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We propose an optically accessible electrostatic trap scheme to confine cold polar molecules by using two charged
spherical electrodes, and we calculate the corresponding electric field distribution and the Stark trapping potential
for ND3 molecules. We also propose a desirable scheme to realize an efficient loading of cold polar molecules
in weak-field-seeking states, and our simulated results show that the maximal loading efficiency can reach
~14%. In addition, we briefly discuss some potential applications of our proposed trap scheme in the studies

of optical-potential evaporative cooling and electrostatic surface traps for cold polar molecules. © 2013 Optical

Society of America
OCIS codes:
http://dx.doi.org/10.1364/JOSAB.30.002348

1. INTRODUCTION

In recent years, more and more research groups have become
interested in cold or ultracold molecules and have developed
various techniques, such as buffer gas cooling [1,2], photoas-
sociation [3,4], Feshbach resonances [5,6], Stark decelerators
[7,8], velocity filters [9,10], laser cooling [11,12], and traps with
external (electrostatic, magnetic, optical) fields [13-15], to
prepare and manipulate cold molecules, which offer us an op-
portunity to study high-resolution spectroscopy [16,17], cold
collisions [18,19] and cold chemistry [20], quantum computing
and quantum information processing [21], and so on. Since the
first electrostatic trap for ammonia molecules in weak-field-
seeking (WFS) states was realized experimentally by Meijer’s
group in 2000 [13], some other electric traps for cold polar
molecules have been proposed and developed. For example,
an ac electric trap for cold molecules in both WF'S and strong-
field-seeking states was demonstrated by Meijer’s group in
2005 [22]. Later they developed a versatile electrostatic trap
with the same setup, including dipole trap, quadrupole trap
and hexapole trap by applying different voltages to the elec-
trodes. In this experiment, when different dipole terms are
added, a hexapole trap can transform into a double-well or
donut-shaped trap [23]. In 2007, a half-opened linear ac trap
for cold molecules in strong-field-seeking states was demon-
strated [24], and its acceptance is small enough to be com-
bined with the Stark decelerator. With its open geometry,
one can use laser beams to detect and manipulate the trapped
cold molecules. In the same year, Kleinert et al. proposed a
thin-wire electrostatic trap and successfully trapped ultracold
polar NaCs molecules [25].

However, most of the electric traps are complex in geom-
etry, which results in some inconvenience for experimental
operations. In particular, their optical accesses are nearly
closed, except for the half-opened linear ac trap [24], so it
is hard to manipulate and probe the trapped molecules with
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laser beams. In this paper, we propose a novel electrostatic
trap with a simple structure and nearly completely open op-
tical access for cold polar molecules in WF'S states, and we
calculate the corresponding electrostatic field distribution.
Also, we study the dependences of the loading efficiency of
cold molecules on both the central velocity of an incident
Stark-slowed NDs beam and the loading time using a Monte
Carlo method, and we discuss some potential applications of
our proposed trap.

2. TRAP SCHEME AND FORMULA
DERIVATION

Our trap scheme is composed of two charged spherical elec-
trodes with a radius of 7,, as shown in Fig. 1. The distance
between the centers of the two spheres is d, while the two
thin wires connected to the two spheres are used for applying
voltages, and the potential at infinity is 0. It is clear that our
scheme is an nearly completely opened optical-access trap,
which can be used to form several kinds of electrostatic trap
for polar molecules by adding two plate electrodes, laser
beams, or substrates (see the brief discussions in Section 4).

We derive a set of analytical solutions to calculate the
electrostatic field produced by the two charged spherical elec-
trodes with the same positive high voltage U. Since the wires
connected to the spherical electrodes are very thin, we can
neglect their influence on the electric field near the origin
of Cartesian coordinate system in the following derivation
for simplicity. According to the method of image charges,
as shown in Fig. 1(b), O; and O, are the centers of the two
electrodes, respectively, while O3 and O, are their first-order
image points, where b(= 72 /d) is the distance between O; and
Oy (or Oy and Os3). We assume that when the positive voltage
U is applied to the two electrodes, the charge on the electro-
des are both ¢, and the charge at the image points O3 and Oy,
are Q= Q= —qx (r,/d), while Q =@, =q+qx(r,/d)
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Fig. 1. (a) Schematic diagram of electrostatic trap with two charged
spherical electrodes. The radius of the sphere is 7,, and the distance
between the centers of the two spheres is d. A positive voltage is ap-
plied to the two spheres, and the potential at infinity is 0. (b) Double-
sphere layout from the method of images (i.e., the method of image
charges). Here O, and O, are the centers of the two spherical electro-
des, respectively, while O3 and O, are their image points, where b is
the distance between O; and O, (or O, and Og).

