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Abstract: Rubidium laser optically pumped magnetometers (OPMs) are widely used magnetic
sensors based on the Zeeman effect, laser pumping, and magnetic resonance principles. They measure
the magnetic field by measuring the magnetic resonance signal passing through a rubidium atomic
gas cell. The quality of the magnetic resonance signal is a necessary condition for a magnetometer to
achieve high sensitivity. In this research, to obtain the best magnetic resonance signal of rubidium
laser OPMs in the Earth’s magnetic field intensity, the experiment system of rubidium laser OPMs
is built with a rubidium atomic gas cell as the core component. The linewidth and amplitude
ratio (LAR) of magnetic resonance signals is utilized as the optimization objective function. The
magnetic resonance signals of the magnetometer experiment system are experimentally measured
for different laser frequencies, radio frequency (RF) intensities, laser powers, and atomic gas cell
temperatures in a background magnetic field of 50,765 nT. The experimental results indicate that
optimizing these parameters can reduce the LAR by one order of magnitude. This shows that the
optimal parameter combination can effectively improve the sensitivity of the magnetometer. The
sensitivity defined using the noise spectral density measured under optimal experimental parameters
is 1.5 pT/ Hz!/2@1 Hz. This work will provide key technical support for rubidium laser OPMs’
product development.

Keywords: rubidium atomic gas cell; atomic magnetometer; magnetometer; sensitivity; magnetic
field measurement

1. Introduction

High-precision weak-magnetic-field measurement instruments, magnetometers, have
great potential for use in geological exploration [1], space exploration [2], magnetocardio-
graphy and magnetoencephalography measurement [3-7], nondestructive testing [8,9],
nuclear magnetic resonance [10], and other fields [11]. According to the working prin-
ciple, magnetometers can be divided into fluxgate magnetometers, nuclear spin reso-
nance magnetometers (proton magnetometers, Euler Hauser effect proton magnetometers,
and *He nuclear spin magnetometers), electron precession magnetometers (Mz optically
pumped magnetometers (OPMs), Mx OPMs, coherent population trapping (CPT), nonlinear
magneto-optic rotating (NMOR), spin-exchange relaxation free (SERF)), and superconduc-
tor quantum interference devices (SQUIDs). Electron precession magnetometers do not
require low-temperature cooling and have developed rapidly in recent years. In particular,
the sensitivity of SERF all-optical electron precession magnetometers can reach the fT or
even aT level in near-zero magnetic fields [12-15]. There is significant application potential
in magnetocardiography and magnetoencephalography measurements. The sensitivity of
OPMs is lower than that of a SERF magnetometer, but it has a large measurement range
and can detect weak magnetic anomaly signals in a geomagnetic field. Therefore, it is a
crucial magnetic field measurement instrument that has received widespread attention in
recent years [16-19].
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To improve the sensitivity and other performance indicators of OPMs that can be
applied in a geomagnetic field, various new physical mechanisms and technologies have
been applied to OPMs [16,19,20]. In recent years, with the development of laser technology,
the application of lasers in OPMs has become a focus of attention owing to its good spectral
line selectivity and stronger light intensity than spectral lamps. As a key instrument in the
field of quantum measurement technology, laser OPMs have a sensitivity that is more than
one order of magnitude higher than traditional light OPMs [21,22]. At present, the core
materials available for OPMs include He, K, Rb, Cs, Na, and their mixed fillers [18,23-26].
Rubidium laser OPMs, which use high-abundance 8 Rb isotopes as the core material, have
advantages such as high sensitivity for magnetic anomaly detection, miniaturization, and
no need for low-temperature conditions, making them an international research focus. The
working mechanism of rubidium laser OPMs is to measure a magnetic field by measuring
the intensity of the magnetic resonance signal passing through the rubidium atomic gas cell.
The quality of the magnetic resonance signal is a necessary condition for a magnetometer
to achieve high sensitivity. The experimental parameters of an OPM directly affect the LAR
of the resonance signal.

