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Abstract: We propose an in-situ method to calibrate the coil constants of the optical atomic 
magnetometer. This method is based on measuring the Larmor precession of spin polarized alkali 
metal atoms and has been demonstrated on a K-Rb hybrid atomic magnetometer. Oscillation fields of 
different frequencies are swept on the transverse coil. By extracting the resonance frequency through 
phase-frequency analysis of electron spin projection, the coil constants are calibrated to be     
323.1 ± 0.28 nT/mA, 108 ± 0.04 nT/Ma, and 185.8 ± 1.03 nT/mA along the X, Y, and Z directions, 
respectively. 
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1. Introduction 

Atomic magnetometer, with the rapid 

development of recent decades [1‒3], has been 

reported as the most sensitive known magnetic 

measurement instrument. It has found many 

applications such as geomagnetism [4], medical 

imaging [5, 6], and fundamental physics [7, 8]. At 

least, one set of triaxial magnetic coil system is 

required in the magnetometer to supply direct 

current (DC) or alternating current (AC) field. The 

accuracy of its coil constant always has significant 

effects on the overall performance of the atomic 

magnetometers. 

A uniform and pure magnetic environment is 

essential while passive magnetic shielding barrels 

alone can hardly manage it without the accurate 

offset fields generated by the coil system. On one 

hand, the residual magnetic field cannot be 

adequately compensated without accurate coil 

constants. Taking spin-exchange relaxation free 

(SERF) regime as an instance, one elementary 

premise of its ultra-high sensitivity is extremely 

weak surrounding field at the level of several nT. On 

the other hand, accurate coil constants are also 

important when large ambient field of several pT is 

generated by the coils [9]. Considering the relatively 

large current applied, significant discrepancy may 

emerge when the coil constants deviate from the 

original values. Thus, a convenient in-situ coil 

constants calibration operation is necessary from 

this point. Apart from these, accurate coil constants 

decide the direct readout of the atomic 

magnetometers working in the close-loop mode. In 

these kinds of magnetometers, magnetic fields have 

to be maintained to particular values to satisfy the 

underlying physics, such as the steady-state 

operating point and the resonance point, or to 
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increase the dynamic range and bandwidth of the 

magnetometer. Through feedback control, the 

magnitudes of the external magnetic fields are 

actually obtained in real time from the compensation 

value of coils [9‒12]. 

In addition to DC magnetic fields, the coil 

system serves to produce accurate AC magnetic 

fields of various functions. One most elementary 

part is to generate the known reference signal for the 

sensitivity estimation of the magnetometer. The 

importance of coil constant accuracy for this 

purpose is much in evidence. Moreover, modulation 

fields are often applied to measure magnetic fields 

along two or three axes. In the case of longitudinal 

parametric modulation, the magnitude of normalized 

oscillation field determines not only the response 

strength, but also the loss of bandwidth [13]. Thus, 

accurate magnetic fields from the longitudinal coil 

directly affect the optimization of such kind of 

magnetometer. As to transverse AC modulation, its 

field magnitude is exactly the scale factor between 

the demodulated signal and the field to be measured. 

Under this circumstance, calibrating coil constants 

ties in nicely with calibrating the magnetometer 

response [14]. 

Above all, a precise method should be designed 

to calibrate the magnetic coil constants and obtain 

the accurate value of the applied magnetic field. 

Using a fluxgate to measure the magnetic field 

in the center of the coil system is a traditional 

method for calibrating the coil constant [15]. 

However, its accuracy is limited by the placement 

error and the precision of fluxgate. An in-situ 

method developed by Zhang et al. can measure the 

magnetic coil constants based on the Larmor 

precession frequency of the hyperpolarized 3He [16]. 

Chen et al. proposed another calibration method by 

measuring the initial amplitude of free induction 

decay (FID) of 129Xe and calculating the π / 2 pulse 

duration [17]. Both of these methods require to 

operate with noble gas atoms due to their long 

polarization lifetime and are suitable for 

spin-precession gyroscopes and co-magnetometers, 

while they are not suitable for atomic 

magnetometers using alkali metal atoms as sensing 

unit. 

