
 

 

Abstract—When the ratio of the background magnetic field value to 

the measured magnetic anomaly value is too large, it becomes very 

difficult for the surveyor to delineate and interpret the magnetic 

anomaly. Therefore, the measurement of magnetic gradient is 

particularly important. In this paper, a magnetic field gradiometer 

based on laser helium optically pumped magnetic sensors is developed. 

The main contents of the paper include:(1) operating principle of laser 

helium optically pumped magnetic sensor, (2) program of magnetic 

field gradiometer based on laser helium optically pumped magnetic 

sensors, (3) sensor laser source, (4) excitation technology of 4He cell, 

(5) sensor magnetic signal detection technology. Finally, the 

performance of the magnetic field gradiometer is tested. The 

sensitivity of the two sensors was calculated to be 2.65pT/Hz1/2 @1Hz 

and 3.59pT/ Hz1/2 @1Hz respectively. By comparing with the 

theoretical value of magnetic field and the data of Cs-3, it is proved 

that the gradiometer based on laser helium optically pump 

magnetometers has good practicability. 

 
Keywords—gradiometer; laser; helium excitation; signal detection.  

I. INTRODUCTION 

agnetic field is a basic physical quantity, which contains 

a lot of environmental information that cannot be 

observed directly. With the discovery of various 

magnetic phenomena in people's production and life, more and 

more attention has been paid to the measurement of magnetic 

field [1]. 

Laser optically pumped magnetic field sensor is a kind of 

high precision magnetic measuring instrument. The magnetic 

sensitive materials of these sensors mainly include alkali metal 

(rubidium, cesium, potassium, etc.) and helium. Compared 

with alkali metals, helium does not need to be heated and kept 

warm during the measurement process, thus consumes less 

power [2]. The fundamental physics of laser helium optically 

pumped magnetic field sensor are the Zeeman splitting and 

magnetic resonance (NMR) [3,4].  

In geophysical exploration, initially, surveyors were only 

concerned with the total magnetic field strength, which is what 

we call the magnetic field scalar value. Scalar values are 

isotropic and are fundamental properties of magnetic fields [5].  

 

 

 

 

 
 
 

Due to the complexity of practical application scenarios 

and the increasing number of interference factors, the scalar 

value of the magnetic field will be annihilated in the magnetic 

field noise [6,7]. When the ratio of the background magnetic 

field value to the measured magnetic anomaly value is too 

large, it becomes very difficult for the surveyor to delineate and 

interpret the magnetic anomaly. But, if the gradient values are 

measured, the geomagnetic field and magnetic noise can be 

effectively filtered out to highlight the magnet under test. The 

total magnetic field gradient measurement makes the data types 

of magnetic detection more diversified, and it significantly 

improved the ability to obtain and analyze magnetic anomaly.  

Nowadays, magnetic gradient measurement technology 

has been widely used in various fields of high precision 

magnetic measurement, including geophysical exploration, 

national defense and biomedicine [8,9]. 

The foundation of total field gradient measurement is a 

high precision magnetic measuring instrument. Therefore, a 

magnetic field gradiometer based on laser helium optically 

pumped sensors is introduced in this paper. The program of 

gradiometer, laser source, excitation energy source of cell and 

signal detection technology were studied. Finally, the 

performance of the gradiometer is tested. 

II. OPERATING PRINCIPLE AND PROGRAM OF 

GRADIOMETER  

A. Operating principle and sensitivity of optically pumped 

magnetic field sensor 

The helium optically pumped magnetic field sensor has a 

glass cell filled with 4He atoms. In a magnetic field, 4He atoms 

undergo the Zeeman effect, in which the Zeeman-splitted level 

formed according to the value of M (the magnetic quantum 

number of 4He atoms). The energy interval between adjacent 

Zeeman-splitted level is proportional to the strength of the 

external magnetic field B. 11S0 represents the ground state of 
4He atomic energy, 23S1 represents the metastable state of 4He 

atomic energy, and 23P1 represents one of the excited states of 
4He atomic energy, as shown in Fig.1. 4He atoms at 11S0 need to 

be stimulated by a discharge to cause collisions between 

electrons, absorbing energy in the process to jump to 23S1. 4He 

atoms at 23S1 and 23P1 are active [10-13]. 

Providing circularly polarized light to 4He atoms, light 

energy induces 4He atoms evenly distributed in 23S1 to 

transition to higher energy levels, the transition rule is 

ΔM = +1  , this phenomenon is called optical pumping. At the 
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same time, due to relaxation, the 4He atoms after transition will 

stay for a short time and then fall back to the lower energy level 

with equal probability. The transition between energy levels in 

two directions is cyclic, as shown in Fig.1. Finally, the optical 

pumping and relaxation achieve a dynamic equilibrium, with 

the 4He atoms aligned in a magnetic direction [13,14]. This 

dynamic process is called the polarization of 4He atoms. During 

polarization, 4He atoms need to absorb light energy. 

