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Abstract: Superconducting magnets with stable and strong magnetic fields play a pivotal role in fields
such as biology, medical science, and physics. Given the difficult measurement conditions and low
measurement accuracy of the strong magnetic field, a measurement method based on magnetic flux
modulation is proposed in this paper. Additionally, a high-stability coil-driving device is established.
A circuit for coil speed acquisition and measurement is developed. The effective values of induced
electromotive forces corresponding to the measured strong magnetic field are obtained, following the
de-noising principle of the lock-in amplifier. Particularly, a traceable transmission standard is formed
when the measurement coil is calibrated by the national standard magnetic field. The experimental
system results demonstrated that the uncertainty of the proposed method reaches the order of E-4
for the measurement of magnetic induction intensity below 7T. This significantly contributes to the
measurement of superconducting strong magnetic fields.

Keywords: flux modulation; coil; lock-in amplifier; superconducting magnetic field

1. Introduction

The extreme experimental conditions generated by a strong magnetic field provide
new opportunities for basic scientific research work, and the related experimental device
has become a recognized “national weapon” for exploring scientific treasures in scien-
tific and technological fields [1]. The “fractional quantum Hall effect” [2] that won the
Nobel Prize in Physics at the end of the 20th century benefited from a strong magnetic
environment. Magnet devices generating a strong magnetic field can be divided into three
types: water-cooled magnets (also called resistive magnets), superconducting magnets, and
hybrid magnets. Among them, the superconducting magnet requires a small excitation
current source power, does not need the large water supply and purification equipment of
conventional magnets, and can provide a stable and strong magnetic field for a long time.
It plays a crucial role in the fields of biology, medical science, and physics [3—6]. At present,
many countries have established increasingly strong magnetic field laboratories. For ex-
ample, the US High Field Laboratory (NHMFL) developed a superconducting magnet
system in 2012 to produce 32 T [7]. The Japan Institute of Physics and Chemistry (RIKEN)
produced a 28 T high-temperature interpolated magnet with high uniformity using layer
winding [8-10]. The F71 multi-axis gauss meter with the Hall probe, developed by the
Lakeshore Company, can measure a strong magnetic field of up to 35T [11]. The team at the
Institute of Electrical Engineering, Chinese Academy of Sciences, used high-temperature
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interpolated magnet technology to develop an all- superconducting magnet with a central
magnetic field of up to 32.35 T [12].

The accurate measurement of strong magnetic fields is an essential prerequisite for
conducting scientific research in a strong magnetic field environment. Thus, Miyagi et al.
developed a high-flux density magnet measurement system by using a new sheet tester [13].
The system verifies the accuracy of the measurement of alternating current (AC) loss at high
magnetization (55,000 A /m) by measuring the eddy current loss of a copper plate compared
with the theoretical value. It is shown that the magnetic properties of non-oriented electrical
steel sheets can be measured until 2.1 T. Wang Xiaofei et al. employed the method of field
magnetic resonance to achieve a stable magnetic field measurement [14]. Wang Yueyi et al.
measured the capacitance change induced by the magnetic field generated Lorentz force to
drive the flat plate periodically, by reversing the magnetic field size, with the measurement
range reaching 0.05-1.50 T [15]. Academician Zhang Zhonghua et al. established a national
standard for superconducting strong magnetic fields and achieved a magnetic induction
measurement by tracing the physical constant of the proton gyromagnetic ratio [16]. More-
over, they realized the magnetic induction intensity measurement by tracing the physical
constant of the proton gyromagnetic ratio [17]. Nevertheless, this method requires high
magnetic field uniformity and heavy water probes under strong magnetic fields.

In this study, based on magnetic flux modulation technology, an induction coil is
independently winded, a high-stability coil-driving device is developed, and a coil speed
collection and measurement circuit is designed. Following the principle of lock-in amplifier
denoising, the noisy induced electromotive force is used as the input signal. Meanwhile, the
actual speed of the coil is obtained through the encoder and converted by the measuring cir-
cuit to form a reference signal. The effective value of the induced electromotive force related
to the intensity of the measured strong magnetic field is acquired. After the induction coil is
traced and calibrated in the national standard magnetic field, its measurement uncertainty
reaches the level of E-4. This method has the advantages of simple operation and wide
measurement range and significantly contributes to the measurement of superconducting
strong magnetic fields.

