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ABSTRACT ARTICLE HISTORY
Efforts have recently been put into developing proton precession Received 22 September 2023
magnetometers (PPM) in order to measure weak magnetic fields with Accepted 8 May 2024
high precision. Although high-cost commercial PPMs are available KEYWORDS

today, there are ongoing studies for low power consumption, low Magnetic sensors; proton
cost, high accuracy and resolution. Accordingly, in this study, a new magnetometer; SNR ratio;
PPM with a measurement range of 20,000 nT-120,000 nT, a produc- FFT analysis; FID signal
tion cost of $2000 and an accuracy of 0.13 nT was developed and

its performance in determining the earth’s magnetic field was exam- ~ PACSNOS

ined. It was determined that the developed PPM has an advantage ~ 21-25°% .32‘10'Dk" 87.50.C
over its commercial equivalents (G857, WCZ, etc.) in terms of price- 07.55.Ge; 07.55.Jg
performance ratio and can be used to determine small magnetic field

values such as the earth’s magnetic field.

1. Introduction

Currently, many magnetic sensors exist that are based on Hall and magneto-resistive effect.
In a Hall sensor, the magnitude of the magnetic field is determined by the magnitude of
the Hall voltage, whereas in MR sensors (AMR, GMR, TMR, etc.), the angle between the
direction and magnitude of the magnetization induced by the magnetic field and the direc-
tion of the current flowing through the MR sensor greatly affects output voltage [1-8].
When one intends to measure weak static or dynamic magnetic fields using such sensors,
electromagnetic noise becomes dominant, which reduces signal-to-noise ratio (SNR) and
measurement accuracy. Therefore, proton precession magnetometers (PPM) are preferred
for measuring weak magnetic fields with high precision.

Weak magnetic field measurement is widely used in many areas such as space research,
national defense, geology and mineral resources research and medical devices [9,10]. PPM
has still been the most widely-used geomagnetic research tool since half a century, thanks
to its superior stability and ease of use [11,12]. There are many commercial products cur-
rently available in the market, such as WCZ series produced by Chongging University,
Southwest Jiaotong University, Geophysical Team of Yellow River Comittee, and being
a member of Chinese Society of Geology, BTSK/LANGEOQ, G856 and GSM-19 T pro-
duced by GEM company of Canada, etc. On the other hand, most of such PPMs have low
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Figure 1. Different coil structures used in the production of proton magnetometers.

resolution and are easily affected by external magnetic media [13,14]. Therefore, the devel-
opment of PPM with higher accuracy and precision has attracted the attention of many
researchers [15,16].

PPM basically consists of a solution and a coil. Solution types mostly contain deionized
water, paraffin oil, methanol, alcohol, glycerin, etc. It is desirable that the solution has as
many hydrogen protons as possible. The amount of protons in the solution affects the signal
distortion time and the initial amplitude of the measurement signal. There are 4 different
types of coils used in the production of proton magnetometers. These are 8 types of coils
[17], solenoid, toroidal and cylindrical coils [18] (Figure 1).

For measuring the magnetic field, PPM utilizes the Larmor precession effect of the
excited proton system [19]. Protons continuously rotate around their centers and therefore
have angular momentum and magnetic moment according to atomic physics. Neverthe-
less, in the absence of a magnetic field in the surrounding environment, the magnetic
moments of all the protons in the solution become irregular, resulting in a total magnetic
moment of zero. Once the magnetometer is positioned within a stationary magnetic field
for measurement, the total magnetic moment of the protons in the solution aligns in par-
allel with the direction of the static magnetic field. In this situation, there is no Larmor
precession effect. A polarization current of short duration needs to be applied to the coil
of the magnetometer in order to create the Larmor precession effect. The polarization cur-
rent generated will create a polarization magnetic field (By) perpendicular to the magnetic
field to be measured. The magnetic moments of the protons in the solution will be directed
towards the direction of the resultant of the polarizing magnetic field and the magnetic field
to be measured. The greater the polarizing magnetic field, the closer the angle between the
magnetic field to be measured and the total magnetic field will be to 90 degrees. Cutting off
the polarization current results in the polarized proton magnetic moments performing a
Larmor precession along the direction of the magnetic field being measured (Figure 2) [20].

