly unchanged during the adiabatic evolu-
tion (including the adiabatic compression and expansion)
processes.

5 Conclusion and outlook

In this paper, we have first introduced the experimental
scheme to generate a controllable DWOT for cold atoms
(or molecules), and reported the fabricating method of
the binary m-phase plates and their experimental results.
Also, we have analyzed the influence of the etching depth
error of the phase plate on the performance and evolution
of the DWOT both theoretically and experimentally, and
obtained some new experimental results. Our study shows:

(1) the difference |1z max — 11 max| of the two well maximal
intensities will be increased linearly with increasing the
phase error Agp;

(2) the distance Axp,ayx between two well centers will be
decreased with the increases of Ay, but the change of
Axpax 18 very small, even it can be neglected;

(3) when the moving distance of the phase plate is t = a,
the DWOT will be evolved as the SWOT, and the
intensity of the SWOT is about twice of the DWOT.

These experimental results are in good agreement with
the theoretical calculations.

We have also studied the loading and splitting pro-
cesses of cold atoms in our controllable double-well trap
by Monte Carlo simulations, and obtained some simulated
results consistent with theoretical prediction. Our simula-
tion shows that the loading efficiency of cold atoms from
the MOT into our single-well trap can reach 100%, and
the relative atomic density is reduced from 1.0 to ~0.42,
and the temperature of cold atoms is reduced from 20 pK
to 14.5 uK during the evolution of our double-well trap.
As compared with other optical double-well traps, our
double-well one with a giant red-detuning has some new
and unique advantages as follows:

(1) it is easy to efficiently load cold atoms from a MOT
into our trap;

(2) it is convenient to manipulate and control cold atoms
in our double-well trap so as to perform a matter-wave
interference of trapped atoms;

(3) it can be used to form an all-optical atom chip or to
develop a novel 2D optical lattice [24]; even to realize
an all-optical double-well or two-species BEC by using
optical-potential evaporative [25], etc.

However, our scheme has also some disadvantages, such
as a high mechanical stability of our optical system is re-
quired when the phase plate is moving, and so on.
Further study found that if a YAG laser with a wave-
length of A = 1.06 pm and a power of 4 W is used to
trap cold 87Rb atoms, and when the relative aperture
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B =a/f =0.025, the optical trapping potential is greater
than 0.7 mK, which is far higher than the temperature
(~20 pK) of cold 8"Rb atoms from a standard MOT. The
corresponding mean photon scattering rate is lower than
1/s. So such a controllable double-well optical dipole trap
has some important and wide applications in the fields of
ultracold atomic and molecular physics as well as atom
and molecule optics. For example, it can be used to trap
cold atoms (or molecules), to study cold collisions be-
tween two atomic (or molecular) samples and interference
of trapped ultracold atoms [26,27], to measure the rela-
tive phase of two BECs [28-30], or to form novel optical
lattices [24] and all-optical integrated atom (or molecule)
chip, and to perform quantum computing and quantum in-
formation processing [31,32], to study quantum entangle-
ment [33,34] and nonlinear Zener tunneling [35,36], even to
trap a quasi-2D BEC [37-39] or realize all-optical atomic
(or molecular) double-well BECs and their BEC lattices
by using optical-potential evaporative cooling [16,25,40].
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