Some researchers have optimized the experimental parameters that influence the
sensitivity of cesium and helium OPMs applied in geomagnetic fields. For example, Shi
et al. analyzed the influence of radio frequency (RF) power and the buffer gas pressure on
the sensitivity of an optically pumped cesium magnetometer [27]. Zhang et al. analytically
and experimentally explored suitable parameters based on frequency values and power
densities of excitation to achieve optimal performances [28]. There has been optimization
research on a single parameter for rubidium SERF magnetometers [29] and Mx magne-
tometers [24], which has reference significance for rubidium laser Mz OPMs. Nevertheless,
the magnetic resonance signal of rubidium laser OPMs is affected by multiple working
parameters. In this study, multi-parameter optimization is conducted on laser Mz OPMs
and the impact of multi-parameter coupling on the magnetic resonance signal of rubidium
laser Mz OPMs is analyzed.

A high abundance rubidium 87 isotope is used as the core material, and a narrow
linewidth continuous laser pump and radio frequency magnetic field resonance method is
adopted to measure the magnetic field by measuring the changes in laser intensity passing
through the rubidium atomic gas cell. First, the principle of a laser atomic magnetometer
based on rubidium 87 isotopes is studied. Second, a rubidium 87 isotope laser optically
pumped magnetometer experimental system is built, including key components such as
high-frequency demagnetized heating and saddle-shaped RF coils. After that, under a
geomagnetic field intensity of 50,765 nT, magnetic resonance signals of different radio fre-
quency intensities, the laser power, and the atomic gas cell temperature are experimentally
measured. The LAR of the magnetic resonance signal are compared. As an optimization ob-
jective function, the influence of experimental parameters on the magnetic resonance signal
of the magnetometer is analyzed, providing an important parameter basis for the develop-
ment of a domestically produced high-sensitivity miniaturized laser-pumped rubidium
atomic magnetometer.

2. Theoretical Analysis
2.1. Principle of a Rubidium Atomic Magnetometer

Owing to the coupling between the spin angular momentum of electrons and the
orbital angular momentum of electrons, the values of the quantum number of the total
angular momentum of electrons will be different, causing the energy levels of rubidium
atoms to split, forming a fine structure of rubidium atoms. Because of the coupling between
the total angular momentum of electrons and the nuclear spin angular momentum, the
quantum number of the total angular momentum of atoms will have different values,
causing further splitting of the energy levels of rubidium atoms, thus forming a hyperfine
structure of rubidium atoms. Under the condition of an external magnetic field, the ground
state energy level will undergo splitting, also known as Zeeman splitting. The degenerate
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hyperfine energy level of rubidium atoms will split into 2F + 1 Zeeman sublevels. Figure 1
illustrates the atomic energy level structure of rubidium 87.
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Figure 1. The atomic energy level structure of rubidium 87.

In a rubidium atomic magnetometer, the energy of rubidium atoms in the ground state
follows a Boltzmann distribution, and is generally uniformly distributed across the split
energy levels of the ground state. The interval between adjacent Zeeman splitting energy
levels is

AE = hw = gsupB, (1)

where £ is the reduced Planck constant, w is the Lamor precession frequency, gs is the
Lande factor, yp is the Bohr magneton, and B is the measured magnetic field. According to
Equation (1), the energy level interval is proportional to the size of the magnetic field, and
measuring the energy level interval can determine the size of the magnetic field. In general,
it is not convenient to directly measure AE, and the magnetic field can be measured by
measuring the Lamor frequency w.

In a magnetic field, the ground state hyperfine structure of rubidium atom F =1 splits
into three sublevels, namely mp = —1,0, +1. As Figure 2 shows, when the circularly polar-
ized pump beam of the rubidium atom D1 line acts on the rubidium 87 atom, the atoms tran-
sition from ground state F = 1, mp = —1,0 levels to excited state F = 1, mp = 0, +1 levels.
Due to the absence of an excited state F = 1, mr = +2 energy level, atoms in the ground
state F = 1,mr = +1 cannot absorb pump light. At the excited state energy level, the
lifetime of an atom is very short, and the atom quickly falls back to the ground state
F = 1,mr = —1,0,+1 through spontaneous emission. The atoms in the ground state
F =1,mp = —1,0 energy levels enter the pumping cycle again, while the number of atoms
in the ground state F = 1, mr = +1 energy level increases. Ultimately, most atoms are in
the ground state F = 1, mr = +1 splitting energy level. Atoms at this energy level are no
longer able to absorb pump light, and the atoms reach a polarized state. At this point, the
transmitted pump light intensity is the highest. Atoms in a polarized state can undergo
transitions in an RF magnetic field, jumping to the adjacent Zeeman splitting energy level
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F =1,mr = 0. The polarization characteristics of atomic gases are disrupted, which is
known as the depolarization phenomenon. At this point, atoms can absorb pump light
again, and the intensity of transmitted light weakens.
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Figure 2. Rubidium atomic polarization process.

