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ABSTRACT

Zero-field optically pumped magnetometers (OPMs) have emerged as an important technology in the realm of
biomagnetic research, providing extremely small magnetic field detection capabilities, femtotesla-level, contained
in a non-cryogenic compact form factor. Often, compact zero-field OPMs extract single or two-axis magnetic
information, typically with a sensing bandwidth of < 100 Hz. The resolution of multiple axes of magnetic field
is particularly important for accurate representation of radial components of biomagnetic fields. However, the
presence of multi-axis static magnetic fields across the OPM causes measurement errors that degrade signal
resolution.1 Here, we utilise our compact caesium single beam zero-field OPM2 to address these limitations.
We magnetically modulated along both transverse axes of the sensor, at unique frequencies, to extract all axes
static-field information. Active feedback can be realised through a lock-in detection scheme at fMod,x/y for
the x- and y-axes, and at 2fMod,x for the beam axis, z. Operation in this scheme allows for the extraction of
three-axis magnetic field information from only a single beam and highlights the importance of active feedback
in high-sensitivity biomagnetic applications. The portable sensor also demonstrates a bandwidth with a -3 dB
point at ≃ 1600 Hz. The combination of high bandwidth and the capability to extract three-axis magnetic fields
opens up exciting prospects for resolving high-frequency biomagnetic signals.
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1. INTRODUCTION

Magnetic field measurements of the human body are essential for diagnostics and research.3–10 Advances in op-
tically pumped magnetometers (OPMs)11–14 have led to demonstrations of sensors that approach the sensitivity
of low-temperature superconducting quantum interference devices (SQUIDs), without the need for cryogenics,
lending themselves to mobile or functional measurements. Zero-field OPMs are pivotal in biomagnetism due to
sensitivity (10−15 T level), size and portability capabilities, which may combine to facilitate new biomagnetic
measurement paradigms.15 Portability is critical in enabling multiple sensors to be utilised simultaneously in
arrays to provide spatial information for biomagnetic measurements, as demonstrated for full head magnetoen-
cephalography (MEG)16,17 and full chest magnetocardiography (MCG).18 Developments in portable zero-field
OPMs have improved source localisation19 due to better signal coverage,16,20,21 where the measurement of
accurate magnetic field information underpins the accurate extraction of spatial and temporal information.

OPMs utilise laser light to optically pump an atomic ensemble of alkali vapour into a polarised atomic
state, and optically probe the ensemble to measure the atomic response to a magnetic field. In the interest of
miniaturisation and portability, zero-field OPMs for biomagnetic measurements typically utilise a single laser
beam to both pump and probe,22,23 however, such schemes are typically demonstrated for single24 or dual axis
magnetic field information.

Three-axis magnetic field extraction schemes for zero-field OPM have been proposed for dual25,26 and single
beam22,23,27 OPM configurations to promising effect. However, these schemes require a considerable increase
in the complexity of the sensor design or operation. Here, we propose a three-axis single beam OPM detection
scheme based on only two cross-modulating fields. By extracting magnetic information across all three axes
from a single beam, we aim to maintain zero-field across the atomic ensemble at all times. This prevents any
systematic measurement error to arise that is caused by the presence of multi-axis magnetic fields perpendicular
to the sensitive axis of an OPM,1 to more accurately measure components of an applied magnetic field.
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Figure 1. a) Setup of the portable caesium (Cs) zero-field magnetometer. The sensor head operates inside a five-layer
mu-metal shield. The laser light from the Distributed Bragg Reflector (DBR) is delivered to the sensor-head using an
optical fibre. Bi-planar coils (BP) inside the sensor-head provide three-axis static field control.2 The driving and control
electronics including Data Acquisition (DAQ) unit, coil driver,34 lock-in amplifiers and cell heater driver operate outside
the shielding. b) Photograph of the portable caesium zero-field magnetometer within multiple pairs of Helmholtz coils
wound on 3D printed coil formers.

2. EXPERIMENTAL SETUP

The setup of the portable caesium zero-field magnetometer is shown in Fig. 1, as detailed fully in,2 here housed
within a laboratory setting. The micro-fabricated atomic vapour cell28 containing caesium atoms and 225 Torr
of nitrogen buffer gas is heated to ≃ 120 ◦C by AC resistive heating, to reach the atomic density required to
reach the spin-exchange relaxation free regime.29 In this regime, spin-exchange collisions no longer cause spin
relaxation because the entire alkali ensemble precesses coherently,29–31 facilitating high-sensitivity measurements.
To attenuate any magnetic fields present in our laboratory environment, the sensor is housed in a 5-layer mu-
metal shield, with a shielding factor of ≃ 105, creating a low nT-level magnetic field environment across the
sensing atoms. The shield’s internal residual magnetic field is effectively neutralised through the implementation
of three pairs of bi-planar coils, offering three-axis orthogonal field control within the sensor package.2 Multiple
Helmholtz-like coils are also utilised, where the resulting magnetic field is easily calculated through derivation
of the Biot-Savart law.32,33 Three pairs of orthogonal Helmholtz coils located outside the sensor package are
used to apply magnetic test signals. The static fields are driven using a custom low-noise current driver.34 A
further two sets of Helmholtz coils are used to modulate the magnetic field across the x- and y-axes, BxMod

and
ByMod

respectively. The atoms are pumped along the z direction by a 6 mW Distributed Bragg Reflector (DBR)
laser tuned to the D1 resonance of caesium close to the F = 4 → F ′ = 3 hyperfine transition. The laser light is
elliptically polarised through the use of a λ

4 waveplate, to facilitate optimal optical pumping and probing35 of
the atomic vapour, and is then incident on a photodiode to measure light transmission through the vapour cell.

