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TOPICAL REVIEW — Quantum computing and quantum sensing
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Magneto-optical traps (MOTs) composed of magnetic fields and light fields have been widely utilized to cool and
confine microscopic particles. Practical technology applications require miniaturized MOTs. The advancement of planar
optics has promoted the development of compact MOTs. In this article, we review the development of compact MOT's based
on planar optics. First, we introduce the standard MOTs. We then introduce the grating MOT's with micron structures, which
have been used to build cold atomic clocks, cold atomic interferometers, and ultra-cold sources. Further, we introduce
the integrated MOTs based on nano-scale metasurfaces. These new compact MOTs greatly reduce volume and power
consumption, and provide new opportunities for fundamental research and practical applications.

Keywords: magneto-optical trap (MOT), planar optics, grating MOT, metasurface MOT

PACS: 37.10.—x, 37.10.De, 42.62.Eh

1. Introduction

The magneto-optical trap (MOT), combining the abili-
ties of cooling and trapping atoms, has become a workhorse
in the field of laser cooling. Since the 1980s, the MOT
has evolved from a theoretical concept!’? to a widely
used cooling technique.>~!?! The atoms in MOT can be
cooled to temperatures close to absolute zero, enabling
the study of the properties of matter at extremely low ki-
netic energies. Currently, the MOT has made significant
progress in the laser cooling and trapping of atoms and
molecules.!'>23] The species of atoms under study include

24-26] sodium, [27-30]

[41-49]

not only alkali metals (such as lithium,[

potassium,?1341 rubidium,?>#0  caesium, and
50,51

franciumP%3!11) but also alkaline earth and earth-like met-

(55,561

als (such as magnesium, [52-54] calcium, strontium, 2571

ytterbium, P31 and mercury©>-%1) as well as inert gases

(such as helium,[%%%71 neon, (%81 argon,!®®! krypton,[®”]

xenont’) and so on.[’'-781 Meanwhile, cold atoms are

widely applied in the field of quantum technologies,!”%80]

including high-precision atomic clocks, [#1-8! high-sensitivity

[99-111] [112-129

magnetometers, atomic interferometers, 1 elec-

tromagnetic field sensors,!'3% vacuum sensors,!'3! quantum

simulations, [132-142] [143-147)

148

quantum computers,
149-152]

quantum
networks,'*8! and quantum memories. !

The practical application of atomic quantum sensors re-
quires miniaturized MOT. The traditional MOT systems pos-
sess unique optical setups, utilizing three pairs of counter-
propagating laser beams with orthogonal polarization and red

detuning in combination with a quadrupole magnetic field to
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provide spatial confinement. The traditional MOT offers out-
standing performance in cold atom trapping, but is bulky and

1531 planar

not conducive to applications in compact spaces.!
optics can significantly reduce the size of the experimental
setup. Therefore, how to prepare cold atoms in a convenient
and effective way has become an attractive topic.

Over the past two decades, efforts to miniaturize
MOTs!154-164] have led to the emergence of many differ-
ent types of them. Among them, integrated MOTs based
on planar optics are developing rapidly, especially the grat-
ing magneto-optical trap (GMOT). The GMOT utilizes an in-
cident laser beam to produce secondary beams on a set of
gratings,[19] combining these beams together with an appro-
priate quadrupole magnetic field to form a MOT above the
gratings. The GMOT can simplify the optical system to a sin-
gle laser beam input, which greatly reduces volume and power
consumption and has been used to produce Bose—Einstein con-
densate (BEC).!'%®) Combined with atom chips, GMOT may
play an important role in the evaporative cooling process of
BECs. Another exciting technique in planar optics is the in-
tegrated device based on metasurface,!'®’~173] which consists
of subwavelength structures with spatially varying properties,
offering the capability to control amplitude, polarization, and
phase.[176-183] This integrated device greatly reduces the size
of the system while enriching the degrees of freedom for light
field modulation. The planar optics open up new possibilities
for the development of integrated MOT.

Stimulated by the promising applications of compact
MOTs, this article aims to provide an overview of compact

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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MOTs using planar optics. Firstly, the basic principles of stan-
dard MOT are introduced, and the MOT with plane magnetic
wire is described in Section 2. Then, the principles of GMOTs
are described in detail, and the performance of different kinds
of GMOTs is compared in Section 3. Additionally, we intro-
duce the principle of metasurface-based MOTSs in Section 4.
Finally, brief summary and outlook are provided in Section 5.

2. Magneto-optical trap

In this section, we will introduce the principle of standard
MOTs. We start from the basic principle of standard MOTs,
which are also known as the conventional MOTs. We also

mention the MOT with planar magnetic wire.

2.1. Standard magneto-optical trap

The standard MOT is a device that utilizes a combination
of laser and magnetic fields technology to achieve the cooling,
trapping and manipulating of neutral atoms or molecules, as
shown in Fig. 1(a).['®¥ In general, the magnetic trap of stan-
dard MOT essentially consists of a pair of coils with the same
current amplitude and opposite directions, as the label & I in
Fig. 1(a). Such a set of anti-Helmholtz coils perpendicular to
the z axis generates a quadrupole magnetic field in the space.
According to the Biot—Savart law, the magnetic field from the
anti-Helmholtz coil is obtained by integrating over each ele-
ment on the coils. "8 The result is displayed in Fig. 1(b), the
blue arrows indicate the direction of the magnetic field, and the
length of the arrows denotes the strength of the magnetic field.
The magnetic field strength is zero at the origin of the coordi-
nates and increases linearly from the center to the edges in the
spatial of MOT. The Maxwell equation V - B = 0 implies that
B = A(xe, +ye, —2ze_), the magnitude of the magnetic field
B=|B| = A(x* +y*+4z%)'/2, and the gradient in any radial
direction is half of that along the z-direction.

