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Electrostatic surface trap for cold polar molecules on a chip”
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We propose a simple scheme for trapping cold polar molecules in low-field seeking states on the surface of a chip by
using a grounded metal plate and two finite-length charged wires that half embanked in an insulating substrate, calculate
the electric field distributions generated by our charged-wire layout in free space and the corresponding Stark potentials for
ND3 molecules, and analyze the dependence of the trapping center position on the geometric parameters. Moreover, the
loading and trapping processes of cold ND3 molecules are studied by using the Monte Carlo method. Our study shows that
the loading efficiency of the trap scheme can reach 11.5%, and the corresponding temperature of the trapped cold molecules

is about 26.4 mK.
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1. Introduction

In recent years, the production and storage of cold po-
lar molecules have attracted a great deal of interest from
physicists and chemists, due to their wide and impor-
tant applications, such as high-resolution spectroscopy,!!!
precise measurement,!”’l cold chemical reaction!® and
cold collisions, quantum computing, and information
processing.[>®! So far, several methods have been developed

7-11 and a few efficient techniques

to generate cold molecules, |
have also been developed to trap cold molecules, such as mag-
netic trap for cold paramagnetic molecules,[!?! optical dipole
trap for alkali-metal dimmers,['®! and electrostatic trap for
cold polar molecules.!'*! Especially for the electrostatic trap,
it has been demonstrated for ND3,[14‘16] OH, 17181 NaCs,[19]
NH,291 CO molecules,?!1 etc.

the latest contribution to this area.

Our group has also made
(22231 Recently, Meijer’s
group proposed an electrostatic surface trap for metastable
CO molecules and demonstrated its loading and trapping pro-
cesses of cold polar molecules from a supersonic beam into a
traveling potential well on a chip.>*?>] With the rapid devel-
opment of the active areas like quantum computing and infor-
mation processing, people demand some miniaturized surface
traps that are easily being built on a substrate, so it would be
worthwhile and necessary to find some new schemes to realize
electrostatic surface trap for cold polar molecules on a chip.
In this paper, we propose a simple electrostatic surface
trap for cold polar molecules on a chip combined with two
finite-length charged wires and a grounded metal plate, and
theoretically demonstrate its feasibility by Monte Carlo sim-
ulations. In Section 2, the trapping scheme for cold polar
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molecules in the low-field seeking (LFS) states is proposed,
and several equations for calculating the electric field distri-
bution and Stark potential for ND3 molecules are derived. In
Section 3, we calculate the diagrams of contour distribution
of our charged-wire layout in the XY, XZ, and YZ planes, and
analyze the dependences of the trapping center position Zy and
the efficient trapping potential on the geometric parameters of
our trap scheme. In Section 4, we study the loading and the
trapping processes of cold ND3 molecules from cold molecu-
lar beam into our surface trap by using Monte Carlo simula-
tions, and analyze the dependences of the loading efficiency on
both the loading time and the initial velocity of incident cold
molecular beam. In addition, we obtain the optimal loading
efficiency and its final velocity distributions of cold molecules
in our surface trap. In the final section, we summarize the main
results.

2. Surface trap scheme and formulas derivation

Our trapping scheme is shown in Fig. 1, which is com-
posed of two finite-length charged wires on a Teflon substrate
and a grounded metal plate. The relative dielectric constant
and the insulating parameter of the Teflon material are & = 2.1
and 60 kV/mm, respectively. Both of the two charged wires
with a radius ry and a length [ are half embanked in the up-
per surface of the substrate with a thickness ». The distance
between the centers of the two wires is a, and the voltages U
and U, are applied to the left wire and the right wire, respec-
tively. Due to the fringe effect of the charged wires, the ends
of the two finite-length charged wires will generate two bar-
riers, and then a three-dimensional (3D) closed potential well
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will be formed above the surface of the substrate. Thus, the
cold polar molecules in the LFS states can be trapped in this
3D potential well.

metal plate

Fig. 1. Schematic diagram of electrostatic surface trapping for cold po-
lar molecules on a chip.

