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Abstract

:

The measurement of atomic spin polarization distribution in spin-exchange relaxation free (SERF) magnetometer is an important topic for improving the sensitivity and consistency of multi-channel magnetic field measurement applications. A novel spin polarization spatial distribution measurement method is presented based on the transient response of the magnetometer after modulating the pumped light with a chopper. Polarization is obtained by a slow-down factor based on the fast spin-exchange interaction effects. Longitudinal and transverse polarization distributions are measured simultaneously without interrupting the operation of the SERF status. Under different oscillating magnetic fields, the spin polarization is measured at the cell centroid. Residual magnetic field inside the magnetometer is obtained from the linear relationship between the precession frequency and the oscillating magnetic field. The one-dimensional polarization distributions in the x, y, and z axes are measured using a digital micromirror device with a resolution of 0.25 cm. The measurement results conform to the Lambert-Bier absorption law and the Gaussian distribution law. Furthermore, 7 × 7 two-dimensional spatial distribution measurements of polarization on the xy and yz planes are performed. Nonuniformity of 1.04 in the xy plane and 1.82 in the yz plane in the built magnetometer. Compared with other measurement methods, the distribution measurement method proposed is independent of optical depth and suitable for low polarization and high polarization applications. Based on the results of the proposed measurement method of spin polarization spatial distribution, further compensation can improve the application consistency of multi-channel magnetic field measurements and improve the sensitivity of single-channel differential measurements.
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1. Introduction


Optically pumped alkali metals have been widely used in various areas, such as in atomic magnetometers [1,2,3], atomic comagnetometers [4,5], atomic clocks [6], nuclear magnetic resonance [7,8], quantum memory, and teleportation [9,10]. In the field of atomic magnetometer, the spin-exchange relaxation free (SERF) magnetometer achieved sub-fT level sensitivity due to the elimination of spin exchange relaxation between atoms [11]. The SERF magnetometer has characteristics such as low cost, miniaturization, and integration, with significant application potential in biological measurement fields, such as magnetoencephalography (MEG) and magnetocardiography (MCG) measurements [12,13,14]. The spin polarization of alkali metal atoms is a key factor affecting the performance of the SERF magnetometer systems [1]. The inhomogeneity of atomic polarization affects the imaging accuracy of MEG and MCG, and the polarization gradient limits the further improvement of the sensitivity of SERF magnetometer [15].



The spin polarization of atoms has a nonuniform distribution in space with the distribution of the light field. Realizing the SERF state requires conditions of extremely weak magnetic fields and high temperatures. The SERF magnetometer operates at a high atomic density of 1013–1014 cm3, resulting in a large optical depth in the direction of the pumped light [16]. The nonuniform distribution of polarizability in the longitudinal direction is due to the large optical depth that causes the light intensity to decay quickly [17]. In addition, the pumped light produces a transverse nonuniform polarization distribution for a Gaussian-distributed light field in the transverse direction [18]. The spatial distribution of polarization, rather than its mean value, is more important to us. The measurement of the spatial distribution of spin polarization is highly significant for achieving high-precision and high spatial resolution magnetic field measurement.



Currently, alkali atom polarization measurement methods mainly include the electron paramagnetic resonance (EPR) method, radio frequency spectroscopy (RFS) method, and pumping decay transient (PDT) method. Appelt et al. [19] used the EPR method to measure a two-dimensional spin polarization distribution. Young et al. [20] used the RFS method to apply a transverse RF field under a large background magnetic field and obtained the two-dimensional distribution of atomic electron spin polarizability in the x–z plane with spatial resolution less than 0.25 cm under the condition of spatial position coding using magnetic field gradient. However, the normal operation of the SERF magnetometer was affected by large magnetic and radiofrequency fields. Walker et al. [21] measured the pumping and relaxation rate using a chopper to rapidly turn on and off the pumping light and determine the polarization of alkali metal atoms. Gusarov et al. [22] constructed an early model of on–off pumping light for the SERF magnetometer at very low polarizability with a constant slowing-down factor for scalar and vectorial magnetic field measurements. The slowing-down factor in the spatial spin polarization distribution of SERF systems could not be regarded as a fixed value. Li et al. [23] used the transmitted intensity attenuated by the pumping light to obtain the average initial intensity of the SERF magnetometer. When the optical depth was too large, the pumped light could hardly pass through the cell and the method could not measure the spatial distribution. In addition, the vast majority of the measured polarization distribution methods were longitudinal planes in the pumping light direction, with no transverse-plane-polarization distribution measurement method.



