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In this study, we propose an approach for the simultaneous measurement of
triaxial magnetic fields using a single-beam zero-field optically pumped atomic
magnetometer, in which a rotational high-frequency (w;) and another high-
frequency (wp) modulated magnetic field magnetic fields are applied along the
transverse directions and the longitudinal direction, respectively. Theoretical
analysis, numerical simulation, and experiments are conducted to demonstrate
this method. Experimental sensitivities of 18 fT/Hz*? along the two transverse
directions and 140 fT/Hz"? along the longitudinal direction are simultaneously
achieved. On this basis, we operate the magnetometer in closed-loop mode to
expand the bandwidth and dynamic range, and to keep the triaxial magnetic
field sensed by the magnetometer at zero. The triaxial bandwidths are increased
from below 100 Hz to over 1.6 kHz. The triaxial dynamic ranges are all extended
to 4150 nT. Plus, we verify the 41,000 nT dynamic range of the triaxial
magnetometer through increasing the triaxial coil constants. The
synchronization of triaxial closed-loop measurement, simplicity of
magnetometer structure, and closed-loop detection with high sensitivities
make it applicable and attractive for biomagnetism imaging in challenging
environments.

KEYWORDS

triaxial measurement, closed loop, single-beam configuration, magnetic field
modulation, optically pumped magnetometers

1 Introduction

In the past couple of years, zero-field optically pumped atomic magnetometers
(OPMs), especially those operating in the spin-exchange relaxation-free (SERF)
regime, have been developed rapidly and have a profound impact on the detection of
extremely weak magnetic fields [1-5]. In particular, it has attracted enormous interest in
magnetoencephalography (MEG) and magnetocardiography (MCG) due to its
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advantages, including cryogenic-free condition, ultra-high
sensitivity, low  cost, and the convenience of
miniaturization [6-8].

Vector magnetic field measurement can provide more
complete information than scalar one. Conventional zero-field
OPMs measure the magnetic field along the transverse one or two
directions perpendicular to the pump direction and are difficult
to realize the simultaneous and independent measurement of the
triaxial magnetic fields [I, 9, 10]. To achieve triaxial
measurement, some research groups adopted a dual-beam
configuration, either pump-probe [11, 12], or dual-pump/
probe scheme [13, 14]. This scheme complicates the structure
of the magnetometer, which in turn increases the sensor’s volume
and complexity, and is not beneficial for its development into an
arrayed wearable system.

Currently the most suitable configuration for miniaturization
is the single-beam scheme [15, 16]. Hence, triaxial measurement
based on the single-beam configuration is attracts a lot of
attention [9, 10, 16], and some attempts have been made. For
instance, Dong et al. demonstrated that magnetic fields along the
three axes could be demodulated by applying three low-
frequency (below 210 Hz) modulation fields with different
frequencies [17]. Huang et al. proposed a method using the
combination of one transverse low-frequency rotating field
(90Hz) and one longitudinal modulation field (130 Hz),
which could implement simultaneous three-axis magnetic-field
measurement [18]. However, these schemes both rely on low-
frequency modulation, and the low-frequency system noise limits
the detection sensitivity to be over 100 fT/Hz"2. Xiao et al.
reflected pump laser beam behind two bonded vapor cells for
triaxial magnetic field information [19], yet this configuration
was complex in combined cell design. Tang et al. imposed the
DC-offset field along different axes to measure triaxial field, but
the measurement could only be conducted with a time-sharing
scheme [20]. For practical applications, simultaneous triaxial
measurement method based on simple single-beam
configuration is urgently needed.

In addition, the dynamic range and bandwidth of zero-field
OPMs operating in conventional open-loop mode are limited to
several nanoteslas and below 100 Hz, respectively [1, 9]. The
small dynamic range and low bandwidth restrict many possible
applications, especially in challenging environments with
magnetic interferences. For instances, frequency of some
neuromagnetic signals is over 1kHz [21, 22]. And certain
biomagnetism measurement needs to be conducted inside
weakened magnetic shields [23]. These problems mentioned
above can be mitigated through closed-loop mode of the
magnetometer. For current zero-field OPMs with pump-
probe, scheme, or

dual-pump/probe single-beam

configuration, researchers have proposed
operation methods, which have been verified by experiment

[11,14,24,25,26,27].

closed-loop
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In this study, a novel simultaneous triaxial measurement
method based on conventional single-beam configuration is
proposed, and three-axis closed-loop operation is conducted
on this basis. Thereby, we achieve triaxial magnetic field
measurement with large dynamic range and high bandwidth,
without substantially modifying the current single-beam
magnetometer design.

