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Compact dual MOT apparatus of K and Rb for
optical tweezer experiment
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The optical tweezer experiment with neutral atoms is widely used for quantum information research. Here, we present
a compact dual magneto-optical trap (MOT) setup for a two-species optical tweezer. Rubidium (Rb) atoms are directly
captured using a vapor MOT, while potassium (K) atoms are collected via a 2-stage MOT. Both the quadratic and gradient
magnetic fields required for the MOT and Zeeman slower are created by permanent magnets. With the help of the Zeeman
slower, the K MOT loading efficiency is enhanced by a factor of three. After the MOT stage, we apply D1 gray molasses to
reduce the temperature of the K atoms to 9 µK. Using this apparatus, both Rb and K are loaded into the optical tweezer.

Keywords: atom, molecule, ion cooling methods, atom cooling methods
PACS: 37.10.–x, 37.10.De

DOI: 10.1088/1674-1056/ade8e2 CSTR: 32038.14.CPB.ade8e2

1. Introduction
Optical tweezers with neutral atoms are an important plat-

form for quantum computing and quantum simulation, be-
coming very popular in recent years.[1–8] With the post-select
technique,[9–12] one can easily load only one atom into a
tweezer with almost unit fidelity. On the other hand, it is rel-
atively easy to capture a single atom from a magneto-optical
trap (MOT) using an optical tweezer. This advanced technique
has attracted more and more groups to join this field. The num-
ber of tweezers in an array reaches several hundreds and even
thousands.[13–16] Interesting physics is studied in these optical
tweezer platforms.[17–24]

While most tweezer experiments focus on a single
species, a few groups have ventured into working with two
species, motivated by the goal of creating a single-molecule
array.[24–31] For instance, single Na and Cs atoms are captured
in an optical tweezer and subsequently formed into single po-
lar molecules through the use of STIRAP.[28,30] Additionally,
dual-species Rydberg arrays leverage species-specific address-
ing frequencies to enable independent control, crosstalk-free
measurements, and direct generation of Rydberg-mediated en-
tanglement between atomic species.[32–34] In the case of two-
species tweezer experiments, implementing a dual MOT is
the initial step. Conventional single-species MOTs cannot
meet the experimental requirements for dual-species tweez-
ers. The ultrahigh vacuum environment precludes later intro-
duction of additional atomic species, necessitating integrated
multi-species sources during initial system design. This de-
mands a dedicated dual-species MOT apparatus, for which we
selected the Rb/K combination. Furthermore, the dual-species
MOT serves as a critical platform for heteronuclear quantum

systems. Beyond dual-species tweezer experiments, our appa-
ratus facilitates applications in hybrid cold-atom systems, such
as quantum memory,[35] and hybrid topological states.[36]

To efficiently load a single atom into an optical tweezer,
the beam of the tweezer should be focused to ∼ 1 µm.[1,37]

Consequently, the optical access of the vacuum chamber must
be sufficiently large to accommodate a large numerical aper-
ture, making a glass cell a typical choice. In contrast to tradi-
tional Bose–Einstein condensate (BEC) experiments,[38] opti-
cal tweezer experiments only require a very dilute MOT for
efficient atom loading. During detection, it is crucial to elimi-
nate stray light to distinguish single-atom loading from back-
ground scattering. Since fluorescence from background atoms
is difficult to block with a spatial filter, it is essential to main-
tain the background vapor pressure at 10−9 Pa. This low pres-
sure is also critical for achieving a long lifetime of atoms in
the optical tweezer.