This study proposes a novel method for measuring alkali atoms’ spatial polarization distributions in a SERF magnetometer. Based on the fast spin-exchange interactions, the transverse and longitudinal plane distributions of alkali metal polarization can be obtained from the transient response of the magnetometer after modulating the pumped light using a chopper. Pumped light fully polarized alkali metal atoms in an open state and completely depolarized alkali metal in a closed state. This method is advantageous because it can measure the spin polarization spatial distribution in the SERF regime, and it is not affected by the optical depth and does not require the application of large background and radiofrequency fields. The method is suitable for both low and high polarization.



In addition, we used a digital micromirror device (DMD) for distribution measurements to acquire precise high spatial resolution spatial polarization distributions, which we have validated as a feasible high spatial resolution detection method [24]. Unlike the methods of moving the photodetector (PD) using a displacement console [25] and a large reflector [26], this method avoids variability in the measurement process and problems with the inability to precisely locate it, as well as avoids smear and blooming effects caused by the use of a charge-coupled device [27]. We used a square vapor cell in the experiments to avoid measurement error due to optical distortion caused by the vapor cell curvature. The resolution of spin polarization spatial distribution was 0.25 cm. The experimental results were consistent with the theoretical calculations and simulation results, demonstrating the validity and practicability of the proposed measurement method. The spin polarization spatial distribution measurement method optimized the performance of SERF magnetometers, and, as such, the application consistency of the multichannel measurement of the magnetic field can be improved after taking means of compensation. Our proposed measurement method is applicable to other types of optical pumping atomic magnetometers.




2. Basic Principles


2.1. Principle of Slowing-Down Effect in the SERF Regime


Spin-exchange collisions cause atomic spin relaxation. In traditional magnetometers, the accuracy of magnetometers is often limited by the relaxation caused by spin-exchange collisions. [28]. Under conditions of high density and low magnetic field, the spin-exchange collision relaxation rate between alkali metal atoms can be significantly attenuated to achieve a SERF state [29]. The spin-exchange collision rate between atomic spins is generally 105–106 s−1 in magnitude, which is much larger than the optical pumping and relaxation rates. Atomic spin obeys the spin temperature distribution between superfine Zeeman levels [30]. The spin temperature parameter β is related to the atomic polarization as follows [17]:


  β = ln     1 +  P z e    1 −  P z e      .  



(1)







The probability density is   ρ ∝  e  β  F z     . Fz is the angular momentum size in the z direction of the Zeeman Sublevel, and Pz is the polarization in the z direction.



Atoms at two superfine levels, Fa = I + 1/2 and Fb = I − 1/2, obey the spin temperature distribution at each Zeeman level under the condition of fast spin-exchange collisions. In an external magnetic field along the y direction, the momentum causing the precession is mainly determined by the electron spin. The nuclear spin of an alkali metal atom and the electron spin coupling slows the frequency of the electron spin. The equivalent spin-to-magnetic ratio γequ that decreases due to the existence of the nuclear spin is as follows [31]:


   γ  e q u   = ±    γ e    2 I + 1   ,  



(2)




where the gyromagnetic ratio of electrons is γe ≈ 2 π × 28 Hz/nT, and I is the nuclear spin quantum number, with different values for different types of alkali metals.



The sum of the mean total angular momentum of the spin of an atom at the superfine level of the ground state is     F →  a  +   F →  b    in the z direction. After the moment Δt, the counterclockwise rotation angle of an atom in a state a is ω0Δt, atoms in state b rotate the same angle clockwise ω0Δt, and their sum of total angular momentum is     F →  a    ′  +   F →  b    ′   . Under SERF conditions, the Lamorr precession frequency of the atomic spin is significantly lesser than the spin-exchange collision rate between alkali metal atoms. According to the principle of conservation of angular momentum, the formula for the conservation of system angular momentum in the x direction is as follows:


  −  ω 0  Δ t  F a  +  ω 0  Δ t  F b  = ω Δ t    F a  +  F b    ,  



(3)




where ω0 is the Larmor precession frequency of atomic spin in the external magnetic field under the condition of complete polarization, and ω is the precession frequency of the system’s total angular momentum. Combining with the above, mF is the angular quantum number of an alkali atom at the hyfine level F. The overall precession frequency is given as follows:


