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Preface

Magnetoencephalography (MEG) is an established method for neuroscience
research and clinical applications, most notably in epilepsy surgery planning. As
practiced over the last 35 years, however, MEG suffers from significant limitations
imposed by the use of helium cooled, low-critical temperature superconducting
quantum interference devices (low-Tc SQUIDs), on which commercial systems are
presently based.

New sensors, such as nitrogen cooled high-Tc SQUIDs and optically pumped
magnetometers (OPMs), remove several of the major limitations of existing systems
as they can be placed anywhere on the scalp and in positions adapted to an
individual’s head size and shape, and as required by the neuroimaging question at
hand. The nearly simultaneous and pioneering recordings of neural activity with
OPMs and high-Tc SQUIDs over 10 years ago spawned the rapidly growing field of
on-scalp, “conformal” MEG. Since then, theory and experiment have been used to
demonstrate the advantages of on-scalp MEG for improving neuromagnetic signal
levels and imaging resolution, as compared to low-Tc SQUID MEG systems. Sev-
eral MEG studies have also been reported with innovative experimental paradigms,
only feasible with on-scalp MEG. Concomitant with this innovation in MEG are
OPM applications in general biomagnetism, such as for magnetocardiography and
magnetic nanoparticles, and advances in other sensor technologies such as magneto
resistive (MR) magnetometers.

This volume is motivated by the need for an overview of the recent proliferation
of biomagnetism applications based on new sensor technologies. While some
physics background is provided, a distinguishing feature of this work is the focus on
application-driven system integration issues. Several approaches to conformal MEG
are presently being developed: both OPMs and high-Tc SQUIDs can be configured
in single- or multi-channel systems that, in the end, move the field closer to the
whole-head coverage and beyond present commercial low-Tc SQUID systems. The
latest advances in this domain will be presented, such as multi-channel sensors
based on single gas cells, various atomic species in sensors, and free induction
decay readout. Together with the hardware, the methods of signal condition and
parameter extraction will be covered not as single chapters, but each approach is a
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combination of sensing unit and processing pipeline. On-scalp MEG systems allow
for a complete redesign of magnetic shielding due to their reduced size compared
to current commercial systems. Innovative solutions of magnetic shielding suitable
for on-scalp MEG recordings are described.

Industry-based physicists and engineers contributed to this work; however, all
authors write here in their capacity as scientists. An author’s affiliation with a
commercial entity should not be viewed as an endorsement, but rather a desire to
inform readers of the critical technical innovation taking place at companies.

Following the introduction, the book contains three major sections: OPM System
Development; MEG Applications; and MCG, MRX, and Other Applications.
Clearly the focus is on OPMs, but other technologies have their distinctive merits
and are included in the appropriate sections. The chapters vary in length, and modest
overlap is permitted to make them reasonably self-contained.

The editors thank all the contributors for taking the time to write their chapters
and for their patience until the work was complete. Assistance from students and
colleagues in reviewing is gratefully acknowledged. We hope that this book will be
valuable to researchers and students alike. Topics in this rapidly developing field
omitted from this volume will find space in the next edition.

Grenoble, France Etienne Labyt
Berlin, Germany Tilmann Sander
Madison, WI, USA Ronald Wakai
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Part I
OPM and System Developments



Chapter 1 ®
Optically Pumped Magnetometers Qe
for Biomagnetic Measurements

Michael V. Romalis

Abstract This review will summarize general aspects of optically pumped magne-
tometers and some of their features and challenges for applications to biomagnetic
measurements. Such sensors rely on Larmor spin precession of optically polar-
ized paramagnetic atoms in the magnetic field to be measured. Several optical
magnetometry methods have been developed with sensitivity approaching or even
exceeding that of SQUID magnetometers. Atomic sensors can be made quite
compact, allowing measurements of magnetic fields closer to biomagnetic field
sources. Present efforts are focused on the development of inexpensive systems
with many small sensors that are robust in the presence of external magnetic field
interference.

Keywords Atomic magnetometer - Optically pumped magnetometer - Bloch
equation - Shot noise - Spin projection noise - Alkali metal magnetometer - Spin
exchange relaxation free - Scalar magnetometer - Vector magnetometer

1.1 Introduction

This chapter will provide a basic introduction to the physics of optically pumped
magnetometers with focus on their application to biomagnetic measurements.
Broadly speaking, optically pumped magnetometers use light to manipulate quan-
tum states of atoms in order to measure atoms’ interactions with the magnetic
field. The goal is to find a system where atoms behave as nearly isolated particles
and only have well-defined interactions with the external magnetic field. The term
atomic magnetometer will also be used, and it is often avoided in the biomagnetism
literature to eliminate negative association with nuclear energy. This chapter will
present a relatively colloquial description of atomic magnetometers, pointing out

M. V. Romalis (P<))
Physics Department, Princeton University, Princeton, NJ, USA
e-mail: romalis @princeton.edu

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022 3
E. Labyt et al. (eds.), Flexible High Performance Magnetic Field Sensors,
https://doi.org/10.1007/978-3-031-05363-4_1


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-05363-4_1&domain=pdf
mailto:romalis@princeton.edu
https://doi.org/10.1007/978-3-031-05363-4_1

4 M. V. Romalis

general features with a minimum level of mathematical details. It does not attempt
to provide a thorough review of the literature or to point out all exceptions to the
most commonly used methods in optical magnetometry.

Atoms with a finite spin angular momentum but zero orbital angular momentum
are typically chosen in order to maximize sensitivity to magnetic fields while
reducing the effects of atomic collisions. The populations of the atomic quantum
spin states can be manipulated and measured using optical atomic transitions, and
this process is called optical pumping. Thus at a conceptual level, an optically
pumped magnetometer can be visualized as a collection of isolated atoms interacting
with a common laser beam. What makes atomic magnetometers remarkable is that
a practical implementation of such device is not very different from the idealized
picture. Atoms are usually held in a sealed glass container, called a cell. Random
thermal motion of the atoms has no effect on their spin states, while the effects of
atomic collisions can be arranged to be small. Thus, the main elements of atomic
magnetometers are fairly simple and robust. Most of the effort is focused on the
development of optimal methods to manipulate and measure the quantum spin
states. For biomagnetic measurements, other challenges include miniaturization of
the sensors, improving their performance in the presence of ambient magnetic field
noise and reducing the complexity of the system.