2. Experimental setup

With all these requirements, designing a dual compact
MOT apparatus is worthwhile, as illustrated in Fig. 1. The vac-
uum chamber comprises an uncoated glass cell with internal
dimensions of 10 mm × 20 mm × 100 mm, and the thickness
of the glass is 2 mm. This design achieves significant compact-
ness through permanent magnets replacing conventional coils.
The background vacuum pressure is maintained by a 15-L/s
ion pump and reaches 1×10−9 Pa. During dual-species opera-
tion, background vapor pressures remain at: Rb< 1×10−8 Pa,
K < 1×10−9 Pa. This low-pressure environment ensures neg-
ligible crosstalk during atomic loading.
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Fig. 1. (a) Top view of the apparatus. The Rb oven is connected to the glass cell, whereas the K oven is directly linked to a two-dimensional (2D)
chamber, which in turn is connected to the glass cell via a differential tube. (a) System workflow: K atoms: Captured in 2D MOT chamber →
transported via differential pumping tube to the glass cell by push beam → formed into three-dimensional (3D) MOT by MOT beams. Rb atoms:
Loaded directly into MOT within the glass cell. Optics: Combined 780 nm (Rb MOT)/767 nm (K MOT)/770 nm (K GM) beams incident; 850-nm
optical tweezer beams (red) reflected by a dichroic mirror and focused by an objective lens (NA = 0.25) to capture atoms; Fluorescence signals (Rb
780 nm/K 767 nm) collected by the same objective lens, transmitted through the dichroic filter, and imaged by CMOS. (b) Enlarged view of the 2D
MOT chamber. 2D MOT beams: Orthogonally incident at 90◦ and retro-reflected. Zeeman slower beam: Vertically incident. Magnets: Mounted on
the stainless-steel chamber wall via a 3D-printed holder (positionally adjustable). (c) The magnetic field is generated by magnet bars along the y- and
z-axes. The plot on the right depicts the magnetic field amplitude along the slowing beam. (d) The relevant transition for K atoms.

The Rb MOT employs a single-stage design. A stain-
less steel tube with an inner diameter of 13 mm is connected
to the Rb oven and is directly aligned with the MOT region.
The background Rb vacuum pressure can be regulated by ad-
justing the oven temperature. The magnetic field gradient is
11.5 Gs/cm (1 Gs = 10−4 T). The MOT beams comprise cool-
ing light and repump light for Rb atoms, as well as cooling
light, repump light, and gray molasses (GM) light for K atoms.
The cooling and repump lights required for Rb atoms are com-
bined using a polarizing beam splitter (PBS). The lights nec-
essary for K atoms, including cooling, repump, and GM light,
are combined via two PBSs; these two beams are then further
merged through a dichroic mirror. The radius (e−1/2) of the
MOT beam is 2.5 mm. The total power of the cooling light for
Rb is 8 mW, with a frequency detuning of−11.4 MHz relative
to the D2 line F = 2→ F ′ = 3. The repump light has a power
of 1.2 mW and is resonant with the F = 1→ F ′ = 2 transition
of the D2 line.

3. The K MOT

For K, we use a two-stage setup: K atoms are first col-
lected in a 2D MOT and then pushed to the 3D MOT region.
This scheme allows for separate control of the K vacuum pres-
sure, an approach that has been employed with many other
atoms, such as Li,[14] Na,[40,41] and Sr.[42] Currently, we are
working with 39K and can easily switch to 40K in the future
simply by shifting the frequency of the locking point, with-

out any modifications to the remaining optical paths. Our
device offers numerous advantages compared to the tradi-
tional Zeeman slower;[43–45] these advantages include small
size, elimination of the need for complex coil designs for the
magnetic field, and prevention of the particle beam directly
striking the experimental chamber. The 3D MOT parameters
of K are as follows: The total cooling laser has a power of
12.5 mW, with a detuning of −32.7 MHz relative to the D2
line F = 2→F ′= 3. The repump laser has a power of 7.6 mW,
with a frequency detuning of −18.6 MHz relative to the D2

