
Front. Phys. 13(2), 133701 (2018)
https://doi.org/10.1007/s11467-017-0727-1

Research article

A versatile electrostatic trap with open optical access
Sheng-Qiang Li1 (李胜强)†, Jian-Ping Yin2 (印建平)

1School of New Energy and Electronic Engineering, Yancheng Teachers University, Yancheng 224007, China
2State Key Laboratory of Precision Spectroscopy, East China Normal University, Shanghai 200062, China

Corresponding author. E-mail: †lishengqiang 2007@126.com
Received July 9, 2017; accepted September 13, 2017

A versatile electrostatic trap with open optical access for cold polar molecules in weak-field-seeking
state is proposed in this paper. The trap is composed of a pair of disk electrodes and a hexapole. With
the help of a finite element software, the spatial distribution of the electrostatic field is calculated. The
results indicate that a three-dimensional closed electrostatic trap is formed. Taking ND3 molecules as
an example, the dynamic process of loading and trapping is simulated. The results show that when
the velocity of the molecular beam is 10 m/s and the loading time is 0.9964 ms, the maximum loading
efficiency reaches 94.25% and the temperature of the trapped molecules reaches about 30.3 mK. A
single well can be split into two wells, which is of significant importance to the precision measurement
and interference of matter waves. This scheme, in addition, can be further miniaturized to construct
one-dimensional, two-dimensional, and three-dimensional spatial electrostatic lattices.

Keywords atomic and molecular physics, electrostatic trap, cold polar molecules, finite element
analysis
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1 Introduction

Cold molecules are of significant importance to scien-
tific research, and have widespread applications in many
fields, such as precision measurement [1–3], cold colli-
sions and ultracold chemistry [4–7], quantum computing
[8], etc. In recent years, many research groups worldwide
have realized the manipulations of cold polar molecules
based on the fact that the these molecules feel a force
when interacting with an inhomogeneous field. Sev-
eral theoretical and experimental research works have
been developed vigorously, such as electrostatic guid-
ing [9, 10], beamsplitter [11, 12], Stark deceleration [13–
15], storage ring [16–18], electrostatic mirror [19], three-
dimensional trap [20–22], etc. Moreover, an opened op-
tical access is of considerable importance to an electro-
static well. The molecules trapped in an electrostatic
well with an opened optical access can be conveniently
detected, cooled, and manipulated [23]. In 2007, a group
led by Meijer demonstrated a half-opened AC trap for
cold polar molecules [24]. Since 2013, several electro-
static wells with opened optical access have been pro-
posed by the group led by Yin [23, 25]. The shortcoming
in both schemes is that only a single well can be formed.

However, in researching cold atoms, the splitting and
merging of magnetic potential wells has important im-
plications in the interference of matter waves and the
in construction of atom interferometers [26–28]. Simi-
larly, the splitting and merging of an electrostatic po-
tential well should find potential applications in atomic
and molecular physics.

A versatile electrostatic potential well that has open
optical access and can realize splitting and merging of
the wells is desired. In the molecular beam experiment,
an electrostatic hexapole is usually used for rotational
state-selection and orientation of polar molecules [29, 30].
In this paper, we design an electrostatic trap for cold
polar molecules in the weak-field-seeking state by using
a hexapole and a pair of disk electrodes. Our scheme
can realize the conversion between single wells and two
asymmetric wells, which have potential applications in
the study of superfluids [31, 32].

2 Our scheme

As shown in Fig. 1, our electrostatic potential well is
composed of a hexapole and a pair of disk electrodes. To
conveniently distinguish the disk electrodes, the teflon
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Fig. 1 Schematic diagram of electrostatic trap: (a) 3D
stereogram and (b) top view.

slices, and the hexapole, they are differently colored —
gray, cyan, and red, respectively. The teflon slices (εr =
2.1) are used as insulation between the hexapole and the
disk electrodes. The two disk electrodes are identical,
and their thicknesses and diameters are 4 mm and 36
mm, respectively. The distance between the electrodes
is 16 mm. The upper electrode is drilled with a hole of 2
mm radius to load the molecular beam into the well. The
diameters of the teflon slices are 7 mm, and their centers
are drilled with holes of 1 mm diameter. In Fig. 1(b), to
avoid confusion and awkward phrasing, each pole of the
hexapole was marked from 1 to 6 clockwise. The distance
between pole 1 and pole 4 is 18 mm. The voltages applied
to the two disk electrodes and six poles of the hexapole
are Uup, Udown and U1, U2, U3, U4, U5, and U6.

