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Generation of a blue-detuned optical storage ring by a metasurface
and its application in optical trapping of cold molecules
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A scheme for storage of cold molecules in a hollow optical ring generated by a metasurface grating is proposed.
The characteristics and intensity distribution related to the ring’s structural parameters and fabrication error tolerance are
theoretically studied. The optical potential and dipole force required for the ring to trap magnesium monofluoride (MgF)
molecules are also calculated. The dynamic behavior of MgF molecules in the storage ring is simulated by a Monte Carlo
method, which shows that a metasurface-based optical storage ring can be used to trap molecules and is an interesting
platform for research into ultracold quantum gases and their quantum-state manipulation.
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1. Introduction

A metasurface can precisely control the degrees of free-
dom of the phase, polarization and amplitude of an incident
light field.[1–3] It provides a new way to develop the next gen-
eration of experimental platforms for atomic and/or molecu-
lar quantum-state manipulation on chips by virtue of the tight
spatial confinement and high local intensities. Currently, va-
rieties of novel optical components, such as lenses, mirrors,
waveguides, gratings and polarization controllers, have been
successfully developed using a metasurface structure.[4–6] So,
the miniaturization of ultra-cold atomic experimental devices
has become possible, and an all-optical metasurface route for
an atom (or molecule) chip has been proved to be a good
platform for building a robust quantum laboratory.[7–12] For
example, atomic magneto-optical trap (MOT) schemes based
on metasurfaces have been reported. In 2013, a reflection-
type atomic MOT experiment based on a metasurface grating
was reported and 6× 107 Rb atoms were trapped.[7] In 2020,
a metasurface transmission-type atomic MOT was reported,
which trapped 107 Rb atoms at about 35 µK.[8] In 2021, using
planar optical elements for beam launching, beam shaping and
polarization control, a grating-type MOT for Rb was realized,
which captured 2.8×106 atoms below 200 µK.[9]

One important application of metasurfaces is
metalenses.[13] For example, metal- and dielectric-type met-
alenses have been used to focus light to the near or far
field in the visible or infrared region.[14–18] Previously, our
group proposed a two-dimensional subwavelength silicon-
grating reflector with strong focusing capability, resulting in

an intensely focused spot and ring at the focal plane of the
metalens.[19–21] The molecules were drawn to the maximum
in the red-detuned light field under the influence of the optical
dipole force, which serves as a dipole trap. In comparison,
when the light field is blue detuned, the interaction potential is
repulsive, and the molecules will be repelled to the minimum
in the light field. In this case, molecules will be trapped or
guided in a blue-detuned hollow beam.[22,23] A hollow beam
storage ring based on this effect has unique advantages: the
deep potential enables trapping of molecular wave packets
whose average velocity is not zero; the low photon scattering
rate and long trap lifetime enables the interaction of molecules
with other molecules or electromagnetic fields many times at
the specific location and time. Such features of the storage
ring provide an effective way to study high-resolution molec-
ular spectroscopy, ultra-cold collisions and reactions.[24–27] In
contrast to electric or magnetic field storage rings, an optical
storage ring can trap any molecule regardless of its dipole
polarity and paramagnetism. Although the scheme of the
blue-detuned metasurface storage ring possesses some unique
advantages, it has not been fully realized until now.

Herein, we present a new scheme for generating a focused
hollow beam storage ring on a subwavelength silicon-grating
metasurface with potential application as an optical dipole trap
for cold molecules. This paper is organized as follows. We
first give a detailed description of the design principle of the
storage ring, determine the high transmission rate by optimiz-
ing the height, cycle and duty rate of the structural element
and then design the hybrid phase with a combination of the
focusing phase and the π phase. Then, we construct a three-
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dimensional focused hollow beam storage ring at the focal
plane of the metalens, and study the intensity distributions of
the storage ring in free space and its propagation character-
istics. Finally, we use Monte Carlo simulation to study the
dynamics of MgF molecules in the storage ring.