This paper presents an in-situ calibration method 

based on the Larmor precession of the polarized 

alkali metal atoms. It is demonstrated in a K-Rb 

hybrid atomic magnetometer. The electron spins are 

pumped in the vapor cell and functioned as the 

sensing unit of the atomic magnetometer. Then, the 

phase-frequency response of the magnetic resonance 

is analyzed, and the Larmor precession frequency of 

the transverse polarization around the applied field 

is extracted, whose corresponding current intensity 

is known in advance. As long as the oscillation field 

is maintained perpendicular to the net ambient field, 

the coil constants in three dimensions could be 

figured out. This method could effectively avoid the 

position error since it is employed exactly where the 

pumping light and the probe light encountered. 

2. Principle 

The electron spins of K atoms are polarized by a 

circularly polarized laser tuned to D1 line of K to 

reduce the fictitious magnetic field induced by AC 

stark effect [18, 19]. To obtain more uniform spin 

polarization across the cell, K-Rb hybrid pumping 

technique is employed to transfer spin polarization 

from K atoms to Rb atoms [20, 21]. Then, the 

transmitted linearly-polarized probe laser, slightly 

detuned from D2 line of Rb due to both effects of 

the optical rotation and absorption, is modulated by 

the Rb atoms. The typical Bloch equation describing 

the evolution of the atomic spin S in a magnetic 

field B is as 

OP rel

1 1
ˆ+ s

q 2

d
R R

dt
γ   = × − −    

S B S z S S    (1) 

where ( )e / 2 1Iγ γ= +  is the gyromagnetic ratio of 

the probed atomic state, eγ  is the gyromagnetic 

ratio of the bare electron, and I is the nuclear spin 

number [22]. The electron spin is coupled to the 

nuclear spin of alkali metal atoms and has to drag it 
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while precessing. Therefore, the equivalent 

gyromagnetic ratio is slower than that of a bare 

electron. The nuclear slowing down factor q depends 

on the nuclear spin and the polarization. Considering 

the stable pumping condition, the nuclear slowing 

down factor is treated as a constant here. ROP is the 

pumping rate, Rrel is the total relaxation rate, and s is 

the optical pumping vector along the pump laser 

propagation direction, with a magnitude of the 

circular polarization degree. The latter two terms of 

(1) represent the optical pumping effect and the 

depolarization effect, respectively. 

When an ambient field ( )0 0 ˆ= ω γB z/  and an 

oscillating field ˆcos( t)B ω′ ′=B y  are applied, the 

transverse response Sx can be obtained from the real 

part of the solution of (1), whose in-phase 

component Sin-phase and quadrature component 

Squadrature, relative to the transverse oscillation field, 

are as 

( )
( ) ( )

0 2
in phase 2 2 2

1 2 0 2

' 2

1 ' 2
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+ + −
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2
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quadrature 2 2 2
1 2 0 2

2

1 2

S B T
S

B TT T

ω ω γ
γ ω ω

′− −
=

′+ + −
    (3) 

where T1 and T2 are the longitudinal and transverse 

spin relaxation lifetime, S0 represents the atomic 

spin polarization without oscillating excitation, ω is 

the oscillation frequency, and ω0 is the Larmor 

frequency [23]. Larmor frequency can be extracted 

from either the amplitude-frequency response S(R) or 

the phase-frequency response S(P). As can be seen in 

Fig. 1(a), the amplitude-frequency response in 

practical experiments may suffer from a weak 

response signal and relatively large noise when the 

spin polarization is not sufficiently large. Hence, it 

may be hard to extract an accurate resonance 

frequency by fitting. Increasing the transverse 

oscillation field to gain signal strength will lead to a 

distorted response curve. In contrast, the 

phase-frequency response presented in Fig. 1(b), 

which is insensitive to the variation of transverse 

oscillation field magnitude, has higher 

signal-to-noise ratio. Common coefficient 

fluctuations of Sin-phase and Squadrature components are 

also suppressed in the phase-frequency response. 

 
Fig. 1 Experimental magnetic resonance responses:       

(a) amplitude-frequency responses of a K magnetometer 
acquired experimentally under 170 ℃, with the pumping power 
of 109 μW, a static field Bz of 2000 nT and four transverse 
oscillation fields B′: 1.92 nTpp in green, 3.84 nTpp in brown,  
9.62 nTpp in red, and 11.54 nTpp in blue and (b) phase-frequency 
curves under the same conditions. 

