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Quantum Sensing of Magnetic Fields Using Global Optimization Algorithms
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Experimentally achieving optimal performance of quantum sensors, such as optically pumped magne-
tometers, is usually challenging and time consuming due to the complexity of the physical system. For
a given experiment scheme, there are usually many experiment parameters that need to be fine tuned
for achieving a satisfying performance of the quantum sensor. By employing global optimization algo-
rithms, we propose an automatic and efficient way to optimize the sensor performance. We take the most
sensitive magnetic field sensor, i.e., the optically pumped magnetometer, as an example to demonstrate
how these algorithms facilitate the automatic optimization of quantum sensors. Both the optimization of
zero-field magnetometers in a magnetic shield and the finite-field magnetometers in open Earth’s field are
demonstrated. A noise floor of approximately 10 fT/Hz1/2 is achieved within a short time. This method
provides an efficient way for quantum sensor optimization and will be helpful for the quantum sensor
design.
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I. INTRODUCTION

Quantum sensing plays a fundamental role in physics,
as it constitutes a key ingredient of many state-of-the-
art applications and experiments. As a common physical
quantity that is all around the world, magnetic field sensing
has been applied in various fields, such as high-precision
fundamental measurements [1–3], detection of magnetic
anomaly signals [4–6], detection of nuclear magnetic reso-
nance signals [7–10], and biomagnetic field measurements
[11–14]. The optically pumped magnetometer (OPM) is
one of the most sensitive sensors for measuring magnetic
fields and achieves a sensitivity of sub-fT/Hz1/2 [15–17],
which is comparable or even surpassing to superconduct-
ing quantum interference devices (SQUIDs).

To achieve a better performance of the OPM, the whole
system of the OPM is usually complex and made up of
many significant components that determine the perfor-
mance, such as the laser light, the atomic vapor cell,
the modulation magnetic fields, and the auxiliary circuits.
Traditionally, all the experiment parameters are tuned by
researchers based on theoretical guidance and their expe-
rience. Such a manual optimization procedure is usually
challenging, time consuming and even results in different
performances for different people. For example, an experi-
enced researcher can usually achieve a better performance
than a novice researcher can achieve.

*wuteng@pku.edu.cn
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By regarding the performance optimization as a global
optimization problem in mathematics that attempts to find
the global minima or maxima of an objective function
(the performance) on a given set of parameters, we can
optimize the performance automatically under the guid-
ance of algorithms. Whether the derivative of the objec-
tive function is known or not, the optimization algorithm
can be simply categorized into two main categories, i.e.,
the derivative-based algorithm and the derivative-free
algorithm. For practical physical systems, an exact expres-
sion for the dependence of the performance on parameters
is usually unavailable, and thus we cannot extract the
derivative information directly. To address this issue, we
can approximate the derivative by repeatedly evaluating
the objective function after introducing small perturba-
tions to the parameters along each dimension. Although
it is possible to utilize derivative-based algorithms even
without an exact derivative expression, this approach is
generally not very efficient due to the number of function
evaluations required to approximate the derivative, which
increases with the dimensions of the problem, and have
the risk of leading to local optima. So, we mainly focus
on the derivative-free optimizations (or called black-box
optimizations) to deal with a practical system.

Many algorithms have been proposed and tested to
find the globally best parameters, such as Bayesian opti-
mization (BO) [18], particle swarm optimization (PSO)
[19], evolution strategy [20], simulated annealing [21],
etc. The derivative-free algorithms have been used in
many fields, such as the multiple-parameter optimization
of laser cooling and Bose-Einstein condensation [22–25],
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quantum optimal control [26–29] in quantum physics [30,
31], materials design, and synthesis [32–34] in materials
science [35,36], etc. With the algorithms, the sensors can
be optimized automatically without requiring any human
intervention. In this way, much time can be saved to design
a better experimental protocol instead of being wasted on
time consuming and repetitive optimization work. Fur-
thermore, such a method can be useful for sensors that
require long-term continuous operation, such as searching
for exotic physics [6,37,38] and monitoring the geomag-
netic field [39]. If something unexpected happens and the
sensor does not work properly, this method can automat-
ically rediscover the best working status to ensure the
sensor always has the best working performance without
manual maintenance.

