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In modern detection techniques, high-precision magnetic field detection plays a
crucial role. Atomic magnetometers stand out among other devices due to their
high sensitivity, large detection range, low power consumption, high sampling
rate, continuous gradient measurements, and good confidentiality. Atomic
magnetometers have become a hot topic in the field of magnetometry due to
their ability tomeasure not only the total strength of the Earth’s magnetic field, but
also its gradients, both slow- and high-velocity transient magnetic fields, both
strong and weak. In recent years, researchers have shifted their focus from
improving the performance of atomic magnetometers to utilizing their
exceptional capabilities for practical applications. The objective of this study is
to explore the measurement principle and detection method of atomic
magnetometers, and it also examines the technological means and research
progress of atomic magnetometers in various industrial fields, including
magnetic imaging, material examination, underwater magnetic target
detection, and magnetic communication. Additionally, this study discusses the
potential applications and future development trends of atomic magnetometers.
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1 Introduction

The magnetic field is one of the earliest physical phenomena recognized by humans.
Looking back at the history of electromagnetic theory, people have been studying magnetic
fields scientifically for hundreds of years, ever since Danish physicist Hans Christian Ørsted
discovered magnetic effect of electric current in the 1820s. Measuring the magnetic field will
help one better understand the physical information contained in magnetic phenomena. As a
result, magnetic field detection has become an essential means of studying physical
phenomena related to magnetic objects. At present, the related research on the detection
of weak magnetic fields has been widely used in various fields such as geology [1–3],
aeromagnetic investigation [4–6], medical [7–9], and military studies [10–12]. With the
improvement of science and technology, people’s research on magnetic fields has become
more detailed, and the measurement of weak magnetic fields has played a role in more and
more fields, ranging from planetary universes to small molecules and atoms, in which weak
magnetic detection plays a crucial role.

The core component of weak magnetic detection is the magnetic field sensors. At
present, the instruments that can measure weak magnetic fields mainly include fluxgate
sensors [13–15], superconducting quantum interference magnetometers (SQUID) [16–18],
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proton magnetometers [19–21], Hall magnetic sensors [22–24],
Tunnel Magneto-Resistance sensors (TMR) [25–27], and atomic
magnetometers [28–30]. The sensitivity of the fluxgate
magnetometer can reach at ~ nT level [31], which is challenging
to apply when more precise measurements are required; the
Superconducting Quantum Interference Device (SQUID),
although highly sensitive, requires low temperature cooling, and
high production and operating costs [32]; the proton magnetometer
is a high-precision device for weak magnetostatic field measurement
with high stability and is widely used, but it has higher power
consumption [33]; Hall magnetic sensors are small in size, low cost,
but the detection capability can only reach 10 nT level [34]; the TMR
sensor can reach a resolution of several pT at the excitation
frequency, however, its preparation process is relatively
complicated [35]; the atomic magnetometer is a magnetometer
with ultra-high sensitivity developed in the past 10 years, and it
is also the most cutting-edge research direction in the field of weak
magnetic field measurement in the world, its sensitivity can reach
the fT level like SQUID, and compared with SQUID, its structure is
considerably simplified, and it does not require cryogenic cooling
[36]. Based on the above advantages, it can be said that it is a
magnetometer instrument with excellent performance. Table 1
summarizes several representative and commercialized magnetic
field sensors, and compares their parameters and performance.

The atomic magnetometer is a magnetometer with ultra-high
sensitivity that has been developed in the last decade. The working
materials of the atomic magnetometer mainly include three alkali
metals such as potassium, rubidium, and cesium (K, Rb, and Cs).
This is because there is only one unpaired electron in the outermost
layer of the alkali metal atom, which can easily produce atomic
polarization by optical pumping. In terms of working mechanism,
atomic magnetometers mainly include Coherent Population
Trapping (CPT), Nonlinear Magneto-Optical Rotation (NMOR),
and Spin-Exchange-Relaxtion-Free (SERF). To date, several studies
have been carried out. The CPT phenomenon was first discovered by
Scully and Fleischhauer in 1992 [37]. In 1998, Nagel et al. developed
the first cesium-atom CPT magnetometer to measure alternating

magnetic fields [38]. In 2000, Budker et al. developed a nonlinear
magneto-optical rotation (NMOR) magnetometer operated at room
temperature and showed that its sensitivity based on the photon
scattering noise limit could reach 0.3 fT/Hz1/2 near zero magnetic
fields [39]. Because of the narrow resonances of NMOR, NMOR was
rapidly applied to highly sensitive magnetometers. Using frequency
modulation scheme, NMOR magnetometer can also work under
geomagnetic field, with sensitivity up to 60 fT/Hz1/2 [40]. The SERF
atomic magnetometer was first proposed in 2002. The Romalis
group published an article entitled “High Sensitivity Atomic
Magnetometer without Spin Exchange Relaxation Free (SERF),”
in which they reported a SERF magnetometer whose magnetic
sensitivity could reach 10 fT/Hz1/2 [41]. The following year, the
group reported a further optimized potassium atomic
magnetometer based on the SERF mechanism, with a sensitivity
of 0.54 fT/Hz1/2, and the expected theoretical sensitivity could reach
1 aT/Hz1/2, surpassing the superconductor’s highest sensitivity
ever [42].

Extensive overviews of atomic magnetometers have been
previously performed by Murzin et al. in 2020 [43], Bennett et al.
in 2021 [44], Liu et al. in 2022 [45], and Aslam et al. in 2023 [46],
detailing atomic magnetometers for biomedical applications,
aerospace applications, and traditional magnetoencephalography
(MEG) systems in medicine. The difference with them is that
this review focuses on the development and application of atomic
magnetometers in industry.With the increasingminiaturization and
sensitivity of atomic magnetometers, they are used in many
industrial applications, such as magnetic imaging, battery testing,
underwater target detection and localization, and magnetic
communication. The application of atomic magnetometers in
these fields can provide contact-free magnetic field measurements
for safety inspections, battery research, and other related research
directions.

The atomic magnetometer is one of the most sensitive
magnetic measuring equipment at present. On the one hand,
its advantages of high sensitivity, non-low temperature operation
and miniaturization will enable it to be used in more fields. On

TABLE 1 Different instruments to measure weak magnetic field.

