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We propose and demonstrate a combined static- and oscillating-field alkali atom magnetometer and use
it as a magnetic induction tomography sensor. The magnetometer realizes simultaneous measurements of
the static and oscillating magnetic fields using two different Zeeman transitions of a single sensor. This
approach dramatically enhances the long-term stability and sensitivity of detection of low-conductivity
objects. Using our dual-frequency magnetometer, we detect small containers with salt water with conduc-
tivity as low as 0.55 S/m. We achieved a conductivity measurement uncertainty of 0.18 S/m with a 10-s
integration time. This performance is sufficient to distinguish between healthy and malignant tissue in
the human body. The dual-frequency magnetometer can also be used as a self-stabilized radio-frequency

magnetometer.
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I. INTRODUCTION

Optically pumped magnetometers (OPMs) utilize opti-
cal pumping and probing of atomic systems such as
rubidium or cesium atomic vapor for highly sensitive
measurements of the magnetic field [1-3]. Biomagnetic
measurements with OPMs are promising for noninvasive
medical diagnostics, and detection of various weak mag-
netic fields such as from the human brain [4,5], heart [6-9],
muscle [10,11], eye [12], and nerves [13,14] have been
demonstrated. OPMs can also be used for detecting rf mag-
netic fields [15—17] and have in recent years started to
attract fast-growing interest as an alternative technique to
measure induced magnetic fields in the context of magnetic
induction tomography (MIT) [18-23]. In MIT measure-
ment, eddy currents are induced by placing the object of
interest in the so-called primary rf magnetic field. The
electrical and magnetic properties of the object can be
investigated by measuring the secondary rf field generated
by eddy currents.

In the context of MIT, OPMs have several advan-
tages compared to the commonly used induction coils.
In particular, their operating frequencies are readily tuned
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by varying the bias magnetic field and their sensitivi-
ties are fundamentally independent of the operating fre-
quency. OPM-based eddy-current detection [24-26] has
been demonstrated in different application scenarios such
as for nondestructive testing [27,28], edge and hole detec-
tion [29,30], object identification [31], and remote sensing
[32,33]. One of the most attractive and challenging appli-
cation is MIT of the heart [34]. It potentially enables a
contactless and noninvasive method for cardiac diagno-
sis. To this end, we must rise to the challenge of enabling
the atomic magnetometers to stably measure electrical con-
ductivities smaller than 1 S/m with high SNR. Many efforts
have brought OPM close to the regime applicable for the
heart MIT. A differential technique improved the SNR by
more than 3 orders of magnitude and achieved conductiv-
ity measurement as low as 4 S/m [35]. In a recent report, a
conductivity measurement of 0.91 S/m was demonstrated
in an unshielded environment [36].

To further explore the potential of OPMs in MIT appli-
cation, the stability of a sensor becomes a critical issue.
The strength of the secondary magnetic field generated by
the eddy current is proportional to the operating frequency,
which for an OPM is determined by the bias magnetic field
By. The fluctuations of the electrical current in the coil
generating By become a severe technical problem when
the operating frequency is high. In the unshielded envi-
ronment, the fluctuation of the ambient magnetic field also
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contributes to the instability. Such fluctuations affect the
long-term performance of OPMs and therefore limit the
benefit from offline averaging and the application of OPMs
for multidimensional MIT. Active stabilization of the bias
magnetic field with a closed-loop compensation system
is frequently used to mitigate the problem and can be
implemented using one or more auxiliary fluxgate mag-
netometers [27,36-—39]. Such stabilization systems could
potentially be improved by reducing the distance between
the atomic vapor cell and the fluxgate, which otherwise
results in the inaccuracy of the field compensation. How-
ever, a fluxgate will never be able to be colocated with an
OPM, and a too close distance between the fluxgate and the
OPM could also lead to magnetic field noise affecting the
OPM due to the fluxgate electronics. In addition, the sen-
sitivity of the fluxgate limits the compensation precision
and the requirement of additional instruments hampers the
development of a compact MIT sensor. Recently, a single
OPM based on two rubidium isotopes in the same vapor
cell was used to stabilize the static bias magnetic field
while simultaneously measuring rf magnetic fields [40].
Here we propose an alternative dual static- and
oscillating-field magnetometer based on the nonlinear Zee-
man splittings in the ground state (F =4) of cesium
atoms. We use the resonance signal of the Zeeman tran-
sition m = 2 <> 3 as the error signal to actively control
the bias magnetic field via a PID closed-loop feedback
system. Meanwhile, we extract the conductivity informa-
tion from the resonance signal of Zeeman transition m =
3 < 4. The single-species feature allows accurate com-
pensation of the bias magnetic field, without the error
coming from the difference in positions of the main and
the additional magnetic sensors. The stabilization system
greatly improves the long-term stability of the setup and