2. Principle of Magnetic Flux Modulation

A coil with N turns and a cross-sectional area S is placed in a superconducting uniform
strong magnetic field with a magnetic induction intensity of B. The magnetic flux @ of the
coil changes when it is rotating at an angular velocity w, perpendicular to the direction of
the magnetic field. According to Faraday’s law of electromagnetic induction, the induced
electromotive force E(t) is expressed as follows:

E(t)= —N%P

_ _NBdcosgwt)S 1)
- dt

= —NBSwsin(wt).

Under the known N, S, and w, the field strength B of the magnetic field to be measured
can be obtained by collecting the E(t) generated by the coil, namely,

___E@®
~ NSwsin(wt) @

3. Measuring System Design

Figure 1 illustrates a schematic diagram of the composition of a strong magnetic field
measurement system. The system is composed of three parts: a coil-driving device, a strong
magnetic field to be measured, and a signal acquisition and processing unit. The coil driving
device consists of a servo motor, its driver, a transmission shaft, a bracket, a vibration-
damping mechanism, and a coil. Among them, the servo motor and the coil are connected
by a transmission shaft with a length of about 2 m to eliminate the mutual influence
between the servo motor and the strong magnetic field to be measured. Additionally, an
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orthogonal rotation speed conversion mechanism is designed at the end of the transmission
shaft to realize the continuous movement of the coil cutting the magnetic line of induction
in the measuring hole of the strong magnetic field to be measured. Moreover, the noise
removal principle of the lock-in amplifier is adopted to accurately measure the induced
electromotive force of the rotating coil. First, the noise-containing induced electromotive
force is used as the input signal. Then, the actual speed of the coil is obtained through the
encoder and converted by the measuring circuit to form a reference signal. Finally, the
effective value of the induced electromotive force after denoising is acquired. After the
rotating coil is calibrated by the standard strong magnetic field, the magnetic field strength
to be measured can be calculated according to Equation (2).
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Figure 1. Schematic diagram of the strong magnetic field measurement system.

3.1. Coil-Driving Device

Considering that the stability of the coil rotation speed directly affects the accuracy
of the measurement results, a servo motor with good speed performance and strong load
capacity is employed as the driving power source of the coil. It can effectively control the
coil to rotate at a uniform speed in the center of the magnetic field to be measured. By
adjusting the control parameters, such as the drive speed loop gain and integral time, the
error between the actual speed and the set speed of the motor can be maintained within
2 rpm, as presented in Table 1.

Table 1. Motor speed error at different speeds.

Rotating Speed LVeloc1t¥ Velocity L.o op Maximum Speed
(c/min) oop Gain Integral Time Error (t/min)
(Pn100) (Pn101)

60 800 6 1

120 800 6 2

480 700 7 1

600 700 7 1
3000 200 20 1

Moreover, a 10:1 reducer is installed at the servo motor to further improve the overall
performance of the entire drive unit. In this way, the output torque is boosted, while the
transmission error of the coil-driving unit is reduced to one-thousandth.

As illustrated in Figure 2, the coil used in the experiment is made of enameled wire
wound on a non-magnetic pure resin skeleton, with an inner diameter of 6 mm, an outer
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diameter of 15 mm, and a wall thickness of 1 mm at both ends. There is a total of 400 turns.
The coil is connected to the external non-magnetic resin wireframe through a bearing
and passes a rotational speed orthogonal conversion mechanism composed of a turbine
worm and a belt. The coil is driven by a servo motor to realize the continuous cutting
of the magnetic induction line movement in the strong magnetic field to be measured.
Moreover, a specially designed conductive slip ring is installed between the coil and the
non-magnetic wireframe to smoothly lead the induced electromotive force signal on the
coil to the lock-in amplifier.

Non-magnetic

Drive
N shaft
’ —
C"“d““i“e/v@Non-magmﬁc X .
slip ring wire frame  Lurbine
shaft

Figure 2. Coil probe structure diagram.

3.2. Experimental System for Measuring the Strong Magnetic Field

The experimental system is illustrated in Figure 3. The left side shows the supercon-
ducting magnet generation system. The right side shows the coil-driving device, which
drives the coil to cut the magnetic lines of induction at a constant speed in the measuring
hole, located at the center of the magnet generation system. An encoder is installed at the
rotating end of the coil to obtain the angular displacement of the coil in real time.

rédyeer||

; \ : E/nco#?_ Servo m}lmk‘%nd
At

Figure 3. Actual measurement system.