 
Fig. 1. Transitions in the process of atomic polarization and 

depolarization. 

Helmholtz coil were used to apply alternating magnetic 

fields to 4He atoms. When the frequency of the alternating 

magnetic fields   is equal to the Larmor frequency, NMR occurs 

and the depolarization process is induced [15-17]. In the  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

process of depolarization, transition between adjacent energy 

levels causes the magnetic moment of atoms to lose its 

orientation, as shown in Fig.1.  

The intensity of light passing through 4He atoms is 

monitored by photodetector. The signal produced by the 

photodetector is called the magnetic resonance signal. 

Depolarized 4He atoms need to reabsorb light energy, so, we 

get the magnetic resonance point when the light intensity is the 

weakest. 

The principle expression of magnetic field measurement 

is: 

Jv (Hz)
B(nT) =

28.02356
 (1) 

Sensitivity is the fundamental index of sensor, usually, the 

sensitivity of optically pumped magnetic sensor is expressed 

by: 

Δf
δB =

ΔS / N
 (2) 

      Δf is the resonance signal linewidth, which is the 

frequency difference between the maximum slope point and the  

minimums slope point in the signal curve. ΔS  is the resonance 

signal amplitude. N is the noise power spectrum density of 

resonance signal.   

B. Program of gradiometer 

According to the operating principle, the magnetic field 

gradiometer based on laser helium optically pumped magnetic 

field sensors is a kind of precision instrument which integrates 

the design of optics, circuit and mechanical structure. The  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2. Program of magnetic field gradiometer. 
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program of magnetic field gradiometer is shown in Fig.2. 

The magnetic field values measured by the two sensors are 

BA and BB respectively. The distance of the two sensors is ∆L. 

The value of the gradient is (3). 

A bB - BdB
=

dL ΔL
 

 

(3) 

The gradiometer mainly consists of laser light source, 

optically pumped magnetic field sensor probe and sensor 

circuit. The laser light source can be subdivided into laser 

power, laser frequency stabilization system, spectral optical 

path and coupling optical path. The optically pumped magnetic 

field sensor probe comprises 4He cell, Helmholtz coils, 

absorption path and photoconverter. The sensor circuit includes 

the 4He cell excitation energy source, the signal detection 

circuit and the coils control circuit. 

III. OPTICAL TECHNOLOGY OF GRADIOOMETER  

A. Laser source and laser frequency stabilization system 

According the wavelength of transition line corresponding 

to 4He atoms polarization, we select a DFB laser diode whose 

wavelength range covers 1083.207nm. The key factors 

influencing the wavelength of DFB laser include temperature 

and current [13,18]. 

The influence of temperature on the laser wavelength is as 

follows: 

0 1 0
λ = λ + k (T -T )  (4) 

The influence of current on the laser wavelength is as 

follows: 

0 2 0
λ = λ + k (I - I )  (5) 

λ (nm) is the theoretical wavelength of laser, λ0(nm) is the 

central wavelength of laser, k1 (nm/℃) is the tuning coefficient 

of temperature to wavelength, k2 (nm/mA) is the tuning 

coefficient of the current to wavelength, T (℃) is the actual 

temperature, I (mA) is the actual current, T0 (℃) is the 

temperature threshold, I0 (mA) is the current threshold. 

EYP-DFB-1083-00080-1500-BFW01-0002 laser diode 

from Eagleyard company was selected. The main parameters 

were k1=0.06nm/℃, k2=0.003nm/mA, T0=25℃, I0=70mA, 

λ0=1083nm at room temperature. According to (4) and (5), 

wavelength at 1083.207nm needs I≈139mA, T≈28.45℃. 

As shown in Fig.2, a closed-loop feedback system based 

on the saturated absorption spectrum of 4He atoms was 

constructed to stabilize the laser frequency. The glass sheet, 

attenuator and reflector cause the laser beams that shoot into the 
4He cell in opposite directions but take roughly the same path. 

Mixing the photoconverter signal and the sine modulation 

signal. Differential error signal is obtained by phase-locked 

amplification, filters, and demodulators. Then the PID 

regulator adjusts the differential error signal to the appropriate 

feedback gain and sends it back to the laser power to stabilize 

the laser frequency. 

