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Abstract: This study examines parameter optimization for magneto-optical traps (MOTs) to increase

trapping efficiency and improve cold atom interferometer performance. Operational principles of

MOTs, control parameters, and performance metrics such as volume, atomic loading time, and

resonance frequency are discussed. This research also reviews existing studies on the parameter

optimization of MOTs, highlights challenges, and offers suggestions for future research. It pro-

poses enhancing performance metrics, optimization techniques, and operational models to increase

precision and practicality in parameter optimization for MOTs in cold atom interferometers.

Keywords: MOT; parameter optimization; laser cooling; cold atom

1. Introduction

Observing and controlling atoms at room temperature poses challenges because of
their high energy states, but laser-cooled atoms serve as an advantageous experimental
medium [1–7]. Cold atoms exhibit reduced motion speed and weak interaction forces, mak-
ing them promising for applications in quantum optics, ultracold collisions, Bose–Einstein
condensation, and precise measurements [8–11]. To manipulate cold atoms effectively
in experiments, a magneto-optical trap (MOT) is utilized, which converges atoms via a
combination of light and magnetic fields on the basis of this principle [12–15].

The fundamental concept of the MOT was initially introduced by Jean Dalibard and
subsequently put into practice through collaboration with the research groups of Steven
Chu and Pritchard [16,17]. The earliest MOT experiments involved the utilization of
precooled sodium atomic beams. The original six-beam MOT setup necessitated a costly
precooling apparatus and was relatively intricate [14]. In 1990, the Wieman team introduced
the concept of background steam loading, simplifying the experimental procedure and
facilitating the widespread adoption of MOT technology [18]. Currently, MOT technology
is extensively employed in atomic physics research, encompassing various trapped atom
types such as alkali metals, alkaline earth metals, inert gasses, and radioactive isotopes [19],
with MOT configurations continuously evolving [20–26]. To enhance the spin polarization
of cold atomic ensembles, Walker et al. proposed a spin-polarized MOT [27]. To address the
limitation of cold atom density due to radiation trapping, Ketterle et al. introduced a dark
MOT, which increased the atomic density within the trap center and extended the lifespan
of cold atoms [28]. Various MOT schemes have been devised to streamline MOT structures,
including single-beam MOTs, four-beam MOTs, and five-beam MOTs [11,29,30]. Two-
dimensional MOTs, achieved by adjusting the axial beams of three-dimensional MOTs, have
been widely adopted to convert trapped cold atomic ensembles into atomic beams [31–33].
Recent advancements in miniaturized cold atom sensor technology, particularly chip-level
MOTs such as grating MOTs, have emerged as a prominent research focus [34,35]. These
chip-level MOTs offer reduced power consumption and compact size, opening new avenues
for expanding the application scope of atomic MOTs.
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In addition to altering the structure, the optimization of the MOT can also be achieved
by adjusting the control parameters. This process is referred to as parameter optimization.
The primary aim of parameter optimization is to evaluate how the control parameters of
the MOT affect its performance index, with the goal of identifying the most effective control
parameters. This optimization procedure can improve MOT performance and is crucial for
the progression of MOT technology. As a vital element of cold atom interferometers, factors
such as the quantity of atoms captured by the MOT, the temperature of the cold-atom
ensemble, and the duration of trapping significantly affect performance. For example,
in optical lattice clocks, a greater number of atoms trapped in the MOT results in an
increased signal–to–noise ratio in the data collected [36]. Conversely, in atomic gravimeters,
the atomic diffusion effect caused by temperature variations can reduce the contrast of
interference fringes and introduce systematic errors in measurements [37]. Furthermore, in
atomic gyroscopes, the quest for improved measurement accuracy and bandwidth requires
enhanced atom-loading efficiency [38]. Additionally, owing to the fundamental similarities
in the principles underlying different types of MOTs, parameter optimization not only
enhances the trapping efficiency of existing MOTs but also has substantial implications for
the advancement of novel MOT technologies.

In summary, it is crucial to optimize the parameters of the MOT to enhance its trap-
ping effect and improve the performance of the cold atom interferometer. This paper
systematically analyzes the working principle of the MOT in a cold atom interferometer,
categorizes the control parameters and common performance indicators, and proposes
application performance indicators relevant to the use of the MOT in a cold atom inter-
ferometer. Furthermore, the research progress and key technologies related to optimizing
MOT parameters in cold atom interferometers are discussed, the main issues in parameter
optimization are identified, and future development directions are outlined.