The realization of the MOT requires the atoms to have
a magnetic dipole. Assuming the ground state of the atom
has a total angular momentum J = 0, the Zeeman displace-
ments of the three sub-levels vary with the strength of the
magnetic field, as the black line shown in Fig. 1(d). Then the
magnetic dipole p in an external magnetic field B has energy
U= —u-B = —u|B|cos, which denotes the rapid motion
of the magnetic moment p around the magnetic field with a
constant angle 8. When near the center point, the magnetic
field can be written as B = A(r2 4+ 42%)'/2 = A(r? + 422), so
the atoms of mass M see a harmonic potential

1 1
U(rz)=— <2Mco3r2 + 2Mw§z2> , 1)

where r = \/x2 +y? is the radial coordinate, ®? and @? are the
radial and axial angular frequencies. In quantum mechanics,

for an atom in the sate |J,m;), the energy corresponds to a Zee-
man energy U = —g;ugmy| B, g; represents the Landé factor.
This energy does not vary with the direction of B and only de-
pends on the magnitude of the field B. This is because when
the dipole moves adiabatically, it stays aligned with the field.
Then one can induce the magnetic force along z-direction

dB
Fg=—-VU = gjugmy

e @

which is related to atomic ground states, excited states, hyper-
fine energy levels, and Zeeman energy levels.

Anti-Helmholtz
coils

/k;‘\\://
,
¥
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Fig. 1. (a) The schematic of a standard MOT. The blue line represents the
direction of the magnetic field.!"®*! (b) The magnetic field distribution of
the anti-Helmholtz coil in xoz plane simulated by COMSOL simulation
software. The point P in the figure represents any field point in the xoz
plane, and 6 denotes the angle between the field point and the x-axis.
(c) The schematic of the force on absorbing and spontaneously radiating
photon of atom. An atom with velocity vp encounters a photon with mo-
mentum 7k, after absorbing the photon, the atom re-radiation in a random
direction. (d) The energy levels of atoms along the horizontal direction.
It shows the Zeeman splitting of magnetic sublevels of J =0 —J' = 1 in
the presence of a quadrupole magnetic field.

The laser cooling in the MOT origins from the mechanical
force of the light field on the atoms, which reduces the kinetic
energy of the atoms.!'3¢) The force of a light field on an atom
consists of two parts, which are respectively proportional to
the amplitude gradient and phase gradient of the optical field

F = Fypoe + P = 150 <MV5 +vv¢> BC)
where u, v are time-dependent parameters in optical Bloch
equation, €2 is the Rabi frequency, ¢ is coordinate-dependent
phase factor. Since the light field in the MOT is collimated and
nearly resonant, there is no dipole force in the MOT.

To understand the scattering force, we start from a single
atom. The schematic diagram of an atom cooled by photon

093701-2



Chin. Phys. B 33, 093701 (2024)

is shown in Fig. 1(c). After the atom absorbs the photon, the
velocity is reduced by fik/m, where m is the mass of the atom.
The atom stays in the excited state for a while and then sponta-
neously radiates a photon in a random direction. By repeating
this process, the average velocity of the atom gradually de-
creases, achieving the purpose of cooling. The energy of the
atoms and light field system is continuously dissipated into the
spontaneous radiation field (e.g., vacuum field) by absorbing
photons. This process involves scattering of the light field, and
therefore, the force exerted on the atoms is commonly referred
to as the scattering force, known as radiation pressure. The
scattering force equals the rate at which the absorbed photons
impart momentum to the atom, so that

Fscatl = hk- Rscatt
F I/Isat

= hk-— :
21+1/lgy+4(0—wy+k-v)?/T?

“4)

where Iy is the saturation intensity, I /Isy = 222 /T2, T is the
natural linewidth. The frequency detuning from resonance is
the difference between the laser frequency @ and the atomic

+

resonance frequency @y taking into account the Doppler shift
kv.

The optical field in a standard MOT consists of three pairs
of mutually perpendicular laser beams with circular polariza-
tion and red detuning. It can make atoms with speed below a
certain value stably trapped in the laser crossing point. Taking
z-axis in Fig. 1(d) as an example, there is a pair of counter-
propagating laser beams of the same intensity along the z-axis
with polarization directions of 6 and 6. The atoms moving
in the region of z > 0 would absorb more photons of 6~ and be
excited to the upper energy level state of m/, = —1. This is due
to the fact that the laser frequency is closer to the transition of
Am/; = —1 where the detuning is smaller, leading to a negative
force towards the trap center. While the reverse is true for the
z < 0 condition. Thereby the radiation pressure is applied to all
atoms pointing to the origin of the coordinates, which is simi-
lar to the force applied to atoms in a parabolic potential. It is
possible to obtain similar results for the other directions, thus
realizing the three-dimensional confinement of atoms. The ra-
diation pressure on the atoms in the standard MOT is written
as

Fuor = Fu(0—k-v—(o+8-7)) + Fy(0+k-v— (- B 7))
= kz I/I“,: - I/I“’: 2_287F.k.v+28i.16.r7 5)
2\ 1l + 4O @By g 4Ok Br) ) Io J o

where the term @y =+ 3 - r is the resonant absorption frequency
for the m/, + 1 transition at position r, respectively. And the
Zeeman shift at displacement 7 is

(8ymy —gsmy)up dB
h dr

B-r=

Since the force depends on the frequency detuning § = ® —
oy, we get IF /day = —d F/d® and hence

JoF
Fyvor=-2—-
MOT S0

where « is the damping coefficient of the deceleration damp-

(k-v+pB-r)=—av—xr, (6)

ing force on the atoms in the light field, x denotes the coef-
ficient of elasticity for the atom in the potential field. Both
forces cool and confine the atoms in the center of the MOT.
The design of the magnetic field and light field in standard
MOT is quite flexible. For the magnetic field, different coils
can be designed to adjust the shape of the magnetic field, and
the strength of the magnetic field can be changed by adjusting
the current in the coils. For the laser field, the beam shape,
intensity, polarization and other parameters can be adjusted
according to the experimental requirements to achieve the ma-
nipulation of different types of microscopic particles. How-
ever, standard MOT requires a more complex laser system and

precision control of the magnetic field, which may limit the
applications out of laboratory. Therefore, how to simplify the
standard MOT system becomes a key issue.

