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Abstract: Optically-pumped magnetometers constitute a valuable tool for imaging biological
magnetic signals without cryogenic cooling. Nowadays, numerous developments are being
pursued using alkali-based magnetometers, which have demonstrated excellent sensitivities in
the spin-exchange relaxation free (SERF) regime that requires heating to >100 °C. In contrast,
metastable helium-4 based magnetometers work at any temperature, which allows a direct
contact with the scalp, yielding larger signals and a better patient comfort. However former *He
magnetometers displayed large noises of >200 fT/Hz!/? with 300-Hz bandwidth. We describe
here an improved magnetometer reaching a sensitivity better than 50 fT/Hz!'/2, nearly the photon
shot noise limit, with a bandwidth of 2 kHz. Like other zero-field atomic magnetometers, these
magnetometers can be operated in closed-loop architecture reaching several hundredths nT of
dynamic range. A small array of 4 magnetometers operating in a closed loop has been tested
with a successful correction of the cross-talks.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Biomagnetic imaging is foreseen as a very promising technique for clinical research on human
brain [1], heart [2], fetal organs [3] and nerves [4], as well as for animals [5] and even plants
[6]. The development of optically pumped magnetometers (OPM) has opened the possibility of
performing magnetoencephalography (MEG) without cryogeny, which paves the way to wearable
MEG [7].

Most of the current OPM are based on optical pumping of alkali atoms —mainly rubidium
and cesium— with circularly polarized light. Some of these magnetometers are able to operate
at room temperature, with comparatively low densities of alkali [5,8]. However the very
best sensitivities are reached in the so-called spin-exchange relaxation free (SERF) regime
which requires heating the cell above 100°C. Excellent sensitivities have been reported in this
regime, down to 0.54 {T /Hz!/? [9] on lab tests and around 10 fT/Hz'/? in commercial sensors
[10]. Magnetocardiography (MCG) for instance has been addressed with both kind of sensors:
scalar cesium Mx magnetometers operating at room temperature [11] and rubidium SERF
magnetometers [12].

Alkali magnetometers operating in the SERF regime show some practical drawbacks: for
biomedical measurements the high temperature of the cell requires adding thermal insulation
between the body and the sensitive element. Also since 7> dephasing times are quite long in this
regime, the magnetometer bandwidth is narrow [13]. In addition most magnetometers operate
in open loop, which yields a narrow dynamic range of a few nT, and increased sensitivity to
spurious effects.

This work presents a sensor based on an alternative sensitive species: helium-4 atoms, in
their F = 1 metastable level, which can be significantly populated by using a low-intensity
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radio-frequency discharge of only a few mW. This species has been used for a long time in scalar
magnetometers for space and magnetic anomaly detection applications [14—16]. Since helium is
a gas at room temperature no heating of the sensitive element is needed. This allows operating
the magnetometers at any temperature, and notably in direct contact with patient skin or scalp
without any thermal discomfort.

Clinical proof-of-concept measurements of magnetocardiography and MEG have been carried
out a few years ago [17,18] with helium magnetometers. The preliminary sensors used in these
works were however cumbersome and suffered from large technical noises which raised their
intrinsic noise above 200 fT/Hz'/2.

We report here the development and test of a new generation of helium magnetometers for
biomedical measurements. The new sensor scheme (described in Sec. 2) allows a particularly
compact configuration, which is made possible thanks to the specific kind of pumping used.
Thanks to numerous improvements (outlined in Sec. 3) the intrinsic noise of the sensor has been
reduced below 50 fT/Hz!/2, in the close vicinity of the photon noise of the probe laser. Closed-loop
operation (which is described in Sec. 4) where the local magnetic field is continuously cancelled
thanks to 3-axis compensation coils, allows a virtually-unlimited dynamic range. The operation
of an array of 4 magnetometers placed side-by-side and its cross-talks are described in Sec. 5.
We finally discuss (in Sec. 6) the current perspectives for helium-4 low field magnetometers.

2. Magnetometer configuration

The sensitive species used in our magnetometers is the metastable 23S level of helium-4. This
level can be populated by a high-frequency (HF, between 10-20 MHz) discharge, which brings a
significant population (typically of a few 10! cm™3) to the longest-lived level: the metastable,
while keeping relaxation times slightly below 1 ms [19]. This level can be optically pumped
using the Dy (23S; — 23Py, F = 1 — F’ = 0) transition at 1083.2 nm wavelength [20], which
has the advantage of being insensitive to collisional mixing on the excited state.