A group of high-frequency longitudinal and transverse
rotational modulation fields are applied to the magnetometer.
Triaxial measurement is achieved through simultaneously
demodulating three different observables. The transverse and
longitudinal magnetic sensitivities are 18 fT/Hz"? and 140 fT/
Hz'?, respectively. On this basis, we conduct closed-loop
operation of the proposed method to expand both the
bandwidth and dynamic range of the magnetometer, and to
keep the triaxial magnetic field sensed by the magnetometer at
zero. The triaxial bandwidths of our magnetometer are increased
from below 100 Hz to over 1.6 kHz, and the triaxial dynamic
ranges of our magnetometer are all expanded from less than
40 nT to 150 nT. Plus, we verify the £1,000 nT dynamic range
of the triaxial magnetometer through increasing the triaxial coil
constants. Operating with closed loop, the magnetic field
sensitivity keeps superior to 22 fI/Hz"? in the transverse
directions, and 230 fI/Hz'? in the longitudinal direction. The
high dynamic range and high bandwidth, synchronization of
measurement, and closed-loop operation enable this method to
perform in various applications.

2 Materials and methods
2.1 Principles

The evolution dynamics of electron spin polarization vector
P of alkali atomic ensemble in our zero-field OPM can be well-
described by the Bloch equation [28]:

dap

T [)*B x P+ Ry (52— P) - RaP] M

where g(P) is the nuclear slowing-down factor which is a function
of the magnitude of P [29], y° =2 x 28Hz/nT is the
gyromagnetic ratio of electron, B is the magnetic field vector,
[By, B, B, R,y is the optical pumping rate along z-axis, R is
the spin-relaxation rate, and s is the polarization degree of pump
light.

Single-beam zero-field OPMs perform magnetic field
measurements by detecting the transmitted light intensity of
pump beam, which only reflects the longitudinal polarization P,
[17, 28]. According to Ref. [17], the approximated relationship
between the output of the magnetometer R,,, and P, is

Ryt = Ry - eXP[_OD(V)(l_Pz)] (2)
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where Ry is the original signal before the vapor cell, and OD (v) =
nLo (v) is the optical depth of the vapor cell. And # is the number
density of the alkali vapor, o(v) is the absorption cross-section as
a function of light frequency v, and L is the length of the vapor
cell. Thus, we focus on the response of P, to magnetic field. The
P, component of the stable-state solution to (1) is

B+ [ (Rop + R) /¥’

Pstuble =P
z 02 2 2 e1?
B+ B+ B2+ [(Rop + Rea) [°]

3

For low-frequency system noise suppression and magnetic
field sensitivity improvement, single-beam zero-field OPMs are
usually modulated with high-frequency magnetic field.
Conventionally, only one transverse axis is modulated, in
which way only magnetic field measurement of the modulated
axis is achieved [10, 30]. For dual-axis measurement, using the
transverse rotationally modulated magnetic field results in the
output signal being orthogonally demodulated to obtain the in-
phase and out-of-phase terms, realizing the simultaneous
measurement of both transverse directions [26, 31, 32].
According to Ref. [26], the response of P, with dual-axis
measurement containing both information about By, and B, is

Rop](?; (u)]I (M) [on sin (wlt) + BxO cos (wlt)]
T3+ Jg (u)By, + T3 ()B3, + J (w)By,

P:ual o

(4)

where TI'i = (Ryp J2(u) + Rra)/y®  represents the zero-field
resonance linewidth, and J, (1) represents the nth order Bessel
function of the first kind. Variable u = y°By,,/[q(P)w,] is the
modulation index. B, is the modulated magnetic field amplitude
along the transverse directions. Emitting the quadratic terms in the
denominator of (4), the Pf”“l response to By, and By, are orthogonal
in phase, which means that orthogonal demodulation can offer dual-
axis measurement from Pj"“l.

For measurement scheme mentioned above, optical pumping
aligns the atomic spin polarization along the z-axis, resulting in
the insensitivity of spin polarization precession to a small
magnetic field along the same z-axis. Hence, we made an
attempt to apply another modulated magnetic field with
different frequency along the longitudinal direction.