Given relative simplicity of optically pumped magnetometers, it is not surprising
that they were already developed in 1950s [1], soon after demonstration of optical
pumping [2, 3]. Their initial use was mostly focused on geophysical applications
[4], but already in 1960s atomic magnetometers of sufficient sensitivity have been
demonstrated with a suggestion to use them for detection of biomagnetism [5].
The first detailed study of biomagnetic fields using atomic sensors was performed
in 1970s [6]. They were able to detect fields from the heart, muscles, and eyes,
while brain magnetic fields were seen “at the noise level of the detector.” Several
more detailed studies of heart magnetic fields were subsequently performed [7].
Early atomic magnetometers used electric discharge lamps containing the same
type of atoms to generate light for optical pumping and optical readout. With the
development of readily available diode lasers, the interest in optical magnetometers
for biomagnetic field detection was revived, and detection of heart [8] and brain [9]
magnetic fields was demonstrated in 2000s. Since then, optical magnetometry has
developed in a number of different directions as discussed in this volume.

1.2 General Features of Atomic Magnetometer Operation

Magnetic field detection using atomic spins can be conceptually broken into three
steps. In the first step, optical pumping with a laser creates a non-equilibrium
distribution of populations among quantum spin states. In the second step, the
spin states evolve in the presence of the magnetic field, and in the final step, the
quantum state of the spins is readout using a laser beam. In some magnetometer
implementations, one laser is used for both optical pumping and detection, while
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others have separate pump and probe lasers. Similarly, some implementations
involve pulsed operation with a short optical pumping interval followed by free
spin precession and detection phase. Others use continuous operation, where
optical pumping, spin precession, and detection all occur at the same time. In the
development of atomic magnetometers for biomagnetic applications, there is always
a tension between more complicated approaches that offer better sensitivity and
simpler detection schemes that are more robust.

The evolution of spins in optically pumped magnetometers can often be under-
stood in terms of Bloch equations that describe precession of a spin-1/2 particle in
a magnetic field:

ds S. S, S.

S
E:nyB—{E,E,F}}—FR(I)(E—S). (1.1)

Here, S denotes the average vector expectation value of the atom’s spin; for
an atomic ensemble, it can range in magnitude from O to 1/2. y is the spin’s
gyromagnetic ratio and B is the magnetic field vector. The basic solution of Bloch
equations is given by precession of the spin vector around the total magnetic field
vector, described by the first term in Eq. (1.1). The precession frequency, also called
the Larmor frequency, is given by w; = y|B|. The gyromagnetic ratio y for atoms
with an unpaired electron spin is on the order of Bohr magneton pp divided by
h. This corresponds to a spin precession frequency on the order of 300 kHz in
Earth’s magnetic field but only a frequency on the order of 1 mHz due to a typical
biomagnetic field. Fortunately, about 10'? atoms can be measured simultaneously,
so by averaging their spin signals, one can reduce the quantum spin state uncertainty
by a factor of 10°. So one does not need to wait for 1000 sec but can in fact resolve
a 1 mHz frequency shift in about 1 msec, providing sufficient bandwidth to resolve
most biomagnetic signals.

The duration of coherent spin precession is governed by the spin relaxation times,
given by the second term in Eq. (1.1). If the total magnetic field vector points along
Z direction, then the relaxation of the transverse spin components Sy and Sy is
given by the transverse relaxation time 75, and the relaxation of the longitudinal
component S, is given by the longitudinal relaxation time 77. This nomenclature is
adapted from NMR terminology, where Bloch equations are also used to describe
spin dynamics. The relaxation times in optically pumped magnetometers are
typically on the order of 1 msec. There are two general approaches for making
the spin relaxation time longer, which improves the sensitivity of magnetometers.
One approach uses a special low-polarizability coating on cell walls that allows
atoms to bounce off the walls without losing their spin orientation [10]. Another
approach uses a buffer gas that slows down the diffusion of atoms to cell walls.
Collisions with the buffer gas molecules then limit the spin relaxation time. One
can increase the density of optically pumped atoms until the sensitivity becomes
ultimately limited by collisions between the spin-polarized atoms themselves. These
relaxation processes are more complicated and depend on the magnetic field and
degree of spin polarization, as will be discussed later in the chapter.
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A distinguishing feature of optically pumped magnetometers compared with
NMR is the presence of the last term in Eq.(1.1) representing optical pumping.
Here, the vector s denotes the degree of circular polarization and the direction of the
optical pumping light. The magnitude of s can range from 0 to 1 for fully circularly
polarized light, while the vector direction is parallel to the propagation direction of
the light and indicates the sense of circular polarization. R(¢) is the optical pumping
rate that can be modulated in time in a number of ways. For example, R(#) can
represent turning on and off of the pump laser for a pulsed magnetometer or it can
be modulated at the Larmor precession frequency to excite the precession of the
atoms as in a Bell-Bloom magnetometer [11]. The magnetic field B can also have a
time dependence, not only due to the signals being measured, but also from external
magnetic field modulations that are used to manipulate the precession of the spins.

The sensor measurement modes can be separated into two types based on the
value of the total magnetic field: zero-field and total field measurement. For zero-
field sensors, the total magnetic field at the location of the spins is small, so the
frequency of spin precession around the magnetic field is smaller than the transverse
relaxation rate, w;, < 1/ 7. In this regime, one can think of the spin direction slowly
evolving in response to the instantaneous magnetic field vector, optical pumping,
and relaxation rates. The measured signal is sensitive to one or more vector field
components. The vector axes of the magnetometer are imposed by the experimental
geometry, such as direction of a laser beam or magnetic field modulation.