Sensors Size (mm) Cost
(USD)

Sensitivity Operating
temperature

Advantages Disadvantages

Fluxgates (HSF113-
2H3-AAB)

30 × 30 × 120 ~2,900 ~nT level 233.15K–353.15K Mature development and small
size

Difficult to apply in more
precise measurements

SQUIDs (MPMS3,
Quantum Design)

3.0 m ×
1.5 m × 2.0 m

~1,100,000 ~fT level 1.9K–400K
continuous control

High sensitivity for measuring
biomagnetic fields

Requires low-temperature
cooling, high cost

Proton magnetometer
(ACZ-8)

75
(diameter) ×

160

~4,800 ~0.01 nT 263.15K–323.15K High accuracy and good stability High power consumption

Hall magnetic sensors
(D128, LOGOELE)

48 × 12 × 20 <15 ~10 nT level 233.15K–423.15K Small size and low cost Limited measuring distance

TMR (TMR2901,
dowaytech)

6 × 5 × 1.5 ~43 ~pT level 233.15K–473.15K High sensitivity, low power
consumption, good temperature

stability

The preparation process is
relatively complex

atomic magnetometers
(Quspin QZFM/QTFM,

aunion)

12.4 ×
16.6 × 24.4

~12,800 ~fT level 243.15K–333.15K High sensitivity, does not
require cryogenic cooling

Sometimes performance is
limited by the atomic vapor
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the other hand, the improvement of magnetometer performance
has been driven by the requirements of its application field.
Researchers have been developing atomic magnetometers with
higher sensitivity according to the needs of practical applications.
This interaction has greatly promoted the development of atomic
magnetometers in device development and practical application.
Nowadays, the measurement of weak magnetic field based on
atomic magnetometers has been used more and more widely in
industry.

2 Theoretical basis of an all-optical
atomic magnetometer

The atomic magnetometer reflects the magnitude of the
magnetic field by measuring the Larmor precession frequency
of the polarization vector of the atomic spin in the external
magnetic field. Since there is only one unpaired electron in the
outermost layer of an alkali metal atom, the total spin of the atom
is equal to the vector sum of the nuclear spin and the valence
electron spin, and the spin of the outermost single electron can be
easily manipulated by optical pumping and other methods. As a
result, atomic magnetometers all choose alkali metal atoms as
working substances. Conventional atomic magnetometers adopt
the radio frequency field modulation scheme and direct detection
of light intensity, however, at high temperatures, the detection
light is diverted from the atomic resonance line and the
birefringence effect of the medium is used to detect the
magnetic field.

In Figure 1, there is how an atomic magnetometer operates,
taking a cesium atomic magnetometer as an example: First, a
circularly polarized pump light beam polarizes atoms in the
direction of the pump light. Under the action of an external
magnetic field, the spin polarization vector of the atom will do
Larmor precession around the magnetic field.

The atomic magnetic moment is not subjected to a force in a
uniform external magnetic field but is acted by a moment. The
torque of the magnetic field on the atomic magnetic moment is:

�τ � �μ× �B (1)
Where �μ is the atomic magnetic moment; �B is the external magnetic
field; �τ is the torque applied to the atomic magnetic moment.

And the existence of a moment will cause the change in angular
momentum:

d �L
dt

� �τ (2)

�L is the moment of force.
Let the angle between the angular momentum and the direction

of the magnetic field be β, and when the time interval is dt, the
precession angle of the angular momentum is dφ, then the change in
angular momentum is:

dL � Lsinβdφ (3)
Therefore

dL
dt

� Lsinβ dφ
dt

� LsinβωL (4)

Where ωL � dφ
dt is the angular velocity of the precession of the atomic

magnetic moment around the magnetic field.
Let the angle between the magnetic moment and the direction of

the magnetic field be θ, then:

τ � μBsinθ
L sin βωL � μBsinθ (5)

Where μ is the value of the atomic magnetic moment in Eq. 1. The
angular velocity of Larmor’s precession is:

ωL � μ

L
B � γB (6)

Where γ is the gyromagnetic ratio. Eq. 6 is the angular velocity
formula of Larmor precession.

As shown in Figure 2, the atomic magnetometer first utilizes a
beam of circularly polarized pump light to polarize the atoms along
the direction of the pump light. Under the action of an external
magnetic field, the spin polarization vector of the atom will do
Larmor precession around the magnetic field. A linearly polarized
light is used in a direction perpendicular to the pump light to detect
the projection of the polarization vector in the direction of the
detection light. The polarized atoms have contrasting refractive
indices for the left- and right-handed components of linearly
polarized light, resulting in a slight deflection in the plane of
polarization of the linearly polarized light passing through the
atomic gas cell. When the modulation frequency of the pump
light resonates with the Larmor precession frequency, the
deflection angle of the detection light is the largest.

FIGURE 1
Larmor progression of the atomic magnetic moment in a
magnetic field.

Frontiers in Physics frontiersin.org03

Bai et al. 10.3389/fphy.2023.1212368

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2023.1212368


Consequently, by judging the modulation frequency corresponding
to the maximum deflection angle, the magnitude of the external
magnetic field can be measured [47].

Quantum mechanics sets fundamental limits on the best
sensitivity that can be achieved in an atomic magnetometer.
Project noise is one of the limits. That’s because if an atom is
polarized in a particular direction, a random result will be produced
when the angular momentum projection m is measured in the
orthogonal direction. When the factors of order unity that depend
on particulars of the system are ignored, the sensitivity of a
magnetic-field measurement performed for a time T with an
ensemble of N atoms with coherence time τ is [29]:

δB � 1
gμB

Z����
NτT

√ (7)

Where μB is the Bohr magneton, g is the ground-state Landé
factor, and - is Planck’s constant. In addition, there is also photon
shot noise, which can be described by the following equation:

δφs �
1

2
�����
_NphT

√ (8)

Where _Nph is the probe-photon flux (in photons per second)
behind the atomic sample.

3 Method: weak magnetic detection

The geomagnetic field serves as the background field for weak
magnetic detection. There will be magnetic anomalies in the
geomagnetic field when ferromagnetic objects are present, and
then the position and magnetic moment of the ferromagnetic
object can be found by detecting this anomaly.

Assuming that a magnetic dipole is in a magnetic field, its
magnetic moment is expressed as �p, and �r is its position vector, then
its magnetic flux density at �r is [48]

�B � μ0
4π

3 �p · �n( ) �n − �p

r3
(9)

Where μ0 � 4π × 10−7H/m is the permeability of vacuum, r � | �r| is
the distance from the origin to the measurement point, and �n � �r

|r| is
the unit vector.