Also as shown in Fig.2, laser beam passes through the 

laser isolator, it splits into two parts via λ/2 plate and PBS 

(Polarization Beam Splitter). One beam is applied to the 

saturation absorption spectrum, another beam bundle splits 

again, through λ/2 plate and PBS. The rotatable λ/2 plate and 

attenuator can adjust the laser intensity. The laser beams 

through the λ/2 plate are linearly polarized light, and they are 

coupled into a single-mode polarization-preserving fiber for 

output. 

The theoretical maximum output power of DFB laser 

diode selected for the light source is 90mW. The laser isolator 

was selected from Thorlabs IO-5-1083-VLP, and its forward 

transmission efficiency was about 92%. λ/2 plate was selected 

from Thorlabs WPV10-1083, and its forward transmission 

efficiency is greater than 96%. PBS was selected from Thorlabs 

PBS053, and its transmission efficiency was more than 90%, 

reflection efficiency was more than 99.5%. Therefore, the 

theoretical maximum power value of the beam before the 

second splitting is 90 92% 96% 90% 96% 68mW
t

P = . 

Since the transmission and reflection efficiency of the PBS are 

different, the two beams after splitting also have power 

deviation. By rotating the attenuator, the power of two beams 

can be ensured to be consistent. 

According to the light path shown in Fig.2, the 

anti-vibration mechanical structure shown in Fig.3(a) was 

designed. Non-magnetic pure aluminum was used, and the size 

of light source is 50cm*40cm*15cm (length * width * height), 

the weight is about 15kg. 

(a)               

 
(b) 

 
(c) 

Fig. 3. (a) Light source structure design. (b) Performance test of 

light source outdoor. (c) Light source testing equipment 

TABLE I. Partial parameters of the beam 

 Output path 1 Output path 2 

Power adjusTABLE range 1mW---23mW 1mW---21mW 

Power fluctuation range < ±0.01mW < ±0.01mW 

Power fluctuation 

percentage error 
<20‰ < 20‰ 

Central value of wavelength 1083.207nm 1083.207nm 

Wavelength fluctuation 

range 
<±0.001nm <±0.001nm 

Wavelength fluctuation 

percentage error 
< 0.002‰ < 0.002‰ 

The finished light source and its outdoor test status are 

shown in Fig.3(b). The beam quality of the light source is 

measured by the wavemeter and optical power meter, the test 

equipment is shown in Fig.3(c). Partial parameters of the beam 

are shown in TABLE I. 

The measured optical power range of output path 1 is 

1mW-- 23mW, the optical power range of output path 2 is 

1mW-- 21mW. The actual difference between transmission and 
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reflection efficiency of the PBS is about 4.5%, which is meet 

design expectations. The efficiency of the coupler, 

= (21+23) / 68 65%η  , also meeting the design 

expectations. Within 30 minutes, the optical power fluctuation 

of both output beams was less than ±0.01mW, the percentage 

error of optical power fluctuation within the adjustable power 

range shall not exceed 20‰. Within 30 minutes, the 

wavelength fluctuation was less than ±0.001nm, and the 

percentage error of wavelength fluctuation was less than 

0.002‰. 

The laser light source is powered by ±18V DC power 

supply. When it works stably, the positive power supply current 

is about 300mA, the negative power supply current is about 

200mA, and the overall power consumption is about 9W. 

B. Structure design of sensor probe 

The beam output by single-mode polarization-maintaining 

fiber is linearly polarized light with divergence Angle, 

therefore, it is necessary to collimate the beam first in the 

optical path of magnetic sensor probe. After collimating, the 

beam is transformed into circularly polarized light by circular 

polaroid. 

The optical path design of the magnetic sensor probe is 

shown in Fig.2. The light beam is collimated by a convex lens, 

and finally focused by a convex lens into the photoconverter. 

The lens was selected from Thorlabs LA252-C, with a focal 

length of 25.4mm. Circular polaroid was selected from 

Thorlabs CP1L-1083-SP. Using PLA (polylactide) material, 

3D printing technology was used to make the non-magnetic 

magnetic sensor. In the manufacture of sensors, the optical 

elements should be coaxial, the fiber output joint and 

photodiode photosensitive surface should be placed near the 

focal point of the lens. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 4. (a) (b) Structure design of magnetic sensor probe. (c) The 

inner structure of probe. (d) The completed probes 

The structure design of the magnetic sensor probe is 

shown in Fig.4 (a) and Fig.4 (b). The inner structure of the 

probe is shown in Fig.4 (c). The completed dual-channel 

magnetic sensor probes are shown in Fig.4 (d). The probe is 

cylindrical in shape, with a diameter of 54mm, a length of 

200mm and the weight of a single probe is about 1kg. 