2. Analysis of the Working Principle of MOTs

2.1. Basic Structure

An MOT, also known as a scattering force trap, uses the scattering force resulting from
the combined action of a magnetic field and a laser to trap atoms. Its structure diagram is
depicted in Figure 1 [39,40].
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Figure 1. Diagram of a typical MOT.

The MOT consists of a vacuum chamber containing gaseous atoms (represented by
gray circles), two anti-Helmholtz coils (shown as blue ellipses), and six elliptically polarized
beams (indicated by yellow arrows). The coils are symmetrically distributed along the
z-axis on both sides of the vacuum chamber, with the distance between the coils equal to
the radius. Both coils carry the same magnitude of current I, but in opposite directions,
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creating a gradient magnetic field (illustrated by black curved arrows) that starts at zero
at the coordinate origin and increases linearly along the axis. The six beams are directed
into the vacuum chamber along six axes, with two opposite beams polarized in opposite
directions. The combination of the magnetic field and the light field from the six beams
creates a potential trap that traps the atoms. The central region of the magnetic field and
light field aligns with the center of the vacuum chamber, where the atoms are trapped.

2.2. Action Mechanism

Taking atoms moving along the z-axis as an example, the operational mechanism of
the MOT is illustrated in Figure 2. It is assumed that the ground state has an orbital angular
momentum of S = 0 and that the excited state has an orbital angular momentum of S = 1.
When subjected to a gradient magnetic field, the excited state experiences Zeeman splitting,
dividing into three magnetic sublevels, mS = −1, mS = 0, and mS = 1, as depicted in
Figure 2. The extent of sublevel splitting is influenced by the magnetic field strength and is
linearly correlated with the position. The Zeeman shift of the magnetic sublevel decreases
linearly along the z-axis for mS = −1, remains constant for mS = 0, and increases linearly
along the z-axis for mS = 1. The two beams traveling in opposite directions are polarized
in opposite directions. The laser frequency ω is lower than the transition frequency of the
atom, indicating negative laser detuning δ.

tz

tt
tt

ff

tt

tt
tt

tt

Figure 2. Schematic diagram of a one-dimensional MOT.

In the region where z > 0, the Doppler effect causes the σ− light received by the
atom to be closer to the atomic transition frequency. As a result, the atom absorbs more
σ− photons and experiences a scattering force along the z-axis. Similarly, in the region
where z < 0, the atom also receives σ+ light closer to the atomic transition frequency,
leading to increased σ+ photon absorption and a scattering force along the z-axis. The
scattering force on an atom is influenced not only by its velocity but also by its position
in space. As the atom moves closer to the center, the detuning value increases gradually,
leading to a gradual decrease in the scattering force. This allows atoms to be trapped in the
central region.

From an energy conversion standpoint, when an atom in motion is exposed to a
counterpropagating laser, the perceived frequency of the laser by the atom will be slightly
higher than its actual frequency ω. Upon reaching the transition frequency, the atom will
undergo excited absorption, leading to a transition to the excited state upon absorbing
the counterpropagating photon. However, as the atom returns to its ground state through
spontaneous radiation from the excited state, the momentum of the emitted photon will
not exhibit a specific direction. Through numerous iterations, the average momentum of
the spontaneous radiation on the atom converges to zero, resulting in a scenario in which
the atom consistently absorbs the momentum of the counterpropagating photon, leading
to a continuous decrease in its velocity. By expanding this principle into three-dimensional
space, a stable MOT can be established.
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The preceding analysis provides a qualitative depiction of the operational mechanism
of the MOT. However, the distribution of energy levels in atoms and the spatial arrangement
of magnetic and light fields are intricate, necessitating the consideration of additional
factors [41–44]. For example, in the context of the spontaneous radiation process of atoms, if
the atom’s ground state comprises multiple sublevels, subsequent to spontaneous radiation,
the atoms may revert to different sublevels, impeding their involvement in the subsequent
stimulated absorption. In such cases, it is necessary to add a pump laser to sustain the
cooling process.

2.3. Atomic Force and Motion Analysis

The movement of a neutral atom is affected by gravity, the magnetostatic force, and
the scattering force at the same time. The scattering force is approximately 1000 times
greater than the combined forces of gravity and the magnetostatic force. Hence, when
considering forces on atoms, only the scattering forces are typically taken into account. In
the case of one dimension, the total scattering force acting on the atom can be calculated as
follows [14].