In this paper, we propose and demonstrate an automatic
optimization method based on derivative-free algorithms
to optimize the OPMs. To fully demonstrate the feasibility
and high efficiency of the automatic optimization method,
we experimentally implement the method in two kinds of
OPMs. We have optimized the spin-exchange relaxation-
free (SERF) OPM in a zero-field environment and the mag-
netic resonance-based OPM in open Earth’s field. Both of
the OPMs can be optimized to their optimal performances,
10 fT/Hz1/2 for SERF OPMs and 20 fT/Hz1/2 for mag-
netic resonance-based OPMs. The optimization procedure
takes only several minutes to about tens of minutes, which
depends on the number of parameters to be optimized. The
Bayesian optimization (BO), particle swarm optimization
(PSO), and differential evolution (DE) algorithms have
been implemented and discussed.

II. OPTIMIZATION ALGORITHM DESIGN

The optimization algorithms attempt to find a set of
parameters (x1, . . . , xN ) to maximize or minimize an objec-
tive function f (x1, . . . , xN ) in parameter spaces, where N
indicates the number of parameters to be optimized. To
apply the algorithms in the performance optimization of
OPMs, we first need to define an objective function that
describes the performances. Since the sensitivity is usually
the most significant specification of OPMs, the sensitivity
is taken as an example to demonstrate the implementation
of the algorithms in this paper.

The magnetic field noise amplitude spectral density
(ASD) is a commonly used indicator to evaluate the sen-
sitivity of OPMs. To make sure the OPM can measure
magnetic fields normally during the optimization process,
we actively apply a calibration field to the OPM by mag-
netic field coils and take the SNR as the objective function
that describes the performance of OPMs. Figures 1(b) and
1(c) show the measured magnetic field signal in the time
domain and frequency domain, respectively. By applying
a sinusoidal calibration field with an amplitude of 10 pT
and a frequency of 75 Hz, there will be a spike at 75 Hz

in the ASD of the OPM. The SNR is defined as the ratio
between the spike amplitude and the noise floor around
the spike. Obviously, a higher SNR indicates a higher
sensitivity of OPMs. With the objective function defined,
various algorithms have been proposed to deal with such
optimization problems. Furthermore, we have to note that
there must exist noise for the objective function of a real
experiment system. For the same parameters, the value
of the objective function is not a constant but a variable
with a specific distribution. By conducting 500 measure-
ments of the SNR using the same optimal parameters,
as depicted in Fig. 1(d), we observed a relative fluctu-
ation of approximately 10% in the SNR. This variation
could be attributed to the random noise in the OPM and
the algorithm utilized for estimating the amplitude spec-
tral density. So, the global optimization algorithms should
be noise robust. Although, measuring sensitivities over a
longer data-recording time would reduce the uncertainty
in the sensitivity, it would might slow down the algorithm
and increase the time required to complete the optimiza-
tion process. Considering the uncertainty in the sensitivity,
to report the ultimate sensitivity more accurately, we can
save several sets of parameters that approach the highest
sensitivity during the process, measure their correspond-
ing sensitivities in a longer data-recording time and take
the highest sensitivity as the ultimate sensitivity.