In summary, our combined modulated magnetic field are
expressed as

By = Byymsin(w;t) + By
B, = Byym cos(w;t) + By (5)

B, = B,,,, sin(w,t) + B,

where B,,,, and B, are the amplitudes of the transverse
rotational and longitudinal modulated magnetic field,
respectively, and B, B,o, and B, are the magnetic fields to
be detected along the three orthogonal directions. The combined
modulated magnetic field results in an amalgamated precession
of atomic spin polarization, which can be sensitive to magnetic
field along all the three orthogonal directions. From Equation 3, it
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FIGURE 1

Simulation results. (A) The evolution of P subjected to the
combined triaxial modulated magnetic field. The meshed sphere is
illustrated as a guide for eyes. (B) The frequency-domain response
spectrum of P, between 800 Hz and 1700 Hz. The black solid

line represents the condition of Byg = Byg = Bzo = 0 nT, the red
dotted line represents the condition of Byg = 0.1nT and

Byo = Bzo = 0nT, the blue dot-dashed line represents the
condition of Bzg = 0.1nT and By = Byp = 0 nT. The inset shows
the detailed zoom-in around the peaks of 1,500 Hz.

could be found that P, has naturally contained information of
Bo. Through employing the modulated magnetic field along the
z-axis, the scale factor of the magnetometer to B, is enhanced,
and its sensitivity to B,y presents. This conclusion is drawn
mostly from numerical simulation, for that analytical solution
to Bloch Equation 1 under combined modulated magnetic field
(5) is difficult to obtain. Specifically, the mathematical operation
of cross product B x P in (1) can be transformed into matrix and
vector multiplication:

B.]1 [P 0 -B, B, 7 [P,
BxP=|B,|x|P,|=|B. 0 -B.|-|P,|=B,-P
B.| Lp.l [-B, B. 0] P,

(6)

When the third modulated magnetic field is applied, the
time-varying cross terms with trigonometric functions of B,
complicate the analytical solution to (1).
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Besides, it is worth noticing that with combined modulated
magnetic field for triaxial measurement, the response of P, to
transverse magnetic field did not change substantially due to
different
characteristics at transverse modulation frequency (Figure 1A)

modulation frequency. We rely on response
through demodulating with lock-in amplifiers, which are not
different from that in dual-axis measurement scheme. Therefore,
Equation 4 can still be used in our triaxial measurement scheme.

We performed numerical simulation based on 1) and 5) to
study the response characteristics of P,. It is crucial to investigate
three independent demodulated observables which only depend
on the changes of B, B,
respectively. We distinguish the observables by frequency and

0> O B,y from the response signal,

phase, and in particular, the response of frequency w; and w,,
ie, P (Ruer) and P, (R,.»), are the quantities of interest.
The numerical simulation is
parameters of Rgp = Ryl = 1505™',  Byyy = By = 140nT,
w; = 2m x 1000 Hz, w, =2 x 1500 Hz,. The simulated 3D
trajectory of P subjected to the combined modulated magnetic

executed with typical

fields is depicted in Figure 1A, showing an apparent time-domain
variation of P,. This variation could finally be detected to sense
the triaxial magnetic fields, on condition that it needs to be
transformed into the frequency domain. Therefore, we made a
preliminary exploration to observe the dependence of P,,; and
P> on By and B, (B, as an example of transverse directions).
As shown in Figure 1B, P, responses markedly to a change of
0.1 nT in B,, and by contrast it hardly responses to a change of
B.o. Moreover, under the condition of zero magnetic field, P,,, is
not zero but has a remarkable peak value. And it is only sensitive
to the variation of B,, which is detailed in the inset.

Based on the above investigation, a systematic analysis within
the typical dynamic range of zero-field OPMs (especially SERF
magnetometers), [-20, 20] nT, was carried out and presented in
Figure 2. Figure 2A shows that the in-phase signal of P,,; are
linearly dependent on B, near B, = 0, and Figure 2B indicates
that the out-of-phase signal of P, linearly response to B, near
By = 0. And these two signals are zero when magnetic field along
their corresponding direction is zero, respectively. These features
are the same with dual-axis measurement scheme. Besides, in
Figure 2A and Figure 2B, the amplitude of P,,, presents stable
response near B, = 0 or By = 0. Comparatively, Figure 2C shows
that P,,; hardly responds to the variation of B,y while the
amplitude of P,,,, exhibits an observable approximately linear
dependence on B,, although P,,, has a large offset when B, = 0.
Note that the steepness of the distinct response to B, over the
offset is about an order of magnitude smaller than that of the in-
phase signal of P,,; replying to B, (or the out-of-phase signal of
P, replying to B), which implies that the sensitivity of the
transverse directions is better than the longitudinal one.
Therefore, we can conclude that B,,, B

