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ABSTRACT

We construct an active magnetic compensation device and propose an efficient magnetic compensation method that suppresses a wider range
of frequencies and amplitudes of time-varying magnetic fields than conventional methods. This system can compensate for all frequencies in
the bandwidth of the sensors used by analyzing and extracting the spectral characteristics of the ambient field. We compensate simultaneously
for various types of interference in rotation and achieve a reduction of the 50-Hz power-frequency field noise by 36 dB. Meanwhile, the real-
time compensation of the field gradient is also investigated. Due to the effectiveness and extensive applicability of this method, it holds great

promise for applications in atomic magnetometers, electron microscopes, and atomic clocks.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0007464

I. INTRODUCTION

Atomic magnetometers can measure magnetic fields with ultra-
high sensitivity. They can compete with superconducting quantum
interference devices (SQUIDs), without the requirement of cryogen-
ics."”” Atomic magnetometers have been widely used in low-field and
zero-field nuclear magnetic resonance (NMR)" and for detecting
magnetic particles.” Most atomic magnetometers use multiple layers
of mu-metal to passively shield the magnetic field noise in the envi-
ronment.”” This method limits the measurement range of atomic
magnetometers, so they cannot be applied to geographical mapping
and detecting magnetic anomalies.” Therefore, it would be useful to
operate atomic magnetometers in unshielded geomagnetic environ-
ments.”'’ However, pseudo-static fields, power-frequency AC field
noise, and field gradients in the environment limit the sensitivity
of an unshielded magnetometer.'' In addition, quieting an environ-
mental magnetic field is also a requisite for electron microscopes and
atomic clocks.'”"” Thus, it is important to develop an active mag-
netic compensation system that can suppress field noise and field
gradients.

Some methods have been proposed for canceling field noise
and field gradients without using mu-metal shielding, but they
have certain limitations. The traditional proportional-integral-
differential (PID) method of magnetic compensation is not appli-
cable to high-frequency field noise and various types of interfer-
ence, as it is limited by the feedback speed of the system.'” An
inductive pickup coil with a feedback amplifier can actively cancel
high-frequency field noise, but it is difficult to screen the specific
capacitance of the pickup coil."” A system consisting of a feedback
loop and a feedforward circuit can compensate only for fixed-phase
AC field noise, which limits its application in complex magnetic
environments. '’

Herein, we develop a magnetic compensation method that effi-
ciently suppresses the various types of interference in the envi-
ronment without shielding. First, magnetoresistive sensors are
employed to measure the ambient fields. Second, the spectral char-
acteristics of the ambient field are analyzed in real time and infor-
mation about the various ambient interference sources is extracted.
Third, using the relation between the magnetic field and the
current in the coils, compensatory currents can be precisely
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FIG. 1. Schematic of the experimental setup. Only the x-axial coils are shown for
clarity. The ambient field measured by the magnetoresistive sensors is collected
by a 16-bit ADC card and sent to a computer, which performs the spectral analysis.
The current generators receive a signal from the DAC card based on the spectral
analysis and drive the coils to produce a magnetic field that compensates for the
ambient field.

calculated. Finally, the compensation for the various ambient inter-
ference sources is achieved by outputting a linear superposition of
the calculated currents. In the experiments, a pseudo-static field,
power-frequency AC field noise, and field gradient were simultane-
ously attenuated by 111 dB, 36 dB, and 20 dB, respectively.

Il. EXPERIMENTAL SETUP

The experimental setup is shown in Fig. 1, though only the
x-axial coils are drawn for clarity. The device has square triaxial
Helmholtz and gradient coils, which have a length of 350 mm. The
relation between the spacing D and the side length L of the gradi-
ent coils satisfies D = 0.9 x L. The gradient coils are wired in series.
A triaxial magnetoresistive sensor (Honeywell HMC1053) with a
size of 7.4 x 7.4 x 2.8 mm’, which can easily be integrated with an
atomic magnetometer, is placed at the center of the coils. The sam-
pling rate is fs. The bandwidth (in the set/reset mode) and sensitivity
of the sensor are 125 Hz and 5 mV/G, respectively. In the center
of the Helmholtz coils (30 x 30 x 30 mm?), the uniformity of the
magnetic field is about 107°. To measure the field gradients in the
x and y directions, two pairs of sensors are placed symmetrically and
parallel to the x-axis and y-axis, respectively. The sensors in each
pair are 30 mm apart. The maximum output of the current gener-
ator is 1 A. The noise current (rms, frequency <10 Hz) is about 20
pA, corresponding to a magnetic field noise of about 2 nT. The coils
are placed on a non-magnetic one-dimensional rotary table, which
is controlled by a stepper motor with an angular resolution of 0.01°.

