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ABSTRACT— Atomic magnetometers have 

found widespread applications in precise 

measurement of the Earth’s magnetic field due 

to their high sensitivity. In these measurements, 

various methods have been utilized to 

compensate the Earth’s magnetic field in an 

unshielded environment. In this paper, we have 

proposed a method based on finding the 

minimum resonance frequency (corresponding 

to minimum magnetic field) by producing the 

opposite magnetic field through three pairs of 

Helmholtz coils. The exact value of the Earth’s 

magnetic field vector is obtained as 35.132 μT 
with an accuracy of 2 nT by using this method. 
 

KEYWORDS: Atomic magnetometers, Earth 

magnetic field, Helmholtz coils, Zeeman 

Effect. 

I. INTRODUCTION 

The Earth’s magnetic field is one of the most 

important causes of life’s existence on the 

planet. High sensitivity measurement of this 

magnetic field and its variations has recently 

attracted considerable attention in various 

applications such as geophysical exploration 

and study of mineral deposits [1]-[2], flight 

navigation [3]-[4], and also geothermal energy 

monitoring [5]. In these precise measurements, 

fluxgate magnetometers, proton precession 

magnetometers [6], superconducting quantum 

interference devices [7] and recently, optically 

pumped magnetometers (OPMs) [8]-[9] have 

been utilized. Intrinsic advantages of the 

OPMs, such as non-cryogenic operation, small 

size, and low cost have particularly made them 

one of the best candidates for high-sensitivity 

magnetometry. 

OPMs are based on the measurement of 

Larmor precession frequency of spin-polarized 

alkali atoms in the presence of a magnetic 

field. The spin polarization is produced 

through optical pumping process. This process 

creates population imbalance in the magnetic 

sublevels by transferring angular momentum 

to the atoms from a resonant circularly 

polarized laser light. The laser light is not 

absorbed while the atoms are pumped into the 

highest sublevel of the ground state (dark 

state). A transition between neighboring 

magnetic sublevels (synchronization of the 

spin precession) occurs by using a weak 

oscillating radio frequency (RF) magnetic 

field. The RF magnetic field causes resonant 

depolarization when its frequency coincides 

with the Larmor precession frequency. The 

Larmor frequency, related to the strength of 

the magnetic field, can be detected by 

investigating the modification of optical 

absorptive (quadrature) component and 

dispersive (in-phase) component of the 

resonance signal [10]. 
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The highly sensitive OPMs, were developed to 

measure the geomagnetic fields in unshielded 

environments [11], by utilizing compensation 

coils [9] and field modulations techniques 

[12]. In this paper, we have proposed a novel 

technique based on zero field finding 

algorithm. In this algorithm the minimum 

resonance frequency associated with the 

minimum magnetic field is derived in three 

dimensions in two steps: approximate 

compensation and accurate compensation of 

the Earth’s field. In this way, the Earth’s 

magnetic field components are measured and 

applied oppositely. This makes it possible for 

the atomic magnetometers to work in an 

unshielded environment.  

II. EXPERIMENTAL SETUP 

The experimental setup is shown in Fig. 1. The 

heart of the magnetometer is a cylindrical cell 

containing rubidium atoms with a length of 

50mm and diameter of 25mm. The cell 

contains both isotopes of rubidium (
85

Rb and 
87

Rb) with natural abundances and 10 torr of 

N2 as a quenching gas. The inner surface of the 

cell was coated by octadecyltrichlorosilane 

(OTS) to reduce spin destruction from wall 

collisions. To vaporize the rubidium, the cell 

was heated to ∼55°C with a resistive heater 

wrapped around it, and the temperature was 

monitored and controlled via a PID 

temperature controller. 

A distributed feedback (DFB) diode laser 

tuned to D1 resonance of Rb atoms at 

794.8 nm was used for optical pumping along 

the cell axis. The laser beam was transported 

by a multi-mode fiber to the magnetometer, 

where it was collimated and circularly 

polarized before entering the sensor cell. The 

beam pumped the atoms to the highest 

magnetic sublevels of the ground state. The 

atoms transferred to nearest spin states by 

using a radio frequency magnetic field applied 

through a pair of RF coils. Finally, a 

photodetector was used to detect the resonance 

behavior of transmitted light intensity while 

the RF frequency was swept around the 

Larmor frequency. The photodetector output 

was connected to a lock-in amplifier for 

extraction of in-phase and quadrature 

components of the resonance signal. 

 
Fig. 1. Earth’s magnetic field measurement setup. Laser beam was transported by an optical fiber to the 

magnetometer, where it was collimated and circularly polarized. Then, it passed the cell which was heated by a 

nonmagnetic heater, and finally the beam entered a photo-detector. The output of the photo-detector was fed to a 

lock-in amplifier and the lock-in controlled the frequency of RF coils. At the same time the output of photo-detector 

was read by a computer for data analysis. 
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For compensation of the Earth’s magnetic 

field, three pairs of square Helmholtz coils 

were used to generate the magnetic field along 

the axis of the coil-pair. In the first step of the 

compensation, the components of the Earth’s 

magnetic field vector were estimated by using 

a Hall Effect sensor and were applied in 

opposite direction. At the next step, the 

residual magnetic field was compensated by 

zero field finding algorithm. The magnetic 

fields produced by the Helmholtz coils finally, 

were equivalent to the Earth’s magnetic 

components. 

