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Introduction: A spin exchange relaxation free atomic magnetometer, as an ultra-highly sensitive magnetic field sensor, is limited by the performance of the probe laser system. The probe laser pumping effect (PLPE) hinders the increase in the performance of probe laser system.
Methods: This study investigated the PLPE and proposed a method for suppressing the same. Through changes to the angle of a quarter wave plate and the addition of a triangular modulated magnetic field to the alkali atoms, the suppression point was determined.
Results and discussion: Further, related parameters were measured for different degree of polarizations of the probe laser, which confirmed that the influence of PLPE on the magnetic field was the least at the suppressed point.
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1 INTRODUCTION
A spin exchange relaxation free (SERF) atomic magnetometer is a type of sophisticated magnetic field sensor employed in precise quantum measurement regions. It has been widely studied since it was first proposed [1, 2]. There exists considerable potential in basic physical research [3–5] and ultra-high sensitive magnetic field detection [6–8] related to SERF magnetometers. As a type of multi-system ultra-high sensitivity sensor, the noise level of an information detection system in a SERF atomic magnetometer limits its serviceability [9, 10]. Thus, the study of the detection system is a significant research topic.
In SERF atomic magnetometers, a circularly polarized laser is used to pump the alkali metal atoms in a glass cell and the alkali metal atoms are sensitive to the magnetic field at this pumping state [11, 12]. Furthermore, a linearly polarized probe laser is utilized to detect the magnetic field signal based on the optical rotation effect [13]. Linear polarization devices are used to produce the linearly polarized laser in a SERF Atomic magnetometer [14]. However, the final linearly polarized laser is not perfectly linear, which requires the alkali metal atoms to be partly pumped via a probe laser [15, 16]. This phenomenon is referred to as the probe laser pumping effect (PLPE), which is not conducive to SERF atomic magnetometer operation. Thus, this effect must be suppressed and the basic parameters of the SERF atomic magnetometer affected by this effect must be analyzed.
Previous studies attempted to suppress PLPE using a Glan-Taylor prism (extinction ratio of 1000000:1), which is a common type of polarizer used to produce a linear polarized laser with a high degree of linear polarization. Depolarization occurs during the performance of a polarizer, and the effect of other optics and the dispersion of alkali metal atoms in the glass cell are the influencing factors [17]. To avoid the increase in PLPE due to depolarization, an extra quarter wave plate (QWP) is applied to compensate for the degree of linear polarization. Following the compensation from the QWP, the response of alkali metal atoms to the triangular modulated magnetic field is maintained, rather than forming a crest or trough [18]. However, when the degree of polarization (DOP) of the probe laser has been measured, a shift from complete linear polarization has been observed [16]. The optical power density and wavelength of the probe laser can be adjusted to suppress the probe laser pumping effect again [19, 20]. However, all previous studies have only focused on methods to suppress the PLPE; studies on the changes in the main parameters (such as the compensation point Bc) under different suppressed levels are scarce.
In this manuscript, we study the atomic magnetometer in a hybrid atomic ensemble of K-Rb atoms and 21Ne atoms. This study clarified the principle of compensation process of PLPE by QWP. In addition, different degrees of linear polarization were achieved by rotating the QWP in an electric control mirror frame. Simultaneously, the main parameters in the SERF atomic magnetometer were measured and analyzed.
2 ANALYSIS OF PROBE LASER PUMPING PHENOMENON
The alkali metal gas cell is the sensitive element present in the SERF atomic magnetometer. It contains alkali metal and noble gas atoms that interact with each other. The specific interaction between them can be described based on the Bloch’s equation [14, 21]:
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where Pe and Pn are the Rb and 21Ne spin polarization vectors, respectively, γe and γn are the gyromagnetic ratios of electrons and nucleus, respectively, the specific values of which are γe = 2π× 28 Hz/nT and γn = 2π×0.00336 Hz/nT, respectively. The nuclear slowing-down factor is expressed as Q(Pe), which is related to the spin polarization vector of electrons. Further, B is the ambient magnetic field that is produced via three-axis magnetic field coils placed in position of the sensitive unit to compensate for the residual magnetic field and the magnetic field from spin atoms along the axial direction. Be and Bn represent the magnetic field produced by the spin of electrons and nucleus, respectively, [image: image] and [image: image] represent the spin-destruction relaxation rate of the electron and nuclear, respectively, and [image: image], [image: image] represent the spin-exchange relaxation rate between the electron and nuclear. L is light shift produced from the interaction between light and atoms, which can be regarded as a virtual magnetic field. The PLPE results in a virtual magnetic field along the probe direction [image: image], which is considered as the primary source of transverse light shift Lx. To illustrate the Bloch equations in a concise way, all relaxation-related terms are shown in brackets, as in 1 and 2.
