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ABSTRACT

Electrically conductive objects can be detected using the principle of electromagnetic induction, where a primary oscillating magnetic field
induces eddy currents in the object, which in turn produce a secondary magnetic field that can be measured with a magnetometer. We
have developed a portable radio-frequency optically pumped magnetometer (RE OPM) working in unshielded conditions with sub-pT//Hz
magnetic field sensitivity when used for the detection of small oscillating magnetic fields, setting a new benchmark for the sensitivity of
a portable RF OPM in unshielded conditions. Using this OPM, we have detected the induced magnetic field from aluminum disks with
diameters as small as 1.5 cm and with the disks being ~25 cm from both the excitation coil and the magnetometer. When used for eddy
current detection, our magnetometer achieves a sensitivity of a 2-6 pT/v/Hz. We have also detected a moving aluminum disk using our RF
OPM and analyzed the magnetometer signals, which depend on the position of the disk, illustrating the potential of high sensitivity RF OPMs
for remote sensing applications.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0102402

I. INTRODUCTION

Optically pumped magnetometers (OPMs)' are highly sen-
sitive devices that can achieve sub-fT/v/Hz sensitivity.” Com-
pact and portable OPMs that work in shielded’ and unshielded
conditions™” have now been developed. This has accelerated areas
of medical research such as in magnetoencephalography’ ® and
magnetocardiography,”' where small magnetic fields produced by
the brain and heart are detected, respectively. OPMs can also detect
oscillating magnetic fields with frequencies ranging from kHz to a
few MHz."”"'* Such “RF” optical magnetometers can be used for
detecting electrically conductive objects.'”'® Portable RF magne-
tometers in unshielded conditions have been developed with sensi-
tivities to small oscillating magnetic fields as high as 19 pT//Hz."”
Using the principle of electromagnetic induction, an excitation coil
producing a primary oscillating magnetic field B; (¢) induces eddy

currents in the object, which in turn produce a secondary oscillat-
ing magnetic field Be(¢) that can be measured.'® These eddy current
measurements can be useful for imaging conductive objects with low
conductivity'” ' including the human heart’” with the potential of
helping those suffering from heart diseases such as atrial fibrillation.
Other applications include characterizing rechargeable batteries,”
non-destructive testing,'**” and remotely detecting and localizing
conductive objects for security applications.”*

In this work, we present a portable RF OPM working in
unshielded conditions with sub-pT/\/Hz sensitivity to small oscil-
lating magnetic fields. When detecting eddy currents, we use a
differential technique”” and in that case, our magnetometer achieves
a sensitivity of 2-6 pT/v/Hz. We use this high-performance sen-
sor to demonstrate a new benchmark for the long-range detection of
conductive objects using a portable OPM. Here, long-range means
that an object with a dimension ~a is detected at a far distance
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r > a from both the excitation coil and the OPM. To be specific,
we demonstrate detection with a good signal-to-noise ratio (SNR)
of a 1.5 cm diameter aluminum (Al) disk at a distance of ~25 cm
from both the excitation coil and the OPM, which exceeds the pre-
vious benchmark of a ~10 cm size Al square plate being detected
~10 cm away”® from both the OPM and the excitation coil. The
fact that our RF OPM can detect metallic objects at a relatively
large distance makes it promising for remote sensing applications.
OPMs are promising alternatives to, e.g., fluxgate magnetometers
due to their superior magnetic field sensitivity. We note that total-
field OPMs, which are based on measuring the Larmor frequency
wy, o< |B| (where |B] is the magnitude of the total magnetic field), can
be used for the detection of magnetic objects and have recently been
mounted on an underwater glider’” and on an airborne drone.’' In
contrast, RF OPMs can be used for the detection of both magnetic
and non-magnetic conductive objects. Extracting the size, location,
and motion of an object are important questions in the field of
remote sensing. As a step toward using RF OPMs for remote sens-
ing, we here experimentally detect an aluminum disk moving along a
linear path using our single RF OPM. We analyze the RF OPM
response in order to extract two spatial components of the induced
magnetic field, which are correlated with the position of the disk
along its path. Additional work would be needed to fully demon-
strate the potential of high sensitivity RE OPMs for remote sensing,
for example, by simultaneously recording data from multiple RF
OPM:s, by placing one or more RF OPMs on a moving platform,
and by developing algorithms for extracting information from the
recorded signals.

