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Abstract— the measurement of magnetic field
generated by heart activity is crucial for the
diagnosis and treatment of heart diseases and
failures. Atomic magnetometers are an excellent
choice for detecting bio-magnetic fields due to
their comparable sensitivity to superconducting
guantum interference devices, lower
manufacturing costs, and lack of requirement
for low temperatures. These magnetometers
detect the magnetic field resulting from heart
activity by measuring the Zeeman energy
splitting and changes in laser light intensity as it
passes through an alkali metal vapor cell. To
improve the sensitivity of the measurements, this
study presents a gradiometer design that utilizes
two atomic magnetometers to eliminate
environmental magnetic noise. By using a
derivative technique, the homogeneous noises in
both magnetometer channels are effectively
eliminated. The gradiometer is capable of
detecting the magnetic field produced by a frog's
heart with a sensitivity of 860 fT/NHz even
without magnetic shielding and in the presence
of the Earth's field. This gradiometer design can
be expanded to include multiple channels for
mapping the heart's magnetic field.

Keywords: Atomic magnetometer,
Biomagnetism, Gradiometer, Noise
cancellation, Zeeman splitting detection.

|. INTRODUCTION

Electrocardiography (ECG) is pivotal for
detecting the heart's electrical signals and is
widely applied in clinical settings [1,2].
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However, Magnetocardiography (MCG) offers
a non-invasive method to measure variations in
magnetic field strength above the thorax,
allowing for the detection and analysis of the
heart activity including the timing, rhythm, and
strength of its contractions [3,4]. Various
magnetic sensors, including superconducting
quantum interference devices (SQUIDs) [2],
tunneling magnetoresistance (TMR) sensors
[5], and optically pumped magnetometers
(OPMs), have been utilized for MCG
measurements.

Despite advancements in SQUIDs techniques,
which have improved MCG sensitivity, their
reliance on cryogenic operations results in
bulky and costly systems [6]. To address these
limitations, low-cost atomic magnetometers
operating at room temperature, while
maintaining sensitivity comparable to SQUIDs,
have garnered attention. Many of these atomic
magnetometers, utilizing alkali metal vapors,
operate close to zero fields in a spin-exchange
relaxation-free (SERF) regime [7]. However,
they still require magnetic shielding to mitigate
the influence of the Earth's magnetic field,
necessitating operation in a very low magnetic
field [8], [9]. Numerous studies have
demonstrated the potential superiority of MCG
over ECG for certain clinical applications [10],
[11].
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MCG has been found to be more accurate than
ECG in diagnosing conditions such as right
atrial hypertrophy and right ventricular
hypertrophy. It has also been used to non-
invasively determine the location of conduction
pathways in the heart, potentially aiding in the
localization of arrhythmia sources for catheter
ablation [12-14]. Moreover, MCG has proven
useful in identifying spatial current dispersion
patterns, characterizing and distinguishing
Brugada syndrome, and completing the right
bundle branch block [15].

Additionally, MCG can detect circular vortex
currents that do not produce an ECG signal,
potentially offering better or different insights
into ischemia-induced deviations from normal
depolarization and repolarization directions
compared to ECGs. From a clinical perspective,
MCG offers significant advantages over ECG
[16]. It allows for the collection of
electrophysiological ~ waveforms  without
physical contact between the device and the
patient, avoiding problems associated with
skin-electrode contact encountered in ECG
[17]. Moreover, MCGs offer the potential to
offer more insights compared to ECGs. They
achieve this by capturing the local magnetic
field generated by both intracellular and
extracellular currents (flow of electrical charges
within the individual cells) in the heart tissue.
In contrast, ECGs solely pick up on the effects
of currents circulating through the body tissue
(overall electrical activity of the entire tissue)
[3]. [18]-[20].

The QT interval includes the Q wave, the R
wave, and the T wave on an ECG tracing. It is
an important parameter in assessing the
electrical activity of the heart and can provide
information about the duration of ventricular
depolarization and repolarization. Although the
clinical significance of electrical QT wave
dispersion from the electrocardiogram remains
uncertain, multichannel MCGs may enable a
more sensitive calculation of the cellular
dispersion of ventricular repolarization. This is
due to inherent differences between electric and
magnetic cardiac fields. Such differences allow
for the identification of regional as well as
global variations in repolarization [21].
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Dispersion information from
electrocardiography is limited because the
current flow from any single localized region
produces an ECG effect at almost any body
surface location. Additionally, discontinuities
in the electric conductivity of body tissues like
fat layers or bones act as spatial low-pass filters,
and the available information on ventricular
recovery times is primarily influenced by
maximum repolarization time and less by local
inhomogeneities [22]. This is not the case for
magnetic signals [23],[24]. Many of the
published studies suggest the potential value of
MCG [25]-[27].