A circularly polarized laser is used to pump the alkali metal atoms and a linear polarized laser is used to probe the variations in magnetic field [22]. In an ideal situation, linear polarization does not pump the alkali metal atoms and consequently the light shift Lx does not appear. However, limited by the quality of the polarizer, the formation of a pure linearly polarized light is difficult, which results in a transverse light shift Lx along the probe direction. Consequently, the spin polarization direction is not completely along the pumping direction, which is influenced by the probe laser and shown in Figure 1. This phenomenon is referred to as the PLPE, which must be suppressed.
[image: Figure 1]FIGURE 1 | The state of alkali metal atoms (K atoms are represented by green and Rb atoms are represented by blue) in a SERF atomic magnetometer, which are affected by the probe laser pumping effect. (A). The natural state of alkali metal atoms is out of order. (B). Affected by the detection of optical pumping effect, the spin polarization direction is not completely along the pumping direction.
The PLPE will lead the electron spin polarization vector Pe alone the X-axis, which means electrons are pumped along the X-axis. This process can be described using (3) based on the solution of 1 and 2.
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where [image: image] is the correlation between the electron spin polarizability vector in X-axis [image: image] and the magnetic fields along the X and Z-axes, that is Bx and Bz, respectively. Further, [image: image] is the electron spin polarization vector along the Z-axis and [image: image] is the total electron relaxation rate. Bc is referred to the compensation point, which is equal to the sum of Be and Bn. In addition, R is a constant in our proposed model, which is used to represent the relaxation correlation.
In this case, [image: image] is reflected by the collected electrical signal, which is repressed by the S and [image: image]. In the X-axis, only the transverse light shift Lx exists, which applies a vertical magnetic field. Thus, the magnetic field at the center along X-axis Bx is equal to Lx.
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Previous studies have proven that Lx is a comprehensive effect owing to the probe laser and the alkali metal cell [20]. [image: image] and [image: image] are defined as the transverse light shift from the laser and cell, respectively. Here, [image: image] is the classical description of light shift, which is related to the parameters of the laser (such as optical power density and frequency detuning). [image: image] originates owing to the depolarization of probe laser. Thus, the combined effect of the laser and alkali metal cell Lx is expressed as (5):
[image: image]
Only the [image: image] is related to the polarization state of the probe laser, which is adjusted in our method. Thus, [image: image] is shown as (6):
[image: image]
where Φ is the photon flux proportional to the probe laser and A is the cross-sectional area of the incident laser. Once the probe laser power is fixed, Φ/A is a constant. Further, re is the radius of classical atoms and f is the oscillator strength of the D1 transition, which are also constants; υ, υ0, and Γ are the frequency of the probe laser, central frequency of alkali metal atoms D1 transition, and frequency at full width at half maximum. Further, sl represents the circularly polarized component; that is, Lx ∝ sl, once the optical power and wavelength are set. To suppress the transverse light shift, Lx, sl must be adjusted to as small as possible. Based on the characteristics of a polarized laser, the DOP is in the region of [0, 1]. When the DOP = 1, the laser is regarded as being linearly polarized, with the best linear polarization performance.
When a triangular wave magnetic field in the Z-axis is added to the cell, the final output signal changes with different magnetic fields. The peak-to-peak value of a triangular wave magnetic field is 2Bz0 and it must be ensured that Bz0 is sufficiently large to make S(Bz0) in a flat area. Thus, Bz = 0 is the extreme point. The maximum difference in the output signal in one cycle can be represented as:
[image: image]
where ΔS is the difference between maximum and minimum signals. Thus, the shape of the collected signal is different when the transverse light shift Lx is changed, which can be used to assess whether the circularly polarized component was suppressed. In addition, the most intuitive inhibition target is to render ΔS as the minimum.