u-0

(Q; and @, are the charge at O; and O,, respectively). The
electric field generated by the two charged electrodes is
approximately equal to that produced by the four charges
at Oy, Oy, O3, and O4, so we can estimate the electric field
distribution of the trap layout in the z direction by

_L( (a+50)x(=+9) | (a+5%a)x(z-9

dreo \[22 +12+ (2 + 92 [P +02 + (2-92)
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P4+ - (-4+0) ) 2+ + - G-
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where ¢, is the vacuum permittivity. In order to obtain the
relationship between the voltage U and the charge q, we
calculate the integral of E, from 7, + d/2 to o,

/°° Ede=-2 [T Ay 2)de=U. @)
L, dreg dtr,
We assume
A= / ® Ay, 2)dz. 3)
%+n

Once the values of 7,, d, and U are given, the integral A in
Eq. (3) can be figured out. For example, when 7, = 4 mm,
d=20mm, and U = 10 kV, we can obtain A ~ 299.713.
Therefore, the relationship between the voltage U and charge
q can be given by

@

With Eq. (4), the analytical solutions to calculate the elec-
tric field in free space can be approximately expressed as
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3. THEORETICAL CALCULATION AND
RESULTS

With Egs. (5)—(8), we calculate the contour distributions of the
electric field in xoy, and xoz(yoz) planes for v, = 4 mm,
d =20 mm, and U = 10 kV, and the results are shown in
Figs. 2(a) and 2(c). We find that there is a three-dimensional
(3D) closed hollow electrostatic field distribution at the origin
(0,0,0) of the Cartesian coordinates, which can be used to trap
cold polar molecules in WFS states. Also, we perform the
numerical simulation on the contour distributions by using
a commercially finite-element software with the same param-
eters (r, = 4 mm, d = 20 mm and U = 10 kV), and the results
are shown in Figs. 2(b) and 2(d). In the numerical simulation,
we consider the influence of the two charged thin wires with a
radius of ) = 0.5 mm and a length of 10 mm, and we set a
grounded spherical shell with a radius of R outside the two
electrodes, which provides a boundary condition that the
potential at physical infinity is equal to 0. Here we set
R = 200 mm, which is much larger than r, + d/2 = 14 mm
(r, = 4 mm and d = 20 mm), so the grounded spherical shell
can be approximately considered at physical infinity, and the
potential is 0. Comparing Fig. 2(a) with 2(b) and Fig. 2(¢) with
2(d), we can find that our numerical results are nearly consis-
tent with the analytical ones. This shows that although the
influence of the two charged thin wires is not considered
in the analytical solutions, the derived Egs. (5)-(8) can be still
used to approximately calculate the electric field distribution
of the charged double-sphere trap within » = 5 mm.
Afterward, we calculate the spatial distributions of the
electrostatic field in x, y, and z directions, and study the de-
pendences of the electric field strength on both the radius 7,
and the distance d between the two spherical centers, and the
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Fig. 2. Contour distributions of the electrostatic field generated by
the two charged spheres in xoy and xoz (or yoz) planes for
r, =4 mm, d =20 mm and U = 10 kV. (a), (c) Calculated results
from our analytical solutions [i.e., Egs. (5)=(8)]. (b), (d) Numerically
calculated distributions from a commercially finite-element software.
The labels in the figures are all in unit of kV/cm.