  ω =   −    ∑   m F  = − ( 2 I + 1 )    m F  = 2 I + 1      m F     e  β  m F    +   ∑   m F  = − ( 2 I − 1 )    m F  = 2 l − 1     m F     e  β  m F        ∑   m F  = − ( 2 I + 1 )    m F  = 2 I + 1     m F     e  β  m F    +   ∑   m F  = − ( 2 l − 1 )    m F  = 2 I − 1     m F     e  β  m F       ω 0  .  



(4)







The precession frequency of the system is related to the spin temperature distribution parameter β, which is related to the atom’s spin polarization, according to Equation (1). According to the spin temperature distribution [32], (4) can be expressed as follows:


  ω =   ( 2 I + 1 )  ω 0    q ( P )   =    γ e  B   q ( P )   .  



(5)







The slow-down factor q(P) slows the precession frequency of the alkali metal atoms in the SERF regime. The ability to determine whether the precession frequency of the alkali metal atoms under the external magnetic field is further slowed based on the Larmor precession frequency is crucial in determining whether the atoms are in the SERF working state. q(P) is determined by the nuclear spin quantum number I and the spin polarization P. Table 1 shows the commonly used expressions of q(P) for alkali metal atoms. The q(P) is regarded as a function of spin polarization P in the accurate measurement of atomic spin polarization.




2.2. Theoretical Model of Spin Polarization Measurement


Under rapid spin-exchange conditions, the spin motion of alkali metal atoms can be described quantitatively by the evolution of the density matrix. The dynamic equation of the interaction between atomic spin and external magnetic field can also be described using a more intuitive and simple Bloch equation model [17]. If the x axis represents the direction of detection light and the z axis represents the direction of pumping light, the matrix form of the Bloch equation can be expressed as follows:


   d  d t   P =  G ^  P +        0   0     R  o p          T  ,  



(6)




where   P =      P x  ,  P y  ,  P z     T    is the spin polarizability vector, and   G ^   is the interaction matrix:


   G ^  =       −    R  t o t     q ( P )       −  γ e     B z    q ( P )        γ e     B y    q ( P )          γ e     B z    q ( P )       −    R  t o t     q ( P )       −  γ e     B x    q ( P )         −  γ e     B y    q ( P )        γ e     B x    q ( P )       −    R  t o t     q ( P )         ,  



(7)




where Bx, By, and Bz are the magnitudes of the magnetic field applied by each of the three axes perceived by the alkali metal atoms;    R  t o t   =  R  o p   +  R  r e l    , and Rop are the pumping rates; and Rrel represents the total relaxation rate, excluding the relaxation effect caused by pumping light. The SERF regime, effectively, inhibits spin-exchange relaxation, with spin destruction relaxation being the main relaxation term. The spin destruction relaxation mainly comes from the binary collision between an alkali metal atom and a buffer gas He atom, the binary collision between an alkali metal atom and a quenched-gas N2 molecule, the binary collision between alkali metal atoms, and the collision relaxation between alkali metal atoms and the vapor cell wall.



In this study, we use a chopper to make square wave amplitude modulation of the pumping light at a 50% duty cycle; the pumping rate corresponding to the device’s initial pumping rate is RP, ignoring the higher-order harmonic retaining direct current and first harmonic, and the pumping rate can be written as follows:


   R  o p   =    R p   2    1 +  4 π  cos    ω mod  t     ,  



(8)




when there is only a magnetic field By, and the pumping rate Rop is less than the relaxation rate Rrel. The solution of the Bloch Equation (6) above is given as follows [33]:


     P x  ( t ) =  R p  [  T 1  ( t ) +  S 1  ( t ) ]      P z  ( t ) =  R p  [  T 2  ( t ) +  S 2  ( t ) ]    



(9)







The first term T(t) is the damping attenuation term in the dynamic solution:


     T 1  ( t ) =  e  −      R  r e l   t   q (  P z 0  )        R p    (  k 0  +  k 1  )  ω y  cos      ω y  t   q (  P z 0  )     + (  k 0  +  k 1  )  R  r e l   sin      ω y  t   q (  P z 0  )       ,      T 2  ( t ) =  e  −      R  r e l   t   q (  P z 0  )        R p    (  k 0  +  k 1  )  R  r e l   cos      ω y  t   q (  P z 0  )     − (  k 0  +  k 1  )  ω y  sin      ω y  t   q (  P z 0  )       ,    



