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I. INTRODUCTION

PTICALLY pumped magnetometers (OPMs) represent

a significant advancement in the field of high-accuracy
magnetometry, offering precise detection of weak magnetic
fields across various applications. Since their commercial
availability in 2017 [1], OPMs have gained recognition for
enhancing the flexibility and compactness of measurement sys-
tems, particularly in challenging environments. OPMs are now
utilized in areas such as geomagnetic research [2], biomedicine
[3]-[10] and fundamental physics experiments [11]. OPMs are
showing promise in overcoming the limitations of stationary
systems based on superconducting quantum interference de-
vices (SQUIDs), as highlighted in studies such as [12]. A key
advantage of OPM technology is its capacity to be configured
into flexible, close-to-surface arrays, which not only improve
signal-to-noise ratios but also allow for easy adaptation to
varying geometries and support the design of adaptive, task-
specific spatial sampling schemes [13]. Despite their growing
popularity, OPMs still require careful development of infras-
tructure and methodology to ensure reliable measurements. In
this article, we focus on the application of OPMs in a powerful
neuroimaging technique: magnetoencephalography (MEG) — a
modern and effective method for the non-invasive registration
of brain-induced magnetic signals.

To date, a variety of OPMs and OPM-based solu-
tions exist. They come in different flavours with re-
gard to the vapour cell content, e.g.: K (potassium)
[14], Rb (rubidium) [1], Cs (cesium) [15] or He4 iso-
tope [16]. OPMs can also be custom [14], [17]-[19] or
commercial: QuSpin Inc. (www.quspin.com/products-qzfm/),
FieldLine Inc. (www.fieldlineinc.com) and Mag4Health
(www.magdhealth.com). OPM-based systems can afford
sparse or dense [20] head coverage.

The use of OPMs in MEG started with systems comprising
low count of sensors measuring activity of the primary sensory
brain areas with partial coverage [21]. Currently there already
exists a palette of practically oriented multichannel OPM
system demonstrations capable of epileptic activity mapping
[22], registering fetal brain activity [23], measuring peripheral
nervous system activity [24] and contactless measurement of
retinal activity [25]. OPMs also open new possibilities to
research of deep brain structures, such as hippocampus [26]
and cerebellum [27], and facilitate motor system research by
enabling registration of MEG in freely moving subjects [28],
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[29]. Apart from empirical studies, OPMs are successfully
used in simulations [13], [30], [31], and are already employed
as a reference tool in developing novel sensors [32].

However, despite the great advantages of OPMs in com-
parison with SQUID systems the former are for now novel
instrumentation and only have to go through the procedure
of standardization that is becoming crucial keeping in mind
future application of OPM-MEG in clinics.

From the other hand, magnetic fields generated by living
organisms (not only of cerebral origin) have typically ex-
tremely low amplitudes in the femto-pico Tesla range which
makes their measurement susceptible to the external electro-
magnetic interference and disruptive fields, such as the Earth’s
magnetic field (50 pT) and time-varying industrial noises.
The comparison of these values underscores the challenges
in biomagnetometry, highlighting the critical importance of
sensor sensitivity combined with effective magnetic shielding.
Practically useful operation of OPMs necessitates a controlled
near-zero ambient magnetic field environments for zero-field
OPMs [21], [33], [34] or creation of a directed magnetic field
vector to make non-zero field OPMs measure specific magnetic
field component [15], [19]. The latter helps to ensure linearity
of the MEG observation equation and facilitates subsequent
source localization steps.

The main aim of this research is to shed light on the
main metrological issues related to OPMs and to contribute
to the OPMs standardization via the implementation of the
quantitative methodology of measurement quality assessment.

For this purpose we contrasted a naive use of the commer-
cially available OPMs in the standard magnetically shielded
room (MSR), providing reasonably quiet magnetic environ-
ment sufficient for a successful operation of a SQUID-based
system, against deploying the OPMs in the MSR with a
unique and specifically designed digital adaptive suppression
system (DASS) for remnant field compensation. Many mag-
netic suppression systems employed not only in magnetoen-
cephalography but in biomagnetic measurements in general
are presented in the form of biplanar coils [28], [33], [35]-
[37] of different shape and size, e.g. in asymmetric cylindrical
implementation [38] and miniaturized [39]. Besides popular
biplanar coils, there are other exciting options, such as [29],
[40], [41]. Additionally it is important to mention work [42],
which is the closest study to ours. However, compared to
other suppression systems in addition to ensuring optimal
OPM performance the advance of DASS lies in the attractive
combination of valuable features: it is cheap and uses a low-
end adaptive algorithm, providing at the same time volume
enough to contain a whole head. Moreover, compared to
analog counterparts, digital control enables easy change of
system parameters and flexible signal processing capabilities.