The precession frequency of the FID signal (wg) is directly related to the external
magnetic field (Bp), as given in Equation (1). As shown in Equation (2), the proton
magnetization (My) directly influences the magnitude of the FID signal (¢).

o = yp-Bo (1)

.B
& < Mg = N.u.tanh. (%) (2)
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Figure 2. Larmor precession of the proton.

where N, u, T and k are the number of protons in solution, a single proton’s magnetic
moment, the temperature in Kelvin and the Boltzmann constant, respectively. The ampli-
tude of the FID signal induced in the magnetometer coil can be calculated using Equation

(3) [21].
e(t) = eoe_t/TZ. cos wyt (3)

where € represents the initial amplitude (u¢.n.A.M.wwg), T, represents the transverse
relaxation time. The magnetometer’s accuracy is defined by the SNR of the signal and the
performance of the frequency measurement algorithm. The signal’s SNR is determined by
the sample and the pickup coil. Generally, a proton-rich and easy-to-polarize solution with
a long T, is selected as the sample, such as paraffin oil. In PPM, there are three conven-
tional coil structures to collect signals: Solenoidal, Cylindrical and Toroidal coils. When
compared to other structures, solenoidal coils have a regular shape that is easy to design
and manufacture, and are commonly used as sensing or polarization coils. Magnetic field
distribution is nearly uniform at the center of the coil, thus providing favorable conditions
for the PPM sample’s uniform polarization. The amplitude of the signal induced in the
solenoid due to the precessional motion can be calculated using Equation (4) [21].

~ x.o. .01

V2.2

v.sina (4)

e(t)
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Figure 3. Change of (t) in a proton magnetometer (FID Signal).

where y is the protons’ nuclear paramagnetic susceptibility in the sample, w is the pro-
ton’s precession frequency in geomagnetics, e is the voltage of the signal. n, b, v, I and a
define the number of turns, length of the solenoid, volume, polarization current, the angle
between the area to be measured and the axis of a solenoid, respectively. When a Proton
magnetometer operates, a sine wave (FID) is obtained, which has an exponentially decreas-
ing magnitude and an amplitude at 1V level (Figure 3). Precession of the protons causes
the sinusoidal signal induced in the coil to decrease exponentially, as it is affected by ther-
mal collisions. In addition to SNR, the relaxation constant of the signal is also related to
the number of protons in the solution used.

The (t) amplitude being large results in a high SNR, which allows electromagnetic noise
to be neglected in magnetic field measurement. SNR for a solenoidal coil can be calculated
using Equation (5) [22].

X -OL-po NmA/nEm.rlrl . sina
— leingle 2b[(re + ryls).pl¥?/19,2.k.T
Nsingle = exp(—1,4r./2b)
Nm = exp(—1,4r./b) (5)

SNR

where y, uo, E and oy, are the nuclear paramagnetic susceptibility of the proton-rich mate-
rial, the magnetic permeability of the vacuum, the voltage of the polarization source and
the proton precession signal’s Larmor precession angular frequency, respectively. a is the
angle between the local geomagnetic field and the axis of the sensor, T is the tempera-
ture, k is the Boltzmann constant, and #,, (filling factor) describes the inequality of the
polarization field along the entire cross-section of the sensor.

When SNR is large and electromagnetic noise is not taken into consideration, (t) vari-
ation is determined by the performance of the frequency measurement algorithm used
and the accuracy of the Larmor precession frequency. Equation (6) represents the relation



1030 H. CITAK

Table 1. Comparisons of commercial proton precession magnetometers.