allows more benefits from signal averaging. Moreover,
we propose and demonstrate a practical method to opti-
mize the rf OPM with an oscillating field mimicking the
magnetic field from the eddy current. Utilizing our dual-
frequency magnetometer technology, we have successfully
detected small containers filled with salt water, even with
conductivity levels as low as 0.55 S/m. It came with an
uncertainty on the conductivity measurement of 0.18 S/m
for an integration time of 10 s.

II. OPM-BASED DETECTION OF
LOW-CONDUCTIVITY SAMPLES

The schematic of the setup is shown in Fig. 1. The
sensor of our rf magnetometer is a 5S-mm cubic paraffin-
coated cesium vapor cell. Circularly polarized light from
two lasers denoted “pump” and “repump” optically polar-
izes the cesium atoms in the x direction along the dc bias
magnetic field. The repump laser works on atoms decaying
to F/ = 3 and drives them back to /' = 4, while the pump
laser drives atoms in ' = 4 to the Zeeman sublevel m = 4.
Linearly polarized “probe” light measures the projection
J. of the collective atomic spin in the probe propagation
direction and thereby the rf magnetic field at the sensor
location. Additional details about the setup can be found in
Ref. [35]. The magnetometer scheme is based on magnetic
resonance. Cesium atoms are placed in a combination of a
static magnetic field By = BoX and a transverse magnetic
field B,s along the y direction oscillating at a frequency
w close to the Larmor frequency w; = y By, where y is
the cesium gyromagnetic ratio. In general, the oscillating
field can be written as By = [B, cos (wf) + B, sin (w?)]y.
Through the solution to the Bloch equation, we can obtain
the out-phase amplitude J,,, and in-phase amplitude J;,
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FIG. 1. Experimental setup and MORSs of the cesium vapor cell. (a) Schematics of the experimental setup. The vapor cell, coils, and

salt-water container are placed inside a cylindrical magnetic shield (not shown). Lasers, the detector, and electronics are placed outside
the magnetic shield. (b) MORS of the cesium atomic ensemble with only repump laser on, corresponding to 81.3% atomic polarization.
(c) MORS of the cesium atomic ensemble with both pump and repump lasers on, corresponding to 96.4% atomic polarization. The
upper and lower MORSs are out-of-phase and in-phase outputs of LIA, respectively. The left-most line relates to the Zeeman transition
m = 3 <> 4, while the second one from the left relates to the Zeeman transition m = 2 <> 3.
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of the photocurrent signal with respect to the oscillating
magnetic field in phase with cos (wf?), given by [35]
y (BcA+ B,I')/2
P T AT T2 4 2 (B2 + BY) /4
y (B,A — B.T")/2
" AT 4 2 (B + BY) A

(1)

Here A = w — w; is the detuning of the applied rf fre-
quency from the Larmor frequency, I' = I', + 'y + gark,
I', is the optical pumping rate, ', is the atomic decoher-
ence rate due to the probe light, and I'g, is the decay rate
in the absence of light. Therefore, we can extract the infor-
mation of B, by demodulating the photocurrent signal with
a lock-in amplifier (LIA).

We use the rf OPM to detect small containers with salt
water using the principle of electromagnetic induction. The
electrical conductivity o of the salt water can be varied
by changing the concentration of salt. At low concentra-
tions, salt water is a good model sample for body tissue.
A primary oscillating magnetic field B, created by a small
coil denoted “primary field coil” induces eddy currents in
the salt water. This in turn generates a small secondary
oscillating magnetic field By, which is detected with the
magnetometer. When the thickness ¢ of the object is much
smaller than the skin depth d ~ /2/(u¢o w), which char-
acterizes the attenuation of the primary field penetrating
into the object, the secondary field is 90° out of phase with
the primary field [41]. Here u is the vacuum permeability.
Without loss of generality, we assume B, = B, cos (w?) ¥
and correspondingly, Beq = Beq sin (wf) y. Then by replac-
ing B. with B,, and replacing By with B in Eq. (1),
we can get the expression for the two quadrature outputs
of LIA, corresponding to the in-phase and out-of-phase
components, respectively.