Il. METHODS
A. Portable OPM design

The experimental setup for detecting conductive objects is
shown in Fig. 1(a). The setup includes an excitation coil and our
unshielded portable OPM, which is placed inside a cylindrical coil
system. The OPM sensor head [see Figs. 1(a) and 1(b)] contains a
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cubic (5 mm)? cesium (Cs) vapor cell, optics, a balanced photodetec-
tor, and a small compensation coil inside a 3D-printed housing. Two
optical fibers provide laser light, and one cable provides electrical
connections to the OPM sensor head. The vapor cell is paraffin-
coated on the inside and is kept at room temperature (~20 °C). The
cesium atoms are optically pumped into the F = 4 hyperfine ground
state manifold and spin-polarized in the z-direction by a circularly-
polarized 0.1 mW pump beam resonant with the D2F =3 — F’
transition and propagating along the z-direction. Here, F and F’
are hyperfine quantum numbers for the cesium ground and excited
states, respectively. A static field By is oriented along the z-axis. The
atomic spins process about the direction of the static field when an
oscillating magnetic field Bre(#) is applied along the x-direction,
with a maximum signal occurring when the frequency of the oscil-
lating magnetic field wrr equals the Larmor frequency wr = yB,,
where y = 3.5 kHz/uT is the gyromagnetic ratio for cesium. In order
to detect the precession of the atomic spins, a 5 mW probe beam
propagating along the y-axis and linearly polarized along the z-axis
passes through the vapor cell. The probe beam is ~1.8 GHz blue-
detuned from the D2 F = 4 — F’ transition. The polarization of the
beam rotates due to the Faraday effects and hence oscillates at a
frequency w = wrr when an oscillating magnetic field is present.
The light is split into its horizontal and vertical polarization com-
ponents by a polarizing beam splitter, and each beam is incident
on a balanced photodetector (BPD). The oscillating BPD signal has
an amplitude proportional to Bgg, assuming that the OPM is being
operated in the low-RF amplitude regime. The signal is demodu-
lated using a lock-in amplifier, which produces DC values for the
in-phase X and quadrature Y signals, providing information about
the amplitude R = VX2 + Y2 and phase of the oscillating magnetic
field Brg(t).

B. Magnetic field stabilization

A stable DC field By oriented along the z-axis is required for
the operation of our OPM. Operating the OPM at 10.5 kHz, which

Repump fibre
Lock-in +
Data acquisition

Brf Lens

Lens LP
A

Cscell PBS
2

Probe fibre 2

(b)

FIG. 1. (a) Experimental setup. The OPM and fluxgate are placed in a cylindrical coil system consisting of a flexible printed circuit board (PCB) cosine-theta coils, which
produce homogeneous transverse magnetic fields along the y- and z-directions and also by a solenoid that produces a magnetic field along the x-direction. Inset: 10 cm
diameter excitation coil is placed at x = 0, the conductive object (e.g., a sphere with radius a) at x = r and the OPM at x = r + r’. (b) Schematic of the portable OPM head.
Components include half-wave plates (1/2), a quarter-wave plate (1/4), a polarizing beam splitter (PBS), linear polarizers (LP), and a balanced photodetector (BPD).
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is an appropriate frequency for the detection of our Al samples,
requires the DC field to have an amplitude of 3.00 yT. The Earth’s
magnetic field is 30-60 T and, thus, needs to be compensated for
in order to have a stable field along the z-axis. A three-axis flux-
gate magnetometer (Bartington Mag690) is used to measure the
ambient field and its detection point is 6.25 cm from the cen-
ter of the vapor cell. This three-axis fluxgate has a bandwidth of
1.5 kHz and can measure magnetic fields up to £100 4T in x-, y- and
z-directions, which makes it suitable for measuring the Earth’s field
as well as 50 Hz magnetic field noise. The two magnetometers
are placed inside a 3D-printed cylinder, which is surrounded by
flexible printed circuit board cosine-theta coils capable of produc-
ing magnetic fields along the y- and z-directions and also by a
solenoid that can produce a magnetic field along the x-direction. The
x-, y-, and z-fluxgate outputs (100 mV/uT) are fed into the analog
inputs of a field-programmable gate array (FPGA, sbRIO-9627). A
proportional-integral-derivative (PID) controller implemented on
the FPGA outputs a voltage to a current feedback amplifier (LT1210)
and a current is sent through the coils, producing magnetic fields
to cancel the Earth’s field at the position of the fluxgate in the
x- and y-directions, while keeping the z-static field fixed to
By = 3.00 yT. Without the PID in place, the 50 Hz noise measured
by the fluxgate along the z-axis is ~21.2 nTp_}, (corresponding to
~74 Hz when converting to Hz using the cesium gyromagnetic
ratio). With the PID in place, the 50 Hz noise is reduced by at
least an order of magnitude down to ~2.5 nT,_, (corresponding to
~9 Hz precession frequency), reducing the 50 Hz noise to below the
linewidth of the magnetic resonance (40 Hz). Further noise reduc-
tion can potentially be achieved with the implementation of an active
noise control system for magnetic fields.’”