We employed the two generations (Gen-1 and Gen-3) of
the most popular commercially available OPM sensors manu-
factured by QuSpin Inc. and performed a set of standardized
test recordings of magnetic field signals generated by a test
coil and a phantom. We have systematically analyzed our
observations and highlighted several sources of variability in
the measured signals, most of which are caused by the lack
of sufficiently stringent control over the remnant magnetic

fields and the excessive reliance on the standard analog
suppression system. Along with standardization methodology
and unique suppression system, cross-generation analysis of
QuSpin OPMs in two different magnetic environments repre-
sents additional novelty and advantage of our work. This study
will hopefully help research groups who are just starting to
dive into the topic of OPM-based MEG and facing excessive
measurements variability issues, as well as for investors,
funds, large institutions, certifying bodies (identification of
areas of development and research, verification of protocols,
measurement safety, etc.).

The paper is organized as follows. Section II contains a de-
tailed description of methods that we used in our experiments
including the methodology of signal quality assessment and a
brief outline of the custom remnant field compensation system
(DASS). The results of the experiments in two different MSRs
are presented in Section III. Finally, in Section IV we provide
the analysis of the results and discuss our findings. As a bonus
we consider the OPMs’ overheating issue and provide infrared
camera based analysis of the temperature on the scalp-oriented
sensor head surface for Gen-1 and Gen-3 sensors.

II. METHODS

A. Sensors

In this paper we used commercial optically pumped zero-
field magnetometers QZFM produced by company QuSpin
Inc. (Colorado, USA) of two generations: the earliest and
the latest (Gen-1 and Gen-3). Figures la) and 1b) show
a photograph of both Gen-1 and Gen-3 sensor heads and
their diagrams, respectively. Both generations have their main
components (laser, rubidium vapor cell and photodetector)
arranged similarly. More details on OPMs’ physics can be
found in the excellent reviews [14], [21].

vvvvvv
0.20mm

(a) (b)

Fig. 1. The QZFM OPM sensors: (a) photograph showing a comparison
of Gen-1 and Gen-3 sensor heads; (b) diagrams of Gen-1 (top) and Gen-3
(bottom) (www.quspin.com/products-qzfm/).
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(www.vacuumschmelze.com).

Additionally, both of these sensors have two orthogonal
sensitive axes. The difference between two generations is
primarily in their performance and size. According to the
QuSpin certificate of compliance Gen-1 magnetometers have
sub 20fT/ V/H?z sensitivity in the frequency band of 1-100
Hz, while Gen-3 sensors (in dual axis version), according to
the QuSpin website (www.quspin.com/products-qzfm/), yield
field sensitivity < 15f7/v/Hz in 3-100 Hz band (typical
7T—10fT/ \/E). Gen-3 is not only more sensitive, but also
has smaller dimensions: 12.4 x 16.6 x 26.4 mm? in volume in
comparison with 13.0 x 19.0 x 110.3 mm? for Gen-1 sensors.

Optical magnetometry is paving its road to the world of
biomedical applications primarily with sensors operating in
the spin exchange relaxation-free (SERF) regime, see however
[43] for the early pioneering developments of total field
OPMs including gradientometric arrays applied for measuring
weak biomagnetic fields in the 1980s. However, the use of
total field magnetometers for distributed measurements aimed
at localizing the corresponding sources is complicated by
the non-linearity of the associated observation model. Zero-
field OPMs operating in SERF regime do not have such a
disadvantage and are capable of registering directional com-
ponents of the magnetic field that respects the linear additivity
property in the observation equation. At the same time, SERF
OPMs (or zero-field OPMs) have a very narrow linear part
of the operating characteristic, see Figure 2a). For the current
commercially available sensors it corresponds to £5 nT total
field which imposes harsh constraints on the environments
where these sensors may remain operational and capable of
reliable measurements. If the experiments are conducted in
the environment where magnetic field fluctuations exceed this
range the sensor measurements become uninterpretable due to
sensor saturation.

