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We present an unshielded, double-resonance magnetometer in which we have implemented a feed-
forward measurement scheme in order to suppress periodic magnetic noise arising from, and corre-
lated with, the mains electricity alternating current (AC) line. The technique described here uses a
single sensor to track ambient periodic noise and feed forward to suppress it in a subsequent measure-
ment. This feed forward technique has shown significant noise suppression of electrical mains-noise
features of up to 22 dB under the fundamental peak at 50 Hz, 3 dB at the first harmonic (100 Hz),
and 21 dB at the second harmonic (150 Hz). This technique is software based, requires no additional
hardware, and is easy to implement in an existing magnetometer.

I. INTRODUCTION

Unshielded magnetic sensors that operate at geomagnetic
field magnitudes will provide previously unavailable precision
to applications in archaeology', surveying®, cardiography?
and many other fields*. To satisfy the needs of such dif-
fering applications magnetometers must provide, variously,
high dynamic range, wide bandwidth, and high sensitivity.
As an example, applications in magnetocardiography ide-
ally require the capability of operating in Earth’s field of
~50 uT, bandwidths of DC-100 Hz, and sensitivities ap-
proaching 1 pT/+/Hz°.

Superconducting quantum interference devices (SQUIDs)
and fluxgates have long been established as sensitive and reli-
able magnetic sensors, but they have a number of limitations.
SQUIDs require cryogenic cooling which limits their use as
portable, compact sensors’. Fluxgates, despite their portabil-
ity, lack the required sensitivity for applications with short in-
tegration times or those requiring good low frequency reso-
lution, such as detection of rotating machinery>®. Optically
pumped atomic magnetometers have operating temperatures
in the range 20-200°C and demonstrate sensitivities compara-
ble with SQUIDs and far exceeding fluxgates. Of this class of
device, spin exchange relaxation-free (SERF) atomic magne-
tometers lead the way in absolute sensitivity®, but their mea-
surement range is limited to near-zero fields!?. Double reso-
nance atomic sensors have excellent dynamic range, achieving
sensitivities compatible with a range of applications with the
potential to operate in the Earth’s field'!.

In this work, we report a double-resonance atomic magne-
tometer that achieves <100 pT/y/Hz sensitivity in a noisy, un-
shielded environment using a robust and easily-implemented
feed-forward method with a -3 dB cut-off frequency of
520 Hz. The magnetometer described here uses an ellip-
tically polarized beam to create a net magnetisation in the
atomic cesium vapor due to orientation of their spins through
optical pumping'?. The magnetisation precesses about the
ambient field, B, at @, the Larmor frequency such that:
o = YB, with proportionality constant ¥ being the gyromag-
netic ratio. The atoms are simultaneously optically pumped
with near-resonant light and interrogated magnetically with a
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near-resonant oscillating magnetic field in a process known
as double-resonance magnetometry'>. In this case we drive
the precession with a small sinusoidal RF field, Brr. This
technique has the advantage of simple geometry, with a single
laser beam acting as pump and probe. Our experimental setup
has been designed as a test bed for portable sensors, and we
aim to minimize the complexity and number of optical ele-
ments. Alternative schemes such as amplitude or polarization
modulation have additional power and space constraints due
to component requirements such as acousto-optic and electro-
optic modulators!#13.

Periodic environmental magnetic noise is a challenge for
unshielded magnetometers!®!7. A common source of noise
in unshielded indoor environments is inductively-driven mag-
netic fields generated at harmonics of the AC line electrical
supply frequency. In our laboratory, this line noise has a typi-
cal amplitude in the 100 nT range, observed at 50 Hz (United
Kingdom electrical mains frequency) and higher harmonics.