I1l. CHARACTERISATION OF OPM
A. Unshielded conditions

The first part of the characterization of the OPM in unshielded
conditions involves measuring the magnetic resonance, which is
done by sweeping the frequency of an applied oscillating magnetic
field B,(t) produced by a “compensation coil” (5 mm diameter)
inside the OPM head adjacent to the vapor cell. The amplitude of
the RF field B, is 3.36 nTrms.”” The peak value of 4.32 V in Fig. 2 can
be used to calculate a conversion (1.285 V/nT,ms) between the lock-
in amplifier output and the amplitude of the oscillating magnetic
field. The FWHM of X, equivalent to the bandwidth of the OPM,
is 40 Hz.

Once this step is done, the RF frequency is fixed to where there
is a maximum signal in X, which in this case is at 10.5 kHz. A 240 s
time trace was taken [see Fig. 3(a)] for X and Y, followed by a time
trace with both coils off [see Fig. 3(b)]. In each time trace, the aver-
aged signals X and Y with 1 s integration times are also plotted, along
with the calculated standard deviation SD of these averaged time
traces. The Allan deviation of the time traces is plotted in Fig. 4(a)
(“RF on”, “RF off ”), which calculates the minimum detectable field
Bmin for different averaging (or integration/gate) times. With the RF
field on, the minimum detectable field for a 7 = 1 s integration time
is ~6 pT for X and ~35 pT for Y, while without any RF field the
minimum detectable field is 0.6 pT, i.e., there is more noise when a
large RF magnetic field is applied. This could be because the applied
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FIG. 2. Magnetic resonance. The frequency of the RF field (produced by the
compensation coil) is swept between 9.75 and 11.25 kHz in this dataset.

RF field or the laser powers are not perfectly stable or because low-
frequency magnetic noise gets converted to high-frequency RF noise
by the OPM.”" The increased noise in Y compared with X implies
that the static field By is noisy and a lower-noise current source or
better magnetic field stabilization should decrease the noise in Y.
The time constant of the lock-in amplifier is 10 ms, which leads
to a drop in the Allan deviation at small gate times. In any case,
the sensitivity ~Bmin\/T of an OPM is typically defined as the sen-
sitivity to small signals, and it can, therefore, be stated that the
sensitivity of our OPM (to small oscillating magnetic fields with fre-
quency 10.5 kHz) is ~0.6 pT/r/Hz in unshielded conditions. The
long-term stability of the OPM is also demonstrated in Fig. 4(a),
where the minimum detectable field at an integration time of 100 s is
30-60 fT.

The characterization of the OPM thus far has been done by
applying an oscillating magnetic field B> (#) using the small compen-
sation coil placed inside the OPM. During eddy current measure-
ments, the excitation coil, which produces the primary oscillating
magnetic field B; (), is also used. We employ a differential method?’
where the amplitudes and phases of the primary and compensa-
tion fields are adjusted such that B;(t,ropm) + B2(f,ropm) = 0 at
the vapor cell position, as can be seen in Fig. 3(c) where a 240 s
time trace is taken. Note that the OPM and the excitation coil are
placed on opposite sides of the conductive object. This is to mini-
mize any effects of the primary magnetic field on the OPM. When
a conductive object is placed between the coils, the total oscillat-
ing field at the OPM position is then Biot(, ropm) = B1(, ropm)
+ By (t, ropm) + Bec (2, ropM) ~ Bec(t,ropm ), where Bec(f,ropm) is
the secondary magnetic field generated by the conductive object.
The differential technique improves the SNR and thereby allows
for the detection of small objects at a distance, because it allows
for the detection of the small signal Bec(#,ropm) on a zero back-
ground. Without the differential technique, one would measure the
signal from the conductive object on top of the large primary mag-
netic field, i.e., Biot (¢, ropm) = Bi(#, ropm) + Bec(, ropm ), which for

Rev. Sci. Instrum. 93, 125103 (2022); doi: 10.1063/5.0102402
© Author(s) 2022

93, 125103-3


https://scitation.org/journal/rsi

Review of

Scientific Instruments

ARTICLE scitation.orgljournal/rsi

x103
25
3.5 X 125 X
20 -
3.0 i 100 Y
1s —— X(1s),0=0.61pT ——- X(1s),0=3.96pT
25 _ Y(1s),0=0.58pT 75 ! Y(1s), 0=6.64pT
e = 5 i T ;
c X 2 10 K ! 1 ,
2.0 o o 50 |
° Y 2 o !
=15 —— X(1s),0=39.77 pT L 2 25
g Y(1s), 0=8483pT g o g
& (1s),0=284.83p ) o
210 = g 0
-5
0.5 -25
-10
0.0 _
15 50
0 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250
Time (s) Time (s) Time (s)
(@) (b) (c)

FIG. 3. Unshielded characterization. Three sets of 240 s time traces at a frequency of 10.5 kHz. (a) Compensation coil B,(t) on with an amplitude B; = 3.36 nTms. (b)
Excitation and compensation coils both disconnected, i.e., By = B, = 0. (c) Both on with amplitudes By = B, = 127.7 nTmys at the position of the vapor cell such that

B1(t, ropm) + B2 (t,ropu) = 0.