When the frequency wy¢ of the radio frequency magnetic field B, fulfills the following
relationship, the polarization characteristics of atomic gases are most thoroughly disrupted,
and the intensity of transmitted light is the lowest, reaching the state of magnetic resonance.
From Equation (1), it can be concluded that

hew
By = oot = M, @)
8sHB  TRb
where g}, is the spin magnetic ratio of rubidium 87 atoms, which is 6.99583 Hz/nT.
Therefore, the magnetic field can be measured through resonance frequency w;s.

2.2. Bloch Equation of Laser Mz OPMs

To provide the influence of various experimental parameters on the magnetometer
LAR, this article discusses the derivation of expressions for the linewidth and amplitude.
First, in response to the work engineering of the magnetometer studied in this research,
the Bloch equation of the macroscopic magnetic moment M with the combined influence
of the measured external magnetic field By and the radio frequency magnetic field By is
obtained, taking into account the effects of relaxation and optical pumping. This is shown
in the following Equation (3) [30]:

d My Mx 'YRbBrf cos wrft T2 Mx My
7 My | = | My | X | TroBrgsinw,pt | — | 12My | +Tp My , 3)
M, M, YRb Bo 71 M, M, — My

where the macroscopic magnetic moment M has three components. M is the macroscopic
magnetic moment at equilibrium. -y; is the longitudinal relaxation rate of atomic spin and
72 is the transverse relaxation rate of atomic spin. I'p is the optical pumping rate.

At steady state, the above Equation (3) is zero. By solving the Bloch equation, the
steady-state solution of Mz is obtained as

[ =T+ (wo — wiy)]

W RBP4 (73 = Tp)* + (wo — wyy)?

z M. 4)

When the RF frequency w, s approaches wp and moves away from wy, the maximum
and minimum values of M, are obtained, and then the amplitude and half-width at half-
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height can be obtained, as shown in Equations (5) and (6). Af is the linewidth of the
magnetic resonance signal. AU is the amplitude of the magnetic resonance signal.

1 —Tp w?
A= T \/1 - (r1=Tp)(12—Tp)’ ©

(Uz r P
(11 =Tp)(r2—Tp)+w?Tp—m

Equation (5) leads to the conclusion that the linewidth is primarily affected by relax-
ation and optical pumping. Both the numerator and denominator of Equation (5) contain
72 — I'p. When I'p approaches 7;, the resonance signal will not appear. The magnetic
moment is My. But, theoretically, it is not possible to provide a linear or nonlinear expres-
sion for the relationship between linewidth and relaxation, and the same applies to optical
pumping. Therefore, to obtain the optimal working parameters of the M, magnetometer,
experiments are a good method that can truly reflect the influence of various parameters
on the linewidth.

From Equation (6), it can be concluded that the amplitude of the magnetic resonance
signal gradually increases with the decrease in the relaxation rate. The molecular denomi-
nator also has an optical pumping term, making it theoretically impossible to determine the
effect of optical pumping on the amplitude of the magnetic resonance signal. The linewidth
is mainly affected by relaxation.

The intrinsic sensitivity of a magnetometer is determined using LAR [31], which is
the linewidth and amplitude of the magnetic resonance signal, as shown in Equation (7).
To improve the intrinsic sensitivity of the magnetometer, it is required that the magnetic
resonance signal has a smaller linewidth and a larger amplitude; that is, the smaller the ratio
of the linewidth and amplitude, LAR, is, the higher the sensitivity of the magnetometer is.

AU =

M. )

_Af
LAR = @)