2.2. Magneto-optical trap with planar wire

In response to the challenge of the large size of standard
MOTs, researchers are actively exploring the implementation

[187] 35 a solution to achieve a more

of planar magnetic wire
compact and versatile atomic manipulation system. The pla-
nar magnetic trap is a device that uses a magnetic field to
form a stable potential in three-dimensional space. The key to
this scheme lies in the design of special magnetic field struc-
tures that generate magnetic fields with specific shapes and
strengths, thus enabling atoms to be confined to specific re-
gions. In this way, not only the system volume can be reduced,
but also the flexibility and integrability of the system can be
improved, providing broader possibilities for research in the
field of cold atom physics and quantum information.

The concept of planar magnetic traps was initially em-
ployed in schemes for atom guiding, which refers to the
controlled transport of a group of atoms from one position
to another along specially planned trajectories.!'®¥] Based
on current-carrying straight wires, a variety of micromag-
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netic traps similar to quadrupole and Ioffe—Pritchard traps can

(189-196] T the top row of

be constructed by bending wires.
Fig. 2(a), it is displayed that a wire has been bent in the U
shape. The currents in the two arms of the U-shaped wire are
in opposite directions. After adding a uniform bias magnetic
field, it is possible to find a position where the magnetic field
intensities cancel each other completely. Therefore, there is
always a zero point present in the trap potential. The hori-
zontal and vertical magnetic potentials are shown in the right
column of Fig. 2(a). If the bias magnetic field was parallel
to the bent wire, a magnetic trap similar to a quadrupole trap
would be formed. Another way of bending is to construct the
Z-shaped wire, as shown in the bottom row of Fig. 2(a). The
direction of current is the same in both arms of the Z-shaped
wire, and it is clear that the Z-shaped wire has no magnetic
field zero point. The position of the lowest point of the mag-
netic field is directly above or below the Z-shaped wire, which
is an anti-parabolic shaped potential. This configuration cre-
ates the loffe—Pritchard trap when the bias magnetic field is
applied parallel to the wire. Therefore, this magnetic trap can
effectively avoid the Majorana transition.

Subsequently different types of MOTs with magnetic
wire have been realized in experiments. In 1999, the group
of Haase!!”?! experimentally realized the Z-shaped wire and
investigated its properties by using cold lithium atoms. They
bent a standard 1 mm thick copper wire into Z-shape as shown
in Fig. 2(b). The center wire of the Z-shaped wire is 6 mm
long, the arms of the wire are 25 mm long, and the wire car-
ries a current of 25 A. The cold lithium atom cloud is located a
few millimeters above the Z-shaped wire. After the measure-
ment, the Z-shaped wire traps about N = 3 x 107 cold lithium
atoms with a collision rate of 6 s~!. Besides, the idea of using
crossed wires to trap atoms has been proposed, Fig. 2(c).[3]
By increasing the number of wires in a certain direction, or by
changing the size of the circuits in the wires, more complex
magnetic traps can be constructed to trap atoms. In addition, a
recent work has shown that a U-shaped wire MOT combined
with an atom-chip can effectively trap cold rubidium atoms in
a high-vacuum environment, as shown in Fig. 2(d).['°7! The
maximum number of cold atoms that can be trapped is up to
6 x 107, the number of cold rubidium atoms trapped has been
raised by an order of magnitude compared to earlier studies.

Combining the planar wire magnetic trap with the light
field, the MOT has a more compact structure, occupying less
space. It is suitable for situations where space is limited, such
as practical applications. Due to the high flexibility of planar
wire magnetic trap, the magnetic field distribution can be pre-
cisely controlled by designing the layout of the wires. Addi-
tionally, the planar wire MOT can be integrated with other ma-

nipulation techniques, such as atom guide,[!88191,194.198.199]

2002011 pe

atomic motor,[!8%] waveguide[ However, in the

practical application, the uniformity of planar magnetic trap
may be restricted by the layout of the wires, requiring precise
design and optimization to improve magnetic field uniformity.
Furthermore, the planar magnetic trap requires a large external
current source to drive the wires to generate the magnetic field,
resulting in significant thermal power. In summary, the planar
magnetic trap has advantages such as compactness and flexi-
bility, but there are still challenges in terms of magnetic field
uniformity, thermal power, and so on, which require further
research and optimization.

(2)

/g_

By, L

(d) +Copper U-wire

Atom-chip
=* surface

Cold atom cloud

[| PD

‘a
Bias coil

MbT—beam MOT-beam

Fig. 2. (a) The magnetic field distributions of U-shaped and Z-shaped
wires. The left column shows the geometry, the currents, and the bias
magnetic field. The right column shows the radial trapping potential
in the horizontal and vertical directions.'92! (b) Picture of the Z-shaped
wires.[192] (¢) The diagram of cross wire.!'%3! (d) The diagram of the ex-
perimental setup of a U-shaped wire MOT. This scheme uses four laser
beams incident on the atom-chip surface to form the optical field. There
are two MOT laser beams in the y—z plane, whereas another two MOT
laser beams perpendicular to this plane (fx-direction) are not shown in
this diagram. 197!

3. Grating magneto-optical trap

To achieve the compact cold atom systems, researchers
have been exploring the miniaturization of MOT systems since

093701-4



Chin. Phys. B 33, 093701 (2024)

the invention of the first MOT. Apart from the planar mag-
netic wire system, the optical field has evolved from the con-
ventional six-beam counterpoise laser beams to a single laser
beam incident into a conical hollow mirror. During the past
few decades, MOT structures based on hollow-cone mirrors
have been continuously improved and optimized. [20>-20¢ De-
spite advancements in miniaturizing MOT, practical applica-
tions are still constrained by certain technical and theoretical
limitations.

In order to overcome these challenges, a novel manipula-
tion technique has emerged in recent years, namely, the grating
MOT (GMOT). In this section, we will describe the principle
of GMOT and explore its potential and challenges in practical
applications.

