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TO1

Ultrasensitive *He NMR-Magnetometry for Measurements of High
Magnetic Fields

Werner Heil, Peter Bliimler, Andreas Maul, Ernst Otten
Institute of Physics, University of Mainz, Staudingerweg 7, 55128 Mainz, Germany

In the talk a He magnetometer is described capable to measure high magnetic fields (B > 0.1 T) with a relative
accuracy of better than 10~'2. Our approach is based on the measurement of the free induction decay (FID) of
gaseous, nuclear spin polarized *He following a resonant radio frequency pulse excitation. The measurement sen-
sitivity can be attributed to the long coherent spin precession time 7, being of order minutes which is achieved
for spherical sample cells in the regime of “motional narrowing” where the disturbing influence of field inho-
mogeneities is strongly suppressed. The *He gas is spin polarized in situ using a new, non-standard variant of the
metastability exchange optical pumping. This magnetometer also provides precise measurements of magnetic field
gradients in the sub pT/cm range extracted from the transverse relaxation rates.
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Fig. 1 Measured FID (normalized signal ; sampling rate: rs,0 = 620 Hz) of the beat frequency fb with and without preset
magnetic field shifts of ABg; = 0.6 nT added to the main B = 1.5 T field of the MR scanner. The characteristic time constant
of the FID could be determined to be 7, ~ 70 s. For technical reasons only 6.6 s of the FID could be recorded.

References

[1] C. Gemmel et al., Ultra-sensitive magnetometry based on free precession of nuclear spins, Eur. Phys. J. D 57, 303 (2010).

[2] A. Nikiel et al., Ultrasensitive > He magnetometer for measurements of high magnetic fields, Eur. Phys. J. D 68, 330 (2014).

[3] H.-C. Koch et al., Design and performance of an absolute >He/Cs magnetometer, Eur. Phys. J. D 69, 202 (2015).

[4] E. Allmendinger et al., Precise measurement of magnetic field gradients from free spin precession signals of 3He and ¥ Xe magnetometers,
Eur. Phys. J. D 71, 98 (2017).



T02

Optical Magnetometry using Multiphoton Transitions
and Polarized Nuclei

Skyler Degenkolb!, Tim Chupp?, Jaideep Singh?

1. Institut Laue-Langevin, 71 avenue des Martyrs - CS 20156, 38042 Grenoble CEDEX 9, France
2. University of Michigan, 450 Church Street, Ann Arbor, Michigan 48109, USA
3. National Superconducting Cyclotron Laboratory, Michigan State University, 640 South Shaw Lane, East Lansing, Michigan 48824, USA

We present a novel approach to optical magnetometry, based on the use of multiphoton transitions in diamag-
netic atoms to detect Larmor precession of spin-polarized nuclei. This technique promises several advantages in
the context of low-energy precision measurements (especially permanent electric dipole moment searches), where
magnetometer properties such as chemical reactivity, dielectric strength, and interaction cross-sections with other
particles or atomic species are relevant in addition to intrinsic magnetic field sensitivity. Nuclear spins and non-
linear optical excitation introduce new degrees of freedom, and evade limitations arising from rapid electronic
decoherence that are typical in paramagnetic atomic systems.

We have demonstrated continuous-wave excitation of the 'Sy —2[5/2], two-photon transition in neutral xenon
at 256nm, which represents a good experimental compromise between desirable material properties and the lim-
itations of current laser technology. Proof-of-principle experiments have also been performed with two-photon
transitions using continuous-wave and modelocked pulsed lasers at more convenient wavelengths, in ytterbium
(808nm) and rubidium (778nm). We remark on the associated possibilities for efficient multiphoton excitation,
spatial resolution, and absolute frequency stability that arise from the unique laser systems employed.
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TO03

The LSD-Mz Magnetometer — Working Principle,
Properties and Applications

Volkmar Schultze', Rob IJsselsteijn' >, Ronny Stolz'

1. Leibniz Institute of Photonic Technologies, Albert-Einstein-Strafie 9, D-07745 Jena, Germany
2. Supracon AG, An der Lehmgrube 11, D-07751 Jena, Germany

We present an optically pumped magnetometer working in a new operational mode — the light-shift dispersed
M, (LSD-Mz) mode [1]. It uses light-narrowing (LN) [2] achieved by strong repumping of the lower hyperfine
ground-state — F' = 3 of the Cs-D1 line. In M, configuration this enhances the absorption of the pump laser beam
when the B1-field frequency approximates the Larmor frequency. At the same time, this high-power repumping
induces a strong light-shift. In order to benefit from these features, we use two on-chip vapour cells with identical
working conditions except for the antipodal circular polarisation of the pump light. The difference of the two
absorption signals, which are shifted in opposite direction, has a dispersive character with zero crossing at the
Larmor frequency, thus can be used for magnetic-field determination (Fig. 1).
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Fig. 1 M, signals of two single cells (C1 and C2) pumped in the LN mode with different helicity of the circularly polarized
light and their LSD-Mz difference signal (C1-C2), in dependence on the B;-field frequency. A conventional M, signal with
pumping on F = 4 is shown for comparison. The By-field had a value of about 50 uT.

The LSD-Mz OPM offers various advantages: As a pure dc measurement it eliminates the problem of tuning the
reference phase to the correct value in lock-in measurements like in the M, configuration. Due to the preferred
parallel orientation of pump light and measurement field By almost all atoms are pumped into the stretched state.
This increases the signal further. In consequence a good shot-noise limited magnetic-field resolution of about 10
fT/+/Hz is achieved with 50 mm? cell volumes despite the broad resonance of 1 kHz. As a positive consequence
this, in turn, reflects in a corresponding high signal bandwidth. In contrast to SERF magnetometers [3] the LSD-
Mz ones keep their magnetic-field resolution also for higher By strengths like the Earth’s magnetic field. Also the
heading error can be kept low because the best signal quality is achieved in magnetic-field orientations around zero
degree with respect to the pump beam direction. The price of these advantages is that low-frequency technical noise
contributions like laser noise may degrade the measurement results. Due to the direct subtraction of the signals of
two commonly operated vapour cells, a noise reduction is directly implemented in the LSD-Mz principle, however
[4]. Further influences of various operational parameters on the LSD-Mz magnetometer performance will be shown
and discussed.

References

[1] V. Schultze, B. Schillig, R. IJsselsteijn, T. Scholtes, S. Woetzel, and R. Stolz, An Optically Pumped Magnetometer Working in the Light-Shift
Dispersed M, Mode, Sensors 17, 561 (2017).

[2] T. Scholtes, V. Schultze, R. IIsselsteijn, S. Woetzel, H.-G. Meyer, Light-narrowed optically pumped M, magnetometer with a miniaturized
Cs cell, Phys. Rev. A 84, 043416 (2011); Erratum. 86, 059904(E) (2012).

[3] I. K. Kominis, T. W. Kornack, J. C. Allred, M. V. Romalis, A subfemtotesla multichannel atomic magnetometer. Nature 422, 596 (2003).

[4] V. Schultze, R. Isselsteijn, H.-G. Meyer. Noise reduction in optically pumped magnetometer assemblies. Appl. Phys. B 100, 717 (2010).
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TO04

Nonlinear Optical Wave Mixing Magnetometry

Lu Deng', Yvonne Y. Li’, Feng Zhou', Eric Zhu', E. W. Hagley'

1. National Institute of Standards and Technology, Gaithersburg, Maryland USA 20899
2. Department of Medical Oncology, Dana-Farber Cancer Institute, Harvard Medical School, Boston, MA USA 02115

Atomic magnetometers relying on the nonlinear magneto-optical rotation (NMOR) effect have achieved impressive
weak magnetic field detection sensitivities [1-3]. In the semi-classical picture, different polarization components
of a linearly-polarized probe field, with its two circular components forming a A-scheme, experience a different
complex dispersion when traversing a magnetized medium, giving rise to an optical polarization rotation detectable
using standard polarimetry methods. However, since each polarization component simultaneously undergoes one-
photon absorption, and two-photon stimulated-emission processes, the symmetric nature of this single probe A-
scheme is self-restricted by detailed balance, leading to a small NMOR effect.

An optical wave mixing process overcomes this self-limiting effect by introducing a second Zeeman-coherence
manipulation channel (Fig. 1a), resulting in significant enhancement of the NMOR optical SNR (Fig. 1b) by using
a counter-propagating beam configuration. In Fig. 1b we compare the NMOR signal of the usual single-beam
A-scheme (blue trace) with the NMOR signal from the optical wave mixing scheme (red trace). Experimentally,
we routinely observe more than 500-fold optical NMOR SNR enhancement using a wave mixing field intensity <
80 uW/cm?, demonstrating the superior and robust performance of the new scheme.
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Fig. 1 Simplified optical wave mixing scheme (both channels) and the usual single-probe A-scheme (lower channel only). (b)
NMOR signal at T=311K. Probe field: 20 uW/cm? (8p = -5 GHz, 'Rb F =2 to F = 1). WM field: 12 yW/cm? (Swym = -2
GHz,8RbF=2toF=1).

The Zeeman-coherence optical wave mixing scheme demonstrated here exhibits a superior optical SNR in ex-
tremely weak magnetic field detection. The physics behinds this novel performance is subtle and is partly related
to ground state Zeeman coherence. The principle is also applicable to optical magnetometers where nonlinear
optical polarization rotation is the central principle of the operation. Indeed, noticeable enhancement has been
observed on a well-calibrated SERF-type magnetometer, raising the prospect of further improvement of the SNR
of magnetometers operated on the similar principles. With further optical improvements, this new magnetometry
scheme may enable a host of new applications, in fields such as bio-magnetism and fundamental particle physics,
by eclipsing what current state-of-the-art technologies can presently offer.

References

[1] D. Budker and M. Romalis, Optical Magnetometry. Nature Phys. 3, 227 (2007).

[2] I. K. Kominis, T.W. Kornack, J.C. Allred, and M. Romalis, A subfemtotesla multichannel atomic magnetometer. Nature 422, 596 (2003).

[3] V.A. Sautenkov et al., Enhancement of magneto-optic effects via large atomic coherence in optically dense media. Phys. Rev. A 62, 023810
(2000).
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TO0S

Pulsed Scalar Atomic Magnetometer with Multi-pass Cells

V. G. Lucivero, N. D. McDonough, N. Dural, and M. V. Romalis
Physics Department, Princeton University, Princeton, NJ 08540, USA

I will review our recent work on scalar atomic magnetometers designed to operate with high sensitivity in Earth’s
magnetic field. In order to achieve high sensitivity in a compact sensor we arrange for the probe laser beam to
pass many times through the atomic vapour by fabricating cells with internal high-reflectivity mirrors. In this
regime we realize large optical rotation of the probe beam polarization, often well in excess of 7/4 radians, and
the polarization noise dominated by atomic quantum spin fluctuations [1]. We reduce spin-exchange relaxation
of the alkali-metal vapour in the presence of a large magnetic field by initially creating a nearly fully-polarized
atomic state with a short light pulse from a high power pump laser. In this regime the relaxation rate of the atomic
vapour is not constant in time, it speeds up with time as the atoms lose their polarization. By operating in this
non-Markovian regime we can take advantage of the spin quantum-non-demolition measurements performed by
the probe laser in order to improve the overall sensitivity of the magnetometer [2].

In the past this approach has been limited by diffusion of atoms in the multi-pass cell [3]. As a result, the decay
of the spin time-correlation function occurs much faster than the decay of the ensemble average spin polarization,
because different atoms are sampled by the probe laser beam at different times. Recently we developed a new
multi-pass cell geometry, shown in Fig. 1, which significantly reduces this problem by creating a more uniform
intensity distribution of the probe laser in the multi-pass cell.
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Fig. 1 A) A picture of a multi-pass cell assembled with anodic bonding using two spherical mirrors with high reflectivity
coatings. One of the mirrors has a 200 um hole for entrance and exit of the probe light. B) An example of the quantum spin
noise spectrum with a Lorentzian fit. Diffusion effects result in distortions of the noise spectrum from a Lorentzian shape.

I will describe measurements of the spin time-correlation function, operation of the scalar magnetometer using the
new multi-pass cells, and analysis of the fundamental noise sources limiting its performance.

References

[1] S. Li, P. Vachaspati, D. Sheng, N. Dural, and M. V. Romalis, Optical rotation in excess of 100 rad generated by Rb vapor in a multipass
cell, Phys. Rev. A 84, 061403 (2011).

[2] G. Vasilakis, V. Shah, and M. V. Romalis, Stroboscopic Backaction Evasion in a Dense Alkali-Metal Vapor, Phys. Rev. Lett. 106, 143601
(2011).

[3] D. Sheng, S. Li, N. Dural, and M. V. Romalis, Subfemtotesla Scalar Atomic Magnetometry Using Multipass Cells, Phys. Rev. Lett. 110,
160802 (2013).
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TO06

Precise signal-tracking with precessing spin ensembles

Ricardo Jiménez-Martinez', Jan Kolodynski1 , Jia Kongl , Charikleia Troullinou!, Morgan W. Mitchell' 2

1. ICFO-Institut de Ciencies Fotoniques, The Barcelona Institute of Science and Technology, 08860 Castelldefels (Barcelona), Spain
2. ICREA — Institucié Catalana de Recerca i Estudis Avangats, 08015 Barcelona, Spain

Many of the most compelling applications of atomic and optical interferometry study continuous, time-varying
signals, such as in gravitational-wave detection [1] and bio-magnetic field sensing [2, 3] for instance. Moreover,
many applications use such continuous measurements to control the measured system, as when a spectroscopy sig-
nal is fed back to a local oscillator in an atomic clock [4]. A central task in any such measurements is the estimation
of the true signal from a noisy measurement record, a task that entails also giving uncertainties for the estimates.
The choice of estimator leads to dynamical considerations not found in simpler measurement problems, for exam-
ple a trade-off of time resolution versus precision. In control applications the choice is moreover fundamentally
restricted to causal estimators, and practically limited to those that can be computed quickly. Tools from Bayesian
statistics provide an elegant and natural framework to the estimation task in realtime. Of particular interest is the
Kalman filter (KF) [5], and its extensions. To date KFs have been implemented in a number of interferometric sen-
sors, for instance to enhance phase-tracking by light squeezing [6], and have been proposed to track quasi-static
magnetic fields with optically-pumped magnetometers (OPM) [7]. However its experimental implementation and
validation in alkali spin ensembles remains an open challenge, as a result optimal autonomous OPM are yet to be
implemented. Here we describe our recent work and results aimed at implementing KFs with precessing alkali
spin ensembles. Using KF we track the collective spin orientation of the atomic ensemble as well as stochastic and
deterministic optical time-varying signals coupled to the spins. The prospects for integrating these techniques to
track magnetic fields will be discussed as well.

References

[1] B.P. Abbot et al. (LIGO Scientific Collaboration and Virgo Collaboration), Observation of Gravitational Waves from a Binary Black Hole
Merger, Phys. Rev. Lett. 116, 061102 (2016).

[2] T. H. Sander, J. Preusser, R. Mhaskar, J. Kitching, L. Trahms, and S. Knappe, Magnetoencephalography with a chip-scale atomic magne-
tometer, Biomed. Opt. Express 3, 981 (2012).

[3] G. Bison et al., A room temperature 19-channel magnetic field mapping device for cardiac signals, Appl. Phys. Lett. 95, 173701 (2009).

[4] A. D. Ludlow, M. M. Boyd, J. Ye, E. Peik, and P. O. Schmidt, Optical atomic clocks, Rev. Mod. Phys. 87, 637 (2015).

[S]R. E. Kalman, A New Approach to Linear Filtering and Prediction Problems, Transactions of the ASME, Journal of Basic Engineering 82,
35 (1960).