Tsukada pioneered the construction of the first
multi-channel SQUID system for measuring
cardiac magnetic fields, in 1991, [28]. In 20009,
Bison unveiled a room-temperature 19-channel
adult MCG imaging system utilizing optical
double-resonance  Caesium (Cs)  vapour
magnetometers within an eddy-current shield.
Despite the inclusion of a paraffin-coated 30
mm glass cell, this configuration's sensitivity

was capped at 300 fT/+/Hz [29]. By 2012,
Wyllie had developed a dual-beam SERF AM
array for adult MCG measurements,
comprising four individual magnetometer
modules with a channel spacing of 7 cm [6, 30].
In 2018, a research team from Nottingham
University harnessed an array featuring 13
single-beam  magnetometers by  QuSpin,
achieving magnetoencephalography (MEG) of
brain activity surpassing the spatial resolution
of cryogenic systems [10]. Presently, the
QuSpin Gen-3 OPM boasts a compact volume
of approximately 5cm?.

This research introduces a novel approach for
magnetocardiography in environments lacking
magnetic shielding, utilizing a gradiometric
method with two rubidium alkali metal vapor
cells. This method enables the detection of
cardiac magnetic signals amidst the Earth's
magnetic field and surrounding magnetic
noises. The efficacy of this gradiometer is
demonstrated through measurements of the
frog's cardiac magnetic field in the absence of
magnetic shielding.
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Il. METHODS

A. M, Theory

Atomic magnetometers in My configuration
operate by measuring the Larmor frequency of
spin polarization within an alkali metal vapor
when exposed to a magnetic field. When an
alkali metal atom interacts with a magnetic
field, it experiences torque on its angular
momentum, causing it to precess around the
magnetic field at a frequency known as the
Larmor frequency. This precession occurs
orthogonally to the direction of the magnetic
field. By detecting this frequency, the applied
magnetic field can be quantified [7].

From a quantum perspective, this phenomenon
can be explained as the manifestation of
Zeeman splitting caused by the external
magnetic field. When the atom is exposed to the
magnetic field, the hyperfine energy levels of
the atom are split into Zeeman sublevels.
Optical pumping techniques are then used to
align the spins of the atoms with the highest
level of the ground state. Subsequently, an
oscillating radiofrequency magnetic field is
applied to create coherence in the atom's
polarization. Coherence is achieved when the
energy of the oscillating magnetic field matches
the energy difference due to Zeeman splitting
(E = hw), where o represents the Larmor
frequency ( w; =YB ), which is directly
proportional to the strength of the applied
magnetic field B [31],[32].

B. Gradiometer Theory

To address the challenges such as mitigating the
influence of the Earth's magnetic field and
environmental noise in the sensitive
magnetometer  measurements,  employing
magnetic gradiometry is a beneficial technique.
Gradiometry involves using two closely
positioned magnetometers to compare signals
and enhance sensitivity while reducing noise.

In the context of biomagnetic measurements
like magnetocardiography, where precise and
accurate readings are crucial, gradiometry helps
in improving the signal-to-noise ratio. By
comparing the signals from the two
magnetometers at a specific separation distance
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(as shown in Fig. 1), the technique allows for
the differentiation between the desired signal
and unwanted noise or interference.
Implementing gradiometry in magnetometer
setups can help in effectively isolating the
desired biomagnetic signals from background
noise, thereby improving the overall accuracy
of measurements in unshielded environments.

Minimizing homogeneous noises between the
two channels is an effective approach to
improve the signal-to-noise ratio in this
configuration. In contrast to standalone
magnetometers, magnetic gradiometers indeed
offer a superior signal-to-noise ratio. This
advantage makes them particularly well-suited
for detecting and measuring weak magnetic
field sources in various applications [33, 34].

AR Ry

Cell2 Cell1

field source

R,

Fig. 1. Structure of magnetic gradiometer.

In this gradiometer configuration, My atomic
magnetometers are employed, with two
rubidium alkali metal cells positioned 5 cm
apart to measure the field variance. A
Helmholtz coil is used to produce a radio
frequency (RF) field within both cells. The
magnetometers are operated in a phase-locked
mode, synchronized with a common RF control
across the sensor cells. This synchronization
ensures that the Larmor frequency of the atomic
moments aligns with the RF frequency in both
sensors, facilitating the concurrent correction of
uniform ambient field fluctuations in both
channels.