2. Design of the metasurface structural element

The desired phase modulation was achieved by modifying
the effective index within each cell based on effective medium
theory.[28] The phase jumps of the electromagnetic wave at
the metasurface can be written as ∆φ = 2πneffd/λ , where λ

is the incident wavelength, d represents the thickness of the
element and neff represents the effective refractive index of
the element. Since a phase-transmitting-type metasurface is
nearly two-dimensional and the thickness d is generally kept
unchanged in the manufacturing process, the phase accumu-
lation φ is realized by changing the effective refractive in-
dex neff at different positions.[20,22] Change in neff is generally

achieved by constructing a material microstructure of a higher
refractive index on a substrate of a lower refractive index.

Figure 1(a) shows the periodic structural element applied
in the metasurface. The substrate is SiO2 material and the mi-
crostructure is Si, which grows on the substrate. To achieve
the desired blue-detuned hollow beam storage ring, the inci-
dent wavelength is chosen to be 300 nm. The width of the
SiO2 substrate in one period is set as P = 150 nm, the width
of the Si column is set as W and the height is set as H. Note
that the duty cycle is W/P. By varying the structure of the
Si column, the effective refractive index neff at different po-
sitions on the metasurface can be adjusted. The thickness H
can be kept constant. To satisfy the phase requirement for the
hollow beam intensity distribution, the phase of the grating is
designed to have a focusing effect and a completely destructive
interference function at the focal plane; the phase distribution
should cover the range −π to π . So, we scan different ranges
of structural parameters to find the optimal H. Meanwhile, we
keep the transmissivity of the structure as high as possible.
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Fig. 1. (a) Design of the structural Si column element with a width W and height H on the SiO2 substrate with a period P = 150 nm. Dependence
of the corresponding phase (b) and transmissivity (d) of the light on the parameters of the height and duty cycle of the structure, respectively. (c) The
transmissivity (black curve) and phase (red curve) as a function of duty rate.

By changing the height and duty cycle of the grating,

the phase and the transmissivity of the light can be modu-

lated, as shown in Figs. 1(b) and 1(d), respectively. When

the height H is around 151 nm, by simply changing the duty

cycle we can cover the range −π to π of the phase distribu-

tion with high transmissivity. Then, taking the optimal height

H = 151 nm, the simulated results by changing the silicon duty

cycle are obtained, as shown in Fig. 1(c). The red curve indi-
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cates that the phase covers the range −π to π when the duty
cycle of the grating changes from 0.1–0.4 and 0.5–0.6. The
black curve indicates that the cell structure maintains a trans-
mittance of more than 90% when the duty cycle changes from
0.1–0.4 and 0.5–0.6. In this way, we finally determine the op-
timal structural parameters of the periodic cell: P = 150 nm,
H = 151 nm, duty cycle between 0.1–0.4 and 0.5–0.6, all of
which will be used to tune the transmission phase.

3. Intensity distribution of the metasurface stor-
age ring

The structure of the metasurface storage ring comprises
a concentric silicon grating and a SiO2 substrate. The design
principle is that the phase arrangement of the concentric grat-
ing array in the radial direction can focus the incident light
to the focal plane to form a hollow optical ring, as shown in
Fig. 2. Figure 2(a) shows a schematic diagram of the formation
of a metasurface hollow ring. Figure 2(b) shows a picture of a
crossed section of the designed grating in the radial direction.
Such a one-dimensional grating array can be expanded into a
two-dimensional grating ring array by rotating one circle, and
then incident light can converge to the focal plane, forming