line of F = 1→ F ′ = 2.
The 2D MOT chamber is shown in Fig. 1(b). The four

beams, which are inclined at 45 degrees along the y and z di-
rections, are the 2D MOT beams. Each beam consists of both
cooling light and repump light with a power ratio of 1:1, a
diameter of 10 mm, and a total power of 75 mW. The fre-
quency of the cooling light is detuned by −33 MHz relative
to the D2 line F = 2→ F ′ = 3, while the frequency of the
repump light is detuned by −14 MHz relative to the D2 line
F = 1→ F ′ = 2. The slowing beam, which is along the z di-
rection, has a diameter of 10 mm and a power of 160 mW.
The slowing beam also consists of both cooling light and re-
pump light with a cooling-to-repump power ratio of 1:1. The
cooling light frequency is detuned by ∆L1 = −59 MHz, and
the repump light’s frequency is detuned by ∆L2 = −80 MHz,
as indicated in Fig. 1(d). The magnetic field is generated by
four magnet arrays. Each array comprises three magnets (N35)
with dimensions of 3 mm × 10 mm × 30 mm. These four
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magnet sets are positioned at the four corners of a rectangle
in the xz plane, with the geometric center of each magnet set
aligning with the rectangle’s vertices. The rectangle measures
105 mm along the z-axis and 86 mm along the y-axis. The
N–S poles of the two magnet sets along the z-axis are ori-
ented in opposite directions, whereas those along the y-axis are
aligned in the same direction. The permanent magnet array is
secured within a high-precision 3D-printed fixture mounted on
the stainless-steel octagonal chamber using threaded mounting
with adjustable screws. This design supports two methods for
magnetic field adjustment: (i) replacing the fixture housing or
fine-tuning the position of individual magnet sub-assemblies;
(ii) replacing magnet grades (e.g., N35→ N52) or varying the
number of magnets. The magnetic field is shown in Fig. 1(c).
Near the center, the magnetic field gradient is 13 Gs/cm. Ul-
timately, these conditions result in a 2D capture velocity of
44 m/s. There is a long tail of approximately 200 mm and a
maximum magnetic field of 58 Gs. The Zeeman slowing pri-
marily operates from z =−200 mm to z =−20 mm.

Figure 2 presents the experimental results of the K MOT.
Figure 2(a) illustrates the K MOT filling curves with and
without the slowing beam. With the Zeeman slower in op-
eration, the MOT number increases by approximately a fac-
tor of 3. Figure 2(b) depicts the MOT number NK-MOT af-
ter a 500-ms filling time as a function of the detuning of the
slowing beam (labeled as ∆L1). The maximum MOT number
is observed at ∆L1 = −59 MHz and decreases rapidly when
∆L1 >−50 MHz.
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Fig. 2. The K MOT data. Panel (a) shows the loading curves of the K MOT
with and without the Zeeman slower. The operating conditions of the Zee-
man slower are: ∆L1 = −59 MHz, ∆L2 = −80 MHz, and the total optical
intensity is 160 mW. Horizontal axis: 3D MOT loading time (in unit s); Ver-
tical axis: Atom number calibrated by absorption imaging. Panels (b), (c),
and (d) respectively show the dependence of the MOT number on the de-
tuning of the slowing light, the detuning of the repump light, and the power
of the slowing light in the Zeeman slower. For each graph, while scanning
the specified parameter, the remaining parameters were set to their optimized
values. Panels (b), (c), and (d) reveal the optimal deceleration parameters:
∆L1 = −59 MHz, ∆L2 = −80 MHz. Regarding the Zeeman slower beam
intensity, higher power is preferable within the tested range (up to 160 mW).

Figure 2(c) illustrates the dependence of NK-MOT on the
slowing repump detuning (labeled as ∆L2). The optimal load-
ing is achieved at ∆L2 =−80 MHz. Figure 2(d) depicts the re-
lationship between NK-MOT and the slowing power. Under the
experimental conditions, higher power results in better MOT
loading.

To understand the behavior of the K MOT, we have per-
formed numerical simulations. The velocity distribution of un-
decelerated atoms follows the velocity distribution of atoms
ejected from a nozzle, as given by[46]

Pexit(v)dv = 2
(

m
2kBT

)2

v3 exp
(
−mv2

2kBT

)
dv. (1)

The program employs a numerical integration method, specifi-
cally the fourth-order Runge–Kutta method, to solve the equa-
tions of motion for atoms interacting with laser fields and mag-
netic gradients. The primary objective is to determine the final
velocity distribution of atoms after they traverse the Zeeman
slower and enter the 2D MOT region. The numerical simula-
tion calculations are based on the following simplifications.