For the SNR of OPMs, three typical and different kinds
of algorithms are selected to optimize the OPM, i.e., the
PSO, BO, and DE algorithms. Both the PSO and DE are
metaheuristic optimization methods inspired by biologi-
cal and sociological motivations, and usually make few
or no assumptions about the problem being optimized.
PSO works similarly to a swarm of birds searching for a
food source (the optimal performance) while DE optimizes
a problem by iteratively improving a candidate solution
based on an evolutionary process. Unlike stochastic algo-
rithms such as DE and PSO, BO relies on building a prob-
abilistic surrogate model for approximating the objective
function from accumulated observations and uses an acqui-
sition function defined from this surrogate to decide where
to sample the parameter space. For BO using the Gaus-
sian process, it typically assumes that the optimization
parameters are independent. Although these algorithms are
different in detailed optimization processes, they have sim-
ilar procedures to optimize the performance. In step 1,
we first randomly select some set of parameters as initial
parameters to test the performance of OPM. Step 2, find-
ing the next set of parameters that are expected to obtain a
better performance based on the algorithm. Step 3, testing
the performance with parameters in step 2 and determin-
ing whether the termination criterion is satisfied. If so,
the optimization procedure is finished. Otherwise, step 2
is repeated again until the termination criterion is satis-
fied, such as the performance is converging or achieves a
satisfying value.
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FIG. 1. (a) Schematic of the single-beam zero-field OPM. A
circularly polarized light propagating along the z axis is per-
formed as optical pumping and probing the atoms confined in
an atomic vapor cell. To achieve higher sensitivity, the light
power is actively stabilized with an acoustic-optical modulator
(AOM). All the electronic devices are connected to the con-
troller for remote operations on the computer. BS, beam splitter;
LP, linear polarizer; QWP, quarter-wave plate; PD, photodiode.
(b) The output of the OPM when applying a sinusoidal cali-
bration field with an amplitude of 10 pT and a frequency of
75 Hz. (c) The ASD of the OPM output when applying the
calibration field. The ratio between the spike amplitude of the
calibration field and the noise floor around the spike is defined
as the SNR that aims to be optimized. To estimate the noise
floor, we consider a frequency range of 60 to 90 Hz to avoid
power-line interference. Additionally, we exclude the frequency
range of 73 to 77 Hz to eliminate any interference caused by
the calibration field. The noise floor is estimated to be the aver-
age of the ASD within the specified frequency range. (d) The
histogram of the SNR for 500 times measurement with the
same parameters. If fitting the result with the Gaussian func-
tion, we obtain a standard deviation of σ = 29. A longer data-
recording time would reduce the uncertainty in SNR measure-
ments, but at the cost of prolonging each step of the optimization
process.

III. RESULTS

According to the dynamic range of OPM, it can be
divided into two categories, the zero-field OPM and the

finite-field OPM. To comprehensively demonstrate the
application of the algorithm in OPM performance opti-
mizations, both the two kinds of OPMs are tested and an
optimal performance is achieved.

A. OPM IN ZERO FIELD

The zero-field OPM, which is operated in zero or near-
zero fields, is usually based on the level-crossing resonance
[40]. As one of the most sensitive magnetic field sensors,
the zero-field OPM based on the SERF mechanism can
achieve a sensitivity of sub-fT/Hz1/2 with a well-designed
experiment system [15]. Due to the advantages of high sen-
sitivity, low cost, and small size [41,42], the SERF OPM
has gained a lot of attention recently, especially in the
community of biomagnetic measurement [11,12,43–45].

In this paper, we demonstrate a zero-field OPM with
a compact single-beam architecture, which is a popular
scheme for practical applications. The schematic of the
OPM is shown in Fig. 1(a). The light emitted by a 795-
nm distributed Bragg reflector (DBR) laser is sent through
a linear polarizer (LP) and a quarter-wave plate (QWP)
to produce a circularly polarized light. The light is per-
formed as the pump light to polarize atoms confined in
the atomic vapor cell and detect the atomic spin polariza-
tion. To reduce the intensity noise of the light, we actively
stabilize the laser power with an acousto-optic modulator
(AOM). A part of the first-order diffracted beam is reflected
by a beam splitter (BS) and picked up by a photodiode
(PD) for power stabilizations. A 6 × 6 × 3 mm3 cell, filled
with 87Rb and 600 Torr N2, is heated to 150 ◦C and placed
inside a cylindrical magnetic shield. The intensity of the
light after the cell is detected with a PD. The Helmholtz
coils inside the shield generate a parametric modulation
field B1 cos ωt along x direction. Under such a transverse
parametric modulation, the atomic spin polarization along
z direction is