There are different ways to simplify light field of the stan-
dard MOT. Generally, the two opposing beams in standard
MOT are formed by an incident light and its reflection, so only
three laser beams are actually needed. To further reduce the
laser beams, one laser beam and its reflections by the pyrami-
dal (or conical) hollow mirror can also form the MOT.[207.208]
As shown in Fig. 3(a), two sets of reflected light from the four
triangular mirrors of the conical hollow structure and one set
of light reflected from forward incidence constitute three pairs
of cooling lasers perpendicular to each other.?"’l This struc-
ture can be placed in a vacuum chamber and combined with an
anti-Helmholtz coil to realize the cooling and trapping of cold
atoms. When a circularly polarized beam of light is incident,
the configuration of polarization in a pyramidal (or conical)
hollow mirror is also circularly polarized (see Fig. 3(b)).[2%I
Specially, one may make a small hole in the mirror, so that
cold atoms can be led out of the small hole. Such a device
is called atomic funnel which could be used to obtain cold
atomic beams, 212111 as shown in Fig. 3(c). Correspondingly,
the scheme of a compact cold atomic gravimeter can be re-
alized based on the pyramidal hollow structure with a unique
laser beam, leading to a dramatic reduction in system com-
plexity and volume.[?!?!

In order to facilitate the experiment, the optical path de-
sign can be further optimized. Although the use of pyramidal
or conical hollow mirror simplifies the design of laser system,
it is often necessary to place the mirror inside the vacuum
chamber, which complicates the optimization of the optical
field. Another approach involves placing the three-mirror trap
outside the vacuum chamber.

In 2009, Arnold and co-workers demonstrated that light
field in tetrahedral configuration can produce equally effec-
tive three-dimensional trapping and cooling, and succeeded
in trapping cold atom cloud using the three-reflection-mirror

2131 The upward beams require an

pyramidal hollow structure. !
intensity Iup = Igown/ (3 c0s20) for efficient sub-Doppler cool-

ing and balanced optical molasses. Considering a spherical

quadrupole magnetic field B = b(x,y,—2z) with symmetry
axis along z. The total acceleration formed by the propaga-
tion of laser beam is written as

Aot = (am az)

= 20C{kr (g ) + prb(i k) 12, ()
where a = hnl"/(mA). The detuning of the laser is Ar in
units of I', kr = 27T~ and C = 8A[ (1 + Loy/Is +4A%) 2.
The coefficients due to mirror declination can be given as
¥ = K, = 1/4sin20tan26, ¥, = cos? 0, k, = 2sin>H. It re-
quires a zero net acceleration a oc 0. Thus, they placed the
mirror with the inclination angle of 6 = 22.5°, causing the
upward beam to converge at an angle 45° above the plane, the
schematic is shown in Fig. 3(d). The cooling light field formed
by the reflected light from the three mirrors and the incident
light simplifies the structure of the system in some measure.

Single laser beam

o
(a) Glass cell (b) @
o Current
- «F
o =G
oS ‘j:w* o
I i)
Trapped
Y atoms
L
z
Current
() Anti I;I;llr:holtz (d) *
| 5 ',:' S
-
v - <l Trapping and

Cesium beam

— .
— 4 repumpin
N <«— rep ping

=l lasers

,*

Probe beam | | ,
[ s—

e
- |
To the Ion

pump

Fig. 3. (a) The experimental setup of pyramidal or conical hollow mir-
ror. The pyramidal or conical hollow mirror is placed inside a glass-cell
vacuum chamber. Adapted with permission from Ref. [207] © Optica
Publishing Group. (b) The schematics of the experimental setup and the
polarization configuration in an axicon-mirror atom trap. Adapted with
permission from Ref. [209] © Optica Publishing Group. (c) The sketch
of the apparatus for the atomic funnel, the pyramid is formed by two mir-
rors and two reflecting prisms.[>'!] (d) The three-dimensional schematic
of the demonstration setup using beams reflected from a single downward
beam by three mirrors. 23]

However, due to constraints such as the thickness of the
vacuum chamber and the height of the working plane of the
mirrors, the confined cold atoms are close to the inner wall of
the vacuum chamber, posing significant challenges for atom
manipulation. Based on the previous research, they proposed
an idea to planarize the optical field with three diffraction grat-
ings in 2010.12!41 In fact, this is the fundamental work in the
planarization of the optical field of the MOT. They utilized
three planar diffraction gratings to convert a single laser beam
into a four-beam tetrahedral MOT, as illustrated in Fig. 4(a).
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The circular region represents the incident area of the single-
beam laser, and the arrows depict the propagation directions
of diffracted beams in a top view. The grating is positioned
beneath the glass vacuum, as shown in the yellow area in
Fig. 4(b).

=
< il

Fig. 4. (a) The top view of three gratings and the circular vertical inci-
dent beam. The arrows show the top view of propagation direction of a
diffracted beam. Adapted with permission from Ref. [214] © Optica Pub-
lishing Group. (b) The side view of the experimental setup. The overlap-
ping region of the downward incident beam (dashed white lines) and the
three first-order diffracted beam (dotted white lines) from one grating (yel-
low line) forms a MOT. The blue line area indicates the 3 mm-thick quartz
vacuum chamber, the propagates at the expected a ~ 69°. Adapted with
permission from Ref. [214] © Optica Publishing Group. (c) The side view
of a first-order diffracted beam, illustrating geometric beam compression.
Adapted with permission from Ref. [217] © Optica Publishing Group.

The size of the grating is 12.7 mm by 12.7 mm and there-
fore cannot be fully covered completely by the 23-mm diam-
eter laser. After that, the diffracted beam traverses through
a 3 mm-thick quartz vacuum chamber (blue rectangular re-
gion in Fig. 4(b)), and the diffraction angle increases to the
expected o ~ 69° due to refraction effects (indicated by the
dotted white line in Fig. 4(b)). After diffraction, the beams are
vertically squeezed to about wqg = 2.7 mm, and the atoms are
captured in overlapping regions approximating a tetrahedral
shape with an overlap volume of about 60 mm?>.

