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Novel electrostatic trap for cold polar molecules∗
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We propose a novel scheme in which cold polar molecules are trapped by an electrostatic field generated by the

combination of a pair of parallel transparent electrodes (i.e., two infinite transparent plates) and a ring electrode (i.e., a

ring wire). The spatial distributions of the electrostatic fields from the above charged wire and the charged plates and

the corresponding Stark potentials for cold CO molecules are calculated; the dependences of the trap centre position

on the geometric parameters of the electrode are analysed. We also discuss the loading process of cold molecules from

a cold molecular beam into our trap. This study shows that the proposed scheme is not only simple and convenient

to trap, manipulate and control cold polar molecules in weak-field-seeking states, but also provides an opportunity to

study cold collisions and collective quantum effects in a variety of cold molecular systems, etc.

Keywords: electrostatic trap, cold polar molecules

PACC: 3260S, 9430H, 6180L

1. Introduction

In recent years, some new methods, such as the

photon-association spectroscopy[1] or magnetically-

tuned Feshbach resonance[2] in ultracold atoms, the

supersonic molecular beam and its Stark deceleration

with a time-varying electric field,[3−6] the buffer gas

cooling,[7] optical Stark decelerator with a pulsed light

field[8] or pulsed travelling optical lattices,[9] energy

low-pass filter based on bend molecular guiding[10,11]

and so on, have been developed to produce cold

(or ultracold) molecules. The creation of cold

molecules offers unique possibilities for studying cold

collisions and collective quantum effects in a wide

range of cold molecular systems,[12,13] dipole-dipole

interaction,[14] even cold-molecular spectroscopy with

a high resolution.[15]

On the other hand, some trap schemes, such as

magnetic traps,[16,17] optical dipole traps,[18] electro-

static traps,[19−22] and storage-ring trap,[23,24] have

been developed to trap cold molecules. In particular,

the electrostatic traps are very useful and versatile be-

cause their depths can reach the order of about 1K. So

far, many different electrostatic field distributions and

trapping potentials have been generated using vari-

ous geometric parameters (R, r, L) of the charged-wire

layout.[20−22,25] One of the typical electrostatic trap

schemes is composed of a charged ring wire (electrode)

and two end-caps with a hyperboloid surface.[20−22,25]

Obviously, it is not easy to fabricate and install such

an electrostatic trapping device due to the complex

hyperboloid surface of the two end-caps, and it is dif-

ficult to detect the trapped cold molecules in the trap

by means of a fluorescence measuring method because

there is not a large enough free space around the trap.

So it would be interesting and worthwhile to find a

simple and efficient trapping scheme and realize an

electrostatic trapping and fluorescence detecting for

the cold polar molecules in weak-field-seeking states.

In this paper, we propose a novel and simple

scheme to trap cold polar molecules in the weak-field-

seeking states using a ring electrode and two trans-

parent plate electrodes,[26] and calculate the spatial

distributions of the electrostatic field from the above

wire layout. The dependences of the trapping field

and the corresponding Stark potentials for cold CO

molecules on the geometric parameters of the present

trap setup are analysed in some details. We also dis-
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cuss the loading process of cold molecules and some

potential applications of the present trapping scheme

in molecular optics.

2. Electrostatic trap scheme for

cold polar molecules

The present trap scheme is shown in Fig.1 and

consists of two parallel transparent plate electrodes

and a ring electrode, in which one of the two plate

electrodes is charged, and the other is grounded. As

shown in Fig.1, the radius of the ring electrode is R

and that of the electrode-wire itself is r; the distance

between the two plate electrodes is 2L, and the ring

electrode is placed at the centre between the two plate

electrodes. In Fig.1, a high voltage +U2 (+U2 ≥ 0V)

is applied to the left infinite plate electrode, and the

right one is grounded; another high voltage +U1 is ap-

plied to the ring electrode. To enable the molecular

beam to pass through the present trap setup along the

z axis (i.e., the propagation direction of the incident

molecular beam), the 2 mm diameter holes are made

in the centre of two plate electrodes.

Fig.1. Schematic diagram of electrostatic trapping for

cold polar molecules by using a single ring electrode with

an applied voltage +U1 and a pair of infinite transparent

plate electrodes with an applied voltage +U2.

