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Abstract

:

A free-induction-decay (FID) type optically-pumped rubidium atomic magnetometer driven by a radio-frequency (RF) magnetic field is presented in this paper. Influences of parameters, such as the temperature of rubidium vapor cell, the power of pump beam, and the strength of RF magnetic field and static magnetic field on the amplitude and the full width at half maximum (FWHM) of the FID signal, have been investigated in the time domain and frequency domain. At the same time, the sensitivities of the magnetometer for the single-pass and the triple-pass probe beam cases have been compared by changing the optical path of the interaction between probe beam and atomic ensemble. Compared with the sensitivity of ∼21.2 pT/  Hz  1 / 2    in the case of the single-pass probe beam, the amplitude of FID signal in the case of the triple-pass probe beam has been significantly enhanced, and the sensitivity has been improved to ∼13.4 pT/  Hz  1 / 2   . The research in this paper provids a reference for the subsequent study of influence of different buffer gas pressure on the FWHM and also a foundation for further improving the sensitivity of FID rubidium atomic magnetometer by employing a polarization-squeezed light as probe beam, to achieve a sensitivity beyond the photo-shot-noise level.
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1. Introduction


Magnetometers are important tools for measuring magnetic field in many fields, especially weak magnetic fields. Different types of magnetometers have different sensitive ranges. The minimum measurable magnetic field of fluxgate magnetometer, which is one of the most widely used commercial magnetometers and is based on electromagnetic induction, is generally at nT level. Nitrogen-vacancy (NV) center in diamond magnetometer [1], which uses the NV center in diamond, has demonstrated magnetic measurements that have reached pT level, and it can be used in condensed matter physics and other fields. Superconductor quantum interference device (SQUID) magnetometer [2], based on ultra-low-temperature liquid helium system, has reached sub-fT level, but high maintenance costs and harsh environmental requirements have prevented it from being widely used. An atomic magnetometer can measure magnetic field at aT level, which is comparable to SQUID. Moreover, it is easily miniaturized and its low cost means it has been developed quickly in recent decades. At present, atomic magnetometers are widely used for magnetocardiography and magnetoencephalography in medical fields [3,4,5] and cosmic dark matter detection in space exploration fields [6,7,8]. It also plays an important role in military exploration, navigation, and other fields [9,10,11]. The types of atomic magnetometers include the spin-exchange relaxation-free (SERF) atomic magnetometer, the Mz magnetometer, the Mx magnetometer, and etc. The SERF atomic magnetometer mainly works at low frequencies and in near zero magnetic environments with very high atomic number densities [12]; its sensitivity has reached the order of sub-fT/  Hz  1 / 2   . The Mz magnetometer [13] and the Mx magnetometer [14] generally use a circularly or elliptically polarized beam to polarize atoms and detect a magnetic field. In addition, the coherent population trapping (CPT) atomic magnetometer [15], the all-optical Bell–Bloom atomic magnetometer [16], and the free-induction-decay (FID) atomic magnetometer [17,18] are also widely used.



FID atomic magnetometer extracts magnetic-field information via the Larmor frequency. In the process of atomic spin polarization, Erling Riis et al. [19] used elliptically polarized light in a microfabricated cesium vapor cell to polarize an atomic sample. The effects of frequency modulation and amplitude modulation on sensitivity were compared and they realized a magnetic sensitivity of 3.9 pT/  Hz  1 / 2    by amplitude modulation. S. G. Li et al. [20] adopted continuous or burst sampling modes for analyzing the frequency performance of a system. A high measurement bandwidth was obtained whilst maintaining good sensitivity in a continuous sampling mode; this was helpful for further applications in magnetometers or sensor arrays with high measurement bandwidth requirements. H. F. Dong et al. [21] demonstrated a distributed magnetic field measurement scheme based on FID magnetometer. The magnetic sensitivity reached 10 pT/  Hz  1 / 2    in a bandwidth of 0.6–100 Hz. This mode could image the magnetic field distribution in the measurement range, which could be used in magnetic source positioning and other applications. In addition to static magnetic field measurements, FID magnetometer can also be used to track and measure a variable magnetic field [22,23,24]. The multi-channel scheme was also used in magnetic field measurement devices. The current multi-channel schemes generally included two cases. Characteristically, D. Sheng et al. [25] placed two cylindrical mirrors in a rubidium vapor cell to form 42-pass configuration and used two beams in the reverse direction as a gradiometer. A sensitivity of 0.54 fT/   Hz  1 / 2    was obtained by suppressing atomic spin exchange relaxation in the pulsed mode. S. G. Li et al. [20] achieved a sensitivity of 0.2 pT/  Hz  1 / 2    by adding two highly reflective mirrors to the vapor cell to reflect the beam through the cell several times. Dumke et al. [26] demonstrated a cavity-enhanced all-optical atomic magnetometer by placing a cesium vapor cell in a low finesse cavity.