a focusing ring. In order to generate the hollow beam dis-
tribution, the hybrid phase of the grating is designed to have a
focusing effect and a completely destructive interference func-
tion at the focal plane. For a grating structure with focusing ca-
pability, the phase shift of the transmitted light needs to satisfy
the phase distribution equation of the convex lens. Using the
finite element simulation, an optimal concentric grating array
is found comprising 107 elements with 53 elements symmetri-
cally distributed to each side of the central element. Here, we
use the phase distribution of the metalens to converge the light
to one point, then combine the phase of Fig. 3(a) with a π-
phase plate, shown as a grey annulus in Fig. 3(b) with an inner
radius ra and an outer radius rb. The solid grey annulus has the
same area as the remaining white area, but there is a π phase
difference between the grey and white parts. When the light
first passes through the focusing phase regime (in Fig. 3(a)), it
will form a convergent light field. Then, through the π-phase
regime (in Fig. 3(b)), two parts of the light will result in a com-
pletely destructive interference effect at the focal plane. Two
kinds of phases can be combined into a new one (in Fig. 3(c)).
Therefore, the optical intensity near the focal point will be re-
duced to a minimum and a focused hollow ring beam is gen-
erated above the grating metasurface.
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Fig. 2. Diagram of the design principle of the metasurface storage ring. (a) Three-dimensional schematic of the formation of a metasurface ring
light field. The blue arrows represent the incident direction of the beam and the black arrow represents the radially polarized direction. (b) View of
the cross section of the half grating (shown as the red rectangle). The red circle is the focal hollow beam formed by the half grating, rc is the center
position of the half metasurface grating and rn is the center position of each metasurface structure element in Fig. 1(a). (c) The corresponding phase
distribution: the red solid curve is the required phase and the blue dot is the discrete phase value required by the structure.
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Fig. 3. (a) Phase distribution of the focusing lens. (b) Phase plate with a
phase difference of π . (c) Hybrid phase distribution of (a) and (b).

The specific phase distribution in Fig. 3(c) can be written
as

rn+1 = rn +P, (1)

φn(r) =


−2π

λ

(√
(rn− rc)

2 + f 2− f
)
, r ≤ ra;r ≥ rb,

−2π

λ

(√
(rn− rc)

2 + f 2− f
)
+π, ra < r < rb,

(2)

where rc is the center position of the half metasurface grating
in Fig. 2(b), rn is the center position of each metasurface struc-
tural element in Fig. 1(a), ra and rb are, respectively, the inner
and outer radii of the grey annulus in Fig. 3(b), f is the focal
length, λ is the wavelength of incident light, P is the width
of the SiO2 substrate in one period and ϕn is the phase value
needed for the metasurface structural element with central po-
sition rn.

Taking the focal length f = 7.8 µm as an example, we
calculate the required phase distribution for each metasurface
structural element according to Eqs. (1) and (2). We set the
central position of the first metasurface structural element as
r1 = 2.65 µm and the central position of the 107th element as
r107 = 18.55 µm. As shown in Fig. 2(c), the solid red curve is
the required continuous phase curve, indicating that the phase
required to form the metalens is between 0 and 2π . If the phase
ϕn is greater than 2π , it can be mapped to a value between 0
and 2π which gives the same results. In this way, according to
the corresponding curves of phase in Fig. 1(c), the duty cycle
of each structural element can be obtained. Then, the width
W of each structural element is acquired. Thus, we can get
the structural parameters required for the design of the whole
grating array. The blue dots in Fig. 2(c) represent the actual
discrete phase values corresponding to the 107 elements.

The final parameters designed for the storage ring are
rmin = 2.575 µm, rmax = 18.625µm, annular width Rw =

rmax − rmin = 16.05 µm. We define the numerical aperture
of the annular metasurface as NA = sin(tan−1(Rw/2 f )). The
expected focal length f0 is 7.8 µm, the radius r′ is 10.5 µm
and NA of the grating is around 0.717.

Figure 4(a) shows the optical intensity distribution of the
hollow optical ring at the focal plane. The radius of the ring
r′ is defined as the distance between the position of the mini-
mum light intensity in the hollow ring beam and the center of

the meatsurface grating, which is 10.5 µm. Figure 4(b) shows
the corresponding one-dimensional light intensity distribution
along any one of the diameters at the focal plane. There is a
closed hollow area in the intensity profile at the focal point.
In the focal plane, the intensity distribution looks like a valley,
as seen in Fig. 4(b), and the two peaks are on either side of
the hollow profile. We define the highest peak as Emax and the
bottom of the valley as Emin. It can be seen from Fig. 4 that
the maximum light intensity of the ring is 10.4 (relative to the
minimum intensity in the center of the ring.
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Fig. 4. Intensity distribution of a ring light field on the focal plane of the
metasurface storage ring: (a) two-dimensional and (b) one-dimensional
intensity distribution at the focal plane, respectively. The insets in (b) are
the two-dimensional light intensity distributions shown in the red rectan-
gle in (a).