Typically, environmental noise is dealt with by using pas-
sive shielding or active compensation. Passive shielding,
which places the sensor inside a highly-permeable enclosure
is necessarily bulky, heavy and shields the sensor from sig-
nals of interest. Active compensation, through the generation
of local magnetic fields opposing components of the environ-
mental field, can be achieved either dynamically or statically
using coils and low-noise current drivers. Schemes have been
implemented which modify the ambient field around the ex-
periment in order to reduce magnetic noise'®. Often an ad-
ditional sensor such as a fluxgate is used to generate an er-
ror signal'®. Within active compensation there are two broad
categories; feedback and feed-forward. Feedback directly re-
acts to changes in the field based on the last instantaneous
measurement?’, Feed-forward takes a slice of data over time
and feeds forward a prediction to the next slice. This can
be implemented by feeding forward to compensation coils to
cancel the ambient noise in the field external to the sensor?->2,
In this work an ambient field snapshot is fed forward to the
sensor itself, modifying the RF field frequency to track the
ambient field more accurately as it varies in time, thus ensur-
ing that the magnetometer operates close to its maximum sen-
sitivity throughout the noise cycle. This can be advantageous
if feedback is not implementable due to equipment latency and
data transmission rate constraints.

We describe a feed-forward scheme that takes a free-
running measurement in the presence of noise and a feed for-
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ward measurement sequentially, by tracking the Larmor fre-
quency in the same sensor. Oscillating signals of interest
should not be present during the unlocked measurement. As
such, the signal must be capable of being isolated, switched,
or moved with respect to the sensor between the unlocked and
feed-forward stage. The measurements are triggered from the
AC line signal such that the feed-forward measurement phase
matches the magnetic noise and the RF field frequency fol-
lows the Larmor frequency more accurately — reducing the
power under the 50 Hz peak in the frequency domain by 22 dB
and the overall noise floor by 20 dB (in the bandwidth 1 Hz
to 1 kHz). Although feed-forward schemes have previously
been implemented to control the ambient magnetic field, we
do not know of any to date that operate in the same sensor, or
by feeding forward to the RF field frequency, thereby tracking
the real ambient field more closely.

Il. EXPERIMENTAL SETUP

The experimental setup schematic of the unshielded dou-
ble resonance magnetometer can be seen in Figure 1. An ex-
ternal cavity diode laser tuned to the cesium D1 transition is
elliptically polarized and incident on a micro-fabricated va-
por cell containing cesium and 700 Torr nitrogen buffer gas.
The smallest inner dimension of the cell is 2 mm. The cell is
mounted on a small purpose-built printed circuit board (PCB)
and heated to approximately 80 degrees using an AC heater
driven at 17 MHz. This temperature ensures sufficient vapor
pressure and thus atomic density of cesium in the cell. The
PCB has an integrated RF coil that is used to apply RF fields
to the cell. This is controlled in software via a digital to analog
converter (DAC).

The cell is at the centre of a three-axis Helmholtz coil set
which act to compensate the Earth’s field and apply arbitrary
fields in any orientation®. The laser light interacts with the
atoms and is subsequently analysed by a half-wave plate. A
Wollaston prism (WP) separates the light into its orthogonal
components and directs them onto a two-channel differential
photodiode. The polarization rotation due to circular dichro-
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FIG. 1. Schematic of the experimental setup. The laser is elliptically
polarized and incident on a microfabricated atomic cell. The am-
bient field, By is controlled by three-axis Helmholtz coils and Brp
is applied on a small coil mounted close to the cell. The magnetic
signal is read using a balanced photodetector and both analysis and
system control is done in software.(DAC: Digital to Analog Con-
verter; ADC: Analog to Digital Converter; WP: Wollaston Prism;
Aux.: Auxiliary coil)

ism is read by the computer via an analog to digital converter
(ADC), and demodulated at the applied Bgr field frequency.

Ill. RESULTS

The feed forward measurement scheme comprises three
distinct steps; a resonance sweep, an unlocked noise measure-
ment, and a feed forward measurement.

The resonance sweep is generated by scanning a 300 nT
sinusoidal field, amplitude Bgr and frequency wgr through a
range of frequencies in the region of the Larmor frequency and
the resultant signal is demodulated at the applied frequencies.
This produces a Lorentzian resonant response, as seen in Fig-
ure 2, with the zero-crossing corresponding to . By fitting
to the in-phase (Y), quadrature (X) and phase components of
the demodulated signal the parameters I', the relaxation rate;
yr, the Larmor frequency; and A, the on-resonance amplitude
can be calculated. The fit functions are as follows:

XA
= Trsa )
(1+x)A
R @

where x = 2LPRE § — %, and Q is the magnetic Rabi fre-
quency. Parameters relevant to the feed-forward scheme are
tabulated in Table I. A pre-trigger time is included before
the Bgr is applied, during which only the static field is ap-
plied. The noise on this measurement is calculated by taking
the RMS deviation of the polarimeter signal while no Bgr is
applied for the same sample time as the resonance scan in
question.

