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With the development of quantum precision measurement technology, measurement methods based on magnetic, optical and atomic interactions have started to receive widespread attention. Among them, quantum precision measurement based on the spin-exchange relaxation-free (SERF) effect shows great potential by its ultra-high measurement sensitivity. This paper introduces the basic operation principles of the magnetic field and inertia measurement based on the SERF effect, and focuses on the research progress and applications of SERF quantum precision measurement in fundamental physics, inertial navigation and biomedicine. Finally, we propose a prospect for the directions of SERF quantum precision measurement.
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INTRODUCTION
Physical quantity information plays a significant role in precise measurement. With the development of multi-disciplinary, multi-technology and multi-Frontier scientific exploration, such as quantum optics, atomic manipulation technology, atomic physics, optics, material science and microelectronics, a door has been opened for precision measurement. Precision measurement has experienced the development of electromechanical and photoelectric methods, and now it has entered the quantum era [1, 2]. Quantum precision measurement based on the cold and hot atoms can realize high precision and high sensitivity measurement of physical quantities [3–5]. Through the research and technical application of high-precision and high-sensitivity measurement methods, quantum level limit detection, precise operation and comprehensive application can be realized. With the discovery of new physical effects, new control principles and methods in the field of quantum manipulation, the sensitivity of quantum precision measurement has increased by an order of magnitude [6]. At present, the seven basic physical quantities that represent the highest level of precision measurement have all been quantized. In addition to the seven basic physical quantities, extremely weak magnetic field measurement and inertial measurement are also moving towards the quantum era [7, 8].
Quantum precision magnetic field measurement is of great value in the fields of electric dipole moment (EDM) measurement in Frontier physics research [5], brain magnetic and cardiac magnetic field measurement in brain science and medicine [9, 10], deep space magnetic field exploration in space science [11], etc. Quantum inertial measurement has broad application prospects in Frontier physics research such as Charge conjugation-Parity transformation-Time reversal (CPT) conservation [12, 13] and long-time high-precision navigation of moving vehicles [14].
The spin effect based on spin-exchange relaxation-free (SERF) developed in the early 21st century can realize extremely weak magnetic field measurement [7] and ultra-high sensitivity inertial measurement [8]. The theoretical sensitivity of the extremely weak magnetic field measurement based on SERF effect can reach the order of aT (10–18 T), which represents the new development direction of the world’s precision extremely weak magnetic field measurement technology. Based on SERF effect, an ultra-high sensitivity inertial measurement with a theoretical accuracy of 10–12°/s/Hz1/2 can be achieved, which is four orders of magnitude higher than the highest international index. There is no doubt that the research of quantum precision measurement based on SERF effect will play an important role in a wide range of applications.
In this paper, we review the development and application of quantum precision measurement technology based on SERF effect. More specifically, we describe the principle of atomic SERF effect, and review the progress and application of SERF effect in fundamental physics, inertial navigation and biomedicine. Finally, we propose a prospect for quantum precision measurement technology based on SERF effect.
FUNDAMENTAL PRINCIPLES
Spin is an endogenous property of atoms. Atomic spins include electron spin and nuclear spin, which have angular momentum and magnetic moment, respectively. Since the atomic spin is sensitive to the magnetic field or rotation relative to the inertial space, the measurement of magnetic field or inertial rotation can be achieved by detecting the spin precession of atoms [15, 16]. The process of measurement is roughly divided into the following three stages: 1. polarization of spin; 2. interaction of spin with external physical fields; 3. measurement of spin polarization [17]. Atomic spin polarization is the basis for measuring atomic spin precession. The spins of atoms in their natural states are haphazard, and an applied magnetic field and pumped light can give their haphazard spins a macroscopic pointing, which is called polarization [15]. However, while polarizing, a spin-exchange relaxation process is caused by spin-exchange collisions between atoms. The spin relaxation process indicates spin depolarization, reducing the measurement’s performance.
