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We experimentally investigate the effective working regions of a planar-integrated magneto-optical trap (MOT). By
scanning a blocking point in the incident laser beam, we identify four effective working regions of the laser beam contribut-
ing to MOT: a central region corresponding to the downward incident beam and three regions associated with the upward
diffracted beams. The latter three regions are the effective regions of the grating chip. It is demonstrated that only three
3.5 mm radius grating regions can produce a MOT that is capable of trapping 107 atoms with a temperature below 150 uK,
retaining over 60% of atoms compared to a complete grating chip. This finding suggests that more than 60% of the grating
chip area can be saved for other on-chip components, such as metasurfaces and nanophotonic devices, without significantly
compromising MOT performance, paving the way for more compact and versatile atom—photon interfaces.

Keywords: cold atoms, grating chip, magneto-optical trap (MOT)
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1. Introduction

Cold atoms are widely used in the fields of quantum

[7-11

communication, '~ quantum computing,”-'" and quantum

[12-15] One of the most important ex-

precision measurement.
perimental platforms in atomic physics is the magneto-optical
trap (MOT), which is typically composed of complex optical
components and bulky magnetic field coils.!'®) Over the past
decade, many research groups have carried out work on mini-
mizing the MOT system. The incident laser is reduced to only
one beam with a pyramidal retroreflector,!!7-2%1 which is fur-
ther replaced with a completely flat grating chip.?!~261 Also,
the original bulky anti-Helmholtz coils are replaced by a pla-
nar coil chip in recent works. [27-291 With these efforts, the tra-
ditional MOT can finally be simplified to a planar-integrated
MOT. These miniaturized MOT systems based on chips of-
fer several key advantages. First, they drastically reduce the
size, weight and power requirements compared to traditional
MOT setups, making them more portable and easier to de-
ploy in field applications.!3*3% Second, the planar geometry
is inherently more scalable, allowing the integration with other
on-chip optical devices!*’*! and even allowing the realiza-
tion of arrays of MOTs on a single chip for parallel opera-
tion. Third, the planar chip-based platform facilitates integra-
tion with other quantum devices and technologies, providing a
promising hybrid quantum platform to incorporate atoms with
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Corresponding author. E-mail: clzou321 @ustc.edu.cn
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other systems. [4>0]

However, current planar grating MOT designs have some
drawbacks that limit their performance and flexibility. First,
the grating requires a large incident beam, typically over
10 mm in diameter, to ensure sufficient laser intensity in the
trapping region. As a result, the laser power needed often ex-
ceeds 50 mW, which is challenging for power-limited applica-
tions. Second, the grating chip is completely covered with the
diffractive structure, leaving no room for incorporating other
components on the same chip that could enable novel atom-
photon interfaces. The incorporation of metasurfaces, waveg-
uides, microresonators, and functional optical switches and
modulators onto the MOT chip has the potential to unlock new
possibilities in quantum memories, nanoscale sensing, and in-
formation processing. However, such multi-functional inte-
gration remains infeasible with the current fully-committed
grating design. To address these limitations, it is crucial to
identify the effective working regions of the grating chip that
contribute to atom trapping. By doing so, we can develop
power-efficient and area-efficient planar-integrated MOTs.

In this work, we experimentally investigate the effective
working regions of the incident laser beam and the grating chip
that contribute to the MOT operation. Our experiments reveal
that the grating chip has three effective regions, while the re-
maining areas can be removed without destroying the MOT. In
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the case that the central circular region with a radius of 0.5 mm
is obscured and only three central symmetrical through-light
regions with a radius of 3.5 mm are retained, the grating chip
can still successfully trap around 10° rubidium atoms and cool
them to a temperature below 150 pK. The useless region of
the grating chip can be excised, leaving valuable space for in-
troducing more functionalities to the compact MOT system, or
integrating nanophotonic devices for photonic—atomic hybrid
chip systems.