A strong magnetic field of up to 7 T can be generated by such superconducting strong
magnetic field equipment, which is composed of a low-temperature vacuum system, a
circulating water refrigeration unit, a mechanical pump, a molecular pump, a supercon-
ducting magnet, and a direct current source. Before the excitation, the mechanical pump
and the molecular pump cooperate to pump the magnet space into an ultra-high vacuum
state. Meanwhile, the refrigerator lowers the temperature of the magnet system to below
4 K. The excitation is conducted to produce a stable superconducting strong magnetic field.
The output signal of the encoder is processed by the measuring circuit and connected to
the lock-in amplifier to obtain the effective value of the induced electromotive force. Then,
the magnitude of the measured strong magnetic field is characterized.
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3.3. Signal Acquisition and Processing Unit

Figure 4 shows that this paper is based on the principle of lock-in amplifier denoising.
First, the noisy induced electromotive force is used as the input signal. Next, the actual
speed of the coil is obtained through the encoder and converted by the measuring circuit to
form a reference signal. After its internal phase-sensitive detection and low-pass filtering,
the AC component voltage U(t) output by the lock-in amplifier is

U(t) = 3 ViVrep cos(p — 91) ©)

where ¢ and ¢, indicate the phases of the input signal and the reference signal, respectively;
Vi and Vs denote the input signal and reference signal amplitude, respectively. U(t) is
half of the product of the input signal and the reference signal amplitude- when its phase
difference is zero. Specifically, a high-speed position encoder TS5700N5801 is installed at
the rotating position of the coil to accurately obtain the reference signal.

Contains noisy induced

. Conductive electromotive force input signal
Coil probe ncuctiv pu’ stg
slip ring

|Sync reference

_Angular RS485 MCU Phase-shifting | | signal
displacement [ amplifier circuit [ | ot )

of encoder I Lock-in
I Measurement circuit ) .
\ amplifier

Figure 4. Signal processing flow.

A special measurement circuit is developed to convert the position signal into an
analog reference sine wave, with the same frequency and phase as the coil speed in real
time, through digital-to-analog conversion and phase-shifting amplification. After these
two signals are connected to the SR830 lock-in amplifier, the effective induced electromotive
force signal, with the same frequency as the reference signal, is separated from the noise
interference.

The measurement circuit is composed of modules such as power management, RS485
communication, STM32 microprocessor minimum system, DAC conversion, and phase-
shifting amplification. The circuit design block diagram and the PCB board are shown
in Figure 5. Its main functions include: (1) receiving the coil rotation angle displacement
signal collected by the encoder; (2) processing the position signal into an analog sine signal
consistent with the coil rotation frequency; (3) outputting an analog sine reference wave
with the same frequency and phase as the coil electromotive force after phase shifting and

amplification.
Power 24V DC
management power supply
module

Syne reference

AD620 OPA4187 | Signals
Amplifier Phase shifter

Encoder

signals STM32F407

UART

RS485

DAC
SWD

Downloader

Figure 5. Cont.
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Figure 5. Sync reference signal acquisition circuit: (a) block diagram of circuit design; (b) PCB circuit
diagram.

4. Experimental Data Processing and Error Analysis
4.1. Estimation and Calibration of the Effective Area of the Coil

The product of the number of coil turns and the effective area is called the coil constant
NS, which is a key indicator of the coil performance. The traceable calibration of this
constant determines the accuracy of the strong magnetic field measurement method based
on the electromagnetic induction principle.

4.1.1. NS Estimate

The inner and outer diameters of the coil are d; = 6 mm and d, = 15 mm, respectively.
The number of turns N is 400. The estimated value of the effective area of the coil NS, is

NS, = wN(% 4 %2741y
= EN(di2 +d2+2x dy x dy) 4)
=3.46 x 1072 (m?).

NS, is only used as a verification of the order of magnitude of the effective area of the
coil instead of the effective area of the coil during actual measurement. It must be calibrated
traceably.

4.1.2. NS Calibration

China’s superconducting strong magnetic field measurement standard was established
by the Chinese Academy of Metrology. With the frequency and gyromagnetic ratio of
the radio frequency field in nuclear magnetic resonance, the absolute value of the strong
magnetic field is measured in the range of 2-12 T, with an accuracy of 6 x 107°. Additionally,
the error range is verified by circumstantial experiments [18].

In this study, the effective area NS of the coil is calibrated by measuring the effective
value of the electromotive force of the coil in the standard superconducting strong magnetic
field. First, a stable and strong magnetic field of 0.5 T is generated by the superconducting
magnet device. Then, the coil speed is set to 60 r/min. The effective value of the induced
electromotive force is recorded every 1 min, for a total of 14 times, as provided in Table 2.