Happer et al. found that if the atomic density is increased and the atoms are placed in a weak magnetic field, the spin-exchange rate of the atoms can be much larger than the atomic Larmor precession frequency [18], at which point the relaxation due to spin exchange collisions is greatly reduced and disappears completely under zero magnetic field conditions. This physical phenomenon is called the atomic spin-exchange relaxation-free (SERF) regime [19], which is expressed as a return to the initial polarization regime before the polarized atom can depolarize [20]. It was found that the mechanism of the SERF regime is that the high atomic density substantially increases the spin-exchange rate between atoms, and the weak magnetic field significantly reduces the Larmor precession frequency of atoms, then the whole atomic system enters into a fast spin-exchange regime [7]. The atoms quickly traverse all the ground state hyperfine sublevels in a very short time and rapidly transition between hyperfine energy levels. Since the higher hyperfine energy levels have more sublevels, with the pumping light pumping, the atoms have a higher probability of settling to the higher hyperfine energy levels, and the total spin of the atomic system remains in the same direction [21]. Figure 1 shows the schematic diagram of atomic spin-exchange collisions. Therefore, in the SERF regime, all the atoms on the hyperfine energy levels are locked together to move coherently, and spin-exchange collisions no longer cause spin relaxation, which effectively reduces the total relaxation rate at high atomic number density conditions and substantially improves the measurement sensitivity.The SERF regime gives the atoms a consistent and stable spin-in motion. The property can be exploited for precision measurements of magnetic fields and inertial rotations. Since the first SERF magnetometer was developed in 2003 [7, 22], there is a rapid development in this research field in the past 2 decades. SERF atomic magnetometers use alkali metal atoms (K, Rb, Cs, etc.) as the atomic source, and the vapor cell generally includes alkali metal atoms, buffer gas (4He), quenched gas (N2), etc [23]. The general principle of the new magnetic field sensors is described as follows: a circularly polarized pump light is irradiated into the cell of alkali metal atoms, and the alkali metal atoms jump from the ground state to the excited state [24]. Then the alkali metal atoms reach the SERF regime. The external weak magnetic field brings a Larmor precession of the atomic spin. Another beam of linearly polarized light is applied to irradiate perpendicular to the pump light into the alkali metal cell for detecting the Larmor precession of the atomic spins [25]. The relationship exists between the external magnetic field and Larmor precession frequency is described as:
[image: image]
where ω represents the frequency of the Larmor precession; [image: image] is the norm of the external magnetic field intensity. And γe represents the electron spin-to-magnetic ratio of the alkali metal atom. The SERF atomic magnetometer measures the Larmor precession frequency of spin-polarized atoms in a magnetic field to indirectly obtain the magnitude of the magnetic field, thus achieving the magnetic field measurement [26]. Figure 2 displays the schematic diagram of the working principle of SERF atomic magnetometer. The theoretical sensitivity of the SERF atomic magnetometer is formulated as [7]:
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where n denotes the atomic number density; T2 represents the transverse spin relaxation time; V is the sensitive volume of the alkali metal atom, and t is the measurement time.
[image: Figure 1]FIGURE 1 | Spin-exchange collisions (A) Spin-exchange relaxation; (B) Spin-exchange relaxation-free [7].
[image: Figure 2]FIGURE 2 | Schematic diagram of the operation principle of SERF atomic magnetometer. [image: image] is the external magnetic field. [image: image] represents the magnetic moment of the spin of alkali metal atom. ω is the frequency of the Larmor precession of magnetic moment. The pump light induces spin polarization of the alkali metal atoms. Under the action of the external magnetic field, the magnetic moment of the atomic spin will undergo Larmor precession, and another beam of probe light is irradiated perpendicular to the pump light to detect the Larmor precession [20].
The SERF inertial measurement was developed based on the measurement of magnetic fields using the SERF effect, and the first SERF effect-based inertial measurement device was proposed in 2005 [8], which has led to much research in this field. The SERF inertial measurement consists of SERF atomic magnetometer and hyperpolarized noble gas spin system synthesis. The schematic diagram of the operation principle of SERF inertial measurement is shown in Figure 3. The system integrates the electron spin of alkali metal atom and the nuclear spin of noble gas and carries out the angular velocity measurement by manipulating the electron spin of alkali metal atom to work in the SERF regime, and the nuclear spin of noble gas atom is strongly coupled with the electron spin of alkali metal atom. The general principle is described below.
[image: Figure 3]FIGURE 3 | Schematic diagram of the operation principle of SERF inertial measurement. (A) Initial state of SERF regime; (B) Rotation of SERF regime. Pn represents the nuclear spin of the noble and Pe is the electron spin of the alkali metal atom. Due to the strong coupling between the nuclear spin of the noble gas and the electron spin of the alkali metal atom, the nuclear spin of the noble gas can follow and compensate the change of the external magnetic field, so that the static magnetic field felt by the electron spin of the alkali metal atom is close to zero. And the electron spin of the alkali metal atom will only be sensitive to inertial rotation [8].
The electron spin of the alkali metal atom has a fixed axis in the inertial space. In order to avoid the Larmor precession of this electron spin under the magnetic field, the coupled magnetometer structure is constructed by combining the nuclear spin of the noble gas and the atomic electron spin of the alkali metal. The electron spin of the alkali metal atom is strongly coupled to the nuclear spin of the noble gas in a specific case. Then the nuclear spin of the noble gas atom can automatically track and compensate for the change of the external magnetic field, thus isolating the influence of the magnetic field on the electron spin fixation of the alkali metal atom. When the carrier rotates, the electron spin direction of the alkali metal atom remains unchanged, while the detection laser is fixed on the carrier and rotates with the carrier, whose angle with the electron spin reflects the carrier’s relative inertial space rotation. The nuclear spin of noble gas atoms is also fixed-axis in inertial space. When it compensates for the external magnetic field, a projection is produced in the direction of the angular velocity. The projection is related to the magnitude and direction of the angular velocity. The electron spin of the alkali metal atom will be affected by the projection of the nuclear spin, which will enhance the sensitivity of the detection laser to detect the electron spin pointing, and eventually improve the system’s sensitivity to the angular velocity measurement [27]. The theoretical sensitivity of the SERF atomic spin inertia measurement is described as [13]:
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where γn is the nuclear spin-to-magnetic ratio of the noble gas atom.