results are shown in Figs. 3(a) and 3(b) and Figs. 3(c) and
3(d), respectively. It is clear that (1) our proposed double-
sphere trap is an electrostatic quadrupole one with a central
zero electric field and a nearly linear field profile within about
r = 4 mm, which can be used to trap cold polar molecules in
WE'S states. (2) The electric field strength on the surface of the
electrodes along the 2z axis is much larger than that at the trap
barrier in x and y directions. (3) With the increase of the
radius 7,, the maximum electric field strength in ¥ and y
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Fig. 3. Spatial distributions of the electrostatic field generated by the
two charged spheres and the Stark trapping potential for ND3 mole-
cules in the three directions for the different spherical radius 7,, when
d =20 mm and U = 10 kV, and the different distance d between the
two spherical centers, when r, =4 mm and U = 10 kV, where (a)
and (c) are in the x(y) direction, (b) and (d) are in the z direction.
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directions increases, while that in the z direction decreases.
(4) With the increase of the distance d, the effective well depth
in x and y directions decreases, while that on the z axis
increases. From these dependences, we can find that if the
spacing between the two spherical centers decreases or the
spherical radius increases, the trap becomes deeper. So
we study the dependence of the effective well depth in the
three directions on the ratio (r,/d) of the spherical radius
7, to the distance d, and we find that when 7,/d = 0.35,
the effective well depths in «, ¥, and z directions are nearly the
same. Figure 4 shows that the smaller 7, is, the deeper the trap
isforr,/d = 0.35. In particular, when r, = 5 mm, the effective
trapping depth in x, y, and z directions are all about 80 mK,
while the optical access is greatly reduced. In order to obtain
an electrostatic trap with both nearly completely opened op-
tical access and a deeper trap depth, we need to choose
proper trap parameters to form a desirable electrostatic trap.
Here we choose 7, =4 mm, d = 20 mm, and U = 10 kV.

However, suppose that the two spherical electrodes are
punched with a hole with a diameter of d;,,. along the z axis,
as shown in Fig. 5(a). The trap parameters are r, = 3.3 cm,
d =10 cm, U =50 kV, and d},. = 1 cm. We can see from
Fig. 5(b) that, compared to the scheme of two solid balls
(blue dashed-dotted line), the maximum electric field in
the z direction of the scheme of two balls with holes (red
dashed lines) is much smaller, while the field distributions
in the x(y) direction (black solid line) for the two schemes
overlap. In this case, not only are the effective trap depths
in the three directions nearly the same, but also the optical
access of our trap is nearly completely opened when laser
beams are propagated along x, y, and z axes.

Finally, we assume that the cold ND3 molecules come from
a Stark decelerated molecular beam in a single WES state of
[J,K,M)=11,1,-1), and we calculate the corresponding
Stark trapping potential, which can be approximately given
by [23]

Winv 2 KM 2 Winv
Wsmkz/( o) (i) () @

where W, is the inversion splitting and u is the electric
dipole moment of the trapped molecules. The inversion split-
ting Wy,, (1.43 GHz) of NDs is far smaller than that of NHg
(23.7 GHz) [23,26]. The results are also shown in Fig. 3. We
can see that when 7, =4 mm, d = 20 mm and U = 10 kV,
the efficient Stark trapping potential for ND3 molecules in

"~z direction
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Fig. 4. Dependence of the effective trap depth on the spherical ra-
dius 7, for r, = 5 mm (a), 6 mm (b), and 7 mm (c) when r,/d = 0.35,
and the maximum electric field in « and y directions are nearly equal
to the one in the z direction.
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Fig. 5. (a) Scheme of the electrostatic trap with the same well depth
and completely opened optical access, which is composed of two
spheres with a central hole in the z axis; the optical accesses are along
x, y, and z directions, and the trap parameters are r, = 3.3 cm,
d =10 cm, dyye = 1 cm, and U = 50 kV, respectively. (b) Distribu-
tions of the electrostatic field and Stark trapping potentials in the z
direction for the schemes of two balls with cylindrical holes (red
dashed lines) and two solid balls (blue dashed—dotted line), while
the field distributions in the x(y) direction (solid black line) for the
two schemes overlap.

x (or y) and z directions are 45 and 300 mK, respectively (red
dashed lines), which are high enough to trap cold NDs mole-
cules with a temperature of ~20 mK generated by an electro-
static Stark decelerator in our group. Furthermore, we also
calculate the first-order derivative of the electrostatic field
generated by our charged double-sphere trap and the Stark
gradient force on ND3 molecules, and we find that the corre-
sponding maximum gradient force near the trapping center is
far greater than the gravity of ND3 molecules by about 3
orders of magnitude. This shows that our proposed double-
sphere scheme can be used to trap cold ND3 molecules in
the gravity field.

