
Journal of Magnetic Resonance 296 (2018) 36–46
Contents lists available at ScienceDirect

Journal of Magnetic Resonance

journal homepage: www.elsevier .com/locate / jmr
RF atomic magnetometer array with over 40 dB interference suppression
using electron spin resonance
https://doi.org/10.1016/j.jmr.2018.08.007
1090-7807/� 2018 Elsevier Inc. All rights reserved.

⇑ Corresponding author.
E-mail address: ksauer1@gmu.edu (K.L. Sauer).
Robert J. Cooper, David W. Prescott, Garrett J. Lee, Karen L. Sauer ⇑
Department of Physics and Astronomy, George Mason University, Fairfax, VA, 22030, United States

a r t i c l e i n f o
Article history:
Received 21 June 2018
Revised 23 August 2018
Accepted 23 August 2018
Available online 28 August 2018

Keywords:
Electron spin resonance
Atomic magnetometer array
RF magnetic field mapping
Unshielded detection
Interference rejection
Low-field magnetic resonance
a b s t r a c t

An unshielded array of 87Rb atomic magnetometers, operating close to 1 MHz, is used to attenuate inter-
ference by 42–48 dB. A sensitivity of 15 fT=

ffiffiffiffiffiffiffi
Hz

p
to a local source of signal is retained. In addition, a 2D

spectroscopic technique, in which the magnetometers are repeatedly pumped and data acquired between
pump times, enables a synchronously generated signal to be distinguished from an interfering signal very
close in frequency; the timing and signal mimics what would be observed in a magnetic resonance echo
train. Combining the interference rejection and the 2D spectroscopy techniques, a 100 fT local signal is
differentiated from a 20 pT interference signal operating only 1 Hz away. A phase-encoded reference sig-
nal is used to calibrate the magnetometers in real time in the presence of interference. Key to the strong
interference rejection is the accurate calibration of the reference signal across the array, obtained through
electron spin resonance measurements. This calibration is found to be sensitive to atomic polarization, RF
pulse duration, and direction of the excitation. The experimental parameters required for an accurate and
robust calibration are discussed.

� 2018 Elsevier Inc. All rights reserved.
1. Introduction

In recent years, atomic magnetometers have become increas-
ingly popular, with particular attention on applications in medical
fields [1–7] such as magnetocardiography [8–10] and magnetoen-
cephalography [11,12], in geomagnetics [13,14], and even in the
search for axions and axion-like particles (ALPs) through the
GNOME collaboration [15–17]. The atomic magnetometers rival
the sensitivity of super-conducting quantum interference device
(SQUID) magnetometers [18,19], but do not require cryogenic tem-
peratures to operate. Many groups are also working on miniaturiz-
ing atomic magnetometers [20,21] for more practical applications
involving field measurements.

While the above applications use magnetometers in the spin
exchange relaxation-free (SERF) regime [22,23], atomic magne-
tometers also excel at making very sensitive radio-frequency (RF)
measurements [24–26] in applications such as nuclear magnetic
resonance (NMR) [27–29] and magnetic resonance imaging
[30,31]. Below 50 MHz, the fundamental sensitivity of the atomic
magnetometer is predicted to be better than conventional coil
detection [28]. The magnetometer is easily used with frequencies
in the MHz range as only a field of �0.1 mT is needed to set the res-
onance frequency of the sensor.
In many applications, the magnetometer is shielded from inter-
fering electromagnetic radiation by enclosure in a common con-
ductive layer and is shielded from static magnetic fields by
enclosure in a common layer of mu-metal. Measurements are then
made by bringing the object to be studied inside the shield. There
are, however, applications where the cost of shielding hinders
widespread adoption of the magnetic sensing technique or for
which shielding is simply not possible. As an example of the latter,
a type of zero-field NMR spectroscopy, known as nuclear quadru-
pole resonance (NQR), can be used to detect landmines buried in
the ground [32–35]. Checkpoint applications of NQR, such as for
the detection of contraband material or counterfeit pharmaceuti-
cals [36–38], can be done shielded, but would have more wide-
spread adoption if shielding were not required.