OPMs lead to non-linearities and additional noise. The measure-
ment shown in Fig. 3(c) was done with 38 times larger oscillating
fields than when just one RF coil was on [see Fig. 3(a)]. Despite
the larger applied RF fields, the Allan deviation (at a gate time of
1 s) of the OPM is around a factor of four better with both coils
on than with only one coil on (2 pT/v/Hz for X and 6 pT/r/Hz
for Y with both coils on). Taking into account the larger ampli-
tude, this demonstrates that the differential method would give a
factor of 38 x 4 ~ 150 improvement in SNR when detecting con-
ductive objects. Even higher RF amplitudes would further improve
the SNR.

B. Shielded conditions

The intrinsic sensitivity of the OPM was tested by placing the
OPM in a magnetic shield (Twinleaf MS-2). Time traces with the
compensation coil on and off were taken, from which the Allan
deviation was calculated and plotted in Fig. 4(b). The sensitivity is

102 4
3 = = = = = > 4
10* i -
B £
g ML lindt3N L e N
g 10l - oRd
5 ) A Y
o — X, RFon SR,
o —==-Y,RFon .
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10-2 1. ==+ Y, RF off \
1072 107t 100 10t 102
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(a)

200 fI/\/Hz in shielded conditions (using Bumin ~0.2 pT for
7 =1), due to the fact that the coil system for the transverse fields
did not have to be connected, thus reducing the magnetic noise
at 10.5 kHz. Optimizing the detuning of the probe beam, as well
as the powers of the pump and probe beams for shielded condi-
tions would reduce the linewidth and hence improve the sensitivity
to <200 fT/\/Hz. Heating the vapor cell to increase the density of
cesium atoms would also improve the sensitivity.

IV. EDDY CURRENT MEASUREMENTS

A. Detection of aluminum disks with varying
diameters

Results are now presented on the detection of Al (grade 6061
with conductivity o ~ 25 MS/m) disks of 4 mm thickness with vary-
ing diameters (1, 1.5, 2, 3, and 5 cm) in unshielded conditions using
a frequency of 10.5 kHz. The excitation coil and the OPM (with

2 i - -
’z H | e N
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FIG. 4. Allan deviation plots. (a) Unshielded calculations when the compensation coil is on and the excitation coil is disconnected (RF on), when both compensation and
excitation coils are connected (both on) and when both coils are disconnected (RF off). (b) Shielded calculations with RF on and RF off.
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the compensation coil right next to the vapor cell) are separated by
50.3 cm. One set of measurements was taken with the Al disks only
6.4 cm from the excitation coil (43.9 cm from the OPM), and a sec-
ond set of measurements was taken with the disks roughly halfway
between the excitation coil and the OPM (23.9 cm from OPM to
disk, 26.4 cm from disk to excitation coil). The compensation coil
was used throughout these measurements.

Figure 5 shows 110 s time traces of X and Y when the 5 cm dia-
meter disk is placed 6.4 cm from the excitation coil for ~10 s (e.g.,
10-22 s), then being removed for ~10 s (e.g., 23-30 s). The disk
was placed in five times. The in-phase secondary magnetic field is
2600 pT and the out-of-phase secondary magnetic field is 164 pT.
We observe that |X| > |Y| meaning that the secondary magnetic
field is almost completely out-of-phase (180°) with the primary
magnetic field. This is expected””*"” as the skin-depth in Al for

a 10.5 kHz RF field is § = 1/\/nfpoo ~ 1.0 mm, which is much
smaller than the 4 mm thickness of the disk. Here, f = 10.5 kHz
is the excitation frequency and y, is the magnetic permeability of
free space.

Additional time traces when the disks are placed approxi-
mately halfway between the excitation coil and OPM are included
in Appendix A. From such time traces, we can calculate the induced
field in pT as a function of disk diameter for the two disk positions
(see Fig. 6). We can also calculate the standard deviation SD of the 1 s
integrated time traces when the object is not present, permitting for
the SNR = signal/SD to be calculated for each diameter disk. The cal-
culated values of the SDs agree with the Allan deviation in Fig. 4(a),
where the smallest detectable field with a 1 s integration time is
~2 pT for X and ~7 pT for Y. When a 1.5 cm diameter disk is placed
midway between the excitation coil and the OPM, the SNR is ~20
in X and ~2 in Y, meaning that the disk is easily detectable with a
good SNR.