[6] H. Yonezawa et al., Quantum-Enhanced Optical-Phase Tracking, Science 337, 1514 (2012).

[7]1J. Geremia, J. K. Stockton, A. C. Doherty, and H. Mabuchi, Quantum Kalman Filtering and the Heisenberg Limit in Atomic Magnetometry,
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TO7

Non-linear spin dynamics in atomic magnetometers

R. Gartman', W. Chalupczakl , G. Bevilacquaz, Y. Dancheva?, V. Biancalana?

1. National Physical Laboratory, Teddington, UK
2. Universita di Siena, Siena, Italy

It is generally accepted that an optical probe and spin-exchange collisions, through so-called quantum back-action
and decoherence respectively, introduce perturbations in the atomic system. We show that the non-linearities
introduced by the optical probe (i.e. tensor light shift) as well as spin-exchange collisions generate novel atomic
spin dynamics. This could lead to increase of the coherence lifetime and generation of the entanglement. The
former will be demonstrated and discussed in context of so-called spin maser, while the latter on basis of Bell-
Bloom pumping process, where the atomic coherences are created by a train of optical excitation pulses.
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TO8

Towards endoscopic magnetic field sensors based on diamonds for
biomedical applications

Arne Wickenbrock!?, Georgios Chatzidrosos', Huijie Zheng', Lykourgos Bougas', Dmitry Budker!??3

1. Johannes Gutenberg-University, Mainz, Germany
2. Helmholtz Institut Mainz, Mainz, Germany
3. Department of Physics, University of California, Berkeley, CA 94720-7300, USA

We propose and report on the progress towards a miniaturized endoscopic magnetic field sensor based on color
center ensembles in diamond. The unique design of the sensor enables spatially resolved in-vivo measurements of
static and oscillating magnetic fields with a broad bandwidth and high sensitivity. An endoscopic magnetometer
could boost the size of magnetic signals of the heart, the brain or other organs due to the reduced distance to
the underlying current densities. The high-bandwidth of the device enables spatially resolved methods for tissue
discrimination such as nuclear magnetic resonance or eddy-current detection in vivo.

We present the recent developments towards a miniaturized, highly sensitive magnetometer (Figure 1) that
measures magnetic fields by monitoring cavity-enhanced absorption on the singlet transition of the negatively
charged nitrogen-vacancy (NV) center in diamond under radio-frequency irradiation and optical pumping with a
green laser. We achieve shot-noise limited performance with sensitivities better than 100 pT/ Hz!'/2 [1].

Rapidly changing environment in the human body as well as exposure limits for electromagnetic radiation
motivate the use of a microwave-free magnetometer. We demonstrated such a device based on a narrow magnetic
feature due to the ground-state level anticrossing (GSLAC) of the NV center at a background field of 102 mT to
measure magnetic fields without microwaves [2] (Figure 2).

Here, we report on the combination of this method with the miniaturized absorption-based magnetometer [3]
and sketch a way towards a fully integrated device capable of first endoscopic measurements.
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Fig. 1 Schematic of the absorption-based cavity-  Fig. 2 Noise characterization of a microwave-free magnetometer. The inset shows
enhanced diamond magnetometer. The dimensions of  the derivative of the GSLAC feature used to translate the measured signal into mag-
the sensing volume are below (100x100x300) pm?. netic field.
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TO09

Flight Model Design of the Coupled Dark State Magnetometer
for the China Seismo-Electromagnetic Satellite

Andreas Pollinger'?, Roland Lammegger’, Werner Magnes', Irmgard Jernej', Christian Hagen',
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The Coupled Dark State Magnetometer (CDSM) is a scalar magnetometer based on two-photon spectroscopy of
free alkali atoms. Coherent Population Trapping (CPT) leads to narrow optical resonance features, which enable a
precise determination of the magnetic field-dependent Zeeman energy level shifts. Systematic errors, which usually
degrade the accuracy of single CPT magnetometers, are cancelled or at least minimized by the use of several CPT
resonances in parallel. CPT inherently allows omni-directional measurements. This leads to a moderately complex,
all-optical sensor design without double cell units, excitation coils or electro-mechanical parts.

(@) (b) (0 (a)
' {d) -

Fig. 1 The sensor consists of two fibre couplers (a), a polariser (b), a quarter-wave plate (c) and a 87Rb-filled glass cell (d).

The measurement principle was discovered in 2008 [1] and since then the instrument has been developed by the
two institutes involved for future space missions [2, 3]. The first demonstration in space will take place aboard
the China Seismo-Electromagnetic Satellite (CSES) mission. The flight model will be launched into a low Earth
orbit in August 2017. Furthermore, the CDSM is baseline instrument for the JUpiter ICy moons Explorer (JUICE)
mission of the European Space Agency (ESA) to visit the Jovian system.

The presentation includes an introduction of the measurement principle, the instrument design for the CSES
mission and performance characteristics such as accuracy, sensor heading and temperature dependencies as well
as noise.

Fig. 2 Flight model for the China Seismo-Electromagnetic Satellite (CSES) mission.
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Sensitive magnetometry implemented in atomic vapors has been established in the past decades. It has mastered
the transition from the lab to a variety of field applications. The key parameters are the achievable line-width and
the associated signal-to-noise ratio [1]. In parallel, the research on solid-state and spin-active samples formed a
growing field to optical sciences as well. The latter sensor system, such as nitrogen vacancy centers in diamond [2],
does generally not exhibit a good DC-sensitivity [3], but is well suitable for magnetometry on different frequency
ranges and on nm-sized samples in their close proximity [4]. Defect centers can be singled out, single photon
emission was detected, and the present research covers not only the field of optical magnetometry, but also quantum
information [5] and nano-scale thermometry [6].

In the past two years, we have implemented a rubidium M,-magnetometer [7]. The design is suitable for
in-cooperating a small (= 2 mm &) solid state experiment (see Fig. 1a and b). The design principles and the
home-made cell design will be discussed in the presentation.

One of the first samples which is researched is a bulk sample of nitrogen-vacancy defect centers in a ppm-
concentration diamond (see Fig. 1c). We will outline the specific strength of atomic vapors and nitrogen-vacancy
centers and discuss options of combining both techniques.
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Fig. 1 a) Photograph from one of the rubidium cells, suitable for inserting a solid-state sample. b) The design combines buffer
gas, anti-relaxation coating, and an appendix for the solid-state sample. ¢) The diamond N'V-center magnetometer, multi-mode

fiber coupled and with a rigid-waveguide antenna.

How and if a hybrid device can surpass the quality measures of a single sensor system alone is presently under
research. Especially the difference frequency range poses challenging hurdles to their combination. On the other
hand, our experiments originate from a more fundamental approach, namely to the questions if and how two optical
magnetometers can influence each other. A few steps on other systems have been taken in the past [8,9]; we believe
that a combination with solid-state samples might lead to a significant decrease in sensor size and might open the
route to new samples which can be researched with atomic magnetometry.
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Simultaneous multi-location measurements are essential to apply optically pumped atomic magnetometers (OPAMs)
to biomagnetic applications such as magnetoencephalograms (MEGs) and magnetocardiograms (MCGs). For
multi-location measurements, it is commonly used to align many OPAMSs, each of which consists of a set of a
cell, a pump beam and a probe beam [1, 2]. However, it is difficult to calibrate sensor properties of each OPAM
because each sensor cell has different alkali-metal densities, pressure of buffer gases and so on. Therefore, we have
been investigating the multi-channel OPAM with multiple pump and probe beams irradiating a large sensor cell
containing K and Rb atoms [3]. In this method, however, we can only obtain the signals integrated along the probe
beam passing through. To obtain the magnetic field distribution along the probe beam direction, we proposed the
pump beam modulation method with optical choppers [4].

In this study, we carried out simultaneous magnetic field measurements at two locations using a pump beam
modulation method with electro-optic modulators (EOMs), which can realize the sinusoidal modulation. The
experimental setup was similar to the reference [4]. As a test signal, we applied measured magnetic field of 48 pT
and 11 Hz. The pump beam was divided into two beams whose intensities were sinusoidally modulated with the
modulation frequencies of 31 Hz and 43 Hz aiming at measuring spontaneous cortical rhythmic activities such as
alpha rhythm (8-13 Hz). The probe beam passing through the two pump beams was detected with a polarimeter
and synchronously demodulated with 31 Hz and 43 Hz to distinguish the two signals at different positions.

Figure 1 shows the experimental results. The sinusoidal modulation could suppress the peaks of higher har-
monics. The frequency accuracy of the EOMs was much higher than that of the optical choppers, in consequence
the noise level at low frequency was lower. The noise levels were 352 T,/ Hz!/2 and 800 fT ms/ Hz!/? with mod-
ulation frequencies of 31 Hz and 43 Hz, respectively. As seen in Fig. 1 right, there is a peak at 8 Hz, which is the
second-order harmonic wave of 31-Hz modulation. Therefore, we have to select the proper modulation frequency
for each measurement object. The sensitivity reached 160 fTyys/ Hz'/2 by increasing the pump beam intensity.
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Fig. 1 Noise spectrum densities obtained with modulation frequencies of 31 Hz and 43 Hz.

We demonstrated simultaneous multi-location measurements with modulated pump beams using EOMs towards
biomagnetic applications. The experimental results indicate the feasibility of the presented method to biomagnetic
applications. In future, we plan to measure MCGs and MEGs by this technique.
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We discuss progress towards a practical total field optical magnetometer based on the free induction decay of alkali
metal atoms. Our work is inspired by the record-breaking scalar sensitivity achieved by Sheng et al. [1], but here
our focus is on making a system that is centimeter-scale and practical for real-world use. We identify several
advantages to the pulsed approach in sensitivity, bandwidth, and accuracy. The Larmor frequency is obtained by
directly counting the signal from the sensor without the need for any feedback loop. The lack of a feedback loop
permits higher bandwidth measurements in the few-kHz regime and higher accuracy near the bandwidth limit. We
will discuss the accuracy of the magnetometer and how heading errors may be suppressed. High sensitivity is
obtained by pumping the atoms into the end state and operating at higher atom density; in this regime very high
optical rotations are obtained, as shown in Fig. 1.
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Fig. 1 Very high optical rotation signals provide multiple zero crossings per Larmor precession period.

We obtain multiple zero crossings per Larmor precession period, thereby significantly increasing potential readout
sensitivity. We explore some of the compelling challenges in the analysis of these timeseries.

The development of a practical pulsed magnetometer depends on the development of a suitable pump laser with
high peak power. We have demonstrated a pump laser with 10 mW average power with efficiency far exceeding the
efficiencies of typical VCSELSs. Since the pump laser is off for the duration of the measurement, the sensor lacks
any of the familiar pump lightshifts and pump noise contributions to sensor noise. Existing VCSEL technology
provides an effective probe beam for this system, resulting in a compact, low-power and high performance sensor.
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High-sensitivity magnetometers are used in a wide variety of applications ranging from geophysics [1] to funda-
mental physics [2] and medicine [3]. Alkali-metal-vapor atomic magnetometers have seen tremendous progress in
recent years improving their sensitivities to below the fT/+/Hz level [1,4] at submicrotesla fields. However, when
it comes to the geophysical field range (up to 100 u'T), one has to contend with the nonlinear Zeeman (NLZ) effect
[5], which causes splitting of different components of the magnetic resonances as well as lineshape asymmetries.
This leads to signal dilution and spurious dependence of the readings of a scalar sensor on the relative orientation
of the sensor and the field, the heading error [6], particularly troublesome in airborne and marine systems. Here
we introduce a technique where atomic spins are locked by a radio-frequency field to suppress the NLZ effect and
heading error.

Spin locking is often used in Nuclear Magnetic Resonance (NMR) experiments to prevent precession or decay
of nuclear magnetization [7]. By applying a continuous-wave tf field or composite pulses, the magnetization is
spin locked in the effective field and decays to equilibrium with relaxation time 75 ¢, which can be much longer
than typical spin-relaxation time 7. In atomic system, rf field can also lock the different spin subgroups. This
prevents splitting, shifts and lineshape asymmetries. Different from other schemes, spin locked magnetometer is
more flexible when magnetic field’s amplitude and orientation angle keep changing.
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Our magnetometry development is focussed on compact, portable sensors for geophysical field measurements. In
order to develop practical sensors with minimised size and power requirements, single beam double-resonance
magnetometry is used, avoiding any requirement for extensive optical hardware or full-field compensation. Mag-
netic resonance in atomic polarisation is detected using a polarimeter to measure optical rotation in transmitted
pump light, allowing rejection of common-mode optical noise. The application of this technique to unshielded
geophysical field measurements requires detailed understanding of systematic effects arising in arbitrary orienta-
tions of the static field By.

We report the development and calibration of a test system for double resonance measurements in generated
static fields of well-controlled magnitude and orientation, including systems for automated By control and soft-
ware generated modulation/demodulation [1]. The sensitivity of these devices depends on signal amplitude, phase
and RF broadening, all of which vary with By orientation. By working in a low-field, weak-pumping regime,
we obtain experimental measurements of anisotropy in these parameters, in agreement with theoretically derived
distributions [2]. We comment on the importance of measurement mode and signal demodulation in optimising
double-resonance sensitivity and bandwidth, and the suitability of these techniques for compact, portable magne-
tometers.

This work is supported by the UK Quantum Technology Hub in Sensors and Metrology [3].
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Realising the advantages of OPM-MEG: Scanner casts and data modelling
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Human brain imaging using MEG requires models of how neuronal current flows through the head and models
of the sensor geometry. As we begin to measure with higher signal to noise than ever before, these models
need to become increasingly accurate. I will describe how we perform OPM measurements using scanner-casts
(individualised helmets containing sensor arrays). I will describe how we can test from which brain structures
we are actually measuring by comparing different anatomical models of the brain and how we can also use this
knowledge (of human brain anatomy) to refine our estimates of sensor geometry. I will go on to show empirical
examples of how we can use the known functional organisation of the human cortex to verify our modelling
assumptions.
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OPM MEG with field nulling technology: Towards real world
neuroimaging

Elena Boto
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Current MEG systems are built around superconducting sensors that are fixed in position in a cumbersome, ‘one-
size-fits-all’ cryogenic dewar. The subject’s head must be fixed to this dewar to prevent motion. These charac-
teristics make participation in MEG studies challenging for many subjects (including patients, and children). In
this talk I will describe a new type of MEG system, which is built using OPMs and worn on the head as a helmet.
When used in conjunction with field-nulling technology subjects can move freely without compromising data qual-
ity. Measurements generated with this system compare well to the current state-of-the-art, even when the subject
makes large head movements. This work opens new possibilities, not only for new patient cohorts, but for a new
generation of neuroscientific investigation allowing, for the first time, mapping of human brain function during
real world interactions.
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The primary magnetic sensor used for magnetoencephalography (MEG) is the super conducting quantum inter-
ference device (SQUID). Low-Tc SQUIDs must be operated within a liquid helium Dewar, and this cryogenic
infrastructure adds significant size, expense, and complexity to SQUID-based MEG systems. In recent years,
optically pumped magnetometers (OPMs) have demonstrated sub-femtotesla sensitivities and have emerged as po-
tential replacements for SQUIDs in MEG applications. We have been working to develop a complete MEG system
including a person-sized magnetic shield and a 20-channel array of OPMs. Each channel of this array is able
to measure two components of the magnetic field in a sequential manner with both components being measured
transverse to the scalp [1]. With this array we have been able to measure three human subjects, using auditory and
median nerve stimulation to evoke responses in the auditory and somatosensory cortices respectively. As an exam-
ple of our data, in Fig. 1(a), we show the response from the brain to a 1 kHz tone averaged over approximately 300
trials. In Fig. 1(b), a several picoTesla response is observed from the median nerve stimulation, and this response
is observed in single trials with only band pass filtering (0.5 Hz to 150 Hz). No other data processing is required.
In this talk I will present the development of our OPM-based MEG system, the performance our OPM array in the
person-sized shield, and the results of preliminary studies with human subjects, including preliminary localization
results of magnetic sources. Additionally, I will discuss our initial measurements on the stability of our system in
terms of the gain of the sensors and the angle of the sensed magnetic field vector; both must be well known and
stable for accurate magnetic source localization.
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Fig. 1 (a) Spatial distribution of the auditory evoked fields across the OPM array. (b) Single-trial somatosensory evoked

magnetic fields. The color bar has units of picoTesla.
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Neural oscillations are ubiquitous in a living brain. These oscillations are observable in the so-called local field
potentials in the cortex and in electric potential (EEG) and magnetic field (MEG) on the head surface. Gamma-
band (30-100 Hz) oscillations are of considerable interest because they appear to reflect local neural processing
and because of their hypothesized role as a fundamental mechanism for neural communication. Here, we measured
human visual gamma-band activity with an optically-pumped magnetometer (OPM) using a visual stimulus that
has been shown to elicit a strong gamma-band response with MEG [1]. We compared the signal quality of the
OPM response to those measured with a commercial SQUID-based MEG system.