The operation of the gradiometer can be
explained as shown in Fig. 1. The output signal,
S; , representing the signal of each
magnetometer, is expressed as S; = M;B(R;),
where M; is the response function of the
magnetometer to the applied magnetic field,
and B(Ri) denotes the magnetic field amplitude
at distance Ri from the source. The gradiometric
signal, Sg, representing the difference between
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the two fields obtained from the magnetometer
signals, is computed using Eq. 1.

Ss =S,—S,=M,B(R)-M,B(R,) (1)

The symbol AR represents the distance between
the two cells, set at AR=5 cm. This
configuration enables the gradiometer to
effectively eliminate the background noise,
thereby enhancing sensitivity [33].

11l.EXPERIMENTAL SETUP

The magnetic gradiometer setup, depicted in
Fig. 2, comprises two cubic rubidium alkali
vapor cells (37Rb isotope) with dimensions of
15x10x10 mm?® positioned 5 cm apart.
Electrical Heaters are employed to vaporize the
rubidium within the cells. Spin polarization of
the Rubidium atom is achieved using a 794.8
nm laser, set to F=3 — F' =2 hyperfine
transition of the D; absorption line of
rubidium.

To facilitate optical pumping, the initial step
involves the laser light passing through a
polarizer and a quarter-wave plate (1/4)
arranged at a 45-degree angle to each other.
This  configuration results in circular
polarization of the laser light. Then, the laser
beam encounters a 50/50 beam splitter, which
divides the beam into two separate beams of
equal intensity. Each of these beams then passes
through their respective vapor cells.

Circular Helmholtz coils, positioned adjacent to
each cell and perpendicular to the applied
magnetic field direction, induce an RF field.
This RF field prompts the spins precession
around the fixed magnetic field, known as spin
resonance. To nullify the influence of the
Earth's magnetic field, three pairs of orthogonal
Helmholtz coils are utilized [7,33].

Subsequently, the oscillating radio frequency
(RF) field is finely tuned near the Larmor
frequency utilizing a frequency sweeper.
Changes in the light intensity passing through
the cells are then detected by recording both the
in-phase and out-of-phase components of a
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Lock-in amplifier and a computer equipped
with Laboratory  Virtual Instrument
Engineering Workbench (LabVIEW) software.
The resonance frequency is then determined
from the recorded signals.

After optimizing the RF field amplitude, and
the laser pump intensity [32], the detectors
signals are differentially subtracted across two
channels. This process facilitates the
measurement of the field gradient and so the
removal of background noise.

IV.RESULTS AND DISCUSSION

Initially, a constant current is applied to the
three-axis Helmholtz coils to attenuate the
Earth's magnetic field, resulting in the
generation of a near-zero magnetic field at the
center of both cells along the x-axis.
Subsequently, variations in laser light intensity
passing through the two cells, by sweeping the
frequency of the oscillating RF field around the
Larmor frequency, are recorded. The resulting
intensity signals are then routed to a lock-in
amplifier via two optical detectors and
subsequently recorded by a computer.

In Fig. 3, the resonance signals from each
channel of the gradiometer are shown. When
the cells are exposed to the RF field, they
absorb energy resonantly, causing the in-phase
component of the signal to exhibit a Lorentzian
pattern around the Larmor frequency. The out-
of-phase component displays a distinct peak
and valley pattern. It is worth noting that the
inflection point at 1650 Hz in the phase diagram
aligns with the resonance frequency of the cells,
suggesting a decrease in background magnetic
fields to 366 nT.

For precise measurement of weak magnetic
fields using the gradiometric technique, it's
essential that the resonance frequencies in both
measurement channels are closely matched.

Additionally, to enhance the sensitivity of
gradiometer, it's important that the resonance
signals in both channels exhibit (the resonance
signals in both channels must exhibit) a
comparable ratio of width to amplitude.
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Fig. 2. Magnetic gradiometer setup for frog heart signal recording.
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Fig. 3. Out-of-phase component of resonance signal
at two channels of gradiometer.

To demonstrate the gradiometer's ability to
accurately detect and measure magnetic field
variations, its linearity is measured. Linearity
is typically obtained by applying a known
magnetic field input to the gradiometer and
observing the corresponding output signal
response at a specific frequency. Fig. 4.
indicates remarkable linearity. A highly linear
OPM will provide a consistent and reliable
output signal that directly corresponds to
changes in the magnetic field, such as heart
magnetic field.
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Fig. 4. The linear input-output relationship of the

gradiometer.