IV. EXCITATION ENERGY SOURCE OF 4HE CELL 

A.  Program of excitation energy source 

The cell is a cylindrical sealed glass chamber filled with 
4He. Since 4He is an inert gas, the cell needs to accept the 

energy to make the 4He atoms in the ground state jump to 

metastable state. After transition, 4He atoms have "activity" to 

make magnetic measurements. This process of activating 4He 

atoms in the cell is called the excitation.  

According to the gas discharge theory, the initial state of 
4He atom in the excitation process belongs to the 

non-self-sustaining discharge, while the stable state belongs to 

the self-sustaining discharge. The phenomenon of the transition 

from the non-self-sustaining discharge to the self-sustaining 

discharge is called the breakdown of the gas [19,20]. The 

breakdown happens instantaneously if the 4He atoms gain a lot 

of energy instantaneously. Once in a self-sustaining state, 4He 

atoms need only a small amount of energy to sustain the 

discharge. Therefore, the design scheme of the excitation 

energy source of 4He cell is shown in Fig.5. 

 

Fig. 5. Program of the 4He cell excitation energy source 

The high voltage pulse caused a huge voltage difference 

between the two external electrodes over the cell 

instantaneously. After the voltage difference exceeds the 

breakdown threshold, 4He is broken down and enters the 

self-sustaining discharge state, then, the cell presents stable 

resistance characteristics. Meanwhile, HF energy source 

provides an alternating current field to the cell by another set of 

external electrodes, providing the energy needed to sustain the 

self-sustaining discharge of 4He. The energy transmission 

network can match the impedance between the energy source 

and cell to ensure the high energy transmission efficiency. 

B.  High voltage excitation technology 

According to Paschen law [21], the product of 4He 

pressure PHe and discharge gap dHe can be drawn as Paschen 

curve with 4He breakdown voltage VHe. When the value of 

He He
P d  is small, VHe decreases exponentially with the 

increase of He He
P d  . When the value of He He

P d  is large, VHe 

increases slowly and linearly with the increase of He He
P d  . 

The intersection of two curves is called the minimum 

breakdown voltage. According to the data, when 

= 533.3cm / Pa
He He

P d , the minimum breakdown voltage of 
4He is 156V.  

The cell is cylindrical, about 4cm in diameter and 5cm in 

length, with a 4He-filled pressure of about 100Pa. The external 

high-voltage electrode was installed symmetrically at both ends 

of the cell, and the distance between them, namely the 

discharge gap, was about 3cm. The He He
P d  of cell is about 
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300cm/Pa, and the breakdown voltage of 4He in the cell is 

estimated to be about 1.5kV based on the Paschen curve. 

A tunable pulse source based on multivibrator and booster 

coil is designed. With trigger switch control, the pulse source 

provides a transient periodic pulse for cell. The circuit design is 

shown in Fig.6. 

 

 

 

 

 

 

 

 

 

Fig.6. High voltage pulse source based on multivibrator 

  3
R  and 3

C  can adjust the period of pulse output of the 

oscillator. 3
R  can be equivalent to resistance 1

R  in series 

between 1
D  and the power supply, and 2

R  in parallel with 

2
D . When the power is switched on, the current is charged 

through 1
R  to 3

C  , when the power is disconnected, 3
C  

discharges through 2
R  . Suppose the pulse duty cycle is 

0
Q , 

then: 

1 3 1

0

1 3 2 3 1 2

R C ln2 R
Q = =

R C ln2 + R C ln2 R + R
 (6) 

The Vpp of the pulse voltage are consistent with the supply 

voltage, is 12V. The pulse is fed into the booster coil after 

power amplification. Since the 4He breakdown voltage in cell is 

about 1.5kV, and in order to reduce the adverse effect on the 

magnetic measurement, a hollow boost coil with a ratio of 

primary to secondary turns which is 20:12000 was designed. 

For the same reason, the pulse frequency should be as far away 

as possible from the modulation frequency of Helmholtz coils. 

The pulse frequency is set to 20kHz when = 2kΩ
3

R  and 

= 36nF
3

C  . 

TINA software developed by Texas Instruments was used 

to simulate the multivibrator. According to (5), when the ratio 

of 1
R  and 2

R  is 1:9, the duty cycle of the periodic pulses is 

about 10%, the simulation result is shown in Fig.7(a), 

frequency of signal is about 20kHz. The measured waveform of 

circuit is shown in Fig.7(b), the duty cycle of the signal is about 

9.05%, and the frequency is about 20.67kHz. The high voltage 

pulse source is in line with the design expectation. 