Without magnetic shielding, the ambient magnetic field can be
compensated for with electromagnetic coils [39,40]. As shown in
this work, small additional fluctuations in the ambient magnetic
field can be compensated for in real time with a reference signal
to continually calibrate the sensors. Without RF shielding, a gra-
diometer can be used to eliminate interference which is constant
over the sensor [41]. With an array of magnetometers [42], more
sophisticated schemes can be utilized. With the four-sensor linear
array presented here, both constant and linearly varying interfer-
ence signals are eliminated while the signal from a local source
is retained [43]. The signals from the two inner sensors are added
and those from the outer sensors are subtracted.
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Atomic magnetometers are particulary well-suited to forming
arrays to be used for interference rejection because they are cap-
able of true independent measurements. Inherently they do not
inductively couple to one another, as is the case with conventional
coil or RF SQUID detection. They also do not capacitively couple to
the environment.

Furthermore, atomic magnetometers also have a high intrinsic
dynamic range, only limited on the high end by RF broadening
[44]. The high-end limit for the magnetometers used here is on
the order of a nT. Therefore, for observing signals on the order of
a fT, as for a typical NQR experiment [27], there is the potential
for significant rejection of interference by six orders of magnitude.

In our original work [43], using a magnetometer array to detect
nuclear quadrupole resonance signals in an unshielded environ-
ment, the interference was reduced at most by a factor of 26. Sub-
sequently it was found that the non-linearity of the detected
interference was due to the self-resonance of the compensating
DC field coils; the self-resonance frequency was in fact close to
the interference frequency, 1.31 MHz, from the local radio station.
The interference was being re-radiated by the field coils. New field
coils were built in which the spacing between the windings was
increased to reduce capacitance between them such that the self-
resonance was moved away from 1 MHz [45]. The interference
rejection was increased, by as much as four times over the original
results, but not robustly. Rejection varied by as much as a factor of
two from experiment to experiment.

In this work, we show how to make the interference rejection
robust. In doing so, the interference was suppressed by as much
as a factor of 10 over the original result. In this new approach, a ref-
erence signal is now applied concurrently with signal detection. It
is phase encoded so that it can be differentiated from the other sig-
nals, interference as well as targeted ones, and is used to calibrate
the sensor in real time. This real-time calibration depends heavily
on the linearity of the receive electronics as well as accurate cali-
bration of the reference signal through electron spin resonance
(ESR). A theoretical framework for ESR calibration, taking into
account atomic polarization, is presented in Section II and experi-
mentally verified.

2. Theory

The optical signal is the Faraday rotation / of linearly polarized
light as it traverses the optically pumped gas of length l, transverse
to the static field B0 ¼ B0ẑ. The frequency m of this probe light is
close to that of the D1 line of 87Rb m1, but is far enough from this
atomic resonance frequency so that the atomic hyperfine splitting,
Zeeman shifts, and pressure-broadened optical linewidth are small
compared to the off-resonance jm� m1j. In this limit, the optical
rotation can be estimated to be [46–48]

/ ¼ 1
4
lrecfN

1
ðm� m1Þ hF � n̂i2 � hF � n̂i1ð Þ ð1Þ

where re is the classic electron radius, f is the absorption oscillator
strength, N is the atomic number density, F is the total angular
momentum of the atom, and n̂ is the direction of propagation of
the probe light; to a good approximation this expression is propor-
tional to the electron spin polarization [49]. In the ground state
manifold, the hyperfine levels, corresponding to F ¼ 2 and F ¼ 1,
are split by the energy �hxHFS; the expectation value of Fn is calcu-
lated from the density matrix for each F-sublevel qF as follows:

hFniF ¼ hF � n̂iF ¼ Tr F � n̂qF ;f g: ð2Þ
where Tr represents the trace operator. The density matrix evolves
under the Hamiltonian for the systemwith an oscillatory piece from
the magnetic field B1 of frequency x applied transversely to ẑ. The
magnetometer is sensitive to fields in the x-y plane. For definiteness
B1 ¼ B1 cosxtx̂ is taken. The Hamiltonian from the hyperfine and
Zeeman interactions can be expressed as the sum of a dominant
term HF and a perturbation term hF:

