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Controllable chip-based beam splitter for cold polar molecules
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We proposed a Y-shaped molecular beam splitter for guided polar molecules, composed by several 1-μm-thick
gold electrodes deposited on a chip. The splitter has a total length of 10 mm and the height of the electrostatic
guiding center (minimum of the electric fields) is about 100 μm from the surface of the chip. Our theoretical
analysis and trajectory calculations are carried out using two types of polar molecules of ammonia-D3 (ND3)
and strontium fluoride (SrF). The calculated results show explicitly that, by applying a few hundred volts on
the electrodes, the splitter can direct the guided (light or heavy) polar molecules to either of the two outgoing
arms with any desired ratio (from 0% to 100%) by changing the voltages applied on the electrodes. This chip-
scale molecular beam splitter offers a platform for molecular optics, precision measurements, and quantum
computation. This basic optical element could be integrated into molecular chips and serve as a building block
for a future gas-phase molecular laboratory on a chip.
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I. INTRODUCTION

Lab-on-a-chip technology is now increasingly pursued
by both physicists and chemists, because it allows precise
control of particles, enjoys fast transport times and accurate
knowledge of molecular concentrations, and permits setup
miniaturization, as well as low cost and power [1]. Signifi-
cant advances have been made in atomic chips [2] for their
excellent applications, such as fast Bose-Einstein condensate
(BEC) generation [3], and precision measurements [4]. Al-
though the molecular chip is still in its infant stage compared
to the atomic chip, considerable progress in the molecular chip
has been made in recent years. Various chip-based molecular
optical elements have been demonstrated or proposed, such
as the Stark decelerator [5,6], molecular mirror [7,8], trap
[9], and electrostatic lattice [10]. Most recently, an improved
chip-based molecular clock has been demonstrated and shows
more advantages over chip-scale atomic clocks [11]. Of them
the molecular beam splitter is an essential optical element
required in the fields of molecular optics and molecular in-
terferometry. The first chip-based atomic beam splitter was
demonstrated almost two decades ago [12,13]. However, little
work has been done on a chip-scale molecular beam splitter.

Recently, many macroscopic molecular beam splitters have
been well demonstrated. In 2011, our group experimentally
demonstrated an electrostatic molecular beam splitter for
polar molecules [14], which consists of a Y-shaped charged
wire and a metallic plate capacitor. In 2017, Palmer and
Hogan demonstrated a Rydberg-atom beam splitter [15], com-
posed of a metallic plate and two-dimensional electrodes.
In the same year, Gordon and Osterwalder experimentally
demonstrated a three-dimensional (3D)-printed macroscopic
beam splitter for polar neutral molecules [16]. These excellent
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works have paved the way for studies of cold molecular
physics and molecular optics. However, limited by their com-
plex structures, it is difficult to miniaturize these devices and
integrate them onto the chip surface. Here we present a chip-
scale beam splitter scheme for cold polar molecules, which
has a concise and robust structure. By applying a few hundred
volts on the electrodes, a Y-shaped guiding tube for low-field-
seeking state polar molecules can be formed in the vicinity of
the chip, allowing dividing one guided (light or heavy) molec-
ular beam into two parts with any desired ratio. In the follow-
ing sections we will give a detailed introduction to the design
and operation principle of the chip-based molecular beam
splitter. Following that, Monte Carlo simulations and theoret-
ical analyses using two types of polar molecules, ND3 and
SrF, will be carried out to show the performance of the beam
splitter. Finally, there is Discussion and Conclusions section.

II. SCHEME AND OPERATION PRINCIPLE

The schematic of our chip-based molecular beam splitter
is modeled in Fig. 1. It consists of several 1-μm-thick gold
electrodes, which are deposited onto a glass substrate and
patterned like a Y. The geometry dimension of the scheme
is labeled in Fig. 1. In the following tests the parameters are
set as follows: The length of the front (straight) part and the
back (branch) part is c = 5 mm and d = 5 mm, respectively.
Thus the total length of the beam splitter is 10 mm. The width
of the straight electrodes is a = 120 μm and the gap between
them is g = 100 μm. The middle straight electrode is equally
divided into two parts with a gap of g0 = 10 μm. The width
of the branch electrodes is b = 100 μm and the gap between
them is also 100 μm. The diverging angle is 2θ = 10.28◦. The
potential applied on each electrode is labeled in Fig. 1 and is
given by

