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Three-dimensional (3D) driven optical lattices have attained great attention
for their wide applications in the quest to engineer new and exotic quantum
phases. Here we propose a 3D driven electric lattice (3D-DEL) for cold
polar molecules as a natural extension. Our 3D electric lattice is composed
of a series of thin metal plates in which two-dimensional square hole
arrays are distributed. When suitable modulated voltages are applied to
these metal plates, a 3D potential well array for polar molecules can be
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generated and can move smoothly back and forth in the lattice. Thus, it can

drive cold polar molecules confined in the 3D electric lattice. Theoretical analyses and trajectory calculations using two
types of molecules, ND; and PbF, are performed to justify the possibility of our scheme. The 3D-DEL offers a platform for
investigating cold molecules in periodic driven potentials, such as quantum computing science, quantum information
processing, and some other possible applications amenable to the driven optical lattices.
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1 Introduction

With the development of laser cooling and trapping
techniques [1-5], the periodic optical lattices based on
the interference of intersecting laser beams [6] have
become ideal tools for studying fundamental physics
experiments and quantum information processing, such
as the simulations of condensed matter phenomena [7],
quantum gases microscopes [8], high precision atomic
clocks [9], and quantum gates for quantum information
[10, 11]. Furthermore, periodically driven quantum
systems can produce many fascinating physics and
phenomena inaccessible to their static counterparts
[12-15]. Therefore, the optical lattice subject to a time-
periodic driving potential becomes an important tool for
realizing quantum simulations and manipulating ultracold
atomic quantum gases [16]. By confining atoms or
molecules to such an optical lattice potential, many
meaningful studies have been realized, such as the coherent
control of the single-particle tunneling amplitude in peri-
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odically shaken lattice [17], the implementation of kine-
matic frustration [18, 19], and the study of the kinetics
of phase transitions [20, 21].

Compared to the rapid progress in the driven optical
lattice, little work has been done on the electric lattice.
Here we propose a three-dimensional driven electric
lattice (3D-DEL) for polar molecules, analogous to the
driven optical lattice for cold atoms. The polar
molecules, with their rich structure of internal states
and tunable long-range electric dipole-dipole interac-
tions, play an essential role in the studies of quantum
simulation of phases of matter [22-26], precision
measurements [27-29], cold chemistry [30-32], cold colli-
sions [33], and high-fidelity quantum information

processing [34-37]. Moreover, our 3D-DEL can generate
periodic electrostatic microtraps in the lattice by applying
suitable voltages. Besides, the 3D electric lattice can also
slow down supersonic molecular beams to a standstill
and trap them in the lattice. In a word, thus 3D electric

lattice can offer a variety of control methods for cold
=
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polar molecules.

In the following sections, we will first present the
design of the 3D-DEL. Following that, theoretical analyses
and trajectory calculations using two types of molecules,
NDj3 and PbF, are given to justify the possibility of our
scheme. The end is the conclusions and outlook.

2 Design

Figure 1 shows our three-dimensional driven electric
lattice (3D-DEL) schematic diagram in a cold molecular
experiment. A beam of polar molecules is released into a
vacuum and then is loaded into the 3D-DEL. The
manipulated molecules can be detected by laser-induced
fluorescence at the end of the lattice.

The 3D-DEL is composed of a series of thin metal
plates that are patterned with a 2D periodical square
hole array. The thickness of each plate is ¢, and the
distance between the centers of the adjacent plates is d.
The detailed view of the plate is shown in Fig. 1, where
the length of a square hole in the plate is s and the
width of the metal frame between two neighboring
square holes is g. By applying appropriate voltages on
these metal plates, a moving 3D electric potential array
can be formed among the 3D-DEL.

3 Principle of operation

The potential on each individual electrode plate can be
expressed as

(1)

Vi (0 = Vasin (1) + 5.

with the waveform amplitude being V, and the time-
dependent phase offset being ¢ (t). N is the number of
electrodes in one longitudinal periodicity, and thus the
longitudinal periodicity of the 3D-DEL is L; = Nd. The
voltage is applied in a manner similar to that of the
traveling wave Stark decelerator [38]. These voltages
create two electric field minima in one longitudinal peri-
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Fig. 1 Schematic view of the 3D-DEL in a cold molecular
experiment. A molecular beam is generated by a pulse valve,
and then is coupled into the 3D-DEL by a hexapole. After
being manipulated by the 3D-DEL, the molecules can be
detected by laser-induced fluorescence.