The operational principle of a GMOT is similar to a tetra-
hedral MOT, and the properties are largely the result of inten-
sity balance and polarization decomposition. The main differ-
ence between the tetrahedral MOT and GMOT is that the grat-
ing spatially compresses beams with a corresponding intensity
increase, as shown in Fig. 4(c). The relationship between inci-
dent and reflected intensities of beams is given as

Ii/I; = Rywi/wq = Ry secB, ®)

where Iy and I; respectively represent the intensity of the first-
order diffraction and incident beam; the corresponding beam

widths are denoted as wq and w;. R; is the first-order diffrac-
tion efficiency, 6 = arcsin(A/d) is the first-order diffraction
angle with wavelength A and grating period d in the Bragg

214

condition yields.!?!¥ The intensity of the diffraction beam is

given as
Liift = NP/ (Acos 0), €))

where 7 is the diffraction efficiency, P, is the incident light
power, and A is the grating area. The total electric field can be
represented as

Ew/p"? o (r+(1—r)dexpi¢), (10)
¢:27n(ml/2—T(l+cose)), (11

where T is the etch depth, and p is the metal reflectivity. Thus,
the power ratio of the diffraction and input light is written as

P
me = # [sin (mmr)? + sin (mnS /d)?
m

+2cos (¢) sin (mzr)? sin (mxS/d)], (12)

where m represents the diffraction order, S = (1 —r)d — T tan 6
denotes the effective width of the surface. The optical proper-
ties of GMOT deserve our attention when designing and op-

e.215-222] The optical properties of

timizing their performanc
gratings are closely influenced by factors such as coating, pe-
riod, duty cycle and geometry, where the diffraction efficiency
is the key parameter in creating balanced radiation pressure.
From the initial concept proposal to various improve-
ments and optimizations, the GMOT has gone through sev-
eral stages of development, with technology maturing and ap-
plication areas expanding. Based on the three-GMOT, vari-
ous different types of GMOTs have been proposed. In 2013,
Arnold’s group improved the three-GMOT using reactive ion
etching, where the grating was etched to a depth of A /4 with
a period of 1200 nm. Subsequently, they sputter-coated the
grating with 200 nm of gold, followed by a 10 nm chromium
layer to achieve a reflectivity of ~ 0.97. The efficiency of the
first-order diffracted light reached 40(1)%, with the trapped
atom number reached 6.4 x 10°. Furthermore, they integrated
three diffractive gratings onto a single silicon-based grating
chip, realizing integrated three linear GMOT, as illustrated in
Fig. 5(a). Integrated three linear GMOT was deposited with a
3 nm layer of nickel-chromium and a 10 nm layer of aluminum
for reflection, with a first order diffractivity of 38(1)% and a
grating period of 1400 nm. Owing to the additional diffracted
beam loss induced by the quartz vacuum glass cavity surface,
integrated three linear GMOT is close to the ideal diffractivity
~ 1/3 required for the balance radiation pressure in an opti-
cal molasses, yielding a sub-Doppler temperature of 50 pK—
60 pK. In addition, they constructed square grating and cir-
cular grating, as shown in Figs. 5(b) and 5(c), both made of
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silicon or gallium arsenide, with a 3 nm nickel-branded adhe-
sive layer and a 100 nm gold reflective coating. With a pe-
riod of 1080 nm, 20(1)% of the incident power was diffracted

(223

into four first-order beams.!?>3] Another proposed scheme in-

volved the use of a ring-shaped concave grating reflector to

).224 The ring

confine atoms optically, as shown in Fig. 5(d
grating has a strong focusing capability at radial polarization,
providing deep potentials to trap cold atoms. Recently, the
Zou’s research group achieved a breakthrough in planarizing
the magnetic field coils,[*?>! realizing an integrated MOT sys-
tem based on dual chips (grating chip and coil chip), as de-

(a) (b)

(d) (e)

Trapped atoms

picted in Fig. 5(e). The coil chip was placed alongside the
grating chip outside the vacuum chamber. By perpendicular
incidence of a beam containing cooling and repumping light
onto the grating chip, and in combination with a quadrupolar
magnetic field generated by the magnetic field chip below, the
cloud of cold atoms is trapped within the vacuum cavity at a lo-
cation above the chip. The temperature of the atomic cloud can
be measured by absorption imaging and time-of-flight method
(see Fig. 5(f)), extracting the axial temperature of 382 puK and

a radial temperature of 1.37 mK for the atom cloud.

Grating 3

Grating 5

o HAEEE
Oms 0.3 ms 0.6 ms 0.9 ms
The triplet 0.4 0 00 o ?
grating % 03 e 0 1.37 mK
The planar E
coil chi 5, 02
p S 382 uK
0.1 mol 8o o o B °
. 0 0.5 1.0
Grating 6 £2 (msz)

Fig. 5. (a) The integrated three linear grating extends the pattern of the three gratings inward to the center and outward over a 20 mm x 20 mm
area, which has a pitch of d = 1400 nm (a = 34°). The inset shows the scanning electron microscope close-up of the etched area. (b) The
squares covering a total area of 2 cm X 2 cm, with a pitch of d = 1080 nm (o = 46°). The inset shows the zoomed image. (c) The circular grating
is the same as the square grating, but with squares replaced by circles.!??3! (d) The schematic of the ring grating optical focusing trapping under
radially polarized illumination. The radially polarized light diverges from the optical fiber and passes through a focal lens then illuminates the
ring grating.[??#1 (¢) The schematic of the planar-integrated MOT. The left-hand incident laser beam propagates perpendicular to the integrated
three linear grating and traps a cold atom cloud in the presence of the coil chip.[?*] (f) The experimental performance of the planar-integrated
MOT. The top figure shows the absorption images of cold atomic cloud after free expansion, and the bottle shows axial (red point) and radial

(purple point) radius fitting curves for atomic clouds. ??!

In Table 1, the performance indexes of various types of
GMOTs, including the number of trapped atoms and the tem-
perature of the atomic cloud, are listed in detail. These perfor-
mance indexes reveal the advantages and disadvantages of dif-
ferent types of GMOTs. Some GMOTs perform well at trap-
ping atoms (such as grating 4), effectively trapping large num-
bers of atoms, while others perform at lowering the tempera-
ture of the atomic cloud (grating 1), allowing for even lower
atomic temperatures. In addition, there are GMOTsS that offer
advantages such as fast processing (grating 5) and a high de-
gree of integration (grating 6, also see the chip-scale packages
for laser cooling platform in Refs. [226-228]). How to inte-
grate these performance advantages into a single grating chip

is an area worthy of further exploration and innovation. This
improved integration capability will greatly boost the develop-
ment of GMOT technology and provide broader prospects for
its application in different fields.