→
F =

→
F+ +

→
F− (1)

→
F± = ℏ

→
k

Γ

2

Ω
2/2

δ2
± + Ω2/2 + Γ2/4

(2)

where ℏ = 1.0545887 × 10−34J · s is the Planck constant,
→
k is the laser wave vector, Γ is

the natural line width, and Ω is the Rabi frequency. The detuning δ± of the resonance
transition spectrum of the laser to atoms shifts with changes in the atomic velocity and
magnetic field.

δ± = δ ∓
→
k ·→v ± µ′Ax/ℏ (3)

where δ = |ω − ω0| represents the laser frequency detuning,
→
v represents the atomic

velocity, µ′ represents the effective magnetic moment, A represents the axial magnetic field
gradient, and x represents the coordinates of the atom on the axis.

The equation describing the motion of atoms can be formulated as follows.

mx′′ = ℏk Γ

2 (
Ω

2/2
δ2
++Ω2/2+Γ2/4

− Ω
2/2

δ2
−+Ω2/2+Γ2/4

)

δ± = δ ∓
→
k ·

→
x′ ± µ′Ax/ℏ

x(0) = x0

x′(0) = v0

(4)

where x0 represents the initial position of the atom and where v0 represents the initial
velocity of the atom. The motion of atoms in the MOT can be simulated by solving the
atomic motion equation via the Runge–Kutta method, given the initial velocity and position
of the atoms.

Taking the 87Rb atom as an example, we consider the laser intensity I = 6 mW/cm2,
laser radius r = 1cm, magnetic field gradient A = −400 G/m, and laser detuning
δ = −17 MHz in the MOT. Assuming that atoms start from the edge of the trap at dif-
ferent speeds, the motion velocity of each atom in the MOT varies with position, as shown
in Figure 3.
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where  represents the initial position of the atom and where  represents the initial 
velocity of the atom. The motion of atoms in the MOT can be simulated by solving the 
atomic motion equation via the Runge–Kutta method, given the initial velocity and 
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Figure 3.

Figure 3. Atomic motion in an MOT.

In Figure 3, the area between the two black dashed lines indicates the region in which 
the trap has an effect. Various colored and shaped lines represent the paths of atoms with 
different initial velocities. Figure 3 shows that atoms starting from the edge of the trap 
with initial velocities of 5 m/s and 13 m/s can slow down within the trap and become 
trapped in the center, whereas atoms with an initial velocity of 21 m/s escape from the trap.

3. The Main Parameters and Indices of MOT
3.1. Control Parameters

MOT is created by manipulating atoms via magnetic and light fields. Its control 
parameters are related to these fields, as shown in Table 1.

Table 1. MOT control parameters.

 Para

—

The detuning of the repumping laser varies depending on the type of atom used and 
is typically constant. The gradient of the compensated magnetic field is calibrated before 
measurement and remains unchanged during the measurement process. Therefore, the 
control parameters that frequently require adjustment mainly consist of the first six.

Figure 3. Atomic motion in an MOT.

In Figure 3, the area between the two black dashed lines indicates the region in which
the trap has an effect. Various colored and shaped lines represent the paths of atoms with
different initial velocities. Figure 3 shows that atoms starting from the edge of the trap with
initial velocities of 5 m/s and 13 m/s can slow down within the trap and become trapped
in the center, whereas atoms with an initial velocity of 21 m/s escape from the trap.

3. The Main Parameters and Indices of MOT

3.1. Control Parameters

MOT is created by manipulating atoms via magnetic and light fields. Its control
parameters are related to these fields, as shown in Table 1.

Table 1. MOT control parameters.

Serial Number Control Parameter Name Unit

1 Cooling laser detuning MHz
2 Cooling laser intensity mW/cm2

3 Cooling laser radius m
4 Cooling laser polarization —
5 Magnetic field gradient G/cm
6 Repumping laser intensity mW/cm2

7 Repumping laser detuning MHz
8 Compensated field gradient G/cm

The detuning of the repumping laser varies depending on the type of atom used and
is typically constant. The gradient of the compensated magnetic field is calibrated before
measurement and remains unchanged during the measurement process. Therefore, the
control parameters that frequently require adjustment mainly consist of the first six.

3.2. Conventional Performance Indices

The MOT functions to slow down and trap gaseous atoms to create cold atomic groups.
As a result, the performance of the MOT is typically evaluated on the basis of the physical
characteristics of the trapped atomic groups. These characteristics primarily include the
number of atoms, density, temperature, and lifespan.