4. SOME POTENTIAL APPLICATIONS AND
DISCUSSIONS

A. Loading and Trapping of Cold Molecules

To realize an efficient loading and trapping of cold polar mol-
ecules from a pulsed molecular beam, as shown in Fig. 6(a),
we add a pair of plate electrodes (8 mm x 8 mm x 0.5 mm) to
our double-sphere trap scheme in the y direction (i.e., the
direction of the incident molecular beam), and the distance
between the two plate electrodes is 16 mm. In order to load
the molecules into the trap, a hole with a radius of 2 mm is
drilled in the center of the left plate electrode having a high
voltage of U,, while the right plate electrode is grounded.
For r, =4 mm, d = 16 mm, U; = 10 kV, and U, = 9 kV, we
calculate the field distributions in the y direction, and the
corresponding contour distributions and the results are
shown in the left-hand part of Fig. 6(b). When Uy = 0 and
other parameters are unchanged, the results are shown in the
right-hand part of Fig. 6(b). We find that when U, = 9 kV, the
left-hand peak of our original double-peak distribution of
the electrostatic field generated by the charged double-sphere
layout is lowered to nearly zero, and the molecules are decel-
erated by the gradient force of electrostatic field until most of
them are slowed to 0 m/s near the center of the trap. At that
very moment, we immediately change the voltage U, on the
left-hand plate electrode to be grounded to confine the cold
molecules in the trap.
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Fig. 6. (a) Schematic diagram of the double-sphere combined with
double-plate trap used for efficient loading of cold molecules, and
(b) the corresponding electric field profiles in the y direction and
the contour distributions in yoz plane for loading (when U, = 9 kV)
and trapping (when U, = 0) of cold polar molecules, respectively.

In order to check the feasibility of our trap scheme, we
perform classical Monte Carlo simulations for the dynamical
loading and trapping processes of cold NDs molecules. The
simulated molecular number is N = 10°, and we assume that
the initial spatial distributions and velocity profiles of incident
pulsed ND3 molecular beam are both Gaussian ones, and the
transverse and longitudinal spatial sizes are 4 and 8 mm, re-
spectively, and the full-width at half-maximum (FWHM) of the
velocity distributions in z, y, and z directions are all 3 m/s. We
select a molecule and load it into our trap; with Newton’s
equations of motion, we can obtain the velocity and position
of the simulated molecule at every moment. When it moves
to the central region of the trap, the loading time ¢,,q4 can
be obtained. Then we fix the loading time and load all the
molecules of the incident cold molecule beam; when
t = tioaq, We switch the loading electric field to the trapping
one. When the number of the trapped molecules is stabilized,
we can obtain the spatial and velocity distributions of cold
molecules by counting the position and velocity of each mol-
ecule in the trapping region. The simulated results are shown
in Figs. 7 and 8.

Figure 7(a) shows the dependence of the loading efficiency
of cold molecules on the central velocity Vy, of the incident
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Fig. 7. Dependences of the loading efficiency of cold ND3 molecules
in the double-sphere combined with double-plate trap on both (a) the
initial central velocity Vy, of incident ND3 molecular beam for Vx, =
Vyo = Vzy = 3 m/s and (b) the loading time #,,q for different initial
central velocities (Vy, =7, 8, and 9 m/s). The data points are the
simulated results, and the solid lines are the fitted curves.
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molecular beam, and we find that the highest loading effi-
ciency of cold molecules can reach ~14% when Vy, = 8 m/s.
Figure 7(b) shows the dependence of the loading efficiency
on the loading time, and we find that there is an optimal
loading time for different initial central velocities of cold
molecular beams; for instance, when Vy, = 8 m/s, we have
tivad = 1.24 ms, which can provide a reliable theoretical basis
for our further experimental study.

Figure 8 shows the initial and final velocity profiles of
the loaded and trapped cold ND3 molecules in our trap. It
is clear from Fig. 8 that the velocity of cold molecules in
the y direction is decelerated from 8 m/s to about 0 during
the loading and trapping processes, and the FWHM of the final
velocity distribution of the trapped cold molecules in the y
direction and the corresponding temperature are about
7.80 m/s and 27.7 mK, respectively. We can also find that the
FWHDMs of the final velocity profiles in « and z directions are
about 1.94 and 5.16 m/s, respectively, and the corresponding
temperatures are about 1.71 and 13.8 mK; then the 3D temper-
ature of the trapped cold molecules is about 19.2 mK. This
shows that our proposed trap scheme can be used to realize
an efficiently loading (~14% efficiency) and trapping of cold
polar molecules with a temperature of ~20 mK.