MAJOR APPLICATIONS AND PROGRESS OF SERF QUANTUM PRECISION MEASUREMENT
SERF quantum precision measurement has two advantages: ultra-high detection sensitivity and integration of measurement devices. It has broad application prospects in fundamental physics, inertial navigation, biomedicine, geophysics, geomagnetism [28, 29], deep space magnetic detection [30], and extremely weak magnetic detection of matter [31]. At present, SERF quantum precision measurements have the most potential and have made significant research progress in fundamental physics, inertial navigation, and biomedical fields. In the following, we provide a detailed overview of the research in these three application areas.
Fundamental physics
The quantum precision measurement device based on the SERF effect has an important and wide application in measuring basic physical quantities, especially in the new physical research beyond the standard model, because of its ultra-high sensitivity potential. These devices are expected to test the joint symmetry of charge, parity, and time inversion, measure the EDM of particles and detect the spin-spin interaction force. The sensitivity of the SERF measurement device determines the limit of the detection ability of the above physical quantities.
CPT conservation is an important symmetry theory based on the assumption of the standard particle model. The accurate measurement of EDM is conducive to verifying the asymmetry of time inversion. Compared with the method of using a high-energy particle accelerator [32] and large spallation neutron source [33, 34], the SERF measurement device based on atomic spin measures EDM by measuring the precession signal of particles in the electromagnetic field, which is a more efficient low-energy means [35]. In 2001, Romalis et al. measured the EDM of [image: image] using an ultra-high sensitivity experimental device and an ultraviolet laser. The upper limit of the electric dipole moment of 2.1 × 10–28 e cm was obtained with a reliability of 95%, which increases the previous EDM limit by 4 times [36]. In 2013, Swallows et al. measured the EDM of [image: image] with an improved experimental device including four vapor cells. The upper limit of the EDM of 3.1 × 10–29 e cm was obtained with a reliability of 95%, which is an order of magnitude higher than the previous measurement results and 7 times higher than the previous EDM limit [37].
CPT symmetry is broken in the standard model extension theory to some extent [38]. To test CPT symmetry breaking, Allred et al. achieved an atomic spin SERF regime to improve the sensitivity of the device in 2002 [7]. On this basis, the Romalis group demonstrated a new SERF inertial measurement method combined with the high-sensitivity SERF magnetometer in 2005 [13]. Figure 4 shows experimental schematic of the first generation horizontal SERF co-magnetometer, on which Lorentz and CPT tests were carried out. After that, the inertial measurement of the group is divided into engineering applications [39, 40] and Frontier basic physics research [39].
[image: Figure 4]FIGURE 4 | Experimental schematic of the first generation horizontal SERF co-magnetometer. Pump light and probe light orthogonally illuminate the cell, which is filled with 12 amagats of 3He, 46 Torr of N2 for quenching and a small drop of K [39].
To further test CPT symmetry breaking, the second generation vertical SERF co-magnetometer was designed and built to improve system stability and sensitivity. The experimental device diagram is shown in Figure 5. On the second generation vertical inertial measurement device, Brown et al. studied the neutron spin coupling of Lorentz and CPT destroying under the background field and setting a new limit. The experimental results are 30 times higher than the previous neutron limit and have the highest energy resolution in all spin anisotropy experiments [42, 43].
[image: Figure 5]FIGURE 5 | Experimental schematic of the second generation vertical SERF co-magnetometer. The cell is filled with 9.4 amagats of 3He, 29 Torr of N2 for quenching and a drop of K. The optics and associated electronics are mounted on a rotating platform driven by an AC servo motor [42].