We measured three subjects (S1-S3) twice in a three-layer magnetically shielded room: first with a commer-
cial OPM (QuSpin Inc., Louisville, CO, USA) and then with a 306-channel MEG system (Elekta Oy, Helsinki,
Finland). To evoke visual gamma-band responses, we used 100 trials of contracting sine wave gratings with a task
(see Ref. 1 for details). The OPM was placed on the scalp above the left occipital lobe and was set to measure the
magnetic field component normal to the scalp. The acquired data were high-pass filtered at 1 Hz to remove slow
drifts. From the SQUID measurement, 26 parieto—occipital magnetometers with a strong gamma-band response in
the time—frequency representation were selected for further analysis.

The empty-room noise floor for the OPM was about 15 fT /Hz!/? while the average noise floor for the 26
SQUID magnetometers was 4 fT/Hz'/2. Fig. 1. summarizes the results for S1 who had a particularly strong
response. The gamma-band response around 60 Hz and the alpha/beta-band suppression around 13 Hz are clearly
visible in the spectra of both OPM and SQUID magnetometers and also in the time—frequency representations. The
t-values for the power difference between baseline and stimulation show that the OPM can measure the response
with a high SNR; for other subjects, the relation between t-values of OPM and SQUIDs were similar. The mean
(and range) ratios (OPM vs. SQUIDs that showed the response) of the peak gamma-amplitudes were 4.6 (3.0-6.2),
3.0 (1.7-4.4) and 2.4 (1.7-3.5) for S1, S2 and S3, respectively.
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Fig. 1 Spectral characteristics of the induced response for the OPM and 26 parieto—occipital SQUID magnetometers. Left:
Spectra of OPM (top) and average spectra of SQUIDs (bottom). Right top: t-values for the power difference between baseline
and stimulation. Significance level (p < 0.05) for OPM is indicated with vertical lines. Right bottom: Time—frequency
representations of the OPM and of those SQUIDs (averaged) with the strongest response.

We have shown that OPM can detect gamma-band responses with a SNR comparable (or better) to SQUIDs despite
the higher sensor noise and "brain noise’. We expect the SNR of the OPM to be even better when the position of the
sensor can be optimized. In the future, gamma-band responses could be measured with a dense array of OPMs for

optimal spatial sampling of the field and for an experimental verification of the improvement in spatial resolution
provided by the on-scalp array [2].
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We report on the progress towards developing a 24-channel chip-scale atomic gradiometer array coupled to a
multichannel transcranial magnetic stimulation (TMS) system. The combination of the two systems will provide
a novel approach for brain imaging. The microfabricated magnetic field sensors do not require cryogenic cooling
and can be placed closed to the scalp. The requirement is that the sensors record data from the brain within 10
ms after a 1 T strong magnetic field pulse is switched off. The magnetometers operate in the spin-exchange free
regime for higher sensitivity [1,2] by use of the zero-field level crossing resonance [3] to reduce the effects of
low frequency noise on the measurement. The sensor (Fig. 1) is constructed on an optical bench printed with
stereolithography. The rubidium vapor cells are constructed by anodically bonding Pyrex to a silicon shell of inner
dimensions 3 mm x 3 mm x 2 mm, and filling with roughly 1 amagat of N and a droplet of rubidium. The sensor
uses a single laser split between the two cells for both optical pumping and probing of the atoms. The cells are
separated by 2 cm. A laser at 1550 nm strikes the surface of each cell, and is absorbed to heat the cell to roughly
150 °C. We perform phase-sensitive detection of the absorption signal by modulating a pair of Helmholtz coils
on each cell, and demodulate using a lock-in amplifier. The dispersive signal from the lock-in amplifier is sent
to a PID, which feeds back onto the Helmholtz coils. The spectral density of the feedback signal is measured to
determine the sensitivity of the sensor.

Fig. 1 Photograph of the magnetic gradiometer. 1. Kapton flexible coil, 2. Optical bench, 3. PCB, 4. CAT5e cable, 5. Optical
fibers. Taken from [4].

The sensitivities of individual magnetometers are between 13 and 26 fT/ Hz!/2, with gradiometer sensitivities as

low as 10 fT/Hz'/2 or 5 fT/Hz'/? at frequencies above 20 Hz (Fig. 2). The gradiometer has a common-mode
rejection ratio between 100 and 1000 depending on PID controller settings and sensor bandwidth.
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Fig. 2 Measured magnetic field and gradient field sensitivity of the sensor. The top two dashed lines correspond to the
individual magnetometers, the black solid line is the noise of the difference between them. The lowest dashed line is the
subtraction of the lock-in amplifier quadrature outputs. Taken from [4].
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In recent years, substantial progress has been made in developing atomic magnetometer (AM) or optically pumped
magnetometer (OPM) as the new generation of MEG [1]. While most proposed compact AMs are K- or Rb-
based with single beam configurations, we proposed a Cs-based two beam compact AM (Cs-AM) designing.
The feasibility of Cs-based magnetometer has been verified by previous study [2], and a theoretical optimization
indicates that the ultimate sensitivity will be 0.2 fT/ Hz'/2, which is sufficient enough to detect human brain
activities. The main advantage for employing Cs is that it has the highest saturated vapor pressure of all the stable
alkali metals, yielding a much lower operating temperature (100 - 120°C) compared with K and Rb. Such lower
temperature will benefit Cs-AM with potentially thinner thermal insulating layer and less electric heating noise. In
the present study, the noise power spectrum density of the current Cs-AM was measured, and its performance was
verified on human auditory evoked response by comparing with SQUID magnetometer. Our preliminary results
demonstrate a promising potential of such OPM for future realizations of the multi-channel and compact designs.

(a) ' (b)

vapor cell

[

Fig. 1 (a) Current compact Cs-AM detector with small Cs vapor cell; (b) Schematic diagram of the two-beam configuration
system employed in the current compact Cs-AM.

As Figure 1(a) shows, the outer size of current sensor is 2.5x2.7x15 cm?, with a 4x4x4 cm?3 vapor cell in front of
the sensor, the distance between the center of the vapor cell and the outside of the sensor is less than 6 mm. Figure
1(b) shows the two-beam-laser configuration with the probe light perpendicular to the pump laser in the cell. A
cube glass cell containing both Cs mental and 700 torr of He and 50 Torr N, buffering gas. A thin non-magnetic
heating element was attached on the vapor to keep the cell in high temperature and a thermal insulation was added
to ensure that the temperature outside the detector was below 40°C.
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Fig. 2 (a) Noise spectrum density of the current Cs-AM; (b) Comparison of event related human auditory response field of
both Cs-AM and corresponding SQUID channel.

Figure 2(a) shows the noise power spectral density of the current single sensor magnetometer (blue line) as well
as the electronic and optical noise in the absence of pump beam (black line). It is shown that the noise level is
approximately 10 T/ Hz'/2 between 10 to 30 Hz. Figure 2(b) shows the comparison of OPM measurements and
corresponding SQUID magnetometer results of human auditory response. The classic M100 peak was obviously
found in both Cs-AM and the corresponding SQUID channel, and it is seen that these two time series share a
similar temporal profile. The results indicate the possibility of using compact Cs-AM for MEG recordings, and the
current Cs-AM has the potential to be designed for multi-sensor arrays and gradiometers for future neuroscience
studies.
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In 2016, we launched our first-generation commercial zero-field OPMs (QZFM) for BioMagnetism. The QZFM
sensors were designed to enable wide scale adoption of Magnetoencephalography and fetal Magnetocardiography
type applications. The primary goal of the first-generation sensors was to introduce clinical researchers around the
world to OPM technology. With the experience gained from manufacturing over 200 sensors, and with invaluable
inputs from the user community, we will soon begin the development of our second-generation sensors. In this
presentation, we will discuss the status of our technology, the performance and current limitations, and the objec-
tives for the second-generation sensors. We will also briefly describe our progress towards clinical grade systems

development.
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Figure 1 shows a photograph of the QZFM sensor head (front) and the stand-alone
electronic controller (back). The sensors can operate in single sensitive axis mode, or
dual sensitive axes mode (simultaneous Y and Z). A typical sensor noise floor spectrum

1s shown 1n the bottom of Figure 1.
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Quantum Optical Magnetometry for Biomedical Applications
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We have developed highly sensitive miniature optical magnetometers based on cesium vapor. Using such
magnetometers, we have detected biological signals from an isolated animal nerve and an isolated animal heart.
The main component of our optical magnetometer is a miniature cesium vapor cell which is coated on the inside
with paraffin. The cell is kept at room- or human body temperature and can be placed at sub-mm distance to
a biological object. Those features together with high sensitivity make our magnetometer perfect for detecting
magnetic fields from biological objects with high spatial resolution. Our magnetometer utilizes optical pumping
with circular polarized light, which polarizes the cesium atoms along the direction of an applied static magnetic
field. Any biomagnetic field which is present will drive the atomic polarization away from this direction. The
atomic polarization, and thereby the bio-magnetic field, is measured using the Faraday rotation of linearly polarized
probe light.

We have detected animal nerve impulses with a miniature (1 mm x 1 mm x 7.7 mm) cesium magnetometer
[1]. In that experiment, the nerve was stimulated electrically in one end, which triggered an action potential that
propagated to the other end. Our magnetometer is capable of detecting a nerve impulse at several mm distance
(Fig. la-c), corresponding to the distance between the skin and nerves in medical studies. Possible applications of
our magnetometer include diagnostics of multiple sclerosis, myotonia and intoxication in patients. Magnetometers
can also be used for detecting the fetal heartbeat [2]. We have measured the magnetocardiogram (MCG) of an
isolated guinea-pig heart (Fig. 1d,e). The size of a guinea-pig heart is comparable to the size of the heart of a fetus
of 20 week gestational age. For the MCG-measurements, we used a S mm x 5 mm x 5 mm vapor cell. We can
resolve the P, QRS and T features consistent with what is seen in a standard electrocardiogram (ECG).

High sensitivity is a requirement for detecting tiny biomagnetic signals. The sensitivity of optical magnetome-
ters is fundamentally limited by the quantum noise originating from the Heisenberg uncertainty principle. In the
past, we have reached quantum-limited sensitivity when detecting radio-frequency magnetic fields [3]. Our mag-
netometer optimized for detection of nerve impulses (which have frequency components in the DC-1 kHz range)
has a sensitivity which is within a factor of two from the quantum limit. The magnetometer optimized for MCG
(which has frequency components in the DC-100 Hz range) has currently a sensitivity of 200 fT/ V/Hz (Fig. 2f). We
are working on mitigating low-frequency noise, for instance by gradiometry, in order to obtain a quantum-limited
sensitivity also for detection of the MCG. This will allow us to perform fetal-MCG and to detect individual P, QRS
and T features (without averaging) which is important for early diagnosis of fetal heart diseases.
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Fig. 1 (a) Frog sciatic nerve. (b) Magnetic field from a nerve impulse. (c) Magnetic field as a function of distance from the
nerve. (d) Isolated guinea-pig heart. (¢) Magnetic field from the heart (average of 10 heartbeats). (f) Sensitivity for the
magnetometer optimized for MCG.
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The Global Network of Optical Magnetometers (GNOME [1]) is an international effort searching for exotic physics
beyond the Standard Model by looking for atomic spin perturbations induced by the Earth’s motion through the
cosmic background.

The network consists of a set of magnetically shielded optical magnetometer stations distributed over the globe
streaming time-stamped local magnetic field readings to a common server which processes data for website display
[2] and off-line data analysis. The detection of space-time correlated signals of the individual magnetometer nodes
of the network would be a signature of transient dark-matter structure composed of exotic fields predicted by a
class of dark- matter theories. A distributed multi-station detector network will not only discriminate real sought-
for transient events from local magnetic perturbations (false positives), but will yield furthermore directional and
temporal information on possible dark-matter interaction events.

Fig. 1 Screenshot taken from the publicly accessible GNOME website [2] showing the live status of the GNOME nodes. The
website allows visitors to display measured time series data sets and their corresponding frequency spectra.

Currently, GNOME consists of six operational magnetometer nodes and efforts to extend the network by additional
stations, mainly located in Eastern-Asia are on-going (Fig. 1). The first long-term data-taking run of the network
is foreseen to start in the middle of 2017 and is expected to set new constraints on the properties of hypothetical
dark-matter candidates.

While the motivation and promising science cases to be covered by the GNOME effort as well as data analysis
methods will be covered by other presentations at this workshop, this talk will focus on the experimental realization
of the network. We will present the configurations and features of the individual GNOME magnetometer stations,
and present insights into technical aspects and possible future extensions of the network.
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Results of a search for a long-range coupling between the mass of the Earth and Rb nuclear spins will be reported.
The experiment simultaneously measures the spin precession frequencies for overlapping gaseous ensembles of
85Rb and 3"Rb atoms contained within an evacuated, antirelaxation-coated vapor cell [1]. Rubidium atoms are spin-
polarized in the presence of an applied magnetic field by synchronous optical pumping with circularly polarized
laser light. Spin precession is probed by measuring optical rotation of far-off-resonant, linearly polarized laser
light. Simultaneous measurement of 33Rb and 8’Rb spin precession frequencies enables suppression of magnetic-
field-related systematic effects. The nuclear structure of the Rb isotopes makes the experiment particularly sensitive
to anomalous spin-dependent interactions of the proton [2]. Our experiment improves constraints on spin-gravity
interactions of the proton by approximately five orders of magnitude.

Light spin-0 fields with scalar and pseudoscalar couplings to matter lead to long-range spin-dependent po-
tentials [3-5]. If the new field is considered to be an additional component of gravity, as suggested by certain
scalar-tensor extensions of general relativity that include torsion [6], there would be coupling of spins to gravita-
tional fields, causing particles to acquire a gravitational dipole moment (GDM). The dominant gravitational field in
a laboratory setting is that due to the Earth, which generates a spin-dependent Hamiltonian with the nonrelativistic
form [5,7]:

h
Hy=k-0-g (1)
C

where k is a dimensionless parameter setting the scale of the new interaction, /i is Planck’s constant, ¢ is the
intrinsic spin of the particle in units of 7%, g is the Earth’s gravitational field, and c is the speed of light. If the
strength of the pseudoscalar coupling is the same as that of the tensor component of gravity, k ~ 1 [5].