Our experimental results are compared with analytical formu-
las calculated from a simple model based on the work by Honke and

Bidinosti’**” and to the outcome of numerical simulations carried
2500 A i {
2000 A
=
£ 1500
o
Q
=
© 1000
=
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c
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—500 -
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FIG. 5. Example of eddy current measurement. 110 s time traces of X and Y.
0-12 s is when the 5 cm diameter Al disk is removed, 12-22 s is when the Al disk
is placed 6.4 cm from the excitation coil.
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FIG. 6. The secondary magnetic field Be is plotted as a function of the Al disk
diameter when (i) the Al disks are 6.4 cm from the excitation coil (43.9 cm from the
OPM) and (ii) the Al disks are 26.4 cm from the excitation coil (23.9 cm from the
OPM). The experimental results (“Exp”) are plotted alongside theory (“The”) curves
given by Eq. (2) and results of COMSOL simulations (“COM”), together with fits to
the function B = cD°.

out in COMSOL. As detailed below, we find a good agreement on
the scaling of the induced magnetic field with the diameter of the
disks, and the predicted values for the induced field agree well with
the experimentally measured ones.

In Honke and Bidinosti,”* Bec/By is calculated for all frequen-
cies for a non-magnetic, conductive sphere with radius a in a
uniform magnetic field. In Appendix B, we calculate the secondary
magnetic field for certain positions of the excitation coil, object, and
OPM. If the sphere is a distance r from the excitation coil and a dis-
tance r’ from the OPM [see inset in Fig. 1(a)], and the high frequency
limit is considered, then

B a(r+r')?

L, %’ (1)

B: r3r
at the position of the OPM. If the object is exactly halfway between
the excitation coil and the OPM (ie., r=7r"), Eq. (1) further
simplifies to

Be _ (20)’

B 1 7’3

: 2

The experimental datasets in Fig. 6 are fitted to the func-
tion log(Bec) = log(c) + 3 log(D), corresponding to the power law
dependence B = cD’ as in Eq. (2). Here, D = 2a is the diameter D
of the disks in cm. The constant ¢ is equal to By (r +1")*/(8r°r"%)
when 7 # 7' and equal to B;/r* when r =+’ [see Eqs. (1) and (2)].
The fitted constant cexp in Fig. 6 when the disk is 26.4 cm from the
excitation coil is 6.0 pT/cm®, whereas the theoretical value Ctheory
is 8.1 pT/cms, ie, 34% higher than cep (using r=26.4 cm,
r’ =23.9 cm, and By = 127.7 nTms). When the disk is close to the
excitation coil cexp = 29.6 pT/ cm?®, whereas Ctheory = 91.6 pT/ cm’ie.,
210% higher than ceyp (using r = 6.4 cm, v = 43.9 cm). There is a
larger discrepancy when the disk is closer to the excitation coil where
the radius of the excitation coil R. (5 cm) is similar to the distance r
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from the center of the coil to the disk (6.4 cm). Eq. (1) and hence
the calculation of cipeory assumes that the primary magnetic field
is a magnetic dipole. The primary magnetic field Bi(x = r) at the

position of the disk is a factor of (r* + R?)*?/r* = 2.04 smaller [see
Eqgs. (B10) and (B11)] if the primary magnetic field from a coil with
a finite radius R, is used instead of the primary magnetic field from
a magnetic dipole. This reduces cieory by a factor of 0.49 down to
44.9 pT/cm’, around 52% higher than cexp. For the 26.4 cm disk
position, the constant cieory is only affected slightly as R, < r, with a
correction from 8.1 to 7.7 pT/cm?, indicating a 27% overestimation
of Ctheory VS Cexp-

To investigate the discrepancy between theory and experi-
ment further, numerical simulations of the experimental setup were
performed in COMSOL using the methods in Ref. 29. The data
points from the simulations are included in Fig. 6. Uncertainties
in the positioning of the disks (+1 cm) were included in the error
bars in the COMSOL data. The finite thickness (2 cm) of the coil
and the uncertainty on the OPM position were not taken into
account, although these would also contribute to uncertainties in
the numerical simulations. With regard to experimental uncertain-
ties, we calculate the standard deviation of the induced field from
five repeated measurements, see, e.g., Fig. 5. Furthermore, the eddy
current measurements were taken over the course of several hours
(r = 6.4 cm data followed by r = 26.4 cm data) when the lab tem-
perature gradually increased throughout this period of time, leading
to an increased number density of cesium atoms throughout the
day. Due to the room-temperature operation of this OPM, the reso-
nance signal amplitude of the OPM increased between the beginning
(4.32 Vin Fig. 2) and the end (5.56 V) of the day by ~30%. A temper-
ature increase of 2.5 °C will lead to an increase in the atomic density
by 30%.7 The data in Figs. 2 and 3 for the sensitivity measurements
were obtained within minutes of each other at the beginning of the
day and so temperature changes will have had little impact on these
measurements. The calibration at the beginning of the day was used
for the eddy current measurements, meaning that in fact smaller Be.
values were being measured than in the stated calibrated pT values
in Figs. 5 and 8. Including this uncertainty in the errorbars on the
experimental data in Fig. 6 means that the experimental data and
the COMSOL data are in agreement with each other. The differ-
ences between experiment/COMSOL and theory are most likely due
to the fact that the theory is true for a solid sphere in a uniform RF
field, while in the experiment/COMSOL simulations we detected a
solid disk.”**