Because the spin magnetic ratio of the [image: image] atom is one order of magnitude lower than that of the [image: image] atom, the energy resolution can be improved by one order of magnitude by replacing the [image: image] atom with the [image: image] atom under the same magnetic field measurement sensitivity. Therefore, the measurement indicators of CPT and Lorenz symmetry breaking and inertial rotation based on [image: image] atom have the potential to increase by an order of magnitude. In addition, the nuclear spin of the [image: image] atom is 3/2, which can be applied to measure the parameters related to tensor interaction in Lorenz symmetry breaking [44]. In 2009, Ghosh et al. carried out the preliminary measurement of interaction parameters between [image: image] atom and K atom, and Rb atom, providing support for the application of [image: image] atom in inertial measurement [24, 45]. Based on previous single technology research, Smiciklas et al. demonstrated a new K-Rb-[image: image] SERF inertial measurement device in 2011, which was used to find tensor interactions that violate local Lorentz invariance. The experimental results showed that the Lorentz failure coefficients in part of the space were limited. These coefficients made the anisotropy uncertainty of particles reach 10–29, and increased the previous limit by 2–4 orders of magnitude [12]. Because the inertial measurement is sensitive to rotation, especially the signal generated by the earth rotation projection will affect the experimental verification of CPT symmetry breaking. Therefore, Romalis et al. placed the third generation SERF co-magnetometer at the South Pole in 2013, which reduced the previous equivalent ground speed of about 2.6 pT to less than 0.1 fT. To carry out high-precision experimental test of CPT symmetry breaking, they also replaced K atoms with Cs atoms to reduce the optical frequency shift of the system. The inertial measurement sensitivity of this device was 2.8 × 10–6°/s/Hz1/2@5Hz, and CPT symmetry-breaking test experiment is currently in progress [46].
In the fifth force detection, the SERF measurement device also plays a great role. In 2009, Vasilakis et al. explored the abnormal nuclear spin-related force generated by a single [image: image] spin and put forward new restrictions on the abnormal spin force between neutrons. The detection sensitivity for new particles even exceeded the gravity effect, and the inertial angular velocity detection sensitivity of the whole system reached 4.0 × 10–6°/s/Hz1/2@1 Hz. Figure 6 shows the comparison of spin-dependent force limits, and the solid line shows the research results of the team [39]. To find the spin interaction beyond the standard model, Sheng et al. described a new [image: image]-[image: image] SERF system detected by Rb atoms and verified a general and practical method through experiments to explore new spin correlation forces in 2014 [47].
[image: Figure 6]FIGURE 6 | Limitations on spin interaction forces in various studies. Constraints on the coupling of pseudoscalar bosons to neutrons as a function of boson mass. Solid lines are from Vasilakis’s studies for Yukawa coupling, and other lines are from previous related research [39].
In 2018, Lee et al. built a K-[image: image] SERF co-magnetometer and applied it to measure the long-range abnormal interaction between fermions. The experimental schematic diagram is shown in Figure 7A. The experimental results increased the limit values of neutrons and electrons by an order of magnitude, as shown in Figures 7B,C [48]. Lee also reported the research progress of SERF atomic spin inertial measurement device of K-Rb-[image: image] atomic source used in spin mass interaction limiting experiment [49].
[image: Figure 7]FIGURE 7 | (A) Schematic diagram of K-[image: image] co-magnetometer experiment; (B) Limit for neutron [image: image] (95% C.L.); (C) Restrictions on electronic [image: image] (95% C.L.) [48].
In 2018, Ji et al. reported the search results for long-range spin-spin velocity-dependent forces (SSVDF) based on the SmCo5 spin source and SERF co-magnetometer, and the experimental setup is shown in Figure 8. With the help of a high-sensitivity SERF co-magnetometer, high spin density, and similarity analysis, new constraints on the possible new singular potentials of V6+7, V8, V15, and V16 were derived in the force range of 5 cm − 1 km. In particular, for V15, the experimental results were more than three orders of magnitude better than those of [51] in this force range. For V8, the experimental results were more than 11 orders of magnitude better than [47] for a force range larger than 1 m. The findings promote the future improvement of SERF sensitivity using similar experimental setups.
[image: Figure 8]FIGURE 8 | (A) Experimental schematic diagram for studying spin-spin velocity-dependent interactions using the SmCo5 spin source; (B) Limits on the SSVDFs’ coupling constants between two electrons measured (95% C.L.) [50].
In 2020, Almasi et al. built a SERF co-magnetometer based on the Cs-Rb-[image: image] ensemble for measuring the anomalous spin-spin interaction between the spin ensemble inside the device and the electron spin source in a SmCo5 magnet, as shown in Figure 9A. The measurements of this device improved the product of the pseudoscalar coupling coefficients of electrons and neutrons by two orders of magnitude, as shown in Figures 9B, C [52].
[image: Figure 9]FIGURE 9 | (A) Diagram of the experimental setup; (B) Constraints on the coupling parameter [image: image] for the interaction of a pseudoscalar boson with two fermions; (C) Constraints on the coupling parameter [image: image] for the interaction of spin-1 bosons with two fermions [52].
In 2018, Young et al. investigated the singular spin and velocity-dependent interactions of polarized electrons using a SERF magnetometer. The interaction limit was demonstrated with no periodic signal and an interaction range of 10–1 − 10–4 m corresponding to 10–6 − 10–3 eV of the axion mass. This study provided a new direction for axion search [53]. Budker et al. also used SERF magnetometers to study spin interaction and explore new physics such as axions [51, 54]. They led the establishment of a Global Network of Optical Magnetometers (GNOM) project to explore the existence of “anomalous fields” [55]. In 2020 and 2022, Padniuk et al. developed the SERF co-magnetometer based on the K-Rb-[image: image] atomic source mainly for the study of GNOME singularity physics [56].