3.2.1. The Atomic Number

In an MOT, atoms are trapped by the trapping force but can also be hit by background
atoms and escape. The number of atoms eventually trapped in the MOT is determined by
the capture and escape processes. If the number of atoms is N, the rate of change is

dN

dt
= R − N

𝓁
− β

N2

υ
(5)
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where 𝓁 is the atomic lifetime and R is the trapping probability. The third term on the right
is caused by the double-body collision effect of atoms. This effect can be ignored when the
atomic density is low. The trapping probability is related to the number of atoms entering
the potential trap at a rate lower than the trapping rate vc per unit time. It can be calculated
as follows:

R ≈ An0S
v4

c

v3
(6)

where A represents the correction factor, n0 represents the background gas density, S
represents the total surface area of the potential trap region, and v represents the root-mean-
square velocity of the background gas atoms.

By substituting the initial conditions N = 0, the variation rule of the atomic number
can be obtained as follows [14]:

N(t) = R𝓁(1 − e−t/𝓁)

= 1√
6

S
σe

v4
c

(

m
2kBT

)2
(1 − e−t/𝓁)

(7)

where σe is the collision cross-section of the background vapor atom colliding with the
trapped atom, m is the atomic mass, and T is the cold atomic group temperature. The
formula indicates that the number of atoms in the stable state is directly proportional to the
fourth power of the trapping rate. This implies that the number of atoms can be estimated
via the trapping rate. Moreover, the number of atoms is affected by the temperature of cold
atomic groups and the lifetime of the atoms.

The atomic number is typically measured via fluorescence detection in practice.

3.2.2. Atomic Density

The atomic density in the MOT is limited primarily by two effects: the fluorescence
self-trapping effect and the double-body collision effect. The fluorescence self-trapping
effect creates a repulsive force between atoms in the potential trap, whereas the double-body
collision effect increases the rate at which atoms escape.

The atomic density can be calculated by determining the ratio of the number of atoms
to the volume of the cold atomic group. However, the distribution of atoms in the cold
atomic group is not always uniform, so the atomic density obtained via this method may
not be sufficiently accurate. To determine the atomic density more precisely, the weak
light absorption method can be employed. This method operates on the same principles
as fluorescence detection and involves measuring the laser intensity and the length of the
cold atomic group to obtain the atomic density via a specific formula [45].

n =
ln
(

Ii
Io

)

σL(1 − 2P)
(8)

where σ represents the resonance absorption cross-section of the atom, P represents the
probability of the atom being in the excited state, Ii represents the incident laser inten-
sity, Io represents the outgoing laser intensity, and L represents the length of the cold
atomic group.

3.2.3. Atomic Temperature

The temperature of cold atoms determines the velocity distribution of atomic groups.
When atoms escape from the MOT with transverse velocity, thermal diffusion occurs,
affecting subsequent test performance [37]. The temperature of the cold atom is determined
by the cooling mechanism and influenced mainly by the laser intensity and the detuning.

A common method for determining the temperature of cold atomic groups is the time-
of-flight method [46]. This method involves allowing the confined cold atomic group to fall
freely under the influence of gravity, irradiating the falling atomic group with a detection
laser beam and receiving a pulse signal containing velocity distribution information of the
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cold atomic group on the photodetector. By fitting the measured velocity distribution with
Formula (9), the temperature of the cold atomic group can be obtained.

∆v = 2

√

2kBT

m
ln 2 (9)

where ∆v is the velocity distribution width of the half-high value.

3.2.4. Atomic Lifetime

The atomic lifetime is the average duration that atoms remain in the trap, representing
the average time it takes for atoms to escape from the MOT as a result of collisions. The
atomic lifetime is influenced by the rate of collisions that leads to the escape of atoms per
unit time.

𝓁 =
1

n0σev
(10)

The lifetime of an atom is usually determined by monitoring the change in its atomic
number during the process of atomic capture. The pattern of change in the atomic number
during the capture process can be described by Formula (7), which follows an exponential
trend. When the atomic number in the trap reaches a 1/e difference from its stable value,
the duration of time it takes to reach this point represents the lifetime of the atom in
the trap.

3.3. Application Requirement Analysis

Conventional performance indices can accurately reflect the trapping capability of
the MOT for gaseous atoms and can be used to assess the performance of the MOT device.
However, using MOTs to obtain cold atomic groups is just the initial step for various cold
atom interferometers. To evaluate MOT performance, we should not only consider conven-
tional performance indicators but also analyze the development requirements of various
cold atom interferometers. Thus, we can propose application performance indicators that
are more suitable for practical use.

The cold atom interferometer primarily includes an atomic clock, an atomic gravimeter,
an atomic gravity gradiometer, and an atomic gyroscope [47–51]. The development of these
devices has focused on three main aspects.