During the course of the experiment, we have studied a number of important systematic effects related to vector
and tensor light shifts, optical pumping effects, the ac and nonlinear Zeeman effects, and magnetic field gradients.
These systematic errors and strategies used to mitigate their effects will be discussed.
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Optical magnetometers for a next-generation neutron EDM experiment
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Experiments searching for the electric dipole moment (EDM) of the neutron require a stable and homogeneous
magnetic field. Statistical and systematic uncertainties in such experiments depend on magnetic field gradients and
fluctuations of those gradients and the field itself [1]. In order to monitor the different aspects of the magnetic field
we developed a variety of special magnetometer systems based on optically-pumped Cs, '’Hg, or *He. The used
magnetometer techniques included variometers, multibeam vectior readout [2], accurate all-optical field readings
[3], and the readout of precessing 3He spins with Cs OPM [4,5]. We will present an overview of magnetometer
systems in our current neutron EDM experiment as well as plans for a next-generation upgrade (n2ZEDM). The
n2EDM experiment at PSI requires a large number of Cs sensors similar to arrays previously designed for bio-
magnetometry [6, 7].
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The muon g-2 experiment at Fermilab (E989) investigates the > 30 discrepancy between the standard model
prediction and the current experimental measurement of the muon magnetic moment anomaly, a, = (g —2)/2.
The effort requires a precise measurement of the 1.45 T magnetic field of the muon storage ring to 70 ppb. The
final measurement will employ multiple absolute calibration probes: two water probes and a *He probe, which is
an optical magnetometer and the subject of this abstract. The He probe offers a cross-check of the water probes
with different systematic corrections, adding a level of confidence to the measurement.

A low-field *He probe was developed at the University of Michigan by employing a widely used method
called Metastability Exchange Optical Pumping (MEOP) for the hyper-polarization of *He gas [1], followed by
NMR to determine the frequency proportional to the magnetic field in which the probe is placed. The current
probe is successfully measuring at low magnetic fields of ~30 G (Figure 1). In the next three months, a modified
probe design for operation under high fields will be tested at Argonne National Lab using an MRI magnet. The
MRI magnet was re-purposed at Argonne so it can be used for testing and calibrating the muon g-2 probes at the
relevant field of 1.45 T. Future development involves the study of the systematic uncertainties to attain the error
budget of less than 30 ppb for the absolute probes. Next, the calibration from the probes will be transferred to g-2
through several steps of a calibration chain ending in the final step of calibrating the NMR probes which measure
the field in the muon storage ring at Fermilab.
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Fig. 1 Free Induction Decay signal from probe at low field (~30 G) at University of Michigan.
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We have built a Magnetic Particle Imaging (MPI) scanner based on atomic magnetometer detection. MPI is a
patented method [1] for imaging spatial distributions of magnetic nanoparticles (MNPs) in view of biomedical
applications. MNPs have a superparamagnetic behavior, i.e., they saturate when exposed to relatively small fields
of a few mT and do not show a remnant magnetization. The detection of the nonlinear Byinp (H )o<M (H ) response
of the flux density Bynp produced by the MNPs exposed to an external driving field Hyyive allows the discrimination
of signals from such particles against the linear (para—/diamagnetic) background response of biological tissues.

Consider a spatially extended MNP sample exposed to an inhomogeneous magnetic field that has a field—free
line (FFL) or field—free point (FFP). The field gradient will then saturate all MNPs, except those located near
the FFL/FFP. Only the magnetization of these unsaturated MNPs will respond to an external modulation field
Hinod(t) showing a non—zero AC—susceptibility yac(#)e<dM/dH that will induce a modulation of the flux density
of amplitude 6By, at the location of a nearby—placed magnetometer. The MNP spatial distribution can then
be inferred by scanning the position of the FFL/FFP through the sample and recording simultaneously the AC-
susceptibility induced signal 6By,.. In practice this scan is performed by superposing a homogeneous magnetic
field of varying amplitude onto the gradient field. Conversely, the sample may be moved by mechanical means
through the FFL/FFP.

We describe a coil system which, together with a pump—probe M,—magnetometer using a heated Cs vapor +
buffer gas cell [2], has allowed us to produce magnetic fields and gradients up to ~10 mT and ~2 T/m, respectively
at the MNP sample location, while maintaining the atomic magnetometer sensitivity in the one—digit pT/Hz range.
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Fig. 1 Left: AC—susceptibility signal produced by 3 capillaries filled with MNP supensions. The detected atomic
magnetometer signal (solid gray line) is shown together with a fit (black dots) obtained from an inverse model solution. Right:
The histograms show the MNP distributions obtained from the data on the left by source reconstruction (inverse problem), the

solid lines represent the ideal distributions from three capillaries.

We have realized 1D scanners with sub—mm spatial resolution by moving either the sample mechanically across
the FFL (Fig. 1), or by moving the FFL magnetically through the sample. We have also demonstrated a hybrid
2D scanner, in which one dimension is scanned mechanically and the other one magnetically. Work towards a
mechanical 3D scanner is in progress.
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Applications of Miniature Scalar Atomic Magnetometers

Rahul Mhaskar
Geometrics, Inc., 2190 Fortune Dr., San Jose, CA 95131, USA

Scalar atomic magnetometers have been the instrument of choice for geomagnetic surveys for nearly half a century,
with applications in mineral exploration, unexploded ordnance detection, archaeological expeditions, and Geology
research [1]. The development of low power Vertical Cavity Surface-Emitting Lasers (VCSELSs) has enabled
miniaturization of the atomic magnetometer with corresponding reduction in weight and power consumption.
The Chip-Scale Atomic Clock (CSAC) program, funded by the US Government, demonstrated the use of Micro-
Electro-Mechanical Systems (MEMS) processes to fabricate atomic devices on a large scale [3], thus making it
possible to produce alkali-vapour-based atomic devices, such as atomic magnetometers, economically in large
volume.

Miniature atomic magnetomers with very low size, weight and power (SWaP) are now becoming commercially
available. These magnetomers, with their very low payload signature, are ideally suited for deployment from
autonomous platforms. Thus, a geophysical survey that might have required a few days to complete can now be
conducted in a matter of hours, and at a much lower mobilization penalty, thus significantly reducing the survey
cost. With a high sample rate, the spatial density of the recorded data can be very high, thus producing high-
resolution maps of the geomagnetic field. We present the first such aerial survey performed using a UAS-mounted
miniature magnetometer in Pennsylvania locating a capped oil-well-head.

Highly sensitive atomic magnetometers operating on the Bell-Bloom [4] principle do not require radio fre-
quency magnetic field for their operation. Consequently, two of these sensors can be placed right next to each
other forming a very short baseline gradiometer. Combined with a very high sensitivity of the sensors of less than
1pT/+/Hz, such a gradiometer has been used to measure the magnetocardiography (MCG) signal in a commercial,
unshielded environment.
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Fig. 1 (a) The schematic shows the placement of the sensors, the excitation coil and the conducting material being inspected
for defect using the eddy current technique. (b) shows the “M”-shaped 3 mm deep channel carved in a 6 mm thick aluminium
block. (c) shows the measurement from the backside of the conductive block using the eddy current technique.

A high sample rate enables the use of this gradiometer in a balanced eddy current measurement [5]. In such a
measurement, two coils driven in series with low frequency currents excite the two magnetometers placed adja-
cently. One of the magnetometers is scanned over a conductor containing defects such as a void or a crack. The
output of the magnetometer is demodulated in reference with the output of the second magnetometer to obtain the
difference in the phase of the two readouts at the excitation frequency. A deviation in the phase difference indicates
the presence of a defect. While such a measurement is routinely performed with pick-up coils, the depth of inter-
rogation is limited to at most a millimetre due to the high frequencies involved required for high sensitivity. Using
a magnetometer as described that is sensitive to DC magnetic fields, a very low excitation frequency can be used,
thus vastly increasing the depth of interrogation within the conductor. Using this technique, the magnetometer was
used to image a void in an aluminium block.

A number of applications of magnetometers such as medical instrumentation, NMR, security, non-destructive
testing and broad-area magnetic imaging have been stymied because of the lack of a suitable sensor. With low
power miniature atomic sensors becoming commercially available and new technologies being developed that
promise vastly improved sensitivity, bandwidth, and most importantly, usability in the field, the number of appli-
cations is poised to increase considerably.
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Zero-to-Ultralow-Field-NMR spectroscopy with an atomic magnetometer
in unshielded environment
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We have developed an optical scalar magnetometer operating in an unshielded environment based on D1 syn-
chronous pumping and D2 polarimetry of Cs vapour [1] in a Bell & Bloom scheme. The main scope of this
experimental research is to build a robust, user friendly and cost effective device with negligible maintenance
costs. High sensitivity magnetic field / magnetic field gradients measurements are performed thanks to a multisen-
sor arrangement and a system for magnetic field / field gradients compensation [2]. The sensors (Cs buffered glass
cells of few cm? in volume) work at nearly room temperature and samples can be placed in their proximity.

The operation principle is based on optical pumping of an atomic sample positioned in an orthogonal magnetic
field and measurement of the atomic precession. Optical pumping and precession probing are performed using a
dual wavelength fiber coupled system. The ultimate sensitivity, in differential regime, is better than 100fT/+/Hz.
The magnetometer operates in a bias magnetic field ranging from 100nT up to tens of uT, which can be actively
stabilized.

Zero-to-ultra-low field (ZULF) NMR spectroscopy [3] has been performed in various kinds of samples. To
this purpose remote prepolarization technique is exploited. A fast pneumatic shuttling system transports samples
(a few ml in volume) from a prepolarizing Halbach assembly (nearly 1T field strength) to the magnetometer head,
where a coil system is used to manipulate the nuclear spins.

Nuclear spin precession or relaxation can be measured with multiple shots recording. The robustness of the
magnetometer and the implementation of various procedures for automatic good-shot recognition enable to per-
form long lasting measurements and averaging for signal-to-noise improvement. ZULF NMR spectroscopy has
been applied in several molecules. We will present the case of trimethyl-phosphate tested at intermediate field
strengths, i.e. in the condition where the 3J[H,P] coupling and the spin-field interaction are of the same order of
magnitude.
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Optically Pumped Magnetometry at USTC

Dong Sheng

Department of Precision Machinary and Precision Instrumentation, University of Science and Technology of China, Hefei, P. R. China

We recently set up a new lab dedicated for optically pumped magnetometry at University of Science and Technol-
ogy of China (USTC). We have built a K-Rb hybridly pumped system working in the spin-exchange-relaxation-free
(SERF) regime. By optically pumping the K atoms and probing the Rb atoms, the sensor has reached a magnetic
field sensitivity of 10 fT /Hz!/? with a 35 Hz bandwidth as shown in Fig. 1. We are working to update this system

by adding nuclear spin gases into the cell for a compensated co-magnetometer. This will work as a node in a
precision measurement network.
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Fig. 1 Sensitivity and bandwidth of the K-Rb SERF magnetometer.

Another project of our lab is the nuclear spin co-magnetometer. We focus on suppressing the systematic error in
the Xenon isotope-Rb system, such as the frequency shift due to the polarized Rb atoms and Bloch-Siegert shift
due to the nuclear spin cross-talk. By resolving the quadrupole splitting of 13! Xe atoms and probing the Rb atoms
with a modulation scheme, we aim to reach a 5 nHz systematic error. This system will apply to many precision
measurements that require accuracy of the co-magnetometer signal.
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Study of the Directional Dependence of Magnetic Resonance Signals
in Orientation-Based Atomic M,-Magnetometers

Victor Lebedev, Simone Colombo, Vladimir Dolgovskiy, Theo Scholtes, Zoran D. Gruji¢, Antoine Weis
Physics Department, University of Fribourg, Chemin du Musée 3, CH-1700 Fribourg, Switzerland

We present a study of the dependence of lock-in-demodulated signals of M,-type orientation-based single beam
laser-pumped cesium vapor magnetometers on the direction of the static magnetic field Bo=awy, /¥, and compare
experimental results to the theoretical model predictions [1]. We have studied in particular two distinct magne-
tometer configurations, viz., one in which the RF-field, El COS WRF?, is parallel to the light beam direction 75, and
one in which it is perpendicular to the latter. Using an automated steering and DAQ system we have systemati-
cally recorded magnetic resonance spectra for 2’400 orientations of the static field By, spanning the complete 47
solid angle. At each field orientation a magnetic resonance spectrum was recorded using a dual-channel lock-in
amplifier. Each spectrum was then analysed by fitting an algebraic magnetic resonance lineshape function [1],
from which the lineshape parameters (resonance center frequency, resonance linewidth, on-resonance amplitude
R(wrp=0wy), and on-resonance phase R(wrr=0y,)) have been extracted, allowing the study of these parameters as
a function of By.

We have made a detailed account for sources of experimental imprecisions and discussed the applicability
of the approximations made in the theoretical model. Our experiments accurately confirm (within measurement
uncertainties) the algebraic model predictions [1] for the directional dependence of optically detected magnetic
resonances [2]. We will further report on an ongoing related study of the directional dependencies of alignment-
based magnetometers, of which much less known in the literature.

z

theory experiment

Fig. 1 Theoretical and experimental directional dependencies of the on-resonance R-signals in the By 1k (left) and B, Hz (right)
magnetometer geometries.
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Our team participates in an international collaborative effort searching for a permanent electric dipole moment of
the neutron (nEDM experiment) [1]. In the ongoing nEDM experiment an array of 16 Cs magnetometers monitors
spatial and temporal variations of the 1 uT magnetic field applied to the ultracold neutrons. This application
requires both sensitivity and accuracy. Currently, each Cs magnetometer in the array is operated in the so-called
M,-geometry, in which the frequency of a weak magnetic resonance driving AC magnetic field is phase-locked to
the Larmor precession frequency, wy, of the atomic spin polarization. Despite the fact that frequency measurements
are very precise, this method suffers from unpredictable systematic shifts because of imprecisions of the reference
phase settings.

Recently, we have investigated a Cs magnetometer based on free spin precession (FSP), in which spin orienta-
tion (vector polarization) is produced by amplitude-modulated circularly-polarized light [2]. The FSP magnetome-
ter has shown satisfactory sensitivity and improved accuracy with respect to the M, magnetometer, but suffers from
an (as yet not explained) systematic heading error limiting its accuracy. Here we present an alternative principle of
operation of a magnetometer based on free alignment precession (FAP). A single FAP measurement cycle consists
of two phases: a pumping phase and a readout phase. Atomic alignment (tensor polarization) of the cesium vapor
is produced by pumping with linearly-polarized light that is amplitude-modulated at 2@y, see Fig. ??. After pump-
ing, the FAP signal is detected in a readout phase by the same light beam, set to a constant (low) intensity. When
the field of interest is orthogonal to the light polarization, an oscillation at 2y, is imprinted onto the transmitted
light power. The photocurrent is amplified and digitized and an off-line analysis is used to infer the magnetic field
magnitude B=oy /Yr, where Yp=23.5 Hz/nT. We will present our current results, problems and prospects of the
FAP magnetometer.

pumping

p
readout E/4 @ I FAP signal

2wL

Fig. 1 Left: Input light power P as function of time during the first phase of a FAP-cycle. Center: Deployed FAP geometry.