The SERF-based measurement devices dominate fundamental physics research at Princeton University and push the limits of experimental measurement of physical quantities. Researchers continue improving the sensitivity of the SERF measurement device and exploring fundamental physics research in the direction of dark matter and the fifth force.
Inertial navigation
High-precision inertial measurements have a wide range of applications in navigation [57–59]. Compared with other navigation techniques (e.g. satellite navigation [60], radio navigation [61], geomagnetic navigation [62], and astronomical navigation [63]), inertial navigation has the advantages of high autonomy, real-time continuous navigation information, and high short-time accuracy [64], Currently, the traditional mechanical inertial measurement devices [65–67] and optical inertial measurement devices [68, 69] are the commonly used sensors for inertial navigation. However, due to the limitation of the basic principle, these two types of measurement devices have encountered bottlenecks in further improving performance in applications [27, 70]. With the development of quantum precision measurements, inertial measurements based on atomic spin effects have gradually become a new direction in the field of inertial navigation technology [71, 72]. Quantum precision measurement based on SERF effect can achieve the measurement of carrier angular rate by detecting the Larmor precession angle of atomic spins in a magnetic field [8], and also the measurement device based on this principle can be miniaturized and low-cost by integrating optical and micromachining technologies, so it is considered as an essential development direction for high-precision, small volume and low-cost inertial navigation [73].
The research on SERF quantum precision measurements in the field of inertial navigation started with the development of the SERF atomic spin inertial large-scale measurement device, followed mainly by the exploration of the SERF atomic spin gyroscope. In 2005, based on the research results of the SERF atomic magnetometer, Romalis et al. added an inert gas to the alkali metal cell to constitute the K-[image: image] atomic source combined magnetometer [8, 13]. The results show that the device exhibits insensitivity to low-frequency magnetic fields while maintaining ultra-sensitivity to anomalous fields and rotational angular rates, thus achieving the world’s first proof-of-principle for atomic spin inertia measurements based on the SERF effect. Using this research device, they achieved an inertial measurement sensitivity of 2.9 × 10–5°/s/Hz1/2 and a zero bias stability index of 0.04°/h. Subsequently, based on the first-generation device, the group developed a second-generation SERF atomic co-magnetometer [12]. And they measured the angular rate of the Earth’s rotation and finally achieved an inertial measurement sensitivity of 8.6 × 10–6 rad/s/Hz1/2@0.2 Hz [42, 43].
Later, Romalis et al. explored the [image: image] atomic source scheme and measured the relevant system parameters. They proposed a hybrid pumping-based K-Rb-[image: image] source scheme to suppress the polarization gradient and improve the polarization efficiency of the atomic spins, which again improved the inertial measurement sensitivity, eventually achieving an inertial measurement sensitivity of 1.2 × 10–5 rad/s/Hz1/2@0.2 Hz [74]. In 2013, Romalis et al. set up a corresponding measurement device at the South Pole for testing. The device used a Cs-Rb-[image: image] atomic source scheme with a Cs-Rb hybrid optical pumping technique to reduce the polarization gradient of alkali metal atoms and enhance the polarization efficiency of noble gases [46] to finally achieve an inertial measurement sensitivity of 3.6 × 10–6 rad/s/Hz1/2@0.2 Hz [46]. The group in French Aerospace Laboratory carried out the Studies on SERF atomic co-magnetometer based on the Rb-[image: image] atomic source [75]. However, related performance metrics and subsequent progress were not reported.
In addition to the atomic source, subsequent studies have targeted other parts of the inertial measurement system for optimization to enhance the inertial measurement performance further. In 2019, Jiang et al. investigated the effect of pump laser power density on SERF inertial measurements [76]. The experimental setup and analysis are shown in Figure 10. The results show that the suppression and long-term stability of low-frequency magnetic noise improve with increasing pump laser power density due to the increased nuclear spin polarization. Jiang et al. also proposed the first real-time closed-loop control of the nuclear spin self-compensation point in SERF inertial measurements, which improves the system stability and extends the linear measurement range by locking the electron resonance. Alkali metal electrons are not affected by the longitudinal ambient magnetic field fluctuations and nuclear magnetization [77]. In 2020, Huang et al. studied the laser polarization error of the detection system in the SERF inertial measurement device [78]. They established the optical transmission model of the detection system by using the Jones matrix about the optical defects of the polarizer. Then the polarization error was analyzed based on the model, and a new error suppression method was proposed, which can finally improve the long-term performance of SERF inertial measurements by about 3.4 times.