B. Description of the two magnetically shielding environments

Nowadays, a layered aluminium-mu-metal magnetically
shielded room (MSR) is the primary mean to suppress most
of the external environmental interference signal in 0-1 kHz
frequency range. The performance of these rooms is charac-
terized by shielding factor x, see Figure 2b), that appears to
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a) - Operational curves of the QuSpin OPM sensors. FWHM - full width at half maximum [1]; b) - Typical shielding factor of the MSR

be not sufficiently high in the infra-low frequency range (see
Figure 2b). For example, for a three-layer MSR the shielding
factor at 100 Hz is typically around x(100) = 10%, while
for the frequencies < 0.1 Hz the value of x drops below
k < 102. Note, however, that for the strictly DC component of
the field « returns again on the order of 103. In practice, this
leads to the leakage of the infra-slow remnant field fluctuations
with peak-to-peak amplitude of about 60 nT (up to +20 nT)
into the MSR volume. To compensate for this remnant field
the dynamic suppression systems are used. Combined with
the MSR they define the magnetically shielded environment
where magnetic measurements are carried out. In this work
we used two different magnetic suppression systems: an active
shielding embedded into the walls of one MSR and an active
shielding system based on the suspended Helmholtz coils
implemented inside another MSR without the wall-embedded
wire loops. Both rooms are manufactured by Vacuumschmelze
GmbH and Co. KG (www.vacuumschmelze.com) and have
similar configurations.

The first environment where we conducted our OPM
experiments is the MSR containing the Elekta Neuromag
SQUID system and located in the Moscow MEG center
(www.megmoscow.ru/en/) (in the base floor of the Moscow
State University of Psychology and Education (MSUPE)).
This is rather typical that mobile OPM systems are de-
ployed within the MSR originally built to house a legacy
SQUID-based MEG system [28], [44]-[47]. The majority of
such MSR rooms are built by Vacuumschmelze company
(www.vacuumschmelze.com) and belong to AK-3B category
of magnetic shielding solutions capable of suppressing low
frequency external magnetic fields. To compensate for the
drop of shielding factor in the infra-slow frequency range
(f < 0.1 Hz), see Figure 2b), these rooms are typically
equipped with active shielding coils embedded in the walls.
These coils are powered by a high fidelity low noise analog
amplifier and a low-pass filter used to scale and invert the
signal from a reference sensor located outside the MSR at a
10-20 m distance. The scaling factor and low-pass filter cut-
off frequency parameters of this analog adaptive suppression
system are typically adjusted once a year during the regular
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maintenance of the setup. For simplicity and convenience, we
will refer to this environment as MSR room 1.

The second environment where we repeated our experi-
ments is provided by another Vacuumschmelze AK-3B MSR
recently installed in the Higher School of Economics (HSE)
(www.hse.ru/en/cdm-centre/brain/). This room is used only for
experiments with OPMs and other types of compact magne-
tometers, e.g. yttrium-iron garnet magnetometer (YIGM) [32],
and does not have a SQUID-based MEG system installed in-
side. In contrast to the MSR room 1 the HSE’s room is situated
in the vibrant historic center of Moscow with a plethora of
metro lines nearby and a multitude of other non-stationary
urban noise sources. This MSR is not equipped with the analog
suppression system and to ensure reliable operation of zero-
field OPMs (e.g. QuSpin) here we implemented our digital
adaptive suppression system (DASS) capable of maintaining
low ambient field within the sweet-spot. We will call this
environment as MSR room 2.

The diagram of our DASS is schematically drawn in Fig-
ure 3. It is based on the wire-loop coils whose current is
continuously adjusted to compensate for local magnetic field
fluctuations. The inner reference magnetometer (1) located
at the edge of the sweet-spot zone within the Helmholtz
coils measures remnant magnetic field (the error signal, the
difference between the external field and the field produced
by coils) together with the outer reference sensor (2), which
records the outer environmental magnetic field fluctuations.
These signals are then transmitted via USB to the PC, where
they are transformed by the control algorithm (Figure 3) to the
control signal driving the coils (3) after the digital-to-analog
conversion (9). In the current implementation the control signal
appears to be delayed with respect to the input signal from the
inner reference sensor by 20-50 ms. The main delay sources
are the data transfer and buffering delays as well as the phase
response of the passive low-pass filter.

Least mean
squares filter

—Eh &
M-
SO RRIY
3 A a 1

flile

gl T .