(i) We simplify the model to a two-level system subject to
classical radiation pressure, given by

F =
Γ h̄k

2
I/Isat

1+4(∆/Γ )2 + I/Isat
, (2)

where I denotes the intensity of the decelerating light beam,
and ∆ = ∆L +∆Doppler +∆Zeeman.

(ii) Only the one-dimensional case is considered.
Formula (2) employs a simplified two-level model and

does not include the effects of hyperfine structure (other tran-
sitions are significantly detuned due to the Zeeman shift, con-
tributing minimally to the scattering force). This simplifica-
tion is also used in similar studies, such as Barker et al.[44]

However, it is important to note: For potassium atoms (39K),
the hyperfine splitting on the D2 line is relatively small (on the
order of Γ ). Furthermore, in our experimental configuration,
the Zeeman slower’s magnetic field increases gradually from
a low value. This initial phase during deceleration could po-
tentially lead to population leakage into other hyperfine levels.

Figure 3(a) illustrates the evolutions of atoms with differ-
ent initial velocities when using a laser intensity of 15Is and
a slowing detuning of ∆L1 = −86 MHz. The region to the
right of the black dashed line in the figure indicates where
2D cooling begins to take effect, and this dashed line repre-
sents the turning position of the magnetic field. Notably, some
atoms with lower initial velocities have their speeds reduced
to zero midway, ultimately failing to reach the 2D cooling re-
gion. Conversely, atoms with excessively high initial veloci-
ties remain unaffected by the Zeeman slower. In Fig. 3(b), it
is evident that the gain increases with rising slowing light in-
tensity before it reaches 50 times the saturation intensity. This
trend was experimentally confirmed, as shown in Fig. 2(d).
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Furthermore, figure 3(b) reveals that excessive light in-
tensity leads to a decrease in gain as it increases. This de-
crease stems from the fact that, as the deceleration light in-
tensifies, low-speed atoms are decelerated to a standstill, pre-
venting them from reaching the 2D area and subsequently re-
ducing the gain. Due to experimental constraints, we could
not achieve sufficiently high laser power to observe this phe-
nomenon. The inset illustrates that, theoretically, the max-
imum gain is achieved at a detuning of ∆L1 = −86 MHz
for the Zeeman cooling light when using a light intensity of
15IS0 (as utilized in our experiment). Nevertheless, our ex-
perimental results deviate, with the maximum gain observed
at ∆L1 = −59 MHz, and the experimental gain effect prov-
ing less pronounced than anticipated. We hypothesize that this
discrepancy may arise from our simulation model, which con-
siders only one dimension.

Figure 3(c) shows the velocity distribution before and af-
ter slowing. Through the application of the Zeeman slower, we
observe an increase in the atomic distribution within the lower
velocity region. In Fig. 3(d), we compute the final velocities
of atoms post-deceleration, correlating them with their differ-
ent initial velocities. These figures illustrate that our Zeeman
slower effectively decelerates atoms possessing initial veloci-
ties of 100 m/s or less, concentrating their resultant velocities
in the vicinity of 35 m/s. Nonetheless, a segment of the low-
velocity atoms (19 m/s and below) is decelerated to zero.
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Fig. 3. The simulation results of the K Zeeman slower. Panel (a) shows the
trajectories of atoms with different initial velocities in the Zeeman slower,
with a laser intensity of 15Is and a slowing detuning of ∆L1 =−86 MHz; the
black dashed line represents the position where the deceleration effect ends.
Panel (b) shows the dependence of enhancement on the slowing laser power,
with a slowing detuning of ∆L1 =−86 MHz; the inset shows the dependence
of the detuning ∆L1, with a laser intensity of 15Is. Panel (c) presents the
velocity distribution before and after the Zeeman slower, the expression for
which is given by formula (1). Panel (d) displays the corresponding final
velocities of atoms with different initial velocities after deceleration. The pa-
rameters used in the simulations for panels (c) and (d) are the same as those
for panel (a).