Unlike most OPM where the pumping light is circularly polarized, our magnetometers are
pumped with linearly polarized light. This kind of pumping creates a spin polarization called
alignment, which corresponds to a quadrupole magnetic moment of the atomic ensemble [21,22].
This choice has several advantages. The first one is that the characteristic direction of alignment
follows the one of the light polarization E and not of its propagation k. This allows sensing the
component of the magnetic field radial to the head, which is the most significant in MEG, while
pump beams propagate also radially. In this configuration the only optical element needed is a
mirror on the bottom of each cell, which does not enlarge the footprint of the sensor. This is in
contrast with configurations based on atomic orientation which either require an optical element
(like a collimator or a prism) to be placed on a side of the cell, which enlarges the footprint of
each individual sensor [23,24], or can only measure the components of the field tangential to the
head [25,26].

Another advantage is that the vector light shifts are replaced by tensor light-shifts which have
a lower impact on measurement [27]. Moreover, for metastable helium, the choice of alignment
over orientation causes no reduction of the sensitivity. Indeed, the reduction of a factor 2 in the
amplitude of the optical signals is compensated by the two-times faster precession of alignment,
yielding equivalent slopes of the photo-detection signals [28].

There are several configurations of null-field magnetometers using radio-frequency (RF) fields.
The first and simplest case is a single-axis parametric resonance magnetometer, where a single
oscillating RF field allows measuring the component of the magnetic field which is parallel to it
[28,29]. The first characterizations performed below are made in this single-axis configuration.

A second possibility consists in adding a second oscillating RF field, orthogonal to the first one
but at a different frequency. The physics of this configuration can be studied in the dressed-atom
formalism [28,29]. This scheme allows obtaining the two components of the magnetic field
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orthogonal to light polarization with a given sensitivity, and the third one with a worse one
(typically by a factor 6). Most of the experiments reported below are performed in this tri-axial
scheme.

A third configuration, which is not used in the current work, consists in using rotating RF
fields [10,30] for getting two or three components of the magnetic field.

An outline of our sensors is presented in Fig. 1. A 1-cm long and 1-cm diameter glass cell
filled with just 10 Torr of ultra-pure helium-4 is set on the bottom of the sensor, its outer part
being about 1 mm apart of the patient skin. Electrodes set on each side of the cell allow to excite
a HF discharge at 17.4 MHz, consuming 17 mW power. A laser beam tuned to Dy transition
of helium is carried by an optical fiber, polarized, and collimated by a converging lens. The
bottom of the glass cell is coated with a dielectric mirror which reflects the beam, which thanks
to the same lens, converges and is photo-detected by an InGaAs photo-diode integrated in the
sensor package. The bottom of the sensor is surrounded by small 3-axis Helmholtz coils which
are used for applying both the RF fields, of 770 nT amplitude at 40 kHz along the y axis, and
175 nT at 9 kHz along the x axis, and the compensation fields. The latter allow closed-loop
operation that will be described below. All the elements are maintained together by a 3D printed
mount made from a photosensitive resin. The current sensor footprint is 2 x 2 cm?, although
some optimization should allow to reduce it by at least 25% without changing the position of the
functional parts of the sensor.

Y

ow

Fig. 1. Helium-4 compact OPM. (a) Cross-section showing the functional parts. (b)
Photograph showing the bottom of the sensor and its footprint size. LP: linear polarizer. OF:
optical fiber. PD: InGaAs photodiode. CL: converging lens. OW: optical window. DM:
dielectric mirror. GC: glass cell containing helium-4. HC: triaxial Helmholtz coils. BD:
beam divergence.

3. Noise and bandwidth characterization of a single OPM

The main issue with former helium-4 OPM was their very high intrinsic noise [17,18]. This
noise was due to several causes: the fiber laser that was used had a relative intensity noise (RIN)
more than 10 dB above the photon noise. Also the materials surrounding the helium cell were
not perfectly amagnetic and created excess magnetic noise. A full rework of the sensor design,
notably its optical configuration, as well as the replacement of the laser with a model with a lower
RIN allowed a substantial reduction of the intrinsic magnetometer noise.