(10)




and the steady-state oscillation term S(t) is as follows:


     S 1  ( t ) =  ω y   R p      −  k 0  + 2  k 2     ω y    2  +  R  r e l     2  − q   (  P z 0  )  2   ω  mod     2    cos (  ω  mod   t )     + 4  k 2  q (  P z 0  )  ω  mod    R  r e l   sin (  ω  mod   t )     ,      S 2  ( t ) =  R p      −  k 0   R  r e l   + 2  k 2   R  r e l      ω y    2  +  R  r e l     2  + q   (  P z 0  )  2   ω  mod     2    cos (  ω  mod   t )     + 2  k 2  q (  P z 0  )  ω  mod     −  ω y    2  +  R  r e l     2  + q   (  P z 0  )  2   ω  mod     2    sin (  ω  mod   t )     .    



(11)




where k0, k1, and k2 are given as follows:


     k 0  = −  1  2      R  r e l  2  +  ω y    2      ,      k 1  = −  1  π      R  r e l  2  +      ω y  − q (  P z 0  )  ω  mod      2      −   q (  P z 0  ) +  ω y    π      R  r e l  2  +      ω y  + q (  P z 0  )  ω  mod      2      ,      k 2  =  1  π      R  r e l  2  +      ω y  − q (  P z 0  )  ω  mod      2         R  r e l  2  +      ω y  + q (  P z 0  )  ω  mod      2      .    



(12)







A circularly polarized pumping laser is used to polarize alkali metal atoms, and another linearly polarized detuning laser is used to detect magnetic field signals in a dual-beam magnetometer. The optical eigenmode of linearly polarized light is the superposition of left and right circularly polarized light. Linearly polarized light shows circular birefringence through the polarized vapor cell, and the rotation angle is produced due to the Faraday rotation effect. When the detected light direction is along the x direction, the rotation angle θ is [34]:


   θ   = −  π 2  n l  r e  c  P     f  D 2      v  pr   −  v   D 2           v  pr   −  v   D 2       2  −      Γ   D 2    / 2    2    ,  



(13)




where l is the distance at which the probe light interacts with alkali metal atoms, n is the rubidium atom’s density number, c is the propagation speed of light, re is the electron radius, and vpr is the frequency of the probe light. ΓD2, fD2, and vD2 are the pressure broadening, oscillation intensity, and resonance frequency of the probe light in the Rb D2 line.



To suppress low-frequency noise and improve detection sensitivity, a photo-elastic modulator (PEM) is used to detect the optical rotation angle, and a PD is used to convert optical signals into electrical signals. The final output Vout of the device is as follows:


   V   out      = η  I 0  α  e  − OD ( v )   θ ,  



(14)




where η is the PD’s conversion coefficient, I0 is the incident probe light intensity, α is the modulation angle of PEM, and OD is the optical depth.



Figure 1 shows that when light is probed along the x direction, the output voltage Vx is proportional to Px, Vz is proportional to Pz, and the output signal records the oscillation and steady-state processes of Px and Pz according to Equations (9), (10), and (12); through the oscillation process, we can obtain the slow-down factor q(P) from the oscillation frequency ωof = ωy/q(P). Figure 2 shows the trajectory of atomic spin polarization with time inside the cell. The oscillation frequency of the output signal Pz can be used to obtain q(P) while probing light along the z direction. Table 1 shows that the value of the initial spin polarization P is calculated from the relationship between q(P) and P. We measure the spatial distribution of the spin polarization using the DMD to scan the x and z direction probe light to obtain the atomic polarization distribution in the longitudinal direction (yz- plane) and the transverse direction (xy plane) of the device, respectively.