Table 1. Capability of different types of GMOTs for neutral atoms.

Type Atomic number ~ Temperature
Three linear gratings >4l 6.4 % 10° 30+ 10 uK
Integrated three linear grating?%3] 1.7 x 107 50-60 pK
Square grating 23] 5.3 %107 -
Circular grating[?%3] 5.9 x 107 -
Ring grating 2?4 - 1.14 mK
Integrated three linear grating[>! 2.3 x 100 382 uK

The atoms trapped by the gratings are 3’Rb.
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Fig. 6. (a) The schematic diagram of CPT detection based on GMOT.
(b) The schematic diagram for lin L lin CPT on the D; line of 87Rb.
(c) The schematic diagram of optical bench for the CPT experimental.
The dashed region indicates the GMOT and CPT signal zone.>3%) (d) The
top-down view of the clock apparatus. The atoms within a Rb GMOT are
probed using CPT in a lin L lin polarization scheme.[?3!) (e) The concept
of a microwave cavity with integrated grating. The ensemble is placed in
a vacuum chamber.!>3?! (f) The optics for a grating-chip launch with the
gravity in the g direction. The inner beam (red path) hits the atoms only
from above, while the outer beam (blue path) hits the atoms only from
below.[233]

Cold atoms allow for ultra-low-drift metrology with ex-
cellent precision in physical observations.!*?”! Recently, it
has been proposed to utilize the compact optical layout of a
GMOT to obtain an accurate frequency reference.!>3%! Col-
lecting 107 8’Rb atoms subsequently cooled to 20 uK in op-
tical molasses, the GMOT is used to develop the coherent
population trapping (CPT) clock by pulsed Ramsey probing
(see Fig. 6(a)).
photodiodes (PDgrs for reference/signal).

The clock signal is measured by the two
The diagrams of
energy levels and optical layout of the CPT are shown in
Figs. 6(b) and 6(c), respectively. By using this scheme, the
short-term fractional frequency stability of compact cold-atom
CPT clock is 2 x 1071 /\/7, and prospects for 2 x 10713 /,/T
at the quantum projection noise limit. A year later, they also

reported the recent progress in the research of cold atom mi-

2311 The experimental setup

crowave clocks in small packages.!
is shown in Fig. 6(d), the short-term stability was measured
to be 5 x 107! /\/T. Moreover, it has been proposed an
additive-manufactured microwave cavity utilizing the compact
atomic clock based on the GMOT,[232! with its schematic dia-
gram shown in Fig. 6(e). Except for cold atomic clocks men-
tioned above, the GMOT also has applications in cold atomic
fountain.?*3! Cold atomic fountain clocks offer exceptional
long-term stability at the expense of a larger size. Figure 6(f)
illustrates the optics of the grating chip launch at a gravity
of g direction. The internal beam (red path) can only hit
atoms from above, while the external beam (blue path) can
only hit atoms from below. The experimental results showed
the Ramsey time up to 100 ms with a corresponding fringe
linewidth of 5 Hz, and the best single-shot fractional stability
of 3.1 x 107! was measured. This technology improves the
short- and long-term stability of atomic clocks while maintain-
ing compactness for portable applications.

In addition to applications in atomic clocks, GMOT plays
an important role in other quantum sensors. A schematic
of the extremely miniaturized cold atom interferometer ac-
celerometer is shown in Fig. 7(a).[?**l It depicts in detail
the cooled beam for the GMOT and the configuration of the
atom detection channel. In this compact sensor head contain-
ing a vacuum package, sub-Doppler cooling of the GMOT
achieves 15 pK temperature and the the GMOT can operate
at a data rate of 20 Hz.

gravity ¢ = 9.79316(2) ms~2 with the light-pulse atom in-

They demonstrated the measured

terferometer operation up to 7 = 4.5 ms, and the statistical
uncertainty was Ag/g = 2.0 x 107%. Other studies have pro-
posed compact systems of single-beam laser Zeeman slower
and MOTs created by nanofabricated diffraction gratings. >3]
The schematic of the experimental setup is shown in Fig. 7(b),
the hole in the grating allows atoms to be loaded into the sys-
tem from a heated atomic dispenser while increasing the in-
teraction distance between the atoms and the laser, improving
the atom trapping efficiency. The lowest Zeeman coil effec-
tively decelerates the initial velocity of the atoms, which in
turn is captured by the GMOT. This compact GMOT and Zee-
man reducer design is suitable for a wide range of atomic and
molecular cooling, and has potential applications for the de-
velopment of quantum technologies based on cold atoms.
Moreover, there are studies proposing compact ultracold

[236] The schematic dia-

electron sources based on GMOTs.
gram of the experiment is shown in Fig. 7(c), this ultrafast
and ultracold electron source utilizes near-threshold photoion-
ization of trapped clod atomic gas, providing a unique combi-
nation of low transverse beam emittance and high beam bunch
charge. This ultracold electron source based on the GMOT of-

fers the possibility of realizing picosecond electron pulses with
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high beam bunch charges. In addition, the study in Fig. 7(d)
successfully integrated a GMOT in a 4 mm thick Si/glass vac-
uum cell.’?>”1 To overcome the limitations in GMOT imaging
due to surface scattering, the researchers used a two-step op-
tical excitation process of rubidium atoms with 420 nm flu-
orescence detection. This miniaturized laser cooling platform
provides an enabling platform for the development of compact
cold atom quantum sensors.