The intrinsic noise of a typical sensor in the open-loop single axis configuration (only one
RF on) is presented in Fig. 2(b). For characterizing this noise the sensor is set in the center of a
five-layer mu-metal cylindrical magnetic shielding of 60-cm inner diameter and 1-m length, with
residual field of 11 nT along its axial direction and <5 nT along transverse directions. A pigtailed
laser is sent through a polarization maintaining fiber. An optical attenuator allows controlling the
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optical power sent to the magnetometer. The photo-detection signal is brought through a coaxial
cable out of the magnetic shielding, input to a trans-impedance amplifier. The resulting signal is
demodulated at the RF frequency (40 kHz) by a commercial lock-in amplifier (SRS-865A), and
the result is stored in a computer for treatment. A reference signal at 70 Hz, with a calibrated
amplitude of 100 pT rms is applied along the sensitive axis thanks to a large (30 cm) 3-axis coils
with the magnetometer placed in the center. By choosing a 1 Hz resolution bandwidth in the
spectrum analyzer, this reference allows a real-time calibration of the sensor open-loop transfer
function during the intrinsic noise characterization.
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Fig. 2. Performance of our helium-4 OPM. (a) Setup for the characterization of the intrinsic
noise. The blue paths correspond to electrical signals and the red ones to optical fibers.
The black dashed lines are mu-metal magnetic shield layers. Green dashed line encloses
the electronic functions that can be handled by the discrete devices shown inside, or by
sub-functions in our proprietary digital electronics board. (b) Intrinsic noise and bandwidth
of the OPM in the single-axis open-loop configuration normalized by the bandwidth shown
in the inset. (c) Open-loop response of the photo-current demodulated at 40 kHz with
respect to the By component of the magnetic field in the single-axis configuration. (d)
Intrinsic noises of the magnetometer in the tri-axial configuration in open-loop (solid lines,
normalized with their respective bandwidths) and closed-loop (dashed lines): x (blue), y
(green) and z (black). ECDL: external cavity diode laser. Att: variable optical attenuator.
TIA: trans-impedance amplifier. LIA: lock-in amplifier. DAQ: data acquisition card. R:
resistor network.
The measured intrinsic noise is lower than 50 fT/Hz!/?, and is currently limited by the optical
noise of the laser. At 40 kHz we measured this noise to be 1.6 + 0.5 dB above the photon shot
noise.

The sensor bandwidth was also measured by injecting a reference signal in the coil and
measuring the output of the magnetometer while changing the reference signal frequency. The
frequency response measurement is shown as inset in Fig. 2(b): it matches a first order low pass
filter, with 2-kHz bandwidth at -3 dB.
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4. Closed-loop operation

One of the specific features of our OPM is the closed-loop operation mode, consisting in
continuously cancelling the three components of the magnetic field of each sensor by applying
an opposite compensation field EC with the 3-axis Helmholtz coils. Closed-loop operation has
been applied to other magnetometer schemes: RF magnetometers [31] and gradiometers [32].
To perform this real-time cancellation of the three magnetic field components, we use a rather
different scheme, sketched on Fig. 3, containing an integrator in order to cancel the static error,
and achieving better accuracy of the field cancellation. The closed-loop transfer function 7'(s) of

this scheme can be written:
L.i 1 1
=L (O ———— (1)

] s
Bo,l KC 1+ KK Ko

with By the component i (i € {x,y,z}) of the pre-existing magnetic field, 7,,; the current sent to
the compensation coils for the 7 axis, s the Laplace variable and K., K; and K¢ the gains of the
coil driver, the integrator and the OPM respectively.

B Ko(s) Ki/s I
e oPM 1 N -
B, K
C
Coil
driver |

Fig. 3. Schematic of the control system used to generate the compensation field for each
component of the magnetic field. The component i € {x, y, z} of the preexisting magnetic
field By ; is superimposed with the component i of the compensation field, and the resulting
field is the one observed by the OPM, which is characterized by a gain Kp. The output is
sent to an integrator with gain K; yielding the compensation current /,, ;, which is fed back
to the driver of the compensation coils, which show a gain K. This compensation current is
proportional to the measured component of the field along the axis i which is noted By, ;

If we neglect the low-pass filtering by the atomic response, i.e. we consider a constant K(s),
the transfer function T'(s) is a low pass filter with static transfer coefficient K and time constant
(K.KiKo)~!. Therefore fluctuations in the amplitude of the OPM transfer function Ko, due for
instance to changes in laser or plasma intensity have no impact on the measured value, but
just cause fluctuations of the closed-loop bandwidth, which have a minor impact on recordings,
specially when the bandwidth is large. This is an important advantage since it eliminates the
need for calibration except for the transfer function of the 3-axis Helmholtz coils surrounding
the helium cell. An even more important advantage consists in the possibility of broadening the
dynamic range well above the magnetic line-width of the atoms. In our preliminary electronic
boards +300 nT have been achieved, but this can be improved further, the only limit being the
technical compromise between the range of the coil drivers and their technical noise [33,34].

The intrinsic noise of our magnetometer operating in the closed-loop tri-axial mode is shown
in Fig. 2(d). No additional noise as compared to the open-loop configuration is observed and
the sensitivity is still better than 50 fT/Hz'/2. The raise of the noise floor observed at high
frequencies comes from a non-optimal choice of the integrator gain causing a reduction of the
closed-loop bandwidth down to 1350 Hz.
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5. Four-magnetometer array

However, closed-loop operation has also some unwanted consequences due to the cross-talks
that unavoidably exist between the coils of closely-packed sensors. Due to these cross-talks
there is a difference between the magnetic field which pre-existed before the closed-loop array is
started, and the readings of the sensors. This difference, if it is not corrected, perturbs the spatial
distribution of the measured magnetic fields, which could yield errors in the source localisation
algorithms like the ones used, for instance, for finding the epilepto-genetic areas in the brain [35].