HF ¼aF þ ð�1ÞFxFz; ð3Þ
hF ¼2xFFx cosxt þ bF � ð�1ÞFx

h i
Fz þ cFF

2
z ; ð4Þ

where the Rabi frequency is

xF ¼ gFlBB1

2�h
: ð5Þ

The other constants in Eqs. (3) and (4), for low magnetic fields,
are

aF ¼
�hxHFS

8
þ ð�1ÞF �hxHFS

2
1þ x2

2

� �
; ð6Þ

bF ¼ gIlBB0

�h
þ ð�1ÞF xHFSx

4
; ð7Þ

cF ¼� ð�1ÞF xHFS

�h
x2

16
; ð8Þ

where the dimensionless parameter x [44] is

x ¼ ðgJ � gIÞlBB0

�hxHFS
: ð9Þ

In the interaction representation, the evolution of the density
matrix is governed by

�h
@ ~qF

@t
¼ i ~qF ;

~hF

h i
; ð10Þ

where ~qFðtÞ � eiHF t=�hqFðtÞe�iHF t=�h ð11Þ
~hF � eiHF t=�hhFe�iHF t=�h ð12Þ

¼ ðbF �xÞFz þ cFF
2
z

þ 2xF Fx cosxt � ð�1ÞFFy sinxt
� �

cosxt: ð13Þ

Invoking the secular approximation [50], in which the rapidly
varying terms are averaged to zero,

~hF ¼ ðbF � ð�1ÞFxÞFz þ cFF
2
z þxFFx: ð14Þ

Since ~hF does not depend on time,

~qFðtÞ ¼ e�i~hF t=�hqFðt ¼ 0Þei~hF t=�h; ð15Þ
where

qFðt ¼ 0Þ ¼ eFzbP
F

P
mF
emFb

; ð16Þ

with the spin temperature b corresponding to the spin polarization
P [51] as follows:

b ¼ ln
1þ P
1� P

� �
: ð17Þ

The final signal, after a pulse length of t0 is, from Eq. (1):

/ðt0Þ / Tr ~q2
eFn

n o
� Tr ~q1

eFn

n o
: ð18Þ

If the probe beam is parallel to the excitation direction, along x̂,
the final signal is

/ðt0Þ / 1
2

Tr ~q2F�f g � Tr ~q1Fþf g½ �e�ixt0 þ c:c: ð19Þ

or if the probe beam is perpendicular to the excitation direction,
along ŷ,
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/ðt0Þ / i
2

Tr ~q2F�f g þ Tr ~q1Fþf g½ �e�ixt0 þ c:c: ð20Þ

The key difference between the two orientations of the probe
beam is the subtraction of the signal from the different F levels,
for the parallel case, and the addition for the perpendicular case.

After the termination of the pulse the spins are free to evolve.
Ignoring decay for the moment, the signal at time Dt after t0 would
be

/ðtÞ /
X
m

hmþ 1j~q2ðt0ÞjmihmjF�jmþ 1ieixð2Þ
m;mþ1

Dt

"

�
X
m

hmj~q1ðt0Þjmþ 1ihmþ 1jFþjmieixð1Þ
mþ1;mDt

#
� e�ixt=2þ c:c:;

ð21Þ

where

xð2Þ
m;mþ1 ¼ x� ðEmþ1 � EmÞ=�h ðfor F ¼ 2Þ ð22Þ

xð1Þ
mþ1;m ¼ x� ðEm � Emþ1Þ=�h ðfor F ¼ 1Þ ð23Þ

are the differences between the applied radio-frequency field and
the transition frequencies in the Zeeman resonances. The plus sign
in Eq. (21) corresponds to the probe beam perpendicular, the minus
to the probe beam parallel. The real part of the expression in square
brackets in Eq. (21) corresponds to the in-phase part and the imag-
inary to the out-of-phase part in the resulting spectra.

For the calibration of the reference signal, the strength of the
excitation field is varied for a given pulse length tp and the result-
ing signal is fit to a sinusoid. For delta-function pulses [52], in
which no hyperfine evolution occurs, the resulting signal would
give an exact calibration with a null signal or zero-crossing corre-
sponding to the tip angle h � lBB1tp=�h ¼ p. The zero crossing can
be used as a metric of the accuracy of the fit. For 100% polarization
the F ¼ 1 sub-level is unpopulated and with a finite pulse the zero-
crossing would be close to h ¼ p. Deviations from the ideal case
become pronounced with lower polarizations and finite pulses.