Right: Photocurrent Ipp generated by transmitted light on the photodiode PD. During the pump phase the linearly-polarized

amplitude-modulated light produces a precessing steady-state alignment, as evidenced by the increasing vapor transmission.
During the readout phase, the precessing alignment’s decay is detected by the PD.
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On the statistical sensitivity and quantum limits of spin noise spectroscopy
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Precise knowledge of the spin orientation of atomic ensembles is demanded in a wide range of scenarios, from
further progress in best-in-class atomic clocks and magnetometers to the preparation of non-classical states of
matter and memories. Implementing quantum-limited detection schemes is challenging, however. Shot-noise in the
detectors can mask the motion of the spins limiting the precision of estimations. Here we describe our recent work
and results aimed at overcoming this challenge in alkali-based sensors. We will describe versatile instrumentation
to optically prepare and detect alkali vapors using coherent and polarization-squeezed light and optimal estimation
techniques [1]. We have studied the fundamental limits in the optimal estimation of system properties of atomic
ensembles in thermal equilibrium via spin noise spectroscopy [2]. Our experimental results agree with spectral
estimation theory, which predicts that shot noise imposes “local” standard quantum limits for any given probe
power and atom number, and also “global” standard quantum limits when probe power and atom number are taken
as free parameters. Using squeezed-light we show sensitivity beyond the atom and photon-number-optimized
global standard quantum limit. We will report our progress in the development and verification of these techniques
in the time domain as required for real-time sensing and control applications, e.g. magnetometry.
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Fig. 1 (a) Spin noise spectra. Representative noise spectra showing spin noise resonances of Rb vapor, upper spectrum with
coherent-state probing, lower spectrum with polarization-squeezed probe light. The bar below spectra shows fit region for
85Rb spectra, the curves show fits to the data based on a model consisting of a Lorentzian ,with resonance at the Larmor
frequency, and frequency-independent background due to shot noise [1,2] for both coherent and squeezed spectra, respectively.
Inset: principle of spin noise measurement. Polarized light experiences Faraday rotation by an angle ¢ proportional to the
on-axis magnetization of the atomic ensemble, and is detected with a polarimeter (not shown). (b) - (¢) Spin noise sensitivity.
Sensitivity of spin noise spectroscopy versus atomic density in theory and experiment. Optical power is P =2 mW throughout.
(b) Lower curve shows I'2,, the variance of the Larmor frequency estimate, computed by theory and from experiment (hollow
circles), on left axis. Upper curve shows I'44, the variance of the resonance linewidth estimate, and observed variance (filled
circles), on right axis. (c) Upper curve shows I'11, the variance of the shot noise estimate, from theory and from experiment
(filled circles), on left axis. Lower curve shows I'33, the variance of the resonance amplitude, due spin noise, estimate, and
observed variance (hollow circles), on right axis. Error bars show plus/minus one standard error.
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The Ground State Hanle Effect with Linearly-Polarized
and Unpolarized Light
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In a previous study [1] we have explored the Ground State Hanle effect (GSHE) of Cs atoms that were optically-
pumped with linearly-polarized laser light. In that case the GSHE is the result of the destruction of the initial
atomic alignment (tensor polarization) oriented along the light polarization by a (scanned) transverse magnetic
field. Here we present a related experiment in which an initial alignment along the light propagation direction
kis produced by optical pumping with unpolarized laser light, and make a quantitative comparison of the two
experiments.
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Fig. 1 Left: The two investigated GSHE geometries. Right: Experimental power-normalized Hanle amplitudes (dots), together
with results of scaled model calculations (solid lines).

The experiments were done in a paraffin-coated Cs vapour cell at room temperature using laser radiation resonant
with the 4—3 component of the Cs D transition.We scrambled the laser beam’s polarization by sending it through
a multimode fiber wound as 20 (10 cm diameter) loops on a support structure, resulting in a residual degree of
polarization <5%. We record the change of transmitted power when scanning a magnetic field, perpendicular to
the alignment in both cases, yielding the well known Lorentzian-shaped GSHE resonances [1].

The amplitudes of the Hanle resonances are inferred from off-line fits by algebraic model functions, assuming
equivalence of the three alignment relaxation rates. The dependence of the Hanle amplitudes on laser power is
shown on the right graph, together with the predictions of (scaled) algebraic model calculations that are — in
principle — valid only for x<1, i.e., for P<<Pyy.
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Towards a high-density squeezed-light magnetometer
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Increasing the sensitivity limits of alkali-based magnetometers is an active area of interest [1-3]. A promising
approach to reach this goal relies on quantum-non-demolition (QND) measurements and squeezed-light, which
have enabled magnetic field sensitivities beyond the spin projection noise limit [4,5] and photon shot-noise limit
[6-8]. To date, however, these techniques have been used to improve the performance of optical magnetometers
independently but not within the same device. Their simultaneous use remains an open challenge. Furthermore it
is not clear if squeezed-light can improve the performance of magnetometers operating at high alkali densities [7],
such as required to operate micro-fabricated [9] and SERF magnetometers [10], and at which spin noise is more
prominent.
Previously our group implemented a squeezed-light magnetometer but only reached sensitivities at the n'T/ VHz
level [6]. In collaboration with Prof. W. Gawlik, a better sensitivity (70fT/ \/E) [3] was reached but in a mag-
netometer configuration not amenable for squeezed-light probing and QND measurements. Our recent work aims
at implementing a magnetometer limited by both spin and photon shot noise in the high-density regime for which
QND measurements and squeezed light can be beneficial. Contrary to previous squeezed-light magnetometers
based on spin-alignment [6-8] we use a magnetometer architecture based on spin-orientation of the atoms and use
phase-sensitive detection to extract the magnetometer signal. This approach will allow us to implement a number
of features not found in previous squeezed light magnetometers. Particularly we probe the spin orientation of the
atomic ensemble via the optical Faraday effect, which is an efficient technique to implement QND measurements.
The Bell-Bloom magnetometer allows us to work at high frequencies where our detectors and squeezed-light
source are photon shot-noise limited. Finally, through power-spectral analysis of the phase-sensitive recorded sig-
nal we identify the different contributions due to spin noise and photon shot-noise. This fundamental noise as well
as technical noise, such as magnetic noise are evident in the magnetometer output and set the effective bandwidth
of the device [9]. This magnetometer architecture is simple and it is applied in a wide variety of current magne-
tometer implementations. Furthermore, our analytical techniques are based on standard power-spectral analysis
[10], which can be deployed in existing magnetometers with little effort.
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and density conditions.
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Test System for Investigation of Geometry Dependent Systematic Effects
in Double Resonance Magnetometry
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Double resonance magnetometry can be used to measure magnetic fields with high precision [1] in a range of
applications. We aim to build magnetic sensors which can operate unshielded in the geophysical range, with a
focus on portable and compact magnetometers. We have begun by minimising our hardware in all iterations of our
system. We employ a single laser to pump the atomic medium while perturbing the field with an RF coil. First we
aim to understand the geometry dependent systematic effects inherent to this type of sensor.

We have built a test system to develop techniques for controlling the field amplitude and gradient. Here we
will discuss the field control we have achieved through calibration and optimisation of our double resonance
technique in this controlled, shielded environment [2]. Arbitrary fields may be applied in any orientation in order
to simulate the type of fields we aim to detect. By exploiting iterative optimisation routines and software controlled
current sources we have achieved field magnitude tolerances of 0.94 nT and orientation tolerances of 5.9 mrad.
This automated, self-calibrating test system will enable us to address the geometry dependent effects and develop
deadzone free, compact magnetometers.

This work is supported by the UK Quantum Technology Hub in Sensors and Metrology.
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The heading error of OPM, viz. deviations of the measured magnetic field from the real magnitude By in de-
pendence on the magnetometer orientation, originates from three classes of sources: the nonlinear Zeeman effect
getting remarkably already at Earth’s magnetic-field strength, self-made operation-mode inherent magnetic fields,
and magnetic uncleanliness of the measurement setup. In order to get rid of the latter, we installed the OPM sensor
head on a specially prepared plastic rotary table, shown in Fig. 1, inside our magnetic-field shielding barrel [1].
The magnetic field generated by the Helmholtz coil system inside the barrel was kept constant in size and direction
for each series of measurements.

The quality of the measurement setup was evaluated with glass-blown buffer-gas free Cesium vapor cells
from Fribourg [2], working in the conventional M, mode. With careful tuning to the F = 4 — F’ = 3 hyperfine
transition of the Cs-D1 line, the sole action of the non-linear Zeeman effect at By = 50 uT is visible, which can
be eliminated by the combination of two vapor cells pumped with circular polarization of opposite helicity — a
well-known method [3].

Staying with the M, operational mode we investigated the heading error of our integrated buffer-gas cells [4].
Since the absorption lines of neighboring hyperfine transitions overlap in our setup, a fine-tuning of the laser
frequency is needed in order to cancel light-shift effects.

Such suppression of the light-shift is not possible for the operation in the light-narrowing (LN) mode, where
strong detuned pumping near the (broadened) F = 3 — F’ = 3;4 transition is used to get improved magnetic-
field sensitivity [5]. However, by taking the mean value obtained with two cells pumped with opposite circular
polarization, the light-shift error can be suppressed significantly. The remaining heading error is determined by the
vectorial addition of By and the light-shift in pump direction k.
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Fig. 2 Heading error in LSD-Mz mode for the two single cells and the
LSD-Mz configuration.

Fig. 1 Rotary table with OPM measurement setup.

In the light-shift dispersed M, (LSD-Mz) mode [6] the best sensitivity is obtained for parallel orientation of k£ and
By. This gives the opportunity to suppress strongly the afore-mentioned action of the vectorial addition of light-
shift and By by taking the mean value of the LSD-Mz signal (Fig. 2). However, the dependence of the heading
error on the operational parameters is more complex than for the other regarded OPM types. These dependencies
as well as special features of the other OPM types will be presented and discussed.
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We report on a Hanle-type magnetometer that uses the same system as the free spin precession magnetometer
published in [1]. The magnetometer is most sensitive at zero magnetic field. It uses four laser beams to measure
the magnetic field vector components along two orthogonal directions. The influence of the common mode power
fluctuations in the laser beams is greatly suppressed due to a differential detection scheme. This leads to high
magnetometric sensitivity even at low detection frequencies.

Sensitivities of better than 60 T/ \/IE could be demonstrated simultaneously for both measurement channels in
a well shielded environment. A minimum Allan deviation, limited by residual field fluctuations, of better than 40 fT
was observed for integration times of 2s. The magnetometer is ideal for sensitive low-frequency field measurements
in offset fields and close to zero field. Among the possible applications for this system is the determination of
quasi-static shielding factors of passive magnetic shields. It can also be used to search for undesired magnetic field
correlations in fundamental physics experiments such as EDM searches.
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Sensitive and accurate detection of ultra-low magnetic fields is of prime importance in numerous applications
including biomedical science, such as magnetocardiography and magnetoencephalography [1, 2], geophysical
surveying [3], and fundamental science [4]. In particular, chip-scale atomic magnetometers offer significant ad-
vantages in power dissipation, cost of fabrication, and size whilst maintaining sub-pT level sensitivities.

Here we describe an optically pumped '33Cs magnetometer containing a 1.5mm thick sensor head of volume
25mm?>. The vapour cell contains N, buffer gas to impede atomic diffusion to the cell walls, resulting in a broad-
ened and shifted optical spectrum, and is operated at a temperature of ~ 85°C to ensure an optimized atomic
density. Many atomic magnetometer schemes operate in a cw regime were the spin preparation (pump) and de-
tection (probe) stages are performed simultaneously with a single laser beam [5]. Here we discuss a pump-probe
approach that separates these distinct phases in the time-domain, allowing the prepared atomic polarization to pre-
cess freely at the Larmor frequency whilst decaying exponentially as a consequence of various relaxation processes
inherent to the vapour cell.

A Bo

Cs Cell

1/f4

Synchronous

Fig. 1 Experimental model conveying the mechanisms behind a FID magnetometer. A high power light pulse builds up spin
polarization during the pump phase. The left-most graphs depict two possible voltage inputs (DC or synchronous) that can be
applied to the acousto-optic modulator. Precession in the transverse field is observed during a weak probe stage along with
spin relaxation.

Depending on the proportionality between the bias field of interest and the damping rate; DC or synchronous
modulation at the Larmor frequency, or one of its sub-harmonics, can be implemented to maximize the optical
pumping efficiency. Modulation in the dispersive properties of the sample are observed during the readout phase
as an oscillation in the polarization rotation angle at the Larmor frequency. Magnetic field information can be easily
extracted from truncated FID signals epitomizing the high bandwidth capability. This technique also provides sig-
nificant advantages in accuracy over driven magnetometers as the precession is monitored directly and not subject
to systematic frequency shifts imposed by phase errors in the feedback signal [6], however careful consideration
of potential AC stark shifts is required at elevated probe intensities. An optimal sensitivity of ~ 1 pT /+/Hz has
been measured in a shielded environment which is ultimately limited by depolarizing collisions with the vapour
cell walls due to the smallest cavity dimension.
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The measurement principle of the Coupled Dark State Magnetometer (CDSM) is based on the differential measure-
ment of two dark state resonances [1]. The dark states are established by Coherent Population Trapping (CPT) [2].
The CPT effect is a quantum interference effect which we experimentally realize in the 8’Rb hyperfine structure of
the D1 line by a high frequency modulated light field. For the excitation of the coupled dark state resonances we
use a so called A-shaped excitation scheme consisting of two ground states and one excited state. The two ground
states are coherently coupled to the excited state by the two components of the high frequency modulated laser
light field. The interaction of the light fields with the atomic level structure causes a destructive interference of the
transitions from the ground states to the excited state. As a result, the atomic population gets trapped in a so called
dark state where it is decoupled from the light fields which causes a reduction of the absorption and in consequence
a decrease of the fluorescence. The benefit of this effect is that very narrow (sub Doppler) resonance line widths
of about 30 Hz can be achieved [3]. For this reason, it is used for precision measurements like in compact atomic
clocks [4] and magnetometers.

These magnetometers measure the magnetic field depend shift of the ground state transition frequency accord-
ing to the Zeeman effect. However, the transition frequency is additionally shifted by other parameters like laser
intensity or sensor cell temperature and buffer gas pressure. These shifts cannot be distinguished from a magnetic
field induced shift at first glance. For this reason, the measurement principle of the CDSM uses a differential
measurement of two dark state resonances which are almost equally influenced by the mentioned experimental
parameters and thus cancels the disturbing influences. The CDSM prototype was developed for an application in
space in a cooperation between the Institute of Experimental Physics of Graz University of Technology and the
Space Research Institute of the Austrian Academy of Sciences. The prototype consists of a compact electronics
unit inside of the spacecraft and a sensor unit outside of the spacecraft which are connected by optical fibres. The
benefits of the CDSM magnetometer are its compact and robust design, a high dynamic magnetic field measure-
ment range (~50-100,000 nT) and its omnidirectional measurement principle. The omnidirectionality is achieved
by switching between two coupled dark state resonances which have even and odd CPT resonance quantum num-
bers and therefore an opposite angular dependence on the external magnetic field [5]. The first demonstration of
the CDSM in space will be in summer 2017 in the course of the China Seismo-Electromagnetic Satellite mission.