In conclusion, in our simulation calculations, we pre-

dicted that the gain would increase with the increase of light
intensity when it is less than 50 times the saturation inten-
sity, and we observed this trend in our experiments. Addi-
tionally, at 15IS light intensity, simulations predict maximum
gain at ∆L1 = −86 MHz, exceeding 30-fold. Experimen-
tally, we achieved the maximum gain at −59 MHz, with a
gain of 3 times. This discrepancy is due to the fact that our
simulation model only simply considers a two-level system
and a one-dimensional situation. The discrepancy also stems
from: (i) The one-dimensional model neglecting atomic beam
divergence,[44] reducing gain by ∼ 60%. Although the simu-
lation results did not perfectly match the experimental results,
they provided us with directions for optimizing the experi-
ment, such as using higher light intensities to achieve greater
gains and collimating the emitted atoms to better utilize the
deceleration magnetic field.

4. Gray molasses of K
After loading for 500 ms, the 3D MOT of K can cap-

ture about 1×106 atoms. Subsequently, we perform polariza-
tion gradient cooling (PGC). During this process, the gradient
magnetic field is ramped down from 11.5 Gs/cm to zero within
4 ms, the cooling light detuning is changed from −32.7 MHz
to −7 MHz, and the power is reduced from 12.5 mW to
240 µW, ultimately cooling the atoms to 50(5) µK. However,
this temperature is still too high for subsequent tweezer load-
ing. To further cool the K atoms, we employ Λ -enhanced gray
molasses (GM) on the D1 transition. The core mechanism
of D1 gray molasses cooling lies in the synergistic action of
polarization gradient cooling (Sisyphus cooling) and velocity-
selective coherent population trapping (VSCPT). (i) In Sisy-
phus cooling, atoms traverse spatially varying polarization
light fields, experiencing periodic light-shift potentials. Net
cooling is achieved through the conversion of kinetic en-
ergy to potential energy and subsequent spontaneous emis-
sion. (ii) The VSCPT mechanism prepares atoms in long-lived
dark states under the two-photon Raman resonance condition
(δ = 0 MHz). The escape rate from these dark states scales
quadratically with atomic velocity (Γesc ∝ v2), thereby selec-
tively trapping slower atoms. The key rationale for selecting
the D1 line (over the D2 line) is its excited state (4P1/2), which
possesses more degenerate hyperfine levels. This facilitates
the formation of efficient dark states, avoiding the heating ef-
fects caused by level mixing inherent to the D2 line (4P3/2).
The GM beams, along with the 3D MOT beams, are com-
bined and sent through the same optical path into the glass
cell with a total power of 4 mW and a diameter of 5 mm,
where the ratio of cooling to repump light intensity is 3:1. Fig-
ure 4(a) illustrates the sensitivity of GM cooling efficiency to
two-photon detuning; the optimal cooling effect is achieved at
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0 MHz, and there is no cooling effect beyond±0.2 MHz. This
is a characteristic of the Sisyphus cooling mechanism with
dark states.[47] Figure 4(b) demonstrates that the cooling ef-
fect of GM is insensitive to single-photon detuning in the far-
detuned region, showing cooling effects across a wide range
from +20 MHz to +60 MHz. Approaching resonance leads
to heating,[47,48] which is also illustrated in Fig. 4(b), where
the final temperature of the atomic ensemble near resonance
is even higher than that before cooling. With the help of GM,
the temperature of the K atoms is further reduced to approx-
imately 9 µK under optimized conditions, which is sufficient
for our subsequent optical tweezer experiments.
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Fig. 4. Panels (a) and (b) respectively show the relationships between the
temperature of gray Molasses and two-photon detuning (δGM) and one-
photon detuning (∆GM). The inset demonstrates the measurement of the
atomic temperature utilizing the time-of-flight method with δGM = 0 MHz
and ∆GM = +47 MHz. Under these conditions, the temperature of the K
atoms is reduced to approximately 9 µK. The optimal cooling effect observed
at zero two-photon detuning (δGM = 0 MHz) in panel (a) provides direct
evidence for dark state formation via the VSCPT mechanism. The plateau
in temperature observed for single-photon detunings ∆GM > +20 MHz in
panel (b) reflects the stability of Sisyphus cooling in the far-detuned regime.

