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ABSTRACT We propose a novel scheme to guide cold polar
molecules on the surface of an insulating substrate (i.e. a chip)
using an electrostatic field generated by the combination of
a pair of parallel charged wires and a grounded metal plate.
The spatial distributions of the electric fields from the above
charged-wire layout and their Stark potentials for cold CO
molecules and dipole forces are calculated, and the relation-
ships between the electric field and the geometric parameters
of our charged-wire system are analyzed. Our study shows
that our charged-wire scheme can be used to guide cold polar
molecules in the weak-field-seeking state, and to construct
various molecular optical elements, such as a molecular fun-
nel, a molecular beam splitter and a molecular interferometer
and so on, to form various integrated molecular optical el-
ements and their molecular chips, and even to generate a
continuous wave (CW) cold molecular beam by using a low-
pass energy filter based on bent two-wire guiding.

PACS 33.80.Ps; 33.55.Be; 39.10.4j

1 Introduction

In recent years, cold molecules with rich internal
level structure have opened up some new opportunities
for molecular precision spectroscopy and measurements
[1, 2], studies of cold molecular collisions [3-8], quantum
information processing [9] and so on. Until now, the main
techniques to prepare cold or ultra-cold molecules are of
three types, namely buffer-gas cooling of paramagnetic
molecules [10, 11], photoassociation of pre-cooled atoms in
a magneto-optical trap [12-22] or in a Bose—FEinstein con-
densation [23-25] and Stark deceleration of supersonic polar
molecules [26-31]. More recently, a single-stage optical Stark
decelerator for benzene molecules has been demonstrated;
this technique relies on the second-order Stark interaction
between the molecules and the intense laser field [32].

In 2000, Loesch and Scheel demonstrated the Keppler-
type electrostatic guiding of polar molecules (NaCl,
NaBr, Nal) in the strong-field-seeking state [33]. Since
the molecules in the injected polar molecular beam that
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can satisfy the Keppler motion orbit are very small in
number, the electrostatic guiding efficiency of strong-
field-seeking molecules is very low. For example, the
maximum guiding efficiency for NaBr molecules is
only ~0.12% in Loesch and Scheel’s experiment. Re-
cently, an electrostatic bent guiding technique was used to
produce a continuous cold polar molecular beam (H,CO,
ND3) in the weak- or strong-field-seeking state by using
a two-dimensional (2D) quadrupole electrostatic or time-
varying electric field, which is generated by four identical
bent charged electrodes [34-36]. It is clear that the 2D
Gaussian-like electrostatic field (i.e. Keppler guide) [33], a
hollow electrostatic one [34, 36] or even a 2D time-varying
Gaussian-like ac electric field [35] cannot only be used to
guide, manipulate and control cold molecules in the weak-
or strong-field-seeking state, but also to generate a cold
molecular beam by using a low-pass energy filter based
on the bent molecular guiding. However, these guiding
schemes cannot be used to realize surface guiding of cold
molecules on a substrate (i.e. a chip). So, it would be
interesting and worthwhile to find a highly efficient guiding
scheme and realize electrostatic surface guiding of cold polar
molecules in the weak-field-seeking state on a molecular
chip.

In this paper, we propose a novel and simple scheme to
guide cold polar molecules on the surface of an insulating
substrate (i.e. a chip) using a hollow electrostatic field gen-
erated by the combination of a pair of parallel charged wires
and a grounded metal plate, study the spatial distributions of
the electrostatic field and discuss some potential applications
of our surface guiding scheme in molecular optics. In Sect. 2,
we introduce the electrostatic surface guiding scheme for cold
polar molecules in the weak-field-seeking state, and derive the
equations to calculate the electric field distribution from the
charged-wire layout and its distribution of the Stark trapping
potential. In Sect. 3, the spatial distributions of the electric
field from our charged two-wire layout and their Stark trap-
ping potentials for cold CO molecules are calculated, and the
relationships between the electric field (including trapping
potential and force) and the parameters of the electrostatic
guiding system are analyzed. In Sect. 4, the loading of guided
cold molecules, some potential applications of our two-wire
guiding scheme and its advantages are briefly discussed. Some
main results and conclusions are summarized in Sect. 5.
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FIGURE 1 Schematic diagram of molecular surface electrostatic guiding
using a static electric field generated by the combination of two charged
wires (i.e. two parallel stainless steel rods) on the insulating substrate and
the grounded metal plate. The radius of the cylindrical wire is r¢, the center-
to-center separation of the two wires is 2a and the distance between a wire
center and the grounded metal plate is b; a positive voltage (+U) is applied
to the two wires