3.3.1. Miniaturization

In the early stages of development, atomic gravimeter research focused on improving
sensitivity and stability, as well as exploring basic physics [52], without considering the
device size. In approximately 2013, to conduct research on the detection of the equiva-
lence principle and gravitational wave measurement, Stanford University and the Wuhan
Institute of Mathematics at the Chinese Academy of Sciences developed a 10 m high
fountain-type atomic gravimeter [53,54]. This device significantly increases the area of
atomic interference and evolution time and improves the measurement sensitivity. In addi-
tion to basic physics research, gravity-related information also holds significant application
value in inertial navigation, resource exploration, geophysics, and other fields [55,56]. In
response to these application needs, the development of miniaturized and mobile atomic
gravimeters has gradually become an important direction for atomic gravimeter research.
Various experiments have been conducted on elevator measurements, vehicle measure-
ments, ship measurements, and airborne measurements, and the adaptability of atomic
gravimeters in complex environments has become increasingly important.

The miniaturization of other devices is also necessary. For example, small atomic
clocks can offer highly precise time references for mobile devices to ensure accurate data
transmission [57,58]. In the military sector, miniaturized atomic gyroscopes can enhance the
performance of inertial navigation systems, improving the navigation and attitude control
accuracy of space vehicles [59–61]. Furthermore, miniaturized atomic gravity gradiometers
can provide gravity compensation data for inertial navigation devices, reducing the impact
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of vertical line deviation and supporting the high-precision long-endurance navigation of
underwater carriers, such as submarines [62,63].

3.3.2. Reduce Measurement Noise

In high-precision measuring instruments, environmental noise can significantly impact
device stability and reliability, as well as measurement resolution. The noise in an atomic
gravimeter comprises Raman laser phase noise, Raman laser intensity noise, vibration
noise, detection noise, and quantum projection noise. Among these methods, the use of
mirror vibration noise poses the greatest challenge [64,65]. A gravity gradiometer employs
a differential measurement mechanism to effectively suppress Raman laser phase noise,
Raman laser intensity noise, and mirror vibration noise, but it cannot suppress Raman
laser frequency noise and magnetic field noise [66–68]. In an atomic clock, mechanical
vibration can introduce noise into the laser and atomic system, leading to inaccuracies in
the frequency locking of the spectral line and reduced output signal stability [58]. Similarly,
in a continuous cold atomic beam interference gyroscope, interference fringes may be
affected by atomic beam flux fluctuations, Raman optical power jitter, Raman optical phase
jitter, and other factors, resulting in measurement noise [69].

3.3.3. Increasing the Measurement Bandwidth

When a gravimeter from a research team is used as an example, please refer to
Figure 4 [70] for the timing diagram of the gravity measurement. The gravity measurements
should be conducted from left to right. The figure indicates the time required for each stage
and the total time (Ta).

 

Figure 4. Atomic gravimeter measurement sequence diagram.

In Figure 4, it is evident that only 60% of the total time is dedicated to atomic interfer-
ence. Additionally, there is a substantial measurement dead zone in each cycle of the atomic
gravimeter. This dead zone arises from the time spent on atomic cooling and confinement,
speed selection, state preparation, normalized final state detection, and other stages. The
existence of this dead zone reduces the measurement efficiency, limits the improvement of
the measurement bandwidth, and makes eliminating some resonance noise challenging.
As the use of atomic gravimeter dynamic measurements continues to progress, the issue of
measurement bandwidth has been increasingly discussed [71].

In atomic gyroscopes, while the development of nuclear magnetic resonance gyro-
scopes has matured, the theoretical accuracy of atomic interference gyroscopes has in-
creased, making them more suitable for applications in strategic weapons and equipment.
However, atomic interference gyroscopes currently face challenges related to their narrow
measurement bandwidth and limited range, which restrict their application range [72].

3.4. Application Performance Indices

To fulfill the application requirements of the aforementioned devices, three addi-
tional application performance indices should be incorporated to enhance the MOT
evaluation system.
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3.4.1. Volume

A typical structural diagram of an atomic gravimeter, which includes a measuring
probe and a vibration isolation platform, is shown in Figure 5 [73]. The measuring probe
is divided into three regions: the preparation region, the interference region, and the
detection region. In the preparation region, six beams of a cooling laser are used to trap the
atoms. The interference region requires a Raman laser and its reflected laser to change the
atomic state.

Figure 5. Atomic gravimeter structure diagram.