Fig. 3. Operation diagram of the digital adaptive system for suppression
(DASS) of Earth’s fluctuating magnetic field: 1 — the error-measurement inner
reference OPM sensor; 2 — the outer reference sensor (low fidelity inductive
sensor with resolution of 3 nT); 3 — carbon framework with compensation
coils arranged in Helmholtz’s configuration; 4 — magnetic flux generated
by compensation coils (shown only for the horizontal pair of coils); 5 —
magnetically shielded room; 6 — data registration block for the low fidelity
inductive sensor; 7 — PC; 8 — OPM data registration block; 9 — digital-to-
analog converter; 10 — control signal low-pass filter; 11 — compensation coil
driver.

(.
T

Fig. 4. DASS’s coils installed in room 2. Each pair of Helmholtz coils
comprises square coils of 1 m X 1 m dimension located 0.5 m apart and
positioned in the three orthogonal planes. The QuSpin Gen-2 OPM, that is
the internal reference sensor, shown in the inset.

Each pair of Helmholtz coils comprises square coils of
1 m x 1 m dimension located 0.5 m apart and positioned
in the three orthogonal planes as shown in Figure 4. Each
coil has 5 turns of copper wire, having a cross-section of
1 mm?. The current passing through the coils generates the
sweet-spot region of uniform compensating magnetic field
with 0.2x0.2x0.2 m® volume. Figure 4 shows the assembled
DASS inside the MSR. Here the internal reference is the
QuSpin Gen-2 OPM with two sensitive axes (see the inset in
Figure 4). The internal reference sensor cancels the magnetic
field component along the z-axis of the MSR.

In the core of our suppression system’s control algorithm
is the adaptive least mean squares (LMS) filter [48]. The
external interfering field outside the MSR volume is distorted
by the MSR’s generally unknown transfer function (TF) so that
different frequency components are suppressed with different
factors. The MSR’s TF can vary depending on the specific
location within the room, it may also exhibit non-linear
properties and vary over time which makes manually adjusted
static transfer coefficients a sub-optimal solution. The dynamic
LMS filter overcomes this problem, performing a real-time fit
of the unknown filter coefficients using a simple update rule
[48]. In essence, during its operation the LMS is continuously
solving the MSR’s TF identification task based on the pair of
external and internal reference signals.

The algorithm for the internal reference OPM sensor and the
external reference low fidelity flux-gate sensor data acquisition
was implemented in Matlab and C++, respectively. The data
are then sent to the LMS filtering code implemented in C++
via Lab Streaming Layer (LSL) socket protocol [49]. The
digital control sequence is then converted to the analog control
signal by L-Card DAC 1tr35-2-8 unit with sampling rate < 100
Hz.

Typical curves characterising performance of the digital
adaptive suppression system are demonstrated in Figure 5. The
top panel a) shows the internal OPM measurements over two
intervals: when the DASS is on and when it is off. The left
bottom panel b) shows power spectral density (PSD) profiles
for f > 0 Hz of the magnetic field outside the MSR (measured
by outer reference sensor, blue), inside the MSR (measured by
inner reference sensor) and DASS off (red) and inside the MSR
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Fig. 5. Performance of the digital adaptive suppression system (DASS), room
2. The top panel a) shows the internal OPM measurements over two intervals:
when the DASS is on and when it is off. The left bottom panel b) shows power
spectral density (PSD) profiles for f > 0 Hz of the magnetic field outside the
MSR (measured by outer reference sensor, blue), inside the MSR (measured
by inner reference sensor) and DASS off (red) and inside the MSR and DASS
on (green). The right bottom panel c¢) demonstrates suppression coefficient of
MSR with and without DASS.

and DASS on (green). The right bottom panel ¢) demonstrates
suppression coefficient of MSR with and without DASS.

C. Experimental setup and quality criteria

1) Phantom: In order to compare the signals obtained
by two OPM generations in the magnetically shielded en-
vironment of MSR 1, we conducted a series of phantom
experiments. In general, both SQUID system’s dry phantom,
that is often used during MEG system’s maintenance, and a

Elekta
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Fig. 6. Phantom experiment setup: (a) phantom [51]; (b) helmet with Gen-
1 sensor placed on a phantom; (c) time series (blue line) showing phantom
pattern from Elekta, the red line is the Hilbert envelope and the green line
is the smoothed Hilbert envelope; (d) averaged signal from Elekta example
Sensor.

specially designed reference phantom can be employed for this
purpose, see, for example [44] and [50], respectively.

Regardless the phantom origin, the main idea is the same:
it implements calibrated current dipole sources with fixed
sources’ positions and orientations and produces controlled
magnetic fields at specific frequencies with known magnitude.