 
(a) 

 
(b) 

Fig.7. (a) Simulation result of TINA. (b) Measured waveform 

C.  High frequency excitation technology 

The 4He cell is connected to the excitation circuit by 

coaxial cable. Therefore, it is necessary to design a HF energy 

source circuit with MOSFET power amplifier, and an 

impedance matching network. Drawing on the experience in 

the field of gas discharge lamp [19,20], a 50MHz HF energy 

source program was designed, as shown in Fig.8. 

 

 

 

 

 

 

 

 

 

 

 

Fig.8. HF energy source circuit 

The constant temperature crystal oscillator provides a 

stable 50MHz output. The common source amplifier is 

designed by using MOSFET. The partial voltage offset circuit 

composed of 3
R  and 4

R  can provide the appropriate gate 

source voltage GS
V  for the MOSFET. Select MITSUBISHI 

RD06HVF1 high frequency MOSFET, whose on voltage 

= 4V
T

V  , the circuit operating voltage =12VVcc  . When the 

values of 3
R  and 4

R  are 2kΩ  and 1kΩ   respectively, 

= 8V
GS T

V >V  , and the MOSFET can work in the saturated 

region. The common source power amplifier belongs to class A 

power amplifier according to the characteristics of the circuit 

during the waveform cycle. 

MOSFET is a voltage control device. In the saturation 

region, the drain output current iD and the gate source voltage 

GS
V  show a linear relationship within a certain range. 

Therefore, the HF energy source shown in Fig.9 is a single-port 

output network. Typical output power of RD6HVF1 is 6W, 

circuit power supply =12VVcc , saturation tube pressure 

drops 1V
dss

V . According to the maximum power transfer 

theorem, the load impedance of the maximum output power can 

be estimated: 

L

2 2 2
R m cc dss

Ls

omax omax

U (V -V ) (12 - 1)
R = = = 10Ω

2P 2P 2 6
 (7) 

 

 
(a)    (b) 

Fig.9. (a) The T-network design of energy transmitter circuit. (b) 
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The double L-network equivalent model of T-network. 

In the actual process of circuit preparation, the choice of 

capacitor is simpler than that of inductor, and the error control 

of capacitor is better than that of inductor. Therefore, the use of 

inductance should be minimized in circuit design. Design the 

impedance matching T-network as shown in Fig.9(a). 2
C  in 

the circuit can be divided into two parallel components a
C  and 

b
L  , T-network can be equivalent to a double L-network 

model, and an imaginary resistor Tin
R  is inserted in the middle 

[22]. The double L-network equivalent model is shown in 

Fig.9(b). 

According to (7), the T-network source impedance is 

=10Ω
LS

R . Since the coaxial cable impedance is 50Ω , the 

load impedance is = 50Ω
L1

R , L1 Ls
R > R . The matching 

conditions are Tin Ls
R > R  and Tin L1

R > R . In Fig.9(b), the 

quality factor of L-network nodes composed of  1
L  and a

C  is 

defined as T1
Q  , the quality factor of L-network nodes 

composed of  b
L  and 1

C  is defined as T2
Q , then: 

Tin

T1

Ls

R
Q = - 1

R
 (8) 

Tin

T2

L1

R
Q = - 1

R
 (9) 

The passband width of T-network is determined by T1
Q  

and T2
Q . Since L1 Ls

R > R , so T1 T2
Q > Q , it is necessary to 

select T1
Q  to calculate the parameters from the source 

impedance. The on-load quality factor of the circuit is 

TL T1
Q = Q / 2 , the 3dB passband width of T-network is: 

 0

T0.7

TL

f
BW

2Q
 (10) 

After calculation, it can be obtained that: 

2

Tin T1 Ls
R = (1+ Q )R  (11) 

1 T1 Ls
L = Q R  (12) 

1 T2 L1
C = Q R  (13) 

Since a
C  and b

L  are in parallel to form 2
C  , and there 

are a Tin T1
C = R / Q  , b Tin T2

L = R / Q , so: 

   

   

   
   

2 2
T1 Ls T1 T1 Ls T2

2 2 2
T1 Ls T1 T1 Ls T2

1+Q R /Q 1+Q R /Q
C =

1+Q R /Q + 1+Q R /Q
 (14) 

The T-network has the function of frequency selection. 

According to the definition of narrow-band filter, the target 

3dB passband width of T-network is set to 2.5MHz. Substitute 

the data into (8) to (14) for calculation. Ideally, L1=636.62nH, 

C1=7.15pF, Ca=15.9pF, Lb=1434nH. 