For atomic magnetometer, the photon shot noise(PSN) is one of the main limiting factors for the sensitivity. A desirable method to counteract this limiting factor is to use a squeezed light, which is beyond PSN, to replace the coherent light. Some research groups used different methods to generate squeezed light and have applied them to atomic magnetometers; all of these methods have successfully demonstrated the quantum enhancement effect of squeezed light on atomic magnetometers [27,28,29]. In 2010, M. Mitchell’s group preliminarily demonstrated the quantum enhancement measurement of rubidium atomic magnetometer by using 795 nm polarization-squeezed light with a squeezed level of −3.2 dB. The sensitivity was improved from 46 nT/  Hz  1 / 2    to 32 nT/  Hz  1 / 2   [30]. In 2021, this research group further introduced polarization-squeezed light into the Bell–Bloom all-optical atomic magnetometer, and they also analyzed the main noise in different frequency segments [31]. Our group demonstrated a rubidium atomic magnetometer based on the Faraday rotation and introduced Stokes operator    S ^  2   polarization-squeezed light instead of coherent light; the quantum enhancement effect of the squeezed light was demonstrated at the analysis frequency of 10 kHz by using polarization-squeezed light with a squeezed level of −3.7 dB [32].



In this paper, we describe how we built FID rubidium atomic magnetometer, and separated the pump beam, the   π / 2   pulse of the RF magnetic field, and the probe beam in time to avoid mutual effect caused by the time overlap of the three fields. We analyzed and optimized parameters of FID rubidium atomic magnetometer and demonstrated the single-pass and the triple-pass probe beam to explore effect of the optical path of interaction between probe beam and atomic ensemble without changing the spatial resolution, which provided a solid basis for further exploring improvement of the sensitivity of atomic magnetometer by employing Stokes operator    S ^  2   polarization-squeezed light.