The second type of optically pumped magnetic field sensors, called scalar sensors
or total field sensors, operates in the regime where the Larmor frequency wyp >
1/T,, so the atoms complete many precession cycles during one coherence time.
In this regime, the frequency of spin precession, which is proportional to the total
magnetic field, is the main observable. Usually, a constant magnetic field By, called
a bias field, is much larger than any biomagnetic field vector b. As a result, the
Larmor frequency w; = y\/b,% —i—b% + (Bo +b,)? ~ y(By + b;). So a scalar
magnetometer is primarily sensitive to the projection of the biomagnetic field onto
the direction of the total magnetic field By.

Bloch equations capture many features of atomic magnetometer operation but do
not provide a complete description because most atoms used for optically pumped
magnetometers are not spin-1/2 systems. Alkali-metal atoms (Cs, Rb, or K) are
typically used because they have an unpaired electron spin in the ground state,
relatively high vapor density, and a convenient optical transition. These atoms also
have a nuclear spin 7, and hyperfine interactions tightly couple electron and nuclear
spin states into eigenstates of the total angular momentum F, F = S + 1. Spin
evolution can then be described by a density matrix involving multiple quantum
states. Some magnetometer approaches use higher polarization moments, such as
alignment, where the average value of the vector F is zero, but spin states have a
preferential alignment along an axis [12].

Optical pumping typically uses the so-called D transition in alkali-metal atoms
from §y,» ground state to P;/» excited state. The advantage of this transition is
that fully polarized atoms become transparent to one sense of circularly polarized
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light. Conservation of angular momentum implies that Sy /2, my = 1/2 state cannot
absorb a left circularly polarized photon with 7 of angular momentum because there
isno Py, my = 3/2 excited state. Optically dense atomic vapor can then be fully
polarized as the light propagates into it and successively polarizes different layers.
D; transition is also optimal for probing atomic polarization since interaction with
circularly polarized light goes from 0 to 100% depending on the orientation of the
spins relative to the probe light angular momentum. D, line from Sy, ground state
to P3/, excited state can also be used, particularly for probing, but with a slightly
smaller overall efficiency [13].

1.3 Sensitivity of Atomic Magnetometers

The fundamental sensitivity of atomic magnetometers is usually dominated by two
sources of quantum noise, photon shot noise and spin projection noise. Photon
shot noise is due to the discrete nature of photons that are used to measure the
spin state of the atoms. A typical probe laser with 1 mW of power contains about
Npp = 4 X 10" photons passing through the sensor per second. When these
photons are detected, their numbers will fluctuate according to Poisson statistics,
so the fractional uncertainty in any measurement is on the order of (8Npp/Npp) =
1/ /N, ~ 1078 for a 1 second measurement. For example, fractional absorption
of hght passing through a vapor cell can be measured with such precision.

In many magnetometers, one monitors optical rotation of the polarization plane
of linearly polarized light passing through the sensor, instead of light absorption.
Linearly polarized light wave can be written as a sum of right and left circularly
polarized waves. Rotation of the plane of linear polarization is due to a phase
difference that develops between the two circularly polarized wave components.
When the probe light’s frequency is detuned from the optical resonance, it primarily
has dispersive interactions with atoms, resulting in a change of the index of
refraction for the light. The index of refraction for circularly polarized light depends
on the spin polarization of the atoms because angular momentum selection rules also
apply to virtual transitions that govern dispersive light interactions. For example,
for fully polarized atoms, one sense of circularly polarized light experiences a
phase delay due to a change in the index of refraction, while light with the other
sense of circular polarization has no phase delay. The resulting polarization plane
rotation can be measured using a balanced polarimeter or other optical polarimetry
techniques The noise in the measurements of the angle 86 is also proportional to
1/ /N ~ 1078 for a 1 second measurement. Because the frequency of the probe
light is detuned from optical resonance, it is not significantly absorbed, so higher
transmitted intensity can be measured. There is also a smaller contribution to atom
spin relaxation from probe light scattering.

The second fundamental source of noise in atomic magnetometers is atom shot
noise. It is due to a finite number of atoms participating in the measurement. Because
of the relaxation processes, the spin states of individual atoms are randomly being
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flipped in collisions, so the average spin of the ensemble undergoes a random walk.
According to the fluctuation-dissipation theorem, the shape of the power spectral
density of quantum spin fluctuations in the average spin expectation value S is the
same as the power spectral density in response for an external spin excitation. For
a system described by Bloch equations (1.1), it is given by a Lorentzian lineshape
with width equal to 1/75. The root mean square of spin fluctuations for N, spin-1/2
atoms can be calculated from the quantum uncertainty relationships, Sf = S% =

SZ2 = 1/(4N,), which gives the area under the Lorentzian spin noise peak in the
power spectral density.

To determine which of the two noise sources limit the sensitivity of atomic
magnetometers, we need to compare the spectral noise densities of atom shot noise
and photon shot noise. One can show quite generally [14] that the ratio of the
peak spin noise spectral density S, and the photon shot noise spectral density
P, is equal to the optical density of the probe optical transition on resonance,
Sn/P, = OD. The optical density OD is defined as the product of cell length /,
the density of atoms per unit volume n, and the probe light resonant absorption
cross-section og, OD = nlog. For unpolarized light tuned to optical resonance, the
fraction of light intensity transmitted through the cell is simply equal to exp(—OD).
One can see that for transmission monitoring the optical density on resonance
cannot significantly exceed unity; otherwise, most light will be absorbed. For optical
rotation measurements, OD on resonance is not limited in the same way because the
probe laser is actually detuned far off resonance, where the optical absorption cross-
section is much smaller than the cross-section on resonance oy.

Ultimately, probe photon shot noise and atom shot noise add in quadrature. For
optimal sensitivity, one would like to have OD > 1 so the photon shot noise does
not contribute significantly to the total noise. In most cases, it is sufficient that atom
shot noise exceeds photon shot noise by only a factor of 2 or so. But having a
very large OD can lead to further improvement in sensitivity by utilizing quantum
correlations in the atomic vapor resulting in spin-squeezing [15].