ARTICLE scitation.orgljournal/rsi

I1l. METHOD

Our method consists of three processes: measurement, analysis,
and output. The basic principle is shown in Fig. 2. Each process is
split into a sequence of blocks of duration 7. The time 7 is more than
two periods of AC field noise. In the measurement phase, during the
nth block, the sensors measure the ambient field B(”), which can be
expressed as a one-dimensional array of N elements, N = 7/f;. In
the analysis phase, the spectral characteristics of the data B™ are
analyzed in real time to extract the dominant AC field noise Bl(\"c)
and the pseudo-static field Bl()"c). The compensatory currents I}(\”C) and
I 1()nc) can be determined from the coefficient K in the relation between
the magnetic field and the current in the coils. Finally, in the output
phase, the overall compensatory current I, n t)l is the output, which is
a linear superposition of If;g and Il(;(':).

The magnetic field in the environment includes the AC field
noise and a pseudo-static field,

) _ gm) | g
B™ = B + BY. (1)

To realize high-precision active magnetic compensation, we
need to separate out the dominant field noise BI(\"C), which has the
("1 and phase 8 of the separated
component are calculated as follows:
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FIG. 2. Magnetic compensation. The measurements and output are in the same
time reference.
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After Bﬁ\"c) and B]()"C) have been separately determined, It(ofgl can
be calculated as follows:

I = 180 + 152, 3)

where - )

_ B —gln!

(0 =) - Zac ~ Pac
K
and (n) (n-1)
~ B n) _ B n—1

1§ = o - Zpe _~pe IR DC . damping.

We use Bf:g instead of Bf:g because there is a phase difference 27f At
in time At between the sampling and the output. The damping coef-
ficient is mainly used to smooth the spectrum after compensation.
If there is more than one source of frequency noise in the envi-
ronment, it is necessary only to increase the number of AC field
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FIG. 3. Compensation for the magnetic field in the x direction. (a) Time domain.
(b) Frequency domain. The blue (red) lines are without (with) compensation. The
simultaneous compensation of magnetic fields in the y and z directions is also
realized (Fig. S2 in the supplementary material).
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noise terms in Eq. (1). If there is low-frequency field noise, we may
need a relatively long time for data acquisition. In this process, the
suppression of AC field noise will not be affected because the AC
is still output continuously. Under some special cases, such as the
existence of pulses or random noise in the environment, we will not
extract the AC field noise to enable fast magnetic compensation. The
output of the current generator is controlled by the DAC card. The
system works in the closed-loop negative-feedback mode.

IV. RESULTS AND DISCUSSION
A. Reduction of field magnitude

The 50-Hz power-frequency AC field noise, which has an
amplitude of about 1 mG in our laboratory, can be compensated for
well using our system, as shown in Fig. 3. The time 7 of hyperfine
spectral analysis is 0.1 s. It can be observed that the compensated
magnetic field at 50 and 100 Hz is attenuated by 36 dB and 25 dB,
respectively. The pseudo-static field can also be compensated for.
The total magnetic field after compensation is about 1 + 15 nT,
which is mainly limited by the resolution of the sensors.

Moreover, we theoretically analyzed passive eddy-current
shielding for an AC magnetic field. However, it is poor in frequency
selectivity for some specific signals and bulky for some applications.
The details are given in the supplementary material (Fig. S1 in the
supplementary material).

B. Reduction of field gradient

The magnetic field gradient dB,/dx (dB,/dy) is obtained from
the difference in the magnetic field measured by each sensor in the
pair of sensors in the x (y) direction'” and compensated for by the
gradient coils. The process is similar to the reduction of the field
magnitude. We did not extract AC field gradient noise from the
ambient field gradient because there are no prominent noise peaks
in the frequency domain of the field gradient. The field gradients in
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FIG. 4. Compensation for the magnetic field gradients in the x and y directions.
The blue (red) line represents the magnetic field gradient in the x (y) direction. The
inset is an enlargement for the compensatory time.
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the x and y directions were about 74 nT/cm and 141 nT/cm before
compensation, respectively. The gradients in the x and y directions
produced by the Helmholtz coils are both about 1.3 nT/cm, and the
coefficients for the gradient coils in the x and y directions are both
about 225 nT/(cm A). The results of the real-time compensation of
field gradients in the x and y directions are shown in Fig. 4. The com-
pensatory time is as short as 4 ms (inset of Fig. 4), which is limited by
the sampling rate of the sensors. The compensated field gradients are
attenuated by more than 20 dB. This method can also compensate
for all the other components of a field gradient tensor.