Due to machining errors in the period and duty cycle pa-
rameters of the grating strips when processing the grating,
aberration inevitably occurs when the metalens focuses the
light. We study the influence of the missing number of round
grating strips on the focusing performance of the storage ring.
We randomly select the missing grating strips to investigate the
corresponding light intensity at the focal plane, and the results
are shown in Fig. 5. We can see that for a concentric grating,
a focal length of ∼ 7.8 µm remains but the ratio of |Emax|2 to
|Emin|2 at the focal plane generally decreases as the number
of missing grating strips increases. This means that the depth
of the optical potential well would not be large enough to trap
molecules with many missing strips.
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Fig. 5. Relative light intensity (left y-axis) and corresponding focal length
(right y-axis) of the optical ring as a function of the number of missing
grating strips.

4. Monte–Carlo simulation of optical storage
rings
A variety of techniques, such as Stark/Zeeman decelera-

tion, electric/magnetic trapping and storage rings, have been
developed to manipulate molecules in both position and ve-
locity space.[24–27] A characteristic of the electrostatic poten-
tial well of polar molecules is that there is a lowest point
of potential energy in space with which to form a circle in
space. The advantage of a storage ring is that it can manipulate
molecular wave packets whose average velocity is not zero;
these molecules can repeatedly interact with other molecules
or electromagnetic fields at the specific locations and times.
However, all existing methods are only applicable for trapping
cold polar or paramagnetic molecules, not molecules without a
permanent electric or magnetic dipole moment. In contrast, an
all-optical storage ring of cold molecules does not require the
molecule to possess a permanent electric or magnetic dipole
moment but induces an electric dipole moment to generate
gradient forces to confine molecules into a potential trap.[20,22]

Moreover, it is naturally immune to Majorana-type spin flips,
which lead to the loss of trapped molecules. Therefore, the op-
tical storage ring could have a broader range of applications.

Previously, we have proposed such an all-optical stor-
age ring by shining an incident red-detuned laser on a
metasurface.[21] Despite having the above-mentioned advan-
tages over a traditional electric/magnetic storage ring, the
trapped molecules will be subjected to an obvious heating
effect and consequent decoherence, as the molecules are at-
tracted to the position with the highest light intensity. Here,
we propose an optical storage ring utilizing blue-detuned light
and the metasurface. For the blue-detuned traps, generally the
molecules are trapped in the minima of the optical field, and
the photon scattering rate is very low,[22] leading to the min-
imum heating effect and a long coherence time. Herein, we
will discuss the feasibility of this blue-detuned storage ring,

which can indeed form a deep optical potential for trapping
cold molecules.
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Fig. 6. Trapped MgF molecules in the focused hollow beam formed by
the metasurface grating: (a) optical potential curve, (b) dispersive dipole
force curve.

We chose the MgF molecule as an example; this a typi-
cal alkali-earth fluoride molecule that has recently been laser
cooled in our lab.[29–34] We calculated the optical dipole po-
tential and its dipole force for MgF molecules. When a neu-
tral molecule enters a blue-detuned inhomogeneous light field,
it experiences an optical dipole force described by an optical
trapping potential

Udip =−
1
2
〈pE〉=− 1

2ε0c
Re(α) I (r) = kT, (3)

Fdip (r) =−∇Udip (r) =
1

2ε0c
Re(α)∇I(r). (4)

Here, α is the polarizability of the molecule, p is the dipole
moment and I(r) is the optical intensity distribution. The av-
erage polarizability of MgF is α = 4.56× 10−40 C·m2·V−1