Figure 5 clearly shows that trapping atomic groups in the vacuum region via an MOT
requires numerous beams and a complex spatial structure. These factors are crucial when
considering the miniaturization of such devices. Therefore, the volume of the MOT serves
as the primary performance index for devices.

Efforts have been made to reduce the size of the MOT and enhance device integration.
Research on pyramids, grating MOTs, and chip MOTs has been conducted [74–76], and
these methods have gradually been implemented in practical devices [77,78].

3.4.2. Resonant Frequency

The trapping process of an MOT is influenced by vibration and noise. Taking a
one-dimensional MOT as an example, the variations in the atomic number under different
vibration frequencies and laser intensities are illustrated in Figure 6 [79].

Figure 6 clearly shows that the MOT has a resonant frequency of approximately 500 Hz.
When the vibration frequency closely matches the resonant frequency, the number of
captured atoms is minimized. Conversely, when the vibration frequency deviates from the
resonant frequency, the number of captured atoms increases. The resonant frequency is an
important indicator for evaluating the impact of vibration and noise on the atomic cooling
and trapping process, thus improving the overall device performance. Various methods
for measuring the MOT’s resonance frequency include transient oscillation, harmonic
oscillation, parametric resonance, and cooling laser intensity modulation [79].
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ff

ff

Figure 6. The number of atoms at various vibration frequencies and laser intensities.

3.4.3. Atomic Loading Time

In Figure 4, the time taken to load the atoms makes up 76% of the measured dead zone
and is a major part of the dead zone time. Additionally, the process of loading the atoms is
only a preparation stage and does not collect any useful information. By reducing the time
it takes to load the atoms, we can shorten the measurement cycle, increase the data rate of
the measurement process, and leave more time for the more important stage of collecting
information. Therefore, it is important to consider the time it takes to load the atoms when
evaluating the performance of the MOT and to have a more thorough discussion about it.

Using the MOT in the atomic gravimeter developed by Zhejiang University as an
example, Figure 7 shows how the number of atoms changes as the loading time increases
during operation [77]. Initially, the number of atoms quickly increases, but then the growth
rate decreases after a certain point is reached.

ff

Figure 7. Atom-loading process in the MOT.

The time required for the saturation of the number of atoms, which is known as the
atomic loading time, as shown in Figure 7, is 2 s.
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Based on the discussion in this section, the performance indicators of the MOT are
shown in Table 2.

Table 2. MOT performance indices.

Serial Number Performance Indicator Name Unit

1 Atomic number -
2 Atomic density -
3 Atomic temperature K
4 Atomic lifetime s
5 Volume m3

6 Resonant frequency Hz
7 Atomic loading time s

4. Prospects for Research on the Optimization of MOT Parameters

4.1. Research Progress

The parameter optimization of the MOT involves a thorough analysis of how the
MOT operates. This analysis evaluates how each control parameter affects the trapping
performance. The optimal combination of control parameters is then applied to the actual
device to improve the trapping performance of the MOT. Currently, there is limited research
on optimizing MOT parameters for cold atom interferometers. The existing studies on
parameter optimization are presented in chronological order. The molecular MOTs operate
similarly to the atomic MOTs and are discussed in conjunction.

In 2006, Jiang Kaijun analyzed the variation trend of the atomic number with cool-
ing laser intensity, cooling laser detuning, repumping laser intensity, and magnetic field
gradient for Rb atomic MOTs. Some of the test results were in agreement with the results
predicted by the two-level system model, which initiated the preliminary exploration of
the parameter optimization of MOTs [80].

In 2016, Gou Wei analyzed the one-dimensional atomic motion equation in the MOT
of mercury atoms. Gou Wei numerically simulated the relationships between the atomic
number in a three-dimensional MOT and the laser intensity, laser detuning, and magnetic
field gradient via the random number method, thus further improving the accuracy of the
model [36].

From 2017 to 2019, Wu Liming analyzed the effects of pushing a laser, magnetic field
gradient, geomagnetic field, cooling laser power, and cooling laser detuning on the steady-
state atomic number with the help of a specific test device. Wu Liming gave the influence
rule of each parameter and finally increased the steady-state atomic number trapped by
the MOT of Rb atoms by an order of magnitude, achieving a good optimization effect [81].

In 2018, A.D. Terranter introduced an artificial neural network into the control feedback
loop to complete parameter optimization in the actual MOT system. The optimized system
performance was better than that of the most well-known solutions and generated a higher
optical density [82].