The measured Larmor frequency, @y, is then used in a free-
running, or ‘unlocked’ measurement. The start of this mea-
surement is triggered from the AC line. A constant RF field at
oy, is applied for a period of time and the response of the mag-
netometer measured. The polarimeter signal is demodulated
at oz, and the in-phase signal component (X) is converted to

Amplitude (V)

60 65 70 75 80
RF Frequency (kHz)

FIG. 2. In-phase and quadrature components of the magnetic reso-
nance signal for an applied RF magnetic field that is swept through
the Larmor frequency.
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Larmor frequency, wy, (kHz) |70.049(11)
SNR 4370(62)
Relaxation Rate, I' (kHz) 1.016(14)

Sensitivity, vPSD (pT/+v/Hz)| 2.913(69)

TABLE L. Values of experimentally-relevant parameters derived from
fits to the resonant response in Figure 2.

a magnetic field deviation using the fitted on-resonance gra-
dient. This is a snapshot of the ambient periodic magnetic
noise.

The in-phase response of the magnetometer is applied to the
next measurement as a modulation of the applied RF field fre-
quency. This measurement is also AC-line triggered in order
to ensure that its phase matches the previous measurement.
The sensor has been found to more accurately track the am-
bient field when operating in this mode. The reduction of the
noise amplitude maintains the magnetic signal in the desired
linear operating regime. This can be seen clearly in the de-
modulated data in Figure 3. The RF frequency more closely
tracks the Larmor frequency on the feed-forward measure-
ment, resulting in the peak to peak amplitude being reduced
by ~200 nT.
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FIG. 3. Segment of demodulated magnetic field data from a 6 second
period in the unlocked (blue) and feed-forward (red) modes.

The noise reduction can be seen more clearly in the fre-
quency spectrum, as seen in Figure 4. The power under the
50 Hz peak is reduced by 22 dB in the range between 45 and
55 Hz as well as the peak amplitude being reduced by a factor
of over 500. The peak at 100 Hz is reduced by 3 dB between
95 and 105 Hz, and the 150 Hz peak is suppressed by 21 dB
between 145 and 155 Hz.

The peak at 22 Hz corresponds to building air conditioning
units which are not in phase with the AC line. These units are
directly adjacent to the lab and therefore the magnetic signal
is large with respect to other noise sources. The feed-forward
routine does not suppress the noise from this source, and in-
stead the noise at 22 Hz is increased. This will be the case with
any signal not phase-locked to the mains signal present during
the initial unlocked measurement. This observation highlights
a limitation of our technique.

In order to test the noise cancellation technique in the
presence of an arbitrary magnetic field signal, a small aux-
iliary Helmholtz coil pair is placed around the cell. The
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FIG. 4. Top; magnetic noise spectra for the unlocked (blue) and free-
running (red) modes. The power under the 50 Hz line and its har-
monics can be seen to be reduced in the feed-forward mode. These
data have been rescaled by the response of the sensor. Bottom; ratio
of unlocked spectral response to that of feed-forward, showing abil-
ity of the feed forward technique to suppress in-phase periodic noise
across the a range of frequencies. In particular the peak at 50 Hz
is suppressed by a factor of 500. Data have been rebinned into 500
logarithmically spaced bins for clarity.

coils are aligned to the axis of maximum sensitivity of the
magnetometer’. A function generator can apply oscillating
currents to the coil at arbitrary frequencies during the feed
forward measurement stage and this can be demodulated in
software to recover the amplitude of the field.