Given that the gradiometer exhibits distinct
responses to magnetic fields with different
frequencies, it is essential to evaluate its
frequency response to  enhance its
performance. To investigate this aspect, we
have adjusted the frequency of the sinusoidal
input signal within the specific low-frequency
range relevant to cardio-magnetic research,
swept from 1 to 40 Hz. The frequency response
of the gradiometer is plotted as the input-
output ratio in Fig. 5. In this Figure, overall
decrease at higher frequencies can be seen in
the response of the magnetometer due to
limitations in the measurement system's ability
to accurately track and measure the input
signal.
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Fig. 5. Experimental frequency response of the
gradiometers (output to input ratio as a function of
applied magnetic field frequency).

Before recording the weak magnetic field
emanating from the frog's heart, it is essential
to accurately characterize noise in the
magnetometer system. To accurately quantify
the noise characteristics of the magnetometer,
typically the noise spectral density, often
expressed in units of V/\Hz in power mode,
was measured. This measurement helped in
understanding the noise present in the system
within a specific frequency range of interest,
especially at the Larmor frequency.

To determine the spectral noise density,
Fourier transformation of the data has been
used. This process allowed analysis of the
noise characteristics at various frequencies,
which is crucial for ensuring accurate
measurements of weak magnetic fields
[34],[35]. As illustrated in Fig. 6, the
gradiometer demonstrates a sensitivity of
approximately 860 fT/VHz within the
unshielded environment.

Following the characterization of spectral
density and the establishment of the
gradiometer's sensitivity, the oscillating field
frequency is precisely locked onto the Larmor
frequency as determined from the resonance
curve. Subsequently, to record the magnetic
signal originating from the frog's heart, the
frog is brought into proximity of the
gradiometer within an open-air laboratory
environment.
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Fig. 6. Spectral noise density of the gradiometer
without magnetic shielding.

The resulting signal, reflecting the magnetic
field generated by the frog's heartbeat, is
depicted in Fig. 7. It's evident that the
gradiometer adeptly tracks and captures the
signal stemming from the frog's cardiac
activity, underscoring its efficacy in detecting
biological magnetic fields.

The analysis and interpretation of the MCG
signal should consider frequencies ranging
from DC up to 40 Hz [36]. This frequency
range is crucial for capturing the relevant
information embedded in the MCG signal
related to the heart's electrical activity. From
Fig. 6. It is obvious that the sensitivity of the
gradiometer, is approximately 860 fT/VHz,
within this frequency range.

For interpreting the MCG signal obtained from
a frog's heart, we can use a similar approach to
interpreting an ECG signal acquired in other
research studies [37], [38], which includes the
P wave, QRS complex, and T wave. The
obtained signal is in good agreement with

The PQRST complex of the heart reflects the
sequential depolarization and repolarization of
the cardiac cells during each heartbeat. Similar
to mammalian hearts, the PQRST complex in
frogs comprises distinct waves and intervals.
The “P” wave represents atrial depolarization,
indicating the contraction of the atria, while the
“QRS” complex corresponds to ventricular
depolarization, signaling the contraction of the
ventricles. The “T” wave marks ventricular
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repolarization, representing the relaxation
phase of the ventricles. This sequence is
fundamental for coordinating the rhythmic
contraction and relaxation of the heart muscle,
essential for efficient blood circulation
throughout the frog's body.

By analyzing the timing, morphology, and
amplitudes of these waveforms in the MCG
signal, we can gain more insights into the
electrical activity and function of the frog's
heart. This information can help assess the
heart's rhythm, conduction, and potential
abnormalities.
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Fig. 7. Frog's heart MCG signal.

V. CONCLUSION

The magnetic fields arising from cardiac
activity carry crucial diagnostic  and
therapeutic information regarding various
heart conditions and failures. Atomic
magnetometers offer sensitivity comparable to
superconducting quantum interference devices
(SQUIDs) while boasting cost-effective
manufacturing and operation at room
temperature, making them an optimal choice
for biomagnetic field measurements.

To enhance the sensitivity of the gradiometer,
it's imperative to mitigate homogeneous noise
present in the two identical magnetometer
channels. To address this challenge, the
present research employs a gradiometric
design aimed at suppressing unwanted
magnetic noise. This gradiometer
configuration ~ comprises two  atomic
magnetometers.
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Remarkably, the gradiometer successfully
measures the magnetic field generated by the
frog's heart even in environments lacking
magnetic shielding and amidst the Earth's
magnetic field. Achieving a sensitivity of 860
fT/NHz within such unshielded spaces, the
gradiometer effectively detects the magnetic
fields emanating from the frog's heart.

The responses obtained from the gradiometer
affirm its capability to accurately track
changes in the magnetic field and reliably
record the magnetic activity of the frog's heart.
This underscores the gradiometer's potential in
advancing the understanding and diagnosis of
cardiac conditions through precise
biomagnetic field measurements.
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