For the further upcoming Jupiter Icy Moon Explorer (JUICE) mission, a new sensor configuration is currently
developed. The new sensor design aims at a reduction of the optical pumping effect across the Zeeman manifold.
The optical pumping effect is caused by the interaction of the polarized light with the atomic ensemble and results
in a changed ground state population distribution. The changed population distribution influences the line shape of
each single CPT resonance depending on the used ground states and thus can have an impact on the compensation
effect of the coupled dark state resonances. The new sensor, which is based on a dual transition of the laser light
through the sensor cell, will be presented and a comparison between the original and the new sensor design is
drawn. With this new design we were able to reduce the influence of the optical pumping effect and obtain a
balancing of the CPT resonance spectrum. We present first performance measurements with both sensors and
discuss the magnetic field measurement accuracy of the CDSM compared to an Overhauser magnetometer.
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Our team has been working for several decades on *He Optically Pumped Magnetometers. After the development
of a scalar magnetometer for ESA’s SWARM satellites, we made proof of concept of heart and brain activity
recordings with room temperature sensors. My PhD compares several schemes for probing helium atoms for
improving magnetometer sensitivity. Some of those require a very stable laser tuning. An interesting laser locking
method is based on the circular dichroism of the metastable helium gas subject to a milliTesla transverse magnetic
field. I will present both the theoretical analysis and the experimental results achieved with this stabilization
method.
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Single-beam atomic magnetometers relying on the nonlinear magneto-optical rotation (NMOR) effect have been
thoroughly studied using a simple three-state A-scheme in both electromagnetically-induced transparency mode
and Raman mode [1,2]. Recently, a cross-polarization optical wave mixing scheme has been introduced where
more than 500-fold optical NMOR SNR enhancement has been observed [3]. Here, we present a nonlinear optics
framework to explain the observed SRN enhancement, explaining the physics of the Zeeman-coherence nonlinear

optical wave mixing scheme.
In a Zeeman-coherence optical wave mixing (WM) scheme the WM field creates a second excitation pathway

via the mutually-influencing Zeeman coherence building up in the intermediate states, resulting in parametric
propagation dependent dispersion amplification that leads to observed large enhancement of the NMOR SNR.
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Fig. 1 (a) NMOR effect of the optical WM scheme (red trace, left) and the single-probe A-scheme (blue trace, right) as a
function of Jp at z = 1 cm. Parameters are chosen to show a representative 110-fold NMOR signal enhancement. If the blue
trace is rescaled vertically by a factor of 110 the resonance line shape is non-distinguishable from that of the red trace,
attesting the fact that the WM scheme does not alter the magnetic resonance line shape. (b) NMOR as a function of
propagation distance z for the single-probe A-scheme (blue) and the WM scheme (red) at 6p/27 = 5 Hz. (c) and (d): NMOR as
a function of z and dp with (c), and without (d), the WM field. Parameters: Qp(0)/27 = 300 kHz, Qwwm(0)/27 = 200 kHz,
827 = 1 GHz, 8/2x = 0.5 GHz, T/2% = 300 MHz, %/27 = 10 Hz, k = 10°/(cm.s), p11/(0) = p33/(0) = 0.5. Simulation uses a
generic four level atomic system.

We note that the observed NMOR SNR enhancements have been verified by full numerical calculations using
both nonlinear optics formulism [4] and the standard ellipsometry formulism [5]. With our parameters, these two

mathematics treatments yield identical results.
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The search for new physics is a very active topic in today’s fundamental research. Until now no direct observation
of physics beyond the standard model (BSM) has been made. The neutron electric dipole moment (nEDM) is
an observable which could hint to a certain class of BSM theories. The nEDM experiment at the Paul Scherrer
Institute (PSI) is currently running with the best sensitivity ever [1]. A follow up of the present setup is planned
and will be called n2EDM. This setup will have much improved capabilities in terms of nEDM statistics, magnetic
field monitoring, magnetic field uniformity and stability.

The stability of the By field of our nEDM experiment depends on many factors: shielding factor of the mu-
metal, performance of the active field stabilization, local magnetic contaminations and temperature. However, the
stability of By will be limited fundamentally by the current source which feeds the By coil. For the next generation
nEDM experiment we are building an ultra-stable current source based on atomic magnetometry (see Fig.1).
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Fig. 1 Current source concept. A low noise current source is connected in series with the nEDM By-coil and a dedicated
“source coil” outside of the nEDM setup. The source coil is a field confining coil with four quadrants. Each quadrant holds a
Potassium magnetometer, which monitors the local field. The feedback control uses the readout of the four magnetometers to

compensate for a drift of the current.

We intend to exploit the high sensitivity of optically pumped magnetometers by converting a current drift into a
magnetic field drift [2]. For this we have developed a magnetic field confining coil (see Fig.1), which is able to
discriminate an external field perturbation from a current drift [3]. The latter changes the field modulus in all four
quadrants of the coil by the same amount. An external field will affect each quadrant in a different way.

We intend to use Potassium magnetometers based on free spin precession (FSP) signals. This mode of operation
has been shown to yield a high sensitivity as well as low systematics and long term stability [4]. The use of
Potassium will allow us to work at higher fields than with Cesium. In this way we gain in relative sensitivity since
the coil constant of the source coil can be tailored to the needs of our current source. With this concept we plan to
achieve a 102 stability on a 20 mA current.
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Recent works have demonstrated the possibility to detect the presence of Dark Matter fields using atomic mag-
netometers where the crossing through the Earth of domain walls generated by an axion-like field and coupled to
the spins of standard-model particles can be identified [1]. In this presentation, we give a detailed overview of the
theoretical background and introduce the Global Network of Optical Magnetometers to search for Exotic physics
(GNOME) [2].

We will describe the analysis approach that we follow to identify transient exotic spin couplings to domain
walls from dark matter field. Such transient signal cannot however be directly associated to “exotic” physics for
individual magnetometers and one must cross-correlate any putative transient signal with the other stations in the
network in order to distinguish false positives to real transient signatures.

An important aspect of the transient signal that is worth noting is that its expected bandwidth and duration are
not known as no theoretical constraints have been placed on those properties, making more difficult and complex
the identification procedure of such transient signals.

We introduce two techniques which, in combination, provide a powerful tool to adequately identify coherent
transient signals among optical magnetometer stations. The first technique is the so-called Excess Power search
method [3] which consists of scanning the entire time-frequency space and look for possible trigger signals of
different bandwidth and/or duration. Once a time-frequency trigger map has been produced for each station for
a given chunk of time, a coincidence analysis can be used to cross-correlate the different triggers found for each
magnetometer station.

We will wrap up the presentation by presenting the first coincidence analysis results over a full month of
acquired magnetic field data.
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Fig. 1 Time-frequency trigger map from simulated magnetic field data where a gaussian burst signal has been injected in the
data. The burst can be identified at minute 8 of the data chunk’s time period.
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GNOME is a novel experimental scheme which enables the investigation of exotic spin couplings between nu-
clei and exotic fields generated by astrophysical sources measuring spin precession. It consists of a network of
geographically separated (>100km), time synchronized, ultrasensitive optical magnetometers in a magnetically
shielded environment. Such a configuration enables the study of global transient effects.

Currently, there are six magnetometer sensors placed around the world which are able to measure synchronously.
Here the performance of the magnetometer built in Mainz for the GNOME collaboration is presented. Long term
stability, bandwidth, and sensitivity of the sensor are carefully characterized. However, local perturbations of the
sensor can fake axion signals. The implementation of a veto channel to disregard those effects is described. Even
though the optimal operation of the magnetometer for GNOME is in phase-locked loop mode, the response of an
open-loop mode magnetometer is studied for field changes higher than the resonance width. This response exhibits
a beating between the atomic spins and the laser modulation frequency.
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Despite numerous sophisticated attempts, modern exotic physics still hides many unresolved mysterious. Ques-
tions such a: What does dark matter consist of? What is a dark energy? What is the source of bariogenesis? Is the
universe isotropic? are just several examples of the most fundamental questions of contemporary science.

Many theoretical models try to address that fundamental questions by developing theories extending the Stan-
dard Model. A number of these theories predicts existence additional spin-dependent forces mediated by light
particles outside of the Standard Model. These particles may interact with electrons or nucleons, leading to mea-
surable effects on ordinary matter.

Despite experiments searching for such new particles/interactions, there is no direct evidence of such exotic
forces. It leads to two possibilities. First - the theoretical models are not correct. Second - experiments lack of
sensitivity or their methodology is wrong.

In the presentation, a new approach enabling observation of new spin-dependent interactions will be discussed.
This approach is based on optical Rb-K-He co-magnetometer operated in self-compensated regime. The self-
compensated regime is achieved in a following way: first nuclear polarization of *He is created by spin-exchange
optical pumping. Then the compensation field is applied to null magnetic field experienced by Rb atoms. This
allows *He magnetization, adiabatically changing with external magnetic fields (e.g.,induced due to residual field
drift) effectively shield Rb atoms leaving them in zero magnetic field. To the contrary, the coupling due to non-
magnetic (exotic) fields would have the effect on both spicies, inducing changes of polarization state of light.
Thereby, the self-compansating magnetometer enables precise searches for exotic fields and particles. This makes
the self-compensated magnetometer less sensitive the electromagnetic interactions.

I will discuss a setup of the self-compensated optical magnetometer. The first results of its operation will be
reported and magnetometer to exotic spin-depended couplings will be analyzed. The optimization to the transient
exotic coupling will be investigated. This is important due to the envisioned operation of the magnetometer as
a part of the Global Network of Optical Magnetometers for Exotic physics (GNOME) [1]. The GNOME make
possible correlated measurements of spin-depended forces at distant locations (>100 km). Such makes possible
an approach suppression of noncorrelated noise and indicate correlated perturbations on measured signals.
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Spin-exchange optical pumping is a method to transfer polarization of optically pumped alkali metal atoms to
another kind of atoms, which can be used to polarize the noble gas and investigate the fundamental process, such
as the physical mechanism in the binary collision. The previous research mainly focus on the noble gas for its long
spin depolarization time[1-3]. In this work, we extend the system to alkali-metal atoms and polyatomic molecules
as demonstrated in Fig. 1. To achieve the distorted wave function of polarized alkali valence electron during a
collision between the alkali metal atom and the molecule, the molecular orbital theory is applied. And through the
acquired wave function, we can estimate the effect of spin exchange derived from the Fermi contact interaction[4].
Taking the gaseous methane as example, the enhancement factor for carbon is —2.7 and for hydrogen is 4.4, the
effective magnetic field B, sy of the sample in a spherical vapor cell is on the scale of n'T when the 87Rb polarization
is 87% with the number density 5 x 10cm—3.
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Fig. 1 The effect of the spin exchange between polarized electron spin and nuclear in a molecule. The polarization of different
atoms in a molecule depends on the molecular configuration.

Since the SERF atomic magnetometer can achieve the sensitivity of several T/ V/Hz, it is possible to use SERF
atomic magnetometer to detect the signal in gaseous nuclear magnetic resonance. Based on our theoretical calcu-
lation, we design the scheme for the experiment as shown in Fig. 2. First gas molecule is polarized through optical
pumping accompanied by the polarization of rubidium atoms. Then dc magnetic field pulses are applied to rotate
the spins to the detection direction. Finally the magnetic signal with the precession frequency of J-coupling at zero

field is detected.
spin exchange dc pulse detection

0

Fig. 2 The sequence to detect the J-coupling by spin-exchange optical pumping.

The idea of gaseous nuclear magnetic resonance can be applied to detect various gaseous sample, and analyze the
molecule structure by detecting the J-coupling, and it provides a promising step towards the research gaseous-state
NMR.
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Recently we have demonstrated a magnetic camera which is capable of measuring spatially-resolved time-dependent
signals from weak magnetic sources [1]. The current realization of this device is based on an M, optically pumped
magnetometer. A thin layer of caesium atoms contained as a vapour in a cubic glass cell and confined therein by
a buffer gas is spin-polarized by a sheet of circularly-polarized resonant laser light. The degree and orientation of
the atoms’ (vector) polarization depends on the magnitude and orientation of the local magnetic field. The atoms
are exposed to a homogeneous magnetic offset field B oriented along one of the cube’s axes, and the fluorescence
emitted by the polarized layer is imaged onto a CCD camera. When scanning the offset field from negative to
positive values, each camera pixel detects a resonant change of intensity, centred at By = 0 (ground state Hanle
resonance, [2]). With the offset field set to the half-width point of the Hanle resonance any additional local field
components 6B along By will change the corresponding pixel signal by S o 8B. In this way the CCD image
represents a map of §B’s spatial distribution.

From the recorded magnetic field patterns one wishes to retrieve information on the spatial distribution of the
magnetic sources producing the field pattern. Here we propose a method to infer 2D planar distributions from
our MSIC recordings by inverse problem solving using a simulated annealing algorithm. Figure 1 shows the
experimental setup together with the experimentally recorded magnetic field distribution in the laser sheet sensing
plane. The magnetic field is produced by a coil made out of 3 rectangular current loops stacked to form an ‘F’-
shape equivalent distribution of magnetic dipoles that yields a smeared-out field pattern in the sensing plane. The
corresponding distribution of point-like dipoles is superposed with the field-producing current loops in the object
plane. Our primary interest is the localization of magnetized magnetic nanoparticles (MNPs). MNPs start to play
an important role in biomedical screening and therapy and different approaches for localizing MNPs in biological

tissues have been proposed.
8
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Fig. 1 Left: Experimental setup. Centre: Magnetic field map produced by an ‘F’-shaped stack of 3 rectangular current loops.
Right: Reconstructed distribution of point-like magnetic dipoles.
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The excellent sensitivity and recent commercialisation (QuSpin Inc.) of optically-pumped magnetometers (OPMs)
has inspired an interest in developing the next generation of Magnetoencephalography (MEG) systems. OPM-
MEG would allow for a more flexible, user-friendly, less restrictive and non-cryogenic brain imaging tool as well
as potentially higher signal-to-noise ratio (SNR) recordings.

Our previous work [1] focused on comparing the performance of a single OPM sensor against a state-of-the art
SQUID-based system through repeating measurements. Here, a multi-channel array comprising 8 OPMs mounted
in a 3D-printed, head-shaped scanner-cast [1] was used to perform OPM-MEG measurements.

A single subject performed a visuo-motor task: 45 trials of left index finger abduction during the presentation
of a vertical grating shown for 2 s, followed by an 8 s fixation period. The experiment was performed three
times: once in the CTF system (SQUID) and twice with the OPMs (once with the scanner-cast fixed relative to
the room (OPM-restricted) and once where the subject was seated, but able to freely move their head (OPM-free-
moving)). We used a time-frequency analysis of the radial magnetic field to evaluate the oscillatory (induced)
response in sensor space in each experiment. We used a scalar beamformer (Synthetic Aperture Magnetometry —
SAM [2]) to localise the neural networks responsible for beta frequency (13-30 Hz) power changes (decrease and
post-movement rebound).

Panel A in Figure 1 shows the sensor-space induced response in the beta band, averaged across trials, for the
three experiments. Only the channel which showed the largest response is shown for each experiment. As expected
[3], we observe a decrease in amplitude during finger movement (0-2 s window) and a post-stimulus increase in
amplitude (rebound) on movement cessation. Panel B shows the beamformer-reconstructed beta band time courses
at the selected locations within the sensorimotor cortex. Note that locations selected include the peak decrease in
power, the peak rebound, and a location with little task induced response.
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Fig. 1 A) Time-frequency spectra of the three experiments showing the expected decrease in beta power during finger
abduction (0-2 s window) and the post-stimulus rebound. B) Beamformer-reconstructed time series at the peak locations of
beta rebound and decrease, and also at a location displaying no brain activation.

We have shown the ability to beamform sources to the motor cortex using a multi-channel OPM array, even
when the subject’s head was unconstrained. Performance could be improved by nulling the ambient static (Earth’s)
magnetic field, which would potentially allow larger subject movements. OPM-MEG not only offers the advantage
of bringing sensors closer to the brain, it also becomes a wearable device. This opens up a wealth of new paradigms
and subject groups to investigate, potentially changing the scope of neuroscience experiments possible with MEG.
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The hippocampus is critical for healthy brain function. It enables functions such as memory and navigation by co-
ordinating neuronal activity across brain regions on a sub-second timescale. The hippocampus is also where many
degenerative disorders such as dementia, as well as drug-resistant epilepsy, commonly strike. Currently, planning
for surgical removal of drug-resistant epileptic foci includes a highly invasive additional surgical procedure where
electrodes are placed inside the hippocampus for direct monitoring of electrophysiological activity. Therefore, a
non-invasive and temporally resolved alternative method for recording from this deep structure (Fig. 1A) would
be an attractive tool for both clinical and basic research.