y
independently and simultaneously measured in the vicinity of

0 and B,y can be

zero magnetic field just by demodulating the in-phase signal of
P,,1, the out-of-phase signal of P,,; and the amplitude of P,
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respectively from the response signal of P,. This analysis through

numerical simulation has verified our aforementioned
investigation.
For zero-field OPMs, the frequency response of the input-

output relationship could be described as [1, 9].
A

R(f)=———
(2nf)" + BW?

%

where A is a constant related to the scale factor of the
BW the bandwidth of the
magnetometer. The transfer function corresponding to (7) is

magnetometer, represents

Go en = T %5 8
ven () = T pw ®
The transfer function of PI controllers is
K;
GC(S)ZKP+? (9)

where K, and K; denote the proportional and integral gains,
respectively.

When the atomic magnetometer works in the closed-loop
mode, the triaxial magnetic information is extracted and fed into
three separate proportional and integral controllers (PI
controllers). The outputs of three controllers are converted
into feedback current and applied to the triaxial coils to keep
magnetic field along each direction locked at zero. At the
moment, the magnetic field generated by the coil is the
magnetic field to be measured. Each single axis closed loop is
operated independently, as depicted in Figure 3. The transfer
function of the closed-loop magnetometer is

Gopen (S)

Gllose =
fosed (S) 1+ Gc (S) N Kcm'l : Gopen (S)

As (10)

- 52 + (KchoilA + BW)S + KK oA

Comparing (8) with (10), it could be found that the system
characteristics of the closed-loop magnetometer are different
from that of the open-loop magnetometer. For instances, the
closed-loop magnetometer is regarded as a second-order system.
By comparison, the open-loop magnetometer can be simply
considered as a first-order system. Through adjusting the
controller parameters, the frequency responses of the closed-
loop magnetometer can be altered to enlarge the bandwidth.

2.2 Experimental setup and procedure

2The experimental system of our single-beam closed-loop
triaxial zero-field OPM is depicted in Figure 4. The cubic vapor
cell, made of borosilicate glass, has an internal size of 8 mm x
8 mm x 8 mm, which is filled with a droplet of *Rb and about
600 torr N,. The vapor cell is heated to 433 K for working using

frontiersin.org


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2022.1059487

Wang et al.

10.3389/fphy.2022.1059487

3 7 3] 7 0.4 - 4.2

B ——w;-in-phase z 5 = ——w;-in-phase . ——w;-in-phase
—_ --» - wy-out-of-phase PR "*“‘ - -» - wi-out-of-phase 2 = 03 - -» - wy-out-of-phase d ==
31 s wo-amplitude 53 31 e wy-amplitude 53 8 MM‘“AAAA s wa-amplitude 3
£ i 4 £ £ g
I T rerert s Tt trrrotovsossimua L ICANC AL e Tttiierraasteses 48 & 0 % 38s
= Ad @ = panbbbSE *x, LYYW ] Ba,, @
3-1 3.3 34 St KIEI =" 3
A &K AR 2 s, 136

2 2 2 e ]2 Shay

-3 1 -3 1 -0.4 34

-20 -10 0 10 20 -20 -10 0 10 20 -20 -10 0 10 20

By (nT) Byo(nT) Bo(nT)
FIGURE 2

Simulated dependence of the in-phase and out-of-phase signal of P,,; and the amplitude of P,,, on: (A) the variation of B, within the range of
[-20,20] nT; (B) the variation of B, within the range of [-20,20] nT. (C) The variation of B, within the range of [-20,20] nT.
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R6)=0__E(s) R

controller actuators magnetometer

FIGURE 3

The schematic of negative feedback with Pl controller and
actuators (waveform generator, resistor, and coil) of the closed-
loop magnetometer in a single axis.