        Agilent's ADS (Advanced design System) was used to 

conduct simulation experiments. In the simulation experiment, 

S parameter is used to measure the performance of matching 

network. Ideally, because 0 a 0 b
2πf C > 1 / 2πf L , the parallel 

circuits of a
C  and b

L  are capacitive, and C2=8.815pF is 

obtained through design optimization. The simulation results 

are shown in Fig.10. At 50MHz, = -66.232dB
11

S , = 0dB
21

S , 

and 3dB passband width 4.4MHz
T0.7

BW . 

 

 

 

 

 

 

          

 

 

 

 

Fig.10. The simulation results of T-network. 

According to the simulation experiment, the excitation 

circuit of 4He cell is made, as shown in Fig.11(a). The ammeter 

is used to measure the instantaneous working current 

1A
start

I  and the stable working current 500mA
work

I  

respectively. Since the supply voltage is 12V, the instantaneous 

power of the circuit starting is 12W
start

P , and the power 

6W
work

P  in the stable working state. NISSEI RS-70 

standing-wave meter and 50Ω  virtual load were used to test 

the actual output power, the maximum value is 2W
out

P . 

 
(a) 

 
(b) 

Fig.11. (a)The excitation energy source circuit. (b) 4He cell has 

been ignited. 

It can be calculated that the energy transfer efficiency of 

HF energy source is 2W / 6W 33.3%
P

η = . Since the 

theoretical maximum energy transfer efficiency of class A 

power amplifier is 50%, the energy transfer efficiency of e 

T-network is > 67%
PO

η , > -3.5dB
21

S , close to the empirical 

guide value -3dB  for matching network design. Considering 

the influence of wiring trend and circuit fabrication process in 

circuit design, the circuit performance basically conforms to the 

design expectation. 

V.  SIGNAL DETECTION SYSTEM 

Optically pumped magnetic sensor measurement is a 

closed-loop feedback regulation process. The signal detection 

system needs to lock the resonance point. The structure 

diagram of signal detection system is shown in Fig.12. Optical 
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signal related to the magnetic field is converted into electrical 

signal by photoconverter. The electrical signal is observed 

trough A/D convertor transforming to digital after processing 

of pre-amplifier and band-pass filter. An alternating electric  

 

 

 

 

 

 

 

 

 

field frequency modulator is built in FPGA, and the modulator 

drives the Helmholtz coils through a circuit. Modulating signal 

generated by the Helmholtz coils is applied to the cell, forming 

the closed-loop control of the detection system.  

Fig.13. The mathematical model of signal detection system. 

The mathematical model of signal detection system is 

shown in Fig.13. The closed-loop transfer function of the 

mathematical model is expressed as (15). 

 
 

 

-1

1 2 3 4

-3

2 3 4 5 6

K K K K Z D Z
H Z =

1+ K K K K K Z D Z
 (15) 

In (15), K1 is gyromagnetic ratio, K1=28.02356, K2 is 

coefficient of photoelectric to voltage, K2=0.9×190×1000, K3 is 

magnification of pre-amplifier and filter, K3=10×510×5, K4 and 

K5 are amplification of AD convertor and phase-locked 

amplifier, respectively, K4=218/5, K5= 1.3563×1.8118. K6 andK7 

are coefficient of frequency modulator and coils-control circuit, 

respectively, K6=(14000×2π×10)/(49999872×248), K7=12/3.3. 

Increment PID is selected and expressed as (16) [23]. 

    
-1 -1 -2 -1

P I DD Z = K (1 - Z )+ K + K (1 - 2Z + Z ) (1+ Z )  (16) 

Where KP, KI and KD are coefficient of proportional, 

integral and differential respectively. The calculation result 

simulated on MATLAB is obtained using Ziegler-Nichols 

tuning rules [24]. The forward gain and open-loop gain settings 

are equal for convenient simulation of the system. and sampling 

rate is set as 10Hz.  

Unit Step response simulation was carried out for the 

system shown in Fig.12. Multiple sets of parameters were set 

 

 

 

 

 

 

 

 

 

 

 

 

 

and the results of simulation are shown in the Fig.14. It is 

proved that KP=5, KI=5, KD=0 is reasonable. 

Fig.14. The simulation results of unit step response. 

On the basis of PID parameters, the working process of 

optimized frequency modulator is simulated, and experimental 

results are shown in Fig.15. clk represents the clock signal of 

the detection system, lia represents the obtained deviation e(k), 

pid_clk represents the clock signal of PID controller, delta_uk 

represents the frequency modulator output signal f(k). 