The magnetic field at the point dr from the measurement
point is:

B′
→ � μ0

4π
3
→
p · →n( )→n −→

p

r + dr( )3

B′
→−→

B � μ0
4π 3

→
p · →n( )→n −→

p( ) z

zr
1

r3
dr( )

� −3
r
μ0
4π

3
→
p · →n( )→n −→

p

r3
dr � −3

r

→
B dr (10)

Express the vector difference in terms of the magnetic field
gradient as

B′
→ −→

B �
∇Bx · �ndr
∇By · �ndr
∇Bz · �ndr

⎛⎜⎝ ⎞⎟⎠ �
zxBx zyBx zzBx

zxBy zyBy zzBy

zxBz zyBz zzBz

⎛⎜⎜⎝ ⎞⎟⎟⎠ �ndr (11)

Let

G ≡
zxBx zyBx zzBx

zxBy zyBy zzBy

zxBz zyBz zzBz

⎛⎜⎜⎝ ⎞⎟⎟⎠ (12)

From Eqs 10, 11 we can derive that

zxBx zyBx zzBx

zxBy zyBy zzBy

zxBz zyBz zzBz

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝ ⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠ �n � −3
r
�B � G �n (13)

Then, �r � r �n can be expressed as:

FIGURE 2
Schematic diagram of the working principle of the alkali metal atomic magnetometer.
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�r � −3G−1 �B � −3
zxBx zyBx zzBx

zxBy zyBy zzBy

zxBz zyBz zzBz

⎛⎜⎜⎝ ⎞⎟⎟⎠−1 Bx

By

Bz

⎛⎜⎝ ⎞⎟⎠ (14)

In the positioning of magnetic target, the target can be equivalent to
the magnetic dipole model because the position of the magnetometer is
often far away from the position of the target. In the measurement, the
external magnetic field is usually the geomagnetic field. The following
will analyze the case when the externalmagnetic field is the geomagnetic
field. In the spatial rectangular coordinate system, the x direction
represents the geographical east direction, the y direction represents
the geographical north direction, and the z direction is vertically
downward. The position of the magnetic target is (x0, y0, z0), then
the magnetic field at (x, y, z) is [49]:

�B � Bx �ex + By �ey + Bz �ez

Bx � μ0p0
4π

r2l − 3rx rxl + rym − z0n( )
r5

By � μ0p0
4π

r2m − 3ry rxl + rym − z0n( )
r5

Bz � μ0p0
4π

r2n − 3z0 rxl + rym − z0n( )
r5

(15)

r �
���������
r2x + r2y + r2z

√
(16)

Among them:

rx � x − x0
ry � y − y0
rz � z − z0

⎧⎪⎨⎪⎩ (17)

l � cosIcosD
m � cosIsinD
n � sinI

⎧⎪⎨⎪⎩ (18)

Where �ex, �ey and �ez are unit vectors, p0 is the magnetic moment of
the magnetic target, r is the distance between the detection point and
the magnetic target, rx, ry, and rz are the components of r in the x, y,
and z directions, I and D represent the magnetic dip and magnetic
declination of the geomagnetic field.

Weak magnetic field detection belongs to the category of weak
signal detection. The term “weak” does not only refer to the small
amplitude of the signal, but also to the small size of the signal about the
noise. The magnetic field is a space vector, and the magnetic signal
contains a wealth of information about its spatial distribution and even
its rate of change. In the detection of weak magnetic fields, depending
on themode of operation of the magnetometer, there are magnetic field
scalar measurements [50], magnetic field vector measurements [51],
and full-tensor magnetic field gradient measurements [52].

(1) Magnetic field scalar measurement

The magnetic field scalar measurement method generally
applies instruments such as proton magnetometers and light-
pumped atomic magnetometers to measure the total magnetic
field to be measured, and from the measured magnetic field
information, further information such as the position of the
target object can be obtained. In addition, essential system
calibration and calibration of vector magnetometer systems are
frequently performed using magnetic field scalar measurements.

(2) Magnetic field vector measurement

A single magnetic field component of a geomagnetic field or
magnetic target is measured using vector magnetic sensors in a
vector magnetic field detection system. Compared with scalar
magnetic field detection, applications based on magnetic field
vector detection provide more information by measuring the
characteristics and patterns of magnetic field vector distribution
in space and are particularly widespread in military applications.
Otnes proposed object detecting method which combined noise
suppression in 3-axial magnetic measurements in 2007 [53]. By
using this method, a decision variable with an SNR of 20 dB from an
input signal could be extracted. They also proposed a block-based
adaptive procedure. It has proved to have good performance with a
detection delay of 85 s in the actual test. In the same year, Hu et al.
placed tiny magnetic objects in the human body and measured the
position and pointing of the magnets through amagnetic field vector
sensor installed at a fixed location to track magnetic objects in the
human body [54]. The linear algorithm is applied to the actual
positioning system. The simulation and experimental results show
that satisfactory tracking accuracy can be obtained by using enough
triaxial magnetic sensor arrays.

(3) The full magnetic gradient tensor (MGT)

Full tensor magnetic field gradient measurement is a method of
measuring the spatial rate of change of the three components of the
magnetic field for magnetometers [55]. The magnetic detection
system realized by using the magnetic gradient tensor has the
characteristics of strong anti-interference ability and large amount
of information in magnetic measurement, so it is often used for
magnetic target detection and position positioning. When detecting
magnetic anomalies, a single vector magnetometer can only obtain the
information of the three components of the magnetic anomaly but
cannot obtain the information of the gradient tensor of the magnetic
field. Therefore, it is necessary to use multiple three-component
magnetometers to form the magnetic gradient tensor measurement
system. In a commonMGT system, seven magnetometers are formed
into three orthogonal axis arrays, with three magnetometers on each
array. Three magnetometers on three axes respectively measure the
magnetic field change rate of the axis, and then the magnetic gradient
tensor information can be obtained.

From the definition of tensor gradient and the definition of the
magnetic field at any point (x, y, z) in Eq. 15, the gradient tensorG of
the magnetic dipole field is given by the following equation.

G �

zBx

zx

zBy

zx
zBz

zx

zBx

zy

zBy

zy
zBz

zy

zBx

zz

zBy

zz
zBz

zz

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

�
Bxx Byx Bzx

Bxy Byy Bzy

Bxz Byz Bzz

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝ ⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

(19)
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Using the above principle, the magnitude of the magnetic field can
be effectively measured. In 1975, Wynn et al. proposed a tensor
magnetic field measurement scheme. In this scheme, the parameter
information of the magnetic dipole element can be obtained by using
5 independent spatial gradients and 3 vector components of the
magnetic field, to track and locate it [56]. In 2015, Luo et al.
calculated the full magnetic gradient tensor with a method using
horizontal and vertical gradient data gained by aeromagnetic
measurements [57]. One of the current significances of full tensor
magnetic gradient measurement is to determine deep subsurface
properties, such as magnetic susceptibility. Inverse problem refers
to using the data of full tensor magnetic gradient to obtain the
corresponding underground property parameters. In 2019, Wang et
al. presented an algorithm to solve the inverse problem for acquiring
magnetic susceptibility using field data, and demonstrated the
feasibility of the method through experiments using their self-
designed low-temperature SQUID system [58].