[image: Figure 10]FIGURE 10 | (A) Schematic of compact SERF comagnetometer using K-Rb hybrid optical pumping; (B) Rotation sensitivity of the comagnetometer operated at different pump laser power density [76].
Based on the proof-of-principle using large measurement devices, SERF quantum precision inertial measurements have been developed toward small-scale integration, and SERF atomic spin gyroscopes suitable for practical use in inertial navigation have been widely studied. In 2017, the Romalis group participated in a chip-scale combined atomic navigator program with Twinleaf to develop a low-drift nuclear spin gyro. They developed an atomic spin gyroscope on the [image: image]-[image: image]-[image: image] atomic source. A bias instability of less than 0.01°/h was achieved using a 10 mm diameter spherical cell. And a bias instability of better than 0.2°/h was demonstrated by a 2 mm diameter cell made by anodic bonding. Twinleaf also developed an extensive miniaturization and integration technology for the prototype and developed a prototype with a volume of only 1.6 cm3, including the cell, heater, and VCSEL. And the bias instability of 3°/h was achieved [41].
In 2018, Jiang et al. described a dual-axis SERF atomic spin gyroscope based on an alkali metal-noble gas co-magnetometer [79]. They utilized longitudinal high-frequency magnetic field modulation instead of polarization modulators in operation. By using a parametric modulation technique, the low-frequency drift is effectively suppressed, resulting in a bias instability of less than 0.05°/h. The constructed experimental setup and experimental results are shown in Figure 11.
[image: Figure 11]FIGURE 11 | (A) Experimental setup of the dual-axis atomic spin gyroscope; (B) Allan deviation plots of the modulated dual-axis gyroscope (M1 mode:Using the lock-in amplifier to demodulate and detect the double frequency signal output by the laser; M2 mode: Using the lock-in amplifier to demodulate and detect the double frequency signal output by the laser.) and the unmodulated mode gyroscope [79].
In 2019, Fan et al. investigated the bias error caused by magnetic noise in SERF atomic spin gyroscopes [80]. They demonstrated that the thermal magnetization noise in the ferrite shield limits the performance of inertial measurements. The root cause of this error is the low-frequency magnetic field sensitivity dominated by the nuclear spin relaxation rate, which can be reduced to achieve the ultimate noise suppression. The experimental setup and noise analysis are shown in Figure 12. Fan et al. also proposed a new method to suppress the bias error caused by the fluctuation of the probe light intensity in the SERF atomic spin gyroscope, and the superiority of this method was demonstrated on the joint K-Rb-[image: image] magnetometer. A bias stability of about 0.01°/h was obtained. This method can eliminate the requirement for closed-loop control of the probe light intensity, thus facilitating the miniaturization of the gyroscope size and reliability [81].
[image: Figure 12]FIGURE 12 | (A) Schematic diagram of the prototype of Fan’s research. The experimental device consists of sensitivity source, magnetic field control system, optical pumping and detection system, electronic control and signal acquisition system; (B) Noises of the cells at dierent neon pressures at 185°C [80].
In addition, Twinleaf has applied for two patents which are circuit board integrated atomic gyroscopes and atomic modulated low drift sensors [39, 41]. The first patent proposes a new integration scheme for miniaturized atomic magnetometers and gyroscopes, and the second patent demonstrates a miniaturized atomic magnetometer and gyroscope magnetic field modulation detection scheme. Honeywell also has conducted research related to chip-scale SERF atomic spin gyroscopes and designed the corresponding structures and process implementation methods. SERF quantum precision measurement in the field of inertial navigation has progressed towards high accuracy, downsizing, and cheap cost to satisfy the needs of long-term autonomous navigation, and is expected to be widely used in the military and aerospace fields in the future.
Biomedicine
During the development of magnetic field detection, the quantum precision measurement device based on the SERF effect is a research hotspot. While the magnetic field measurement sensitivity is improved, the volume of the measurement device is also shrinking. This development trend has laid a foundation for its application in the biomedical field. Biological extremely weak magnetic measurement based on SERF precision measurement has developed rapidly, especially the measurement of human cardiac magnetic field and brain magnetic field has become a research hotspot in recent years. Superconducting quantum interferometer device (SQUID) is usually used for direct measurement of cardiac magnetic field and brain magnetic field signals [82], but its application is greatly limited by the high maintenance cost and liquid helium Dewar bottle of superconducting refrigeration [83, 84]. Fortunately, the SERF atomic magnetometer can realize ultra-high precision magnetic field measurement, and has the advantages of no need for low-temperature cooling, wearable human body and mobile measurement, which makes it greatly developed in the field of biological magnetic field detection such as human cardiac magnetism and brain magnetism [9, 10].