It is well known that when a polar molecule with a

permanent electric dipole moment (EDM) µ moves in

an inhomogeneous electrostatic field, due to the first-

order Stark effect, it will experience a dipole gradient

force from the electrostatic field, which can be used

to realize an electrostatic trapping or guiding of cold

polar molecules.[27] In consideration of the interaction

between a polar molecule with a permanent EDM and

an inhomogeneous electrostatic field E, the interact-

ing Stark potential for cold polar molecules is given

by

WStark(r) = −µ · E(r). (1)

We find from Eq.(1) that when the molecular

EDM µ is parallel to the electric field E, the molecules

in the strong-field-seeking states will be attracted to

the maximum region of the electrostatic field, which

can be used to trap or guide cold strong-field-seeking

molecules.[19,28] As the molecular EDM µ is anti-

parallel to the electrostatic field E, the molecules in

the weak-field-seeking states will be repelled to the

minimum region of the electric field, which can be

used to realize the electrostatic trapping or guiding

of cold weak-field-seeking molecules.[20−24,27]

For a CO molecule in the metastable a3Π(J = 1,

MΩ = −1) state, it has a relatively large permanent

EDM with 1.37Debye (4.6 × 10−30 C·m) and a strong

first-order Stark effect; when the electrostatic field

used to trap the CO molecules is lower than 50 kV/cm,

the second-order Stark effect can be neglected. In this

case, when the angle θ between the EDM and the ex-

ternal electric field E is fixed, we can introduce an

effective dipole moment µeff = µ〈cos θ〉, where µ is

the magnitude of the permanent EDM, and 〈cos θ〉

represents the quantum-mechanical averaging over all

the angle, then Eq.(1) can be rewritten as

WStark(r) = −µeffE(r) = −µE(r) 〈cos θ〉 . (2)

In consideration of the internal quantum levels

(v = 0, J = 1, MΩ = −1) of a weak-field-seeking

CO molecule in the metastable a3Π state, the Stark

trapping potential for CO molecules in the weak-field-

seeking states is given by

WStark(r) = −
MΩ

J(J + 1)
µE(r), (3)

and the corresponding dipole gradient force from the

electrostatic field, acting on the cold polar molecules,

is given by

F = −∇WStark = −µeff∇E. (4)

It is clear from Eq.(4) that when µeff is negative,

the molecules in the weak-field-seeking states will be

repelled to the minimum region of the electrostatic

field due to the repulsive gradient force F .
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3. Theoretical calculation and

analysis

3.1.Calculation of contour distribution

of electrostatic trapping field

From Fig.1, we can see that due to the symme-

try of our wire layout, the spatial distribution of the

electrostatic field in the plane x0z is the same as that

in y0z, so we only need to calculate the electric field

distributions in planes x0y and x0z. Also, it is clear

that the electric field distribution in the x direction is

the same as that in the y direction, so we only need

to study the electric field distributions in the x and z

directions.

Since there is not an analytical solution to cal-

culate the electrostatic field distribution in a 3D free

space generated by the present charged electrode lay-

out (see Fig.1), we have to use a commercial finite

element software (Maxwell) to calculate the spatial

distribution of the electrostatic field from the present

charged electrode layout in free space, and the con-

tour distributions of the corresponding electrostatic

field |E(r)| in the planes x0y and x0z are shown

in Figs.2(a) and 2(b) respectively for +U1 = 10kV,

+U2 = 0 V, R = 4mm, r = 1mm, and L = 3mm.

We can see from Fig.2 that the electrostatic field pro-

duced by the charged electrode is a 3D closed hol-

low E-field distribution with a central minimum of

E(0) = 0 at (0, 0, z0), which can be used to trap cold

polar molecules in the weak-field-seeking states. It is

worth noticing that when +U2 = 0V, we obtain the

trapping central position z0 = 0. While for +U2 > 0,

we have z0 < 0, that is, the trapping central position

z0 will be moved to the left of the geometric centre of

the electrode setup along the z axis, which can be used

to efficiently load cold molecules into the electrostatic

trap from a cold molecular beam. We will discuss the

efficient loading of cold molecules in Section 4.