However, this problem can be solved by appropriate post-processing as far as the cross-talks are
appropriately characterized. Indeed the field at each magnetometer is the result of the preexisting
field, the magnetometer back-action, but also the back-action of the neighbor magnetometers.
For each component (x, y or z) of the magnetic field the situation when closed-loop operation is
active, and therefore the total field at each magnetometer is null, can be modelled as the vector
equation [34,36]:

OB, 9B, 0B
B, ol oI, Ol Iy 0
OB OB OB
B, 0By 9B, 0B b 0
ol ol Ol
- = (@)
OBy OBy . OBy
By oI, ol Aly Iy 0

Therefore the pre-existing field (B;) can be deduced from the /; currents in the sensors as far as
the square matrix is known. This matrix can either be estimated from Biot-Savart calculations, or
experimentally calibrated as described hereafter.

The combination of cross-talks between adjacent magnetometers with closed-loop multi-axis
operation has to be carefully considered to avoid any instabilities and be able to correct the
recordings. As a first test to probe the possibility of operating several magnetometers in closed-
loop in the presence of cross-talks we have manufactured an array of four magnetometers, set
side-by-side with only 2-mm spacing, a rather unfavorable situation as compared to real MEG.
This setup is shown in Fig. 4.

After turning the laser on, we started the compensation electronics of each magnetometer
sequentially. No instabilities were observed: the magnetometers only showed small deviations
from their initial values when starting the electronics of their neighbors. We applied an offset
magnetic field using the large 3-axis cubic coil shown in Fig. 4, which was recorded by all the
magnetometers of the array, until reaching the limit of their dynamic range, which was around
+250 nT.

‘We then calibrated the cross-talk 12 x 12 matrix A, with elements:

A;j = (0B;/01;)/(0B;/01,) 3

A first attempt to do so using open-loop operation of all the network produced rather strange
results due to the presence of crossed-axes terms which are expected if the magnetic field is not
perfectly cancelled along all the axes [37]. We thus used a variant of this procedure, similar to
the one described in [36], which consists in setting sinusoidal reference signals in all the coils
of the array at the same time but different frequencies, while keeping only one magnetometer
in closed loop at each time, this magnetometer being the only one being read. This procedure,
which is being patented, resulted in couplings which are in good agreement with the calculations
made from Biot-Savart law considering the actual positions of the sensors as set by the plastic
mount that holds the four magnetometers. All but one of the coupling coefficients measured in
such way are in 10% range of their theoretical predictions, this 10% uncertainty resulting mainly
from the uncertainty of the probe position in the holder. Only one coefficient deduced from a
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Fig. 4. Four magnetometer array. (a) Schematic drawing of the four magnetometer relative
placement. The magnetometer footprint is 2 cm X 2 cm and the spacing between adjacent
magnetometers is 2 mm. (b) Photograph of the magnetometer array installed inside a set of
3-axis coils, itself inside a 5-layer magnetic shielding. (c) Matrix A of the relative couplings
between the magnetometers: each line corresponds to a coil creating a reference magnetic
field, each column to a magnetometer measuring all the signals in closed-loop mode. 143
of these couplings (in green) comply with the theoretical predictions, only one (in orange)
shows substantial disagreement.

measurement of the least resolved axes of the third sensor (C3) seems wrong: the reason of this
small disagreement is currently being studied. Otherwise the procedure used for characterizing
the couplings seems to be appropriate and should allow a post-treatment correction of the
cross-talks as discussed above.

In the very same way as compensation signals couple one magnetometer to another, so do
the RF fields. Unless the magnetometers are placed in a very particular configuration this will
not only cause a variation of the RF amplitudes [38], but more importantly a spurious change in
the RF directions, which can be more problematic because it controls the direction of sensitive
axes of the magnetometer. Efforts have been made to develop magnetometers requiring no RF,
which are therefore immune to these effects [39]. However, a more pragmatic solution could
be to correct these misalignements by an appropriate data processing, taking advantage of the
knowledge of the DC couplings.

6. Perspectives of helium-4 magnetometer development

Although their intrinsic noise is still worse than alkali-based OPM, helium-4 OPM have practical
advantages, notably the possibility of operating at room temperature, without any cooling or
heating, and have undergone important progress these last years. Larger arrays of helium-4 OPM
are being developed and should allow addressing clinical applications where the combination of
a large bandwidth and a greater proximity to the sources brings a substantial advantage.
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