2. Planar-integrated MOT

The planar-integrated MOT configuration in this work
combines a grating chip and a planar coil chip.l?”l As illus-
trated in Fig. 1(a), the planar-integrated MOT relies on the
pyramid-like optical beams for laser cooling. The incident
beam is transformed into three diffraction beams with de-
signed directions and polarizations by the planar grating chip,
which overlap above the chip. By adjusting the grating period
and duty cycle of the etched gratings, we can control the in-
tensity and diffraction angle of the three diffraction beams and
balance the radiation pressure experienced by the atoms in the
overlapping regions. The grating and the planar coil chips, as
shown in Figs. 1(b) and 1(c), are identical to those used in our
previous work.?”) The grating chip is divided into three uni-
form grating regions with their directions different by 120°.
The measured diffraction angle 6 with respect to the grating
plane, as depicted in Fig. 1(a), is 42.4°. The planar coil chip
consists of two coaxial coils with different radii, numbers of
turns, and opposite currents. By adjusting these parameters,
we can tune the operating point, i.e., the zero field point of a
quadratic magnetic field, of the coil chip.

In our experiment, external-cavity diode lasers are tuned
to the 780 nm to match the D2 line transitions of Rubidium
atoms (3’Rb). The cooling laser is tuned to the S, p(F=2)
to P /2(F = 3) cycling transition with a detuning of about
—9 MHz, while the repump laser is tuned to the S, n(F=1)
to °P; /2(F = 2) transition. The incident beam, composed of
these two laser beams, has a diameter of about 3.0 cm and
an optical intensity of 20 mW /cm? for the cooling laser and
2 mW /cm? for the repump laser. The zero point of the mag-
netic field in the central axis is set to 6.3 mm above the surface
of the coil chip with a current of / = 2 A applied to the chip.
As shown in Fig. 1(d), both chips are placed outside the glass
vacuum cell, and the coil chip is aligned to the grating chip to
match the working points of the two chips. The effective laser
cooling process takes place in a relatively large volume within
the vacuum chamber, making it challenging to directly predict
the effective working regions of the grating chip. Nonetheless,
we can simplify the problem by focusing on the specific lo-
cations that contribute to the working point of the MOT. By
considering the zero point of the magnetic field, the influence

of the cell wall thickness (2 mm), and the diffraction angle,
we can identify three essential points (regions) on the grating
chip, each approximately 3.6 mm from the center. Due to the
symmetry of the grating chip, these points lie on the mirror-
symmetric axis of each grating sector and are separated by
120° from each other.
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Fig. 1. (a) Schematic of the planar-integrated magneto-optical trap
(MOT). (b) Photograph of the grating chip. (c) Photograph of the pla-
nar coil chip. (d) Due to the presence of the glass cell, the diffracted light
field experiences refraction, leading to an offset of the central position of
the effective region.

In the following, we execute experiments to investigate
the effective working regions of the grating chip and verify the
above predictions. Since the optical laser, not the grating itself,
directly contributes to the laser cooling and, consequently, the
MOT, we can characterize the effective working regions of the
input laser beam. By first identifying the regions of the inci-
dent optical beam that contribute to the MOT and identifying
the critical optical paths and their corresponding regions, we
can then fabricate masks to block the unnecessary regions of
the optical laser beam. This approach allows us to systemat-
ically block the unnecessary regions of the grating chip, op-
timizing the MOT’s performance and efficiency while saving
space on the grating chip.

3. Effective working regions of incident light

To determine the critical optical paths and their corre-
sponding regions essential for the MOT’s operation, we sys-
tematically block specific regions of the incident laser beam
and measure the resulting atom number in the MOT. As de-
picted in Fig. 2(a), we introduce a 0.5 mm thick circular glass
window and affix a round black cardboard with 0.5 mm ra-
dius as the blocking point to the planar-integrated MOT sys-
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tem. The glass window with the blocking point is driven by a
two-dimensional stepper motor, allowing it to perform a two-
dimensional scan in the directions shown in Fig. 2(b).

(a) Incident laser (c)

v
e~——Blocking point

1.0

0.8

2wk —Grating
Coil

Y (mm)

X (mm)

Fig. 2. (a) Schematic of the blocking point approach to probe the effective
working region of the incident laser beam. (b) The blocking point under-
goes two-dimensional motion along the X and Y directions. (c) Results of
the position scanning of the blocking point, showing the normalized atom
number in the MOT as a function of the blocking point position.