In 2012, Kamada et al. used the high-sensitive SERF potassium atomic magnetometer to collect human cardiac magnetic field signals, which was consistent with the results measured by SQUID, which proved the potential of the magnetometer in biomagnetic measurement [85]. Wyllie et al. proposed a portable and modular four-channel SERF magnetometer array device to improve the adaptability of magnetometer configuration to biological magnetic field signals and used the device to measure adult magnetocardiography (MCG), as shown in Figure 13 [86].
[image: Figure 13]FIGURE 13 | (A) Four-channel SERF magnetometer array with 7 cm channel spacing; (B) Four-channel adult MCG with large signal interferences subtracted and the same set of MCG after averaging each channel [86].
In 2019, Sulai et al. used two SERF optically pumped magnetometers (OPMs) to form a gradiometer to optimize the background noise and carried out research on possible detection problems of fetal magnetocardiography measurement [87]. In 2020, Zhang et al. also used the gradiometer composed of two SERF magnetometers to suppress common-mode noise, and successfully measured cardiac magnetic field signals, which proved that the OPM gradiometer can be used for the measurement of biomagnetic signals [88]. In 2021, Yang et al. developed a wearable multi-channel magnetocardiography system based on the SERF magnetometer array and measured the magneto cardiograms signal, which provided a realizable device for cardiac electromagnetic activity imaging, as shown in Figure 14 [89]. In 2022, Zhang et al. proposed a simple optical method to solve complex electronic control problems, which realized a VCSEL integrated SERF magnetometer and measured the cardiac magnetic field signal. This work provides a new way to develop the VCSEL integrated SERF magnetometer and apply it to magnetoencephalography (MEG) [90].
[image: Figure 14]FIGURE 14 | (A) Magnetically shielded cylinder and magnetic noise spectrum; (B) Position labels of the 8 × 8 array with 30 mm intervals, QZFM magnetometer and customized receptacles; (C) The MCG preprocessed at the 20 spatial locations for a single epoch (unaveraged); (D) Butterfy of MCG [89].
Although the brain magnetic field signal is about 100 times weaker than the cardiac magnetic field signal, it contains more medical information, so the measurement and application of the brain magnetic field signal are more extensive. In 2003, Kominis et al. successfully obtained the brain magnetic field signal through the gradiometer composed of a multi-channel SERF magnetometer, which made it possible to study the cerebral cortex module non-invasively [22]. In 2006, Xia et al. developed the principle prototype of SERF magnetometer applied to improve the spatial resolution of magnetic field measurement using magnetoencephalography. The magnetometer adopted a ×16 16 pixel array photodetectors which increased the number of measurement channels to 256 and realized the two-dimensional magnetoencephalogram drawing of the human auditory evoked test, as shown in Figure 15 [91].
[image: Figure 15]FIGURE 15 | (A) Experimental schematic diagram of MEG system; (B) Auditory evoked magnetic fields obtained with atomic magnetometer after averaging 600 stimuli presentations [91].
In 2010, Johnson et al. proposed a SERF magnetometer for pumping light and detecting photosynthetic beams, and successfully detected the brain magnetic field response signals of the median nerve and auditory stimulation [92]. In 2013, the group measured the auditory stimulus-evoked signals of subjects with a multi-channel SERF magnetometer and used multi-channel signal processing technology to improve the signal quality. This work was the first demonstration of using a multi-channel SERF magnetometer to realize brain magnetic imaging, providing a framework for an array magnetometer to be used for brain magnetic imaging positioning [93]. Shah et al. proposed a high-sensitivity SERF magnetometer applied to biomedicine to measure the brain magnetic field signal, and the measured signals using SERF magnetometer and SQUID were compared to cross verify the feasibility of the device based on the SERF atomic magnetometer to measure the brain magnetic field [94]. In 2014, Kim et al. measured the auditory evoked field in the human brain with a multi-channel atomic magnetometer system and realized the positioning of dipole phantom and auditory evoked field [95]. In 2017, Sheng et al. demonstrated a SERF magnetometer based on alkali Cs and verified the performance of the magnetometer by referring to the auditory evoked the brain magnetic field signals of the SQUID channel. This magnetometer required a lower heating temperature and may be used to build a multi-channel array magnetometer for neuroscience research [96]. In 2018, the University of Nottingham developed a new wearable MEG system by using the first generation SERF magnetometer of Quspin company, which was used to measure the electrophysiological signals of subjects with millisecond resolution under natural motion, as shown in Figure 16. This work opens up new possibilities for MEG to be applied to any subject and patient group [84].
[image: Figure 16]FIGURE 16 | (A) The prototype OPM-MEG system helmet, which is customized with sensors directly close to the surface of the scalp; (B) Evoked response analysis in MEG [84].