2. Experimental Setup


Our experimental setup is depicted in Figure 1. A 20 × 20 × 20   mm 3   naturally abundant rubidium vapor cell with a 795 nm anti-reflection coating on the outer surfaces of four windows, which also contained 100 Torr   N 2   gas as a fluorescence-quenching gas to suppress the spin-polarization destruction caused by fluorescence with the random polarization state when the excited atoms fell back to the ground state;   N 2   gas can also serves as a buffer gas to decrease the spin relaxation rate, which is caused by spin-exchange collisions between atoms and spin-destruction collisions between atoms and the vapor cell inner wall. The square flexible film electric heater with holes (with apertures ∼12 mm), which was driven by AC current, was used as heater. A PT100 thermistor was used as a temperature sensor element, and a commercial temperature control (ANTHONE LU-920) was used for temperature control. Temperature fluctuation of the heating system was not more than 1    ∘  C when the temperature was controlled at ∼100    ∘  C. The atomic vapor cell was placed in a four-layer permalloy ( μ -metal) magnetic shield to screen environmental magnetic field. The shielding factor was more than 50,000 and the remanence was less than 1 nT. Meanwhile, two pairs of Helmholtz coils were placed along the Z-axis and X-axis, respectively, to generate static magnetic field   B 0   and RF magnetic field   B RF  . The external-cavity diode laser (ECDL) of 795 nm provides a pump beam across two acousto-optical modulators (AOMs). The first AOM was mainly used for feedback to stabilize pump power and reduce impact of intensity fluctuations. The frequency shift generated by the first AOM was compensated by the second one, which was also used for switch control of the pump beam. The pump beam then became circularly polarized by a  λ /4 wave plate after beam expansion, which entered the magnetic shield from the side hole, and travelled across the vapor cell via a rectangular prism. The beam diameter after beam expansion was about 10 mm, and the propagation direction passing through the vapor cell was consistent with the static magnetic field   B 0  . Similarly, the linearly polarized probe beam also crossed an AOM for the switch control. As shown in Figure 1, we demonstrated the multi-pass measurement by adding two highly reflective mirrors to the probe beam path. The beam diameter was about 2 mm and the direction was roughly perpendicular to the RF magnetic field; it entered the polarimeter (composed of  λ /2, a Wollaston prism, and a balanced differential detector) after passing through the vapor cell along the Y-axis in order to detect the rotation signal of the polarization plane of the probe beam. The data acquisition card DAQ (NI-USB6363) was used to collect the FID signal.




3. Theoretical Analysis


Physics picture of spin polarization of rubidium atoms with 100 Torr   N 2   gas pressure is shown in Figure 2a. The Zeeman energy levels of the rubidium    5 2   S  1 / 2     state were   m J   = +1/2 and   m J   = −1/2, respectively, without considering the effect of the nuclear spin. When the circularly-polarized beam was resonant with the rubidium D1 line (   5 2   S  1 / 2    –   5 2   P  1 / 2    ), atoms in the   m J   = −1/2 may be transferred to   m J   = +1/2, and the atoms in the   m J   = +1/2 state did not absorb the circularly-polarized beam and were in the dark state. The atomic spontaneous emission from the excited state fell back to the ground states   m J   = −1/2 and   m J   = +1/2. As the process continued, most of the atoms were finally transferred to the dark state   m J   = +1/2, which was in preparation of the spin-polarized state. In this process, the photons with random polarization were absorbed by   N 2   gas to avoid the destruction of the atomic spin polarization [33]. Due to the static magnetic field   B 0  ,   m J   = +1/2 and   m J   = −1/2 were Zeeman split at the Larmor frequency.



RF magnetic field with a Larmor frequency was applied after the atoms were populated to the spin-polarized state, the atoms would back and forth between the ground states   m J   = +1/2 and   m J   = −1/2, which is the magnetic resonance transition. This process can also be represented by a Bloch sphere. The Zeeman states   m J   = +1/2 and   m J   = −1/2 can be regarded as stationary two-level system, which is expressed as   | 0 〉   state and   | 1 〉   state, corresponding to the north and south poles of the Bloch sphere, and any point on the sphere represents the superposition of the two states. The initial atomic spin polarization was in   | 0 〉   state parallel to the direction of the static magnetic field   B 0  . The atomic spin polarization can be rotated to any point on the Bloch sphere where the pulse duration of the RF magnetic field was different, which manifested as the different projection values of the spin-polarization vectors in the direction of the probe light. It then continued to evolve freely with a Larmor frequency around the static magnetic field   B 0   until the thermal equilibrium state was reached. Typically, when the RF magnetic field was the   π / 2   pulse, the atomic spin polarization was rotated 90° from the north pole to the equatorial plane, and the projection value of the spin-polarization vector was the largest in the probe direction. When the RF magnetic field was the  π  pulse, the atomic spin polarization was rotated 180° from the north pole to the south pole, and the spin-polarization direction was parallel to the static magnetic field in which the projection value in the probe direction was the smallest. In addition, the strength of the RF magnetic field determined the interaction time between the RF magnetic field and atomic ensemble, and the two were inversely proportional. However, as the RF magnetic field strength increased, the inhomogeneity of the magnetic field also increased, which might have caused other problems, such as the magnetic resonance linewidth broadening, hence it was indispensable to choose an appropriate RF magnetic field strength.