Ui = (−1)i+1U0[1 + cos (i4π/3 + φ)] (for i = 1, 2, 3),
(1)
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FIG. 1. Schematic diagram of the molecular beam splitter, to-
gether with the geometric parameters of the electrodes and the
applied voltage on each electrode. A definition of the coordinate
system used in the text is also given, where molecules propagate
along the z axis.

and U7 = −U3, U8 = −U1, U9 = −U2, U4 = U6 = −U0,
U5 = U0, where i is the index of the electrodes. Here φ is
an important parameter used to change the potential on each
electrode and thus to adjust the beam splitting ratio. The
splitting ratio is defined as the ratio of the molecular number
of each branch to the total number of the two branches. It
should be noted that as the parameter φ gets larger than 180°,
the potential is applied as follows:

Ui = (−1)i+1U0{1 + cos [(10 − i)4π/3 + φ]}
(for i = 7, 8, 9), (2)

and U7 = −U3, U8 = −U1, U9 = −U2, U4 = U6 = −U0,
U5 = U0. With these settings, this very simple and robust
structure can produce a two-dimensional Y-shaped hollow
guiding tube for the low-field-seeking state polar molecules
above the surface of the electrodes.

The splitting ability of the beam splitter strongly depends
on both the depth of the guiding potential and the splitting
angle of the two output arms. In principle, larger applied
voltages and smaller diverging angles are able to tame the
molecules of higher velocities. If the value of the molecular
beam velocity is so high that it is beyond the splitting ability
of the splitter, the molecules will pass through the guiding
potential and fail being split. In the following calculations and
simulations the potential U0 is set to 500 V. With the help
of finite-element methods, the electric field distribution of the
beam splitter above the chip is calculated. Figure 2(a) shows
the contours of the electric field magnitude in the xy plane
at four selected positions: A (z = 4.0 mm), B (z = 6.0 mm),
C (z = 7.0 mm), and D (z = 8.0 mm), with the setting of
φ = 180◦. It is clear that the two outgoing arms are gradually
formed along the z axis. The height of the electrostatic guiding
center (minimum of the electric fields) is about 100 μm from
the chip. It is worth noting that the splitting point of the
potentials is at z = 6.6 mm, a little bit different from the
geometrical splitting point of the splitter (i.e., z = 5.0 mm).
We take ND3 as a tester. The force experienced by a ND3

molecule is derived from the Stark potential utilizing the
formula

F (r) = −∇Ws(r) = −
(

dWs

dE

)
∇|E (r)|, (3)

FIG. 2. (a) Electric field distribution of the beam splitter for
φ = 180◦ in four typical planes perpendicular to the z axis (A:
z = 4.0 mm, B: z = 6.0 mm, C: z = 7.0 mm, D: z = 8.0 mm).
The contour lines are displayed in intervals of 2.0 kV/cm. (b) The
local minimum of the splitting guiding potential tube(s) along the z
direction.

where Ws is the Stark potential energy and E is the electric
field strength. The direction of force points towards higher
fields for levels with KM > 0 (high-field-seeking states), and
towards lower fields for levels with KM < 0 (low-field-seeking
states). In electric fields below 100 kV/cm, the interaction be-
tween the different rotational levels can be neglected for ND3

molecules, and the Stark energy can be well approximated as
follows:

Ws = ±
√(

Winv

2

)2

+
(

μ0|E | MK

J (J + 1)

)2

− Winv

2
, (4)

where Winv is the zero-field inversion splitting (0.053 cm−1 for
ND3 [17]), and M, K are the projection of the total angular
momentum J on the electric field E and on the symmetry
axis, respectively. μ0 is the permanent electric dipole moment
(1.5 D for ND3 [18]). For ND3 in the |J, KM =|1,−1〉 state
the transverse motion near the center of the guiding tube is
harmonic. The expression of the potential well can be given
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FIG. 3. Electric field distribution in the plane parallel to the chip at the height of 100 μm for φ = 140◦ (a), φ = 220◦ (b), and φ = 180◦

(c), respectively. Color bar labels H and L mean high and low electric field, respectively.

by Uy = kyy2/2, where ky = mω2
y . This yields a transverse

trap frequency fy = ωy/2π = 36 kHz in the straight guiding
arm, and a depth of 120 mK. The two output arms have nearly
the same characteristics as the input guiding tube, except that
the depth and transverse trap frequency are both a little bit
lower than the input guiding tube, that is, 100 mK and 33 kHz,
respectively.