metal plate

2 Surface guiding scheme and derivation
of formulas

Our guiding scheme is shown in Fig. 1 and consists
of two parallel charged wires (i.e. two cylindrical stainless
steel rods) on the surface of an insulating substrate and a
grounded metal plate. Here the wire radius is 7, the space
between the centers of the two wires is 2a and the distance
from a wire center to the grounded metal plate is b; the relative
dielectric constant of the selected insulating material is &;. A
high-voltage source with a voltage +U is applied to both the
wires and used to produce a hollow quadrupole electrostatic
field distribution with a central minimum, so as to realize the
electrostatic guiding of cold polar molecules in the weak-field-
seeking state on the substrate surface. To eliminate the effect
of Majorana transitions, a low voltage U’ applied between
two infinite transparent electrodes of a plate capacitor is used
to produce a weak homogeneous bias field Ey along the z
direction. In order to let an incident molecular beam enter our
two-wire guiding system, the center of each electrode of the
plate capacitor has a small hole with a radius of 1 mm.

Let us assume that the charged wires are infinitely long
in the z direction. According to the Poisson equation and
method of images (i.e. the image charge method) [37], we
can derive the following equations to calculate the electric
field distribution in free space generated by our charged-wire
system:
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and then the total electric field distribution is given by

}, by, = —2b — by, 4)

[BCr, 1)l = | B2, ) + B3, ). 5)

From Egs. (1)-(5), we can calculate the spatial distribution
of the electric field |E(x, y)| in free space from our charged-
wire layout, and analyze the relationships between the electric
field distribution |E(x, y)| and the geometric parameters (a,
b and ry) of our guiding system.

We know that when a polar molecule with a permanent
electric dipole moment (EDM) g moves in an inhomogeneous
electrostatic field, due to the first-order Stark effect, it will feel
a dipole gradient force from the electrostatic field, which can
be used to realize the electrostatic guiding or trapping of cold
polar molecules.

When the angle 0 between the EDM and the external
electric field E is fixed, we can introduce an effective dipole
moment L. = p{cos6), where u is the magnitude of the per-
manent EDM and (cos 0) represents the quantum-mechanical
averaging over all angles. In consideration of the interaction
of a polar molecule (with a permanent EDM) with an inhomo-
geneous electrostatic field E, the interacting Stark potential
for cold polar molecules can be written as

Wsurk = —n - E. (6)

We find from Eq. (6) that when the average orientation of
the molecular EDM is parallel to the electric field E, that is,
when p - E is positive, the Stark potential is attractive, and the
molecule in the strong-field-seeking state will be attracted to
the maximum of the electrostatic field, which can be used to
guide the strong-field-seeking molecules around the charged
wire [33]. When the average orientation of the molecular
EDM is anti-parallel to the electrostatic field E, i.e. when
I - E is negative, the Stark potential is repulsive, and the
molecules in the weak-field-seeking state will be repelled to
the minimum of the electric field, which can be used to realize
the electrostatic guiding (i.e. two-dimensional trapping) of
cold weak-field-seeking molecules [34-36].

For a CO molecule in the metastable ¢’TT1 (J = 1, MQ =
—1) state, it has a relatively large EDM with 1.37 Debye
(4.6 x 107 Cm) and a strong first-order Stark effect and
when the electric field used to guide the CO molecule is
lower than 50kV/cm, the second-order Stark effect can be
neglected; the confining potential for the CO molecule, due
to the first-order Stark effect, is then given by

Wstark = —Herr | El @)
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and the corresponding dipole gradient force from the elec-
trostatic field, acting on the cold polar molecules, is given
by

F = —VWstak = tert VE. ¥

Itis clear that when pi. is negative, the weak-field-seeking
molecules will be repelled to the minimum of the electric field
by the repulsive gradient force F.