Commercial Products Resolution Accuracy Measuring Range Price
G-857 [24] 0.1nT 0.5nT 20,000nT ~ 90,000nT $5000
WCZ-1 [25] 0.1nT nT 20,000nT ~ 100,000nT $5200
WCZ-1B [25] 0.1/0.05nT 0.5/1nT 20,000nT ~ 100,000nT $7000
WCZ-3 [25] 0.05nT 0.5nT 20,000 nT ~ 100,000nT $12,000
GSM-19T[26,27] 0.01nT 0.2nT 20,000nT ~ 120,000nT $12,500

between the Larmor precession frequency and the magnetic field to be measured [23].
Bo(nT) = 23,4874.f,(Hz) (6)

Moreover, the performance of the proton magnetometer is related to the relaxation con-
stant of the signal and the initial amplitude of the FID signal. The higher the initial
amplitude of the signal, the higher the relaxation time and the signal-to-noise ratio of the
proton magnetometer, and hence the longer the effective measurement time.

The magnitude of the magnetic field is determined through a frequency analysis of the
FID signal. Although high-cost commercial proton magnetometers are available today,
there are ongoing studies for low cost, high accuracy and high resolution (Table 1).

Therefore, in this study, a new proton magnetometer was developed and its performance
in determining the earth’s magnetic field was investigated. In order to improve the sensi-
tivity of the developed PPM, it was focused on the SNR value and the amplitude of the
FID signal. Proton-rich paraffin was preferred to increase the amplitude of the FID signal.
Thus, it was aimed to increase the SNR signal and attenuation constant. In addition, the
development of a LabVIEW-based software for recording the FID signal to the computer
with a high sampling rate and real-time FFT analysis and high-precision frequency mea-
surement makes the study important. Therefore, the developed PPM is advantageous in
terms of price-performance ratio compared to its commercial equivalents.

2. Structure of the developed proton precession magnetometer

The block structure of the PPM system developed within the scope of the study is demon-
strated in Figure 4. The developed system can be analyzed under two main sections:
software and hardware. In the first phase of the study, the hardware part of the system
was completed and then the LabVIEW-based software part was written.

The hardware used in the PPM system consists of a sensor, a computer, an NI 6210 DAQ
board, a preamplifier circuit, a narrowband filter circuit and a high-precision monolithic
instrumentation amplifier circuit designed for data collection applications that require high
accuracy. The developed PPM system is given in the Appendix.

2.1. Sensor

In this study, a solenoid coil was preferred for the sensor. However, a single solenoid coil
has low capability to decrease external electromagnetic noise. Considering the fact that
the PPM system will generally be used in environments with complex electromagnetic
noise (noise from devices operating at 50/60 Hz) and the precession signal will be so weak
(1 V level), two reverse-wound serial coils were used instead of a single solenoid coil.
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Figure 4. Block diagram of the developed PPM system.

. E;= Ej(-E,) E~E + E,
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Electromagnetic Obtained FID
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Figure 5. Noise-canceling design of the sensor.

Thus, the frequency shift caused by the capacitance of the coil was reduced and external
electromagnetic noise was avoided.

As shown in Figure 5, if the inductance of both coils is equal, the magnitudes of the
electromotor force induced in the coils due to external electromagnetic noise will be the
same. The total effect (E;) will be zero (Equation (7)).

Ef=E +(-E) =0 (7)

Since the two coils are connected in series and reversed, the direction of the polarization
magnetic field generated in the coils will be opposite to each other when the Larmor signal
(ER) is received. In this case, the electromotor force induced in the coils E;” and E,’ are in
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Figure 6. Two reverse-wound serial coils.

Table 2. Specifications of the coils.

Parameters Values
Wire type SWG19
Coil length 0.078 m
Diameter of the solution container 0.058m
Number of coil windings 660
Number of layers 5
DCresistance 16.9 Q
Inductance 31.681 mH
Polarization current (for 12 V) 0.656 A
Maximum allowed current 1A
Filling factor 0.594
RMS Signal amplitude 0.9 pv
SNR (for 400 Hz bandwidth) 61dB
Setting (resonance) capacitor

(for 2000 Hz precession frequency) 150.25 nF

the same direction and can be found by Equation (8).
Er = E| + E, = 2E] = 2E, (8)

The structural parameters of both coils should be as similar as possible. In this way, the
coil set will not be affected by external disturbances, and the induction of the FID signal
will not change due to this reason. In this study, all parameters for the two reverse-wound
serial coils used for a noise-free FID signal were assumed to be the same, the values of
which are provided in Table 2 (Figure 6).