To avoid detecting the small secondary magnetic field
on the top of a large primary field, we apply a compensa-
tion field using a small coil denoted “compensation coil”
such that the total primary oscillating field is zero at the
vapor-cell position in the absence of the salt-water con-
tainer. The container is placed on the top of the primary
field coil. It is further away from the compensation coil,
such that the eddy current generated by it can be ignored.
In such a condition (B, = 0), the outputs of LIA are

. )/Bedl—‘/2
A2+ T2 4 y2B2 /4
)/BedA/2
A2+ T2 4 y2B2 /4

)

We can see that the X has a dispersive shape and is
linear with B,y when the conductivity of the object is
small. We have previously shown that this differential tech-
nique gives a large improvement in the signal-to-noise

ratio of around three orders of magnitude when detecting
low-conductivity samples [35].

I1I. PRINCIPLE DESCRIPTION

A. Nonlinear Zeeman effect

An alkaline atom in an S level (orbital angular momen-
tum L = 0) in an external magnetic field B is described by
the Hamiltonian

H=A441-S+gusS-B—guyl-B, (3)

where A, is the hyperfine coupling constant, g, and g; are
the electron-spin and nuclear Landé factors, I and S are the
nuclear and electron spins, up is the Bohr magneton, and
wy is the nuclear magneton. The first term describes the
hyperfine interaction and the last two terms describe inter-
actions of electron and nuclear spins with the magnetic
field. The energy of the sublevel |F,m) is given by

E thfs Bm + thfs 1 n 4mx n 5
m= e — m y X2,
200+1) &M 2 A+ 1

“)

where / is Planck’s constant, vy is the hyperfine splitting,
x = (gspp + grity) B/hvpg, and £ is used for F =171+
1/2. For the cesium atom [42] in the 625 2 =4 level,
expanding the eigenenergies and keeping the second-order
term of B, we obtain the transition frequency between two
adjacent Zeeman levels [43]

Em - Em 2 2 1
—+] =l)L—ﬂ m+ =), (5)
h Vhfs 2

where v; = w; /2w = yB/2m. The Zeeman resonance fre-
quencies are thus nonlinearly dependent on the magnetic
field. The quadratic effect, which results in different reso-
nance frequencies of the Zeeman transitions, is

20?2
vz = —=. (6)

Sweeping the frequency of the transverse rf field, the so-
called magneto-optical resonance signal (MORS), which
contains 2F magnetic resonance lines, can be observed
when the linewidths are much smaller than the quadratic
splitting. The intensities of eight peaks give the popu-
lation difference between two adjacent Zeeman energy
levels and therefore give a method for obtaining the polar-
ization of the atomic ensemble [43,44]. Applying an rf
field via the primary field coil and the compensation
coil in the Helmholtz mode, the MORSs of our cesium
vapor cell with spin polarization of 81.3% and 96.4% are
recorded without and with the pump beam, respectively
[see Figs. 1(b) and 1(c)]. The operating frequency of our
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experiment is in the vicinity of 1.93 MHz correspond-
ing to a quadratic Zeeman splitting of around 810 Hz. A
narrow linewidth of the MORS (around 30 Hz) has been
achieved by using a paraffin-coated vapor cell [45,46].
As the linewidth is much smaller than the quadratic Zee-
man splitting, the 2F = 8 magnetic resonances are well
resolved in Figs. 1(b) and 1(c).