3 Theoretical calculations and analysis

From Eqgs. (1)—(5), we calculate the contours of the
electric field |E| in free space generated by the charged-wire
layout in Fig. 1, and the result is similar to those in Fig. Sc.
We find from Fig. Sc that there is a point of zero electric field
on the y axis, and its coordinate position (the guiding center)
is at (0, yp), which is like a hollow electrostatic tube with a
point |E| = 0 at the position (0, yg) and can be used to guide
cold polar molecules in the weak-field-seeking state along
the z direction. It is well known that when the guided cold
molecules move near the point of zero electric field, they may
be lost by Majorana transitions. So, to remove this molecular
loss, we can add a small homogeneous bias field Ej along the
guiding axis (i.e. the z direction) to provide a quantized axis
for the guided molecules, and this bias field E, along the z
direction is generated by the plate capacitor with a low voltage
U'.

When teflon is used as an insulating dielectric substrate,
the relative dielectric constant ¢, and the dielectric strength
of the insulating material are 2.1 and 60 kV/mm [38], respec-
tively. The relationships between the distribution of the elec-
tric field (E (x)|y—y, or E(y)|x=o) in free space and the geomet-
ric parameters (a, b and rp) of the charged-wire layout are stud-
ied, and the relationships between the corresponding Stark po-
tential for CO molecules (W (X)stark ly=y, Or W (¥)stark|x=0) and
the parameters of the charged-wire system are also studied.
Here, E(x)ly=y, and W (X)stark ly=y, are the distribution of the
electric field E and its potential Wy, for CO molecules in the
x direction when y = yg, whereas E (y)|x=o and W (¥)stark |x=0
are those in the y direction when x = 0. Next, we will present
our calculated results and the corresponding theoretical
analysis.

First, the relationship between the position y of the guid-
ing center (zero electric field) and the parameters (a, b and r)

of our guiding setup can be shown as

; Jat+ b2 —ri\\2
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According to Eq. (9), we calculate the dependence of the
guiding-center position yy on the geometric parameters (a, b
and ry), and the results are shown in Fig. 2. It is clear from
Fig. 2a that with the increase of the half space a (that is, the
half distance between the centers of the two parallel wires),
the position y, of the guiding center will be almost linearly
increased. For example, when ryp = 1.0mm, b = 4.0 mm and

&)
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FIGURE 2 The relationships between the position yy of the zero electric
field and a the half space a, b the distance b from the geometric center of the
two wires to the metal plate, ¢ the radius r¢ of the wire

the half space a is increased from 2 mm to 6 mm, the point y,
of zero electric field will be lifted from 0.36 mm to 3.14 mm.
Figure 3b shows that with the increase of the distance b, the
position yy of the guiding center will be reduced rapidly. When
ro = 1.0mm, a = 3.0 mm and the distance b is increased from
2 mm to 20 mm, the position y, of the guiding center will be
decreased from 1.46 mm to 0.20 mm. Figure 2c presents that
with the increase of the wire radius rg, the position yg of the
guiding center will be slowly reduced, and when a = 3.0 mm,
b = 4.0mm and the radius ry is increased from 0.5 mm to
2.0 mm, the position yy of the guiding center will be decreased
from 0.97 mm to 0.59 mm.