B. Study of Optical-Potential Evaporative Cooling

As shown in Fig. 9, three pairs of laser beams can be arranged
inx, ¥/, and 2’ directions due to the open geometry of the trap.
It is clear that such an electro-optical trap system has some
important applications. For example, by using this system, we
can load the optical traps for cold molecules, and then study
the optical-potential evaporative cooling of cold molecules. In
this case, cold polar molecules from an electrostatic Stark
decelerator are first loaded into our proposed electrostatic
trap. Afterward, one focused laser beam is propagated along
the ¥’ and another along the 2’ direction, and they are over-
lapped at the center of our electrostatic trap; and then cold
molecules are loaded into a crossed optical dipole trap.
Finally, the electric field is switched off after finishing the
loading of cold molecules, and the optical-potential evapora-
tive cooling of optically trapped cold molecules can be real-
ized by lowering the trapping laser power; then an all-optical,
chemically stabilized molecular Bose-Einstein condensate
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Fig. 8.

Initial and final velocity distributions of cold ND3 molecules in y, x, and 2 directions during the loading and trapping processes of the cold

molecules in the double-sphere combined with double-plate trap. The data points are the simulated results, and the solid lines are the fitted curves.
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Fig. 9. Electro-optical trap system composed of three pairs of
laser beams in x, ¥, and 2’ directions and an optically accessible
electrostatic trap.

can be formed [27]. Also, if some polar molecules with an energy
structure suitable to laser cooling and a pair of linearly Stark-
split grounded-vibration and rotational levels can be found, our
proposed optically accessible electrostatic trap can be used to
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Fig. 10. (a) Schematic diagram of proposed electrostatic surface
trap for cold polar molecules. (b) Contour distributions of the
electrostatic field generated by our proposed surface trap in xoy
and xoz planes for r, = 2 mm, d = 10 mm and U = 10 kV.
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realize laser cooling of neutral polar molecules in an electro-
optical trap (EOT) with 3D optical molasses, which is similar
to laser cooling of neutral atoms in a magneto-optical trap
(MOT) [28].

C. Electrostatic Surface Trap

If our double-sphere trap is placed on the surface of an
insulating Teflon (e, = 2.2) substrate, an electrostatic surface
trap will be formed, as shown in Fig. 10(a). In our scheme,
the two spherical electrodes with a radius of 7, =2 mm
are embedded into the substrate by 1 mm, and the distance
between the centers of the two spheres is d = 10 mm, while
the voltage applied to the electrodes is still U = 10 kV. In fact,
the geometric sizes of our double-sphere layout can be further
miniaturized to be several 10 pm, even to a few micrometers.
We calculate the contour distributions of the electrostatic
field generated by our surface trap layout in xoy and xoz
planes, and the results are shown in Fig. 10(b). We can see
that there is a 3D closed hollow electrostatic-field distribution
on the surface of the substrate, which can be used to form an
electrostatic surface trap for cold polar molecules in WFS
states, and the trapping center is located at the position
(0,0,-0.06), which is located above the surface of the
substrate by about 0.94 mm.

5. CONCLUSIONS

We have proposed an optically accessible trap to catch cold
polar molecules in WF'S states by using two charged spherical
electrodes, and we derived a set of analytical solutions to
calculate the electric field distribution of our charged double-
sphere layout. We have also studied the dependences of the
electrostatic field and the Stark trapping potential for NDg
molecules on both the radius of the spherical electrode and
the distance between the centers of the two spheres, and we
found that our proposed charged double-sphere scheme can
be used to trap cold polar molecules in WFS states. In order to
realize efficient loading of cold polar molecules, we have
proposed a desirable scheme to load and trap cold molecules
from a pulsed cold molecular beam by adding two plate-
electrodes, and we studied the dependences of the loading
efficiency on both the central velocity of an incident Stark-
slowed ND3 beam and the loading time by using a Monte Carlo
method. Our study shows that the proposed double-sphere
combined with double-plate scheme can be used to efficiently
load and trap cold polar molecules in WFS states, and the
maximal loading efficiency can reach ~14%.

Compared to other electrostatic trap schemes, our proposed
double-sphere trap scheme has some unique advantages, such
as a simple electrode structure and nearly completely open
optical access, and it can be miniaturized and integrated on
a chip, etc.; so our proposed electrostatic trap has some poten-
tial applications in integrated molecule optics and molecular
chips, cold collisions [18,19], and cold chemistry [20], quantum
computing and quantum information processing [21], and even
optical-potential evaporative cooling of cold molecules, as
well as the realization of an all-optical, chemically stabilized
molecular Bose-Einstein condensate [27], and so on.
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