4 Atomic magnetometers in industry

A wide range of applications in Earth sciences, biomedicine, and
fundamental physical sciences have used high-precision magnetic
field measurements using atomic magnetometers in recent decades
[59–61]. This paper provides a comprehensive analysis of the
implementation of atomic magnetometers in industrial sectors,
including magnetic imaging, battery analysis, underwater
detection, and magnetic communications.

A schematic diagram of the structure of a typical atomic
magnetometer is shown Figure 3; [62]. It mainly includes a 5 cm
vapor cell filled with the naturally occurring mixture of 85Rb and
87Rb, laser, dichroic atomic vapor laser lock (DAVLL), pump beam
and probe beam, and acousto-optic modulator (AOM). The laser
beam is produced by an extended cavity diode laser lasing at 780 nm
and is split into three beams. One part of the laser is used for laser
frequency stabilization, and the rest is divided into two parts by the
polarization beam splitter: the pump beam and the probe beam.
Then, using an AOM in double pass configuration to realize an
overall blue detuning of 360 MHz of the probe beam with respect to
the pump. At the same time, the magnetometer reached the self-
oscillating mode. The polarization of the two beams is then prepared

by quarter- and halfwave plates. After the beam passes through the
gas vapor, a balanced polarimeter is used to detect the polarization
rotation of the probe while the pump light is blocked. At this time,
the external magnetic field can be measured by the modulation
frequency corresponding to the polarization rotation.

4.1 Magnetic induction tomography

Identification and imaging of objects are important challenges in
many fields. Some equipment such as pipelines and ships will corrode
and crack after prolonged use, whichmay cause serious safety problems.
Atomic magnetometers can be used to detect weak magnetic fields for
magnetic imaging [63]. The oldest electrical imaging technique is
electrical impedance tomography (EIT), which usually involves
attaching surface electrodes around the area to be imaged. The
technique injects current through the electrodes to the object to be
measured and measures the electrical potential, measuring the different
distributions of impedance and thus the voltage distribution, which
leads to image reconstruction [64].

Magnetic Induction Tomography (MIT) is an important branch of
EIT and is an imaging technique based on the principle of
electromagnetic imaging [65]. The principle is that under the action
of an applied alternating current (AC) excitation magnetic field, the
target conductor generates eddy currents due to magnetic induction,
andwhen the target conductor changes, the intensity and distribution of
the eddy currents will also change accordingly. The process of imaging
using theMIT technique requires the solution of two steps: the first step
refers to solving for the spatial distribution of the magnetic field and the
output signal of the detection coil when the distributions of the
conductivity σ and the magnetic permeabilities μ are known. The
first step can be viewed as an eddy current problem. Therefore, the
complex phasor notation can be used to describe the process in terms of
the magnetic vector potential �A under sinusoidal waveform excitation.
The spatial distribution of the magnetic field can be obtained by finding
the magnetic vector potential [66]:

∇×
1
μ
∇× �A( ) + iωσ �A � Js

→
(20)

Where �A is the magnetic vector potential, σ is the electrical
conductivity of the medium, μ is the magnetic permeability of

FIGURE 3
Schematic of the atomic magnetometer for magnetic field measurements. Reproduced from Ref. [62], with permission from AIP Publishing.
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the medium, ω is angular frequency, and Js
→

is the current density
applied in the excitation coil. When the total current in the
excitation coil is I0, the sensitivity of the induced voltage to the
conductivity is:

zVmn

zσk
� −ω2

∫∞
ΩDk

Am · Andν
I0

(21)

Where Vmn is the measurement voltage, σk is the conductivity of the
pixel k. Pixel k refers to the volume of the perturbation, which is
represented as ΩDk. A-m (A-n) is the solution of the forward solver
when the excitation (the induction) coil is excited by the current I-0
(the unity current).

The second step is image reconstruction. Researchers often use
algorithms to find the distribution of the electrical and magnetic
permeability in the field space of the object to be measured, given the
known characteristics of the excitation field (e.g., operating
frequency, magnetic induction strength in a null field, equations
of the magnetic field space, etc.), the detection signal and the
boundary conditions of the sensor. The linear method based on
Tikhonov regularization [67] is generally considered in image
reconstruction, which can be implemented by means of matrix
operations:

�x � JTJ + αI( )−1JT �z (22)

Where �x is the pixel vector, �z is the measurement vector, J is the
Jacobian matrix, I is the identity matrix, and α≥ 0 is a regularization
parameter that determines the amount of regularization and serves
as a positive constant chosen to control the size of the solution vector
[67, 68].

The MIT system was proposed by Griffiths et al as early as
1999 [69]. They successfully built a single-channel acquisition system
with an operating frequency of 10MHz and used a phase-sensitive
detector for the measurements. From their results, the scanned saline
solution had conductivity ranging from 0.001 to 6 S/m, covering the
range of biological tissues. The measured imaginary part of the
magnetic disturbance is proportional to the conductivity of the
brine, consistent with the theoretical prediction, and the
proportionality constant per S/m is −1.2%. In 2004, Scharfetter et
al. investigated the advantages of planar gradiometers (PGRAD) for
use at MIT [70]. They built a 16-channel MIT system with a
bandwidth range of 50 kHz–1.5 MHz, which was excited with an
excitation coil for signal reception, and then the amplified signal was
fast Fourier transformed to obtain the corresponding information.
The results show that very similar sensitivitymaps are obtained for the
two different PGRADs which is zero on the coil axis. Most MIT setups
rely on a standard coil of wire, or an array of coils, which leads to
limitations in sensitivity and bandwidth. To overcome these
disadvantages, a proof of concept was realized with a self-
oscillating Optical Atomic Magnetometer (OAM). In 2014,
Wickenbrock et al. demonstrated magnetic induction tomography
(MIT) with an all-optical atomic magnetometer [71]. Three different
shaped objects were imaged by the researchers; A 37 × 37 mm square,
a 37 mm diameter disk, and an isosceles triangle (37 mm on one side,
30 mm on both sides). All objects were made from 2 mm thick
aluminium sheets. The shape and size of the imaging sample are
shown in Figure 4. The first row shows the position resolved
normalized amplitude of the ac magnetic field signal as detected

by the lock-in amplifier. The second row shows the corresponding
normalized phase data. The system they built was able to map the
electrical conductivity of a conducting object. However, the relative
complexity of the instrument, its low-applicability scalability, and its
reduced flexibility in terms of operating frequency make the
instrument less suitable for practical applications.

In 2015, Darrer et al. investigated the limitations of electromagnetic
imaging through metal enclosures, considering the imaging
performance of enclosures of different thicknesses [72]. The
experimental results are shown in Figure 5, and the system can
image a copper disk when the disk was put in a 20 mm thick
aluminum box. The results showed the potential for imaging
through shells of other materials such as lead, copper, and iron.