Predictions for positive polarization, the end-state
jF;mFi ¼ j2;2i is most highly populated, and for negative polariza-
tion, whereby the end-state j2;�2i is most highly populated, are
shown in Fig. 1 for a B0 field of 0.19 mT. For positive polarization,
the frequency of excitation is matched to the j2;1i ! j2;2i transi-
tion. All other transition levels, both in the F ¼ 2 multiplet and in
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orthogonal (right) to the probe beam. This direction, along with the polarization and pu
clear that for the 48 ls pulse (solid lines) the orthogonal pulse varies much less than the p
in all cases (dashed lines).
the F ¼ 1 multiplet, are higher in frequency, as shown in Fig. 2.
For the negative polarization, the frequency of excitation is
matched to the j2;�1i ! j2;�2i transition; in this case, all other
transition frequencies in the F ¼ 2 multiplet are lower than the
excitation frequency and the F ¼ 1 multiplet transition frequencies
are higher in frequency.

In all cases, as expected, the short pulses show no dependency
on polarization. For the longer pulses, the positive polarization has
less variation as a function of frequency. In particular, for the case
where the probe beam is perpendicular to the RF excitation, the
off-resonance effects of the two multiplets tend to compensate
for one another, and the variation is less than 0.5%. Therefore, if
the system is limited in power such that longer, weaker pulses
are unavoidable, a more accurate calibration of the reference
pulses would be achieved if the polarization of the sensor were
positive and the excitation were orthogonal to both the pump
and probe beams.

3. Experimental design

The experimental setup is similar to that of previous experi-
ments [45,43] but with some important improvements, as dis-
cussed in detail in this section. As shown in Fig. 3, an array of
four optically pumped atomic magnetometers from Twinleaf [53]
with a baseline of 25 cm are placed inside a set of three pairs of
compact coils used to compensate for Earth’s fields as well as to
set the magnetometer’s resonance frequency to the frequency of
interest.

3.1. Sensor readout

The vapor cell of the magnetometer consists of isotopically
enriched 87Rb with 0.8 amg of Neon as a buffer gas, 0.05–0.06
amg of N2 as a quenching gas [54,55], and has an effective volume
of 0.36 cm3. The cell is heated to 140 �C and pumped at the D1 res-
onance for 87Rb using circularly polarized light; the input to the
pump fiber was 200 mW for each sensor. The linearly polarized
probe is orthogonal to the pump and is about 0.12 nm off of the
D1 line. The linearly polarized probe passes through the vapor
twice and experiences a small rotation, / of Eq. (1), in polarization
which is measured by a balanced polarimeter [56]. In the case of a
small steady-state signal, the transverse value of F is proportional
to the magnetic field B1 [24].
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Fig. 2. An example spectrum is given by tP ¼ 2:3 ls, h ¼ 18	 pulse at 20%
polarization with B0 = 0.19 mT. Each peak is labeled by F level (blue) and mF

sublevel (red). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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A TecMag spectrometer [57] was used to measure the electronic
signal produced from the balanced polarimeter. The spectrometer
was found to have a non-linear response to voltage inputs, Fig. 4,
which hindered the efficiency of the suppression algorithm for
Fig. 3. The array of four magnetometers is centered in the fiberglass-reinforced polyest
bottom (minus the small coil used as a magnetic dipole source). The ribbon wire is wra
fields used for reference signals are generated by the large square coils attached to the c
cell. A third laser beam is fiber-coupled with the fiber end embedded in a ceramic he
temperature of the oven. From left to right, the sensors will be referred to as Outer 2, Inne
legend, the reader is referred to the web version of this article.)
signals of varying sizes. To take advantage of the dynamic range
spanning four orders of magnitude, an external pre-amplifier was
used. With this configuration, only 0.5% residual from a linear fit
was found, an order of magnitude improvement. This improve-
ment is shown in black in the inset of Fig. 4. Likewise, the phase
of the signal varied greatly using the internal amplifiers. Using
the external amplifiers, however, reduced this effect significantly.
The 0.5% residual was key to obtaining rejection factors of around
200.