200 kHz alternating current generated by an electric heater.
The laser beam generated by a distributed-feedback (DFB)
is first transmitted to the zero-field OPM via a
polarization-maintaining fiber, and then is transformed

laser

into circularly polarized light by a quarter-wave plate
before illuminating the vapor cell. It plays the dual roles as
both optical pumping and probing, whose wavelength is set to
about 794.98 nm, near the center of the D1 line of ®’Rb. The
transmitted light through the vapor cell is sensed and
converted into current signal by the photodiode and finally
transformed to voltage signal by the trans-impedance
amplifier (PDA200C, Thorlabs). Then, the two channels of
one lock-in amplifier (MFLI, Zurich Instruments) are used as
quadrature demodulator for the in-phase and the out-of-
phase signal of R,,;. Another lock-in amplifier (MFLI,
Zurich Instruments) is used to demodulate the amplitude
of R,,,. Afterward, all the three different signals are sent
into built-in PI controllers of LIAs to generate negative
feedback signals. The feedback signals are utilized to
control the waveform generators (33522B, Keysight) which
drive the coil via selected resistors, keeping the triaxial
magnetic field sensed by the zero-field OPM locked at zero.
Finally, all signals are acquired by the data-acquisition system
(PXIe-4464, National Instruments).
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The near-zero magnetic field environment of the atomic
magnetometer is created by four-layer p-metal magnetic
shield. Then, inside the shield a group of triaxial coils is used
for active magnetic field compensation and generation of
modulated magnetic fields. The coil group is composed of a
nested saddle coil [33] for radial magnetic field and a Lee-
Whiting coil [34] for axial magnetic field.

Our experiments are conducted by two steps. At the first step,
the triaxial measurement is conducted, including the magnetic
field sweeps along the three axes as a verification of the
simulation results. And we offer the triaxial sensitivity test
result. Then, negative feedbacks are adopted to build a closed-
loop magnetometer. Plus, comparison is made between
sensitivity, bandwidth, and dynamic range of open-loop mode
and those of closed-loop mode.

3 Results and discussion
3.1 Triaxial measurement

To confirm the validity of triaxial measurement with the
proposed method, we sweep the DC magnetic fields B, B,o and
By the field respectively,
simultaneously record the variation of the in-phase and the
out-of-phase signal of R,,;, and the amplitude of R,,,. The
sweep range of Byg, B,g and B_pare all set to [-20, 20] nT.

As shown in Figures 5A-C, the experimental results are in
good agreement with the simulation results. By observing and
comparing the dependence of the three observables on By, B,o

around

zero magnetic and

and B,, respectively, major conclusions can be drawn below.
Within the range of [-20, 20] nT, the in-phase and the out-of-
phase signal of R, are orthogonally dependent on B, and B,
whose dependence features show a dispersion curve. And the
relationship between the amplitude of R, and By (B,0) presents
an absorption curve. Specifically, in the vicinity of zero field ([-2,
2] nT), as shown in Figure 5D inset, the in-phase signal of R, is
linearly dependent on B,y, while the out-of-phase signal of R,
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The experimental system schematic of our single-beam closed-loop triaxial zero-field OPM. PMF: polarization maintaining fiber; C: collimating
lens; LP: linear polarizer; QP: quarter-wave plate; PD: photodiode; TIA: transimpedance amplifier; LIAL and LIA2: lock-in amplifiers; PI1, P12, and PI3:
proportional and integral controllers; DAQ: data-acquisition; R1, R2, and R3: resistors.
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FIGURE 5

Experimental results. Comparison of the dependence properties of the three observables, the in-phase (red triangles) and out-of-phase (red
squares) signals of R,; and the amplitude of R, (blue diamonds), on (A) B,o, (B) B,o, and (C) B within the range of [-20, 20] nT, respectively. Insets
(D—F) show the detailed zoom-in in the vicinity of zero field within the range of [-2, 2] nT.

and the amplitude of R,,,, are not sensitive to B.o. Similar features
reproduce in Figure 5E inset. As shown in Figure 5C, only the
amplitude of R,,, shows a linear dependence on B,, within the
range of [-20, 20] nT, while the signals of R,,; do not change
substantially when B,, varies. These characteristics are more
pronounced in the vicinity of zero field ([-2, 2] nT), which is
shown in Figure 5F inset. The interference between the transverse
and longitudinal signals is probably caused by non-orthogonal
angles of the beams and triaxial coils [35].