However, to address the sensitivity and bandwidth
limitations of a conventional MIT, the researchers looked at
a method based on optically pumped atomic magnetometers.
The Deans team conducted a series of studies to investigate this
method. In 2016, as shown in Figure 6, Deans et al. proposed an
electromagnetic induction imaging system based on the radio-
frequency optical pump atomic magnetometer (RF OAM),
which can be used for materials inspection [73]; Figure 6A is
a schematic diagram of the measuring setup. The fundamental
sensing unit was an 87Rb vapor. The applied magnetic field
pumped the light so that 87Rb atoms spin polarized along the z
direction. The probe beam passed through the gas vapor and
polarization rotation, which is measured by projecting the
resulting polarization onto z and y. This system not only
provided excellent reconstruction of the conductivity map of
the target object, but also detected penetration of submillimeter
cracks and conductive barriers. This result combined magnetic
induction tomography with the highly sensitive properties of
atomic magnetometers, demonstrating the potential of a future
generation of imaging instruments. The following year, the
team used an atomic magnetometer to achieve imaging of
copper and aluminum objects located behind ferromagnetic
steel and aluminum shields, and the results were shown in
Figure 7; [74]. They analyzed the images and used edge
detection algorithms to reproduce the size and location of
the target accurately. In 2021, the team used a portable RF
atomic magnetometer to scan the target object, which can be
seen in Figure 8, enabling electromagnetic induction imaging
unshielded [75]. In addition, they used a fluxgate magnetometer
with a bandwidth of DC-3kHz to limit the bandwidth of the
feedback loop and compensate the ambient low-frequency
magnetic noise without affecting the application radio
frequency of the driving magnetometer. When imaging, they
performed a magnetic resonance fit for each position and used
the total signal height (Y) at resonance, which greatly reduced
the error in the measurement of resonance amplitude. This
configuration can meet the standard requirements of typical
applications such as security inspection and medical imaging.

To assess the structural integrity of steelwork and pipelines,
Bevington et al. used an atomic magnetometer to enable the imaging
of ferromagnetic carbon steel samples and detected thinning of the
sample profile in 2018 [76]. The system operates at a relatively
high frequency of 12 kHz, and the thickness of carbon steel
samples can be detected with a resolution of 0.1 mm. This
method can be used for non-destructive dynamic monitoring
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of steel quality, and can be used for welding condition testing,
pipeline testing, corrosion condition of materials and so on. In
2019, Borna et al. developed a pulsed optical pump
magnetometer (OPM) array for detecting magnetic field maps
generated by arbitrary current distributions [77]. The magnetic
source imaging (MSI) system designed by the research team has a
24-channel OPM with a data rate of 500S/s, a sensitivity of
0.8 pT/Hz1/2, and a dynamic range of 72 dB. By comparing the
experimental results with the simulation results, the robustness
of the system in capturing the magnetic characteristics of the
general planar two-dimensional coil structure is proved. Finally,
the current density image of planar two-dimensional coils is
successfully reconstructed by using the magnetic field map
measured by the pulsed OPM system.

Magnetic Induction Tomography based on atomic
magnetometers is a non-destructive inspection technique that
avoids the material damage associated with conventional
inspection methods. More importantly, it is not limited by the
number of coils compared to other forms of tomographic
imaging which is shown in Figure 9; [78]. Together with the
ultra-high sensitivity of atomic magnetometers, this method
allows image reconstruction of the target object at high
frequencies. In addition, researchers have experimentally
demonstrated that MIT, based on atomic magnetometers, can
image objects through certain obstacles. This is an effective and
fast method for security screening.

In the practical application of this method to implement MIT,
the target object will often be disturbed by geomagnetic and other
environmental noises. Therefore, when designing the measurement
system, researchers can use noise compensation to reduce the

interference of environmental noise to measurement results. In
addition, in the process of image reconstruction, the limited
measuring points are discrete and cannot accurately reflect the
information of the target image. Therefore, researchers need to
use certain image processing algorithms to produce clear images
such as fitting measurements.

4.2 Battery testing

With the advantages of high energy density, high output power,
no memory effect, and fast charging and discharging rates, lithium-
ion batteries have become one of the most used rechargeable
electrochemical energy storage devices and are widely used in
electronic products, electric vehicles, and grid energy storage
systems [79, 80]. However, the practice has seen that lithium
batteries still suffer from some unfavorable problems such as the
deposition and uncontrolled growth of lithium dendrites and the
instability of the solid electrolyte interface layer (SEI) [81, 82]. As the
dendrites continue to grow, they are likely to penetrate the
diaphragm. Once the diaphragm is penetrated, there is direct
contact between the anode and cathode, which usually leads to a
short circuit inside the battery, resulting in a thermal runaway or
even an explosion of the entire battery. The current distribution
within the cell is influenced by the design and resistance distribution
of each part of the cell, the heterogeneity of the electrodes, and
physical defects such as internal dendrites or cracks and their
location. Uneven current distribution is one source of cell failure
or capacity loss, and this inhomogeneity is usually caused by lithium
dendrite growth or assembly defects. The high energy density of

FIGURE 4
Normalized magnetic induction tomography: (A) data for a 37 mm × 37 mm square; (B) isosceles triangle with one side of 37 mm and two sides of
30 mm; (C) disk with 37 mm diameter; (D) an example of the acquisition error,multiplied by a factor of 3 (phase) and 20 (amplitude), to be visible with the
respective color coding. Reproduced from Ref. [71], with permission from Optica Publishing Group.
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these batteries has led to increasing safety concerns, such as
spontaneous combustion and fire accidents in electric vehicles
[83–85]. The successive occurrence of such accidents has brought
the reliability of batteries into focus.

Non-destructive testing (NDT) on battery condition has
received increasing attention for the safety of batteries.
Essentially, it refers to a method for identifying discontinuous
defects in the material to be tested without causing structural
damage. Currently, the commonly used nondestructive testing
techniques that can provide in-situ information include X-ray
diffraction [86–88], neutron diffraction [89–91], and Raman
spectroscopy [92–94]. But these methods can have negative
effects like slow speed, alter the properties of the material to
be tested, or cause a certain amount of radiation [95]. We can
detect magnetic objects using variations in their magnetic field
caused by variations in their magnetic susceptibility which is
related to the cathode material of the cell [96]. Both positive and
negative electrode materials in Li-ion batteries have magnetic
materials such as nickel cobalt manganese and graphite. As a
result of redox reactions and changes in embedded lithium de-
embedding during discharge, the magnetic susceptibility of the
electrode material changes, which may result in changes in the

induced magnetic field around the battery. According to the Biot-
Savart law, changes in currents in a battery will lead to changes in
the external magnetic field. Therefore, by measuring changes in
the external magnetic field and establishing a relationship
between internal defects and abnormal magnetic field images,
the condition of the battery can be assessed, and the location of
the fault can be determined. A typical battery nondestructive
testing experiment setup based on the atomic magnetometer is
shown in Figure 10. The magnetic field sensors are placed in this
region of negligible field. The battery is placed on a conveyor belt
inside a shielded cylinder and is moved by the belt to obtain
magnetic field information in the x and z directions.