III. RESULTS AND DISCUSSIONS 

To create a homogeneous magnetic field in the 

range of the Earth’s magnetic field and also to 

decrease the magnetic field gradient along the 

length of the cell, three pairs of square 

Helmholtz coils were designed (as shown in 

Fig. 2(a)). The coil side lengths were chosen to 

be 56, 58, and 60 cm, with N=20 number of 

turns. 

The homogeneity of a magnetic field (H) is a 

measure of its variability in a determined area 

of space. The magnetic field distribution 

generated by a Helmholtz configuration is 

homogenous only for a given area at half the 

distance separating the pairs of coils [13]. The 

homogeneity of the designed coils follows the 

shape in Fig. 2(b).  

 

 
Fig. 2. Three pairs of Helmholtz coils simulation (a) 

and magnetic field distribution around the vapor 

cell produced by one pair (b) 

The value of homogeneity in the cell length is 

±0.098 by using the Eq. Error! Reference 

source not found.). 

0

0

[%] 100iB B
H

B


   (1) 

In Eq. Error! Reference source not found.), 

0B  is the magnetic field at the center of square 

Helmholtz coils and iB  is the magnetic field 

at another point within the cell length. The 

most common values of the magnetic field 

homogeneity are ±0.1%, ±0.5% and ±1%. So, 

the value obtained for the designed coils is 

sufficient for the precise Earth’s field 

measurement. 

Fig. 3 shows the in-phase (X) and quadrature 

(Y) components of the resonance signal while 

the Earth’s magnetic field is approximately 

compensated by a Hall sensor. The green point 

indicates the Larmor frequency of 8.80±0.09 

kHz, corresponding to the residual magnetic 

field of 1.913 μT, since B  . In this 

equation   is the resonance frequency 

(Larmor Frequency), B  is the magnetic field 

strength and   is the gyromagnetic ratio 

which is 0.46×10
10

 Hz/T. 
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Fig. 3. In-phase and quadrature components of 

resonance signal. Green point shows the resonance 

frequency (i.e. residual magnetic field). 

The residual magnetic field was decreased to 

its minimum value by using zero field finding 

algorithm. For this purpose, the approximate 

values of the Earth’s magnetic field, obtained 

from the first step, were generated by the coils. 

Then the frequency of RF field was swept to 

obtain the resonance frequency. After that, a 

small magnetic field dB was applied via one of 

the three coil pairs. The RF frequency was 

swept again and the obtained resonance 

frequencies from both cases were compared to 

each other. If the second value was less than 

the first one, then dB was set to 2dB, and the 

process was repeated. If it was more than the 

first one, dB was set to dB/2, and applied in 

the opposite direction and the process was 

repeated again. Finally, the minimum possible 

value of resonance frequency (corresponding 

to minimum magnetic field) was achieved. 

This process was performed for one axis. The 

same process was executed for two other axes. 

As the acquired components compensate the 

Earth magnetic field vector to zero, they can 

be regarded as the measured value of the fields 

with opposite sign. 

Fig. 4 shows the variation of Larmor 

frequency versus the magnetic field in 
y direction. The current applied to the coil 

pairs was converted to magnetic field strength 

by 

04
(0) ,

1.2965 2.2965
y

NI
B

a




  (2) 

where N is the number of turns, I is the 

applied current, and a is half side length of 

square Helmholtz coils [13]. 

 
Fig. 4. Larmor frequency variations vs. 

compensating magnetic field in y  direction. 

To find the minimum magnetic field in each 

direction, the function 

2 2( ) ,ya B b    (2) 

fitted the experimental data, since 
2 2 2

x za B B   (as shown in Fig. 4). The 

parameter b, obtained as a result of fitting, has 

a value of 3.890 μT and shows the Earth’s 

magnetic field in y direction. In the same way, 

x and z components of Earth’s magnetic field 

are calculated to be 15.433 μT and 31.320 μT  

on the location of measurement point. As the 

resonance frequency is achieved by resolution 

of 10 Hz, the Earth’s magnetic field accuracy 

is about 2 nT.  

IV. CONCLUSION 

High sensitivity atomic magnetometers play a 

significant role in precise measurement of the 

Earth’s magnetic field vector. However, these 

magnetometers have to operate in an 

unshielded environment. Therefore, in this 

paper, we have proposed a method based on 

zero field finding algorithm in an unshielded 

environment. According to this method, the 

Earth’s field components were measured and 

applied oppositely so the magnetic field in the 

center was compensated. Then, small portions 

of magnetic field were applied to the 

Helmholtz coils until the minimum residual 
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field was achieved. The applied field in each 

direction indicated the magnitude of the 

Earth’s magnetic field vector. This value was 

calculated to be 35.132 μT with 2 nT accuracy 

in the lab. 
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