According to the Poisson equation and image charge
method, %! the equations for calculating the electrostatic field
distribution of our charged-wire layout can be approximately
expressed as
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Then, the total electric filed distribution is given by

\E(x,y,z)|= \/EJ%_FE)%J'_EZZ )

From Eqgs. (1)—~(9), we can calculate the spatial distri-

dzo =U. (8)

bution of the electric field, |E(x,y,z)|, in free space around
our charged wires layout, and analyze the relationships be-
tween the electric field | E(x,y,z)| and the geometric param-
eters (a, b, ro) of the trapping system.

Due to dc Stark effect, when a polar molecule with a per-
manent electric dipole moment ¢ moves in an inhomogeneous
electrostatic filed, it will experience a dipole gradient force
from the electrostatic field, which can be used to guide or trap
cold polar molecules in the LES states.

The interacting Stark potential for cold polar molecules
in an inhomogeneous electrostatic field can be written as

Wyark = —p- E. (10)
For cold ND3; molecules in the LFS states, the trapping
potential can be approximated as

MQ
Wstark(r) = )H|E(I")|, (11

JJ+1
where J is the total angular momentum quantum number of
the molecules, 2 and M are the projections of the total an-
gular momentum J on the molecular axis and the space-fixed
axis (i.e., the external field direction), respectively.

Thus, the corresponding dipole gradient force of the elec-
trostatic field on the cold polar molecules is given by

F= _VWstaIka (12)

and then the LFS molecules will be repelled to the minimum
of the electrostatic field by the repulsive gradient force F'.

3. Theoretical calculation and analysis

3.1. Calculation of contour distributions of electrostatic

trapping field

Figures 2(a), 2(b), and 2(c) show the corresponding
E-field contours for a =9 mm, b =5 mm, rg = 2.5 mm,
[ =8 mm, and U; = U, = 15 kV by a commercial finite ele-
ment software. From Egs. (1)-(9), the contours of the electric
field generated by the charged-wire layout with the same pa-
rameters are plotted in Figs. 2(d), 2(e), and 2(f). From these
figures, we can see that our analytically calculated results from
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Fig. 2. The calculated contours of the electric field distribution in the XY, XZ, and YZ planes with the same parameters (¢ =9 mm, b =5 mm, ro = 2.5 mm,
! =8 mm, and U; = U, = 15 kV) by using two different methods: (a)-(c) a finite element software; (d)—(f) analytical results. The corresponding E-field

values are shown in contours in units of kV/cm.

Egs. (1)—(9) are slightly smaller than that calculated by us-
ing the commercial finite element software, but their shapes
are substantially the same. Furthermore, the electrostatic field
produced by the charged electrodes is a 3D closed hollow E-
field distribution with a central minimum value of |E(x,y,z)],
which can be used to trap cold polar molecules in the LFS
states.

3.2. Dependences of trapping center position Zy on geo-
metric parameters

In order to manipulate and control cold molecules in our
trap, we study the dependences of the trapping-center posi-
tion Zy (i.e., the position of the minimum electric field) on
the geometric parameters (a,b, ry) of our trap scheme, and the
calculated results are shown in Fig. 3. It is clear from Fig. 3(a)
that with the increase in a, the position Zy will be almost lin-
early increased. For example, when b =5 mm, rop = 2.5 mm,

1.8_r0:2.5mm L 7o=2.5mm L a=9 mm
a=5mm b=5 mm
1.6 U=U.=15kV| LU=U,=15kV| | U,=U,=15KkV
1.4r = -
g 121 L gt
g g g
= 1.0p E- E-
N
0.8 - s
0.6 r r
0.4r - L
0o (a) (b) (c)
T 7891011 34567 1.5 2.5 3.5
a/mm b/mm To/mm

Fig. 3. Dependence of the position Zy of the trapping center on (a)
the center-to-center space a of the two wires, (b) the thickness b of the
insulating substrate, and (c) the radius ry of the wire.