The magnetic field produced by an electric current can be
described by the Biot-Savart law [98].

�H �r( ) � 1
4π∫ Id �×r′

→

r′
∣∣∣∣ ∣∣∣∣3 (23)

Where r′
→

is the position vector, �H( �r) is the magnetic field at the
displacement �r, I is the source current, d � is the tiny wire element
of source current. When the ratio of |d| to |r′| is small enough
(less than 0.1), the Biot-Savart law can be represented as [99]:

FIGURE 5
Magnetic image capture of a copper disk concealed inside three separate aluminum (Al) box enclosures of thicknesses, 2 mm–5 mm. Reproduced
from Ref. [72], with permission from AIP Publishing.
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�H �r( ) � 1
4π∑

N

k�1

Ikdk
�→

×r′k
→

r′k
∣∣∣∣ ∣∣∣∣3 (24)

N indicates the number of current elements.
In the field of battery testing, we often need external information

such as magnetic fields to assess the health of the battery or to locate
defects in the battery, in addition to assessing the effect of magnetic
fields generated by the battery on the human body. However, we are
often unable to diagnose the state of the battery during operation
[100], unable to identify the marker factors that affect the battery
life, or the device is too large to be detected [101]. In 2020, scientists
from Johannes-Gutenberg University (JGU) and the Helmholtz
Institute Mainz (HIM) in Germany proposed a non-contact
method for detecting the state of charge of lithium-ion batteries
and defects [97]. As shown in Figure 10, They used an atomic
magnetometer to measure the weakly induced magnetic field around
lithium-ion batteries in a magnetically shielded environment and
used the measurement data of the magnetometer to describe the
magnetic susceptibility of the battery, reflecting the relationship
between the state of local charge and the Internal defect of the

battery. The magnetometers can achieve a sensitivity of 20 fT/Hz1/2.
In such an arrangement the current sensitivity could approach 8 nA.
The method provides an effective and rapid tool for battery
diagnosis and can be implemented in a cost-effective and scalable
manner. This measurement capability is of great significance to
battery academic research and industry.

To compare the effectiveness of different types of
magnetometers for measuring operational and defective
commercial batteries, in the same year, Yinan et al. used
commercial SQUIDs and atomic magnetometers to test lithium-
ion rechargeable batteries (LIBs), as shown in Figure 11; [102]. Their
results show that the atomic magnetometer has sufficient sensitivity
to characterize defects in the cell. This non-contact, rapid diagnostic
method could become a powerful tool for analyzing the condition of
different batteries.

In 2022, Wang et al. proposed an in-situ detection technology for
the capacity consistency of power battery packs based on magnetic field
scanning imaging, as shown in Figure 12 [103]. Figure 12A shows the
experimental setup for magnetic field scanning. During measurement,
the magnetic field components Bx, By and Bz around the battery can be
measured bymoving a fluxgate on the battery surface. Figure 12B shows

FIGURE 6
(A) Compact RF OAM for MIT; (B,C) Crack detection: high-resolution normalized conductivity map of a sub-mm crack in an Al ring at 10 kHz.
Reproduced from Ref. [73], with permission from AIP Publishing.
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FIGURE 7
Electromagnetic phase imaging through various shields. (A,D,G) 2 mm Al shield; (B,E,H) 2.5 mm ferromagnetic steel shield; (C,F,I) Combination of
the 2.5 mm steel shield and 2 mm Al shield. Reproduced from Ref. [74], with permission from Optica Publishing Group.

FIGURE 8
Images of conductive objects. (A) The value of Y at 54 kHz. (B) Results obtained with resonance tracking. (C) Results obtained by introducing a
detuning of + 800 Hz from the tracked resonance. Reproduced from Ref. [75], with permission from AIP Publishing.
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what happens when problem cells are located at different locations in
two parallel battery packs. The distribution of the magnetic field is
related to the location of the abnormal battery; Figure 12C shows the
principal component analysis (PCA) of Figure 12B. The different PCA
scores divide the different locations of the problem battery into four
quadrants. The distribution characteristics of abnormal cells 1 and 3 are
between cell 1 and cell 3, and the same is true for abnormal cells 2 and 4,
which means magnetic field distribution characteristics are closely
related to the location of the abnormal cell. This technology enables
in-situ non-destructive testing of cell-level capacity consistency within
the battery pack. The technology can not only assess the consistency of
battery capacity but also determine the location of battery failure. It has
great application potential in material testing, especially in the field of
battery material testing.

As a battery test method that has been studied and applied in
recent years, magnetic field measurement uses magnetic field sensors
to directlymeasure the inducedmagnetic field outside the battery, and
then evaluates the battery state by analyzing the induced magnetic
field changes. As sensors with high sensitivity, atomic magnetometers
can reproduce the nT-level magnetic field around working batteries.
By analyzing the magnetic field information, we can then obtain

changes in the material inside the batteries, which can reveal more
about the charging state of the batteries, or simply realize the
classification of healthy and faulty batteries.

At present, the battery detection method based on precision
magnetic field measurement has just emerged, so the correlation
mechanism theory of induced magnetic field and battery internal
factors is not perfect. Researchers can combine theoretical
simulations with experimental measurements to explore the
relationship between these factors and develop a more mature
system of test methods. In addition, in practical applications, lithium
batteries are often organized into battery packs. Therefore, how to locate
battery pack faults will become a major research direction.

4.3 Underwater target detection and
tracking

Conventional optical or acoustic methods often fail to achieve
the desired results when detecting underwater targets with great
accuracy. Optical methods are affected by water opacity and
turbulence [104], while acoustic methods are disturbed by echoes

FIGURE 9
The block diagram of a typical MIT system. Reproduced from Ref. [78], with permission from IOP Publishing Ltd.

FIGURE 10
Experimental susceptometry setup. Adapted from Ref. [97], with permission from PNAS.
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[105, 106], and weak magnetic detection techniques can effectively
prevent these interference factors. At the beginning of this century,
with the rapid development of electronic measurement technology,
computer technology and deep-sea technology, the sensitivity and
stability of ocean scalar magnetometer represented by atomic
magnetometer and ocean vector magnetometer represented by
fluxgate magnetometer are constantly improving. The continuous
improvement of magnetic field sensors makes magnetic exploration
not only applicable to the fields of marine geology and geophysics,
but also to underwater military anti-submarine, submarine pipeline
detection, marine geomagnetic navigation, and other applications.