Liquid paraffin was preferred in this study as the solution for the sensor due to its high
number of protons. This aimed to increase SNR and the relaxation constant.
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Figure 7. FID signal captured into the computer.

2.2. NI 6210 DAQ board

An NI6210 data capture card with 16 AI (16 bit, 256 kS/s) and 4 DIO was used in the study
for both controlling the polarization current and capturing the amplified FID signal into
the computer. The amplified and filtered FID signal was connected to the analog input of
the DAQ card and recorded to the computer with 16-bit resolution and 250 kS/s sampling
rate. The frequency value determined after FFT analysis of the recorded FID signal was
converted into magnetic field magnitude by using Equation (6).

2.3. Resonance (setting) capacitor selection

The amplitude of the FID signal obtained following interruption of the polarization current
is desired to be the greatest. Therefore, a resonance capacitor in parallel to the coil should be
used after switching. The value of this capacitor depends on the magnitude of the magnetic
field to be measured or the frequency of the FID signal. Since the study aims to measure
the magnetic field of the earth at our location (46,000 nT, FID frequency 2000 Hz), the
capacitance value was calculated as 150.25 nF by using Equation (8) below.

1

T an2fll ©)

2.4. Preamplification, narrow band filter and monolithic instrumentation amplifier
circuits

Although the resonance state is achieved, the FID signal obtained from the sensor has an
amplitude at ¢V levels. Therefore, it needs to be amplified before the narrow band filter.
In this study, the preamplification coefficient was determined as 10«10 = 100. The FID
that is gradually amplified 100 times was subsequently fed into a narrowband filter with a
bandwidth of 400 Hz, which allows frequencies between 1800 and 2200 Hz to pass through.
Finally, the filter output was amplified 1000 times using a precision amplifier circuit uti-
lizing an AD524 integrated circuit, and captured into the computer via the N16210 DAQ
board (Figure 7).
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Figure 8. (a) Front Panel and (b) Block Diagram of the developed LabVIEW-based software.

2.5. The LabVIEW-based software

The developed LabVIEW-based software controls the application time of the polariza-
tion current and records the FID signal amplified 2 ms after switching into the computer
medium for a period of 5. It subsequently performs an FFT analysis of the recorded FID
signal. The Front Panel and the Block Diagram of the developed software are demonstrated
in Figure 8.

3. An application for the developed PPM system

In order to test the usability of the PPM system developed within the scope of this study, we
made an attempt to calculate the magnetic field of the earth at our location. As is known, the
magnitude and direction of the earth’s magnetic field vary according to time. Therefore, the
World Magnetic Model (WMM) platform, a joint product of the United Kingdom Defense
Geographic Center (DGC) and the United States National Geospatial-Intelligence Agency
(NGA), was used as a reference for the magnitude of the magnetic field at our location. The
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Figure 9. WMM Platform output for Balikesir.

direction and magnitude of the magnetic field calculated for Balikesir/Turkey according to
this platform are demonstrated in Figure 9.

As seen in Figure 9, the total magnetic field magnitude in Balikesir is 47.326 nT. This
corresponds to an FID signal of approximately 2004 Hz, according to Equation (6). In our
study, the sensor of the PPM system developed to obtain this value was directed to the
appropriate angle and a measurement was made. The output of the PPM system is shown
in Figure 10.

As can be seen in Figure 10(b), the maximum FFT component is 2003.5 Hz. When cal-
culated by considering Equation (6), the magnetic field value is obtained as 47,057 nT.
Figure 10 also shows that both the measurement of the PPM system and the output of the
WWM platform are close and that the system eliminates electromagnetic noise well. In
addition, the value measured by the developed PPM was also verified with a tesla meter
from EW.BELL (Model 5180). The values of SNR parameters are given in Table 3. As a
result of the calculation using the SNR parameters given in Table 3 in Equation (5), this
ratio was found as 61 dB.