3. Experimental Setup


The experimental measurement setup shown in Figure 2 is a dual-beam Rb atomic magnetometer in the SERF regime. The key component of the magnetometer was an aluminosilicate glass (GE180) 2.5-cm-length cubic vapor cell containing 50 Torr quenching gas N2 and 340 Torr buffer gas 4He in a liquid nitrogen environment and Rb alkali metals in natural abundance. The cell was placed in a boron nitride ceramic oven in the center of the device. The cell was heated with a nonmagnetic twisted heating wire with 75 kHz AC and real-time temperature monitoring using platinum resistors. The magnetometer had a vacuum inside it to maintain temperature stability, and the vacuum assembly was made of polyether ether ketone material. Laser absorption spectroscopy was used to determine atomic density at high temperatures, which was then calculated using Raoul’s law and the saturation vapor density equation. The magnetic shielding system was made up of five layers of stacked cylindrical high-permeability µ-metals [35]. A three-axis compensation coil was configured to further ensure an extremely weak magnetic environment. The magnetic coils were driven by two high-precision function generators (33500 B Keysight, the USA). This ensured that the atoms were in a SERF state.



The alkali atom was polarized by the distributed Bragg reflector (DBR) diode-pump-laser along the z axis. The pump light was 2.5 cm circularly polarized after a lens beam expansion system and a quarter-wave plate, and its wavelength tuned to the D1 resonance line of Rb. A noise eater (Thorlabs, NEM03L) was used to stabilize a laser power of 13.5 mW. The pumped light was modulated using a chopper. The probe light was generated by another DBR diode laser with a wavelength detuned by 1 nm over the D2 resonance line of Rb. The linearly polarized light of 2 cm after PBS was divided into two probe beams. One beam was used to detect the transverse polarization component Px along the x axis, as shown in part A of Figure 2, and the other beam was used to detect the longitudinal polarization component Pz along the z axis after beam splitter, as shown in part B. Only probe light passed through the filter at the barrel’s z axis exit. DMD (Texas Instruments V-9501) with a pixel size of 10.8 × 10.8 µm2 was used in our experiment to obtain the spatial distribution of polarization with high spatial resolution. The grayscale image loaded onto the DMD was used to control the probe light reflected onto the DMD. In the grayscale image, a pixel gray value of 0 indicated the on-state, whereas 256 indicated the off state. Only the probe light in the on-state could pass through the cell to detect the response signal in the spatial position. The probe light beam was divided into several units by DMD, each of which contained 232 pixels with an area of 0.25 × 0.25 cm2, with a detected optical power of 3 mW per unit. Experiments were conducted to measure the spatial distribution of longitudinal and transverse polarization in 7 × 7 units. The DMD and the cubic cell were precisely positioned to correlate to ensure a clear measurement position [24]. To reduce the measurement error, the two probe beams passed through the same PEM (Model-100, Hinds Instruments) and PD (Thorlabs, PDA36A2) after passing through the semitransparent and semi-reflective beam splitter. The output signal was transmitted to a phase-locked amplifier ZI (Zurich Instruments HF2LI) for demodulation.



In the experiment, there were two processes of pumping light on and off when a chopper was used to modulate the pumping light. The process of pumping light on required the consideration of both the optical pumping rate Rop, the atomic relaxation rate Rtot, and the pumping light off state Rop = 0. We simulated the aforementioned two processes under different By magnetic fields with time based on the solution of Equation (6) in continuous pump light. The experimental temperature was 150 °C. The atomic density n = 8.91 × 1013 cm−3 and the pumping rate Rop = 95.66 s−1 at the center of the vapor cell. Figure 3a shows the simulation of the pumped light on-state, and Figure 3b shows the simulation of the pumped light off state. Oscillatory processes of spin polarization increased as the By magnetic field increased. The oscillatory process of the polarization was more pronounced in the pumped light off state and was more beneficial for fitting and measuring our data. We also observed the polarization decay time during the pumping light off period to determine the frequency of chopper modulation of pump light. The atoms must be fully depolarized within the modulation period to ensure measurement accuracy. The spin polarization decay times to zero (~10−6) were 0.542, 0.52, 0.497, and 0.47 s when By was 1 nT, 4 nT, 7 nT, and 10 nT, respectively. This shows that the oscillatory process intensifies, as well as the decay process, when By increases. In addition, considering the requirement for fast measurements, the pump laser beam was modulated by a chopper with a duty cycle of 50% at a rate of 0.8 Hz.