When using a magnetometer to detect underwater magnetic
targets, to ensure a better detection effect, it is necessary to
reasonably select the detection distance and the detection
height of the magnetometer. In underwater detection, the
analysis of magnetic anomalous modulus is very important. In
2000, Stavrev and Gerovska proposed four kinds of magnetic
anomaly amplitude transform parameters (magnitude magnetic
transforms, MMTs), and at the same time systematically analyzed
the characteristics of magnetic anomaly moduli [107].

After the 1950s, the detection technology of underwater
magnetic targets developed rapidly. In 2002, Gee and Cande
developed a three-component magnetometer system that contains
a vector magnetometer inside, which can complete data
measurement under the drag of normal survey speed [108]. The
results of the tests, compared with earlier vector aeromagnetic
measurements, showed that the towed instrument can resolve
horizontal and vertical anomalies with amplitudes of >30–50 nT.
The instrument is particularly useful in equatorial regions where the
vector anomalies are much larger than the corresponding full-field
anomalies. In 2008, Tian used a dual-frequency side-scan sonar, a
high-resolution sub-bottom profiler, and a magnetometer to survey
five underwater pipelines which had different outer diameters off the
southwestern coast of Taiwan [109]. The water depth range of the
measurement area was 10 m–17 m. The depth of buried pipes
detected ranged from 0.5 to 3 m. The remaining four profiles
showed pipe heights ranging from 0.2 m to 1.2 m. The results
show that the continuous wave pulsed subsea profiler Klein
532S-101 used in the study is capable of detecting buried pipes
greater than 1.0 m in diameter and greater than 3 m in depth. For

FIGURE 11
(A,C) Induced magnetic moment measurements using SQUID-based MPMS. (B,D) Induced magnetic field maps using the atomic magnetometer
setup. Reproduced from Ref. [102], with permission from MDPI.
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pipes less than 0.2 m in diameter, the device was unable to provide
valid information for their detection. For pipes between 0.2 m and
1.0 m in diameter, further investigation is required to reach a
comprehensive conclusion. The magnetometer can provide
qualitative information on the presence of metallic pipes at the
time of detection; in shallow water areas it can be used to identify the
presence of buried pipes with outside diameters as small as 0.2 m.
This study confirms the need for a multi-sensor approach to
complement the evaluation of underwater pipeline projects. In
2016, Liu et al. proposed a new compensation method using a
differential magnetic field which can improve the measurement
accuracy of geomagnetic measurement systems when exploring
underwater magnetic objects [110]. With the continuous
development of atomic magnetometer technology, it has moved
towards practical use, which will drive the overall jump in the level of
weak magnetic detection.

To facilitate accurate measurement, detection, and location of
magnetic targets submerged underwater, an array of atomic

magnetometers may be formed. In 2018, as shown in Figure 13,
Deans et al. presented a proof-of-concept demonstration of
underwater target detection and localization using atomic
magnetometer arrays (AMs) in a magnetic induction tomography
(MIT) configuration [111]. In their experimental setup shown in
Figure 13A, the atomic magnetometer array consisted of four
magnetometers S1-S4 in a 2 × 2 planar configuration. An
alternating magnetic field perpendicular to the plane of the
sensor array was applied, and the target object would induce
eddy currents under the action of the external magnetic field.
The resulting magnetic signals were collected via a data
acquisition board (DAQ) and analyzed in real time via
LabVIEW. Figure 13B shows the coordinate grid parallel to the
sensor array plane. During measurement, the target object was
placed at different coordinate positions to measure the signal
response. Figure 13C shows the measured signal strength of the
target object which was an aluminum plate. According to the size of
the signal response of the four sensors, the specific coordinate

FIGURE 12
(A) Experimental setup and magnetic field measurement of a single cell. (B) Magnetic field maps with the cell having the lower capacity (marked at
top of the maps) at different positions; the maps are acquired when discharging 4,250 mAh. (C) PCA results of magnetic field maps at six locations.
Reproduced from Ref. [103], with permission from John Wiley and Sons.
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position of the target object could be detected. This technique can be
used to extend the magnetometer array to practical applications. In
addition, this technique can be used in any body of water and is not
restricted by geography.

To monitor and detect underwater targets in real-time,
atomic magnetometers or atomic magnetometers arrays have
been integrated into autonomous underwater vehicles (AUVs).
The representative one is the system proposed by Allen et al. in
1997 [112]. This system can work on the AUV’s computer in real-
time and overcome interference from the AUV itself. Using this
system, multiple vehicle control theory and operations, coastal
oceanographic surveys, microscale turbulence surveys,
autonomous docking testing and demonstration, and
hydrographic surveys of coastal waters can be realized. In
2020, Gallimore et al. developed a scalar magnetometer
payload to integrate into a two-man portable autonomous
underwater vehicle (AUV) for geophysical and archeological
surveys [113]. They collected data using a Geometrics
microfabricated atomic magnetometer and a total-field atomic
magnetometer. The system combined onboard target detection
and autonomous reacquires capability, increasing the effective
survey coverage rate of the AUV-based magnetic sensing system.
In future research on underwater detection systems, it can be
predicted that people will further focus on multi-target detection
and improve the anti-jamming ability of the system, to obtain
more accurate signals.

The above studies indicate that the underwater detection
method based on atomic magnetometers can detect the target
object more accurately and eliminate optical or acoustic

interference due to the tunability and high sensitivity of the
atomic magnetometer array. Depending on different geographical
and water conditions, atomic magnetometers can be integrated into
different instruments to greatly improve the effective coverage of the
system’s measurements. At present, airborne systems equipped with
precision magnetic field sensors have been used for underwater
detection, but only for detection. Combined with the MIT model
mentioned above, target positioning and imaging can be achieved,
providing a more functional solution for underwater measurement
and monitoring.

4.4 Magnetic communication

There are challenges such as information security, and
electromagnetic interference in modern radio communication
[114]. One possible solution to these problems is to use magnetic
communication to transmit information. Magnetic
communication based on electromagnetic principles has been
rapidly developed in recent years because the magnetic
permeability is little affected by media such as water and soil
[115–117].

In traditional magnetic communication, coils are used to detect
the induced magnetic field. Their sensitivity increases with
increasing signal frequency. In other words, under the low
frequency operation the sensitivity reduces, which is not
preferable for detecting low frequency signals. Therefore, other
methods are needed to detect weak magnetic fields in the low
frequency range [118]. Researchers usually reduce the frequency

FIGURE 13
(A) Simplified sketch of the 2 × 2 RF AMs array for detection and localization. DBR: distributed Bragg reflector laser. DAVLL: dichroic atomic vapor
laser lock; AOM: acousto-opticmodulator; DAQ: data acquisition board; AMP: current amplifier; WF: waveform generator; REF IN,reference input; rn and
ϕn, respectively, are the amplitude and phase signals of the nth sensor Sn; (B) The arrangement for detection and localization; (C) Underwater target
detection and localization: simultaneously recorded Δr, when an Al plate (105 mm × 110 mm × 10 mm) is placed in different positions, at 30 mm
underwater (120 mm from the array plane). Operation frequency: 10 kHz. Reproduced from Ref. [111], with permission from Optica Publishing Group.
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to improve the transmission distance, which requires the production
of a longer antenna, greatly increasing the cost and power
consumption of the equipment and limiting the communication
security. It is difficult to use this method when large-scale
communication nodes are deployed [119]. At the same time, this
method is limited by bandwidth and sensitivity.