B. Single-species dual-frequency magnetometer and
bias magnetic field stabilization

Here we propose and demonstrate a construction of an
atomic magnetometer that is able to simultaneously mea-
sure dc and rf magnetic fields, using '*3Cs as the only
sensing substance. From the MORS shown in Fig. 1, we
can see that different Zeeman transitions can be indepen-
dently controlled due to the good spectral resolution of
the system. Therefore, the rf field resonant with transition
m=2 <+ 3 (Tro3) or m =3 < 4 (Tz.4) does not affect
the other transition. The idea behind the magnetometer is
to use the resonance signal of T,..,3 to measure the dc mag-
netic field, and to measure the rf magnetic field via the
resonance signal of Ts..4. In the context of constructing
a stable atomic magnetic induction sensor, we can extract
the eddy-current information by T;..4, while monitoring
and compensating the drift of bias magnetic field by T, 3.

In the setup shown in Fig. 1, the primary field coil and
the compensation coil are used to drive Ts..4, while the
auxiliary coil is used to drive T,.,3. The optoelectronic
signal from the balanced detector is fed to a dual-channel
digital LIA. The signal is demodulated with the applied rf
fields driving Ts..4 in channel 1 and is demodulated with
the rf field driving T,.,3 in channel 2. The demodulated
output from channel 2 is used as an error signal for the fol-
lowing servo system, consisting of a proportional module
and a pair of compensation coils.

To test the improved stability of the sensor, a weak field
(0.75 nT) is added by the primary field coil and the com-
pensation coil. The reference phase of LIA is tuned in
such a way that its Y output demodulates the in-phase sig-
nal. At the resonance condition, the Y output of channel
1 on the LIA serves as the reference point for detecting
the rf field generated by the eddy current. The feedback
parameter of the servo system is adjusted by optimizing the
Allan deviation of the signal. Figure 2(a) shows the atomic
response signals to the resonant rf field with and without
the bias magnetic field feedback and Fig. 2(b) shows the
corresponding Allan deviations. The vapor cell is coated
by antirelaxation material for narrow broadening of the
magnetic resonance spectra. It allows higher sensitivity for
measuring an rf field, while also making the sensor more
sensitive to the drift of the bias magnetic field. Without
the compensation system, the detuning A resulting from
the current drift would drive the sensor out of the linear
response range on the scale of hundreds of seconds. The
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FIG. 2. Stabilization effect of the scheme. (a) Y output of chan-
nel 1 of LIA at the resonance condition with and without the
feedback system. (b) Allan deviations of the data shown in (a).

compensation system can greatly suppress the degrada-
tion caused by the drift. On the long-term scale, almost 2
orders of improvement can be achieved with the active sta-
bilization scheme. Therefore, rewards from the long-term
average of the data are allowed.

IV. OPTIMIZATION OF SETUP PARAMETERS

A. Figure of merit for optimizing MIT parameters

In many MIT applications, the secondary magnetic field
is small and the condition By < I'/y is valid. For exam-
ple, Begq is in the order of several picoteslas in MIT of
the heart. Therefore, the expression for eddy-current sig-
nal under the resonant condition, shown as Eq. (2), can be
further simplified to

yA

Yeg = — =
ed T

Bed; (7)
where 4 is a proportionality constant related to atomic den-
sity, optical, and electronic parameters. We can define a
figure of merit for evaluating the signal induced by the
eddy-current magnetic field B4 as

y A
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Under the resonant condition, applying a test magnetic
field B, = B, cos (wf) ¥ for optimizing M, the in-phase
components of the PD signal with respect to B; (yB; < I)
can be written as

yATU'B, yA

AX}:— ~ —

—B, = —-MB,.
2 (A2 T2 + y2B2/4) or’ !

)

Therefore, the optimization problem of M is equivalent to
optimizing the X output of LIA when a small test resonant
ac field is applied. It also corresponds to maximizing the
peak value of the in-phase component of the MORS.

B. Optimization of pump power and atomic density

Increasing the pump power will create higher atomic
polarization, thereby increasing 4 in Eq. (8). However,
more pump power also results in more pump-power broad-
ening, i.e., in a larger I' in Eq. (8). The increase in
atomic density has a similar effect. As we increase the
vapor-cell temperature, more atoms would contribute to
the signal, while the higher spin-exchange collision rate
would degrade the gain. Therefore, there is optimal pump
power and atomic density for the optimal performance of
the OPM. A weak test magnetic field with B, = 0.38 nT
was applied through the primary field coil and the com-
pensation coil to optimize the pump power and atomic
density, while the auxiliary coil was blocked. The results
are shown in Fig. 3 leading to the choice of the pump
light power 0.5 uW and the atomic density 28 x 10'® m—3
(around 42 °C). In our experiment, we employed atomic
absorption spectroscopy to measure and subsequently fit
the atomic density, thus obtaining a determination of its
value. During the implementation of the optimization pro-
cess, a repump power of 67 uW was utilized, which proved
to be sufficiently high to effectively deplete the atoms
in FF =3 to a significant extent. The probe laser with a
power of 56 uW is locked with a detuning of 1.95 GHz