3. Experiment Setup

The experimental system of the laser-pumped rubidium atomic magnetometer mainly
consists of a Toptica DLpro narrow linewidth external cavity semiconductor laser, laser
frequency stabilization system (Cosy), Cosy controller, beam adjustment elements (half-
wave plate (HWP), polarizer (P), quarter-wave plate (QWP), beam expander (BE), lens (L)),
rubidium atomic gas cell, high-frequency demagnetized heating device, saddle-shaped
RF coil, photodetector, torque-free coil, and magnetic shielding cylinder, as shown in
Figure 3. A laser frequency stabilization system is used to lock the frequency generated
with the laser, generating an 87Rb D1 line continuous monochromatic laser. A half-wave
plate is used to adjust the optical power. A polarizer and quarter-wave plate form a
circular polarizer, which is used to convert the laser generated with the laser into circularly
polarized light. The beam expander is used to expand circularly polarized light into a
spot with a diameter of approximately 15 mm, increasing the interaction area between
the laser and rubidium atoms. The rubidium atomic gas cell is cylindrical in shape and
has a size of 30 mm X 25 mm to reduce the collision of gaseous rubidium atoms on the
inner wall of the gas cell after heating and increase the effective rubidium atoms that can
be used for pump polarization. Two buffer gases, helium gas at 1000 Pa and nitrogen gas
at 100 Pa, are used to fill the rubidium atomic gas cell. The photodetector (PD) utilizes a
DSi200 ultraviolet-enhanced silicon detector. A moment-free coil is used to simulate the
generation of a geomagnetic field, with the main magnetic field generated in the same
direction as the laser. The rubidium 87 atomic gas cell is placed in a five-layer magnetic
shielding cylinder with a residual magnetic field of 2 nT and used to shield the interference
of external electromagnetic field signals with the experiment.
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Figure 3. Schematic diagram of the experimental system for the Mz-type laser-pumped rubidium

atomic magnetometer.

To facilitate the adjustment and monitoring of optical power, the beam adjustment
components in the detection system are constructed using discrete components. The detec-
tion system, which is located inside the magnetic shielding cylinder, has other components
integrated into it.

3.1. Magnetic Shielding System

Owing to the interference caused by different frequencies of magnetic field signals
in the geomagnetic field and geomagnetic field in the laboratory environment, it is nec-
essary to compensate for or shield the interference signals. Typically, active shielding
(measuring interference to compensate for interference) or passive shielding (multi-layer
magnetic shielding) methods are used for compensating for or shielding interference sig-
nals. To reduce magnetic interference signals and improve the convenience of experiments,
a multi-layer magnetic shielding device is adopted to provide a nonmagnetic interference
environment for conducting magnetic measurement experiments. The sensitivity testing
and optimization of the magnetometer are carried out in the magnetic shielding device.
The magnetic shielding device has two functions, the first of which is to shield the external
magnetic field. In the geomagnetic environment, the residual magnetic field inside the
barrel is required to be less than 2 nT. Furthermore, it can provide a shield for electromag-
netic interference, and the magnetic shielding device contains a layer of an aluminum tube,
which plays a role in shielding for electromagnetic interference.

The common shapes of magnetic shielding devices are spherical, cylindrical, and
square. When using the same material, the spherical shielding factor is the highest, but
the processing difficulty is the greatest and the spherical shape is inconvenient to use. The
square shape is the easiest to machine, but due to its sharp edges, the shielding factor is the
smallest. When the cylinder length is greater than three times the cylinder diameter, the
shielding factor is close to that of the cylinder, and it is easy to process and use. Therefore,
in general, a cylindrical structure is used. In this research, the magnetic shielding device is
a cylindrical shielding cylinder, and the designed cylinder length is greater than three times
the cylinder diameter. Usually, to increase shielding performance, a multi-layer structure is
used. In this research, a six-layer structure is used with an outer layer of aluminum and
a middle layer of five layers of a high-permeability permalloy (relative permeability is
2 x 1042 x 10° ), with one end sealed and the other end covered, with a through hole in
the center of both ends of ®30 mm. The inner cavity size is ®650 mm x 2500 mm.
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The inner lining, cushion layer, and outer protective cover of the magnetic shielding
device are designed with consideration of the actual usage environment. The inner sur-
face is lined with nonmagnetic insulators, and the cushion layer meets the load-bearing
requirements for placing torque-free coils in the later stage. The device is designed as a
whole buckle cover, and one end is a movable cover structure that can be moved as a whole
under the support of the support frame, ensuring a complete fit with the main body of the
magnetic shielding device, as shown in Figure 4. To avoid magnetization of the magnetic
shielding device after a period of use, a demagnetization line is designed for this device
that is placed inside the shielding layer and equipped with a demagnetizer to achieve
the purpose of demagnetizing the magnetic shielding device. After actual measurement,
the magnetic shielding device is placed in the geomagnetic field environment in an axial
east-west direction, with axial residual magnetic field B < 2 nT and a radial horizontal
residual magnetic field B < 2 nT, meeting the requirements of the magnetometer magnetic
measurement experiment.