As a compact, efficient and versatile atom cooling and
trapping technology, GMOTs enable the trapping and control

Detection
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/4 plate
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45°-angled Mirror

/4 Waveplate

Doublet Lens
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5P,

of atoms with a single laser beam, greatly simplifying sys-
The high efficiency

of capture and loading rates, flexibility for a wide range of

tem design and operating procedures.

atomic and molecular species, compatibility with miniaturiza-
tion techniques, and high data-rate operation and temperature
control make it an important tool for future applications in
cold atom technology and quantum technology, opening up
new possibilities in the development of compact atomic sen-

sors and instrumentation.

to a Camera

(d)
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Fig. 7. (a) The horizontal cross-sectional renderings of the compact light-plus atom interferometer sensor head. The cooling-channel light with
a large collimated Gaussian beam is delivered to the sensor head via a polarization maintaining fiber. The GMOT atoms (solid red circle) form
~ 3.5 mm from the grating surface.>3#! (b) The illustration of the Zemman slower and integrated three linear GMOT experimental apparatus.
The lithium atoms that leave the heated dispenser are slowed by the Zeeman coil and then captured by the GMOT.>*] (c) The schematic
representation of the ultracold electron source based on a GMOT. The electrons are accelerated and pass through the center hole of the earth-
grounded grating.1**) (d) The micro-electro-mechanical-systems cell based on GMOT illustration, which provides a promising platform for

future compact cold-atom sensors. [237]

4. Metasurface magneto-optical trap

In the development of GMOT technology, there are new
technologies emerging. For promoting the further develop-
ment of cold atom technology, as a new technique, metasur-
face MOT has emerged in recent decade. The metasurface
is a planar material consisting of artificial structures at sub-
wavelength scales that precisely control the propagation prop-
erties of light, including polarization, phase, and amplitude.
With the precision-designed surface structure, the metasurface
MOT is a potential means of solving these problems such as
asymmetry of the captured atomic region and low utilization
of optical energy in GMOT. In this section, we will present

the principles of metasurface MOT and its development. It
will help us have a better understanding of the potential of this
emerging technology and build a robust foundation for future
research and applications.

With the continuous advancement of micro and nanofab-

s,238] optical devices are progressing to-

rication technologie
wards miniaturization, integration and light weight. This trend
not only significantly reduces the space required for optical
path systems but also greatly expands their potential appli-
cations in commercial equipment. Metasurface has attracted
considerable attention due to its compact size, high degree

of integration, and flexible performance design. It is an ar-
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tificial microstructure device composed of nanostructure ar-
rays with subwavelength scale. Through special design of its
own micro-nanostructure in terms of geometric shape and ma-
terials, metasurface can precisely manipulate optical waves.
Compared to the traditional optical component, metasurface
exhibits greater operating bandwidth, more compact structure,

and higher integration.

Traditional optical devices typically rely on the accumu-
lation of phase as light propagates through different media,
with refraction and reflection phenomena that can be described
by Snell’s law. However, optical devices designed based on
this approach are generally thicker, which is not suitable for
the trend of miniaturization and integration.

In contrast, metasurface introduces an abrupt phase shift
at the wavelength scale, adding a new degree of freedom to
optical system. This characteristic of abrupt phase shift en-
ables metasurface to achieve complex light field manipula-
tion within extremely small dimensions. In 2011, Capasso
from Harvard University led his team to propose the idea of
designing resonant phase metasurface.!””! They constructed
nanoantennas with different equivalent refractive indices and

proposed generalized laws of reflection and refraction, which

(a)

y-polarized incidence from
collimated quantum
cascade laser (A,=8um)
ordinary
reflection

anomalous

reflection
0.

are written as

, oy Mo do
ntsm(Gt) —nlsm(el) = Ea, (13)
, ooy A de
sin(6;) —sin(6;) = S dx

where ny, n; are the refractive indices of the two media; 6, 6;,
and 6; are the refraction, incident and reflection angles, respec-
tively; Ag is the vacuum wavelength. The design of subwave-
length resonance units in the metasurface allows the artificial
control of this introduced phase shift ¢. When d¢/dx = 0,
the above law degenerates into the classic Snell’s law. The
schematic diagram of Snell and generalized Snell’s law on a
metasurface is shown in Fig. 8(a). Therefore, one can achieve
refraction or reflection in any direction of beam simply by in-
troducing an appropriate phase gradient change at the inter-
face. Based on this principle, they proposed a method of con-
trolling the opening direction of a V-shaped structure in order
to achieve precise control of the phase of reflected light from
0 to 27, as shown in Fig. 8(b). The unit cell of plasmonic in-
terface (yellow) comprises eight gold V-antennas of ~ 220 nm
and ~ 50 nm, and it repeats with a periodicity of 11 pum in the
x-direction and 1.5 um in the y-direction. The scattered elec-
tric field of V-antennas unit cell polarized in the x-direction for
y-polarized plane wave excitation is shown in Fig. 8(c).

6, | gradient of
' phase shift
silicon ,,  d®_,
dx
anomalous
refraction ordinary
refraction
(c) y
z$—>X
40
30 - p—
—
—~20 ——
S
=
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Fig. 8. (a) The schematic diagram of Snell’s and generalized Snell’s law for y-polarized excitation with the electric field normal to the plane of
incidence. (b) The scanning electron microscope image of resonant phase metasurface on a silicon wafer. (c) The scattered electric field for the

individual antennas composing the array.>3%!
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Fig. 9. (a) The metasurface has been engineered to diffract an incident laser beam into five distinct beams, each with predefined directions and
circular polarization states. (b) The geometric configuration of the meta-atom.[?*?) (c) The geometrical configuration of the metasurface with

height H = 392 nm.[?4!]

This subwavelength antenna can be considered as an op-
tical resonator. The incident light induces displacement cur-
rents in the resonator when its wavelength is close to the res-
onant wavelength of the structure, resulting in a significant
change in the phase relationship between the scattered and
incident fields. This change further causes a strong scatter-
ing of electromagnetic fields into free space, which is called
the resonance phase in metasurfaces. In addition to this, the
physical mechanisms of metasurfaces include geometry phase
and propagation phase. The geometric phase comes from the
change in the polarization state of the light wave as it passes
through the microstructure, and the propagation phase is the
accumulated phase change due to the propagation of the light
through the medium. These mechanisms enable efficient ma-
nipulation of light at subwavelength scales on metasurfaces.