3.2. Fields

To study interference rejection, the magnetometers are tuned to
the frequency of a local radio station at 1.31 MHz. Field coils, com-
mon to all four sensors, are used to compensate for Earth’s field
and to set the magnetometer’s resonance frequency. In addition,
each sensor has individual coils to provide more localized field
control. To avoid re-radiation of the interference from the field
coils and its non-linear contribution to the local field [43], coils
with a smaller footprint and fewer turns are used [45]. Wider spac-
ing between coils reduces capacitance between windings. Conse-
quently, the self-resonance is shifted away from 1.31 MHz.
Additionally, adding ferrite rings to the static field coils helped to
choke-out any RF signal picked up by the coils.

In addition to the local re-radiation of interference, the AC line
present in the building was also observed to shift the resonance
er (FRP) frame. A schematic is shown on top, and the corresponding photo on the
pped symmetrically around the array and used to control local static fields. The RF
eramic posts with blue tape. The pump and probe beams are fiber-coupled into the
ating element placed near the cell; the power of the laser is used to control the
r 1, Inner 2, and Outer 1. (For interpretation of the references to colour in this figure



Fig. 4. The spectrometer was found to have a non-linear response in signal (left) and phase (right) at certain gain settings (red) so a fixed gain setting was used and additional
amplification was provided by external pre-amplifiers (black). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

40 R.J. Cooper et al. / Journal of Magnetic Resonance 296 (2018) 36–46
frequency of the sensors. Therefore, all of equipment was put on an
AC power conditioner and sequences were triggered off of the AC
line. Furthermore, the ferrite rings placed on the field coils greatly
reduced the 60 Hz footprint that was present in previous work
[43].

A small loop of current with radius R = 1 cm, pointing in the ŷ
direction, was used to simulate a near-field signal of interest. A
two-dimensional vector measurement can be made by considering
the phase of the signal in the two directions orthogonal to the
pump direction [58]. The field B from the loop can be approxi-
mated as a magnetic dipole with magnetic moment m ¼ mŷ,

BðrÞ 
 l0

4pr3 ½3ðm � r̂Þr̂ �m�; ð24Þ

where r is the displacement from the loop. At the magic angle [52],
ŷ � r̂ ¼ 1=

ffiffiffi
3

p
, the By field changes sign. This is useful in an array as it

specifies the distance the outer sensor must be from the dipole in
order to have all signals generated by the dipole add under the
interference rejection algorithm. A 2D vector measurement can be
made by decomposing the acquired signal into its real and imagi-
nary components and using the reference signal to phase it appro-
priately. Displayed in Fig. 5 is a model of the signal from a dipole
overlaid with vector-resolved measurements for each of the four
sensors.

3.3. Phase cycling and 2D spectroscopy

As in a spin-lock spin-echo pulse sequence [59–61], the data is
acquired in N separate, but consecutive, windows. Normally, a
refocusing pulse is inserted between the windows, followed by
some dead time. It is during this time that the atoms are pumped.
Details of the sequence are shown in Fig. 6.

During the windows, data from the ambient signal and the ref-
erence signal is acquired. The reference signal, however, is phase-
alternated, changing by p with each new window. To observe the
ambient signal, consecutive windows are added, removing the ref-
erence signal and leaving N/2 data sets. To observe the reference
signal, consecutive windows are subtracted. Any field shifts can
be easily be seen by changes in the magnitude and phase of the ref-
erence signal. Figure 7 shows how the reference signal (�20 pT)
closely matches the interference signal of roughly the same size.
Therefore, corrections to the ambient signal, including both inter-
ference and signals of interest, can be done in real time.

Once the ambient signal is calibrated via the reference signal,
the data is Fourier transformed. The on-resonance peaks of this
spectrum are Fourier transformed a second time. This gives a 2D
spectrum which has �1 Hz resolution, with the signal of interest,
as from the current loop, placed on resonance. Finally, the rejection
algorithm consists of adding signals from the inner two sensors
and subtracting those from the outer two sensors to gain the final
sensitivity values of 15 fT=

ffiffiffiffiffiffi
Hz

p
.