As a kind of high-sensitivity sensor, an atomic magnetometer
has higher field sensitivity than the traditional magnetic
communication induction coil and can reach noise floors below
1 fT/Hz1/2 [29]. To detect smaller, more precise signals, researchers
are beginning to explore the possibility of using precision magnetic
field sensors such as atomic magnetometers for magnetic
communication. Magnetic field information at the receiving end
can be obtained by using an atomic magnetometer as the receiver of
magnetic communication.

In 2017, Gerginov et al. proposed a single-channel low-data-rate
RF communication link based on an optically pumped atomic
magnetometer and used binary phase shift keying (BPSK) to
modulate the signal in order to solve the low-frequency magnetic
field bandwidth reduction caused by the reduction of channel
capacity and location accuracy [120]. As shown in Figure 14, this

method used an optical pump magnetometer as a sensor, which
greatly improved the sensitivity of detection. The magnetometer was
set to work in direct current (DC), zero-field (ZF), and self-
oscillating (SO) modes. The first two modes were used to detect
magnetic field modulation, and the other one was used to monitor
the total magnetic field variation. In the DC mode, the pump light
was modulated at half of the Larmor precession frequency, and the
lock-in amplifier L1 was used to detect the polarization modulation
signal after resonance. In the ZF mode, the magnitude of the static
magnetic field at the magnetometer’s position was set to zero. The
pump laser beam is not modulated, and it creates atomic
polarization along its direction (x-axis). The polarimeter detects a
zero-field resonance which could be demodulated by lock-in
amplifier L2. In the SO mode, the reference for the amplitude
modulation is phase-locked to the rectified polarimeter output.
Figure 14B represents the case where the ambient noise is 300 fT.
Using the method in this paper, researchers could reduce the impact
of the ambient noise and extended the measurement range to 320 m.
By utilizing the intrinsic sensitivity of the magnetometer below 1 pT/
Hz1/2 and using the 1 kHz operating bandwidth of the BPSK signal,
they demonstrated ranging enhancement. In 2019, Hott et al. used a
high-sensitivity broadband magnetic field sensor to replace the
receiving coil of the traditional magnetic induction
communication system [116]. The results show that sensitive
magnetic field sensors have decisive advantages, including a
higher communication range for small receiving units. This
approach supports many mobile applications with limited
receiver sizes, possibly in combination with multiple detectors.

In 2021, Lee et al. used a single-channel rubidium atomic radio
frequency magnetometer (RFAM) as a receiver to receive the
Zeeman splitting resonance magnetic signal of the ground state
of rubidium atoms [121]. They optimized the performance of the
RFAM by recording the response signal and signal-to-noise ratio
(SNR) at various parameters and obtained a noise level of 159 fT/
Hz1/2 at around 30 kHz. When using a resonant RFAM with a peak
amplitude of 8.0 nT, the bandwidth is approximately 650 Hz, and
the SNR is approximately 88 dB. The RFAM using alkali atoms is
suitable for receiving signals from very low frequency (VLF) carriers
in the frequency range from 3 kHz to 30 kHz. This study shows the
new capabilities of RFAM in applications based on magnetic signals
from low-frequency carriers, which are expected to overcome
barriers and expand the communication space with highly
magnetically sensitive RFAMs.

In the field of communication, acoustic communication has a
narrow band width and a low transmission rate. Compared with
acoustic communication, optical communication has a higher
transmission rate, but it is prone to absorption and scattering,
high equipment costs, easy pollution and damage, and
communication distance is seriously affected by the medium.
Magnetic field communication under low frequency conditions
has the advantages of less influence by medium, stable signal and
fast transmission rate. Using atomic magnetometers as the receiver
can overcome the shortcomings of long antenna and low bandwidth
of traditional magnetic field communication and realize high
sensitivity signal detection. In the future, improving SNR and
increasing bandwidth will become the main research direction of
magnetic communication based on the atomic magnetometer. To
achieve this goal, researchers can use signal processing techniques to

FIGURE 14
(A) Magnetic field sensor setup. The signal routes for the three
magnetometer configurations are shown with solid (DC, black),
dashed (SO, blue), and dotted (ZF, red) lines. PD: photodetector; PBS:
polarizing beam spliter; L: lock-in amplifier; Ampl: amplifier; (B)
Link calculation analysis for the magnetic field signal and noise (solid
curves) at 1 Hz bandwidth. Reproduced from Ref. [120], with
permission from AIP Publishing.
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average out unrelated fluctuations from the environment,
eliminating system fluctuations and reducing ambient noise.

5 Conclusion

This paper reviews the principle of weak magnetic detection
based on atomic magnetometers, and the application of atomic
magnetometers in magnetic imaging, battery testing, underwater
target detection and tracking, and magnetic communication. In the
field of magnetic imaging, the MIT system based on atomic
magnetometers measures the magnetic signal changes caused by
eddy current changes in the target object and uses image
reconstruction algorithms to reproduce the structure diagram of
the target object. To monitor changes in the magnetic field around
cells in real time, atomic magnetometers are used as magnetic
sensors in battery testing. To reflect the characteristics of
materials without contact and damage, including surface, battery
testing using this technique is a type of non-destructive testing. In
the field of underwater target detection and tracking, the atomic
magnetometer can overcome the shortcomings of traditional optical
and acoustic methods, overcome the influence of hydrological
conditions, and accurately detect underwater magnetic signals.
These high-precision magnetic measurement technologies have
the ability to detect sinking and underwater collisions of ships,
which is of utmost importance in the pursuit and identification of
magnetic objects submerged in water. Signal processing can be
utilized to achieve accurate and reliable communication of
magnetic signals. This is accomplished by using an atomic
magnetometer to receive the Zeeman split resonant magnetic
signal within the field of magnetic communication. At present,
atomic magnetometers are not yet reaching their full potential,
and there is still room for improvement in practical miniaturized
atomic magnetometer sensitivity compared to large-scale magnetic
field measuring devices. In conclusion, the use of atomic
magnetometers in related fields has developed into a current
research hotspot, and the results of this practical application

research continue to encourage continuous optimization of the
performance of atomic magnetometers.
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