The SERF magnetometer polarizability spatial distribution measurement procedure was as follows: First, the compensation coils compensated for the residual magnetic field after demagnetization, such that the residual magnetic field in the magnetometer was approximately zero. y axis coils generated a magnetic field By and turned on the chopper. The first gray image on the DMDs was loaded and selected the first measurement positions. The part A probe light path in Figure 2 was turned on, and the part B probe light path was turned off to measure the spatial polarization distribution of the yz plane through the Px signal response. The part B probe light path was turned on, and the part A probe light path was turned off to measure spatial polarization distribution of the xy plane through the Pz signal response. Signal response data were acquired using LabVIEW and stored in an NI (PXIe-1092PXIe, National Instruments) system. The periodic signal was extracted and fitted to Equation (10), and qxy(P) and qyz(P) were calculated from the fitting results. Therefore, Pyz and Pxy could be calculated according to Table 1. The grayscale image at the next spatial location was replaced to measure the next point of polarization, resulting in a two-plane 7 × 7 polarization spatial distribution measurement.




4. Results and Discussion


4.1. Polarization Measurements Based on Pump Light Modulation


To investigate the practicability of the proposed method, the central point was used to measure the polarization by the pump light modulation on the transient response. Table 2 describes the experimental conditions. Figure 4a,b show the experimental measurement data using path A (Px transient response) and path B (Pz transient response) at By = 7 nT. The transient response signal of the magnetometer was fitted with oscillation attenuation in one cycle using Equation (10). The experimental values fit well with the theoretical equations, with an R-square value of 0.9997 for two fitting curves, indicating that the method based on the transient response of the magnetometer was feasible. Table 3 and Table 4 show the oscillation frequency ωof measured under different By. Then, we calculated the slow-down factor q(P) and precession frequency ω from By and ωof. The inset of Figure 4a,b shows the linear relationship between ω and By. The linear fit intercept is the residual magnetic field inside the magnetometer. The residual magnetic field Bres was 1.27 nT according to the fitting results, which included the residual magnetic field after the demagnetization of the magnetic shield caused by light shifts [36].



The experimental data under different By in Table 3 and Table 4 were compared. The polarization obtained using the Pz response was smaller than those obtained from the Px response. This was because the probe beam measured the average of the polarization rates in the path it goes through. The polarization distribution was proportional to the light intensity distribution in the cell. The Rop in the cell was different. When the probe light was perpendicular to the pump light (path A), its path was only affected by the integral of the laser Gaussian light field. When the probe light was parallel to the pump light (path B), the probe path was affected by the integration of the light field formed by the large OD. In our experiment, because the OD had a greater impact on the path integral of polarization, the polarization measured by the Pz response decreased. At low frequencies, the phase-locked capability caused error bars to increase as By decreased. In addition, the depolarization caused by the window plate and the cell and the pumping effect of the probe light on the atoms resulted in measurement errors.




4.2. Polarization Spatial Distribution Measurement


Inhomogeneity in the polarization distribution within the SERF magnetometer is caused by the inhomogeneous light field distribution within the cell, as described in the previous section [37]. The high density of alkali vapor absorbs the circularly polarized light as it passes through the cell, causing an attenuation of the light intensity in the longitudinal plane (yz plane). According to the Lambert–Beer absorption law, the pumping rate is related to the distance in the z direction by the following equation [17]:


   R  o p   ( z ) =  R  r e l   W      R p     R  r e l     exp   − n σ ( v ) z +    R p     R  r e l         ,  



(15)




where σ(v) is the absorption cross-section as a function of the laser frequency, n is the density of the alkali atoms vapor, z is the pump light’s propagated distance in the cell, and the initial pumping rate Rp is proportional to the pump light intensity Ipump.



For the transverse plane (xy plane), the optical field inhomogeneity was mainly caused by the laser’s Gaussian light intensity distribution. The pumping rate was related to the distance in the x and y directions by the following equation:


   R  o p   ( x , y ) =  R p   e      − 2    x 2  +  y 2       r 2        ,  



(16)




where r is the pump light beam radius. The atoms had sufficient collision mixing in the SERF state, and the initial electron spin polarization P0 can be written as follows:


   P 0  =    R  o p      R  o p   +  R  rel     .  



(17)







When only the By magnetic field exists, the steady-state solution of Equation (6) is as follows:


   P z  =    P 0    1 +        γ e   B y     R  o p   +  R  r e l        2    .  