U, = U, = 15kV and a is increased from 7 mm to 11 mm, the
position Zy will be lifted from 0.32 mm to 1.75 mm. Fig-
ure 3(b) shows that with the increase in b, the position Zy
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will be decreased rapidly. In particular, when a = 9 mm,
ro = 2.5 mm, Uy = U, = 15 kV, and b increases from 3 mm
to 7 mm, the position Zy will be decreased from 1.31 mm to
0.69 mm. Figure 3(c) shows that the position Zy is gradu-
ally increased with the increase in the wire radius ro. When
a=9mm, b=5mm, Uy =U, =15KkV, and ry is increased
from 1.5 mm to 3.5 mm, the position Zy will be lifted from
0.72 mm to 1.48 mm. These results show that cold polar
molecules in our trap can be manipulated and controlled by
changing the geometric parameters, or the trapping-center po-
sition of cold molecules on the chip surface can be designed
by using the above dependences.

3.3. Dependences of efficient trapping potential on geo-
metric parameters

Using Egs. (1)—(11), we calculate the spatial distributions
of the electrostatic fields generated by our charged-wire layout
for different geometric parameter (a,b,ry) of our trap scheme
and its trapping-potential distributions for ND3 molecules in
the x,y, and z directions, and study the dependences of the ef-
ficient trapping depth on the geometric parameters (a,b,rp).
The results are shown in Fig. 4. It can be found from Fig. 4(a)
that larger radius ry of the charged wire is accompanied by
lower gradient of electric field, and also lower maximum trap-
ping electric-field E(x) (or the Stark trapping-potential depth
U (x)stark ) in the x direction. We also find that the electric field
E(x) has two maximum values, which are located symmet-
rically at the edges of the two wires. The minimum value
of E(x) in the x direction is at the geometric center of the
charged wires, and the electric field E(x) will be increased
rapidly with the increase in the absolute value of the x co-
ordinate. Figure 4(b) shows that with the increase in the y
coordinate, the electric field E(y) (or the Stark trapping po-
tential U (y)stark) in the y direction will be linearly increased,
which is somewhat like a quadrupole field. Figure 4(c) in-
dicates that (i) with the increase in the radius ry, the posi-
tion Zy of the minimum electric field will be lifted in the z
direction, but the gradient of the electric field E(z) will be
decreased; (ii) there are two maximum values of the elec-
tric field E(z), one is at the surface of the insulting substrate,
and the other is above the minimum point Zy of the electric
field. The smaller one of these two maximal values is de-
fined as the effective trapping electric field, and the corre-
sponding Stark trapping potential is defined as the efficient
well depth. When ¢ =9 mm, b =5 mm, ry = 2.5 mm,
and U; = U, = 15 kV, we obtain the maximum electric field
E(X)max =~ 1.4 x 10% V/m in the x direction and the corre-
sponding trapping potential U (x)max =~ 253 mK at y = 0 and
7 = z0; the maximum electric field E(y)max =~ 1.5 x 10° V/m
in the y direction and the corresponding trapping potential
U(Y)max =~ 270 mK at x = —4 and z = zo; and the maximum