As can be seen from Fig. 2(b), two potential hills
(∼ 0.011 cm−1) emerge near the splitting point, which can
stop ND3 molecules with velocities below 3.5 m/s (0.5 m/s
for the SrF molecule). Such a tiny roughness therefore has
almost no effect on normal splitting experiments, but it is un-
favorable for the interferometric applications. These barriers
can be minimized through parameter optimization or structure
modification. Additionally, in the interferometric experiments
the molecular beams normally move very slowly such that the
applied voltages on the splitter would be reduced and thus
this roughness will decrease correspondingly. As mentioned
before, the guiding tube of the output arms can be adjusted
by changing the value of φ. Figure 3 depicts the electric field
distribution in the plane parallel to the chip at the height of
100 μm for three different values of φ. It explicitly shows the
paths diverge in the region. As can been seen from Figs. 3(a)
and 3(b), the right (left) output arm is almost closed near the
splitting point for φ = 140◦ (φ = 220◦); thus most molecules
are directed to the left (right) output arm. Figure 3(c) shows
the case for φ = 180◦, where the electric field distribution
of the two branches is spatially symmetric relative to the
incoming guide axis (z axis). As a result, the guided molecules
split evenly into two sides and the splitting ratio of the two
arms will be equal. Therefore, it is possible to control the
ratio between the two arms by changing the value of φ, i.e.,
adjusting the applied voltages on the electrodes.

III. MONTE CARLO SIMULATION AND ANALYSIS

In order to verify the performance of our proposal, ND3

in the |J, KM =|1,−1 > state is used to carry out 3D Monte
Carlo simulations. Background collision and surface-induced
heating losses are ignored in our simulation because present
vacuum technology and cooling technology permit greatly
reducing these losses [19]. Nonadiabatic transition loss is also
not considered. The position and velocity distributions of the

initial molecular beam are Gaussian in all directions with the
six-dimensional (6D) emittance [�z × �vz] × [�x × �vx] ×
[�y × �vy] = [1.0 mm×12.0 m/s]×[0.5 mm×12.0 m/s] ×
[0.5 mm × 12.0 m/s]. The beam contains 500 000 molecules
with the initial distribution of the beam centered at y = 0 μm,
vy = 0 m/s, x = 100 μm, vx = 0 m/s, z = 0 μm, vz = 50
m/s. The above parameters of the molecular beam are chosen
by referring to some recent experimental results [6,20,21].
The molecular beam is first straightly guided for a distance of
about 5 mm and then gradually split into two beams by the
two branch arms after the splitting point.

The simulation results are shown in Fig. 4. The pro-
files of the molecular number density are plotted as a
function of the transverse position for four selected val-
ues of φ. The profiles are obtained by measuring the
guided ND3 molecules at the two outlets of the beam split-
ter. When φ = 180◦, U1 = U9 = 750 V, U2 = U8 = −750 V,
U3 = U7 = 0 V, U4 = U6 = −500 V, U5 = 500 V, the volt-
ages on the electrodes are symmetric relative to the z axis.
Due to its inherent symmetry of the guiding electric fields, the
ND3 molecular beam is divided into two equal parts, as shown
in Fig. 4. The transverse temperature of the straightly guided
molecular beam is 40 mK, whereas the transverse temperature
of the beams in the branch arms is slightly lower, that is,

FIG. 4. Simulated transverse profiles of the guided ND3

molecules measured at the two outlets of the molecular splitter for
four selected values of φ.
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FIG. 5. Dependences of the splitting ratio of the molecular beam
splitter on the value of φ (simulated results).

38 mK. The transverse temperature is obtained using the fol-
lowing expressions: (2/2)kBTtrans = (1/2)kBTx + (1/2)kBTy,
and Tx,y = m�v2

x,y/(8 ln 2kB) [22]. When the value of φ de-
creases, the right guiding tube gradually begins to close,
resulting in the left arm guiding more and more molecules
than the right side, as shown in Fig. 4. The splitting ratio
of the molecular beam splitter is plotted as a function of
φ in Fig. 5. It is clear that the splitting ratio on the left is
gradually increased along with lowering the value of φ. When
φ = 140◦, a splitting ratio of R = 0.9% − 99.1% is obtained.
As the value of φ decreases to 130°, the guided molecular
beam is absolutely directed to the left; i.e., a splitting ratio
of R = 0% − 100% is obtained. Similarly, more and more
molecules are directed to the right along with raising the value
of φ, and finally all molecules turn right when φ = 230◦. We
know from these simulations that it is possible to divide one
molecular beam into two beams of any proportion using our
chip-based electrostatic molecular beam splitter.