This process could also be explained by a classical picture. In the laboratory coordinate system, if there is an atomic magnetic moment  μ  procession around the magnetic field   B 0   with an angular frequency of   ω 0   due to torque  L  (  L = μ ×  B 0   ), then the dynamic equation of angular momentum  F  is as follows:


  d F / d t =  ω 0  × F = γ F ×  B 0   



(1)







 γ  is the gyromagnetic ratio of the atoms,. It can be ascertained from the above equation that    B 0  = ω / γ  , if an RF magnetic field   B RF  , whose angular frequency is  ω , is applied. At this time, if the rotating coordinate system is introduced, then the procession equation of angular momentum is as follows:


  d F / d t = γ F ×  B eff   



(2)




where    B eff  =  B 0  +  ω 0  / γ +  B RF    is the effective magnetic field. In this experiment, we investigated the variation in the magnetic moment in the case of   ω =  ω 0   . The projection vector of the atomic magnetic moment in the direction of the probe beam could be detected due to the Faraday rotation effect, and the output signal was proportional to the projection value [34]. In an atomic vapor cell, collisions (between atoms, between atoms and the inner walls of the vapor cell, and between atoms and the buffer gas) result in a change in the orientation of the magnetic moments. If the relaxation process of the atomic polarization is considered, and the initial phase of the atomic magnetic moment is assumed to be  φ , FID signal output by the polarimeter can be expressed as follows [35]:


   S  s i g n a l   = A μ s i n  ( γ  B  R F   t )  c o s  (  ω 0  t + φ )  × e x p  ( − t /  T 2  )   



(3)




where A is the proportionality coefficient and   T 2   is the atomic spin transverse relaxation time. According to this equation, we know that FID signal is related to the RF magnetic field strength. When   γ  B  R F   t = π / 2  , that is, the RF magnetic field operates as   π / 2   pulse, the amplitude of the output signal is maximum. The signal-to-noise ratio (SNR) and the full width at half maximum (FWHM)  Γ  after a fast Fourier transform (FFT) of the output signal, directly affect the sensitivity of the magnetometer [33]:


  δ B = ℏ Γ /  g  μ B  ×  ( S N R )    



(4)







Here ℏ is the reduced Planck constant, g is the Lande factor,   μ B   is the Bohr magneton.



Time sequence diagram is shown in Figure 2b. In a complete period T, we first turned the pump beam on long enough to ensure that atomic spin was sufficiently polarized. The pump beam was then switched off and the RF magnetic field was turned on for   π / 2   pulse. Finally, the probe beam was turned on for FID signal detection. This design could effectively prevent the mutual effect caused by the time overlap of the three fields.



The mode of setting the RF magnetic field (  π / 2   pulse mode) is shown in Figure 3a. With the help of the RF magnetic field, the atoms were made to transition back and forth between the adjacent Zeeman energy levels. Accordingly, the polarimeter output a gradually decaying signal, similar to the breathing mode. The RF magnetic field was turned off at the maximum value of the first breathing mode, which was the   π / 2   pulse. Significantly, when the RF magnetic field strength increased, the time to complete a breathing mode became shorter, and the time of the   π / 2   pulse was also shorter. Therefore, if the RF magnetic field strength was changed, the opening time of the RF magnetic field should be changed simultaneously to maintain the   π / 2   pulse. When the RF magnetic field was turned off, the probe beam (  T  p r o b e    = T −  T  p u m p   − RF   π / 2   Pulse) was turned on to detect the Larmor precession frequency, as shown in Figure 3b. A typical FWHM after FFT is about 332 Hz, as shown in Figure 3c. The typical parameter T was set at 100 ms,   T  p u m p    was set at 20 ms, and the RF magnetic field was set as   π / 2   pulse mode in the following study of optimal parameters.