 
(a) 

(b) 

Fig.15. Simulation results of modulator (a) Deviation value is 

positive (b) Deviation value is negative. 

Fig. 12. The structure diagram of signal detection system. 
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 The experimental results show that the digital frequency 

modulator based on the increment PID method can effectively 

eliminate the modulation frequency and resonance frequency 

deviation in the signal detection process, system can lock the 

magnetic resonance point quickly and accurately. 

VI. PERFORMANCE OF THE MAGNETIC FIELD 

GRADIOMETER 

A. Test environment and equipment 

 A theoretical "zero magnetic" space was created by a 

magnetic field shielding tube shown in Fig.16(a). The tube is a 

6-layer structure with aluminum and magnetic conductive 

permalloy alloy. The attenuation of external geomagnetic field 

by the tube can reach about 80dB. Test results of magnetic 

environment in magnetic field shielding tube shown in 

Fig.16(c). The horizontal axis of Fig.16(c) is the distance 

between the test point and the entrance. The magnetic field 

fluctuation in the tube is less than 0.1nT.  

 
(a) 

 
(b) 

 
(c) 

 Fig. 16. (a) Magnetic field shielding tube (b) Helmholtz-Maxwell 

composite coils (c) Test results of magnetic environment in magnetic 

field shielding tube. 

Helmholtz-Maxwell composite coil, are used to create 

different types of stable magnetic field environments in the 

magnetic shielding tube, as shown in Fig.16(b). The pair of 

coils close to each other are Helmholtz coils with a 15cm radius 

and 217 turns. The pair far apart are Maxwell coils with 15cm 

radius and 120 turns. The simulate results of coil’s performance 

are shown in Fig.17. 

 
(a) 

 
(b) 

 
        (c) 

 
(d) 

Fig.17. Helmholtz-Maxwell coils simulation results. 

The horizontal axis in Fig.17(a) and Fig.17(b) shows the 

distance between any point along the Helmholtz coil axis and 

the center point. The horizontal axis in Fig.17(c) and Fig.17(d) 

shows the distance between any point on the axis of Maxwell 

coil and the center point. The vertical axis in Fig.17(a) and 

Fig.17(c) represents the value of the magnetic field at any point 

along the axis when 1mA current is introduced. The vertical 

axis in Fig.17(b) and Fig.17(d) represents the gradient of the 

magnetic field of the 1mA current. 

 According to the simulation results, the proportional 

coefficient of magnetic field to current in the uniform region of 

Helmholtz coils is about 540nT/mA, and the proportional 

coefficient of magnetic gradient field to current generated of 

Maxwell coils is about 3000nT/ m@1mA. 

B. Sensitivity of laser 4He optically pumped magnetic field 

sensor 

90mA current is applied to the Helmholtz coils, and the 

theoretical magnetic field value should be about 48600nT. 

According to (1), the magnetic resonance frequency is about 

1.36MHz. The frequency range of the alternating electric field 

was set as 0.8MHz-1.8MHz, and the scanning period set as 1s. 

The signal sampling rate set as 1k. 

The two magnetic sensor probes are named probe A and 

probe B respectively. The test results are shown in Fig.18 (a) 

and Fig 18.(b), respectively. The solid red line and the dotted 

blue line represent two test results of the same probe. The 

horizontal axis in Fig.18 is the number of sampling points, and 

the corresponding scanning frequency of each sampling 

interval can be calculated to be about 1000Hz. The vertical axis 

in Fig.18 represents the voltage in unit V. 

Fig. 18. (a) Resonance signal curve of Probe A. (b) Resonance 

signal curve of Probe B. 

 
(a) (b) 
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Lorentz line fitting was performed on the test data. Set the 

fitting model as: 

2

c
y = a -

d + bx
 (17) 

The least square method was used to solve the model 

parameters. Since the model was nonlinear, the Adam gradient 

descent optimization method was used to solve the parameters. 

The number of iterations is 50000, and the parameters are 

shown in TABLE II. 

TABLE II. Lorentz line fitting parameters 

 a b c d y MSE 

Probe 

A 

Data 1 0.6005 0.0136 0.3246 1.4768 0.00013 

Data 2 0.6015 0.0161 0.3606 1.5829 0.00007 

Probe 

B 

Data 1 0.6020 0.0165 0.3724 1.5942 0.00005 

Data 2 0.6033 0.0129 0.3125 1.4430 0.00007 

The four groups of parameters were substituted into (17), 

and the fitting curve was shown in Fig.19 (a) and (b). The solid 

green line represents the fitting curve of two groups data 1, and 

the yellow dotted line represents the fitting curve of two groups 

data 2. Take the derivative of (17), Δf = d / 3b  and 

ΔS = c / d . We get four groups of Δf  and ΔS  are shown in 

TABLE III. 