3 EXPERIMENTAL SETTINGS
In this experiment, an atomic magnetometer in a hybrid atomic ensemble of K-Rb atoms and 21Ne atoms was studied. As shown in Figure 2, a globular cell was installed in a BN ceramic oven as a magnetic field sensitive element. Internal temperature was controlled via a self-made 100 kHz AC electrical heater to 200°C and ultra-low magnetic field was achieved for the special heating membrane structure. Except for the special heating membrane structure, an ultra-low magnetic field was also achieved by magnetic field shielding and magnetic field compensation coils. There were five layers of μ-metal shields and one layer of ferrite shielding. The compensation coils compensate for the residual magnetic field and were used to supply an arbitrary magnetic field with waveform generators.
[image: Figure 2]FIGURE 2 | Experimental settings of SERF atomic magnetometer. (LCR is liquid crystal half-wave variable retarders, PBS is polarization beam splitter, PEM is Photoelastic Modulator, PD is photodiode, PID is process identifier, GT is Glan-Taylor prism, WG is waveform generator, HWP is half-wave plate, and QWP is quarter-wave plate).
A pump laser was fabricated from a distributed brag reflector laser (DBR-770, Uniquanta) with a wavelength of 770.108 nm, where the pumping optical power density was 352 mW/cm2 and the diameter was 12 mm. At first, the K atoms were pumped by the pump laser, which is circularly polarized. Subsequently, the Rb atoms were pumped through the spin exchange while the K atoms and Ne atoms were pumped through the spin exchange with Rb atoms. The probe laser was fabricated using a distributed brag reflector laser (DBR-795, Uniquanta) with a wavelength of 795.531 nm, which is very detuned compared to the Rb D1 resonance line. The optical power density of probe laser was 4.81 mW/cm2 and the diameter was 3 mm. The wavelength of the pump and probe lasers were monitored using a wavelength meter (HighFinesse-WS7). Further, the phase of the probe laser was modulated using a photoelastic modulator (PEM-100, Hinds Instruments) into a high frequency, wherein the low frequency noise could be suppressed in the SERF atomic magnetometer.
In our experiments, the circularly polarized component of the probe laser was suppressed before pumping the alkali metal atoms based on the theory in Section 2. A triangular wave magnetic field (with a peak-to-peak value and frequency of the triangular wave magnetic field in Z-axis set to 400 nT and 33.3 mHz, respectively) in the Z-axis were supplied and the rotation angle of QWP2 was adjusted using an electric control mirror frame (AG-UC2 Agilis, Newport). Rotating the QWP2, the output signal protrudes upwards and downwards. When the output signal remains in a line, the probe laser pumping effect is regarded as being suppressed and the QWP2 is in the original position. Based on this position, clockwise rotation and anti-clockwise rotation is signed as + and –, respectively. The angle of QWP2 frame was rotated at every 0.5°, and the DOP was measured by a polarization analyzer (PAX1000IR1/M, Thorlabs). Finally, the light shift in the pumping direction and at the compensation point were measured and analyzed.
4 MEASUREMENT RESULTS AND DISCUSSION
According to the analysis in Section 2, the circularly polarized component can be adjusted by a QWP. When a triangular wave magnetic field along the Z-axis is added into the cell, the waveform of the output signal can be used to distinguish whether the circular polarization component of the outgoing laser is completely compensated. The peak-to-peak value and frequency of the triangular wave magnetic field along Z-axis were set to 400 nT and 33.3 mHz, respectively. Based on (3), the response of the output signal was the same in the rising and falling range of the triangular wave magnetic field. Thus, the half a cycle output signal and triangular wave magnetic field in half a cycle were obtained, as shown in Figure 3.