4. Parameter Optimization


4.1. Rubidium Atomic Number Density


When we studied influence of the atomic number density of     85  Rb   and     87  Rb   on the FID signal amplitude and the FWHM after FFT, we kept the other parameters as follows: the coil current that generated the RF magnetic field was 4 mA; the probe power was 100  μ W; and the frequency was red detuned to 45 GHz relative to the 5  S  1 / 2   (  F g   = 3)–5  P  1 / 2   (  F g   = 2) transition of     85  Rb   and the 5  S  1 / 2   (  F g   = 2)–5  P  1 / 2   (  F g   = 1) transition of     87  Rb  , respectively. The pump power was 15 mW, and it was resonant with the 5  S  1 / 2   (  F g   = 3)–5  P  1 / 2   (  F g   = 2) transition of     85  Rb   and the 5  S  1 / 2   (  F g   = 2)–5  P  1 / 2   (  F g   = 1) transition of     87  Rb  , respectively. For our atomic vapor cell, increase in the atomic number density was not necessarily beneficial to the FWHM and the SNR. As shown in Figure 4a,b, with the increase in the atomic number density, FWHM showed an increasing trend, and SNR of     85  Rb   and     87  Rb   reached the optimal value at 60    ∘  C. FWHM and the SNR of     87  Rb   were poor compared with     85  Rb   due to the lower natural abundance, thus the temperature was controlled at 60    ∘  C and the     85  Rb   was employed in subsequent experiments.




4.2. The Power of the Pump Beam


As shown in Figure 5a, with increase of the pump power, the signal amplitude increased, while FWHM decreased. When the pump power reached 4 mW, the atomic polarization reached its maximum value. As the pump power increased further, the signal amplitude and FWHM tended to be stable. We controlled the pump power at 15 mW in subsequent experiments.




4.3. Different RF Magnetic Field Strength


Strength of the RF magnetic field also affected the signal amplitude and FWHM. We changed the RF magnetic field strength by changing the coil current, as shown in Figure 5b. When the coil current was small, only partially polarized atoms were prepared in a direction perpendicular to atomic polarization, so both the amplitude and FWHM of Faraday rotation signal were not optimal. When the coil current increased to 2 mA, it reached saturation. With further increase of the RF magnetic field strength, the amplitude and FWHM of Faraday rotation signal tended to be stable, and we did not observe any broadening caused by inhomogeneity of the RF magnetic field. We took 3 mA for subsequent experiments.




4.4. Different Static Magnetic Field Strengths


Figure 6 shows changes in the amplitude and FWHM of Faraday rotation signal under different static magnetic fields. With increase in the static magnetic field, the signal amplitude did not change significantly, but FWHM increased significantly when the static magnetic field reached a certain value. This could be attributed to the nonlinear Zeeman effect and inhomogeneity caused by increase of the static magnetic field.





5. Performance Comparison of the Magnetometer under a Single-Pass and a Triple-Pass Probe Beam


Sensitivity of the magnetometer was compared and studied in the case of the single-pass and the triple-pass probe beam. In Figure 7a, we demonstrated typical signals collected by DAQ when the period was about 7.7 ms and the pump beam was turned on for 5 ms. The inset represents the signal within a period. The output signal was then processed by FFT, and the peak value was fitted. The fitted center frequency was the Larmor frequency, as shown in Figure 7b,c. It could be seen compared with the single-pass probe beam case, the signal amplitude increased significantly in the case of the triple-pass probe beam due to the longer optical path of the interaction between probe beam and atomic ensemble.