4. Results and discussion

4.1. Calibrating the reference signal

In previous works, calibration of the magnetometers yielded
results which were not robust over time [43,45]. Fig. 6 shows the
ESR pulse sequence and Fig. 8 shows typical calibration curves
for tp ¼ 48 ls excitation pulses. However, the calibration for this
length of pulse has a polarization dependence, as shown in Fig. 9,
leading to an unreliable calibration. Also shown in Fig. 9, a shorter
pulse of 2.3 ls provides a more robust experiment, as predicted in
Section 2. For the shorter, stronger pulse, the voltage into the coil
that produced the reference signal is quite large, twenty times
higher than the voltages used for the longer, weaker pulses. There-
fore the signal from a small coil is used as a measure of the field, in
particular, the net area under the pulse, which includes �0.5 ls
rise and fall times.

For all calibrations, the cell temperature is decreased to 100 �C.
There are two reasons to reduce the temperature. The first reason
is to reduce the decay of transverse polarization during the excita-
tion pulse down to the limit dictated by the field inhomogeneity,
around a ms, so as to keep the calibration uncorrupted. In the limit
of low polarization, and therefore faster decay [62], the intrinsic
relaxation rate is directly proportional to the Rb number density
which is increased with temperature. The second reason is to
ensure that the Faraday rotation of the probe light stays within
the small angle approximation, so that the response of the bal-
anced polarimeter [56] stays within a linear regime [43]. At
100�C, the maximum Faraday rotation for the optimal tip angle,
h ¼ p=2, and 100% polarization is 0.2 rad.

In Section 2, the response to an RF pulse was modeled over a
range of polarizations, including both positive and negative values,
and two different pulse times. As shown in Fig. 10, at longer pulse
lengths the zero-crossing of a p pulse deviates significantly (3–5%)
at low polarization as predicted. This corresponds to an increased
pulse field needed for a full p rotation, as seen in Fig. 9, and devi-
ations from a pure sinusoid, as seen in Fig. 8.



-10 -5 0 5 10

x (cm)

0

1

2

3

4

5

6

7

8

9

y 
(c

m
)

Prediction
Sensor measurement

Fig. 5. A near-field signal of interest was generated from a small current loop placed at the origin. The data was calibrated to the reference signal to make the ŷ direction
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After the RF pulse is over, the mF level populations are calcu-
lated at various polarization and tip angles and compared to exper-
imental data, Fig. 11. This gives insight into the spin dynamics
driving the calibration deviations. In the prediction, a transverse
(or spin-spin) relaxation time T2 of approximately 1 ms is used in
the prediction. As expected for the short pulse, a shift from the



Fig. 8. For a fixed pulse length, 48 ls (left) and 2.3 ls (right), the excitation field is varied. For the longer, weaker pulses, the voltage into the reference coil is used as a metric
of the field; for the shorter, stronger pulses, the net signal from a small nearby coil is used. By fitting the response to a sinusoid, sinðp2 X

Xo
Þ, a calibration factor, a ¼ 1=ð2XoctpÞ is

obtained, where c = 7 MHz/mT.

Fig. 9. When a long pulse (left) is applied to the system, a change in calibration factor Xo , Fig. 8, is observed based on the atomic polarization while the short pulse (right) has
little dependence on polarization.
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higher mF states to the lower mF states is seen as the tip angle is
increased towards p. This behavior is also seen for the longer pulse,
but only at short tip angles. Closer to p, the off-resonant effects
introduced by the non-linear Zeeman splittings become apparent,
particularly for the low polarization case where the F ¼ 1 sublevel
has a significant population.

Accurate measurement and analysis of the ESR calibration data
is pivotal to the success of the rejection algorithm. The rejection
algorithm uses the relative signal sizes, as calibrated by the refer-
ence signal, of each sensor to perform noise cancellation. Put sim-
ply, the more accurate the relative signal sizes are measured, the
more accurate the noise cancellation will be.

4.2. Radio-frequency interference mitigation

Previously, the orientation of the array has been observed to
significantly affect the degree of rejection of interference, by as
much as a factor of 6 [43]. For this reason data was taken in mul-
tiple orientations denoted by the orientation with respect to a
nearby wall, the parallel (k) and perpendicular (?) directions,
and a direction, approximately 45� between the two. Over the
course of a week, the array was cycled through the various orien-
tations. With each new orientation, a calibration of the reference
signal was done with both a long and a short excitation pulse. With
the 2.3 ls excitation pulse, the calibration factor a changed by less
than 0.25% for each sensor, with the 48 ls excitation pulse varia-
tions were as high as 1.5%. This shows the robustness of using
the shorter pulses and bodes well for doing the calibration of the
reference signal only when the resonance frequency is changed.