By adjusting the position of the window, we can con-
trol the region where the incident light is obstructed by the
blocking point and measure the atom number under this state.
A lower atom number indicates greater significance in terms
of blocking specific regions within the incident light field.
Through program-controlled scanning of blocked locations,
we establish a correlation between atom number in our ob-
tained MOT and the occlusion positions, as illustrated in
Fig. 2(c). The coordinates represent the relative positions from
the center of the incident laser. The scanning step length is set
as 0.5 mm, and the blocking point moves along the X and Y
directions, covering a total area of 12 mm x 12 mm. For bet-
ter data visualization, the atom counts data are normalized to
the maximum value and smoothed to ensure clarity in our scan
results.

From Fig. 2(c), it becomes evident that there exist four
effective regions within the incident light field, which corre-
spond to four beams forming the optical field of the planar-
integrated MOT: one central region aligns with vertically
downward illumination, while three external regions corre-
spond to diffracted upward beams. Meanwhile, the distances
between the three effective external regions (about 3 mm) and
the center agree with the theoretical predictions.

Based on the results of the obscuration scan, we further
investigate the effects of simultaneously blocking the light
fields in these ineffective regions on the performance of the
MOT. We fabricate a blocking plate with four circular holes
of equal radius, as depicted in Fig. 3(a), ensuring that only the
light fields within the effective regions remained unblocked
and reached the grating chip. This blocking plate is fabricated
using 3D printing technology, as displayed in Fig. 3(b), en-
abling us to easily create samples with varying circular hole
radii.

(@) Incident laser
yYew

s == Blocking plate

b

n_ ®_ ——Grating chip
= $—Coil chip

Fig. 3. (a) The schematic of the blocking of the incident light field.
(b) The real 3D-printed blocking plate. (c)—(f) Images of the atom clouds
under different experimental conditions: with no blocking plate and with
blocking plates having holes of varying radii of 2.5 mm, 3.5 mm, 4.5 mm.

Subsequently, we capture images of the MOT fluores-
cence under different experimental conditions. As presented
in Figs. 3(c)-3(f), the images are taken for blocking plates
with varying radii of oo (no blocking plate), 2.5 mm, 3.5 mm,
and 4.5 mm, respectively. Here, the camera is set at an expo-
sure time of 5 ms. It can be observed that as the aperture size
decreases, fewer atoms can be trapped within the MOT, con-
firming that only the four regions contribute to the formation
of the MOT. The measurement results are shown in Table 1.

Table 1. The temperature and atom number with different hole radii of
the blocking plates.

Radius of holes (mm) 2.5 3.5 4.5
Radial temperature (1K) - 148 + 15 114 £ 15
Axial temperature (pK) - 126 £ 9 112+6

Atom number (10°) 032+£006 089 +009 15+0.1

4. Effective working regions of grating chip

Upon characterizing the effective region of the light field,
we proceed to investigate the effective region of the grating
chip by directly covering its surface with the blocking plate.
Contrary to the previous setup, the blocking plate is placed
between the grating chip and the vacuum chamber, as shown
in Fig. 4(a). The effective region of the incident light includes

074211-3



Chin. Phys. B 34, 074211 (2025)

the center region, where a downward-directed light field is re-
quired to provide trapping force. However, the grating chip
actually does not require the central region. We first only
block the center of the grating chip, using two different sizes
of the blocking point: circles with radii approximately measur-
ing 0.5 mm and 1 mm, as depicted in the center of Fig. 4(b).
In both cases, a MOT can be formed and the atoms are polar-
ization gradient cooled (PGC)*’! in 0.5 ms with a detuning
—40 MHz from resonance. We then measure the temperature
and number of the atoms.

(a) Incident laser (b)
vyYevwvw

_. Blocking plate
— . .
. == Grating chip

Coil chip
(c) 0.15
& 0.10
g
£
% 0.05 Axial
direction
0 0 2 4 6 8
t? (ms?)

(d) 0.15
& 0.10
g
£
Nb 0.05 @E,’E/E/m/m/a

0

0 0.5 1.0 1.5 2.0
t2 (ms?)