In Figure 7b,c, Larmor frequency values were converted to the magnetic field values by the formula   ω = γ ·   B (the gyromagnetic ratio  γ  of ground state (F = 3) of     85  Rb   is 4.66743 Hz/nT). A series of the magnetic field values were obtained by repeated measurements, and the power spectral density (PSD) was calculated. Figure 8a–d were the magnetic field values and sensitivity of the magnetometer for the single-pass and the triple-pass probe beam cases, with a sampling rate of 130 Hz and a sampling period number of 6478, respectively. The sensitivity of the magnetometer was 21.2 pT/  Hz  1 / 2    and 13.4 pT/  Hz  1 / 2   , respectively, which was calculated by statistically averaging sensitivity values, indicated that the sensitivity had been significantly improved. According to statistical average of the magnetic field value distribution, the value of the static magnetic field was 5.98450(2) ± (4)  μ T for the single-pass probe beam case and 5.98331(2) ± (2)  μ T for the triple-pass probe beam case. In other words, error distribution of the magnetic field value did not increase with the increase in the optical path of the interaction between probe beam and atomic ensemble.



Parameters for the single-pass and the triple-pass probe beam cases are shown in Table 1. When the probe beam triply passed vapor cell, the signal amplitude increased, but the noise amplitude and FWHM were almost unchanged. It could be seen from the table that the sensitivity of the magnetometer could be further improved by continuously increasing the optical path of the interaction, and FWHM would not further widen, but it should be noted that the probe light needs to pass through the vapor cell more times, which requires a higher homogeneity in the magnetic field.




6. Sensitivity Analysis and Discussion


For optically-pumped atomic magnetometer, homogeneity of the magnetic field was also the main factor of the sensitivity. The static magnetic field   B 0   and the RF magnetic field   B  R F    used in our experimental system also had a potential risk of inhomogeneity. In particular, increase in the magnetic field inhomogeneity not only broadens the magnetic resonance spectrum but also has a negative impact on sensitivity. This is the direction of our further research. When the system was optimized, sensitivity of the magnetometer was mainly limited by quantum noise, that is, atomic spin projection noise   δ  B  a t     and PSN   δ  B  p h    [36,37,38]. Atomic spin projection noise can be suppressed by atomic spin squeezing [39,40]. The PSN can be suppressed by introducing the squeezed light. In previous work, our group demonstrated the improvement of sensitivity by introducing a Stokes operator    S ^  2   polarization-squeezed light in the rubidium atomic magnetometer based on the Faraday rotation [32], and we also systematically analyzed the effect of frequency detuning on the squeezed level; we found that there was an obvious loss in the squeezed level when the probe light is resonant with rubidium atomic atoms. This indicated that the probe light with large frequency detuning was a better choice for compatibility with the polarization-squeezed light. In the Mz magnetometer, which we demonstrated, there was only a circularly polarized light resonated with the atomic transition line and it was not very compatible with the squeezed light [41]. In FID type rubidium atomic magnetometer system, the probe light with large frequency detuning fully met the introduction conditions of the polarization-squeezed light; however, in our system, optimization to make the system noise reach the PSN before the introduction of squeezed light was crucially important, such as the intensity fluctuation of the light, the inhomogeneity of the magnetic field, and etc. Additionally, to avoid the potential risk of inhomogeneity of the RF magnetic field on the sensitivity, as well as to reduce the additional time added by the RF magnetic field, the Bell–Bloom scheme with the pump light amplitude modulation instead of the RF magnetic field could be considered in subsequent experiments, while a Stokes operator    S ^  2   polarization-squeezed light was employed to beyond the PSN.