We used a phantom supplied with Elekta Neuromag SQUID
system (Neuromag, Finland) [51] (see Figure 6a), 13 and 10
pieces of Gen-1 and of Gen-3, respectively, and a universal
helmet made of SBS plastic that was attached to the phantom.
This phantom represents a hemisphere with 32 tangential
current dipoles. During each measurement the sensors were
placed one-by-one into the same helmet slot (see Figure 6b)
and above the same activated current dipole (N 29) with peak-
to-peak amplitude of stable 500 nAm and 20 Hz frequency
(see Figure 6d). The characteristic dipole activation time series
pattern is shown in Figure 6¢ as measured by Elekta SQUID-
based system. In this case, target magnitude of the magnetic
field fluctuation at the point corresponding to the sensitive
element location within the sensor housing was 6.5 pT. We
conducted 13-14 trials for each sensor (each lasted 1 minute).

2) Test coil: For the second series of experiments (Gen-
1 sensors in MSR 2) as the standardized source of magnetic
field (in MSR 2) we 3D-printed a frame for a circular test coil
with 157 mm radius and 10 turns of wire, see Figure 7. The
frame of the coil has a specially designed holder which allows
for installing and firmly holding a QuSpin sensor for the test
recordings.

In these experiments we used 5 Gen-1 sensors previously
employed in room 1. During our tests we activated the test coil
with a 20 Hz harmonic signal with voltage that simulates the
brain magnetic activity of about 500 fT peak-to-peak. Each
Gen-1 OPM sensor was placed near the center of the DASS
system as shown in Figure 7. To assess the OPM sensors’
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performance we recorded 1-minute long series in DASS on
and off conditions, as well as around 100 trials (again each
lasted 1 minute) for each of the 5 sensors with DASS on using
the described setup.

3) Elekta is the gold standard: As the gold standard for
our OPM results comparison we used calibrated SQUID-
system Triux Elekta Neuromag (Elekta Oy, Finland) with 306
channels (102 magnetometers and 204 planar gradiometers).

When assessing sensors performance and comparing Gen-
1 and Gen-3 sensors operating in the two MSRs we were
primarily concerned with the following three characteristics
that were our quality criteria.

« Reliability — reflects consistency of the experimentally
measured signal produced by the phantom or the test coil
with the theoretically calculated parameters. Importantly,
in the case of ideal reliability of each sensor type all three
types of sensors (Elekta, Gen-1 and Gen-3) should show
identical results.

« Stability — describes the extent to which the same sensors
produce similar results. For example, good stability of
Gen-1 sensors means that different Gen-1 sensors dur-
ing the whole experiment (one experimental day) show
signal close to the theoretically expected with minimal
discrepancy.

+ Reproducibility — represents the capability of sensors
results being produced in the same way across different
experimental days given that all the other experimental
conditions are fixed.

To aid us in visualization of these quality metrics we
introduced the signal stability coefficient (SSC) measured as
the standard deviation of the Hilbert envelope of the recorded
test signal generated either by the phantom current dipole
or the test coil. We calculated the SSCs for all three sensor
groups. For Hilbert envelope please see red and green lines
e.g. in Figures 6¢) and 8. In 2020 the experiments were
not standardized (for each experimental day the helmet was
attached to the phantom anew as described in Section II-C1)
and we compared only SSCs. Starting in 2022, location of
the OPMs with respect to the phantom maintained fixed over
all experimental days and we were able to compare signal
amplitudes of two OPM generations directly. Since Elekta
represents a different modality of MEG, we did not directly
compare the amplitudes obtained from OPMs with amplitudes
obtained from Elekta.

III. RESULTS

As we described in Section II, first we conducted our
phantom experiments in the MSR 1 (see Section II-C1). Then
the OPMs were tested in the MSR 2 using the test coil setup
described in Section II-C2, with the digital adaptive active
suppression.

A. MSR with active shielding embedded in the MSR walls

As a starter in Figure 8 we are showing the time series of
magnetic field measured by an example Gen-1 sensor in the
MSR 1 in 2022. The field was generated by Elekta’s phantom
current dipole (index 29) activated with constant magnitude

Fig. 7. Experimental setup for recording calibrated magnetic field signal from
the test coil using an OPM sensor. Gen-1 QuSpin magnetometer fixed in the
holder in the center of the test coil.

TABLE I
THE DISTRIBUTION OF THE SSC VALUES FOR GEN-1 AND GEN-3
SENSORS AS COMPARED TO THAT OF THE GOLD STANDARD
SQUID-BASED ELEKTA SYSTEM, ROOM 1.