Figure 4. Magnetic shielding device.

3.2. High-Frequency Nonmagnetic Heating Device

In the experiment, laser interaction with gaseous rubidium atoms is required, and
the density of rubidium particles in the atomic cell is closely related to the temperature
inside the cell. Typically, the density of rubidium particles in an atomic cell can be acquired
using the saturation vapor pressure and the ideal gas state equation. This is based on the
formulas for the saturation vapor pressure of solid rubidium-87 (Equation (8)) and liquid
rubidium-87 (Equation (9)) [32]. The saturation vapor pressure curve for rubidium-87 is
obtained, as shown in Figure 5. The melting point of rubidium is 38.89 °C. The particle
density can be obtained using the ideal gas state equation (Equation (10)). Therefore, precise
control of the temperature inside the atomic cell is crucial. Additionally, it is required that
the heating device does not introduce any interfering magnetic fields.

4215

logyo P = 2.881 +4.857 — ~—, 8)

log,o P = 2.881 +4.312 — &sz, ©)
P

n— NAf (10)

RT"



Sensors 2023, 23, 8919

8 of 17

102

-

o
o
T

Vapor pressure(Pa)
=
N

-

o
A
T

0 50 100 150 200
Temperature( 'C)

1076

Figure 5. Vapor pressure curve of rubidium-87 isotope. (The blue curve applies to solid rubidium-87,
while the red curve applies to liquid rubidium-87).

For the atomic cell, conventional heating methods include DC coil heating, thin film
heating, semiconductor heating, and high-temperature gas heating. However, common
DC coil heating, thin film heating, and semiconductor heating methods all experience
significant magnetic field interference issues. While high-temperature gas heating has very
low magnetic noise, it is difficult to control the temperature precisely, and portability is
lacking. Traditional open-loop DC coil heating methods have difficulty controlling the
heating temperature and stabilizing it at the desired value. Moreover, they introduce
significant magnetic field interference.

The high-frequency nonmagnetic heating system developed in this study consists of
three components: the control system, heating module, and temperature sensing probe.
The main function of the control system is to use a high-frequency current for heating,
with a frequency of up to 10 kHz, avoiding the rubidium atomic magnetometer’s Larmor
precession frequency. The interference magnetic field signals generated with the high-
frequency current are filtered out using the backend circuitry. The heating module employs
a twisted pair wire model where the metal wire is wound around the outside of the atomic
cell heating cavity, allowing the magnetic fields generated with the current in the wire to
cancel each other out in opposite directions. The temperature sensing probe uses platinum
resistance Pt100. This heating and temperature sensing module also makes it possible to
replace the cylindrical rubidium atomic cell in the experiment, thus eliminating the need for
repetitive and irregular manual winding of heating coils. Finally, at 70 °C, the temperature
control accuracy of the high-frequency nonmagnetic heating system is measured to be
better than £1.5 °C within 1 min.

3.3. Saddle-Shaped RF Coil

RF coils for magnetometers are generally designed as Helmholtz coils. However,
Helmbholtz coils are massive and inconvenient for installation and integration, especially
when used with cylindrical Rubidium atomic cells. Hence, in this study, the RF coil is
designed in a saddle shape to match the structure of the cylindrical Rubidium cell and
the heating probe. Figure 6 illustrates the designed RF coil and its support bracket for the
cylindrical Rubidium cell. The RF coil is wound with a fine copper wire along the grooves
on both sides of the cylindrical support bracket, with consistent winding direction on both
sides. The size of the RF coil bracket is ®60 mm x 46 mm, and the RF coil is installed in
the groove of the RF coil. The two coils are symmetrical, and each coil has four turns. The
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coil constant is about 100 n'T/mA through finite element simulation. In the experiment, the
saddle-shaped RF coil and its support bracket are placed on a semi-circular support stand.
This compact RF coil design facilitates integration with the temperature control system and
heating module, enabling miniaturization of the probe.

Figure 6. Saddle-shaped RF coil holder.