electric field E(z)max &~ 8 x 103 V/m in the z direction and the
corresponding trapping potential U (z)max ~ 154 mK at x = —4
and y = 0. These results show that the electric field distribu-
tions of our proposed trap in the x,y, and z directions and their
Stark trapping depths are not identical and asymmetry, and the
efficient trapping depth is about 154 mK, which will be deter-
mined by the minimal efficient trapping potential in the x, y,
and z directions. It is clear that such an efficient trapping depth
(~154 mK) is high enough to trap cold polar molecules loaded
from a Stark-decelerated molecular beam with a temperature
of about 10 mK,”! or a cw cold molecules beam with a tem-
perature of about 50 mK from an energy low-pass filter based
on a bent electrostatic guiding.!”!
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Fig. 4. (color online) The E-field distributions of our charged-wire lay-
out and its Stark trapping potential ones for ND3 molecules in the (a) x
(aty=0,z=2zp), (b)y (atx=—4,z=1zp), and (c) z (atx = —4,y =0)
directions for a =9 mm, b =5 mm, and U; = U, = 15 kV.
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4. Loading efficiency and Monte Carlo simula-
tions

4.1. Efficient loading of cold polar molecules

To make efficient loading of cold molecules from a cold
molecular beam into our surface trap, we cut a 2-mm-diameter
entrance hole so as to enable the molecular beam to enter the
trap, and then our improved trap scheme is shown in Fig. 5.

For the transverse and longitudinal focusing of the beam,
the electric field distribution from y = —7 mm to 0 mm is
very important (see Figs. 5(a) and 5(c)). In this region, the
molecules in the LFS states will experience a repulsive elec-
tric dipole force. Thus, when the loaded molecules move in the
electric field, they have to climb a last potential hill, and will
be first brought to a standstill, and then reflected back by this
repulsive electric dipole force. When the slowed molecules

loading
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reach the vicinity of trapping center, the voltage on the two
wires will be suddenly switched (see Figs. 5(b) and 5(d)), the
cold molecules will be confined in our trap. We define the time
to load cold molecules exiting from the last stage of Stark de-
celerator into the trapping region as fipading- At this moment,
we quickly increase the voltage value on the left wire from
2 kV to 15 kV, that is, the same voltages (U; = U, = 15 kV)
are applied to the two wires, and a symmetrical electrostatic
field distribution with a minimum E-field value at the geomet-
rical center of the trap is generated, and then cold molecules
are efficiently loaded into the trap. We also use the Monte
Carlo method to simulate the dynamical loading and trapping
processes of cold ND3; molecules, and will discuss the loading
efficiency of the cold molecules and its velocity distributions
in the trap in detail below.

trapping
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Fig. 5. (color online) (a) Schematic diagram of the two charged wires used for efficient loading of cold molecules and 2D contour distributions of the loading
electric field in the XY plane. (c) The corresponding E-field and Stark loading-potential profiles for ND3 molecules in the |J,K) = |1,—1) state in the y
direction. Similarly, (b) and (d) are used for trapping cold ND3 molecules in the LFS states.

4.2. Loading efficiency and the velocity distributions of
cold ND3; molecules

To better understand the loading and trapping behaviors
of cold molecules, we perform Monte Carlo simulations for
the loading and trapping processes of cold ND3 molecules
in the state |/,K) = |1,—1) from an incident cold molecular
beam into our trap, and the simulated results are shown in
Fig. 6. In our simulations, we suppose that cold ND3; molecu-
lar beam has an initial longitudinal central velocity of 11.5 m/s
(12.5 m/s or 13.5 m/s) and a spread of 3 m/s, and its transverse

velocity is centered at zero with a spread of 3 m/s. The simu-
lated molecular number is N = 1 x 10°. From Fig. 6, we can
find that with the increase in the loading time, the loading ef-
ficiency of cold molecules is first increased to its maximum
value, and then decreases. This means that there is the maxi-
mum loading efficiency at an optimal loading time for a given
initial longitudinal velocity of the incident molecular beam.
For example, when the initial longitudinal velocity is 12.5 m/s,
and the optimal loading time is about 0.828 ms, the maximum
loading efficiency can reach 11.5%, and the temperature of
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cold molecules in our trap is about 26.4 mK. For the differ-
ent initial longitudinal velocity of incident molecular beam,
there is a different maximum loading efficiency and a corre-
sponding optimal loading time. For example, when the ini-
tial longitudinal velocities of incident ND3 beam are 11.5 m/s,
12.5 m/s, and 13.5 m/s, respectively, the maximum loading ef-
ficiencies (and optimal loading times) are 10.6% (0.843 ms),
11.5% (0.829 ms), and 9.5% (0.781 ms).
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11.0f
10.5 |
10.0
9.5 |
9.0
8.5 |
8.0 |
7.5 |