Metric, a.u. Gen-1 2020  Gen-1 2022  Gen-3 2022 Elekta
average SSC 0.0584 0.2580 0.0724 0.0290
STD 0.0589 0.1413 0.0566 0.0176

II-C1 and it was supposed to have the same morphological
pattern as shown in Figure 6¢c. However, in the midst of
the recording extended for 45 seconds we can observe the
undesired gradual decrease in the amplitude of the OPM
measured signal outlined by the envelope (green trace). As we
will conclude later, the most likely reason of such an undesired
behavior of the zero-field OPM sensor is the presence of the
external interference not fully accounted for by the generic
adaptive remnant field compensation system the MSR 1 is
equipped with.

Gen-1, Example sensor, 2022 y.

Signal amplitude, fT

5 15 25 35 45
Time, s

Fig. 8. The phantom pattern from the example Gen-1 sensor recorded in
MEG-center MSR in 2022. The blue line is the time series, the red line is
the Hilbert envelope and the green line is the smoothed Hilbert envelope.

Figure 9a) shows the SSC coefficients for Gen-1 and Gen-
3 sensors as compared for the SSC of the signals registered
with the gold standard Elekta SQUID system. All coefficients
passed the statistical significance test. The asterisks reflect the
Student’s statistics, where *** - ijs <0.001. Since we started
working with Gen-3 sensors only in year 2022 we show the
results of our measurements only for this year. We can observe
that all OPM measurements are characterized by significantly
greater SSC values as compared to the SQUID-based MEG
system recordings, see Table I for exact values.



IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. XXX, NO. YYY, AUGUST 2024 7

Fig. 9. (a) SSC from Gen-1 and Gen-3 sensors vs. SSC from Elekta, where the
asterisks reflect the Student’s statistics and *** - is <0.001; (b) comparison

- Gen-3

- Elokta

b,

Gen-3 Elekta
2022y.

Gen-1
2020y,

Gen-1
2022y.

(a)

SSC,A.U.

of SSC in 2020 and 2022 for Gen-1 sensors.

COMPARISON OF OPM SIGNAL AMPLITUDE FOR GEN-1 AND GEN-3

TABLE I

Gen-1

+ All sensors, 2020 y.
All sensors, 2022 y.
@ Example sensor, 2020 y.

= Example sensor, 2022y,

SENSORS BOTH MEASURED IN ROOM 1 IN 2022.

Metric, fT Gen-1 Gen-3
average signal amplitude  981.7249  2.2775e+03
STD 763.7696  1.0383e+03

Z-score 1.2854 2.1935

The difference between Gen-1 signal stability coefficients in
2020 and 2022 is considered more closely in the subsequent
plot shown in Figure 9b. We can see that for all days of
recordings Gen-1 measurements performed during year 2022
exhibit significantly higher SSC values.

Thanks to the fixed location of the OPM sensor with respect
to the phantom maintained over the entire set of recordings in
2022 we could compare the magnitude of signals recorded
by the two generations of sensors. In Figure 10 we compare
the magnitude of OPM signals measured in 2022 by Gen-1
(blue) and Gen-2 (green) in MSR 1. Both generations are
quite far from the target value (6500 fT). Although Gen-
3 measurements are characterized by systematically higher
amplitudes they also exhibit greater volatility, see Table II.
At the same time, as evident from the corresponding z-scores
reflecting the mean to standard deviation ratio, Gen-3 appears
in a more favorable position as its signal magnitude is closer
to the target value and exhibits smaller deviation magnitude.
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Fig. 10. OPMs signal amplitudes comparison when measuring test magnetic
field signal with target magnitude of 6500 fT for Gen-1 vs. Gen-3 recorded
in 2022 in MSR 1.

Finally, Figure 11 illustrates the phantom data for 2024
measured in room 1 for both Gen-1 (blue) and Gen-3 (green),
where each type of figures (circle, triangle or star) represents

the separate experimental day. We see the strong spread of
SSC values as well as amplitude values, especially for day 2.

2024y,

0.8
@ Day1,Gen-1
® Dpay1,Gen-3
0.6 A Day2 Gen-1

% Day3,Gen-3

Target amplitude

0.4
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»
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Fig. 11. Signal amplitude vs. SSC for different sensors of both generations
of OPMs in different experimental days recorded in room 1 in 2024.