In 2021, Liu Qian proposed a multiparameter autonomous optimization system based
on an artificial neural network and applied it to the atomic motion model of MOT con-
structed via the Monte Carlo simulation method. Four parameters, including the cooling
laser power, cooling laser detuning, magnetic field gradient, and axial velocity of the atomic
beam from the two-dimensional MOT, were optimized with the atomic number as the
ultimate goal. Reliable and stable optimum test results were obtained [83].

Additionally, in 2021, S Xu et al. from Leibniz University of Hanover, Germany,
focused on the trapping rate of CaF molecular MOT as the main goal. They comprehensively
considered a parameter set composed of 14 parameters in the polarization state of the
cooled laser, the intensity of the cooled laser, the cooling laser detuning, the magnetic field
gradient, and the cooling laser radius under the condition of a certain total laser power. The
maximum trapping velocity and the corresponding parameter combination were found via
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the Bayes optimization tool. There is also a certain logarithmic relationship between the
trapping rate and the laser power [84].

In 2023, Li Jiaxin used the Runge–Kutta method to solve the equation of atomic motion
and simulated the working process of a two-dimensional MOT via the Monte Carlo method.
Li Jiaxin analyzed the variation in the atomic beam flux with the magnetic field gradient,
cooling laser detuning, laser intensity, and other parameters and proposed an optimal
parameter combination to increase the atomic beam flux [85].

Additionally, in 2023, Chen Lang proposed a cold atom multiparameter autonomous
real-time optimization experimental scheme based on the Bayesian optimization method.
This scheme forms an autonomously optimized closed-loop system through cost function
construction, control program programming, and Bayesian algorithm optimization. After
30 min of real-time optimization, the number of trapped atoms effectively increased, and
the atomic group temperature decreased [86].

4.2. Several Key Technologies

To ensure effective parameter optimization, two factors should be focused on:
1. Complete MOT working model: The working model is crucial for parameter

optimization and serves as a key tool for testing the optimization effectiveness. It should
accurately represent the forces and motion of atoms in the MOT. The most effective working
model is the actual MOT device, as using the real device for parameter optimization yields
the most reliable results. However, since the actual MOT is typically coupled with other
devices, it is impractical to repeatedly switch the entire testing setup and adjust the control
parameters to analyze the trapping performance of the MOT separately. Therefore, the
actual device can be used for optimization work only when the optimized performance
indicators can be directly detected. Another approach is to create a numerical model of
the MOT on the basis of the actual device to simulate atomic motion within the MOT.
This method is not limited by the device and allows for easier adjustment of the control
parameters with strong repeatability, but it requires ensuring the accuracy of the model.
Currently, the working models used in parameter optimization research include practical
devices and numerical models.

2. Efficient multiparameter optimization method: The optimization method is a crucial
tool for parameter optimization and directly impacts its efficiency. The more targets and
control parameters there are to be optimized and adjusted, the higher the performance
requirements for the optimization algorithm. Currently, the dominant optimization method
used in optimizing MOT parameters is the control variable method. This method involves
analyzing the influence of each control parameter on the optimization objective based
on a known model and then determining the optimal value for each control parameter
to form the optimal control parameter set. In recent years, advancements in machine
learning, artificial intelligence, and other technologies have led to the development of
various intelligent algorithms that demonstrate strong computational efficiency and data
accuracy in addressing optimization problems, resulting in significant achievements [87].

The research outputs of each team, including the working models, optimization
methods, and performance indicators, are summarized in Table 3.

Table 3. Review of the research progress on parameter optimization.

Years
Research Team

Member
Working Model Optimization Method Performance Index

2006 Jiang Kaijun Real system, two-level model Control variable method Atomic number

2016 Gou Wei
Random number method simulation

based on motion equation
Control variable method Atomic number

2017–2019 Wu Liming Actual system Control variable method Atomic number
2018 A.D. Tranter Actual system Artificial neural network Optical density

2021 Liu Qian
Monte Carlo simulation based on

motion equation
Artificial neural network Atomic number
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Table 3. Cont.

Years
Research Team

Member
Working Model Optimization Method Performance Index

2021 S Xu Rate equation model Bayesian optimization Trapping rate

2023 Li Jiaxin
Monte Carlo simulation based on

motion equation
Control variable method Atomic beam flux

2023 Chen Lang Actual system Bayesian optimization Atomic group fluorescence

4.3. Some Suggestions for Parameter Optimization Research

Parameter optimization is crucial for improving the performance of MOTs and ex-
panding their applications. Some research has already been conducted in this area. Despite
the complex structure of MOTs, many research teams have successfully applied parameter
optimization in real systems and achieved excellent results. Numerical models have also
been advanced to simulate more complex atomic motion states. Furthermore, the variety
of optimization methods is increasing, leading to improved computational efficiency and
accuracy. Research on optimizing atomic MOT parameters can be further improved in the
following areas.