The ratio Bec/B; measured at the OPM position can be used
as a figure of merit for the remote detection of conductive objects.
For the 1.5 cm diameter disk, which was clearly detectable, we
have Bec/Bi ~ 2 - 1074, Using the noise level of 2 pT for X from
the Allan deviation calculations, the smallest detectable diameter
should be around 0.7 cm (see Fig. 6), leading to a ratio as small
as Bec/Bi ~2 - 107°. For comparison, a 2 cm diameter coin (87%
Cu) is detected 7.5 cm from the excitation/sensing coil in Ref. 28
with a good SNR, giving a ratio of Bec/B1 ~ 2 x 1072, We are able
to detect a small ratio and, therefore, able to detect small objects
at relatively large distances for two reasons: firstly, our OPM (at
x = r+r’) and excitation coil (at x = 0) are placed on opposite sides
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excitation coil (see Appendix C), compared with the case where the
OPM and excitation coil are co-located; secondly, by implementing
the differential technique we achieved an improvement in SNR by a
factor of 150.

B. Detection of a moving aluminum disk

To illustrate the potential of using RF OPMs for remote sens-
ing, we have detected the 5 cm diameter disk as it was moved off-axis
along a linear path from y = —22.5 cm to y = 22.5 cm at a fixed
X = 6.4 cm position. The disk was moved by hand with an approxi-
mately constant velocity on an orthogonal rail (not shown) parallel
to the table, which was added to the setup in Fig. 1(a) to steer the
motion. As the disk is being moved in the x —y plane, Be., =0
due to symmetry. The Becx and Becy components are, in general,
non-zero when the disk is placed in the x — y plane, however, for
the specific case of the object being on-axis (i.e., placed on the
x-axis), the induced magnetic field only has a Becx component at the
magnetometer position.

RF OPMs are sensitive to oscillating magnetic fields perpen-
dicular to the direction of the static field By, which in our case
are the x- and y-directions. The measured secondary field can be
written as

Bec(t,ropm) = [Beex ()X + Becy(t)¥] cos(wret + 6), 3)

where X and ¥ are unit vectors along the x- and y-directions. For a
moving disk, the amplitudes of the induced field at the magnetome-
ter position, Becx(t) and Becy(t), will vary slowly as a function of
time due to the changing position of the disk. Overall, the induced
field is oscillating at the excitation frequency wgrr and with a phase
0, which here is defined as the phase relative to the compensa-
tion field (which is 180° out-of-phase with the primary field). The
phase 6 should not depend on the position of the disk. When the
thickness ¢ of the disk is much larger than the skin depth §, or equiv-
alently the excitation frequency f = 27wrr > 1/(71t2;400), then the
secondary field will be 180° out-of-phase with the primary field*
corresponding to a phase 6 = 0. From the Bloch equations describing
an RF OPM,”’ one can show that the recorded lock-in magnetometer
signals are

X(t) o< Bee,x(t) cos(8) — Bec,y(t) sin(6) .

Y(t) oc =Bee,x(t) sin(60) — Bec,y(t) cos(8)  (disk off — axis). )
In the above, we assumed that the amplitudes Becx(t) and Becy(t)
vary slowly in time compared with the oscillation period 1/f, the
inverse of the magnetometer bandwidth (1/40 Hz), and the lock-
in time constant of 10 ms. From Eq. (4), we see that the lock-in
outputs X(¢) and Y(¢) from the RF OPM depend on the x- and
y-components of the induced magnetic field, Becx(f) and Becy(t),
respectively, as well as its phase 6. When the object is placed on-
axis, the measured secondary field only has an x-component and the
lock-in signals are

X(t) o< Bee,x(t) cos(0)

of the disk (at x ~ r), which means that the ratio Bec/B; is improved (5)
by a factor of 1/[R3/(8r3)] ~500, where R. is the radius of the Y(t) o< —Bee,x(t)sin(0) (disk on — axis).
Rev. Sci. Instrum. 93, 125103 (2022); doi: 10.1063/5.0102402 93, 125103-6
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Figure 7 shows the magnitude R=+vX?2+ Y2 and phase
¢ = arctan(Y/X) of the recorded signals when the disk is moved
off-axis along the described linear path. The largest signal in
R~ 1560 pT occurs at ¢=8.1(0.2) s when the disk is located
on-axis, i.e., at position x = 6.4 cm and y = 0. At that point, the
recorded phase ¢ = —0 ~ —0.04(0.02) rad = -2(1)° is close to zero
as expected. We note that in the experiment the RF field could be
slightly detuned from the atomic resonance due to small drifts in the
bias magnetic field, which would lead to a small phase offset as well.