Fig.2. The contours of the electric field distribution in (a) x0y and (b) x0z planes. The interval of contours is 6 kV/cm.

3.2.Dependence of trapping centre po-

sition z0 on system parameters

In order to know the trapping centre of cold

molecules even to manipulate and control them, we

study the relationships between the position z0 of the

trapping centre (i.e., the position of the minimum elec-

tric field) and the parameters (R, r, L, +U2) of the

trap setup, and the calculated results are shown in

Fig.3. It is clear from Fig.3 (a) that with the in-

crease of the ring radius R from R = 3.0 to 5.0mm

(∆R = 2.0mm), the position z0 of the trapping cen-

tre will be almost linearly reduced from –0.04mm

to –0.098mm (∆z0 = 58µm), that is, the position

z0 will be moved left along the z axis. Figure3 (b)

shows that with the increase of the wire radius r

from 0.4 to 1.6mm (∆r = 1.2mm), the position z0

of the trapping centre will be changed from –0.105 to

–0.055mm (∆z0 = 50µm), i.e., the trapping centre

z0 will be moved right along the z axis. Figure3(c)

shows that with the increase of the half space L from

2.25 to 4.75mm (∆L = 2.5mm), the position z0 of the

trapping centre will be slightly increased from about

−0.084 to −0.064mm (∆z0 = 20µm). Figure3 (d) dis-

plays that with the increase of the applied voltage +U2
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from 0 to 800V, the position z0 of the trapping cen-

tre will be changed linearly from 0.000 to -0.118mm

(∆z0 = 118µm). This shows that the applied volt-

age +U2 can be used to efficiently load cold molecules

from a cold molecular beam into the electrostatic trap,

even to manipulate and control cold molecules in the

trap.

Fig.3. The dependence of the position z0 of the trapping centre on (a) the radius R of the ring electrode, (b) the

radius r of the ring wire, (c) the half space L, and (d) the applied voltage +U2 on the left plate electrode.

3.3.Dependence of efficient trapping po-

tential on geometric parameters of

the system

We study the relationships between the spa-

tial distribution of the electric field (E(x)|
y=0,z=z0

or E(z)|
x=y=0) in free space and the geomet-

ric parameters (R, r, L) of the trap scheme,

and analyse the relationships between the corre-

sponding Stark potential (W (x)Stark|y=0,z=z0
or

W (z)Stark|x=y=0) for CO molecules and the geomet-

ric parameters (R, r, L) of the trap scheme, where,

E(x)|
y=0,z=z0

(W (x)Stark|y=0,z=z0
), and E(z)|

x=y=0

(W (z)Stark|x=y=0) are the spatial distributions of the

electric field E (its Stark potential WStark for CO

molecule) in the x and z directions. Next, we will

present the calculation results and the corresponding

theoretical analysis.

First, we study the relationship between the elec-

tric field E (or Stark trapping potential WStark) and

the ring radius R, and the calculated results are shown

in Fig.4. We can see from Fig.4 (a) that the larger the

ring radius R is, the smaller the gradient of the elec-

tric field E(x) near the trapping centre will be, and

the higher the efficient Stark potential W (x)Stark in

the x direction will be. In particular, when r = 1mm,

L = 4mm, +U1 = 10kV , U2 = 0 V, and R = 3,

4 and 5mm, the efficient Stark potentials W (x)Stark

are 325, 450 and 550mK, respectively. Figure 4(b)

indicates that: (i) with the increase of the ring radius

R, the gradient of the electric field E(z) will be re-

duced. (ii) The larger the ring radius R is, the smaller

the efficient Stark potential W (z)Stark in the z direc-

tion will be, and when the ring radius R is increased

from 3 to 5mm, the efficient Stark potential W (z)Stark

will be reduced from about 420 to 275mK. (iii) In

particular, when R = 3 mm, r = 1 mm, L = 4mm,
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+U1 = 10kV and U2 = 0V, we have the maximum ef-

fective trapping potential W (z)eff ≈ 418.87mK, which

is far higher than the transverse and longitudinal tem-

peratures (∼ 11mK and 250µK respectively) of cold

polar molecules from the Stark decelerator.[5]

Fig.4. The electric field distribution and its corresponding trapping potential for CO molecules in (a) x and (b) z

directions for r = 1mm, L = 4mm, +U1 = 10 kV, +U2 = 0V, and R = 3, 4 and 5mm.