and k is the Boltzmann constant. The dipole force is a con-
servative force, proportional to the intensity gradient of the
field. When the light field is blue detuned, the interaction
potential is repulsive and the molecules will be pushed to
the minima of the light field. Therefore, molecules will be
trapped in a blue-detuned hollow beam. The blue-detuned
laser wavelength is 300 nm relative to the resonant energy level
of the MgF molecule.[29] The metasurface grating has a width
Rw = 16.05 µm and focal length f = 7.8 µm. At the focal
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plane, the optical potential and the dipole force along the ra-
dius direction are shown in Fig. 6. The optical potential of
the blue-detuned hollow beam for MgF molecules at the fo-
cal plane is calculated from Eq. (3), and the result is shown
in Fig. 6(a). The effective optical potential is 90 µK at the
focal plane, high enough to trap cold MgF molecules from a
gray molasses at temperatures as low as a few µK. In addi-
tion, the maximum photon scattering rate of MgF molecules
in the optical trap is lower than 1 s−1. Due to the minimum
light field in the central region of a hollow beam, the heat-
ing of trapped molecules is low, leading to long trapping life-
time. It can be seen from Fig. 6(b) that the maximum dipole is
9.8×10−21 N, which is at least 1.3×104 times greater than the
gravity force for MgF molecules. This shows that the dipole
force is strong enough to balance the action of the gravity force
on the molecules. The red dashed line in Fig. 6(b) corresponds
to Fdip = 0, and the red point represents the center of the poten-
tial well whose coordinate is r = 10.5 µm at the focal plane,
which is exactly the point of the minimum intensity at the cen-
ter of storage ring.

To analyze the longitudinal motion of molecules and their
transverse stability in the storge ring, a three-dimensional
Monte Carlo simulation is performed.[34] The schematic dia-
gram is shown in the inset of Fig. 7. The simulation conditions
are as follows: 105 cold MgF molecules are loaded from a sin-
gle pulse of a laser-slowed beam with a mean velocity three-
dimensional translational temperature of 50 µK and incident
direction along the tangential direction of the storage ring, as
shown in Fig. 7. In the simulation, the detection volume is ap-
proximated by a cylinder, which represents the intersection be-
tween the detection Gaussian beam and the half-circumference
relative to the entrance of molecular beam on the storage ring.
The number of molecules evolving over time in the detection
region is investigated and the results are shown in Fig. 7. Due
to the finite width of the velocity distribution in the molecular
beam, the beam extends along the circumference and becomes
elongated. This leads to an early arrival at the detection region
by the fast portion of the loaded molecular beam. In the first
two rounds of encirclement, the number of detected molecules
reaches a maximum of 6.2×103 and 3.0×103 at t1 = 0.34 ms
and t2 = 1.02 ms, respectively, instead of the expected 0.55 ms
and 1.65 ms, according to the mean velocity. Afterwards, the
loaded molecular wave packet quickly spreads out along the
circumference, as is evident from the simulated time-of-flight
spectrum in Fig. 7. Then, the number of detected molecules
starts to follow an exponential decay with an estimated life-
time of more than 35 s due to further spreading with time.
The loading efficiency is estimated to be 6% due to a large
velocity distribution compared with the mean velocity. This
can be greatly improved by transversely focusing the molec-
ular beam, for example by a standing wave. Figure 8 shows

a three-dimensional diagram of the trajectory of a single MgF
molecule in the storage ring. The motion of the molecule in
the z direction is within the range of 0.4 µm near the focal
plane. The red curve is the projection of the trajectory onto
the x–y plane, and the molecule moves in the r direction near
the radius of the storage ring. These results demonstrate that
the proposed storage ring has excellent properties for trapping
cold molecules and maintaining their quantum state coherence
due to a negligible heating effect and a very long lifetime of
trapped molecules.
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5. Conclusion

In this paper we have proposed a new scheme for generat-
ing a focusing hollow ring beam by using a transmission-type
metasurface and have calculated the intensity distributions and
the focusing characteristics. We found that under the inci-
dent polarized 300 nm laser illumination the metasurface can
generate a hollow ring with a focal length of 7.8 µm and a
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linewidth of 0.4 µm. At the focal plane, the maximum inten-
sity of the hollow beam is over 10.4 times its minimum inten-
sity. The effective optical potential is 90 µK at the focal plane,
large enough to trap cold molecules from a gray molasses at
temperatures as low as a few µK. The blue-detuned hollow
beam storage ring possesses many unique features, such as
a low photon scattering rate and long trap lifetime for a va-
riety of molecular species that can be laser cooled. Finally,
we use the Monte Carlo method to simulate the dynamics of
the MgF molecules in the optical storage ring. After loading
the molecules in the storage ring for about 1 ms, the number
of molecules tends to be stable at about 3.0× 103 and they
spread to the whole optical storage ring space. Moreover, the
blue-detuned storage ring is expected to have many applica-
tions in high-resolution molecular spectroscopy and ultra-cold
collisions and reactions.[34]
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