3. THREE-AXIS OPERATION

The practical three-axis operation of the OPM first requires multi-axis calibration to ascertain the magnetic field
that corresponds to any change in the measured photodiode voltage. The sensor calibration procedure utilises
the Hanle effect, the response of laser light transmission through an atomic ensemble under the influence of a
close-to-zero magnetic field,36 to identify the zero-field point across each axis, Bx0, By0, and Bz0. These field
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Figure 2. Lock-in features for the a) x−, b) y− and c) z−axes, extracted from the amplitude of the demodulated response,
ADemod, measured with respect to a sweeping magnetic field applied along the corresponding axis. Colour indicates the
frequency of demodulation which occurs at fMod,x/y for the x- and y-axes, and at 2fMod,x for the beam axis, z. The grey
shaded areas indicate the linear response region, in which the atomic response to magnetic field is linear. Bx0, By0 and
Bz0 indicate the zero-field point for the x−, y− and z−axis respectively.

values are applied using the internal biplanar coils within the sensor package to maintain a zero-field environment,
as described fully in.37 Once the static residual fields are cancelled, two modulating fields, BxMod and ByMod are
applied along the corresponding axes at unique frequencies fMod,x and fMod,y respectively. The static fields across
each axis are swept iteratively, and the resultant signal is demodulated, ADemod, using two lock-in amplifiers
at fMod,x/y for the transverse x- and y-axes, and 2fMod,x for the longitudinal z-axis, as seen in Table. [1]. By
repeating at each value of applied field, a dispersive signal is obtained for each axis, shown in Fig. 2.

The demodulated dispersive signals, shown in Fig. 2, act as the foundation for three-axis lock-in detection
at the zero-point. The linear response, indicated by the shaded regions, defines the dynamic range, Rdyn, in
which the measured response of the signal is proportional to the applied magnetic field. Linearity is important
for accurate sensing, to reliably provide the calibration of measured atomic response to a magnetic field value.
The slope of the demodulated signal in the linear region around zero field, for each axis, provides the axis-
specific signal-to-field conversion (mV/nT). Sensor calibration by this method ensures the field across the sensor
is zeroed, and the system response in terms of signal to magnetic field, is accurate across all three axes. Table
[1] shows the extracted slope and dynamic range for each axis, found using a simple linear model which in turn
defines the linear region boundaries.

4. THREE-AXIS SENSITIVITY AND BANDWIDTH

The bandwidth and sensitivity of the sensor are characterised, as shown in Fig. 3. The bandwidth is extracted
from the recovered amplitude of an applied 2 nT sine wave across the sensitive axis, for a logarithmic range
of frequencies between 1 Hz and 40 kHz. The dashed line, in Fig. 3(b), indicates a 2nd order low-pass filter
response fit to the measured data, with a -3 dB corner frequency of ≃ 1600 Hz. The sensitivity along each axis,

Table 1. Definition of modulation amplitude, AMod and modulation frequency, fMod, for each sensor axis. The linear
response within the demodulated signal for each axis is used to extract the slope (mV/nT), where the dynamic range,
Rdyn, defines the boundaries of the linear response. The sensitivity along each axis is directly measured by scaling the
square root of the power spectral density of each axis by the slope and averaging across the 5 - 20 Hz frequency band.

Axis AMod (nT) fMod (Hz) Rdyn (nT) Slope (mV/nT) Sensitivity (fT/
√
Hz)

x 150 507 ± 80 44 150
y 220 721 ± 90 62 94
z - - ± 260 13 321
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Figure 3. a) The measured magnetic noise floor of the sensor for each axis as labelled, the dashed line indicates the
geometric mean calculated in the frequency band of interest (5-20 Hz). b) Measured bandwidth extracted through the
recovery of the amplitude of an applied sine wave, applied at 2 nT magnitude, at various frequencies. The dashed line
indicated a 2nd order low-pass filter fit to the measured data, with a corner frequency of ≃ 1600 Hz.

Fig. 3(a), is directly measured by scaling the square root of the power spectral density of each axis by the slope
and averaging across the 5-20 Hz frequency band.

5. DISCUSSION

Here we demonstrated and implemented the use of two, rather than three, axis modulation in a single beam
zero-field OPM, to gather three-axis magnetic field information. There are distinct advantages to this method, in
both the reduction of complexity for computation, and also by incurring fewer potential technical noise sources
such as those introduced by driving currents for a third modulating field. We have shown that magnetic fields
along the beam, z-axis, can be extracted from the atomic response demodulated at the second harmonic of
the modulation on the x-axis, 2fMod,x. However in future work we will fully explore demodulating at fMod,x/y

and 2fMod,x/y for both modulation axes, and all combinations there of, to optimise the extraction of the z-axis
magnetic field information.

Using this technique the OPM has a demonstrated sub 400 fT/
√
Hz average sensitivity across the 5-20 Hz

frequency band, for all axes, and sub 100 fT/
√
Hz on the most sensitive axis. This peak sensitivity, <100 fT/

√
Hz,

aligns with the expected sensitivity for caesium based OPMs in this configuration.2 However, the authors
are preparing a publication demonstrating this technique in a rubidium based OPM, with more competitive
sensitivity capabilities.

Table [1] indicates a trade-off between the dynamic range of the sensor, in which the observed response to
a field is linear, and sensitivity. The dynamic ranges across all axes allow the sensor to be situated in changing
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fields in the 10’s of nT range, whilst allowing resolution of biomagnetism level signals. The main limitation of
this multi-axis modulation method is potential delays in response within a closed-loop feedback system due to
sampling time, however, the wide observed bandwidth mitigates this.
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