In the regime where atom shot noise dominates, one can derive a general limit
on the magnetic field sensitivity of atomic magnetometers, known as the Standard
Quantum Limit, or SQL. For example in a pulsed magnetometer operating near-
zero total magnetic field, one can monitor spin precession for a time on the order
of T, starting with full spin polarization in the Z direction, S; = 1/2. In this
time, interval S, will develop a finite value on the order of Sy ~ yB,T1,/2 due
to precession in By field. A measurement of S, will have an uncertainty equal to

88y = /(S2) = 1/(24/N,) due to atom shot noise. It can be translated into an

uncertainty on the magnetic field 6B, = 1/(y T»+/N,). This measurement can
be repeated and averaged ¢/7> times over a total time #, giving an uncertainty
8By = 1/y+/N4Trt. The key factor determining sensitivity is the product of number
of atoms N, and their coherence time 7,. One can write N, = nV,, where n is the
density of atoms per unit volume and V. is the cell volume. The relaxation time, if it
is dominated by the collisions between the atoms being measured, can be written as
1/T, = nvo,, where v is the average thermal velocity of the atoms and o, is their
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spin relaxation collisional cross-section. This gives magnetic field sensitivity after a

total measurement time ¢:
1 [vo,
By = — . (1.2)
y\ Vet

This equation is independent of the density of atoms, as long as their density is
sufficiently high that collisions between them dominate spin relaxation, instead of
atom collisions with cell walls or a buffer gas. For a given cell volume V, the best
sensitivity is then solely determined by the spin relaxation collision cross-section o,
and collisional velocity v.

1.4 Alkali-Metal Atomic Magnetometers

For alkali-metal atoms most commonly used in magnetometers, the spin relaxation
cross-section has a non-trivial behavior because of the relatively complex structure
of the atomic ground state. Alkali atoms used in atomic magnetometers have nuclear
spin I = 3/2,5/2, or 7/2, depending on the atom and isotope. Each atom can
occupy one of two possible hyperfine states with F = I +1/2or F =1 —1/2. The
two hyperfine states have nearly opposite gyromagnetic ratios because the magnetic
moment is dominated by the electron spin that is either parallel or anti-parallel to the
total spin of the atom. Hence, a collection of alkali-metal atoms actually consists of
two separate populations, one precessing clock-wise and another counter-clockwise
around the magnetic field.

When two atoms collide, their electron spins have strong interactions, while the
nuclear spins remain shielded by the electron cloud and do not actively participate
in the collision. The strongest interaction is due to the so-called spin-exchange
collisions, which are described by a Hamiltonian Hs, = J.xS1 - S>. The exchange
energy J.. is on the order of the molecular binding energy between the two atoms,
about 1 eV or 10" Hz. So during a typical atomic collision at thermal energies
that lasts around 10~'2 sec, the spins undergo many revolutions around each other.
However, the total spin of the colliding pair S; = S; + S, is conserved because
it commutes with H.. The nuclear spins are not significantly perturbed during the
collision because hyperfine interaction is relatively weak on this timescale, on the
order of 10'0 Hz. After the collision, rotated electron spin states result in a change of
the hyperfine eigenstates, but the total spin of the two atoms, F;, = F1+F; = S, +1,
is conserved. Hence, spin-exchange collisions do not result in spin relaxation
immediately after the collision. The loss of coherence only occurs over the time
scale of the Larmor frequency as the atoms in the two hyperfine states precess in the
opposite direction around the magnetic field.

Spin-exchange collisions between alkali-metal atoms have a cross-section of
about o, = 2 x 10714cm?, on the order of the geometrical cross-section of the
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atoms. It is often the largest contribution to 75 relaxation. Plugging this cross-
section into Eq.(1.2) for o,, we get a fundamental sensitivity on the order of 1
fT/Hz'/? for a cell with 1 cm® volume. This is comparable to the sensitivity of
low-temperature SQUID magnetometers with a 1-cm diameter pick-up coil. But
in practice it is difficult for alkali-metal magnetometers to reach this level of
sensitivity since we only considered one source of spin relaxation and assumed
perfect detection efficiency. Hence, atomic magnetometers limited by spin-exchange
collisions cannot compete in sensitivity with state-of-the-art SQUID magnetometers
of comparable size.

1.4.1 Spin-Exchange Relaxation-Free Alkali-Metal
Magnetometers

Spin-exchange collisions do not necessarily contribute to 7, relaxation because they
do not immediately destroy the total angular momentum of the colliding atoms.
Spin-exchange relaxation can be suppressed in several ways. If the atoms are placed
in a very low magnetic field, then their Larmor precession frequency can be much
slower than the rate of spin-exchange collisions. In this regime, fast spin-exchange
collisions prevent spins in the two hyperfine states from precessing in opposite
directions around the magnetic field in a process similar to motional narrowing in
NMR [16]. The populations in the two hyperfine states become locked together
by fast spin exchange and precess together. This results in a kind of tug-of-war
between the two states that normally precess in opposite directions. As a result, the
rate of spin precession slows down and becomes a function of spin polarization in
the alkali-metal vapor [17]. Normally, this is not a desirable property since atomic
magnetometers rely on a constant proportionality between the Larmor frequency
and the magnetic field. However, if the magnetometer is operated very close to zero
magnetic field, then changes in the gyromagnetic ratio are less important since the
zero-frequency point at zero field is still well-defined.