© 7.7x 100 -©-11.7 x 10 17.3 x 100

§ 08 ©-27.5 x 10'0 «©-35.1 x 10'° (m?)
N—' '

[}

el

=}

=

=

£

<

—

<

=

ahn

. p—

%)

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Pump laser power (uW)

FIG. 3. Optimization of the pump light power and atomic den-
sity. Different colors are used to distinguish results under different
atomic densities.

fromthe F = 4 — F’ = 4,5 crossover transition of the D2
line. After calibrating the rf coils, we determined a coeffi-
cient of 37.8 nT/V for converting the set amplitude of the
function generator to the rf magnetic field. We finally got
M = 1.53 V/nT.

C. Optimization of primary field

The secondary field from the eddy current is propor-
tional to the amplitude of the primary field. However, in
the actual situation, we can hardly perfectly cancel two
rf fields in the whole space occupied by the vapor cell
due to the spatial inhomogeneity of the rf fields. There-
fore, increasing rf amplitude would still broaden the atomic
resonance linewidth, though the linewidth is significantly
suppressed by the differential configuration, where the two
rf fields compensate each other in the center.

To explore the influence of the primary field By, we
varied its amplitude B, and observed the change in the
linewidth of the MORS. For each amplitude value, the
amplitude and phase of the compensation field from rf the
compensation coil were correspondingly adjusted by mini-
mizing the offset of the output signal of LIA. A small oscil-
lating magnetic field B; is applied through rf the auxiliary
coil to induce the transverse atomic polarization vector.
The frequency of B; is swept for the MORS. It is note-
worthy that the amplitude of B; is varied proportionally to
the amplitude of B, due to the fact that the secondary field
is proportional to the primary field. By doing this, we opti-
mize B, aiming at an optimal eddy-current signal. Under
different amplitudes of B, the measured MORS, as well
as the amplitude and linewidth of the resonance peak are
presented in Fig. 4. We can see the signal of the atomic
magnetometer is gradually saturated as B, increases. The
coincidence between the experimental result and the fit-
ting function cU/ (1 + [U/Us]?) indicates the saturation
comes from the rf broadening. Here U is the set amplitude
on the function generator for the primary field. ¢ and Ugy
are fitting parameters. The rising tendency of the linewidth,
described well by the function v/aU? + b, also gives direct
evidence of the rf broadening. Here a and b are fitting
parameters. To mitigate issues related to high rf broaden-
ing, we set the amplitude to 800 mV, corresponding to a
magnetic field amplitude of 30.2 nT, for the subsequent
sample measurements.

V. MIT RESULTS

We detect salt-water samples with conductivities o =
0.55, 1.04, 1.98, 3.78, 6.84, 10.7 S/m. The salt water is
inside a 3D-printed container with the size of (2 cm)?
corresponding to 8 ml of salt water. The conductivity of
the salt water is calibrated using a commercial conduc-
tivity meter (Hanna Instruments HI98192). The container
is scanned in the x direction above the primary field coil
using a motorized translation stage. The rod connecting

034030-5



HENGYAN WANG et al.