Generally, interference experiments with massive particles
are considered to be the ultimate demonstration of the
quantum nature of these objects [23]. Therefore it would
be interesting and worthwhile to design a beam splitter for
heavy molecules. However, it is usually more difficult to
manipulate heavy polar molecules (roughly defined as >100
amu) because their Stark curve of the rotational energy levels
easily turns down in high electric fields, as well as their more
kinetic energy for a given velocity. The two-dimensional
guiding tubes originated from our beam splitter electrodes
can offer deep potential wells and thus allow taming both
light and heavy polar molecules. The 88SrF molecule is
a typical heavy polar molecule that is amenable to laser
cooling [24]; therefore we selected SrF in the |N, NM =|2, 0〉
state as a tester to verify our chip-based beam splitter. Here
N is the rotational number and NM is the projection of N
on the electric field axis. Since the maximum transverse
electric field is around 35 kV/cm, the SrF molecule in the
|N, NM〉 =|2, 0〉 state is always low-field seeking in the
guiding tubes. Stark shift of SrF of the lowest rotational
levels in the vibronic ground state can be found elsewhere
[25]. The force experienced by the SrF molecule in the
electrostatic fields can be deduced from the formula (3). For
the SrF molecule, the beam splitter parameters are 2θ = 6.0◦,

c = 3.0 mm, d = 7.0 mm. All other parameters of the splitter
are identical to the above ones for ND3 molecule. The
molecular beam parameters are [�z × �vz] × [�x × �vx] ×
[�y × �vy] = [0.5 mm × 5.0 m/s] × [0.5 mm × 5.0 m/s] ×
[0.5 mm × 5.0 m/s], and the total molecular number is also
500 000. Our simulated results show that, similar to the
case of ND3, by changing the value of φ, SrF molecules
can turn either left (φ < 180◦) or right (φ > 180◦) with any
desired ratio. When φ = 180◦, the SrF molecular beam is
equally divided into two parts (not shown). Splitting ratios
R = 1.5% − 98.5%, and R = 0% − 100% are obtained for
φ = 130◦ and φ = 120◦, respectively (not shown). When
φ = 240◦, all SrF molecules are directed to the right. It
shows that heavy polar molecules are also amenable to
our designed chip-based molecular beam splitter, which
offers more possibilities for basic research and application
work.

IV. DISCUSSION AND CONCLUSIONS

In summary, we have presented a centimeter-size molecu-
lar beam splitter, realized with simple wires on chip surfaces,
which is capable of splitting beams of cold (light or heavy)
molecules into spatially separated components in the vicinity
of a chip. It is very easy to adjust the splitting ratios of the two
outgoing arms (from 0% to 100%) by changing the voltages
applied on the electrodes. Note that we choose the geometries
of the electrodes for the convenience of discussion, which are
subject to scaling on a practical basis.

Such a robust and easy to operate molecular beam split-
ter may find some important applications in the fields of
integrated molecule optics, cold molecular collision, precise
measurement, and even quantum computation. For instance,
in some molecular collision experiments [26], while one of
the split components of a molecular beam is being used as an
intensity reference, the other split beam component collides
with the target atoms (or molecules). If guiding a coherent
ultracold molecular beam such as molecular Bose-Einstein
condensate, the device could act as a coherent molecular beam
splitter and can be used for molecular interference experi-
ments. Since the beam splitter allows directing the guided
beam to either of the outgoing arms, it can serve as an electric
switch for integrated molecular optics. In 2001 Knill et al.
presented a protocol of creating a universal quantum computer
solely with a beam splitter (and other auxiliary components)
[27], where the beam splitter is used for operating photons. By
extension, it might be possible to create a counterpart quantum
computer using a miniature molecular beam splitter, if using
polar molecules as qubits [28–32]. In a word, this basic optical
unit could be integrated into molecular chips and contribute
to future lab-on-a-chip technology. Our experimental setup is
currently under construction.
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