3 Numerical calculations and Monte Carlo
simulations

We choose the ND3 in the state |J,K,M⟩ = |1, 1,−1⟩ as
test molecules, and its Stark potential [23, 33] is

WStark =

√(
Winv
2

)2

+

[
−µE

KM

J(J + 1)

]2
−Winv

2
. (1)

In the above formula, Winv = 0.053 cm−1 [34] is the in-
version splitting, µ = 1.5 D [35] is the electric dipole mo-
ment, E is the magnitude of the electric field, J is the ro-
tational quantum number, and K and M are the projec-
tions of the rotational angular momentum on the molec-
ular axis and the external electric field, respectively. As
shown in Fig. 2, the distribution of the electric field along
the z-axis was calculated using a finite element software
(Ansoft Maxwell). A trapping potential is also assigned
to the ND3 molecules in the state, |J,K,M⟩ = |1, 1,−1⟩.

In the loading process, the voltages applied to the elec-
trodes were: Uup = 5 kV, Udown = 20 kV, U1 = U3 =
U5 = 25 kV, U2 = U4 = U6 = −25 kV. Then, in the
trapping process, the voltages applied to the electrodes

Fig. 2 Distribution of the electrostatic field in the z-
direction and the Stark potential of ND3 molecules during:
(a) trapping process and (b) loading process.

were: Uup = Udown = 20 kV, U1 = U3 = U5 = 25 kV,
U2 = U4 = U6 = −25 kV. As is shown in Fig. 2(a), the
electric field along the z-axis is asymmetrical because the
lower disk electrode was not drilled. The calculated re-
sults indicate that the trapping potential can reach 270
mK for ND3 molecules. In Fig. 2(b), it can be seen that
to load the molecular beam into the electrostatic well,
a barrier is needed to decelerate the incident molecules.
When the molecules climb up the barrier, their kinetic
energy changes to the Stark potential. By the time they
get to the center of the well shown in Fig. 2(a), they
are decelerated to nearly standstill. Then, the voltage
applied is changed from the loading voltage to the trap-
ping voltage. In the simulation, the starting time is the
moment the ND3 molecules begin loading into the trap.
Here, tload is a critical point; before tload, the molecular
beam is gradually decelerated and loaded into the po-
tential well, while after tload, the molecules are confined
in the electrostatic trap. We simulate the loading and
trapping of the molecular beam using the Monte Carlo
method. The ND3 molecules feel a repulsive force in an
inhomogeneous electric field, and their motions satisfy
Newton’s laws of motion:

mr̈ = F (r) = −∇WStark(r) . (2)

Next, the factors affecting the loading efficiency, such as
loading time and the initial velocity of incident molecular
beam were studied.

As shown in Fig. 3, assuming that the spatial and ve-
locity distributions of the incident molecules are Gaus-
sian, three different incident velocities (8 m/s, 10 m/s,
and 12 m/s) were chosen. The full-width at half max-
imum (FWHM) of the velocity distributions in the x-,
y-, and z-directions are all 3 m/s; the central velocities
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Fig. 3 Relationship between the loading efficiency and the
loading time, tload.

in the x-, and y-directions are 0 m/s. It was found that
as tload increases, the loading efficiency first increases,
then decreases for the three different velocities of the
molecular beam. However, there is an optimal loading
time at which the maximum loading efficiency can be
obtained. When the central velocities of the incident
molecular beam are 8 m/s, 10 m/s, and 12 m/s, the op-
timal loading times are 1.06 ms, 0.9964 ms, and 0.935
ms, respectively; and the maximum loading efficiencies
are 92.28%, 94.25%, and 93%, respectively. If the volt-
ages are changed too early, the molecules will not have
reached the center of the trap, while if it is too late, the
molecules pass through the center of the trap. In both
the cases, the molecules cannot be effectively trapped.

From Fig. 3, we infer that the velocities of the in-
cident molecules also significantly influence the loading
efficiency. The maximum loading efficiency under sev-
eral different central velocities of the incident molecular
beam (7 m/s, 8 m/s, 9 m/s, 10 m/s, 11 m/s, 12 m/s, and
13 m/s) was obtained. As shown in Fig. 4, when the cen-

Fig. 4 Relationship between the loading efficiency and the
central velocity of the incident molecular beam.

Fig. 5 Contour distribution of the electrical field in three
planes, and the positions of the molecules trapped in the well.

tral velocity of incident molecular beam is 10 m/s, the
loading time is 0.9964 ms, and the maximum loading effi-
ciency can reach 94.25%. If the initial velocity is too fast,
then as the molecular beam reaches the trap center, the
velocity continues to remain high. Even if the molecules
are captured, they oscillate intensely, and hence, cannot
be trapped well. On the contrary, if the initial velocity
is too slow, and the molecules move in the −z-direction,
then they are decelerated to a standstill before reaching
the trap center, and then bounce back in the z-direction.
Again, the molecules cannot be trapped effectively.

Figure 5 shows the contour distributions of the elec-
tric fields in the yOz, xOy, and xOz planes from left to
right, in the units of V/m. The points represent the
trapped molecules. The number of simulated molecules
is 5× 104. From Fig. 5, we can infer that the molecules
are effectively trapped in the three-dimensional, closed,
electrostatic potential well.