4. Results and Discussion

In the magnetic field measurement experiment, the magnetic field being tested is gen-
erated with a nonmagnetic coil. The current is set to 1680 mA, producing a magnetic field
of 50,765 nT. First, the temperature of the atomic vapor cell is adjusted using a temperature
controller to convert the 8Rb isotope into a gaseous state using the nonmagnetic heating
device. Then, the coupling power of the laser fiber coupling head is maximized with adjust-
ment, and the laser frequency locking system is controlled through software to lock the laser
frequency to the D1 transition spectrum of 8Rb. A monochromatic laser beam resonant
with the D1 transition of 8Rb is used as the pump light, which is converted into circularly
polarized light via a circular polarizer. The circularly polarized light enters the Rubidium
atomic cell after being expanded with a beam expander, polarizing the Rb atomic gas.
The polarized 8 Rb atomic gas no longer absorbs the pump light, and the strongest light
intensity detected with the photodetector is observed on the oscilloscope. Finally, the RF
coil is connected to a function generator, which generates a sinusoidal frequency sweep
signal. Given the magnetic field strength of 50,765 nT, the Larmor frequency is 355 kHz.
Therefore, the frequency sweep range is set to 300400 kHz, with a sweep time of 1 s. The
intensity of the RF signal can be adjusted. When the RF magnetic field frequency matches
the spin Larmor precession frequency of the atoms, the rubidium atoms are depolarized,
and the weakest light intensity is observed on the oscilloscope. Figure 7 illustrates the
magnetic resonance signal collected through the oscilloscope. The lowest point of the
signal represents the magnetic resonance point, the half-width of the signal represents the
linewidth, and the difference between the maximum and minimum values of the signal
represents the signal amplitude. The frequency corresponding to the magnetic resonance
point is the Larmor resonance frequency wy, which can be calculated from Equation (2) to
obtain the magnetic field value.
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Figure 7. Magnetic resonance signal measured in the experiment.

4.1. Effect of the RF Intensity on the Magnetic Resonance Signal

From the mechanism of relaxation, it can be inferred that the change in the pump laser
frequency affects the rate of relaxation, thereby affecting the linewidth. In Figure 8, the D1
absorption spectral lines of rubidium 87 and rubidium 85 atoms are shown. Based on the
spacing between the ground state hyperfine energy levels of rubidium 87, the frequency
difference between the first and third spectral lines is 814.5 MHz. In accordance with the
spacing between the ground state hyperfine energy levels of rubidium 85, the frequency
difference between the first and third spectral lines is 361.6 MHz. On the left side of the
figure are three spectral lines of rubidium 87 from the ground state to the excited state:
F=2toF=1,F=2toF=1and F=2,F=2to F=2.

63

64 65
Piczo Voltage (V)

Figure 8. D1 absorption line of rubidium 87 atom (the blue curve) and rubidium 85 atom (the
red curve).
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As shown in Figure 9, the effect of the laser frequency on the sensitivity of the magne-
tometer is given by selecting different absorption spectral lines to lock in the laser frequency.
The first spectral line (ground state F = 2 to excited state F = 1) with the strongest signal
strength and the smallest linewidth is selected. The third spectral line (ground state F = 2 to
excited state F = 2) with a signal strength smaller than the first spectral line is also selected.
Due to the low signal amplitude of the second spectral line ground state F = 2 to excited
state F = 1 and excited state F = 2, it is almost impossible to capture its frequency point, and
the signal amplitude is zero. Therefore, to improve the experimental sensitivity, the laser
frequency is locked at the first spectral line in the subsequent experiments.
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Figure 9. Effect of laser frequency on the sensitivity of magnetometers.

4.2. Effect of the RF Intensity on the Magnetic Resonance Signal

First, The temperature of the rubidium atom cell is determined to be 70 °C. The laser
frequency is set to 100 uW to 800 uW. The influence of the scanning field intensity of the RF
coil on the magnetic resonance signal is studied. The RF signal cable is directly connected to
the signal generator. The signal generator provides voltage signals to both ends of the coil.
A current loop is formed in a closed coil, which in turn generates an alternating magnetic
field. During the experiments, it is observed that when the radiofrequency intensity exceeds
800 mYV, the signal amplitude does not show significant enhancement, but the linewidth
increases notably. Therefore, the sweep field intensity of the radiofrequency coil is only
varied within the range of 100 mV to 800 mV to investigate its effect on the sensitivity
of the magnetometer. As shown in Figure 10a, the experimental findings reveal that as
the radiofrequency intensity increases, the signal amplitude also increases, albeit at a
decreasing rate. This phenomenon is attributed to the fact that polarized atoms require
energy from the radiofrequency magnetic field for depolarization. When the radiofrequency
intensity reaches a certain threshold, a saturation point is reached where a certain number
of atoms have already undergone depolarization, leading to a gradual reduction in the rate
of increase of the magnetic resonance signal. As shown in Figure 10b, the linewidth exhibits
a nearly linear increase, with a slope greater than that of the signal amplitude increase.
Simultaneously, the influence of the radiofrequency intensity on both the amplitude and
linewidth is studied for different optical powers, showing similar trends. As depicted
in Figure 11, after calculating the LAR of the amplitude to linewidth for different optical
powers and radiofrequency intensities, it is observed that the impact of the radiofrequency
intensity on the LAR is within the same order of magnitude and relatively minor. However,
to achieve the optimal signal, the radiofrequency intensity should be maintained within
the range of 200-300 mV.
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Figure 10. (a) Effect curve of RF intensity on magnetic resonance signal amplitude. (b) Influence
curve of RF intensity on magnetic resonance signal linewidth.
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Figure 11. Influence curve of RF intensity on the ratio of magnetic resonance signal linewidth
to amplitude.