Applying a known, constant amplitude oscillating field at
different frequencies yields the frequency response of the sen-
sor in Figure 5 from which the bandwidth of the sensor can
be inferred to be 520 Hz (-3 dB cut-off). The region up to
100 Hz is flat, and we are able to resolve frequencies close to
the 50 Hz line. This demonstrates part of this scheme’s ad-
vantage over a notch filter, which would necessarily attenuate
signals of interest in its band. It should be noted that the mea-
sured response function has been incorporated into the calcu-
lation of the magnetic noise spectrum in Figure 4.

The response of the sensor in the feed forward mode is seen
to be the same as in the unlocked mode, in Figure 5. This is
as expected, as the feed-forward technique should not change
the response of the sensor, only allow smaller signals to be
resolved. The sensitivity of the device in unlocked and feed-
forward modes is frequency specific. The resonance scan in
Figure 2 has a sensitivity of 2.91 pT/+/Hz, where sensitivity is
here estimated as the square root of the power spectral density
(PSD):
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FIG. 5. Response of the sensor to applied magnetic fields of a fixed
amplitude. The response rolls off to a -3 dB point of 520 Hz .The
response of the sensor is identical in the unlocked and feed-forward
modes.

Condition RMS Noise (V)|vPSD (pT/+/Hz)
Laser blocked, Bgron| 1.85x 102 1.75(19)
Laser blocked, Brp off| 2.28 x 10~* 1.46(75)

Laser on, Br off 29%1074 2.30(46)
Photon shot noise 6.2x 1076 0.05

TABLE II. Contributions to noise in the sensor arising from primary
noise sources in the experimental setup.

1 OB
PSD= ——0X 3
/BW 6X 3
Where BW is the measured bandwidth of the sensor, g_)lg is

the gradient on resonance and 6X is the RMS noise of the po-
larimeter signal after demodulation in the range 60-80 kHz,
the range shown in Fig. 2. This gives an estimate of the mag-
netic noise the atoms are experiencing and transferring to the
laser beam. This sensitivity figure reflects the ability of the
sensor to resolve small changes in the field over a short mea-
surement period of 20 ms. Over longer measurement periods
the ambient magnetic noise contributes significantly.

Table Il illustrates contributions to the sensitivity of the sen-
sor as compared to our calculated photon shot-noise sensitiv-
ity. RMS noise was recorded for each condition for a 20 ms
period and the equivalent sensitivity calculated using (3). This
gives an indication of the contribution of optical noise, RF
coils and the DAQ system. This feed-forward technique has
the potential to be scaled to improve the duty cycle. A shorter
unlocked measurement should still yield good noise suppres-
sion for 50 Hz and its main harmonics, and may couple less
low-frequency noise to subsequent measurements.

IV. CONCLUSION

We have presented an experimental feed-forward technique
that achieves suppression of periodic magnetic noise arising
from the mains AC line primary frequency and its harmonics.
The noise reduction is greatest around 50 Hz and 150 Hz, im-
proving the sensor’s ability to resolve magnetic signals around

this frequency band, with an amplitude reduction of 500 and a
noise power reduction of 22 dB in the band of +5 Hz around
the 50 Hz peak,. The feed-forward mode is effective in track-
ing more closely the ambient periodic noise, as the applied
Brr is closer to the Larmor frequency for longer periods of
time. This effect can be achieved with fast feedback, where
the RF field continuously tracks the Larmor frequency in real-
time. Constraints of our data acquisition system do not allow
for fast enough feedback.

The response of the sensor to applied excitation fields is
identical in the unlocked and feed-forward modes, rolling
off to a bandwidth of 520 Hz, which is compatible with
the pressure-broadened vapor cell used. This feed-forward
scheme is easily implementable in an unshielded system
where large amplitude periodic noise dominates. In its current
form it lends itself to applications that do not require 100%
duty cycle, and those where the signal to be measured is peri-
odic or can be deterministically turned on and off. Although
the results shown here focus on mains AC noise, this tech-
nique is readily implementable in any scenario that presents
periodic magnetic noise. Fetal magnetocardiography provides
a possible example. A fetal magnetocardiac measurement
may in theory be triggered from the mother’s electrocardio-
gram, allowing her heart’s large amplitude magnetic signal to
be suppressed and improving recovery of the fetal heart rate.
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