Thereafter, the temperature of the trapped molecules
is calculated. In Fig. 6, the solid square represents the ve-
locity distribution of the initial incident molecular beam,
while the solid circle represents the final velocity distri-
bution of the molecules trapped in the well after 0.2 s.
It can be seen that the central velocities of the trapped
molecules are all 0 in the x-, y-, and z-directions. The
FWHMs of the final velocity profile in the x-, y-, and
z-directions are 8.36 m/s, 8.34 m/s, and 8.35 m/s, re-
spectively. The corresponding three-dimensional tem-
perature of trapped molecules is about 30.3 mK.

4 Split and merging of the electrostatic trap

The single trap can be transformed into double by vary-
ing the voltages applied to the electrodes. The volt-
ages applied to pole 1 and pole 4 are gradually reduced,
splitting the single trap into two asymmetrical traps. As
shown in Fig. 7, four voltage combinations are chosen
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Fig. 6 Velocity distribution of the incident molecular beam and the trapped cold molecules.

— U1 = 20 kV, U4 = −20 kV; U1 = 15 kV, U4 = −15
kV; U1 = 15 kV, U4 = 0 kV; and U1 = 15 kV, U4 = 5
kV. In order to differentiate the four situations, we use
solid curve, dash curve, dot curve, and dash-dot curve,
respectively. As U1 and U4 are changed, the distance
between the two wells becomes increases, and the depth
of both the wells increases.

The distribution of the trapped molecules in the po-
tential well are then simulated at U1 = 15 kV and U4 = 5
kV.

Figures 8(a) and (b) are the contour distributions of
the electric field in the yOz and xOy planes, respectively.
The labels in the figures are in units of V/m, and the

Fig. 7 One-dimensional distribution of the electric field in
the y-direction and the trapping potential for ND3 molecules.

Fig. 8 Contour distributions of the electrostatic field in
the (a) yOz-plane and (b) xOy-plane, including the spatial
distribution of the trapped molecules.

points are the trapped molecules. It is apparent that the
single well has split into two asymmetrical ones.

5 Electrostatic lattice

Optical lattice has widespread applications such as for
polarization gradient cooling and dynamic of trapping
[36, 37], Rabi oscillation and Bloch oscillation [38, 39],
quantum tunnel effect [40, 41], and Bragg diffraction
[42] in an atomic optical lattice. A magnetic lattice also
has many applications such as wave packet dynamics;
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Fig. 9 One-dimensional electrostatic lattices: (a) trans-
verse one-dimensional lattice and (b) longitudinal one-
dimensional lattice.

quantum computing [43]; and one-, two-, and three-
dimensional photonic crystals [44–47]. While an opti-
cal lattice has an unavoidable photon scattering effect, a
magnetic lattice requires cooling of the current coil that
produces the magnetic field. An electrical lattice has its
own advantages and potential application value.

Our scheme can be further miniaturized to construct
one-, two-, and three-dimensional spatial electrostatic
lattices.

As shown in Fig. 9(a), our scheme can be further
miniaturized (for example, all geometric parameters and
the voltages are decreased by an order of magnitude),
and repeated in the x- or y-direction to construct a
transverse, one-dimensional electrostatic lattice. The
cyan and red cylinders represent the teflon slices and
the hexapole, respectively. Similarly, our setup in the
z-direction can be repeated to form a longitudinal, one-
dimensional electrostatic lattice, as is shown in Fig. 9(b).

If our scheme is repeated in two directions (xy, yz, or
xz), a two-dimensional electrostatic lattice can be real-
ized. Likewise, if our scheme is repeated in three direc-
tions (xyz), a three-dimensional electrostatic lattice can
be obtained.

6 Conclusions

In summary, an electrostatic trap with open optical ac-
cess for cold polar molecules in the weak-field-seeking
state using a pair of disk electrodes and a hexapole was
designed. By calculating the distribution of the electro-
static field, it can be inferred that a three-dimensional
closed electrostatic potential well can be formed. The

dynamic processes of loading and trapping the cold
molecules were simulated, and the two critical factors
affecting the loading efficiency — the loading time and
the velocity of incident molecular beam — were studied.
The simulated results indicated that when the velocity is
10 m/s and the loading time is 0.9964 ms, the maximum
loading efficiency can reach 94.25%, and the correspond-
ing three-dimensional temperature of trapped molecules
can reach about 30.3 mK. The conversion of a single well
into double was realized by changing the voltages ap-
plied to the electrodes; this is of significant importance
to precision measurement, matter-wave interference, su-
perfluids, cold chemistry, and cold collisions. Our pro-
posed scheme can be further optimized to construct one-,
two-, and three-dimensional spatial electrostatic lattices.
Compared to optical and magnetic lattices, electric lat-
tices have their own advantages and potential application
value.
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