B. MSR with digital adaptive suppression system (DASS)

In the MSR 2, as it was described above in Section II-C2, we
tested the OPM sensors with a 20 Hz test coil. Figure 12 shows
the coil pattern (from the same coil but different frequency)
with and without DASS, where blue reflects the signal with
compensation off, while red — with compensation on. It is
clearly seen that with digital adaptive suppression system we
see stable signal, while in the case when compensation is off
the coil constant pattern is broken.

Gen - 1, Example sensor, room 2

* Compensation ON

10
 Compensation OFF

wum,mwmlwflll\wllﬂ”lﬂ”"W

-5

b
IRRD

Signal, pT (bandpass filtered at 9-11Hz)

Fig. 12. The magnetic signal pattern from the 10 Hz test coil recorded by
the Gen-1 example sensor with and without DASS in room 2 in 2024.

Besides checking the coil pattern, we conducted a series of
experiments with five Gen-1 sensors in room 2. The results
were then compared with data from Gen-1 for two years
of experiments in room 1. This comparison is reflected in
Figure 13a), where blue — SSC averaged for 2020 and 2022
in room 1 and red — SSC for five sensors in 2024 in room
2. Table 3 shows the corresponding values of signal stability
coefficients for Gen-1 sensors tested in room 1 (MSR with
active shielding embedded in MSR walls) and in room 2 (MSR
with DASS). Figure 13b) shows separately the results of test
coil experiments for Gen-1 sensors during two experimental
days in room 2. Importantly, we use the same scale in Figure
13b) as in Figure 11.

IV. DISCUSSION

Analyzing figures in the Section III above, we can conclude
that the results from all the figures lead to the same finding:
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Day 1
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Target amplitude

aAA
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Fig. 13. (a) Comparison of SSC of Gen-1 sensors in two rooms: 13 sensors
averaged 2020 and 2022 in room 1 (blue) and 5 sensors in 2024 in room 2
(red). (b) Signal amplitude vs. SSC for Gen-1 OPMs measured signal from
the test coil in different experimental days recorded in room 2 in 2024.

TABLE IIT
SIGNAL STABILITY STATISTICS FROM 13 GEN-1 SENSORS RECORDED IN
ROOM 1 FOR 2020 AND 2022 (AVERAGED) AND FIVE GEN-1 SENSORS
RECORDED IN ROOM 2 IN 2024,

Metric, a.u. room 1 (MEG-center) room 2 (HSE)
average SSC 0.1087 0.0652
STD 0.1229 0.0184

additional local active shielding, like DASS, is crucial for
QuSpin OPMs regardless of their generation. Even active
shielding embedded into MSR walls is not enough for optimal
operation of OPMs, not to mention only MSR shielding [32].
We showed that Gen-3 sensors encounter the same issues as
Gen-1 ones.

Speaking of the generations, as it can be seen on Figure
10 being tested in the same MSR (room 1) Gen-3 sensors
demonstrate higher signal. Of course, the interpretation of this
difference is a matter of discussion. The possible answer here
is that Gen-3 is claimed to be a more robust version of QuSpin
magnetometers, with improved components compared to Gen-
1 (www.quspin.com/products-qzfm/). Figures 12 and 13 show
the improvement of Gen-1 signal quality in room 2. We did
not experiment with Gen-3 in room 2 but based on probably
enhanced on-sensor coils Gen-3 will show even better signal
quality improvement in room 2 than Gen-1.

Figure 9 demonstrates increased averaged SSC as well as its
deviation for Gen-1 in 2022 compared to 2020. At first glance,
it can be assumed that sensors deteriorate over time. However,
despite the fact that the sensor deterioration factor may still
be present, we believe that, first of all, it is the instability of
the external magnetic field from day to day and even during
one day or magnetic noise deterioration of the area in general.
This is best seen in Figure 11 that shows rather controversial
data for 2024, where signal stability coefficients and signal
amplitudes for Gen-1 sensors drastically change within one
experimental day. This is a matter of chance basically. Due
to this and strong dependency of the OPMs to these field
instabilities, additional local active magnetic protection is a
must-have for OPMs. Thus, the results of this study can help
to take a fresh look at the deterioration of the sensor signal
and reveal that this deterioration may be false.