Therefore, the phase-frequency response S(P) is 

chosen to figure out the Larmor precession 

frequency reflecting the magnitude of the applied 

magnetic field as follows: 

( ) in phaseP 2

out of phase 0

1
arctan arctan

S T
S

S ω ω
−

− −

   −= =     −  
.  (4) 

According to this, ω0 and subsequently the 

magnitude of the applied ambient field 0 0=B ω γ/  

can be achieved. Combined with the known current 

strength I, the coil constant (the ratio of the applied 

magnetic field to the applied current) of a certain 

axis can be determined as coil 0=C B I/ . 

3. Experimental results and discussion 

Figure 2 shows the experimental setup. An 

external-cavity diode laser (ECDL) (model 6910, 
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New Focus, USA) is used as the pump laser, whose 

power is 208 mW and beam diameter is 13 mm. Its 

wavelength is stabilized at the D1 line (770.108 nm) 

of K. A distributed-feedback (DFB) laser (model 

DL100 DFB-L, Toptica, Germany) with 3.8 mW 

power is chosen as the probe light, with the 

wavelength tuned to 795.475 nm, close to the D1 

line of Rb (795 nm). A 25 mm diameter spherical cell 

contained K and Rb hybrid vapor with the density 

ratio of approximately 1:180, 50 torr N2 and 2.5 atm 
4He. The N2 serves as a quencher absorbing the 

emitted photons from electrons decaying from 

excited state to ground state so as to avoid radiation 

trapping. The 4He serves as buffer gas to minimize 

diffusion relaxation. A temperature of 473 K is 

obtained utilizing 99 kHz AC heating current. The 

residual magnetic fields are compensated after 

manual zeroing procedures [24]. A set of permalloy 

four-layer cylindrical magnetic shielding is 

implemented outside the coils. The optical rotation 

angle is observed by a balanced photo-detector 

(model 2307, New Focus, USA). 
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Fig. 2 Schematics of the experimental setup. The inset in the upper right corner is the photograph of the magnetometer. From top to 
the bottom are the pumping light path, the magnetic shields with sensing unit inside, and the probe light path. 

Currents with different intensities are exerted 

along one of the three directions to generate a bias 

magnetic field. Meanwhile, coils in a perpendicular 

direction are linked to the output port of a lock-in 

amplifier (Zurich Instrument HF2LI) to sweep 

oscillating field of sine waves. Since the current is 

known and the corresponding applied magnetic field 

could be determined from the phase-frequency 

responses, the magnetic coil constant could be 

obtained along three directions, respectively. 

Equation (4) shows that the magnetic resonance 

phase-frequency response is symmetrical about the 

resonance frequency. Therefore, it is theoretically 

feasible to use one half of the phase-frequency curve 

to calculate the coil constants for convenience. In 

this paper, the right halves of the curves are selected 

and fitted. Figures 3(a) to 3(c) present the 

representative phase-frequency responses in three 

directions and their corresponding fittings based on 

(4), from which the Larmor precession frequency of 

the electron spins could be achieved. Firstly, the 

current of 1 mA is applied in the Z direction coil, and 

the oscillation field is swept along the Y axis. The 

resonance frequency of 1022 Hz is acquired after 

fitting the phase-frequency response shown in   

Fig. 3(a), which means the applied field /Z ZB ω γ=  

has the magnitude of 219 nT. Then, holding on the Z 

axis bias field, another current of 1.5 mA is added 

along the Y axis, and the transverse oscillation field 

is transferred to the X axis. After fitting the 
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phase-frequency response in Fig. 3(b), the resonance 

frequency of 1250 Hz is obtained, corresponding to 

the net bias field BYZ of 267 nT. Considering the 

applied BZ of 219 nT, BY is figured out to be 154.2 nT 

according to 
2 2

Y YZ ZB B B= − .            (5) 

Afterwards, the current in the Y direction is 

removed, and the current of 3.77 mA is applied in 

the X direction. The transverse oscillation field is 

swept along the Y direction. Achieved from the 

curve in Fig. 3(c), this resonance frequency is   

2913 Hz, denoting BXZ of 624 nT and BX of 584.5 nT, 

obtained as follows: 
2 2

X XZ ZB B B= − .            (6) 

To reduce measurement error in each direction, 

the applied current is varied, whose intensities are 

within ‒6.8 mA to ‒2.3 mA, ‒3.8 mA to 3.8 mA, and 

‒3 mA to 2.5 mA in the X, Y, and Z direction coils, 

respectively. The corresponding ambient fields are 

acquired through magnetic resonance 

phase-frequency analysis. Each measurement 

represents one point in Figs. 4(a) to 4(c).       