Secondly, we investigate the relationship between

the electric field E (or Stark trapping potential

WStark) and the radius r of the ring wire itself, as

shown in Fig.5. We can see from Fig.5 (a) that the

larger the wire radius r is, the larger the gradient

of the electric field E(x) near the trapping centre

will be, and the smaller the efficient Stark potential

W (x)Stark in the x axis. Figure 5(b) shows that: (i)

with the increase of the wire radius r, the gradient

of the electric field E(z) will be increased. (ii) The

larger the wire radius r is, the higher the efficient

Stark potential W (z)Stark in the z direction will be,

and when the electrode radius r is increased from 0.5

to 1.5mm, the efficient Stark potential W (z)Stark will

be increased from about 200 to 340mK. (iii) When

R = 3mm, L = 4mm, +U1 = 10kV, U2 = 0V and

r = 1.5mm, we have the maximum effective electric

field E(z)max ≈ 20.43 × 105 V/m and the maximum

effective Stark trapping potential WStark ≈ 340mK.

Fig.5. The electric field distribution and its corresponding trapping potential for CO molecules in (a) x and (b) z

directions for R = 3mm, L = 4mm, +U1 = 10 kV, +U2 = 0V, and r = 0.5, 1 and 1.5mm.

Finally, we also study the relationships between

the distribution of the electric field E (or Stark trap-

ping potential WStark) and the half space L among

the centre of the ring electrode and the plate elec-

trode, as shown in Fig.6. We can find from Fig.6 (a)

that with the increase of the half space L, the gradi-

ent of the electric field E(x) and the efficient Stark

trapping potential WStark(x) will be decreased. When

the half space L is increased from L = 2 to 4mm, the

efficient trapping potential WStark(x) will be reduced

from about 750 to 350mK. Figure 6(b) shows that the

gradient of the electric field E(z) near the trapping
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centre will be increased rapidly with the reduction of

the half space L. The smaller the half space L is, the

higher the efficient trapping potential WStark(z) will

be. When R = 3mm, r = 1.5mm, +U1 = 10kV,

U2 = 0V and the half space L is reduced from 4 to

2mm, the efficient trapping potential WStark(z) will

be increased from about 400 to 550mK.

Fig.6. The electric field distribution and its corresponding trapping potential for CO molecules in (a) x and

(b) z directions for R = 3mm, r = 1mm, +U1 = 10 kV, +U2 = 0V, and L = 2, 3, and 4mm.

4. Discussion and comparison

4.1. Efficient loading of cold polar

molecules

To make efficient loading of cold molecules from

a cold molecular beam into the trap, we also inves-

tigate the relationship between the electric field E(z)

(or efficient Stark trapping potential WStark(z)) in the

z direction and the applied voltage +U2, as shown in

Fig.7. It is clear from Fig.7 that with the increase

of +U2, the effective trapping potential W (z)lefteff for

cold CO molecules at the left side of the trapping cen-

tre z0 will be greatly reduced, and when the voltage

+U2 is increased from 0 to 7 kV, the trapping poten-

tial W (z)lefteff will be reduced from about 550 to 15mK,

and the corresponding trapping centre will be shifted

left from z0 = 0 to about -2.8mm, which is a very

useful method to efficiently load cold polar molecules

into the trap from a Stark-decelerated cold molecular

beam.

In addition, in order to efficiently load cold

molecules into the trap, the entrance for a cold beam

must be matched to the acceptance of the trap. This is

performed in two steps: the cold molecules are first fo-

cused transversely by hexapole poles and decelerated

upon entering the trap by applying different voltages

asymmetrically to the trapping electrodes according

to the need, and the average speed of the cold molec-

ular beam is thereby reduced to zero at the centre of

the trap. Afterwards, we switch the voltage on the

entrance electrode plate to the ground potential when

the cold molecules have come to a near-standstill in-

side the trap.

Fig.7. The relationships between the electric field distri-

bution E(z) in the z direction and the applied voltage +U2

for R = 4mm, r = 0.5mm, L = 2.5mm, +U1 = 10 kV,

and +U2 = 0V, 4 kV and 7 kV.