TABLE III. Values of Δf  and ΔS  

    

Probe A 

Data 1 417nT 220mV 1.33μV/Hz1/2@1Hz 

Data 2 407nT 228mV 1.55μV/Hz1/2@1Hz 

Average 412nT 224mV 1.44μV/Hz1/2@1Hz 

Probe B 

Data 1 400nT 234mV 2.11μV/Hz1/2@1Hz 

Data 2 428nT 217mV 1.81μV/Hz1/2@1Hz 

Average 414nT 226mV 1.96μV/Hz1/2@1Hz 

The dynamic signal analyzer is used to test the noise 

power spectral density N of the signal. The two probes measure 

two sets of data respectively, and the results are shown in Fig. 

19 (a) and (b). 

 
 (a)  (b) 

Fig. 19. (a) Noise power spectral density of Probe A. (b) Noise 

power spectral density of Probe B. 

Probe B is higher in N than probe A at 1Hz, as shown in 

TABLE III. The reason is that the components and welding 

technology of the two probes are different, and the photodiode 

installation has position deviation. After averaging the two sets 

of data, the sensitivity values of the two probes were calculated 

according to (2). As shown in TABLE IV. 

TABLE IV. Sensitivity of two probes 

 Sensitivity δB 

Probe A 2.65pT/Hz1/2@1Hz 

Probe B 3.59pT/Hz1/2@1Hz 

C. Performance of gradiometer 

Place the two probes in the Helmholtz-Maxwell composite 

coil at the same time and install at a distance of 10cm. 

According to the parameters of coil, set the current value into 

the Helmholtz coil to 75mA, and set the current value into the 

Maxwell coil to increase in range of 1mA to 10mA with a 1mA 

step. Theoretically, the two positions where the magnetic 

sensor is placed will generate a magnetic gradient field in the 

range of 40350-39000nT and 40650-42000nT, respectively. 

 

Fig.20. Data of magnetic field gradiometer and Cs-3. 

As shown in Fig.20, the red solid line and red dot indicate 

the magnetic field values measured by the two probes of the 

magnetic field gradiometer, respectively. The solid blue line 

and the blue dots represent the magnetic field values measured 

by Cs-3, respectively. Solid black lines and dots represent 

theoretical values of magnetic fields. According to the values in 

Fig.20 and the installation distance of probes, the calculation 

results of magnetic gradient value are shown in TABLE V. 

TABLE V. Magnetic gradient value comparison  

 theoretical 

values  

Cs-3  

values 

gradiometer 

values 

1-2mA 3000nT/m 3230nT/m 3240nT/m 

2-3mA 3000nT/m 3200nT/m 3220nT/m 

3-4mA 3000nT/m 3210nT/m 3230nT/m 

4-5mA 3000nT/m 3200nT/m 3210nT/m 

5-6mA 3000nT/m 3210nT/m 3220nT/m 

6-7mA 3000nT/m 3220nT/m 3230nT/m 

7-8mA 3000nT/m 3210nT/m 3210nT/m 

8-9mA 3000nT/m 3200nT/m 3200nT/m 

9-10mA 3000nT/m 3200nT/m 3200nT/m 

average 3000nT/m 3209nT/m 3218nT/m 

As shown in TABLE V, the values measured by the 

magnetic field gradiometer and two Cs-3 are slightly larger 

than the theoretical values of magnetic gradient, because the 
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deviation between the actual parameters of the coil and the 

ideal parameters caused by the manufacturing process. But, the 

measurement results of gradiometer and two Cs-3 are basically 

the same. In conclusions, the performance of the magnetic field 

gradiometer based on laser helium optically pumped magnetic 

field sensors is excellent. 

VII. CONCLUSIONS 

This paper designed a magnetic field gradiometer based 

on laser helium optically pumped magnetic field sensors. The 

sensitivity of two probes was 2.65pT/ Hz1/2 @1Hz and 3.59pT/ 

Hz1/2 @1Hz, respectively. The comparison with Cs-3 data 

proves the practical performance of the magnetometer. 

Based on the completed work, the magnetometer designed 

in this paper can be further optimized and improved to increase 

the number of laser beams. If the multi-channel probes under 

the same light source can work simultaneously, the full-axis 

magnetic field gradiometer with the same light source can be 

constructed. In addition, to ensure the quality of magnetic 

gradient measurement data, according to different application 

scenarios, magnetic compensation algorithm can be introduced 

into signal detection and processing system to realize real-time 

data preprocessing. 
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