4.3. Effect of Laser Power on the Magnetic Resonance Signal

After determining the range of radiofrequency intensity, in this study, the relationship
between the laser power and the magnetic resonance signal is examined. As shown in
Figure 12a, as the laser power increases, the signal amplitude gradually increases, although
at a diminishing rate. This is because the pump laser can polarize ground-state atoms.
As laser power increases, the polarization rate surpasses the relaxation rate, and when
nearly all atoms are polarized, the rate of increase in the signal amplitude slows down
and approaches saturation. As depicted in Figure 12b, the linewidth shows little variation
with changes in the laser power, and relative to the signal amplitude, the influence of laser
power on the linewidth is not significant. The impact of laser power on the amplitude
and linewidth exhibits the same trends for different radiofrequency intensities. Figure 13
provides the curves illustrating the effect of the optical power on the magnetic resonance
signal amplitude and linewidth. At 100 uW, the LAR is approximately 2000 Hz/mV, and at
400 uW, the LAR is approximately 200 Hz/mV. Adjusting the optical power can reduce the
LAR ratio of the linewidth to amplitude by one order of magnitude. The optimal optical
power has a minimum value, which should be greater than or equal to 400 pW. At this
point, the ratio of the linewidth to amplitude, LAR, is the minimum.
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Figure 12. (a) Effect curve of optical power on magnetic resonance signal amplitude. (b) Influence
curve of optical power on magnetic resonance signal linewidth.
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Figure 13. Influence curve of optical power on the ratio of magnetic resonance signal linewidth
to amplitude.

However, the number of gaseous rubidium atoms present in the atomic vapor cell
can vary at different temperatures, and consequently, the required laser power may not
remain constant. In different temperature conditions, laser power cannot be held constant;
it needs to be adjusted based on the number of rubidium atoms inside the vapor cell. When
the atomic vapor cell temperature is high, there are more atoms, and higher laser power is
required to polarize the atoms. Conversely, lower laser power is needed when there are
fewer atoms. Therefore, in this study, systematic experimental research is conducted on the
signal amplitude and linewidth under different temperature and laser power conditions.

4.4. Effect of the Atomic Cell Temperature on the Magnetic Resonance Signal

The RF intensity is determined to be 200 mV, and the temperature and laser power of
the high-frequency nonmagnetic heating system change. The temperature range is 45 °C
to 75 °C. As shown in Figure 14a, experimental findings reveal that as the temperature of
the atomic vapor cell increases, the signal amplitude initially increases and then decreases.
This is attributed to the fact that as the temperature of the atomic vapor cell increases, the
number of gaseous rubidium atoms available for pumping increases, leading to greater
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polarization. However, as the rubidium content within the atomic vapor cell is limited, the
further temperature increase due to collision effects causes the effective number of gaseous
rubidium atoms available for pumping to decrease rapidly, resulting in a reduction in the
amplitude of the magnetic resonance signal. As shown in Figure 14b, the linewidth exhibits
a trend of initially remaining stable and then gradually increasing. For laser powers of
200 uW and 300 pW, the linewidth begins to increase from 65 °C. For laser powers of
400 uW, 500 uW, and 600 uW, the linewidth begins to increase from 70 °C. However, for
different laser powers, the optimal temperature points are different. At lower laser powers
(200 uW), the optimal atomic vapor cell temperature is lower at 65 °C. When the power
reaches 400 uW, the optimal temperature is 70 °C.
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Figure 14. (a) Effect curve of atomic vapor cell temperature on magnetic resonance signal amplitude.
(b) Influence curve of atomic vapor cell temperature on magnetic resonance signal linewidth.