[image: Figure 3]FIGURE 3 | (A) The output signal with a triangular wave magnetic field in the Z-axis is different at different rotated angles of QWP2. The peak and valley of the output signal represents the different compensated states of the circularly polarized component of the probe laser. When the output signal is flat, the circularly polarized component of the probe laser is considered to be totally suppressed and the position of QWP2 is fixed. (B) The modulated triangular wave magnetic field in half a cycle. (The peak-to-peak value 2Bz0 and frequency of the triangular wave magnetic field in the Z-axis are set to 400 nT and 33.3 mHz, respectively).
As shown in Figure 3A, there were three types of shapes observed in the output signal: peaks, valleys, and flat forms. θ is the rotation angle of QWP2 based on the reference position θQWP = 0, which indicated that there was no response in the output signal with the magnetic field. At that time, the circularly polarized component of the probe laser was considered to be totally suppressed. When the QWP2 was rotated in the positive direction, a peak was observed in the output signal. Whereas, when the QWP was rotated in the negative direction, a valley was observed in the output signal. These situations are defined as over- and under-compensated states, respectively. With the increase in the rotation angle, the characteristics of peaks and valleys became increasingly obvious.
Further, the DOP of the probe laser emitted from the QWP was linear with the rotation angle of QWP2, which was measured using a polarization analyzer. As shown in Figures 3A, 4, when the circularly polarized component of the probe laser was considered to be totally suppressed, the rotation angle of QWP2 was equal to zero and the DOP of the probe laser after being suppressed was 0.9886 ± 5.7E-5. In an ideal situation, the DOP of the probe laser after being suppressed should be 1. However, there was a small difference between the ideal and measured values.
[image: Figure 4]FIGURE 4 | Degree of polarization of probe laser measured by a polarization analyzer at different rotation angles of QWP2. Measured dates are shown in blue and the fitting curve is in red.
Furthermore, Lz and Bc are the significant parameters considered for evaluating the performance of the proposed system. As shown in Figure 5, these parameters were measured and compared at different DOPs of the probe laser when the pumping laser was working [21]. The red and blue points represent the measured results of Lz and Bc, respectively. With an increase in the DOP of the probe laser, the light shift Lz generally fluctuated in the horizontal direction implying that the light shift Lz was not affected by the change in DOP. With the increase in the DOP of the probe laser, a compensation point Bc was observed at the position θQWP = 0.
[image: Figure 5]FIGURE 5 | The compensated point Bc and light shift Lz measured in different DOP of the probe laser emitted into the cell. The compensated point Bc is shown in blue and light shift is shown in red.
Based on the fitting equation [16]:
[image: image]
where Lx is the value of the light shift along the X-axis. [image: image], γe and Bc are the total electron relaxation rate, gyromagnetic ratios of electrons, and compensation point, which have been specifically introduced in our manuscript. Byc is the compensated magnetic field along the Y-axis and By is the residual magnetic field along the Y-axis. By adjusting the power density of the probe laser in different frequencies, By can be fitted through this in-situ calibrated method. The Lx in different positions of QWP2 can be calculated and shown as the next Figure 6.
[image: Figure 6]FIGURE 6 | The light shift along the X-axis in different DOPs of the probe laser emitted in to the cell.
As shown in Figure 6, the light shift along the X-axis Lx is decreased with the increasing of DOP, and a zero point exists. The zero point is circled in purple and named β. At the point β, the Lx is equal to zero and the corresponding horizontal coordinate is 0.9891. Finally, the Lx is considered to be compensated completely. At the same time, it is considered that the PLPE is suppressed and the magnetic field in the pumping direction is not influenced by the pumping effect in the probe direction.
5 CONCLUSION
This study developed the theory for the suppression of PLPE and the related parameters of a SERF atomic magnetometer were analyzed at different DOPs of the probe laser. Changing the angle of QWP2 and adding a triangular modulated magnetic field to the alkali atoms resulted in the suppression point being determined when the response of the output signal remained flat. However, the DOP was not equal to the suppression point. In addition, based on an analysis of Bc, the influence of PLPE on the magnetic field along the pumping direction was found to be the least at the suppression point. In the future research, further study of the relationship between the magnetic compensation point and DOP will be conducted. Finally, we hope to improve the sensitivity of SERF atomic magnetometers through the study of PLPE.
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