PHYS. REV. APPLIED 22, 034030 (2024)

(a) (b) (©) 60 .
0.6 —151nT| | ~ 12k O  Experiment O Experiment

@ —37.8nT E/ : Fitting 55 Fitting o)

g 60.5nT 3 Linear part T 50

8 —756nT| | 3 N r

£ 04 £ o8 £

=S S s 45

= £ .-

g = e

202 gn 041 1 40

~ & 35
0.0 . 0 30+ - - - - -
=300 0 300 0 10 20 30 40 50 60 70 20 30 40 50 60 70

RF detuning (Hz)

Amplitude of primary field (nT)

Amplitude of primary field (nT)

FIG. 4. The influence of the amplitude of the primary field on the atomic resonance signal. (a) The raw spectra of the measured
atomic resonance signal of Zeeman transition m = 3 <> 4 for the varied amplitudes of B,. (b) Dependence of the signal amplitude
on the amplitude of B,,. Data are shown together with a fit to the function cU/ (1 + [U/ Usat]z) (blue curve) and linear part of the fit
function cU (green line). (c) Dependence of atomic resonance width on the amplitude of B,. Data are shown together with a fit to the

function /aU? + b (blue curve).

the container and the stage is also nonmagnetic. The con-
tainer is moved back and forth along a path of 5 cm with
a speed of 1 mm/s. At the beginning and end of the path,
the acceleration is 0.5 mm? /s. The LIA output signal is
acquired with a sampling rate of 112 Hz. All trigger signals
to accelerate the container are recorded for averaging.

The detected sample signals are shown in Fig. 5(a)
(average number N,y = 150) and Fig. 5(b) (Naye = 60).
Here N,y refers to the number of times the container is
scanned over the primary field coil. The dip of the signal
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appears at the center of the path, where the sample is clos-
est to both the primary coil and the vapor cell. Considering
the dip depth as the signal amplitude, a linear relationship
is found between the signal intensity and the conductivity
[Fig. 5(c)]. It verifies the feasibility of the setup to extract
the conductivity information of the measured samples. We
also get the scale factor as F = —1.19 mV/(S/m) from
Fig. 5(c). The noise-equivalent conductivity (NEC) can be
defined as Ao = AV/|F|, where AV is the standard devia-
tion (STD) of the output voltage from the lock-in amplifier.

0

0°oo°o

0.0

10 15
Average number

20

Detection of salt water with different conductivities. (a) 150 averages. (b) 60 averages. (c) Detected relative change in signal

between position x = 0 mm and x = 25 mm as a function of conductivity. The blue line shows the linear fit. (d) NEC for the salt-water
sample of 0 = 1 S/m as a function of the average number of the scan signal traces.
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FIG. 6. Allan deviation from the static test results for the
salt-water sample of 10.7 S/m. During data recording, the time
constant of the lock-in amplifier was set to 100 ms.

To analyze NEC, we record 240 traces of the scan signal.
NEC is determined by calculating the STD of the dip val-
ues across various averaging counts, where trace signals
are averaged together. Figure 5(d) shows NEC for the salt-
water sample of ¢ = 1 S/m as a function of the average
number N,,,. For a single trace, the estimated NEC is 0.52
S/m. When N, = 2, the NEC decreases to 0.34 S/m, and
with Ny = 10, it further reduces to 0.13 S/m.

In addition to obtaining conductivity data by scanning
the sample over the sensor, we can also determine con-
ductivity using static tests. For this approach, we position
the sample directly above the sensor and capture the signal
over a certain duration. Conductivity is then assessed by
adjusting for the zero offset, which we determine by plac-
ing the sample at a distance from the sensor. The Allan
deviation of these measurements is depicted in Fig. 6. By
averaging the signal for 10 s, we can achieve an NEC of
0.18 S/m.

VI. CONCLUSIONS

In conclusion, we have demonstrated a comagnetometer
with !33Cs as the only sensing element. It uses two Zeeman
transitions to measure both static and oscillating magnetic
fields simultaneously. In our experiment, it works as a self-
stabilized sensor for detecting weak eddy currents. The
sensor’s enhanced long-term stability leads to a significant
improvement in detecting low-conductivity objects, result-
ing in higher sensitivity. In this work, our dual-frequency
atomic magnetometer was operated in a relatively quiet
magnetic environment inside a magnetic shield. We expect
that our method will also work well in unshielded condi-
tions where there is more environmental magnetic noise. In
that case, it may be beneficial to simultaneously use flux-
gate magnetometers and our comagnetometer method for
stabilizing the bias magnetic field. Recently, a quantum-
enhanced version of the atomic MIT was demonstrated

[47]. By integrating these technologies, we can signif-
icantly enhance the capabilities of magnetic induction
tomography and make significant progress in detecting
eddy currents in human tissue.
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