In our experiment, the phase 0 is close to zero. In a more general
situation, however, the phase 6 will be non-zero and will depend on
the object’s size and shape, its electrical conductivity and magnetic
permeability, and the excitation frequency.”” However, the phase 6
should not depend on the position of the object. For the localization
of an object, it can, therefore, be useful to remove the dependence
on the phase 6 by rotating the lock-in outputs X and Y from the
RF OPM [see Eq. (4)] by the angle —0, giving rise to the rotated
variables,

X’(t) o< Bee,x(t)
Y'(£) o< =Bee,y(1).

(6)
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FIG. 7. Off-axis example. The 5 cm Al disk is moved from y = —=22.5 cm to
y = 22.5 cm at a distance of x = 6.4 cm from the excitation coil. The magnitude
R, rotated in-phase X’, and quadrature Y’ components are plotted in (a), with a
zoomed-in section in (b). The phase is plotted in (c), and the regions furthest from
y = 0 are excluded as X and Y become very small, making the calculated phase
less insightful.
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Based on the geometry/symmetry of our experimental setup and
the fact that the aluminum disk is moving parallel to the y-axis,
we expect that Becx o< X' is symmetric around y = 0 [equivalent
to 8.1(0.2) s in Fig. 7] as a function of y-position, and that Becy
o< Y’ is asymmetric around y = 0 as a function of y-position. Within
the reasonably good agreement, we find experimentally (see Fig. 7)
that X’ is symmetric and Y’ is asymmetric, as expected. Any
small discrepancies are expected to be due to small positioning
errors/misalignment. We also note that for every position of the
disk along its particular linear path there is a corresponding unique
(X', Y') value measured by the RF OPM, meaning that the posi-
tion of the disk along its particular linear path and the direction of
motion can be extracted. The velocity of the object was calculated
to be v~ 0.45 m/16 s ~ 0.028 m/s. The limitation on the maximum
detectable velocity is set by the bandwidth of the OPM (40 Hz), as
this is on a slower time scale than the lock-in time constant and oscil-
lation period. Assuming at least 20 data points would be needed to
produce similar data to Fig. 7, the maximum velocity for this config-
uration would be on the order of 0.45 m/[20x 1/(40 Hz)] = 0.9 m/s.
Using a commercial fluxgate magnetometer (Bartington Mag690)
with a 1 kHz bandwidth would allow for velocities as high as 22.5 m/s
to be detected with this configuration.”’

Our method of detecting conductive objects using RF OPMs
can potentially be extended to localizing unknown conductive
objects moving along arbitrary paths. As a single RF OPM only pro-
vides two measurements X(¢) and Y(t) at each instance of time,
more RF OPMs would be needed to uniquely determine the posi-
tion of the object in real time. Furthermore, one would need to
develop algorithms for extracting the location of the object based on
the recorded data. In addition, localization of stationary conductive
objects using one or more RF OPMs could be done by placing the RF
OPMs on a moving platform and recording data while the platform
is moving over some area.

V. CONCLUSIONS

In conclusion, we have developed a portable sub-pT/r/Hz
(when B;(t) = By(t) ~ 0) radio-frequency optically pumped mag-
netometer (RF OPM) working in unshielded/ambient conditions,
setting a new benchmark for the sensitivity of a portable RE OPM
in unshielded conditions. Using electromagnetic induction, we have
demonstrated remote detection of electrically conductive objects far
from both the excitation coil and the magnetometer. We detected
a 2a = 1.5 cm diameter aluminum disk at a distance of r ~ 25 cm
from both the OPM and the excitation coil, i.e., at a distance r > a
much larger than the object size. This detection distance could be
further extended using larger primary magnetic fields or by improv-
ing the sensitivity of the OPM, which had a sensitivity of 2 pT/r/ Hz
during the eddy current measurements when B; () + B2(#) = 0 and
Bi(t) = Bz(t) > 0. To illustrate the potential of high sensitivity RF
OPMs for remote sensing applications, we detected a moving alu-
minum disk using our RF OPM. We analyzed the magnetometer
signals to extract two spatial components of the induced magnetic
field, which depend on the position of the disk. Using this principle
with multiple OPMs and an extraction algorithm should allow for
the location and motion of conductive objects to be determined in
the future.
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APPENDIX A: EDDY CURRENT MEASUREMENTS

Time traces of the eddy current measurements are shown in
Fig. 8, when Al disks with 5, 3, 2, and 1.5 cm diameters are placed
26.4 cm from the excitation coil and 23.9 cm from the vapor cell. The
spikes in the time traces arise when the disk is in the process of being
placed in front of the excitation coil. The signal then remains stable,
before the object is then removed. The data in the stable region was
used for the calculation of the signal size.