The coil constant Ccoil is obtained by fitting these 

points as 

total coil residualB C I B= +         (7) 

where Btotal is the field sensed by spin polarization, 

and Bresidual is the residual field inside the shielding 

barrel. 
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Fig. 3 Phase-frequency responses and fitting results in three directions: (a) phase-frequency response and fitting results under 
currents of 1 mA in the Z direction, with adjusted R2 of 0.9984 and the resonance frequency of 1022 Hz, corresponding to BZ of 219 nT, 
(b) phase-frequency response and fitting results under currents of 1 mA in Z direction and 1.5 mA in the Y direction, with adjusted R2 of 
0.9946 and the resonance frequency of 1250 Hz and BY of 154.2 nT, and (c) phase-frequency response and fitting results under currents 
of 1 mA in Z direction and ‒3.77 mA in the X direction, with adjusted R2 of 0.9952 and the resonance frequency of 2913 Hz and BX of 
584.5 nT. 

Figure 4 presents the linear relationship of the 

currents and corresponding field magnitudes in three 

directions, from which the coil constants of the 

triaxial coil system are achieved. To realize 

magnetic resonance, an ambient field current of    

1 mA is maintained in the Z axis. Under this 

condition, however, small BX and BY components 

could barely contribute to the total field Btotal. Since 

that, currents of large intensities are adopted in the X 

and Y directions. The curves coincided well with the 
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data using (7). The adjusted R2 of linear fittings for 

the X, Y, and Z axes are 0.9893, 0.9776, and 0.9256, 

respectively. Also, the error of coil constant is 

calculated on each current point according to 

( )coil residual total /i i iC C I B B IΔ = + − , and then the mean 

error is figured out to illustrate the calibration 

accuracy [16, 25]. The coil constant in the X 

direction is approximately 323.1 nT/mA, with a 

mean error of 0.28 nT/mA. The coil constant in the  

Y direction is 108 nT/mA, with a mean error of  

0.04 nT/mA. The coil constant in the Z direction is 

185.8 nT/mA, with a mean error of 1.03 nT/mA. The 

residual fields are also obtained from fittings with 

the number of 6.367 nT, 2.915 nT, and 47.67 nT in 

the X, Y, and Z directions, respectively, which 

mainly come from insufficient or over compensation 

from the zeroing procedures. The root mean square 

error (RMSE) of fitting these three curves are  

54.67 nT, 15.94 nT, and 46.65 nT in the X, Y, and Z 

directions, respectively.
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Fig. 4 Linear relationship between the applied current intensities and the sensed field magnitudes in three directions. The dots 

represent the obtained field from phase-frequency analysis, and the solid line represents the fitting curve: (a) the linear coil constant 
fitting in the X axis, (b) the linear coil constant fitting in the Y axis, and (c) the linear coil constant fitting in the Z axis.

4. Conclusions 

In this paper, we put forward a method to 

calibrate the coil constants of three axes performed 

on alkali atomic magnetometers. This method is 

built on measuring the Larmor precession frequency 

of atoms through phase-frequency analysis. The coil 

constants could be calibrated by measuring the 

magnetic field magnitudes under known applied 

currents. This method operates with electron spins 

of alkali metal, instead of nuclear spins of noble gas. 

It is carried out directly on the magnetometer, thus 

avoiding the effects of the position error. We 

experimentally demonstrate this method on a K-Rb 

hybrid atomic magnetometer. The coil constant 

measurement results are 323.1 ± 0.28 nT/mA,    
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108 ± 0.04 nT/mA and 185.8 ± 1.03 nT/mA along the 

X, Y, and Z directions, respectively. 
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