(18)







Figure 5 shows the spin polarization distribution in the z axis of the pump light propagation direction and the x and y axes of the pump light cross-section direction, which is fitted by Equations (16)–(18). Figure 5a is measured from the transient response of the magnetometer obtained using the experimental device optical A path, and Figure 5b,c are measured using the optical B path. The origin corresponds to the center of the cell. DMD is used for distribution measurement with a distance of 0.25 cm between each measuring point. The distribution measurement method can accurately locate the measurement position. In our measurement range of −0.75 to 0.75 cm, the polarization decreased by 98.18% due to the light intensity attenuation caused by alkali metal absorption and by 53.36% due to the Gaussian light intensity distribution. Although light intensity absorption is the primary cause of polarization inhomogeneity, Gaussian light causes transverse polarization inhomogeneity, which affects the sensitivity of magnetometer triaxial measurements and the application of biomagnetic detection.



Figure 6 shows the measurement results of the spatial polarizability distribution of xy and yz planes with a spatial resolution of 0.25 cm using the experimental process shown in Figure 4. We measured 7 × 7 space points on each side, and each space point was measured three times. Table 2 shows the experimental conditions. We use δ to represent the measured polarization inhomogeneity, which can be described as follows:


  δ =     ∑          ( P −  P ¯  )   P ¯      2    / ( m − 1 )   ,  



(19)




where m is the number of measurement points. Within our measurement range of 0.75 cm2 × 0.75 cm2, the nonuniformity of the xy plane is δ = 1.04, and that of the yz plane is δ = 1.82. The Gaussian light field also affects the nonuniformity of the yz plane. The measurement results of spatial distribution were affected by the interatomic diffusion effect, which could be further suppressed by increasing the pressure in the vapor cell. Based on the proposed method for measuring the spatial distribution of transverse and longitudinal polarization, the polarization inhomogeneity in the yz plane could be further suppressed by a hybrid optical pumping technique [38], and the polarization inhomogeneity in the xy plane can be further reduced by beam shaping technology [39] to further improve the sensitivity of the SERF magnetometer and the application performance of the SERF magnetometer.





5. Conclusions


In this study, we proposed a novel method for measuring both the transverse and longitudinal plane spatial distributions of alkali metal polarization for a SERF magnetometer using the transient response of the magnetometer after modulating the pumped light using a chopper at 1.6 Hz. The dynamics equation and working principle were demonstrated. The main conclusions that could be drawn were:




	
By using the Px and Pz transient responses, the slowing factor q(P) at the center point of the cell at different By magnetic fields was obtained, and the polarization was calculated based on the fast spin-exchange interaction effect.



	
The device’s residual magnetic field Bres was obtained from the linear relationship of precession frequency ωpr and By.



	
Measuring the one-dimensional polarization distribution of the x, y, and z axes with 0.1 cm resolution. The measurement results were consistent with the Lambert–Beer absorption law and the Gaussian distribution law.



	
Two-dimensional spatial distribution measurements of the polarization of the xy and yz planes with a measurement range of 0.75 cm2 × 0.75 cm2. The nonuniformity of the xy plane was 1.04, and that of the yz plane was 1.82.








Based on the results of the proposed measurement method of spin polarization spatial distribution, further compensation can improve the application consistency of multi-channel magnetic field measurements and improve the sensitivity of single-channel differential measurements. Compared with existing methods for measuring polarization distribution, this method has the following advantages:




	
It can measure three-axis spatial distribution spin polarization in the SERF region.



	
It is independent of the OD and does not require a large background or RF field for applications suitable for both low and high polarization.



	
It uses a square cell to avoid measurement errors caused by optical aberrations due to the circular cell’s curvature.



	
DMD distribution measurements provide high spatial resolution and are accurate in their positioning.