In 2019, Du et al. measured the steady-state visual evoked potential of a healthy subject with a gradiometer composed of a compact four-channel SERF magnetometer, proving the application potential of the MEG system constructed by the gradiometer in biological magnetic field measurement and brain-computer interface [97]. To meet the requirement that the SERF magnetometer can simultaneously measure the signals of multiple locations in the human brain, Zhang et al. developed a SERF magnetometer for multi-channel biaxial vector magnetic field measurement in a single cell, and used a ×22 photodiode matrix to measure the two-dimensional spatial magnetic field distribution. And the auditory evoked magnetic fields were detected simultaneously at four adjacent locations perpendicular to the scalp [98]. In 2020, Borna et al. built a 20-channel array-type brain magnetic functional imaging measurement device by using five 4-channel second-generation principle prototypes. They studied the auditory evoked magnetic field and somatosensory evoked magnetic field and cross-verified with the SQUID-based brain magnetic mapping system to achieve sub-centimeter precision magnetic source positioning, which provided the possibility for the MEG system with full head coverage of a compatible and flexible OPM sensor array [99, 100], as shown in Figure 17. The group also discussed the influence of horizontal axis projection error on the positioning and calibration accuracy of MEG system [10].
[image: Figure 17]FIGURE 17 | (A) Block diagram of MEG system including a drawing of the magnetic shield containing the subject and OPM array; (B) Evoked responses elicited by median nerve stimulation showing horizontal and vertical field components from 20 channels [100].
In 2020, Zhang et al. introduced an unshielded MEG system based on SERF magnetometers. The magnetometer worked in gradient and closed-loop feedback mode to reduce the environmental magnetic field noise. The system successfully measured the auditory evoked field signal and alpha rhythm signal related to eye closure under the unshielded earth’s magnetic field, which was expected to achieve a movable and wearable unshielded MEG system [101]. Quspin cooperating with the University of Nottingham developed a 49-channel whole-brain wearable magnetoencephalogram system [102] by using the second generation of SERF magnetometer, as shown in Figure 18. The system was placed in a custom-made magnetic shielding room. The sensors were fixed by using a rigid helmet and a flexible head cover. Combined with the large biplane coil dynamic magnetic field compensation technology [103], the β and γ waves of brain were measured. This work further proves that MEG may be used in functional neuroimaging. In addition, focal epilepsy, auditory evoked field under sitting and standing conditions and electrically induced muscle response were also performed based on the SERF magnetometer [104–107].
[image: Figure 18]FIGURE 18 | (A) A multi-channel whole brain wearable MEG system (flexible helmet and rigid helmet); (B) Sensor-space beta- and gamma-band signals [102].
In 2021, Cao et al. compared the co-registration accuracy of the three devices used for the co-registration of on-scalp MEG and magnetic resonance imaging (MRI) in detail and proposed a reference model to quantify the co-registration performance of each device, which provided some suggestions and considerations for researchers to select and use appropriate devices for the co-registration of on-scalp MEG and MRI [108]. In 2022, An et al. proposed a new parameterized method to estimate the number of magnetic sources and locate multiple magnetic sources, which was used in the 31-channel MEG system. The feasibility of this method was verified by measuring the brain magnetic field signals through multi-mode sensory stimulation experiments [109]. Then, a spatial smoothing estimation method based on variational free energy was also proposed to improve the accuracy of somatosensory cortical response, and a 32-channel OPM-MEG system was constructed to measure the response of the cerebral cortex to the median and ulnar nerve stimulation [110]. Theoretical and experimental studies showed that the SERF magnetometer which can provide complete three-axis vector magnetic field information will help to improve the performance of the OPM-MEG system [111, 112]. Tang et al. put forward a variety of schemes to realize the three-axis magnetic field vector measurement of the SERF magnetometer, which will promote a large number of applications of the three-axis SERF magnetometer in the OPM-MEG system [113, 114].
Throughout the development of SERF quantum precision measurement in biomedicine, from the initial laboratory principle prototype to the multi-channel miniaturized probe, and then to the integrated medical device, it is developing vigorously toward high-resolution biological magnetic field imaging [115]. It is believed that the OPM-MEG can fully replace the SQUID-MEG system in the future [116], and it will become a powerful tool for medical diagnosis and neurofunctional cognition.
CONCLUSION
In summary, quantum precision measurement based on the SERF effect has ultra-high detection sensitivity, which makes it have broad application prospects in many fields such as fundamental physics, inertial navigation, and biomedicine. We have reviewed its research progress and applications and find that there are two trends in its development: one is to continuously improve the detection sensitivity by developing large-scale SERF measurement devices for Frontier physical sciences; the other is to develop integrated SERF measurement devices, focusing on improving detection stability or detection resolution, which can be widely used in inertial navigation, biomedicine, geomagnetic measurements, etc.
At present, quantum precision measurement based on the SERF effect has not yet reached the theoretical limit of measurement, and continuous improvement of detection sensitivity is still one of the critical research content in the future. In addition, compared with large SERF measurement devices, integrated SERF measurement devices have more significant application potential. The following research directions are for integrated SERF measurement devices, new detection techniques in unshielded geomagnetic environments and microfabrication techniques.
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