odicity. At the same time, according to the periodic
structure of the lattice in the transverse directions, a
periodic electric field minimum can also be generated by
applying the above voltages. The length of the transverse
periodicity is L, = s+g. Transverse and longitudinal
minima represent the formation of a three-dimensional
trap array for polar molecules. By modulating these
voltages sinusoidally, the minima of the longitudinal
electric field can be moved along the lattice. The time-
dependent of the phase offset is given by

t

e(t) = 27r/ w(7)dr, (2)
0

where w(r) is the modulation frequency and is directly

linked to the longitudinal trap velocity expressed as

v, = Liw (7). After applying the above voltages, the electric

potential ¢ (z,y, z) in the 3D-DEL can be obtained by

¢ (93, Y, Z) = Z Crnni [Cos(mkxx) + sin (mkmx)]
m,n,l
x [cos (nkyy) + sin (nkyy)]

x [cos (lk.z) + sin (Ik.z)], (3)

where k, =k, =2n/Ls, k,=2n/L;. In the following
discussions, the geometrical parameters combination of
the lattice are set as follows: ¢ =g =10 um, d =40 pum,
and s =50 pm. It should be noted that the geometric
size of the electrode plate can be scaled up or down as
needed. To create the suitable potential for ND3
molecules in the |J, MK) = |1,-1) state, V; is set to 100
V, and N is set to 8. When m, n, [ are integers from 0 to
2, the coefficients C,,,; can be determined by comparing
each Fourier component with Eq. (3), using a method
similar to the reference [39]. Once the electric potential
is constrained, the electric field strength is given by

2 2 2
- (G )
ox oy 0z
Figure 2(a) illustrates four snapshots of the Stark
potential along the zaxis when moving through one
stage of the lattice. In case (1), the two potential
minima are just in the electrodes located at 0 um and
160 pm, respectively. In cases (2)—(5), with the linear
increase of ¢(t), the minima of potential are shifting
along the zaxis continuously. The offset in case (5) is
40 um compared to the case (1), which corresponds to a
shift of r/4 for the phase of the applied voltages. In each
case, the maximum value of the longitudinal electric
field remains constant at 18kV/em. Figure 2(b) shows
the electric field distributions in the transverse (z—y
planes) through the minima of the lattice sites, which
are right between two neighboring electrode plants. For
ND3 molecules, the maximum value of the transverse
electric field is 3kV/cm, corresponding to a potential
trap depth of 27.5 mK.

(4)
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Fig. 2 (a) The operation principle of the electric fields in
the 3D-driven electric lattice. (b) The electric field distribution
of the 3D lattice in the transverse (z—y plane) directions
through the electric field minima of the lattice sites.

4 Theoretical analysis and trajectory
calculations

To justify the performance of our 3D-DEL for polar
molecules, theoretical analysis and 3D numerical calcula-
tions are carried out with ND3 molecules. ND3 is a kind
of symmetric top molecule with a pyramidal structure.
In zero electric field, the |J, K) = |1,1) level of NDj is split
due to tunneling in a symmetric and in an antisymmetric
component. Upon applying an electric field, the symmetric
and the antisymmetric components interact and repel
each other, leading to four levels, as shown in Fig. 3.
Throughout the following simulations, molecules in the
|/, MK) = |1,—1) state is used, which is the only low-field-
seeking state populated in the molecular beam.

For ND;3 molecule, the stark energy of |J K) =|1,1)
varying with the magnitude of the external electric field
can be obtained by [40]

w 2=y (Vi) (i ) e
(5)

where W, is the zero-field inversion splitting (0.053 cm™!
for ND3), p is the permanent electric dipole moment (1.5
Debye for ND3), and M,K are the projections of the
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Fig. 3 Stark shift of the |J, K) =|1,1) level of ND3 ammonia
molecules in an electric field of up to 80 kV/cm.

total angular momentum J on the electric field |E| and
along the symmetry axis, respectively. As can be seen
from Eq. (5), the Stark shift is quadratic for low electric
field strengths and becomes linear when the Stark inter-
action becomes large relative to the zero-field splitting
[41]. After obtaining the stark potential, the force
between the ND; molecules and the fields can be derived
from the following expression [39]:

¢ o 9%\ [99
" 922 0x0y 0zdz || 9%
<FI>_(1dW> P o o || 00
FZ |E|d|E|)| ozoy  0y*  0yd= dy
Py P9 2% || a¢
0xdz Oydz 922 Dz

(6)