In addition, the accuracy of the developed PPM system depends on the accuracy of the
self-induction coefficient of the resonance capacitor and coils used in the electronics of the
system. These values are 0.005 nF and 0.0005 mH for the developed system, respectively. In
the study, the accuracy of the system was calculated with Equation (10) considering these
values and it was found as 0.13 nT.

1 1
AB = 23.4874 |:4.7r.C1/2.L3/2 AL+ A7 AL AC1| (10)

4. Discussion

PPMs can often be more complex and costly than other magnetic sensors. The cost of the
system in this study is significantly lower than other commercial equivalents. Therefore,
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Figure 10. FID signal variation, and FFT analysis output for the measurement of the earth’s magnetic

field using the developed PPM system.

Table 3. SNR parameters.

Parameters Values
Fill Factor of a Coil (#7single) 7711077
Nuclear Paramagnetic Susceptibility () 9.11076

Larmor Precession angular Frequency ()
Magnetic Permeability of the Vacuum ()
Filling Factor (7m)

Number of Turns (n)

Voltage of Polarization Source (E)

Radius of Winding (rc)

Angle Between the Measured Area and the Axis of Solenoid (a)
Radius of Wire (ry)

Length of Solenoid (b)

Layer of Winding (ls)

Wire Resistivity (p)

Boltzmann Constant

Environmental Temperature (T)

1.78 10° rad/s
1.26 10~% Tm/A
594107
660
12V
291072 m
0.9°
3.0510"%m
781072 m
5
6.891078 Qm
1.3810723 J/K
3102K

the choice of PPM should be based on application needs and factors such as sensitivity

requirement, measurement range, environment and budget.

In addition to coil configuration, one of the important indicators for evaluating the per-
formance of PPM sensors is SNR. In PPM applications, SNR is usually between 20 and
40dB [18,19,28,29], but it should be noted that higher SNR values may be needed, espe-
cially in sensitive applications where low magnetic field levels are measured. Therefore, the
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Table 4. Comparison of commercial and developed PPMs.

Model Resolution Accuracy Measuring range Price
Commercial Products 0.072nT 0.59nT 20,000nT ~ 102,000nT $8340
Developed PPM 0.2nT 0.13nT 20,000nT ~ 120,000nT $2000

SNR value of 61 dB in this study will help to obtain more reliable and accurate magnetic
field measurements. A comparison of the features of the developed PPM system with its
commercial equivalents is given in Table 4.

5. Conclusion

In this study, a novel PPM system was developed and its measurement accuracy was veri-
fied through an example application. Liquid paraffin was used as a solution in the sensor of
the system, which distinguishes the study from others in the literature. SNR is an important
indicator for evaluating the performance of a PPM system. The SNR of the developed PPM
system is significantly higher than its counterparts available in the market. However, the
type of coil used in the developed PPM system has a dead measurement point. Therefore,
the sensor probe should always be kept perpendicular to the magnetic field to be measured,
to the extent possible, in order to obtain maximum FID signal amplitude. It is also crucial
for the aforesaid type of magnetic sensors that thermal noise and external electromagnetic
noise of the sensor are minimized. Reverse-wound series coils were used in this study in
order to cancel out electromagnetic noise. In order to eliminate sensor-induced thermal
noise, the resistance of the coil has been reduced. The resistance of a magnetic coreless
solenoidal coil such as the one in this study was determined by Equation (11) using the
parameters of the coil structure, namely coil hollow radius r, winding thickness h, wire
resistivity p, winding diameter d and coil volume V. In the study, d was increased for the
purpose of obtaining coils with low R resistance.

_ lep.Vh
- m.d?Qr+h)

The most important issue in the developed PPM system is the lossless high-speed acqui-
sition and evaluation of the FID signal. This depends on the response time of the system’s
electronics, data acquisition card and software. Although there is no speed problem in
this system due to the data acquisition card and software, it may be preferable that the
integrated circuits in the amplification and filter circuits have faster response times. How-
ever, although this increases the cost, it may contribute to more accurate determination
of the maximum FID signal. Future work will focus on a mobilized system designed with
integrated circuits with lower response times.

(11)
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