C. Magnetic compensation for various types of
interference

Finally, we experimentally realized magnetic compensation
while the apparatus was rotating. The rotation speed Q = 1 rpm.
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FIG. 5. Compensation for various types of interference during rotation. The blue
(red) lines are the magnetic fields without (with) compensation. (a) Time domain of
the magnetic field in three directions. (b) Frequency domain of the magnetic field
in the x direction. The low-frequency region is plotted in the inset for clarity.
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TABLE . Noise produced by the system.

Noise source rms noise (nT)

ADC card 4.2
Sensors 12
Current generator 2.1

Figure 5(a) shows the magnetic fields in three directions during
rotation without compensation. These fields were measured by the
central sensor. The horizontal magnetic field was about 243 mG,
and the vertical magnetic field was about 370 mG with a pertur-
bation of 200 nT. The perturbation was mainly due to the incli-
nation during rotation. Figure 5(b) shows the frequency domain
of the magnetic field in the x direction. After compensation, the
magnetic field at 1/Q = 16.6 mHz disappeared, illustrating that this
method can compensate for time-varying magnetic fields with a high
amplitude. In addition, the magnetic fields at 48 Hz and 50 Hz and
their harmonics have been simultaneously cleared. The magnetic
fields at 48 Hz and 96 Hz are generated by the stepper motor of
the rotary system. The low-frequency vibration noise was greatly
reduced by optimizing the current and pulse per revolution of the
stepper motor. These results show that this method not only can
compensate well for various types of ambient interference simul-
taneously but can also be expanded to applications with moving
carriers.’

Finally, we evaluated the noise produced by the compensation
system. The noise consists of three primary parts and is mainly from
the sensors (Table I). The 50-Hz electronic noise of the compensa-
tion system is about 0.34 nT/\/Hz, which was measured by placing
the sensors in a five-layer mu-metal shield to eliminate the elec-
tromagnetic field in the environment (Fig. S3 in the supplementary
material).

To improve the magnetic compensation of our system, it could
be integrated with an atomic magnetometer as another sensor, due
to its sub-fT sensitivity."” This would enable the application of this
system for pT and even sub-pT measurements.”’ Additionally, if
a higher precision current generator’’ and ADC/DAC card were
employed, the measurements would be more sensitive.

This method can also be applied to the compensation of mag-
netic fields with higher frequencies (Fig. S5 in the supplementary
material). In addition, a signal of interest can be extracted accu-
rately from external noise even if the external fields are canceled
(Fig. S6 in the supplementary material). Thus, the performance of
our method is superior to that of the traditional PID method in
compensating for higher frequency fields and extracting a signal of
interest.

V. CONCLUSIONS

In conclusion, we have developed an active magnetic compen-
sation device and proposed an efficient method for magnetic com-
pensation using spectral analysis. We compensated for field noise
and field gradients. The magnetic field was about 1 + 15 nT and
the field gradient was about 4 nT/cm after compensation, which
are limited by the resolution and the sampling rate of the sensors.
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In addition, we experimentally achieved magnetic field compen-
sation while the apparatus was rotating. This method does well
in compensating for various types of interference simultaneously
and quieting an environmental magnetic field without shielding.
It can achieve consistent high performance for various types of
interference at different frequencies. It is believed that this system
will have promising applications in atomic magnetometers, electron
microscopes, and atomic clocks.

SUPPLEMENTARY MATERIAL

See the supplementary material for the theory behind the pas-
sive eddy-current shielding of an AC magnetic field, the simultane-
ous compensation of the magnetic fields in the y and z directions, the
electronic noise produced by the compensation system, the phase
of the 50-Hz field noise in the environment, the compensation of
magnetic fields with higher frequencies, the acquisition of a sig-
nal of interest from external noise, and the LabVIEW codes of our
method.
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