In this spin-exchange relaxation-free (SERF) regime, 7> is dominated by the so-
called spin-destruction collisions. In these collisions, the spin angular momentum of
the colliding atoms is transferred to the orbital angular momentum of the colliding
pair, which is quickly lost in other collisions. Spin-destruction collisions can include
collisions between alkali-metal atoms and collisions with buffer gas or cell walls.
If the density of alkali atoms is sufficiently high that collisions between them
dominate, then one can obtain a fundamental limit on sensitivity using Eq. (1.2) with
o, equal to the spin-destruction cross-section. These cross-sections vary from about
o, = 1078c¢m? for K atoms to o, = 10~1%cm? for Cs atoms. With the smaller
spin relaxation cross-section, one can obtain much better fundamental sensitivity,
on the order of 10 aT/Hz!/? for a 1 cm? cell in K [18]. In this regime, the practical
sensitivity of spin-exchange relaxation-free magnetometers can indeed exceed the
sensitivity of SQUID magnetometers with comparable size pick-up coils [19, 20].
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Operating near-zero field is not the only method of suppressing spin-exchange
relaxation. Another approach is to create very high spin polarization in the alkali-
metal vapor, so most atoms are fully polarized in the F = S + I hyperfine state.
When two fully polarized atoms collide, they cannot be transferred to another state
while preserving the total spin polarization, so the effect of collisions is suppressed.
This approach requires maintaining high degree of spin polarization in the alkali
vapor. However, the optical pumping rate R in Eq. (1.1) also contributes to loss of
spin coherence. One approach involves careful balancing of optical pumping rate
with spin relaxation rate [21]. Another approach is to use pulsed optical pumping,
where spin-exchange relaxation is temporarily suppressed immediately after appli-
cation of a strong optical pumping pulse [22]. These methods do not completely
eliminate the effects of spin-exchange relaxation but can reduce its effects.

1.5 Practical Challenges in Operation of Atomic
Magnetometers

So far we have reviewed fundamental aspects of atomic magnetometer operation.
However, to make a practical sensor, one needs to take into account many additional
constraints. In the following, I will summarize some of these challenges in general
terms; there are many different approaches for addressing them that will be
discussed in later chapters.

First, one typically needs to include a modulation mechanism in the operating
scheme because measurements limited by quantum noise are very challenging in
the frequency range of 1 Hz—1 kHz that is typical for biomagnetic signals. By
modulating the signal in some way, one can move the detection frequency to higher
values, typically 1 kHz or above, and use a form of lock-in detection. Optical
rotation or absorption measurements on the atomic vapor can be performed by
modulating the polarization or wavelength of the probe laser beam. The advantage
of probe beam modulation method is that it does not perturb the atoms, allowing one
to obtain the highest sensitivity. However, it cannot always separate optical effects
of the atoms from background optical signals caused by changes in birefringence,
optical interference, or transmission of the cell. Another approach is to apply a
magnetic field modulation in order to induce rotation of the atomic spins, which
then provide a modulation of the optical signal. Modulation of the optical signal by
applying an external B(¢) field to the spins effectively eliminates optical background
effects but typically somewhat reduces the sensitivity since the spins are perturbed
away from optimal configuration for highest sensitivity. It also places stringent
requirements on the low-noise properties of the modulating field that is added on
top of the fields being measured. In a scalar atomic magnetometer, the spins already
precess around the magnetic field at a Larmor frequency much greater than 1 kHz.
In this case, one does not need to apply additional modulation, but the source of
the bias field needs to be very stable to achieve good sensitivity in an individual
magnetometer.
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In most cases, biomagnetic signals are detected using a magnetic gradiometer,
which compares signals from two or more nearby magnetometers. This allows
one to separate local sources of the biomagnetic field, which vary sharply with
distance from the source, from distant sources of magnetic interference that are
more uniform on the scale of a few centimeters. For atomic gradiometers, it is
usually easiest to subtract signals from two or more separate magnetometers. There
is no simple analogue to a gradiometer pick-up coil for SQUID sensors since each
atom interacts individually with the total magnetic field. The performance of a
magnetic gradiometer can be characterized in terms of a common-mode rejection
ratio (CMRR) to indicate how well it cancels a uniform magnetic field. For a vector
magnetometer, it is important that the axes of the two sensors are well aligned so
they measure the same field components. It is also important that the calibration
constants are stable for both magnetometers and they have similar bandwidths, so
their response to a uniform field cancels for all times and at all frequencies. Each of
these requirements represents some challenge to vector atomic magnetometers since
their vector axes, sensitivity, and bandwidth depend on many details of operation.
For scalar atomic magnetometers, the requirements are somewhat relaxed since a
common vector axis is defined by the total magnetic field and the sensitivity is
determined by the gyromagnetic ratio that is expressed in terms of fundamental
constants. When many magnetometers are operated in an array, it is possible to
use post-processing analysis techniques, such as independent component analysis,
to separate distant sources of signal that are common to many channels from
more localized sources. Post-processing techniques or frequent calibration can
also correct for inaccuracies in the alignment, calibration, and bandwidth between
multiple sensors.

In many biomagnetic studies, one of the goals is to localize the sources of the
magnetic field signals based on information from multiple sensors. As a prerequisite
for such localization, one has to first localize the position of each sensor. This
represents some challenge for atomic sensors since the magnetic field measurement
volume is defined not in terms of a physical structure, but in terms of optically
active atoms. For example, if only some part of the vapor cell is polarized, then
only those atoms contribute to the signal. In cells that rely on anti-relaxation wall
coatings to limit atomic spin relaxation and do not contain any buffer gas, the atoms
diffuse very quickly across the cell, so they sample fairly uniformly the whole cell
volume. In cells that rely on buffer gas to limit spin relaxation on cell walls, the
buffer gas pressure is typically adjusted so the diffusion time from the center to the
edge of the cell is comparable to the spin coherence time due to other sources of
relaxation. As a result, the distribution of polarized spins can even evolve during
a single measurement. To eliminate these uncertainties, the effective positions of
the sensors are usually localized during the experiment by applying a calibrated
magnetic field gradient and measuring the resulting signals in the magnetometer
array.

Slow diffusion of atoms in the cell can also be used to create multiple magnetic
sensors in a single cell. For example, if the probe laser beam is imaged on a multi-
channel photodiode, then each photodiode segment will record a signal proportional
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to the magnetic field averaged along a line of polarized atoms illuminated by
that segment of the probe laser beam. In this way, many-channel systems can
be created using many common components. The advantage of this approach is
relative simplicity in making detailed maps of the magnetic field and localization
of biomagnetic sources [23]. However, the geometry of the field measurement
locations is more restricted by the optical constraints. Planar images can be
more easily measured, which is sufficient for magnetocardiography. However, for
magnetoencephalography, it is desirable to place sensors on the surface of a sphere,
which is harder to realize using common beam approaches. For this application,
many small atomic sensors with integrated lasers and optics can be flexibly placed
around the subject’s head.