APPENDIX B: INDUCED MAGNETIC FIELD
FROM A CONDUCTIVE SPHERE

We now calculate the expected induced magnetic field for a
conductive, non-magnetic solid sphere positioned in between an
excitation coil and magnetometer [see inset in Fig. 1(a)]. The pri-
mary magnetic field from the excitation coil (positioned at x = 0) at
the position of the OPM x = r + ¢’ is equal to

Hom

Bi(x=r+1")= n(r+ )

(B1)

where m is the magnetic moment of the excitation coil, r is the dis-
tance from the excitation coil to the sphere with radius a, and ’ is
the distance from the sphere to the OPM. Equation (B1) is the on-
axis field for a magnetic dipole and is true when r + r’ > R., where
R, is the radius of the excitation coil.

The secondary magnetic field at the position of the OPM
Bec(x =7 +1") is calculated to be

HoMm ec
27r'3”’

Bec(x=7+1") = (B2)

where me. is the induced magnetic moment in the sphere and r
is the distance from the sphere to the OPM. For a non-magnetic,
conductive sphere, m is given by’

_ 27a’Bi(x = 1) jo(ka)

mec - . > B3
Ho jo(ka) (®3)
where
. 3 1\ . 3
]z(x)z(;—;)smx—;cos X, (B4)
. sin x
Jo(x) = , (B5)
x
and

k = \/pew? + ipow, (B6)

where k is the propagation constant, y = y,u, and € = &,&. The prop-
agation constant can be approximated to be k ~ \/iugow for this
experiment. In the high-frequency limit where & < g, as is the case
throughout this paper,
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jaka)
jo(ka) 1, (B7)

and hence, the secondary magnetic field at the position of the OPM
Bec(x =7 +1") is calculated to be

a*Bi(x=71)
3 :

Bec(x=r+1") = - (B8)

The ratio of the induced magnetic field to the primary magnetic field
at the position of the OPM is calculated to be

Bec(x:r+r')7 ai Bi(x=r) ai(r+r')3
Bi(x=r+7) M B(x=r+r) 3 13

, (B9)

which is chosen as the figure of merit in this paper for the remote
detection of conductive objects. If the object is close to the excitation
coil with radius R., however,

pom

Bi(x=r)= (e + R (B10)
and hence
Bee(x=r+r) a& (r+r) (B11)
Bi(x=r+1) 13 (r2+R2)3?

If the sphere is exactly halfway between the OPM and the
excitation coil, i.e., 7 = ¥’ (and r > R,), then Eq. (B9) simplifies to

Bee(x=r+7")  8a°

=—— B12
Bi(x=r+1") r3 (B12)

APPENDIX C: COMPARISON WITH CO-LOCATED
EXCITATION COIL AND MAGNETOMETER

We now consider the situation where the excitation coil and
the magnetometer are co-located. The primary field B; (x = 0) at the
position of the OPM x = 0 is in this case given by

pom
2R’

Bi(x=0) = (1)

where m = ﬂanI , n is the number of windings, and I is the current
flowing through the coil.

Alternatively, if the OPM is placed on the other side of the
object (i.e., a distance 2r away from the primary coil assuming the
object is centered between the primary coil and OPM), then B,
(x = 2r) will be given by

Hom

PO S Gy

(C2)

In both cases, the induced magnetic field Be. at the position of the
OPM is the same. As previously discussed, it is important to reduce
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the effect of B on the OPM. We can compare the primary magnetic
field at the OPM position for the two cases,

Bi(x=2r) R} R}

Bix=0)  (B+4r)P  sp@jarys (Y

In the limit where the object is placed far from the excitation coil
(r > R.), this expression simplifies to

Bi(x=2r) _ Rf?
Bi(x=0) ~ 8 €4

Inserting the relevant numbers for our setup (r~25 cm and
R. ~ 6 cm), we calculate By (x = 2r)/B;(x = 0) ~ 0.002. By placing
the excitation coil and the OPM on opposite sides of the object,
the primary magnetic field is orders of magnitude smaller at the
OPM position. This configuration will, therefore, enable much larger
detection distances compared with if the excitation coil and the
OPM were co-located.
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