7. Conclusions


In this paper, we described physics picture of FID type optically-pumped rubidium magnetometer in detail. Dependence relationship between the parameters and FID signal was also systematically analyzed and optimized. Importantly, the pump beam,   π / 2   pulse of the RF magnetic field, and the probe beam in our system were sequentially controlled to be independent of each other in order to eliminate crosstalk between the three fields. The influence of the optical path between probe beam and atomic ensemble on sensitivity was demonstrated. It was observed that interaction of the optical path was proportional to SNR of FID magnetometer and sensitivity was improved from 21.2 pT/  Hz  1 / 2    to 13.4 pT/  Hz  1 / 2   , without changing the spatial resolution. Additionally, the dual-beam FID rubidium atomic magnetometer with large detuning of the probe beam frequency avoided atomic resonance absorption at the detection phase, which was caused by a measurement deviation [42]. This result laid a foundation for subsequent employing Stokes operator    S ^  2   polarization-squeezed light [32] to improve SNR, and further improve the sensitivity of the magnetometer. Compared to previous works [32,41], FID type rubidium atomic magnetometer more broadly and accurately measured magnetic fields, and was not limited to tracking magnetic field in real-time. In addition, we preliminarily demonstrated quantum enhancement in a single-beam linearly polarized Faraday rotation magnetometer, via 795 nm Stokes operator    S ^  2   polarization-squeezed light; the sensitivity was improved from 28.3 pT/  Hz  1 / 2    to 19.5 pT/  Hz  1 / 2    [32]. Moreover, in Ref. [31], they achieved a   17 %   quantum enhancement of magnetometer sensitivity by employing a polarization-squeezed light. This means that we could make SNR, measured by the polarization rotation angle of the probe light, greater than PSN and sensitivity could be improved significantly via introducing a Stokes operator    S ^  2   polarization-squeezed light, instead of coherent light.
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Figure 1. Experimental setup. AOM: acoustic-optical modulator; BE: beam expander;  λ /4: quarter-wave plate;  λ /2: half-wave plate; P: polarizer; WP: Wollaston prism; PD: photoelectric detector; DAQ: data acquisition. 
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Figure 2. (a) Physics picture of spin polarization rubidium ensemble with proper   N 2   gas pressure; (b) Time sequence diagram and typical time intervals. 
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Figure 3. (a) Magnetic resonance signal with RF magnetic field; (b) FID signal; (c) FFT of the FID signal. 






Figure 3. (a) Magnetic resonance signal with RF magnetic field; (b) FID signal; (c) FFT of the FID signal.



[image: Sensors 22 07598 g003]







[image: Sensors 22 07598 g004 550] 





Figure 4. Effect of different atomic number densities on FWHM and SNR after FFT of     85  Rb   atomic ensemble (a) and     87  Rb   atomic ensemble (b). 
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Figure 5. (a) Dependence of signal amplitude and FWHM on pump power—coil current that generated RF magnetic field was 4 mA; (b) Dependence of signal amplitude and FWHM on RF magnetic field—pump power was 15 mW. For (a,b), the conditions for other parameters were as follows: probe power was 100  μ W, and frequency was red detuned to 45 GHz relative to 5  S  1 / 2   (  F g   = 3)–5  P  1 / 2   (  F g   = 2) transition of     85  Rb   atoms. Pump beam was resonant with the 5  S  1 / 2   (  F g   = 3)–5  P  1 / 2   (  F g   = 2) transition of     85  Rb   atoms. 
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Figure 6. Dependence of FID signal amplitude and FWHM on static magnetic field. 
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Figure 7. (a) Output signal of the balanced differential photodiodes (insert: FID signals for the single-pass and the triple-pass probe beam cases in the same period); (b,c), FFT of FID signals for the single-pass and the triple-pass probe beam cases in one period. 
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Figure 8. (a) Measured data set of the magnetic field for the single-pass probe beam case for a period of ∼7.7 ms; (b) Calculated PSD of data in (a)—the dotted orange line indicates the calculated noise floor ∼21.2 pT/  Hz  1 / 2    with a bandwidth of 65 Hz; (c) Measured data set of the magnetic field for the triple-pass probe beam case for a period of ∼7.7 ms; (d) Calculated PSD of data in (c)—the dotted orange line indicates the calculated noise floor ∼13.4 pT/  Hz  1 / 2    with a bandwidth of 65 Hz. 
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Table 1. Parameters for the single-pass and the triple-pass probe beam cases of FID magnetometers.
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	Signal (V)
	Noise (V)
	FWHM (Hz)
	Sensitivity (pT/    Hz  1 / 2    )





	Single-pass probe case
	0.864
	0.056
	950
	21.2



	Triple-pass probe case
	1.368
	0.056
	940
	13.4
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