As with many other sensors, one usually has a choice in operating a mag-
netometer in a closed-loop feedback mode or in open loop. Open-loop sensors
provide a signal proportional to the magnetic field being measured. Vector atomic
magnetometers usually have a relatively narrow dynamic range, on the order of
10-100 nT, which is related to the spin relaxation time by the gyromagnetic ratio,
AB ~ y/T,. The total field has to be maintained well below this level to obtain a
linear sensor response. In closed-loop operation, the magnetic field near the sensor is
maintained close to zero using feedback coils. The electric currents flowing in these
coils then provide a measure of the magnetic field. An advantage of this approach
is that the linear dynamic range of the sensor can be extended and in some cases
the bandwidth of the response can be improved as well. When operating arrays
of sensors, the feedback coils can create cross-talk and generate local magnetic
field gradients for other sensors. For vector sensors, it is important to zero out
all 3 magnetic field components. Therefore, it is advantageous to have a sensor
that can simultaneously measure 2 or more field components [24]. Scalar atomic
magnetometers can be operated in feedback mode or in free induction decay (FID)
mode. In feedback mode, one usually adjusts the frequency of spin excitation
to match the Larmor frequency. In FID mode, one simply measures the Larmor
precession frequency of the atoms. Since the measured quantity in this case is a
frequency, it can be measured with much higher fractional precision than an analog
voltage or current signal. Therefore, scalar magnetometers can maintain a much
larger dynamic range without losing sensitivity or linearity.

Biomagnetic measurements are usually performed within magnetic shields to
screen out external noise sources as well as the Earth’s magnetic field. Atomic
magnetometers can operate within typical shielded rooms used for biomagnetic
studies. However, they typically need better control of the magnetic fields inside the
shields because atoms are sensitive to the total value of the field, not just a change
in the field typical for SQUID sensors. Usually, the total field inside the shield
should be zeroed out, either globally with large coils or locally with small coils near
each sensor. However, local field compensation can also increase magnetic field
gradients. Magnetic shielding systems for atomic magnetometers can be smaller
than those for SQUID systems since they do not require an integrated cryogenic
dewar. Scalar atomic magnetometers are particularly well suited for operation
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outside of the magnetic shields since they can distinguish a small biomagnetic signal
on top of a large Earth’s field [25].

Biomagnetic measurements require placement of the sensors as close as possible
to living organisms near room temperature. This represents a particular challenge for
thermal insulation of SQUID magnetometers since they operate at liquid helium or
liquid nitrogen temperatures. Atomic magnetometers typically operate at or above
room temperature. In particular, Cs has fairly high vapor pressure so strong signals
can be obtained already at 35°C. For other atoms, such as Rb or K, one has to heat
the cell to 100-150°C to achieve sufficient alkali-metal density. These cells have
to be thermally insulated. Since heating power is not as limited as cooling power
for superconducting sensors, the main limitation is the need to maintain reasonable
temperature less than about 40°C on side of the sensor in contact with the subject.
Magnetometers using optical pumping of metastable “*He atoms or using NV centers
in diamond can operate at virtually any temperature since the density of atoms is not
controlled by saturated vapor pressure.

1.6 Conclusions

Optically pumped magnetometers provide a new, rapidly developing method
for detection of biomagnetic fields. They can be operated in several different
modes with widely varying properties. Their intrinsic simplicity holds promise for
widespread use in biomagnetic applications. With proper optimization, they can
achieve quantum-limited sensitivity and exceed the performance of commonly used
SQUID sensors. Several atomic magnetometer systems have already been developed
and used for a variety of biomagnetic field recordings. The present challenge is in
the development of an economical approach that combines most positive features of
the atomic sensors into a robust device. Perhaps, several approaches will ultimately
find use depending on particular application.
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Chapter 2 ®
Optically Pumped Magnetometers Qe
Compatible with Large Transient

Magnetic Fields

Nicholas Nardelli, Sean Krzyzewski, and Svenja Knappe

Abstract Optically pumped magnetometers have seen an increased interest in
applications such as magnetoencephalography where extremely small magnetic
fields produced in the brain must be distinguished from the large and noisy magnetic
background of the world. In environments where magnetic shielding may be weak,
optically pumped gradiometers are useful for separating out signals of interest
from magnetic interference. We describe magnetic sensors operating in closed-
loop mode, whereby a feedback signal is used to continuously keep the atoms in
a zero-field environment. This allows for a larger linear operating range of the
sensor, reduces the need for frequent re-calibration, increases the common-mode
rejection ratio of the gradiometers, and increases the linearity as compared to open-
loop measurements. We also discuss a specific application of atomic magnetometers
in a weakly shielded environment where large magnetic field pulses are used to
stimulate a subject’s brain. Atomic magnetometers are uniquely suited to quickly
recover and take low-noise measurements to probe the resulting neuronal currents
after stimulation events.
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2.1 Introduction

Magnetoencephalography (MEG) is a technique for measuring weak magnetic
signals which originate in the brain due to small neuronal currents [1]. It is a
powerful tool for noninvasive diagnostic brain imaging as well as research into
cortical activity at millisecond timescales. However, the current MEG technology
based on superconducting quantum interference devices (SQUIDs) is expensive,
requires a magnetically shielded room with several layers of ferromagnetic shielding
material, as well as a liquid helium system [2, 3]. As such, hospitals have been slow
to embrace MEG technology [4].

Optically pumped magnetometers (OPMs) [5] have emerged as an exciting new
alternative to SQUIDs for bio-magnetic sensing, especially MEG [6-8]. Because
they do not need cryogenic cooling, OPMs can be placed within millimeters of the
scalp and can be manipulated independently to conform to heads of different sizes.

OPMs operating in the spin-exchange relaxation-free (SERF) regime [9, 10]
typically require background fields in the nanotesla range to ensure that the spin-
exchange collision rate is much faster than the Larmor precession frequency. In
addition, magnetometer calibration factors, linewidths, and sensitive directions are
dependent on changes in background field. Therefore, OPM-based MEG requires
a high level of magnetic shielding that may not be satisfied by rooms constructed
for SQUID-based MEG, which typically have residual fields of tens of nanotesla, as
well as large magnetic gradients (tens of nT/m).