In our 3D-DEL, the longitudinal motion of the NDj
molecule relative to the moving potential well center can
be given by

d?Az

de—l—ma—F(Az) =0,

(7)
where Az is the instantaneous longitudinal position
difference between the molecule and the potential well
center, m is the mass of the ND3; molecule, and a is the
acceleration of the potential well. F(Az) is the average
force experienced by molecules in the potential well over
one period, which can be obtained from Egs. (3)—(6).
For the ND3 molecule, the phase acceptance of an individual
trap of the electric lattice along the longitudinal direction
can be obtained from Eq. (7). By integrating Eq. (7),
the phase-stability diagram in the longitudinal direction
with the acceleration of the lattice being zero is shown
in Fig. 4(a). The molecules are phase-stable when they
are in the area inside the separatrix. In contrast, those
beyond the separatrix will be lost because their total
energy is larger than the effective potential. We also
calculate the effective potential for ND; molecule in the
lattice when the acceleration of the lattice is zero. The
depth of the potential well of our 3D-DEL is about 0.43
K when a = 0 pm-ps~2, as shown in Fig. 4(b). For transverse
direction, the motion of the molecules in the moving
trap can be written as

d®z,y  —
2 - F
BT

Ty — 07 (8)
where F,, is the average transverse force experienced
by molecules and is written as F, , = [ gl Wdz.
Our simulation covers the whole dynamic process,
including loading, deceleration, and detection. In the
simulation, the losses caused by background collision
and surface-induced heating are ignored as current
vacuum and cooling technology significantly reduce
these losses [42]. Because of the non-zero pseudo potential
well centers in the driven lattice, the nonadiabatic tran-
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Fig. 4 The phase space separatrices (a) and effective
potential wells (b) for the ND3 molecules in the moving electric
lattice along the longitudinal direction, with the acceleration
of the lattice being a = 0 um-ps™2 and a = 0.82 pm-pus 2.

sition loss can also not be considered in our calculation
[43]. The six-dimensional emittance of the initial mole-
cular beam in our simulation is set to be (Az x Av,) x
(Az x Av,) x (Ay x Ay)= (800 pm x 15 m/s) X
(500 pm x 5m/s) x (500 pm x 5 m/s), where the position
and velocity spread are flat in all directions. The incident
beam contains 5 x 10° molecules with an initial distribution
centered at z =0 pm, v, =330m/s, y =30 pm, v, =0m/s
and z =30 pm, v, = 0m/s. The above parameters of the
tailored molecular beam are chosen by referring to the
related experimental parameters [44]. In the calculation,
the transverse dimension of the lattice is set to
9mm x 9 mm, and the longitudinal dimension is about
6.7 cm. The waveform amplitude V; applied on the elec-
trodes is set to 100 V.

In the simulation, we employ a so-called “synchronous
molecule” to create the time sequence of operations. The
synchronous molecule is virtual and is always in sync
with operations of the external fields. The beam of ND3
molecule first freely flies at a distance of 10 mm and
then is loaded into the 3D-DEL along the longitudinal
direction. To match the central velocity (330 m/s) of the
incident molecular beam, the initial frequency of the
modulated voltages applied on the electrode plates of
the lattice is set to 6.48 MHz. Then the frequency of the
modulated voltages is continuously chirped from 6.48
MHz to 0 Hz in about 0.42 ms, resulting in acceleration
up to 0.82 um-ps—2. We calculated the phase space sepa-
ratrix and effective potential well for the ND3 molecules
in the lattice when the acceleration is 0.82 um-pus—2 and
the results are shown in Fig. 4. It is clear that compared
to the case of zero acceleration, the separatrix gets
smaller, and the depth of the potential becomes shal-
lower. The center of the potential well also shifts
forward slightly.

The results of the trajectory calculation of the deceler-
ated ND3 molecules are shown in Fig. 5. With a deceleration
strength of 0.82 um-us=2, a beam of ND3; molecules with
an initial velocity of 330 m/s can be decelerated to a
standstill by our 3D-DEL. Figure 5(a) indicates the
transverse spatial distribution of the molecular packets
at the end of the lattice with a forward velocity being

close to zero. Fig. 5(b) shows the calculated result of the
ND; molecule distribution in the longitudinal phase
space when ¢=0.82 um-pus~2, together with the corre-
sponding longitudinal acceptance of the lattice. These
enriching distribution for molecules in both transverse
and longitudinal phase space illustrates the stability of
the deceleration process in the lattice.

It has been known for a long time that heavy
molecules (roughly defined as mass >100 amu) are of
particular interest in the test of fundamental physics,
such as the measurements of electric dipole moment
(EDM) of the electron [45] and tests of parity violation
in nuclei [46] and chiral molecules [47]. However, it is
usually more challenging to tame heavy polar molecules
because they have more kinetic energy for a given veloc-
ity, and their Stark curve of the rotational energy levels
easily turns down at high electric fields. To confirm the
performance of our proposed 3D-DEL in manipulating
heavy polar molecules, PbF molecule is used here as a
tester. We chose the PbF molecule as the prototype
molecule for our simulations because it is predicted to be
a sensitive probe for measurement of e-EDM [48], and
because it has a reasonable dipole moment (3.5 Debye),
rotational moment, and corresponding Stark shift. The
Stark shift of the PbF of the lowest rotational levels in
the vibronic ground state is shown in Fig. 6(a). The
(N,N,;) = (2,0) is selected for the following studies,
where N is the rotational quantum number and N, is
the projection of N on the electric field axis. The maximum
electric field along the longitudinal direction of the
lattice is 54 kV/cm under V;, being set to 300 V, where PbF
molecule in the state (2,0) is still a weak-field-seeker. To
decelerate PbF molecules from a supersonic speed to zero,
the number of slowing stages is increased to 6640, resulting
in the total length of the lattice up to about 26 cm,
which is still greatly shorter than the currently used
decelerator for heavy polar molecules [49]. All other
lattice parameters used here are identical to those of the
above sections. With the acceleration of the lattice being