Secondly, Fig. 3 shows the relationship between the elec-
tric field E and the half space a. We can see from Fig. 3a
that the smaller the half space a, the larger the gradient of
the electric field E(x) and the larger the maximum elec-
tric field E(Xx)max (or the Stark potential W (x)suk) in the
x direction. When a = 3.0mm, b =3.0mm, ro = 1.0mm
and U = 15kV, we obtain E (X)max &~ 1.6 x 10° V/m and
W (X)stark =~ 266.7 mK. Figure 3b indicates that (1) with the
reduction of the half space a, the position (0, yg) of zero elec-
tric field E(y) will be lowered, but the gradient of the electric
field E(y) will be increased; (2) there are two maximum val-
ues in the electric field distribution E(y), one is at the surface
of the isolating substrate, and the other is above the zero point
yo of the electric field. Here, the smaller one is defined as
the maximum effective trapping potential (W (y).s) for cold
molecules; (3) when » = 3.0mm, ryp = 1.0mm, U = 15kV
and a = 3.0mm, we have the maximum effective electric
field E(¥)max & 0.6 x 10° V/m and the maximum effective
trapping potential W (y)essr =~ 100mK above yy ~ 1.13 mm,
which is far higher than the transverse temperature (~ 11 mK)
of cold molecules from the Stark decelerator [28]. In addi-
tion, the point yg of zero electric field drops from 3.64 mm to
1.13 mm with the increasing of the half space a from 3 mm
to 6 mm. From the above study, we found that the electric
field E and the corresponding E-field gradient scale as U /s
and U /s?, respectively, and the maximum effective trapping
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FIGURE 3 The relationships between the half space a of two wires and a
the electric field E(x) at y = yo (the corresponding trapping potential) and
b E(y)atx =0forb =3.0mm,rp = 1.0mm, U = 15kV anda = 3.0mm,
4.0mm, 5.0 mm and 6.0 mm

potential W (y).s scales as U/s; here s (s = 2a) is the char-
acteristic size of the guiding system.

In addition, we study the relationship between the electric
field (the E-field gradient and the maximum effective trap-
ping potential) and other parameters (b and ry), and find that
the higher the applied voltage U, and smaller the geometric
parameters (a and b), and the larger the wire radius and ry,
the higher the Stark trapping potential for cold molecules. So,
to obtain a higher trapping potential, we use a set of suitable
parameters to calculate the distributions of the electric field
and its trapping potential for cold CO molecules in the x and
y directions, and the results are shown in Fig. 4. It can be seen
from Fig. 4 that whena = 2.0mm, b = 3.0mm, ry = 1.5mm
and U = 30kV, we obtain E(x)mx ~ 1.8 x 10°V/m and
W (xX)stark & 300mK at y = yy, and the maximum effective
electric field E(y)max ~ 1.5 x 10° V/m and the maximum ef-
fective trapping potential W (y)esr & 250 mK at x = 0. This
shows that our two-wire system can be used to guide a Stark-
decelerated, cold molecular beam with a transverse temper-
ature of about 11 mK [28], and also can be used to guide a
supersonic molecular beam with a transverse temperature of
about 20 mK, which can be estimated by the divergence angle
of the supersonic molecular beam.
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FIGURE 4 The relationships between the radius (¢ of the wire and a the
electric field E(x) at y = yp (the corresponding trapping potential) and b
E(y)atx =0 fora =2.0mm, b =3.0mm, U = 30kV and rop = 0.5 mm,
1.0mm and 1.5 mm

Similarly, we also investigate the relationships between
two components (Fy, Fy) of the E-field gradient force and the
parameters (a, b and r) of the double-wire guiding system,
and find that the smaller the distance b from the center of
the two charged wires to the metal plate, the smaller the half
space a, and the larger the radius r of the wire, the greater the
E-field gradient force. Whena = 2.0mm, » = 3.0mm, U =
15kV and ry = 1.0mm, we obtain the maximum effective
trapping potential for cold molecules W (y)esr > 166.7 mK
and F(y)max > 3.32 x 10722 N, which is at least 728 times
the gravity force exerted on CO molecules. This shows that
F is strong enough to balance the action of the gravity force
on the guided molecules.