This idea is confirmed by the fact that with digital adaptive
suppression system (in room 2) we observe consistency of

measured values of the field amplitude with the target (the-
oretical) value from coil (only approx. 30% discrepancy, see
Figure 13b) and all data is closely-grouped, which does not
happen in room 1 while experimenting with phantom, check
Figure 11. As shown in Figure 12 DASS allows OPMs to
work optimally and save the stable signal pattern on the whole
time range compared to the broken pattern obtained in room
1 and depicted in Figure 8. Importantly, the data obtained in
the MSR room 2 meets all three signal quality characteristics
(reliability, stability and reproducibility) mentioned in Section
II-C3.

To summarize, ensuring the proper magnetic suppression
is a top priority for OPM research initialization. This is so
important that from a rational point of view it probably does
not even make sense to spend money on MSR if there is no
local active suppression included/planned, regardless of MSR
size (standard or light). We used the example of QuSpin
OPM magnetometers, but undoubtedly this rule applies to any
SERF sensor. There is a reason to use SQUID system-free
MSR. Installed local active shielding systems will interfere
with access to the SQUID system. On the other hand, constant
assembly and disassembly of the suppression system will
increase the time of experimental preparation and accelerate
the wear of equipment. Both aspects are inconvenient and
undesirable.

Overheating

As a bonus, our additional goal was to cover the overheating
problem with OPMs that appeared with Gen-1 [52] and to find
out whether it was solved for Gen-3.

The temperature of the sensor’s housing was measured in
the MSR 1 by an infrared camera near the vapor cell (which
is meant to be in close proximity to the scalp). It was done
for nine pairs of Gen-1 + Gen-3 (pairs were stuck together by
tape). The average temperature of Gen-1 housing near the cell
was 55.6°C against 71.9°C in the case of Gen-3 (see Figure
14).

(a) (b)

Fig. 14. Temperature of sensor heads (scalp-oriented sensor surface) in one
example pair: (a) Gen-1, (b) Gen-3.

We can conclude that overheating worsened in Gen-3. As
it was noted in [6], such levels of temperature are above the
temperature of protein coagulation which undoubtedly will not
contribute to the comfort of the subjects. The vapor cell in
QuSpin OPMs is heated to approx. 150°C, which is actually
needed to maintain optimal performance of any Rb OPMs
[34]. However, the intense warming of the housing is probably
due to less successful design. The power consumption is the
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same for both generations: 0.7 W/sensor head. Nonetheless,
Gen-1 has a larger surface, which provides better heat dis-
sipation. It is important to note that not all OPMs have the
overheating problem. For example, even though helium OPMs
can offer less sensitivity than alkali metals-based OPMs (only
about 40T /v Hz vs. < 10fT/\/Hz), they operate at room
temperature [53]. Nevertheless, QuSpin OPMs are a useful
tool in MEG and this issue undoubtedly has to be solved.

Apparently, the scalp temperature can be kept comfortable
by a judicious helmet design and proper insulation [54].
However, the situation will worsen with the transition towards
dense systems. 3-axial sensors cannot solve this issue since,
e.g., 50 sensors (150 channels) emit a big amount of heat
(about 35 W). Probably, improvements in the sensor design
can help overcome this problem. Moreover, insulation of any
kind (foamed or felt) negates the advantage of OPMs over
SQUIDs - their closeness to the scalp. As it was proposed in
[54] in future MEG systems based on OPMs may require cold
air or water for active cooling of the helmet.

Nevertheless, it is gratifying that researchers started to
openly share issues connected to overheating as well as other
challenges they encounter while working with OPMs, study
them and try to find possible solutions, e.g. [55].

V. CONCLUSION

In this study, using the example of QuSpin magnetometers
of two generations and experiments with phantom and test coil
we experimentally showed that proper magnetic suppression is
crucial for SEREF, i.e. zero-field, OPMs. We demonstrated that
MSR with the installed digital adaptive suppression system,
as opposed to the MSR containing SQUID system and active
shielding embedded into the MSR walls, provides the optimal
level for OPMs operation.

Hopefully, our advice will be advantageous and help new-
comers to build their own MEG systems based on OPMs
and, in particular, reveal false sensor deterioration if found.
Speaking more widely, without proper magnetic suppression
there will be no success biomagnetometry. No matter which
parts of the body/organisms we want to study: brain, eyes,
heart, muscles, spinal cord; humans, fetus, rats, etc.

In our future work we will aim to test Gen-3 sensors in the
MSR 2 and clarify the legitimacy of joint measurements by
different generations of QuSpin sensors, and will improve our
digital adaptive suppression system. It will allow to conduct
more sophisticated neurophysiological experiments in order to
expand the range of OPM applications.
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