Moreover, triaxial scale factors, which is defined as k=AR/AB,
are also evaluated. AR is the magnetometer response in voltage
when sensing magnetic field variation AB. The results show that x
and y directions have scale factors of 0.128 V/nT and 0.136 V/nT,
respectively. In contrast, the scale factor of longitudinal direction
is -0.0148 V/nT, whose absolute value is about one-ninth of that
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of transverse directions. This scale factor difference among
transverse directions and the longitudinal direction is basically
consistent with that in numerical simulation mentioned before in
Section 2.1. The response of R,,, to magnetic field along the
longitudinal direction is over its offset, and the response is about
one order smaller than that of R,,; to magnetic field along
transverse directions.

The triaxial magnetic field sensitivities are analyzed by acquiring
the noise spectra of the output signals of magnetometer. A 100 pT s
magnetic calibration signal at 30.5 Hz is employed along the three
axes in turn. At each turn, the voltage output signal was firstly
acquired and collected for 60s. We conduct noise spectra analysis
towards the voltage output signal. And then the voltage noise spectra
are divided by the amplitude frequency responses (Figure 7) to obtain
the sensitivities of our magnetometer.
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FIGURE 6

The magnetic measurement sensitivity spectra along the three axes on different conditions. The maximum peak in each spectrum is the
100 pT,ms Magnetic calibration signal at 30.5 Hz. (A) The magnetic measurement sensitivity spectra with the same parameters as that in simulation.
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The magnetic field sensitivity is 18 fT/Hz"? along x-axis, 18 fT/Hz

along y-axis, and 140 fT/Hz"? along z-axis. (B) The magnetic measurement

sensitivity spectra on condition of closed-loop high bandwidth and large dynamic range configuration. The triaxial sensitivities are 22 fT/Hz?

along x-axis, 22 fT/Hz"? along y-axis, and 230 fT/Hz'?

The triaxial sensitivities in our experiments is given in
Figure 6A, in which the maximum peak in each noise
spectrum represents the calibration signal. The triaxial
magnetic field sensitivities are 18 fI/Hz'> along the x-axis,
18 fT/Hz"* along the y-axis, and 140 fT/Hz'” along the z-axis.
The transverse sensitivities are excellent, in line with
expectations. And we achieve measurement of magnetic field
along the longitudinal direction without modifying conventional
single-beam configuration. The fact that the sensitivity of
longitudinal direction is inferior to that of transverse
directions is mainly due to small response amplitude over the
large offset of R,,, when B, varies around zero-field, while the
response amplitudes of R,,; to magnetic field along transverse
directions are strong, which have zero offset at zero field. A
qualitative description is given below: the spin polarization vector
P is basically along the z-axis, and the angle between B,y and P is
small, so the magnetometer signal representing precession
variation of P is small as well. By comparison, Byy (By,) and
P approaches perpendicular, so the precession variation of P is

distinct leading to the strong magnetometer signal.

3.2 Closed-loop operation

When the triaxial measurement is completed, as depicted in
Figure 3, we adopt the closed-loop operation based on PI
controllers to enlarge the bandwidth of the magnetometer and
the dynamic range of the magnetometer, and to keep the triaxial
magnetic field sensed by the magnetometer locked at zero. The
closed loops of three axes are operating independently of each
other, with three separate PI controller.

We firstly alter the open-loop magnetic modulation
parameters for extending bandwidth, as a basis for bandwidth
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along z-axis, maintaining at the high level.

expansion in closed-loop mode. With operating parameters same
as above simulation conditions, the bandwidths of triaxial
magnetic detection are 92 Hz, 92 Hz, and 100 Hz, as Figure 7
shows. According to our previous research [14, 25, 26], high-
frequency and large amplitude modulated magnetic field
would bring about high bandwidth of the zero-field OPM.
Thus, we set transverse rotationally modulated magnetic field
at 6 kHz, with 2000 nTp, amplitude, and longitudinal
field 9kHz, with the
2000 nT,, amplitude. The ratio of frequencies in this group

modulated magnetic at same
is the same as that in simulation parameters for better
performance. In this condition, the bandwidths of open-
loop triaxial magnetic detection are 809 Hz, 757 Hz, and
270 Hz.

Finally, the closed-loop operation is conducted with
optimized parameters as in Figure 3 to further expand the
triaxial detection bandwidths to 1.86 kHz, 1.90 kHz, and
1.61 kHz. The feedback bandwidth is 2.5 kHz, which is larger
than the current triaxial bandwidths of the closed-loop
magnetometer, and would not affects the bandwidths.