Our proposed measurement method applies equally to NMR magnetometers, all-optical atomic magnetometers, and comagnetometers.
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Figure 1. When the magnetic field is input along the y axis, the spin polarization of the atoms deviates from the pumping z axis and stabilizes at the angle between the z axis and the x axis; the x and z axis probe light undergoing an oscillation and decay process under the action of the pumping light modulation probes the x and z axis polarization responses, respectively. 
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Figure 2. (a) Experimental diagram of the SERF magnetometer. NE: noise eater; PEM: photo elastic modulator; GT: Glan–Taylor polarizer; PD: photodetector. (b) Photographs of the five-layer magnetic shielding and nonmagnetic vacuum system. (c) Photographs of the nonmagnetic electric heating system and the square cell in the center. 
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Figure 3. Simulation results of the magnetometer z axis polarization oscillation decay process at different magnetic fields By. (a) Pumping light in the on state. (b) Pumping light in the off state. 
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Figure 4. Experimental measurement data of the magnetometer transient response at By = 7 nT. The dots are the measured data, and the solid line is the curve fitted to Equation (10). The inset measures the variation in ω with By, and the measurement results in a linear relationship between ω and By. The intercept is the residual magnetic field inside the magnetometer. (a) Probe light path A in Figure 2 (Px transient response). (b) Probe light path B in Figure 2 (Pz transient response). An expanded version of the inset is at the right of the image. 
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Figure 5. Experimental measurement result of the spin polarization distribution in the z axis in the pump light propagation direction and in the x and y axes in the pump light cross-section direction. The measuring spatial resolution is 0.25 cm, with a measuring range of −0.75–0.75 cm. The error bars represent the expanded uncertainties of the results. The solid line is the fitted curve obtained by Equations (16)–(18). (a–c) is the polarizability measured along the x-, y-, z- triaxial axis respectively. 
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Figure 6. Experimental measurement result of spatial polarizability distribution of xy and yz planes with a spatial resolution of 0.25 cm. Each side measures 7 × 7 space points, and each space point is measured three times. (a) The measurement results of the spatial polarizability distribution of xy plane, (b) The measurement results of the spatial polarizability distribution of yz plane. 
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Table 1. Nuclear spin Quantum Number and Slow-down Factor of Alkali Metal Atoms.
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	Alkali Metal Atoms
	Nuclear Quantum Number I
	Natural Abundance
	Slow-Down Factor q(P)
	Range of Slow-Down Factor q(P = 0~1)





	85Rb
	5/2
	72.2%
	     38 + 52  P 2  + 6  P 4    3 + 10  P 2  + 3  P 4     
	38/3~6



	87Rb
	3/2
	27.8%
	     6 + 2  P 2    1 +  P 2     
	6~4



	39K
	3/2
	93.3%
	     6 + 2  P 2    1 +  P 2     
	6~4



	41K
	3/2
	6.7%
	     6 + 2  P 2    1 +  P 2     
	6~4



	133Cs
	7/2
	100%
	     22 + 70  P 2  + 34  P 4  + 2  P 6    1 + 7  P 2  + 7  P 4  +  P 6     
	22~8
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Table 2. Parameters of Measurement System.
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	Parameter
	Value
	Unit





	Diameter of the cubic cell
	2.5
	cm



	Coil constant of z axis
	114.03
	nT/V



	Coil constant of y axis
	15.23
	nT/V



	Coil constant of x axis
	15.24
	nT/V



	Wavelength of the pump laser
	794.972
	nm



	Wavelength of the probe laser
	779.242
	nm



	Power of the pump laser
	23
	mW



	Power of the probe laser (each point)
	15
	mW



	Modulation frequency of PEM
	50
	kHz



	Modulation amplitude of PEM
	0.08
	rad



	Temperature
	150
	°C
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Table 3. Px response measurement results under different magnetic fields.
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	Magnetic Fields By(nT)
	Precession Frequency

(Hz)
	Slow-Down Factor q(P)
	Polarization





	1
	3.33 ± 0.35
	8.42 ± 0.81
	0.57 ± 0.11



	4
	10.35 ± 0.33
	10.82 ± 0.33
	0.31 ± 0.04



	7
	17.14 ± 0.21
	11.43 ± 0.14
	0.24 ± 0.01



	10
	23.55 ± 0.20
	11.89 ± 0.10
	0.18 ± 0.01
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Table 4. Pz response measurement results under different magnetic fields.
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	Magnetic Fields By(nT)
	Precession Frequency

(Hz)
	Slow-Down Factor q(P)
	Polarization





	1
	3.13 ± 0.41
	8.94 ± 1.04
	0.51 ± 0.13



	4
	10.07± 0.52
	11.12 ± 0.44
	0.27 ± 0.05



	7
	16.97 ± 0.22
	11.55 ± 0.15
	0.23 ± 0.02



	10
	23.23 ± 0.24
	12.06 ± 0.12
	0.16 ± 0.02
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