To mitigate the background and gradient field, nulling coils are added to the
sensor heads that control the local magnetic field environment for each sensor. In
addition, several groups have added large global offset coils inside the passively
shielded rooms, which actively null offset and gradient magnetic fields in the
vicinity of a subject’s head [11-14]. Nulling the background field and reducing
the gradient relax the restriction that a subject’s head must remain immobile. Since
OPMs are small enough to be mounted on a helmet, this opens the possibility of
studying subjects under new paradigms or studying subjects who cannot remain still
for an extended amount of time, such as small children or patients with Parkinson’s
Disease.

In several applications, the static background fields can remain small, but large
transient magnetic fields are present. In low-field nuclear magnetic resonance
(NMR), for example, often a large prepolarization field is applied. Once the field
is switched off, atomic magnetometers can be used to measure the small relaxing
magnetization of the sample [15]. For some magnetic nanoparticle detection
schemes, a large field is used to orient the nanoparticle ensemble, and the relaxation
of the nanoparticles can be detected or imaged [16—18]. In transcranial magnetic
stimulation (TMS), large magnetic field pulses are used to polarize or de-polarize
neurons in the brain for therapy purposes [19-22]. OPMs are good candidates to
measure small magnetizations immediately after large field pulses, as the dead time
depends theoretically only on the time it takes to re-polarize the spin ensemble,
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which is typically on the order of a few milliseconds, but could be as low as
microseconds, if enough pump-laser power is available.

2.1.1 Brief Introduction to SERF OPMs

Although there are many types of atomic magnetometers, we focus on miniaturized
optically pumped magnetometers operating in the spin-exchange relaxation-free
regime [9, 10]. In this regime, spin decoherence due to spin-exchange collisions
is suppressed, which allows a large number of alkali atoms to coherently contribute
to a magnetic signal despite occupying a small volume [23]. This is achieved by
first, producing a large spin polarization through optical pumping with circularly
polarized light and second, by increasing the rate of collisions through heating the
atomic vapor, while also reducing the Larmor precession rate by shielding the atoms
from large external fields. This is illustrated in Fig. 2.1.

To build a compact SERF magnetometer, a microfabricated vapor cell
(3 x 3 x 2 mm?, displayed in Fig. 2.2) is filled with a droplet of 8’Rb and
approximately 1 amg N> gas. The Nj gas serves as both a quenching gas to prevent
radiation trapping and as a buffer gas to prevent the diffusion of 3’Rb atoms to the
cell walls, both of which cause atomic spin decoherence and linewidth broadening
[24-27].

In the OPMs described here, the vapor cells are optically heated to approximately
150 °C through the absorption of light from a heating laser at 1540 nm by colored
glass filters attached to the windows of the vapor cells [28, 29]. The cells are
suspended on a web of polyimide and vacuum packaged inside a small enclosure
made from silicon and glass [30]. This reduces the temperature at the tip of the
sensor that touches the patient, while maintaining a minimal distance of 4.5 mm
between the center of the cell and the outside housing of the OPM sensor.

® o000

19se| dwnd

o
O
N

o

(b) &

(c)

Fig. 2.1 (a) In a large magnetic field (e.g., Earth’s field) at room temperature, the rate of Larmor
precession is faster than the rate of collisions, yielding very low spin coherence. (b) Circularly
polarized light aligns spins along laser propagation direction. (¢) In a small nonzero-field (<5 nT)
at high temperature (150 °C), the balance between optical pumping and coherent precession causes
a static polarization, which is not aligned with the optical pumping direction
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Fig. 2.2 (a) Photograph of a microfabricated 8’Rb vapor cell (3 x 3 x 2 mm?). (b) Photograph
of a cell suspended on a Kapton webbing inside a vacuum package. A colored glass filter on the
front of the cell is used to absorb 1540 nm light to optically heat the vapor cell

Circularly polarized light at 795 nm, resonant with the D1 transition, is used to
optically pump the atoms. The transmitted light passed through the cell, is detected
and the power is used to infer the magnetic field [31, 32].

2.2 Methods for Stable Operation in a Noisy Environment

2.2.1 Closed-Loop Mode

Most MEG systems based on OPMs to date are operated in “open-loop” mode.
In the single-beam approach described above, the resonance line has the shape
of an absorptive Lorentzian with a width of around 20 nT, when the transverse
magnetic field is scanned around zero (Fig. 2.3a). A small oscillating magnetic field
is applied perpendicular to the laser axis to define the sensitive axis of the directional
magnetometer. When demodulating the photodiode signal at the frequency of the
field modulation with a phase-sensitive detector, the line shape is the derivative of
the original signal (Fig. 2.3b). The magnetometer is sensitive in first order to fields in
the direction of the field modulation. Around zero magnetic field, the output signal
is approximately linear with magnetic field. The slope of this resonance is typically
calibrated before every MEG recording, since it depends on many parameters:
residual magnetic fields and gradients in all directions, the cell temperature, pump
intensity, and modulation parameters.

During a measurement, magnetic resonance linewidths must remain stable or
calibration values (i.e., resonance slopes) will change and render results unreliable.
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Fig. 2.3 (a) Magnetic resonance for three atomic samples with varying linewidths and (b) the
corresponding demodulated profiles after passing the signal through a phase-sensitive detector.
The dotted black lines show the linear approximation at zero magnetic field and the colored boxes
show the span over which each dispersion is at least 95% linear

In poorly shielded environments, background fields can change at a level that
substantially alters open-loop field calibrations over the time of minutes.

In addition, the slope can only be approximated as linear over a limited range
of field values away from zero, referred to as the linear range. Typically, there is a
trade-off between linear range and sensitivity since a more-sensitive OPM (steeper
slope) has a much smaller linear range than a less-sensitive OPM (flatter slope),
which remains linear over a much broader range of magnetic field values. This is
shown by the three curves in Fig. 2.3b where colored boxes indicate the linear range
of each dispersion.