With the continuous development of metasurface technol-
ogy, researches have introduced it into the study of MOT. With
appropriate phase gradient shifts introduced on the metasur-
face, precise control and trapping of atoms can be achieved.
Specifically, the working principle of the metasurface MOT

includes the following steps. First of all, the appropriate sub-
wavelength resonant structures are designed on the metasur-
face, which can be prepared by micro- and nanofabrication
techniques. Subsequently, by adjusting parameters such as
the geometry, spacing and material properties of the resonant
units, the response of the metasurface to light can be adjusted
to achieve specific phase modulation. Once this phase gradient
shift is introduced on the metasurface, it is possible to produce
localized phase variations in space, thus enabling precise con-
trol of the beams. The emergence of metasurface MOT repre-
sents a further development in the field of cold atom physics.
In 2020, the team led by Li from China proposed a
metasurface optical chip for generating ensembles of cold
atoms,?*?l providing a new approach for realizing a single-
beam MOT, as illustrated in Fig. 9(a). The design of the meta-
surface diffracts a single beam of left circular polarization of
incident light into five beams with predetermined directions,
which possess the same intensity and circular polarizations.
One of these beams propagates along the incident direction,
while the remaining four beams are deflected by 22.5° rela-
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tive to the incident beam along the +x and 4y axes. With five
mirrors, all beams intersect at the center of a quadrupole mag-
netic field, realizing three-dimensional cooling and trapping.
In the process of designing the metasurface, they use a recip-
rocal process to superimpose five output beams together at the
metasurface plane (z = 0 plane). Thus, the Pancharatnam-
Berry phase type metasurface phase profile is given by

4
d(x,y) = arg (ZA” . e—i‘kn‘T‘n> , (14)
n=0
where the arg function is the argument of the complex am-
plitude; n = 0,1,2,3,4 indicate the five output beams and A,
are the electric field amplitudes of the five beams. The ge-
ometrical configuration of the meta-atom of the metasurface
with period p = 370 nm is shown in Fig. 9(b), the length,
width and height of meta-atom are L = 190 nm, W = 120 nm
and H = 600 nm, respectively. Such a metasurface MOT can
trap up to ~ 107 atoms and the temperature of atoms reaches
35 uK. Based on this study, they proposed another metasur-
face MOT with a schematic meta-atomic structure shown in
Fig. 9(c).[?*!l The improved metasurface MOT is capable of
trapping up to ~ 1.4 x 10® atoms and its temperature reaches

~ 7.0 uK, which is a significant improvement in performance.

More recently, it has also been proposed to utilize a com-
bination of metasurface and grating to trap cold atoms,[?4?!
which is schematically shown in Fig. 10(a). The photonic in-
tegrated circuit launches a linear polarization Gaussian beam,
which is subsequently shaped by the metasurface, the unit cell
of metasurface is shown in Fig. 10(b). The performance of this
planar optical MOT is comparable to that of a Gaussian beam
GMOT. In addition, the integrated optical structure that en-
ables compact strontium atomic clocks to be realized on meta-
surface has been proposed, which is schematically shown in
Fig. 10(c).”®! Tt includes a pair of 0° (light color) and 45°
(dark color) red and blue beams, and a colinear combination
of lattice and clock beams (yellow). The alignment diagram
of photonic integrated circuit and metasurface in the bottom is
shown in Fig. 10(d). The inset shows the bonded device (top)
and a scanning electron microscopy (SEM) image of meta-
surface (bottom). This integrated design provides a scalable
approach to realizing complex optical systems that may be in-
tegrated with a vacuum chamber for physics experiments in
the future, which provides a unique technology platform for

atomic clocks.

Vacuum
chamber

Fig. 10. (a) The planar optics GMOT with metasurface. The metasurface produces an expanding mode featuring opposite polarization (depicted
as a red cone), thereby achieving a flat-top intensity profile at the integrated three linear gratings. (b) The schematic of metasurface unit cell with
quarter-wave phase pillar.’>*?! (c) The photonics geometry as a party of the strontium clock. (d) The diagram of photonic integrated circuits and

metasurface alignment. The insets show the picture of the bonded device (top) and SEM of nanopillars.

S. Summary and outlook

In this review, we introduce the compact MOTSs using pla-
nar optics. The advantage of a standard MOT is that it pro-
vides an isotropic trapping force, allowing for uniform control
of particles in space. The MOT with planar wire simplifies the
structure of current coils. We introduce two compact MOTs
based on planar optics: the grating-based MOTs (GMOTs) and

[243]

the metasurface-based MOTs. The grating creates a specific
distribution of light field, which combines with the magnetic
field to create a capturing force. The GMOTSs have greatly sim-
plified the incident beams in traditional MOTs, which are char-
acterized by small size, abundant optical windows and high
scalability. It has been widely used to build cold atomic clocks,

interferometers, ultra-cold electron sources. 2442451 The meta-
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surface MOTs are a novel type of MOTs using nanofabrication
technology. The metasurface is a surface structure with special
optical properties that allows precise control of the optical field
by adjusting the shape and material of the surface. These new
MOT techniques overcome the limitations of traditional tech-
niques, reduce volume and power consumption, and expand
the application prospects of MOTs.

In recent decades, chip-scale MOTs offer advantages such
as smaller size and low-power dissipation, providing more
convenient conditions for practical applications. [16%226.227.237]
Especially, ultra-high-vacuum environments can be kept
for six months without active pumping using micro-
electromechanical-systems (MEMS) alkali vapor cells,237-246]
which largely reduces the volume burden of the MOT vacuum
system. The combination of chip-scale device with MEMS
can further reduce the size of the MOT. In addition, the ma-
nipulation of atom chips in chip-scale MOT gradually evolved
from the initial single magnetic trap structure to multifunc-
tional devices. 247!

Additionally, miniaturized optical systems can be con-
structed using planar optics. Photonic integrated circuit
(PIC) offers a rich set of passive and active components
with low optical losses, and presents new opportunities for
the development of MOT.[164234.242.2431 Apd the metasurface
can produce beams with a high numerical aperture (NA),
arbitrary tilt angle, prescribed polarizations, and collinear

3,248

propagation. 2432481 The combination of the manufacturability

of PICs and the multifunctionality of metasurface enables the
construction of complex optical systems with multiple beam
emitters on chips.
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