To meet this goal, we propose building a wearable array of OPM sensors directly onto the subject, with the
spatial configuration of sensors optimised to detect hippocampal signals. A key advantage of the new OPM sensors
is that they do not necessarily have to be placed on the scalp surface. Here we investigate and quantify the extent
to which sensors placed close to the roof of the mouth would be advantageous for OPM recording of hippocampal
signals. To do this, we simulate hippocampal activity [1] to assess the possible field patterns at the scalp.

Fig. 1 OPM sensor configuration for hippocampal recording. A) Magnetic Resonance Image showing location of the
hippocampus in white. B) For each hippocampal surface location, a sensitivity profile (lead-field) for the radial fields is
calculated for an OPM sensor array placed 6.5 mm from a surface comprising the scalp and extending down over the roof of
the mouth. For each hippocampal source, a line is drawn linking the field maxima and corresponding minima. Note that these
pairings are almost exclusively temporal lobe-mouth pairs. C) Sample 3D printed scanner-cast for measuring hippocampal
activity from the temporal lobes. The OPMs can hereby be stabilized with respect to one another and the brain’s anatomy. D)
3D printed device for stabilizing and orienting OPM in the roof of the mouth.

Our modelling suggests that OPM arrays which can be worn can give a factor 4 signal detection advantage over
conventional MEG due not only to the decreased stand-off, but also due to the flexibility in sensor placement. Fig.
1B shows the RMS lead-field profile across the scalp surface and extending down over the roof of the mouth with
maxima and minima pairings (black lines) occurring almost exclusively between the mouth and sides of the head
(Fig. 1B). We are now designing optimal wearable arrays for non-invasive hippocampal imaging ([2], Fig. 1C),
including the placement of sensors inside the mouth (Fig. 1D).
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Optically-pumped magnetometers (OPMs) have reached sensitivity levels that make them viable and wearable
alternatives to traditional superconducting technology for magnetoencephalography (MEG). Here we address the
problem of constructing accurate forward models that describe the expected sensor signal given activity in a par-
ticular brain region. One problem is the uncertainty in sensor position and orientation with respect to the brain.
Previous work [1, 2, 3] has shown that these errors place a limit on the accuracy of any estimate of neuronal current
flow. Here we used data based on OPM recordings using a scanner-cast — a 3D printed helmet based on a subject’s
MRI scan in which the sensor locations and orientations with respect to the cortical anatomy are known. We then
perturb the sensor geometry (via simulation) and see if we can use analytic model comparison methods to estimate
the true sensor geometry. The aim is to move towards wearable arrays that do not have to be contained within a
rigid helmet.

We used single channel OPM data from a median nerve stimulation experiment [3]. First, we looked at the
sensitivity of our models to random perturbations (of -20 to +20 degrees) in the orientation of each channel (Fig.
la). Second, we moved the whole array in an arc around the head from -20 to 20 mm (Fig 1c). We scored each
model using (negative variational) Free energy (a proxy for model evidence) as an objective function [4].
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Fig. 1 a) Each individual OPM channel was randomly perturbed in orientation (dotted arrows). b) Free Energy vs orientation
error, dotted line marks the significance threshold of -3 on a log scale, models below this line (with greater than +/-11 degrees
of error) are significantly ( 20 times) less likely. ¢) Here the whole OPM array was moved relative to the brain. d) Free Energy
vs change in array position, array location errors of greater than Smm are significantly less likely and we have analytically
estimated the true array location (at zero).

Results In Fig 1b) we show the sensitivity to individual channel orientation error. Note that the best model (as
judged by the data fit) also accords with the true sensor orientations. In Fig 1d) we found that we are able to
recover the true position of an OPM sensor array with respect to the brain and we are able to confidently (p;0.05)
reject array locations with more than Smm of error.

We have shown that it is possible to accurately estimate sensor array geometry based on brain data without
the need for fiducial markers or subject-specific helmets. This paves the way towards wearable and flexible array
geometries which can be recovered through optimization post-hoc.
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In conventional MEG measurements subjects are required to remain still in the MEG helmet (i.e. movement must
be kept to less than 5Smm over a scan that may take up to 30 minutes), this restricts subject groups which can be
studied and the tasks that can be performed. OPM-based MEG [1], Fig la, could allow free movement of the
subject during a recording. However, even inside a Magnetically Shielded Room (MSR) sensor movement induces
large field variations which renders OPM data unusable, Fig 1b (solid line). Here large bi-planar coils were
designed to produce homogenous fields that nulled the static field components (~ 20nT) inside the MSR, thus
allowing head movement during recordings. Coils on two planes placed either side of the subject were designed
using methods adapted from MRI gradient coil design [2, 3]. The current distribution J is confined to two planar
surfaces |x|,|y| < L at z = +a and described using the stream function, S defined as J = VS x 2. S is parameterised
as a two-dimensional Fourier series with symmetry defined by the target field as:

. —1/2)my .
sin 2 cos w for B coil
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Values of A,,,, are then chosen to minimise Y, [B(r;) — Bm,g]2 + P. Here r, are the locations where a homogeneous
field is required, By, is the target field and P is a tuneable power term. B is calculated from:
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sinh
B and S are the two-dimensional Fourier transforms of the field and stream function with respect to x (k) and y

(ky) and k, = | /K% + k;. The sinh/cosh terms correspond to the situation where S has the same/opposite sign on the
two planes. The coil wire paths, Fig. 1c, are obtained from contours of S.

1-

1
b Nulling OFF | | | c
0.8 - |~ Nulling ON : | 0.6
|

06 - | |

Measured Field (nT)
y(m)
o

0 2 4 6 8 T 06 04 02 0 02 04 05
Time (s) x(m)
Fig. 1 (a) Subject seated between coil planes with OPMs worn in a 3D printed scanner-cast. (b) Magnetic field data recorded
from a single sensor when the subject moves their head while taking a drink. Results shown with the nulling coils OFF and
ON. Without nulling the OPMs go out of range. (c) Wire paths for the By, coil. The By coil roughly corresponds to a 90°
rotation of this coil about the z-axis.

The coils are 1.6 x 1.6 m? in size and produce homogeneous fields over a central 40 x 40 x 40 cm® volume.
Coils were constructed by taping 0.56mm diameter copper wire onto sheets of MDF in layers. The coils are
controlled with LabVIEW to null the vector field based on the signals from reference OPM sensors positioned
around the subject’s head. The resulting setup allows the subject to perform simple movements during a scan such
as stretching, shaking the head or having a drink of water, Fig 1b (circled line). This work shows the potential for
OPM-MEG experiments in subject groups that would have difficulty remaining still such as infants or individuals
with movement disorders. Field gradient coils, which will allow a higher degree of field nulling over the sensor
array, are now being constructed.
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The recent development of integrated sensor packages (~1cm? cross section, 3x3x3mm sensing volume) for highly
sensitive magnetometry (<15fT noise floor in 1-100 Hz frequency band, dynamic range of +5nT) has allowed
fabrication of an OPM array for use in magnetoencephalography (MEG) [1]. Such an array necessarily brings the
sensors into close proximity; since each sensor uses a set of on-board coils for reduction of the static field in the
sensing volume and for the field modulation used in measurement, it is conceivable that the stray field from each
sensor may produce interference in proximal sensors. We present theoretical and experimental evidence that these
fields are small enough within our parameters of operation to be safely ignored for the purposes of MEG source
reconstruction.

Fig. 1 Three pairs of coils (left) are found in the sensor head. Sensors are placed on a 3D printed scanner helmet, designed
(using structural MRI) to fit a subjects scalp. Interference between sensors is then computed.

A discrete element Biot-Savart computation with 360 elements per current loop was used to calculate stray B-fields
produced in the sensing volume of an adjacent sensor, for separations of 2-5cm. The known coil geometry and
relative location of the sensing volumes was used to produce a physically accurate model. The coil current was
chosen so that the maximum field produced by each coil at the cell centre (termed the base field) was 100pT.
Relative strength is defined as the ratio of the absolute value of the perturbing coil’s stray field to that of the
base field. By calculating the vector sum of the base field By, (r) and stray field B e (1), the effective angle
deflection from a proximal sensor can also be calculated:

Bbase (I’) “Bum (I’)
|Bbuse(r) H ' HBsum(r) ||

These quantities were determined over a variety of conditions: distance between sensors, all sets of interacting
coil pairs (X-X, Y-X, Z-Y etc.), rotation around the long axis of the sensor, and accurate location in our MEG
array. Simulations showed that the crosstalk from the modulation on the sensitive radial axis (Z) is small: 0.3°
deflection, 2.5% relative strength at closest approach. Experimental validation was carried out using a 3D printed
scanner cast, with locations corresponding to those in Fig.1. By driving the coils with a known frequency, the
relative size of the field received in neighbouring sensors was determined from the ratio of the peaks; the mean
was found to be 1.640.3 % and the maximum was 3% - approximately in line with simulations. The array will
produce significantly higher crosstalk between the X, Y and Z coils which will need to be taken into account when
using the OPMs in dual-axis mode (measuring two perpendicular field components).
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Fig. 2 Each of the 8 Z (radial) coils produces a field oscillating at a known frequency from 131-145Hz. The power spectra
from 8 sensors shows crosstalk between sensors — the worst case relative interference size is 3%.
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Clinically, electrical stimulation of the median nerve is used to located primary sensory cortex during surgical
planning [1]. Many of the patient groups (such as children) who would benefit from such surgical planning are
however poorly served by conventional cryogenic MEG systems, built for adult head sizes. This is a barrier to the
successful translation of MEG in this setting. Optically Pumped Magnetometers (OPMs) give us the possibility
to not only position the sensors to fit any head size, but also offer increased signal amplitude relative to SQUIDs
[2]. Here we present the first simultaneous multi-channel recordings of this median nerve response with a view to
assessing accuracy and reliability in a clinical setting.

We recorded MEG data using OPMs housed in a 3D printed scanner-cast positioned over the subject’s primary
somatosensory cortex [2]. We made 13 simultaneous radial field measurements at 6.5mm offset from the scalp
surface using QuSpin sensors within a mu-metal shielded room sited in central London with approximately 20nT
residual static field. Data from 8 SQUID magnetometer channels were recorded simultaneously and used for
reference noise cancellation. We used a non-linear optimization to explain the averaged recorded data using a
single dipolar source. The localisation reliability was assessed using a bootstrapping procedure.
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Fig. 1 Accuracy and Reliability of multi-channel OPM system. The OPM MEG system characterised the mean N20 response
magnitude (~23 nAm) with ~ 4nAm margin of error (a). The N20 response is expected to occur approximately 20ms post
stimulation, which the OPM system accurately detects (b). The pattern is also visible at a single trial level (c). A single dipole
fit is able to accurately model the observed magnetic field (d). The observed localisation of the dipole is reliable within
~ 2-3mm (e).

Panels a, b shows the estimated dipole moment in primary sensory cortex as a function of time. With confidence
intervals as a function of the number of averaged trials. Panel ¢ shows the data at a single trial level. Panel d
shows that a single dipole fit was able to accurately model the measured field with standard error of ~7%. The
mean location was estimated at coordinate (MNI): 50, -22, 46 with variability ~ 2-3mm (Panel e) within primary
sensory cortex. These results suggest that OPMs could provide accurate, reliable and cryogen-free clinically useful
information.
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Recently commercial single unit OPM magnetometer sensors became available [1] with a cross section of 13x19
mm and dual direction measurement capabilities. With these sensors, a MEG array can be tailored to a subject’s
or patients’ individual anatomy as shown in [2]. A suitably segmented anatomical data set such as obtained from
MRI or CT is used as input for the generative production (3D printing) of a high precision multichannel sensor
holder.

Here we propose a rapid process to obtain medium precision individualized biomagnetic sensor arrays. Instead
of relying on costly MRI or CT we use a 3D geometry scanner based on ultrasound technology [3]. A point cloud
describing a surface is obtained by a manual operator placing a pen on successive surface points. Anatomical
landmarks such as LPA, RPA, and Na are included as well. This point cloud is then input into a 3D design
software (e.g. OPENSCAD [4]), a 3D printable surface is derived, and sleeves suitable for the sensors are added
and the structure is printed. Printing of this structure takes up to 24 hours on a professional entry FDM printer.
Therefore, subjects must come twice to the biomagnetic laboratory, but the costs for the sensor array holder are
very low.

We show preliminary four channel data for MCG measured in a two layer magnetically shielded room (Ak3b,
Vacuumschmelze, Hanau) at walk-in condition (door not closed) and auditory MEG data obtained in the seven
layer magnetically shielded room BMSR2 of PTB. The Ak3b was demagnetized following established procedures
[5] and the remnant field at the measurement position was (Bx, By, Bz) = (15, 12, 9) nT, the remnant field in the
BMSR 2 was below 1 nT.

Fig. 1 (left) Schematic 3D design for the generative manufacture of an MEG OPM sensor array holder. (right) Picture of the
four channel MCG holder.

Ease of measurement attributable to the cryogen free commercial OPM sensors is complemented by the ease of
sensor holder design described here. We envisage this procedure mainly for exploratory cognitive research studies
such as frequently performed in psychology and for screening of risk groups in cardiology. Clearly newer scanner
technologies such as the Kinect [6] might replace the currently used device to obtain a 3D representation of the
body surface.
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Recently prototype multichannel OPM magnetometer sensor arrays became available with 20 and more channels
[1,2] consisting of individual sensor heads. With these arrays, multichannel data can be recorded allowing a com-
bined analysis in the spatial and temporal domain to answer the basic questions of biomagnetism where and when
a current was flowing in the body. Before such a result can be obtained, many signal processing steps are needed
starting with an improvement of the signal-to-noise ratio (SNR). For evoked brain fields (Magnetoencephalogra-
phy, MEG) or cardiac fields (Magnetocardiography, MCG) data epoch averaging is the most obvious method. But
even before averaging statistical methods can be applied to the raw data to improve SNR and independent compo-
nent analysis (ICA) is a well-established procedure for this. ICA is a family of many different algorithms and one
approach [3,4] relies on decomposing signals into components with maximally different spectral signatures in the
time domain.
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Fig. 1 (left) N20m map and time series obtained through averaging of 1300 responses. (right) N20m with improved SNR
obtained from ICA de-noised raw data.

Here the ICA is applied to somatosensory MEG data obtained using the 21 channel OPM array described in [2].
Figure 1 (left) shows the averaged MEG response to somatosensory stimulation. An electrical pulse was applied
at the wrist at 0 ms and at 20 ms the first brain response is visible as the second sharp peak in the time series. The
map of the multichannel data at 22 ms ist shown above the time series. After application of ICA (Fig. 1, right)
the averaged MEG response shows a much reduced noise ripple compared to the original result. The peak at 0 ms
is much weaker, while the peak at 20 ms is preserved through selection of a brain response ICA component. The
peak at 0 ms is a so called technical stimulus artefact and it is spatially not related to the brain response at 20 ms.
The ICA field map (right) is more irregular compared to the averaged map (left), but it shows the overall dipolar
structure. As ICA is a statistical method it is not informed of the structure of magnetic fields and often noisier maps
result as a trade-off. The overall results are very similar to SQUID MEG obtained using somatosensory stimulation
and ICA [5].