Pz(ωz) = 2P0J0(η)J1(η)
�γ B0x

�2 + γ 2B2
0x

sin ωt, (1)

where � is the total relaxation rate, P0 is the equilibrium
spin polarization in the absence of magnetic fields, Jn is the
Bessel function of order n, η = γ B1/ω is the modulation
index, γ is the gyromagnetic ratio, and B0x is the x-axis
magnetic field to be measured. As the absorption of the
light depends on the polarization along the z axis, which
is a form of dispersive Lorentzian curve centered around
B0x = 0 as indicated in Eq. (1), the magnetic fields can be
extracted by demodulating the PD2 signal with a lock-in
amplifier.

The sensitivity of this kind of absorption-based OPM
is often limited by the light intensity noise [46], so the
PD1 signal is taken as the reference signal to feedback con-
trol the light power through the AOM, where a proportion
integration differentiation (PID) module is employed as the
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feedback controller. A well-stabilized light power usually
indicates a higher sensitivity limit of the OPM. For the
experiment scheme shown in Fig. 1(a), the sensitivity of
the OPM is determined by many factors, such as the light
frequency flight, the light power Plight, the modulation field
amplitude B1 and frequency ω, and PID parameters (KP,
KI , KD). In this case, we can denote the OPM sensitivity S
as

S = S(flight, Plight, B1, ω, KP, KI , KD), (2)

which indicates the sensitivity S is a function of these
seven parameters. By employing algorithms to find a set of
optimal parameters, an optimal sensitivity can be achieved
automatically.

The optimization process of the OPM sensitivity is
depicted in Fig. 2, where dots are sensitivities under dif-
ferent test parameters generated by the algorithms, and the
line represents the moving best sensitivity of these dots.
Given such an OPM setup, the optimal sensitivity that
can be achieved is about 10 fT/Hz1/2 limited by tech-
nical noise. For the 250 iterations shown in Fig. 2, all
the three algorithms can obtain several sets of parame-
ters achieving the optimal sensitivity. Each iteration takes
about 0.7 s, of which 0.5 s is used to record the output of
the OPM and 0.2 s is used to find the next set of parameters
expected to have a better performance and communicate
with these electronic instruments. The whole optimization
process only takes about 3 min, which is not only much
faster but also automatic. Certainly, different algorithms
show different optimization processes. The PSO converges
quickly towards the best parameters compared with the
other two algorithms. We note that even after 250 iterations
the DE and BO algorithms were still exploring the param-
eter space in an attempt to achieve better performance (as
evidenced by the variety of sensitivities on the right-hand
side of the plot). Although the DE and BO algorithms are
not converged after 250 iterations, they are still useful in
practical applications since they can also find the parame-
ters achieving the best sensitivity. The experiment has been
repeated and tested many times using randomly selected
initial parameters and shows similar results as depicted in
Fig. 2.

B. OPM in geomagnetic field

Compared with the zero-field OPM that usually oper-
ates in a magnetically shielded device for shielding the
external environment, the finite-field OPM has a larger
dynamic range and can work directly in the open geo-
magnetic field. The better applicability makes it ideal for
use in a wide range of existing and emerging applications,
such as unshielded biomagnetic measurements [13,47] and
geophysical explorations [48,49]. A Bell-Bloom magne-
tometer [50–53] is developed and it achieves a sensitivity
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FIG. 2. Optimization results of the zero-field OPM based on
PSO (a), DE (b), and BO (c) algorithms. Each dot in the plot rep-
resents a specific set of tested experiment parameters, and the line
depicts the moving highest sensitivity during the optimization
process.

of 20 fT/Hz1/2 in the open environment with the help of
the algorithms.