Finally, in the presence of large transverse background fields, the OPM becomes
sensitive to transverse field directions and the effective orientation of the magnetic
field reading tilts [33, 34]. These effects limit the localization accuracy and
effectiveness of noise rejection methods.

Closed-loop operation offers a solution to reduce the drifting calibration factor
and extend the linear operating range. This has been implemented for a single
magnetometer axis in a number of magnetometers [35, 36] and MEG arrays [37, 38].
In this scheme, the current coils used to supply the field modulation for the phase-
sensitive detection are used to also apply a nulling field over the bandwidth of the
magnetometer through a control feedback loop (such as a PID). The current required
to create the nulling field serves as the measurement that represents magnetic field
readings.

The control loop allows for changes in the slope of the dispersion while still being
able to maintain zero-field, and because of this, the only calibration involves the
current-to-field conversion of the current coils themselves. Since the coil geometry
is fixed, so is the calibration factor. In this way, closed-loop OPMs can be subject to
instabilities of any of the parameters that affect the atomic linewidth or amplitude
while maintaining a more stable magnetic field reading. It should be noted that,
although magnetic signals are recorded reliably as linewidth increases, sensor
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Fig. 2.4 Linearity of magnetometer response. (a) Magnetometer response in open-loop (blue) and
closed-loop (yellow) mode as field modulation amplitude increases. (b) Fractional deviation of
open-/closed-loop magnetometers in (a) from the ideal linearity (black line). (Reprinted from Ref.
[38] with the permission of Springer)

baseline noise increases with linewidth, yielding a worse SNR and sensitivity
than an OPM operating under ideal conditions. Additional modulation coils with
different modulation frequencies or phases can be added to null the field in the
other two directions to prevent the resonance from broadening due to transverse
background fields. This tri-axial closed-loop scheme has been implemented recently
in Helium-4 magnetometer arrays [39, 40].

In theory, a closed-loop OPM is linear over a large operating range because the
feedback keeps the alkali atoms at the center of the dispersion line. As such, OPMs
can measure field variations on top of large rapidly drifting background fields. In
practice, the operating range is typically limited by several factors, including the
electronics driving the current through the feedback coils and the gain and dynamic
range of the feedback loop. The increase in response linearity is demonstrated in
Fig. 2.4, where both open-loop and closed-loop operations of the same OPMs are
compared.

For MEG measurements, closed-loop OPMs are extremely versatile because they
require fewer calibrations. Well-calibrated readings in the presence of background
interference are crucial for the large-scale adoption of this technology for MEG.

It can also be useful in developing efficient MEG co-registration schemes with
OPMs, which aim to relate the MEG images to the anatomical reference frame
deduced from MRI images. Traditionally, head position indicator (HPI) coils are
used to localize MEG magnetometers in relation to the head although optical
methods are also being developed [41]. Due to the limited linear operating range
of OPMs, the signal from the HPI coils can drive nearby OPMs beyond their linear
range. A large HPI coil field is needed to ensure that OPMs that are further away can
still detect the signal. Closed-loop operation extends the linear range and therefore
extends the spatial region of sufficient linearity and co-registration.

When operating a dense MEG array in closed-loop mode, sensor cross-talk
becomes a more prominent issue, especially as the spacing between sensors
becomes very small. To address this complication for future arrays, a new modu-
lation coil design has been developed with an outer winding that serves to cancel
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excess field outside of the coil [42]. This suppresses cross-talk between nearby
sensors by more than an order-of-magnitude.

2.2.2 Magnetic Gradiometry

Magnetic signals originating in the brain are extremely weak (femtotesla to picotesla
at the scalp) and are difficult to separate from the increasingly large magnetic
background of the modern world. Even inside of the best magnetic shields,
low-frequency fields from machines, electronics, and large moving metal objects
penetrate at levels large enough to raise the noise floor above many signals of
interest. Even vibrations from the floor and walls can couple into sensors and
increase noise floors if the OPMs are not properly isolated.

Magnetic gradiometers address some of these issues by adding an additional
co-linear OPM as a reference. Figure 2.5 shows an example of a magnetic radial
gradiometer used in a recent MEG array [38]. One OPM acts as the “sensing” cell
and is located closer to a magnetic source of interest (i.e., on the scalp) and the
other acts as the “reference” cell, sampling the noise background in the vicinity and
direction of the sensing cell. Brain signals, which very quickly decay with distance,
will predominantly be present in the sensing cell located on the scalp, and much
reduced in the reference cell located 2 cm away from the sensing cell. Subtraction
of these two OPM signals yields a gradiometer which has superior noise properties
to either of the constituent OPMs. Hardware gradiometers are routinely implented
in SQUID-based MEG systems [43].

One of the main attractions of magnetic gradiometers is the subtraction of
large background fields that are common to both OPMs and may vary in time,
making them difficult to disentangle from signals originating in the brain. In weak
shields, such as in single-layer magnetically shielded rooms or in cylindrical shields
with one open end for human access, magnetic gradiometers are convenient in
suppressing background interference, especially for arrays with a small number of
OPMs.

The coupling of laser amplitude noise to magnetic noise is also a significant
contributor to OPM baseline noise levels. In transmission-based magnetometer
schemes utilizing a single photodiode, changes in magnetic field cannot be dis-
tinguished from changes in laser intensity and so a high-RIN laser can severely
degrade the performance of a magnetometer [44]. In one case, where pump/probe
light was delivered to OPMs via a polarization-maintaining fiber over approximately
6 m, floor vibrations coupled into the magnetometer noise via changes to the light
polarization in the fiber. These were converted to intensity noise by a polarizer
located before the alkali vapor cells. Gradiometers can suppress this common noise,
because light is split equally and delivered to both reference and sensing OPM [36].

The magnetic sensitivity for a single gradiometer is shown in Fig. 2.6a, which
includes both magnetometer signals and the subtracted gradiometer signal. The
quadrature lock-in signal is also shown, which is not sensitive to magnetic field and