(1) It is important to use multiple performance indicators rather than just focusing on
the number of atoms to optimize the MOT. Table 3 shows that the capture velocity, atomic
beam flux, and atomic group fluorescence are strongly correlated with the number of atoms.
Many research teams, with the exception of A.D. Terranter’s team, primarily used the num-
ber of atoms as the ultimate performance indicator for parameter optimization. However,
as shown in Table 2, several indicators are used to measure the trapping performance of
the MOT, including the temperature, density, and lifetime of the atomic group, as well
as the resonance frequency of the trap and the atomic loading time. These performance
indicators are equally important for evaluating the performance of MOTs and should be
thoroughly studied.

(2) Enhancing the research of optimization methods is important. Currently used
methods include the control variable method, artificial neural network, and Bayesian
optimization. While the control variable method’s principle is simple, it takes a long time
and requires that each parameter independently affects the result [88]. However, many
control parameters of the MOT can interact with each other [83]. Artificial neural networks
and Bayesian optimization address the limitations of the control variable method and can
determine the optimal control parameter combination more quickly and accurately. The
number of applied optimization methods is relatively small at present, and there is a lack
of horizontal comparisons between various methods. Therefore, it is necessary to continue
exploring optimization methods.

(3) Use reference indicators that are easy to measure instead of performance indicators.
Many performance indices in MOTs cannot be measured in real time, which presents
challenges for parameter optimization. The number of atoms, for example, usually requires
artificially finding complete groups of atoms in the image to be accurately measured.
However, parameter optimization requires multiple measurements of the number of atoms
and feedback under various complex conditions, and it is obvious that other methods
are needed to complete the measurement. To overcome this difficulty, Chen Lang used
the fluorescence of atomic groups in a fixed region instead of the number of atoms as
a performance index to carry out research and ultimately achieved the same effect of
increasing the number of atoms [86]. For the other performance indicators listed in Table 2,
if there are difficulties in parameter optimization, appropriate reference indicators should
also be selected to replace them.

(4) Build more accurate numerical models. The working models of atomic MOT
parameter optimization include practical systems and numerical models. Compared with
the real system, the numerical model has no actual structure, so it is easier to adjust and
obtain the control parameters and performance indicators, and it is easier to combine with
various optimization methods. However, the accuracy of numerical models is difficult
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to guarantee. Although the MOT principle has been proposed for more than 30 years,
owing to the complexity of cold atom theory and the optical magnetic principle, it is
still difficult to reproduce the atomic motion process that can guide practical applications
through numerical simulation [89–91]. In the study of atomic MOT parameter optimization,
although the team establishing the numerical model has achieved the optimization of
various performance indicators, comparative analysis with the actual system is lacking,
and the accuracy of the numerical model cannot be guaranteed. To fully exploit the
advantages of numerical models in parameter optimization, we should continue to promote
the comparison and verification of numerical models with actual systems and gradually
build more accurate numerical models on this basis.

5. Summary and Prospects

With the further development of MOT research, an increasing number of new struc-
tures and functions of MOTs have been put into use, which greatly enriches the application
field of MOTs. Improving the trapping effect of atoms in cold atom interferometers by
means of parameter optimization is also an important development direction for atomic
MOT. This paper introduces the working principle of the MOT of a cold atom interferometer.
In addition to the conventional performance indices, three application performance indices
are proposed, namely the volume, resonant frequency, and atomic loading time, which
enrich the performance evaluation system of the MOT. Additionally, the development
and research status of the parameter optimization of the MOT were reviewed, the main
problems existing in the current parameter optimization research were discussed, and some
development suggestions are given. In the future, the optimization of atomic MOT parame-
ters needs to involve more adequate analysis and research on the selection of performance
indicators and the application of intelligent algorithms, and more diverse performance
indicators should be considered to comprehensively improve the trapping performance of
MOTs while introducing more kinds of intelligent algorithms and carrying out comparative
analysis. The working model is the main body of the parameter optimization of the atomic
MOT. When the actual system is used as the working model, the reference index that can
be measured automatically in real time should be selected to represent the performance
index, which can promote the integration between the actual system and the optimization
method and is more conducive to parameter optimization. When the numerical model is
used as the working model, it is necessary to compare and verify the actual system as soon
as possible to continuously improve the accuracy of the numerical model.
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