The magnetometer is based on a pump-probe scheme to
polarize the atomic cesium spins and monitor the Larmor
precession. As shown in Fig. 3(a), a circularly polarized
pump beam is used to align the atomic spins along its
transmission direction. The light intensity is modulated
on and off at the Larmor frequency, which is propor-
tional to the magnetic field strength. In this case, the spins
aligned at different times coherently add together and form
a macroscopic magnetic moment precessing at the Larmor
frequency. The vapor cell is antirelaxation coated and is
kept at room temperature, with a typical magnetic reso-
nance linewidth of approximately 5 Hz. The output signal
from the balanced photodetector is demodulated with a
lock-in amplifier to extract magnetic field information.

Due to the operation of the OPM in an unshielded and
noisy geomagnetic field, it is necessary to employ a closed-
loop mode to extend its dynamic measurement range.
This can be achieved by either adjusting the modulation
frequency of the pump light to track the changing Lar-
mor frequency [54–56] or compensating for magnetic field
drifts to stabilize the bias field [57–60]. In our experimen-
tal setup, we implement a closed-loop system by utilizing
feedback control to adjust the modulation frequency of the
pump light. This approach enables us to directly extract the
measured magnetic field value from the modulation fre-
quency, thereby maintaining stability and accuracy in the
presence of field fluctuations and noise. By employing this
closed-loop configuration, we enhance the performance

024042-4



QUANTUM SENSING OF MAGNETIC FIELDS... PHYS. REV. APPLIED 20, 024042 (2023)

BO

101

102

103

104

105

106
measured sensitivity best sensitivity fail to work

101

102

103

104

105

106
measured sensitivity best sensitivity fail to work

1 100 200 300 400 500 600 700 800 900 1000
Interation number

101

102

103

104

105

106

A
SD

 (f
T/

H
z1/

2 )

measured sensitivity best sensitivity fail to work

(a)

(d)

(e)

(f)

PSO

DE

0.0 0.2 0.4 0.6 0.8 1.0
Time (s)

–14
–7
0
7

14

M
ag

ne
tic

 fi
el

d 
(n

T)

10 20 30 40 50 60 70 80 90 100
Frequency (Hz)

101

102

103

104

105

106

107

OPM1 OPM2 Gradiometer

(b)

(c)

SNR

Pump

Probe

HWP

PBS
Mirror

PD1

LP
HWP

QWP
LP

Cell

Wollaston prism

BPD

y

z
x

OPM1 OPM2 Gradiometer

A
SD

 (f
T/

H
z1/

2 )
A

SD
 (f

T/
H

z1/
2 )

A
SD

 (f
T/

H
z1/

2 )

FIG. 3. (a) Schematic of the finite-field OPM. An amplitude-
modulated circularly polarized light propagating along the y
axis is performed as optical pumping. The Larmor precession of
atomic spins is detected with a linearly polarized light via opti-
cal rotation. BPD, balanced photodiode. (b) The output of the
OPMs in an opening environment. A strong power-line interfer-
ence, up to approximately 14 nT, caused by a high-voltage line
nearby can be observed. (c) The ASD of the OPM when applying
a calibration field with an amplitude of 10 pT and a frequency of
20 Hz. The ratio between the spike amplitude of the OPMs and
the noise floor of the differential measurements around the spike
is defined as the SNR. Optimization results of finite-field OPMs
based on PSO (d), DE (e), and BO (f) algorithms show that OPMs
can also be optimized in an unshielded challenging environment.
The orange diamond corresponds to one set of parameters that
the OPMs fail to work.

of OPM and enable reliable measurements within the
challenging unshielded geomagnetic field environment.