As observed in Table 2, the average effective value of the electromotive force at this
time is E,; = 68.43 mv, and the final coil constant NS is

V2E,

NS = Beo

®)
where B = 0.5 T and w = 271f = 2 rad/s. Then, NS = 3.08 x 1072 m? can be obtained.
This value is consistent with NS,. During the process of estimating the coil constant, the
multi-turn coil is regarded as a continuous whole, and the gap between the individual
turns is ignored. Thus, NS, is larger than the actual calibration NS.
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Table 2. Collected values of the induced electromotive force.

Number Induced Emf Number Induced Emf

(Valid Value)/mV (Valid Value)/mV
1 68.23 13 68.83
2 68.41 14 68.33
3 68.58 15 68.50
4 68.32 16 68.42
5 68.42 17 68.37
7 68.38 19 68.44
8 68.34 20 68.21
9 68.20 21 68.35
10 68.07 2 68.71
11 68.65 23 63.16
12 68.76 24 68.49

4.2. Analysis of Results
4.2.1. Relative Error of Measurement

The coil rotation frequency is set to 1 Hz. The strong magnetic field generated by
the superconducting magnet system (Figure 5) is independently measured by the nuclear
magnetic resonance measuring instrument and the measurement system developed in this
paper. The measurement results are listed in Table 3.

Table 3. Magnetic field measurement results.

Standard Value of Induced Electromotive  Calculated Magnetic
Number

NMR Instrument/T Force/mV Field Strength/T
1 1.00 136.97 1.00095
2 1.50 205.45 1.50139
3 2.00 27391 2.00168
4 2.50 342.37 2.50197
5 3.00 410.86 3.00248
6 3.50 479.25 3.50442
7 4.00 550.42 4.00595
8 4.50 616.20 4.50583
9 5.00 684.85 5.00782
10 5.50 752.90 5.50543
11 6.00 822.78 6.01641
12 6.50 891.50 6.50891
13 7.00 958.89 7.01169

Table 3 reveals that the calculated value of magnetic field intensity is close to the
measured value of nuclear magnetic resonance, with a relative error of less than 1%o.
This effectively verifies the feasibility of the designed strong magnetic field measurement
system.

4.2.2. Measurement Uncertainty

The measurement uncertainty of the strong magnetic field measurement system is
majorly reflected in the calibration uncertainty of the coil effective area NS, including the
following two parts:

(1) Standard Uncertainty of Type A
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The type A standard uncertainty of the effective area of the coil NS is derived from the
induced electromotive force collected in the calibration experiment. uf is expressed as

ME—\/ n_ll;E—Eo ) (6)

By substituting the data in Table 2 into Equation (6), the standard uncertainty of
Type A, introduced by the average value of the electromotive force, is obtained to be
Ug =65 x 1074,

(2) Standard Uncertainty of Type B

Due to the changes in ambient temperature and magnetization, the coil may be
deformed. However, the coil bobbin is made of pure resin non-magnetic materials, and the
experimental environment temperature is relatively constant. Thus, the type B standard
uncertainty introduced in this section is estimated to be uy =1 x 107%.

Under the combination of the above two types of uncertainties, the final uncertainty
uc of the strong magnetic field measurement system is

e = \/ (ug)* + (ur)* = 6.6 x 1074, @)

5. Conclusions

Based on the principle of magnetic flux modulation, a strong magnetic field measure-
ment system, composed of a coil-driving device and a signal acquisition and processing unit,
is designed in this paper. Moreover, a superconducting strong magnetic field measurement
experiment is conducted. The conclusions are drawn as follows.

(1) The coil-driving device connects the servo motor and the coil through a non-magnetic
stainless steel drive shaft with a length of 2 m to eliminate the mutual influence
between the servo motor and the strong magnetic field to be measured as much as
possible. After a 10:1 reducer is assembled at the end of the servo motor, the coil speed
error can be reduced to less than one-thousandth;

(2) The signal acquisition and processing circuit can output a reference analog sine wave
with the same frequency and phase as the coil electromotive force;

(8) After the calibration of the coil constant NS in a standard magnetic field, a traceable
transmission standard is established to significantly improve the accuracy of the
strong magnetic field measurement system;

(4) Theresults demonstrate that the final uncertainty of the strong magnetic field measure-
ment system can reach the order of E-4. This highly contributes to the measurement
of the superconducting strong magnetic field.
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