In Fig.7, for U2 = 7kV, the internal quantum

levels (v = 0, J = 1, MΩ = −1) of a weak-field-

seeking CO molecule in a metastable a3Π state along

the molecular beam axis are shown. For the trans-

verse and longitudinal focusing of the beam, the elec-

tric field distribution near the z = −5 to −2mm region

is very important. In this region the potential energy

along the molecular beam axis is nearly quadratically

dependent on z. The molecules will experience a linear

force F = −k(z−z0), and here z0 is the position where

the quadratic potential starts (z0 = −5mm), and k
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is the force constant. This force can be written in

terms of the position zs of the synchronous molecules

as F = −k(z−zs)−k(zs−z0). Hence the force can be

divided into a restoring force towards the synchronous

molecules and a force that lowers the velocity of the

synchronous molecules. In order to bring the average

speed of the molecule beam to zero, the voltages ap-

plied to the trap electrodes are asymmetrically. With

a voltage of 7 kV on the entrance plate electrode and

10 kV on the ring electrode, the electric field will be

small at the entrance of the trap and will increase to-

wards the centre of the trap. When the voltage on

the trap electrodes are kept unchanged, the trap will

act as a concave mirror for the CO molecules. In or-

der to trap the molecules, the voltage on the entrance

plate electrode is switched off once the synchronous

molecule has come to a standstill. So we have cre-

ated a symmetrical electrostatic field with a minimum

at the geometrical centre of the trap, and the cold

molecules are efficiently loaded into the trap. It is

clear from the above analysis that the present trap

scheme can not only be used to efficiently trap var-

ious cold polar molecules with a temperature lower

than ∼ 500mK, but also to realize the efficient load-

ing of cold molecules from a cold molecular beam into

the trap.

4.2.Comparison of the present trap

scheme with other ones

By comparison with the trap schemes used by

other researchers , the present electrostatic trap

scheme has some unique characteristics or advantages

as follows: (i) With reasonable geometric parameters,

the present trap scheme has a higher well depth of

∼0.65K and a bigger trapping volume V of ∼0.12 cm3.

On the other hand, if we use the same parameters as

those in Ref.[5]: R = 5mm, r = 1mm, L = 3.5mm,

+U1 = 12kV and +U2 = 0kV, the trap depth for ND3

is about 342mK. In Ref.[5] the trap depth is about

350mK .From this result, we can see that the depths

of the two traps are almost the same. (ii)The two

end caps with a hyperboloid surface in Refs.[4,5,20–

22, 25] are replaced by two plate electrodes with a

simple plane which can be easily fabricated and in-

stalled in the present scheme. (iii) It is easy and con-

venient to detect the trapped cold molecules in the

present trap by using the standard laser fluorescent

measuring method because the two plate electrodes

are two transparent plates (at least the right plate

electrode is transparent), or two planar metal-nets (at

least the right plate electrode is a planar metal plate).

Obviously, the spatial range of the fluorescence detec-

tion in the present trap scheme is rather wide, and

more information on the trapped cold molecules can

be easily obtained. So the present trapping scheme

is simpler, more flexible and convenient than other

trapping schemes, [4,5,20−23,26] and has some impor-

tant and wide applications in cold molecular physics

and molecule optics, and so on.

5. Conclusions

We have proposed a novel and simple scheme to

trap cold polar molecules by using an electrostatic

field, and studied the relationship between the electric

field (including the Stark trapping potential) and the

geometric parameters of the trapping setup. The re-

sult shows that the electrostatic field produced by the

charged electrode is of 3D closed hollow E-field distri-

bution with a central minimum of E(z0) = 0, which

can be used to efficiently trap cold polar molecules in

the weak-field-seeking states.

Moreover, the electrostatic trapping scheme can

not only be used to efficiently trap cold polar

molecules, but also be conveniently used to manip-

ulate and control cold molecules by changing the high

voltage +U2, which may open a new way to study cold

molecular spectroscopy,[15] cold collisions,[29] dipolar-

dipolar interaction[30] and collective quantum effects

in molecular system, even to realize efficient evapora-

tive cooling of the trapped molecules by lowering the

Stark trapping potential, and so on.
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