The response curves in Figure 8 indicate that the triaxial
dynamic ranges of the open-loop magnetometer with operating
parameters same as simulation ones are restricted to below 20 nT
for the transverse directions, and less than 40 nT for the
longitudinal direction. Operating in closed-loop mode, the
triaxial dynamic ranges of the magnetometer are enhanced
+150 nT. with
increased triaxial coil constants enlarges the triaxial dynamic

to Furthermore, closed-loop operation
ranges of the magnetometer to over +1,000 nT.

We achieve the high-bandwidth and large dynamic range of
the magnetometer, and meanwhile keep its ultra-high triaxial
sensitivities, which are presented below in Figure 6B. The triaxial

sensitivities are 22 fT/Hz'? along x-axis, 22 fT/Hz"* along y-axis,
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FIGURE 7

The amplitude-frequency response of the triaxial magnetometer to magnetic field detected along x-axis (A), y-axis (B) and z-axis (C), when the
magnetometer is operating with open-loop parameters consistent with the simulation in Section 2.1 (“open-loop 1"), open-loop high-frequency
measurement parameters (“open-loop 2"), or closed-loop control. “Normalized Amp." is the abbreviation for normalized amplitude, with low-
frequency triaxial field gains regarded as unit.
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FIGURE 8

Responses of the triaxial magnetometer to magnetic field offset sweep, when the magnetometer is operating in open-loop mode (“op”), when

the magnetometer is operating in closed-loop mode without changing coil constants (“clp 1"), and when the magnetometer is operating in closed-
loop mode with increased coil constants (“clp 2"). (A) The sweep is along x-axis. (B) The sweep is along y-axis. (C) The sweep is along z-axis. "Resp." is
the abbreviation for response. The open-loop dynamic range of the three axes: 18 nT along x axis; 13 nT along y axis; 35 nT along z axis.
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FIGURE 9

The triaxial magnetic field sensed by the magnetometer when it is operating in open loop or in closed loop for 30 min recording time. (A) The
field sensed along x-axis. (B) The field sensed along y-axis. (C) The field sensed along z-axis. With closed-loop control, the triaxial sensed magnetic
fields are kept locked at zero, with variations less than 1% of that with open loop.
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and 230 fT/Hz'"? along z-axis. The sensitivities degrade
performance may result from two reasons: the first reason is
the large relaxation rate caused by large modulation amplitude,
and the second reason is stronger system noise from closed-loop
controller and actuators.

In addition, to evaluate the stability of the triaxial closed loop,
we lock the triaxial magnetic field sensed by the magnetometer at
zero. By contrast, working in open loop, the magnetometer signal
may drift along with either the drift of environmental magnetic
field or the drift of magnetometer itself (including the drift of
light, cell temperature, etc.). We conduct experiment to record
the variation of the triaxial sensed magnetic field, and make
comparison between the magnetic field variation record with
magnetometer operating in open loop and that with
magnetometer operating in closed loop. Records in Figure 9
indicate that in 30 min triaxial magnetic field variations with
closed loop are less than 1% of that with open loop. This result
has confirmed that with triaxial closed loop, we could keep the
magnetometer operating in zero field effectively.

4 Conclusion

In this study, we propose a method to measure triaxial field
simultaneously based on a single-beam zero-field OPM, through
applying a high-frequency (w;) rotational modulation field along the
transverse directions and another high-frequency (w,) modulation
field along the longitudinal direction. The in-phase and out-of-phase
of signals demodulated at w; (R.,;) are considered as signals
indicating By, and Bjg; the amplitude of signals demodulated at
w; (Ryp) is regarded as signal representing B.y.

Theoretical analysis, numerical simulation, and experiments
are conducted to demonstrate this method. In experiments, the
transverse and longitudinal magnetic sensitivities are 18 fI/Hz'?
and 140 fT/Hz'"?, respectively. Then negative feedback is adopted
for closed-loop operation of the magnetometer to expand both the
bandwidth and dynamic range, and to keep the triaxial magnetic
field sensed by the magnetometer locked at zero. The triaxial
bandwidths of our magnetometer are all increased to over 1.6 kHz,
and the triaxial dynamic ranges of our magnetometer are
expanded to +150 nT. And we verify that the triaxial dynamic
ranges of the magnetometer can be extended to over +1,000 nT,
when the triaxial coil constants are increased. The closed-loop
magnetic field sensitivity is superior to 22 fT/Hz'? in the transverse
directions, and 230 fT/Hz"* in the longitudinal direction. Based on
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