Under varying laser power and temperature conditions, the ratio of the linewidth to
amplitude (LAR) for the magnetic resonance signal exhibits the changes shown in Figure 15.
The optimal combination of laser power and temperature is found to be 400 uW and 70 °C.
At 45 °C, the LAR is approximately 4000 Hz/mV, while at 70 °C, the LAR is approximately
100 Hz/mV. The LAR decreased to 1/40 of its value before optimization, indicating that
the sensitivity of the magnetometer can be improved by a factor of 40 after optimization.
This provides a parameter-based foundation for enhancing magnetometer sensitivity.
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Figure 15. Influence curve of atomic vapor cell temperature on the ratio of magnetic resonance signal
linewidth to amplitude.
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The above optimization process has not yet considered the effects of the buffer gas
type, pressure, and nonuniformity of the measured magnetic field on the linewidth. How-
ever, this research provides an experimental basis for optimizing the linewidth of other
parameters for the same atomic vapor cell and external magnetic field. After replacing
different atomic vapor cells, the best parameter combination for the atomic vapor cell can
be quickly found according to the methods and rules described in this paper.

4.5. Measurement of Magnetometers’ Sensitivity under Optimal Experimental Parameters

The sensitivity of OPMs is an important indicator. The sensitivity mentioned in section
two of this research is the inherent sensitivity of the magnetometer, which is applicable
to the evaluation of parameter selection in open-loop systems. In order to obtain the
measured sensitivity of the magnetometer under the optimized parameters in this research,
we designed a closed-loop control system for this magnetometer based on LabVIEW and
the data acquisition module, which can obtain the magnetic induction intensity of the
measured magnetic field in real time. The measured sensitivity is characterized by noise
spectral density. The real-time measurement curve of magnetic induction intensity obtained
is shown in Figure 16a, with a peak-to-peak value of approximately 0.2 nT after about
15 min of real-time measurement. As shown in Figure 16b, the noise spectral density
measured under optimal experimental parameters is 1.5 pT/Hz!/?@1 Hz.
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Figure 16. (a) The real-time measurement curve of magnetic induction intensity under optimal experi-
mental parameters. (b) The noise spectral density measured under optimal experimental parameters.

5. Conclusions

In this research, the magnetic measurement process of rubidium laser OPMs is ana-
lyzed, and the experimental system of rubidium laser OPMs is built. For the simulated
geomagnetic field intensity, the magnetic measurement experiment of the magnetometer
probe is carried out using the experimental system. The following conclusions are obtained:

(1) The observed effects of the radiofrequency (RF) intensity, laser power, and atomic
cell temperature on the magnetic resonance signal amplitude, linewidth, and linewidth-to-
amplitude ratio, LAR, are consistent with the theoretical analysis.

(2) The radiofrequency (RF) intensity has a comparatively minor impact on the
linewidth-to-amplitude ratio, LAR, but should be controlled within the range of
200-300 mV. Laser power and atomic cell temperature are the primary factors influencing
the amplitude, linewidth, and linewidth-to-amplitude ratio, LAR, of the magnetic reso-
nance signal. Adjusting the laser power can reduce the linewidth-to-amplitude ratio, LAR,
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by one order of magnitude while altering the atomic cell temperature can reduce LAR to
1/40 of its value before optimization.

(3) At different atomic cell temperatures, the optimal laser power varies. Laser power
should be adjusted based on the number of rubidium atoms inside the atomic cell. An
optimal combination of laser power and atomic cell temperature can help achieve the best
performance.

(4) The peak-to-peak value of magnetic induction intensity is approximately 0.2 nT
after about 15 min of real-time measurement under optimal experimental parameters. The
sensitivity defined using the noise spectral density measured under optimal experimental
parameters is 1.5 pT/Hz!/?@1 Hz.

This article provides the optimal parameter selection reference for the development
of highly sensitive Mz rubidium laser OPMs for use in a geomagnetic field. The next
step will be to design an integrated miniaturized magnetic field sensing probe and a
closed-loop lock-in circuit for the Larmor frequency based on the optimized experimental
parameters, facilitating closed-loop magnetic field measurements and enhancing the real-
time measurement capabilities of the magnetometer.
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