Possible applications and discussion

4.1 Some potential applications and loading of guided
cold molecules

Since our two charged wires can be fabricated on
the surface of the substrate, our two-wire surface guiding
scheme can be used to construct various molecular optical
elements, such as a molecular funnel, a molecular beam
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FIGURE 5 a 3D view of the molecular funnel scheme, b 2D vertical view
of the molecular funnel and ¢ the contours of the electric field or potential in
the x—y plane (sketch map). Contours are drawn at an interval of 0.5kV/cm
and the first contour shows 0.5kV/cm

splitter and a molecular interferometer and so on, and even
to form some integrated molecular chips. For example, if the
two charged wires have a fixed angle 6, and the half space a
is linearly increased along the z direction, a molecular funnel
using the two charged wires (see Fig. 5) can be formed. Figure
5a and b show the three-dimensional (3D) view and the 2D
vertical view of the molecular funnel, respectively, and Fig. 5c
shows the corresponding electric field contours or molecular
funnel potentials. We can see from Fig. Sc that when the half
space a between the two charged wires is linearly decreased,
the radius of the electric field contour with an identical
E-field value will also be reduced. This shows that the
two-wire guiding system as shown in Fig. 5, as a molecular
funnel, can be used to efficiently load cold molecules from
an incident cold molecular beam into our two-wire guiding
system or into other molecular optical elements. In addition,
if an S-shaped two-wire guiding layout (as a low-pass energy
filter) is used, and an effusive molecular beam is loaded
into our bent two-wire guiding system by using a suitable
molecular funnel, a CW colder molecular beam will be
generated by the evaporative cooling of the guided molecular
beam, which is similar to the experiment of Rempe’s group
[34, 36].

4.2 Characteristics of our two-wire guiding scheme

In comparison to the four-wire guiding scheme
used in Refs. [34, 36], our two-wire guiding scheme has some
characteristics or advantages as follows: (1) the position of the
guiding center in our electrostatic tube is determined by only
three geometric parameters (a, b and ry), so it can be used to
flexibly manipulate and control the guided cold molecules; (2)
usually, to obtain a 2D trapping potential as high as possible,
the distance 2a between the two wires should be as small as
possible. In this case, we do not need to worry about the dis-
charge effect between two charged wires because the electric
potentials of the two charged wires are identical; (3) our two
wires can be fabricated on the surface of an insulating sub-
strate, so our scheme can be used to realize the surface guiding
of cold polar molecules, and to form various surface molecular
optical elements and even to develop some novel molecular
chips. However, the four-wire guiding scheme [34, 36] has a
higher trapping potential for cold molecules under the same
geometric parameters (¢ and ry) and applied high voltage,
but the size of 2(a — r() in the four-wire scheme cannot be
too small because it will result in a serious discharge effect
between two adjacent charged wires.

5 Conclusions

In this paper, we have proposed a novel electro-
static surface guiding scheme based on the interaction be-
tween the electric dipole moment of cold polar molecules
and the electrostatic field, which is generated by the com-
bination of two parallel charged wires on the surface of the
insulating substrate and the grounded metal plate, calculated
the corresponding electric field distribution and analyzed the
relationship between the electric field (including the trapping
potential and the gradient force) and the geometric parameters
of the two-wire guiding system. Our study shows that there
is a point of zero electric field at the position (0, yg), and the
resulting electric field distribution looks like a hollow electro-
static tube with a zero central electric field, which can be used
to guide cold polar molecules in the weak-field-seeking state
along the z direction, and to obtain a higher guiding efficiency.

Our electrostatic two-wire guide for cold polar molecules
is different from the Keppler guide [33] and also different
from the central guide with four charged wires [34-36]; it
has some interesting characteristics, such as the position of
the zero electric field in the electrostatic tube relying on only
three parameters: the space 2a between the centers of the two
wires, the distance b from the geometric center of the two
parallel wires to the metal plate and the wire radius r¢. So,
our two-wire guiding scheme cannot only be used to realize
the surface guiding of cold polar molecules on the substrate,
but also can be conveniently used to manipulate and control
cold molecules by the above three parameters, and even to
generate a continuous, cold polar molecular beam by using a
bent electrostatic guide [34, 36]. Moreover, our surface guid-
ing scheme can also be used to form various molecular optical
elements, such as a molecular funnel, a molecular beam split-
ter and a molecular interferometer, and even to develop some
integrated molecular chips.
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