To summarize, statistical methods such as ICA introduced to SQUID signal processing have similar benefits
when applied to multichannel OPM data. Besides the de-noising capabilities shown here ICA can help during the
development of OPM array systems to assess signal quality.
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Magnetic nanoparticles offer a large variety of promising applications in medicine thanks to their exciting physical
properties. For most applications it is very important to know the quantitative spatial distribution of the particles.
This distribution can be obtained by means of magnetorelaxometry (MRX) imaging [1]. Here, the response of the
magnetization of the nanoparticles to sudden changes of an external magnetic field is measured and the distribution
is reconstructed by solving an inverse problem. The particles are usually aligned by the magnetic field of excitation
coils. After switching off this field, the magnetic relaxation field is measured. To date, SQUID sensors are
predominantly used. Since the latest optically pumped magnetometers (OPMs) reach comparable sensitivities to
SQUID:s in the order of 1 fT/ VvHz [1], OPMs may be used in relaxometry imaging. With respect to their flexible
positioning, improvements in MRX imaging are expected. Imaging using magnetorelaxometry is typically an
underdetermined inverse problem and can be written as L. - ¢ = B, where L is the lead-field matrix (which depends
on geometrical and magnetical properties of the system), ¢ is the vector of (unknown) particle concentrations and B
is the vector of measurement data. When solving this problem the conditioning of the matrix L is essential, because
good conditioning is a major factor of the obtained reconstruction quality. Recently, row dependency (RD) and
column dependency (CD) have been proposed as novel figures of merit to evaluate and compare the condition of the
matrix L [2]. RD is employed in case of a underdetermined system whereas CD is used in case of a overdetermined
system, respectively. In contrast to other figures of merit, RD and CD are capable of comparing between different
sensor arrays. It should be noted that the result is not affected by row or column scaling, respectively. RD is
computed as follows where n denotes the number of rows of L, I; denotes the i-th row of L and || - || denotes the
L, norm:
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Fig. 1 exemplary target volume with activation coils and

magnetic field sensors (dots) placed around the target.
In this work, we investigate the benefits of using OPMs in MRX imaging with respect to their flexible positioning
by studying the condition of the underlying inverse problem. The simulation setup consists of a target volume, four
activation coils and a variable, but defined number of magnetometers (304, 32, 16, 12, 8 or 4 magnetometers aligned
in z-direction). It should be noted that for the simulations, we don’t distinguish between SQUIDs and OPMs, since
their parameters don’t affect the lead field matrix L. The four activation coils have a diameter of 170 mm and
are modeled as Archimedean spirals with 864 segments each. Magnetization is done using sequential activation
with a current of 1.2 A. Variations of the target volumes, the voxel size, position of the activation coils and the
amount and position of the magnetometers were compared and investigated to optimize the reconstruction quality
by computing the lead field matrix and the corresponding row dependency for each of the possible combinations
mentioned. The parameters were selected to result in an overdetermined system in every case.

Our results show that the illness of the associated problem can be improved by placing the sensors at a minimum
distance from the target volume. By comparing different sensor combinations we found, that using 12 sensors —
where two sensors are located near each cube surface — results in a much lower (and thus better) row dependency,
compared to the other setups, e.g. a RD of ~ 24 by using 304 sensors and a RD of ~ 7 using 12 sensors. Thus,
the simulations demonstrate that exploiting OPM’s position flexibility can be used to optimize the conditioning
of the underlying problem and therefore the quantitative spatial reconstruction quality of the magnetic particle
concentrations.
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Measuring the magnetic field generated by the electrical activity from the heart or from the brain requires a high
sensitivity magnetometer. Helium-based optically pumped magnetometers (OPM) allow such a measurement
to be performed at room temperature, without any thermal insulation. In this poster we will introduce the physical
principles behind this sensor, which are based on parametric resonance in alignment. We will show recent proof of
concept of heart and brain signal acquisition. We will also introduce ongoing developments for miniaturizing the
device and operating it in an all-optical fashion in order to build sensor arrays.

69



P30

Can Optically Pumped Magnetometers (OPM) Capture Neuromagnetic
Activity of Peripheral Nerves and the Spinal Coord?

Philip Broser', Diljit Singh Kajal’*, Adham Elshahabi*>*#, Christoph Braun®>¢

1. Department of child neurology, Children‘s Hospital of Eastern Switzerland, Claudiusstrasse 6, 9006 St. Gallen, Switzerland
2. Graduate Training Center of Neuroscience, University of Tiibingen, Osterbergstr. 3, 72074 Tiibingen, Germany
3. MEG-Center, University of Tiibingen, Otfried-Miiller-Str. 47, 72076 Tiibingen, Germany
4. Department of Neurology, University of Tiibingen, Hoppe-Seyler-Str. 3, 72076 Tiibingen
5. CIMeC, Center for Mind/Brain Sciences, University of Trento, Corso Bettini 31, 38068 Rovereto, Italy
6. DIPSCO, Department of Psychology and Cognitive Science, University of Trento, Corso Bettini 84, 38068 Rovereto, Italy

Optically pumped magnetometers (OPM) are promising tools for the measurement of neuronal magnetic activity
because their operation does not require cryogenic cooling with liquid helium and is thus much cheaper than the
usage of SQUID-based magnetometers. Another advantage of OPMs is that they can be configured more freely in
space and therefore allow for the measurement of various physiological signals. While successful measurements
of neuromagnetic brain signals using OPMs have been already reported, the measurement of signal propagation in
peripheral nerves and signal processing in the spine has not been explored intensively.

In our study, we have designed an experimental setup that enabled us to stimulate the median and tibial nerve
in order to measure electrically evoked neuromagnetic activity from the 1% and 2" neuron of the somatosensory
pathway and to study the activity of the second motor neuron including the spinal reflex circuit.

First tests are promising and provide information about how a functioning measurement setup using OPMs
should be established. If tests will reveal that neuronal acivity can be reliably recorded from peripheral nerves
and the spinal coord, then the usage of OPMs has a great potential as an important tool for the diagnosis of neural
degenration and nerve injuries in neurological praxis.
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Magnetoencephalography (MEG) is a non-invasive functional neuroimaging method for investigating neuronal
activity in the living human brain [1]. MEG measures the magnetic field produced by neural currents in the brain
using sensors positioned around the head. Zero-field optically-pumped magnetometers (OPMs) have recently
reached sensitivity levels that enable their use in MEG [2, 3]. In contrast to the cryogenically cooled SQUID
sensors used in conventional MEG systems, OPMs can be placed within millimetres from the scalp, enabling the
construction of sensor arrays that conform to the shape of the head. Such on-scalp MEG systems have been shown
[4, 5] to have considerable benefits over SQUID-based systems.

To properly estimate the location of neural sources within the brain, one must accurately know the position and
orientation of all sensors in relation to the head. With adaptable on-scalp MEG sensor arrays, this co-registration
becomes more challenging than in current SQUID-based MEG systems that use rigid sensor arrays, as the position
and orientation of each sensor must be individually determined.
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Fig. 1 Left: Illustration of the source estimation process in MEG. Right: Effects of different levels of RMS co-registration
errors on the forward model. Top row: sensor position error, middle row: sensor orientation error, bottow row: both sensor
position and orientation error.

We performed simulations to quantify how accurately one needs to know the position and orientation of sensors in
an on-scalp MEG system. To this end, we created a hypothetical 184-channel OPM sensor array and applied it to
three-shell (intracranial space, skull, scalp) head models acquired from 10 adult subjects, whereafter random co-
registration errors were added to the sensor arrays. Additionally, a commercial 306-channel SQUID-based MEG
system was included in the simulations as a comparison baseline. We applied metrics that quantify the effect of
co-registration error on the forward models as well as metrics that quantify the performance of two common source
estimation procedures, minimum-norm estimation and dipole fitting, in the presence of co-registration error.

We found that sensor position errors generally have a larger effect than orientation errors, and that these er-
rors affect the localisation accuracy of superficial sources the most. Based on our results, we propose | 4-mm
RMS sensor position and ; 10° RMS sensor orientation error levels as a requirement for source estimation in on-
scalp MEG. When fulfilling these criteria, source localisation accuracy of on-scalp MEG systems using currently
available OPMs is similar to or higher than that of current SQUID-based MEG systems.
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In this work, a new design for an optically pumped magnetic field camera (MC) is proposed which will be used to
measure bio-magnetic fields. The MC is intended to be used as a non-invasive and absolute measuring tool in the
neuroscientific research on epileptic activity and/or to monitor drug delivery in small animals. Therefore, the MC
has to be able to monitor magnetic fields in the pico-Tesla range with a bandwidth of at least 100 Hz with a spatial
resolution of a few millimetres. The last requirement leads to a working distance of a few millimetres as well as a
thin gas cell and low spin diffusion with respect to the lateral resolution. These demands are met by the light-shift
dispersed Mz (LSD-Mz) mode [1]. It furthermore disposes the need of a lock-in amplifier for each single pixel
and the whole MC needs only one B-coil, due to the broad absorption peaks in the LSD-Mz mode of about 1kHz,
which corresponds to 0.3uT magnetic field range for Cesium.
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Fig. 1 (a) The centre of the gas cell (medium grey) contains the single pixels (dark grey) of the MC, which are pumped by
ot -polarized light. The reference spots are pumped by ¢~ -polarized light. Pixels and references are covered by a heater (light
grey) and are connected by channels to ensure identical conditions everywhere. Gas reservoirs are placed outside of the heater,

making them cooler to prevent gas condensation in the optical beam paths. (b) A laser beam propagates through a diffractive
optical element (DOE) to generate equally strong laser beams, while a following lens system collimates the laser beams. After
a polarizing beam splitter (PBS) quarter wave plates generate the desired circular polarization of the beams needed at the gas
cell. After the gas cell, the beams are reflected by a mirror, doubling the effective beam inside the gas cell. The PBS redirects
the beams onto a photodiode array. (DOP: direction of propagation. Eqp: polarization of the optical electrical field.)

For the realization of the MC several problems have to be solved. First, the optical illumination of the MC has
to be uniform for each pixel. Furthermore, the LSD-Mz mode needs a pixel and a reference pumped by different
helicities of the laser light. A possible gas cell design with an appropriate illumination can be found in Fig. 1(a).
For this structured illumination of the cell we intend to use a diffractive optical element (DOE). The resulting
beam path of the MC is shown in Fig. 1(b), where the quarter wave plates have different orientation for pixel and
reference beams. Secondly, the gas cells of the MC are quite large calling for a heating of the optical windows
to prevent condensation of the alkali gas. Herein, we will use transparent semiconductors, like aluminium-doped
ZnO (AZO) [2], for electrical heating via an off-resonant alternating current. Thirdly, due to the LSD-Mz principle,
analogue balanced detectors will be used for each pixel-reference pair prior to analogue-digital conversion for data
analyses. Based on this proposal, the MC setup is in preparation. First results will be presented.
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Magnetoencephalography (MEG) refers to measuring electric brain activity through the associated magnetic field
outside the head. Here, we performed simulations to assess the performance of an MEG array of optically-pumped
magnetometers (OPM) for detecting and localizing functional brain networks formed by linearly-coupled sources.
We simulated OPM probe arrays that had 102 OPMs measuring either the tangential (tOPM) or normal component
(nOMP) of the magnetic field, and compared them against two standard SQUID-based arrays that had 102 SQUIDs
measuring the normal component of the magnetic field (nSQUID) or 204 SQUIDs measuring the planar gradient
of the normal magnetic field (gSQUID). Given the superior spatial resolution delivered by the OPM arrays [1] we
separately studied networks whose nodes are less vs. more than 3 cm apart.

We employed FreeSurfer software to segment the cortical mantle from MRIs of 10 adult subjects, decimated
the resulting surfaces to 15 000 source points and calculated the corresponding forward matrix G using a three-
compartment boundary element model. We simulated induced activity of a pair of coupled cortical sources as two
10-Hz sinusoidal oscillators with a random phase with respect to the trial onset but probabilistically connected via
a mutual phase difference ¢ = ¢y + 8¢ with 8¢ sampled from a uniform random distribution [—7 /4,7 /4] and
mean phase difference between the activity of the coupled sources set to ¢ = /2 to rule out the spatial leakage
effect. Each simulated dataset contained 100 epochs.

We performed N = 500 Monte-Carlo (MC) iterations. During each iteration the two coupled sources were
chosen randomly from the 15 000 source points. For network detection, we decimated the cortical surface further
keeping a subset of 1503 points. We performed separate simulations for spatially white (covariance Ry, = I )
and spatially correlated (R, = 62GGT) noise. For source-space connectivity analysis, we used iDICS obtained
from the original DICS [2] by considering only the imaginary part of the source-space cross-spectrum.

As a threshold-free performance metric, we used the area under the precision—recall curve [3]. At the n-th MC
iteration we simulated a network defined by two nodes with coordinates r} and r. For each such node, we defined
a set of indices of cortical mesh nodes Qf and Q) whose coordinates fall into the §-neighborhood of r{ and r, i.e.
Q= {i}: (rj—r;) <6 fork=1,2,6 =1 cm. An estimated connection between a pair of nodes from Q' and Q)
(but not within one subset) was considered correctly identified.
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Fig. 1 Simulation results.

For brain networks comprising close-by nodes, the 102 sensor tOPM array delivers significantly better performance
than all the other arrays in the white-noise scenario. In all four test cases, the nSQUID array performs worst;
yet, 102 nOPM array presents a significant improvement in network detection for both noise models. Also, in
the correlated noise case the gSQUID array pars with the 102 channel nOPM array in the short-range networks
detection task and performs better in the long-range coupling scenario.
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Recently, magnetometry based on quantum measurements of the nitrogen-vacancy (NV) centers in diamond has
been proposed to detect brain activity with high spatial and temporal resolution [1]. In NV magnetometry, a
diamond chip with a thin and dense NV center layer is employed. The electronic spin of these NV centers is
initialized (polarized) under laser illumination, altered by a microwave source and read out optically. Magnetic field
is then inferred from the magnetic resonance signals in the NV fluorescence. In this study, we use computational
simulations to explore the feasibility of wide-field imaging of magnetic fields caused by neural activity in rat brain
slices with high spatial and temporal resolution by means of NV magnetometry.

Our goal was to determine the required measurement sensitivity and resolution in space and time of the NV
sensors. We simulated the magnetic fields using realistic models of pyramidal neurons in the hippocampal CA1
region that would result from evoked events generated by stimulating Schaffer collateral axons. The thickness
of the simulated brain slice was set to 400 um (50 um dead, 300 pum active, 50 um dead cell layer at bottom,
middle and top, respectively) which is similar to standard hippocampus samples prepared for electrophysiological
experiments (Figure 1-a). The calculation of the transmembrane potential and currents was performed using the
NEURON (v7.4) software package [2]. Then, the extracellular magnetic fields were determined in the diamond
plane placed directly below the brain slice. Our simulation results indicate that the magnetic field has strong
components orthogonal to the CA1 cells body layer and that it reaches up to 2.5 nT whenever the nerve excitation
is strong enough to generate action potentials (Figure 1-b, c). Moreover, the temporal information is contained
mostly within the bandwidth from DC to 0.5 kHz (Figure 1-d). Further analysis demonstrated that the optimal
reconstruction of the neural current source requires a measurement resolution of around 10 um (data not shown). If
we consider a 5-pm thick NV layer, a 10x 10 um? sensing area and a 1 kS/s sampling rate, the next generation NV
sensor proposed in [3] would have a magnetic field resolution of 167 pTrms. These results suggest that magnetic
fields caused by neural activity may be imaged using high-purity diamond sensors with a large NV concentration,
combined with a fast and high signal-to-noise ratio camera.
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Fig. 1 (a) Simulation setup proposed for NV magnetometry. NV layer on diamond substrate detects the projection of the
magnetic field generated by slice. (Inset) NV center energy level diagram. A small patch of 500 um x 500 ym x 300 um CA1
region is placed on the diamond sample. The soma location of each cell is equally distributed over a thickness of 50 ym iny
direction. (b) Peak magnitude of X component of the magnetic field. (c) Z component of the magnetic field. (d) Time course
of the signal for a given excitation pattern.
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