To separate out the interference rejection from the intrinsic
sensitivity of the array, the magnetometer is operated at two reso-
nance frequencies, one at 1.31 MHz, the nominal frequency of a
local radio station, and one at 1.28 MHz, outside the bandwidth
of the radio station. Data is shown in Fig. 12, both for a single sen-
sor in (a), and for the whole array in (b) and (c). The large peak
shown in Fig. 12(a) is caused by the radio station signal and it is
about a Hz away from the resonance frequency of 1.31 MHz. By
using the array, Fig. 12(b), the interference signal is reduced by a
factor of 120. Note the change of scale from Fig. 12(a) and (b). In
other orientations, the interference is suppressed by factors up to
250. This represents an improvement in the rejection by more than
a factor of 2 over previous results [45].
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Fig. 11. The spectra from outer sensor 2, which has positive polarization, is shown above for various tip angles h. The black and red lines show the modeled transition
probabilities for each case with a 2.3 ls (black) and 48 ls (red) pulse. The individual mF transitions are labeled in Fig. 2. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Further, to demonstrate the ability to retain a weak signal from
a local source, data is also taken with a small oscillating dipole, cre-
ated by a current loop as shown in Fig. 12(a) and (c). This dipole
source is strongly detected on the inner sensors, with field
strengths of �100 fT, but not on the outer sensors, as near field
radiation falls off as 1=r3, Eq. (24). To distinguish this coherent sig-
nal from noise, both the standard deviation around the mean r and
the root-mean-square (RMS) values are calculated from 100 scans;
the former is the incoherent noise, the latter includes coherent sig-
nals. For a single sensor the dipole signal is clear when its fre-
quency is well away from that of the radio station, Fig. 12(a), but
is obscured when its frequency is close to that of the radio station.
When using the signal from the full array, however, the dipole sig-
nal is revealed, Fig. 12(c). Note, it appears there is some corruption
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in the cancellation in Fig. 12(c), due to re-radiation of the interfer-
ence from the dipole. There is no such corruption without the
dipole, Fig. 12(b), and the spectra at the two frequencies converge
quickly off-resonance.

The radio station is representative of a far-off source of interfer-
ence, which would be expected to have a close-to-linear spatial
variation over the sensor array. The unshielded array sits, however,
in the middle of a noisy laboratory environment, including noise
from the instrumentation associated with the operation of the
array. This noise would have more deviation from linear than a
far-off source [45] and could very well be coherent with the spec-
trometer. An example of such noise is seen by the 16 Hz noise peak
in the 1.28 MHz spectra. By using the full array, this interference is
reduced by a factor of 10 over a single sensor. As can be seen in
Fig. 12(b), the RMS value is much larger that the r value; although
not shown, this is also the case for the individual sensors. This is
indicative that this noise is coherent with, and therefore ultimately
results from, the spectrometer. No effort was made to isolate this
source of noise; this will be explored in future work.
5. Conclusions

By creating field coils that do not self-resonate near the fre-
quency of interest, choking out additional noise picked up by them,
as well as ensuring that signal measured by the spectrometer
increased linearly with voltage, sensitivity and rejection has
greatly improved from previous experiments. Furthermore, prop-
erly calibrating the magnetometers with short ESR pulses gave pre-
cise relative signal ratios which greatly contributed to the overall
interference rejection ratio. The model predicts that an ESR pulse
orthogonal to the pump and probe directions produces a higher
stability atomic response and will be explored experimentally in
future research. Using real-time reference signals to calibrate the
fields has enabled more accurate field corrections that further
increase interference rejection. 2D spectroscopy was used to gain
a 0.8 Hz resolution, which allows clear identification of off-
resonance noise. It has been shown that an array of optically
pumped magnetometers can achieve sensitivities on the order of
15 fT=

ffiffiffiffiffiffi
Hz

p
with a factor of 100–250 interference rejection. This
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allows for an effective method of detecting localized signal sources
in the midst of large far-field interference. The methods employed
in this setup enable a robust method of unshielded detection of fT
signals and interference suppression.
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