Furthermore, the magnetic field noise from surround-
ings would deteriorate OPM performances [61], and there
are some algorithm-driven methods have been proposed
to address this problem [62,63]. Figure 3(b) shows the
measured magnetic field of surroundings by OPMs, and
a strong power-line interference, up to approximately 14
nT, caused by a high-voltage line nearby can be observed.
To achieve a high sensitivity in such a challenging envi-
ronment, two OPMs depicted in Fig. 3(a) are built to per-
form differential (gradiometric) measurements. One OPM
serves as a reference OPM monitoring the background
magnetic field noise, while another OPM serves as the
measurement OPM for measuring the magnetic field of
interest. In this case, the background magnetic field noise
can be suppressed by subtracting the output of the ref-
erence OPM from the output of the measurement OPM.
The two OPMs must feature a good consistency to effec-
tively suppress the background magnetic field noise. To
actually characterize the performance of OPMs, the SNR
is defined as the ratio between the spike amplitude of the
OPM (induced by the calibration field) and the noise floor
of the OPMs operated in the gradiometric mode around the
spike, as shown in Fig. 3(c). The signal amplitude of the
OPM ensures that the OPM is still sensitive to the magnetic
field, while the noise floor of the differential measurements
indicates the intrinsic sensitivity of the OPMs. The fre-
quency range used to estimate the noise floor is set to be
12 to 28 Hz, excluding the range of 18 to 22 Hz. In this
case, if the OPMs are not configured correctly and experi-
ence failure or poor performance as a result, the resulting
SNR would approach zero. The modulation frequency of
the calibration field is set to 20 Hz to avoid interference
from the background noise.

The sensitivity of the OPM is determined by many
parameters. For example, the frequency of the pump light
determines the population of the two ground-state hyper-
fine levels, the frequency of the probe light determines the
detected signal amplitude and which hyperfine level to be
detected, the power of the pump light determines the spin
polarization, etc. Furthermore, the closed-loop configura-
tion of OPM can increase the bandwidth due to the limited
spin relaxation rate [55,64]. A high bandwidth usually
results in a high common-mode rejection ratio (CMRR) of
surrounding noise [13,65]. So, the PID parameters are also
significant to the gradiometer performance. All together 15
experiment parameters need to be optimized. For such a
complex experiment system, it usually takes days or even
weeks to manually optimize it. Sometimes it may not be
optimized to its best performance without the guidance of
experienced researchers.

Figures 3(d)–3(f) show the optimization results of the
three algorithms. Since there are more parameters to be
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FIG. 4. Searching the parameter space with the PSO algorithm, where every dot represents one set of tested parameters. For simplic-
ity of visualization, we demonstrate only the parameter space related to OPM1. The pump light detuning is defined as the frequency
difference between the pump light frequency and the D1 transition line (from 62S1/2 F = 3 to 62P1/2 F ′ = 4) of cesium atoms.
The probe light detuning is defined as the frequency difference between the probe light frequency and the D2 transition line (from
62S1/2 F = 4 to 62P3/2 F ′ = 5) of cesium atoms.

optimized, which indicates a larger parameter space to be
explored, more iterations are needed to find a set of optimal
parameters. For the 1000 iterations, the results of PSO con-
verges quickly toward the optimal parameters that achieve
a sensitivity of 20 fT/Hz1/2, which is also the best sen-
sitivity we have obtained before in the same setup [13].
As there are several PID loops employed in the OPMs,
the OPMs may fail to work for some tested parameters.
For example, when the PID parameters are not suitable,
the PID output would oscillate around the setpoint. If the
amplitude of the oscillations increases with time, the sys-
tem is unstable. In this case, the OPM is insensitive to the
magnetic field and its output signal is meaningless. These
unsuitable parameters are marked with orange diamonds in
Fig. 3(d).

The DE algorithm shows a similar result depicted in
Fig. 2(b). Although the obtained sensitivities appear to
converge and several sets of optimal parameters have
been situated, the algorithm still explore the parameter
space even after 1000 iterations. For the BO algorithm, it
explores the entire parameter space all the time without
converging. The reason for the failure of the BO algorithm
may be attributed to several factors, such as the general BO

algorithm itself is more suitable for low-dimension opti-
mization problems rather than high-dimension problems
[18], and these experiment parameters are inter-related,
which would break the independent parameters assump-
tion of the BO algorithm.