Fig. 4. (a) Schematic of the blocking of the grating chip. (b) Schematic
of the blocking region of the grating chip. (c) The experimental results
of the atom cloud sizes against free expansion time with a blocking point
of 0.5 mm radius and fluorescence from trapped atoms. (d) The experi-
mental results of the atom cloud sizes against free expansion time with a
blocking point of 1 mm radius and fluorescence from trapped atoms.
Figures 4(c) and 4(d) show the fitted squared 1/ e radii of
the atom cloud in the radial (red points) and axial (blue points)
directions versus the squared free expansion time ¢ for block-
ing points of 0.5 mm and 1 mm radius, respectively. The two
lines are the fits of 62 = 6 +kgTt?/m to the data, where &
is the 1/e radius of the atom cloud in the radial (red line) or
axial (blue line) direction, kg is the Boltzmann constant, T
is the temperature, and m is the mass of an 87Rb atom. For
a blocking point of 0.5 mm radius, the temperature in radial
and axial directions can reach 121 + 14 pK and 125+ 6 uK,
respectively. The atom number is N = (1.4540.27) x 10°.
However, when the radius of the blocking point increases to
1 mm, the temperatures in radial and axial directions increase

to 205+ 14 uK and 141 + 13 pK, with an atom number of
N = (7.7+1.8) x 10*. As a comparison, when there is no
blocking point at all, the temperatures are 100 £ 23 pK and
13245 uK, with an atom number of N = (1.65+0.3) x 10°.
It can be seen that the blocking point of 0.5 mm radius has
a limited effect on the atomic temperature and number, but a
larger blocking area in the center of the grating chip can affect
the temperature and atom number obviously. The increase in
the radius of the central obstruction will block three surround-
ing effective regions, thereby compromising the completeness
of the optical fields that constitute the magneto-optical trap.
Photos of cold atoms in the MOT are also shown in Figs. 4(c)
and 4(d) with 5 ms exposure time. Based on the results with
the center of the grating chip blocked, we further combined
it with the effective region of the light field. As displayed
in Fig. 4(b), the center and periphery of the grating chip are
both blocked, which can be further hollowed out or etched and
combined with additional nanophotonic circuits. The central
blocking region’s radius is 0.5 mm and we use three kinds of
black cardboard to block the peripheral region of the chip and
fine-tune the position of the cardboard to make atoms captured
by the grating chip reach the best state. The holes on the card-
board have varying radii of 2.5 mm, 3.5 mm, and 4.5 mm,
corresponding to the previous blocking plates that block the
incident light. The distance between the center of the outer
three holes of the occlusion and the center of the grating is
3.6 mm.

The measurement results are shown in Table 2. When
using black cardboard with 2.5 mm radius holes, the atom
number is too small. Thus we cannot measure the tempera-
ture properly by the method of absorption imaging, only the
atom number is exhibited. It can be seen that the atom num-
ber decreases when the hole radius of the cardboard decreases,
but the temperature is basically similar. With the central re-
gion of the grating chip obscured by a circle with 0.5 mm
radius and only three symmetrical regions with 3.5 mm ra-
dius retained, the temperature in radial and axial directions
can reach 149 +9 pK and 107 £ 14 puK, with an atom num-
ber of N = (9.9+1.2) x 10*. This demonstrates that the grat-
ing chip can still capture a certain number of cold atoms even
when over 60% of the total area is obscured. When the radii of
the holes increase to 4.5 mm, the atomic number and atomic
temperature can basically return to the situation without shel-
ter, indicating that the obscured part of the grating chip hardly
participates in the formation of MOT.

Table 2. The temperature and atom number with different hole radii of
the cardboard.

Radius of holes (mm) 2.5 3.5 4.5
Radial temperature (1K) - 149 £9 139 £ 15
Axial temperature (1K) - 107 + 14 129 + 11

Atom number (10%) 027+02 099+0.12 1.62+0.05
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5. Conclusion

In conclusion, the effective working regions of the inci-
dent laser and the grating chip are experimentally investigated
for a planar-integrated MOT system. Three regions of the
grating chip are identified through two different approaches,
i.e., blocking the incident light and directly blocking the grat-
ing chip. It is verified that only three symmetrical regions of
3.5 mm radius are necessary for the MOT, which can trap 10°
atoms at a temperature lower than 150 uK. This finding sug-
gests that more than 60% of the grating chip area can be saved.
By leveraging the saved space on the grating chip, we can ex-
plore the development of compact and versatile quantum de-
vices that combine the advantages of cold atoms and nanopho-
tonics. Additionally, the investigation of advanced grating de-
signs, such as metasurfaces with tailored phase and polariza-
tion control, could further enhance the performance and func-
tionality of the planar-integrated MOT.
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