0.6 0.7 0.8 0.9 1.0 1.1

tl(mding/ms

tioading = 0.829 ms n=11.5%

n/%

Fig. 6. (color online) Dependences of the loading efficiency of cold
molecules on the loading time for different initial longitudinal veloci-
ties of incident ND3 beam. The data points are the simulated results and
the solid line is the fitted ones.

In our simulations, we do not consider any molecular loss
mechanism (the collisions of cold molecules with background
gas, cold collisions between the trapped molecules, etc.) due
to a lower density of cold molecules in the trap.

Finally, the initial and final velocity distributions of the
trapped ND3 molecules in the x, y and z directions can be ob-
tained from our simulations. In our simulations, the geomet-
ric parameters and the applied voltages are set as @ = 9 mm,
b=5mm, ro =2.5 mm, /| =8 mm, and U; = U, = 15 kV,
respectively. We assume that the incident molecular beam has
a longitudinal velocity centered at 12.5 m/s with a velocity
spread of 3 m/s, and a transverse velocity centered at zero
with a spread of 3 m/s. We also choose an appropriate time
step of 0.1 us to track the trajectory of each molecule, and de-
tect the position and velocity distributions of cold molecules
at any moment. After a trapping time of 0.1 s, we analyze the
velocity distributions of the trapped cold molecules in the x, y,
and z directions, respectively, and compare the initial and fi-
nal velocity distributions of cold molecules in the trap, and the
simulated results are shown in Fig. 7. It is clear from Fig. 7(b)
that the incident ND3 beam with a longitudinal central veloc-
ity of 12.5 m/s are brought to a standstill during the loading
process of cold molecules, and a cold molecular sample with
a temperature of 26.4 mK can be obtained in our surface trap.
These results show that our proposed trap scheme is feasible
and can be used to trap cold polar molecules with a tempera-
ture of about 25 mK.
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Fig. 7. (color online) The initial and final velocity distributions of the
trapped cold ND3 molecules in the (a) x, (b) y, and (c) z directions.

5. Conclusions

In this paper, we have proposed a simple electrostatic sur-
face trapping scheme for cold polar molecules on a chip by us-
ing the two finite-length charged wires and a grounded metal
plate, and calculated the corresponding electric field distribu-
tion and the Stark trapping potential for ND3 molecules. We
have also analyzed the dependences of the trapping center po-
sition Zy and the effective trapping potential on the geometric
parameters of our charged-wire layout, studied the dynamic
loading and trapping processes of cold molecules by using
Monte Carlo method, and obtained the optimal trapping ef-
ficiency and the initial and final velocity distributions of cold
molecules in the trap. Our studies show that when the ini-
tial longitudinal velocity of incident ND3 molecule is 12.5 m/s
and the loading time is 0.829 ms, the maximum loading ef-
ficiency can reach 11.5%, and the temperature of the trapped
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cold molecules is about 26.4 mK.
In recent years, our group has proposed several schemes

to guide cold polar molecules in the LFS states on the surface

(28-30] and they have been realized successfully in

(29,

of a chip,

the experiments.>*3% Because our trap scheme can be minia-

turized and integrated easily on a chip, so our surface trap
scheme has some important applications in the fields of cold
molecular physics and molecule optics, integrated molecule
optics and molecular chip, cold chemical reaction and cold
collisions,¥ even quantum computing and quantum informa-
tion processing, 39! etc. In particular, our surface trap scheme
may be used to form a novel surface Stark decelerator with an
electrostatic guiding function on a chip.
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