5. Dual MOT and optical twezzer
Figures 5(a) and 5(b) show the MOT loading of dual-

species. The MOT loading of single-species and dual-species
is consistent with each other within the error bars, which
means there is no crosstalk between them. After loading the
MOT for 500 ms, we apply PGC for Rb and D1 gray molasses
to K, reducing the temperature to 10 µK for Rb and 9 µK
for K. Then we load them into an optical tweezer (2.1 µm).
The photon count distribution can be modeled as a Gaussian
distribution[1,49]

P(N = x|i) = 1
di
√

2π
exp

(
− (x−ui)

2

2d2
i

)
, (3)

where N represents the number of photons collected. i = 0 for
no atom loading and i = 1 for an atom being loaded. di and
ui are the parameters that we need to fit. The overall photon
count distribution can be expressed as

P(N = x) = BP(N = x|1)+(1−B)P(N = x|0), (4)

in which B denotes the probability of loading an atom.
Figures 5(c) and 5(d) show that the single Rb filling ratio

in an optical tweezer is about 0.52(3), and the K filling ratio
in an optical tweezer is about 0.49(4). This is a good starting
point for further optical tweezer experiments.
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Fig. 5. (a) The K MOT loading curves with and without the Rb MOT. (b) The
Rb MOT loading curves with and without the K MOT. Current imaging em-
ploys temporal separation: both MOT beams are active during the loading
phase, while only single-species imaging light (Rb or K) is activated dur-
ing the detection phase. Panels (a) and (b) demonstrate that the atom num-
bers show no significant difference (within experimental uncertainty) when
the Rb/K dual MOT are loaded simultaneously. This indicates that the MOTs
for the two species operate without mutual interference. Panels (c) and (d)
show the optical tweezer signals for K and Rb, respectively. The orange
curve represents the fitting of a bimodal Gaussian distribution. Integration
time for photon counts (horizontal axis) in panels (c) and (d): 100 ms. Inset in
panel (d): Single-shot imaging showing tweezer 2 and 4 loaded with Rb atom
(red boxes) and tweezer 6 loaded with K atom (blue box).

6. Conclusion
In conclusion, we have presented a compact dual-species

MOT system optimized for optical tweezer experiments with
both potassium and rubidium atoms. Through innovative de-
sign, we have achieved efficient trapping and cooling of both
species. The implementation of a Zeeman slower has sig-
nificantly increased the number of trapped potassium atoms.
The D1 gray molasses efficiently reduces the temperature of
K atoms, resulting in successful loading into optical tweezers
for both Rb and K atoms.To further reduce the K atom tem-
perature (currently 9 µK), future work will focus on: (i) op-
tical path optimization: Refining the six-beam gray molasses
(GM) optical alignment; (ii) magnetic field stabilization: Im-
plementing active feedback or magnetic shielding (motivated
by GM sensitivity to two-photon detuning and differential
Zeeman shifts between F = 1→ F ′ = 2 and F = 2→ F ′ = 2
transitions); (iii) temporal sequence refinement: Adopting a
staged cooling protocol (high-intensity rapid cooling followed
by low-intensity deep cooling);[47] (iv) parameter space ex-
ploration: Systematic optimization of single-/two-photon de-
tuning and intensity ratio. Based on the demonstrated co-
existence of dual MOT and the capability for simultane-
ous dual-species optical tweezer capture, this system meets
the fundamental prerequisites for molecular synthesis exper-
iments. The current system achieves compactness through a
permanent-magnet Zeeman slower (replacing electromagnetic
coils) and a miniaturized glass cell (10 mm×20 mm×100 mm,
Fig. 1). Future implementations may integrate metasurface
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chip technology[50] for further miniaturization, while dual-
tweezer integration schemes[51] could expand multifunctional
applications.
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