Figure 4 shows the process of exploring the parame-
ter space based on the PSO algorithm, where each dot
on the plot corresponds to one set of tested parameters.
To give a clear visual representation, we have included a
series of two-dimensional diagrams to depict the process.
For simplicity, only some parameters related to OPM1
are demonstrated. Otherwise, there will be (15 × 14)/2 =
105 subfigures to be plotted for such a high-dimension
optimization problem. As shown in Fig. 4, the algorithm
randomly searches the entire parameter space for opti-
mal parameters at the beginning of the optimization pro-
cess. However, as the number of iterations increases, the
algorithm develops a deeper understanding of the OPM
system. Consequently, the search space will gradually
approach and finally converge to the region where the
optimal parameters are situated.

Since the objective function is affected by noise, its
value will fluctuate for every measurement. So, the
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algorithm eventually converges towards an optimal region
in the parameter space rather than a specific point, as
shown in Fig. 4.

For a global optimization problem, the algorithm may
get stuck in a local optimum without finding a global
optimum. One way to solve such a problem is the noise
strategy [66], which involves actively introducing random
noise when searching for the next set of parameters. For
real physical systems like the OPMs, the noise strategy
is naturally implemented due to the fluctuations of the
SNR. We have conducted multiple optimization experi-
ments with different initial parameters, and the results are
consistent. Moreover, the results shown in Fig. 4 imply that
there is only one optimal region for achieving the optimal
sensitivity, which indicates that the optimization problem
of the OPM is unimodal for the specified parameter space.

To ensure sufficient frequency resolution of the ASD, a
longer data recording time is needed in finite-field OPMs
because the calibration field frequency used is lower than
in zero-field OPMs. Every iteration takes about 1.2 s, of
which 1 s is used to record the output of OPMs and 0.2 s is
used to find the next set of parameters and communicate
with the instruments. All the optimization process takes
only about 20 min, which is much faster and more effective
compared with manual operations. As shown in Fig. 3(c),
with the help of optimization algorithms, we successfully
realize a high-performance gradiometer, which features
a high sensitivity of 20 fT/Hz1/2 and a high CMRR of
approximately 1000 at 20 Hz.

IV. CONCLUSION

In conclusion, we have taken the magnetometer as an
example to demonstrate the application of optimization
algorithms in the performance optimization of quantum
sensors. Based on the algorithms, the OPM is automat-
ically optimized to its best sensitivity in a short time
(typically a few minutes to a dozen minutes), without
making any prior assumptions.

For the zero-field OPM operating in the magnetic shield,
seven experiment parameters have been optimized and we
have achieved a sensitivity of 10 fT/Hz1/2 within approx-
imately 3 min. For the finite-field OPM operating in the
open geomagnetic field, 15 experiment parameters have
been optimized and we achieve a sensitivity of 20 fT/Hz1/2

within approximately 20 min. Three different algorithms
(PSO, DE, and BO) have been tested in the two kinds of
OPMs, and we find the PSO algorithm is more suitable for
the OPM optimization in our experiment schemes, which
converges more quickly than the other two algorithms.
Both of the two kinds of OPMs can be automatically
optimized to the best sensitivities that we could achieve
manually.

Except for the sensitivity optimization, the bandwidth
of the OPM is another significant specification that is

often concerned. The bandwidth can also be optimized
through the use of algorithms that employ different objec-
tive functions. For example, by applying two calibration
fields with different modulation frequencies, the ratio of
the response to these two calibration fields can be defined
as the objective function for optimization.

Given the wide usage of magnetometers as tools for
sensing magnetic fields, the automated optimization of
sensor performances proposed in this paper can be use-
ful in many aspects. Whether you are a magnetometer
researcher or utilizes it solely as a measuring tool, signif-
icant time can be saved to focus on the experiment design
rather than the time cost and boring optimization work.
Furthermore, for the commercial magnetometer product
intended for individuals with limited knowledge about the
underlying principle of magnetometers, a built-in opti-
mization algorithm can ensure that the sensor is operated
at its best performance wherever the working environment
changes.
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