0.2 um-us~2, the packet of PbF molecules are lowered
(@) 180 ——
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Fig. 5 (a) The 2D view of the molecular distribution at
the end of the lattice with a longitudinal velocity being close
to zero in the z—y plane. (b) The longitudinal separatrix for
the lattice with the acceleration of 0.82 um-us™2 (solid red
line), together with the decelerated ND; molecules in the
lattice (black dots).
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molecules are also plotted in Fig. 6(b). The result shows
that our 3D-DEL can effectively slow down heavy polar
molecules in low-field-seeking states, benefited from its
stable 3D confinement in the slowing process. This
lattice may find applications in the miniaturization of
heavy molecular control instruments.

At the end of the 3D lattice, the moving potentials
are brought to a standstill, and the molecules in the
traps can be stably confined in the lattice, where further
molecular experiments can be performed. The time
dependence of ND3 and PbF molecules in the stationary
3D lattice are shown in Fig. 7. It is clear that both the
ND3 molecules and PbF molecules can be stably confined
in the 3D-DEL. The polar molecules trapped in the
lattice promise a variety of applications ranging from
cold collisions to precision measurement and some other
possible applications amenable to magnetic or optical
lattices.

The results of the above simulations have confirmed
that the 3D-DEL can effectively manipulate both light
and heavy polar molecules, including deceleration and
trapping them. Furthermore, the 3D potential wells can
be moved back and forth by varying the voltages on the
lattice. This operation is similar to driven optical [50] or

1.04 /Trapping on ND,

el
&
2
k%)
£ 0.54
]
k| Trapping on PbF
E
S
=

0_

0 5 10
1 (ms)

Fig. 7 Time dependence of molecular density of trapping
process for ND3 molecules and PbF molecules respectively in
the 3D-DEL.

Fig. 8 Shuttling back and forth arrays of ND; molecules in
our 3D-DEL. The velocities of the lattice are indicated in
each case.

magnetic lattices [51], that is why we call our lattice a
driven lattice. To justify the performance of our 3D-
DEL, trajectory calculations for ND3; molecules are
performed with the same parameters used in previous
sections. A ND3 molecular beam loaded into the potential
well can be decelerated to rest and then accelerated in
the opposite direction with the same acceleration. Some
snapshots of this deceleration process are depicted in
Figs. 8 (a)—(c), where ND3 molecular packets are gradually
stopped near the end of the lattice. Following that, the
molecular packets are then shifted back with the same
acceleration. As shown in Figs. 8(c)—(e), the packets are
accelerated from a standstill to 22.9 m/s. That is to say,
they are moving in the opposite direction from where
they started. In our simulations, the detection laser is
perpendicular to the molecular beam axis and each peak
in Fig. 8 represents an 11x11 array. The spatial interval
between the adjacent snapshots in Fig. 8 is 160 um.

5 Conclusions

We have proposed a 3D-driven electric lattice for polar
molecules, which is composed of arrays of equidistant
mental plates with sine-modulated voltages. By chirping
the frequency of the voltage applied to the electrodes,
the three-dimensional electrostatic micro traps can move
back and forth smoothly through the lattice. These
microtraps allow polar molecules to be decelerated and
trapped in the lattice. Two types of sample molecules,
ND; (in the |J,MK) =|1,—1) state) and PbF (in the
N, N,/ =[2,0) state) are used in our numerical calcula-
tions to justify the possibility of our scheme. If
combined with other cooling methods, such as adiabatic
cooling [52], Sisyphus cooling [53], or evaporative cooling
[54], the 3D-DEL can produce arrays of ultracold molecular

Hengjiao Guo, et al., Front. Phys. 17(5), 52505 (2022)
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samples. In addition, since the potential wells in the
lattice are true 3D traps for polar molecules, the 3D-
DEL allows confining different molecular beams in
different parts of the lattice simultaneously, which may
provide many intriguing applications in cold molecule
studies. Due to its rich operation means, the 3D-DEL,
might have potential applications in quantum simulation
studies, similar to that of the driven optical lattices for
ultracold atoms [55].
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