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Quantum optical magnetic field sensor for neurodiagnostic systems of

a new generation

M.V. Petrenko, A.S. Pazgalev, A.K. Vershovskii

Abstract. Magnetic encephalography is currently the most infor-
mative method of functional study of the brain, since, unlike other
methods, it allows one to localise deep sources of biosignals and
perform three-dimensional mapping of neuronal activity. The main
factors hindering the development and spread of this method are the
complexity and high cost of diagnostic tools, as well as the rigidity
of the requirements they impose on the spatial and temporal unifor-
mity of the magnetic field. The prospects for desinging a device
capable of largely overcoming these limitations are considered. A
review of studies aimed at developing an optical sensor applicable
to magnetic encephalography is presented. The all-optical single-
beam nonzero-field sensor proposed by the authors earlier is sepa-
rately considered.

Keywords: optical magnetometer, atomic magnetometer, quantum
sensor, optical pumping, magnetoencephalography.

1. Introduction

Clarifying the principles of brain functioning is one of the most
important scientific tasks interdisciplinary facing humanity.
The study of the mechnism of higher nervous activity of
humans and animals is at an early stage and requires the devel-
opment of new methods for studying neuronal activity based
on the registration of electric and magnetic fields of the brain.
The main source of the magnetic field of biological objects is
the conduction current that occurs during ion exchange in cell
membranes. The strongest magnetic fields are due to muscle
contraction: e.g., during a heartbeat, fields that reach
50-100 pT are generated on the body surface; these fields are
examined by magnetocardiography (MCG) methods. Much
weaker magnetic fields arise in the nervous system during the
transmission of nerve impulses: e.g., in the cerebral cortex,
weak magnetic fields from 10 fT to 1 pT are produced by elec-
tric currents flowing in neurons [1]. Magnetoencephalography
(MEG) is a non-invasive method for studying the activity of
neurons in the living human or animal brain. It is characterised
by good spatial resolution (2—3 mm) and excellent temporal
resolution, about 1.5 ms. This method has fundamental advan-
tages over electroencephalography, since it allows deep sources
of biosignals to be localised, and three-dimensional rather than
surface mapping of neuronal activity to be performed. The
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high potential sensitivity of the method is due, in particular, to
the fact that the magnetic permeability of the head tissues (both
brain and bone tissues) practically does not differ from that of
vacuum [2].

Since the 1960s, brain magnetic fields have been measured
using multichannel superconducting quantum interference
device (SQUID) gradiometers with a sensitivity of 13 fT/v'Hz
[3]. Until the beginning of the 21st century, the high sensitiv-
ity of the SQUID magnetometers used to solve the problems
of biomagnetism remained unsurpassed.

Optically pumped magnetometers [optical magnetometers
(OMs), or atomic magnetometers] are another class of quan-
tum electronic devices capable of measuring the magnetic
fields of biological objects. The working substance in OMs is
the vapour of alkali metal atoms or gaseous helium in a meta-
stable state. Magnetometers using the principles of optical
pumping and radio-optical double resonance were proposed
by Dehmelt [4] and developed by Bell and Bloom [5].
Gradually, the sensitivity of optically pumped magnetome-
ters reached [6] and surpassed [7] the sensitivity of SQUID
magnetometers, and OMs began to be considered as an alter-
native to SQUID magnetometers in MEG systems. Optical
magnetometers used in MEG systems can be conventionally
divided into two classes: zero-field magnetometers capable of
operating in fields not exceeding one to two hundred nan-
otesla (the scale here is set by the width of the magnetic reso-
nance line or by the range of compensating coils built into the
magnetometer), and nonzero-field OMs.

The first OMs were pumped with low-power gas-discharge
lamps. The use of narrow-band single-mode semiconductor
lasers for pumping and detecting magnetic resonance signals
has significantly expanded the scope of OM applications and
made it possible to increase their sensitivity. For MEG sys-
tems, evidence has now been obtained for the advantages of
arrays of magnetometers with optical pumping over arrays of
SQUID magnetometers in terms of performance, signal-to-
noise ratio, overall information content, and achievable spa-
tial resolution [8].

Let us take note of the main fundamental differences
between the two systems for recording brain magnetic fields.
Optically pumped magnetometers, in contrast to SQUIDs, do
not require low helium temperatures; the sensitive element
(cell) of an OM is heated to a temperature slightly higher than
room temperature. The absence of a low-temperature ther-
mostat (Dewar vessel) required for SQUID sensors and
designed as a non-adaptive helmet, makes it possible to detect
magnetic fields at a much shorter distance from their sources
and, thereby, increase both the amplitude of the recorded sig-
nal and the spatial resolution. Optical magnetometers are
placed on an easily manufactured helmet, adapted to the
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physiological characteristics of the object, which allows bring-
ing them as close as possible to the surface of the head.

SQUID magnetometer arrays require special magneti-
cally shielded rooms to operate. The high cost and immobility
of such rooms are the main factors hindering the widespread
use of MEG methods for diagnosing brain diseases (note that
these limitations are also inherent in zero-field OMs). Another
factor is the cost of maintaining SQUID arrays that require
liquid helium.

When using nonzero magnetic field atomic magnetome-
ters, there are no magnetic field homogeneity requirements
that make magnetically shielded rooms necessary. Nonzero-
field magnetometers can be used in much simpler, more com-
pact and cheap magnetic shields or even without magnetic
shielding [9]. Despite the fact that the typical size of an OM
sensor exceeds the size of a SQUID sensor, a significantly
smaller number of OM sensors compared to the number of
sensors in a SQUID array is sufficient for spatial signal local-
isation in the cerebral cortex [10].

For MEG systems, the OM sensor must have high sensi-
tivity, small size, and high speed. The sensitivity should allow
signals of 10—1000 T to be recorded at a distance of 2—3 cm
from the head surface. The area occupied by a separate sensor
on the helmet should be 2—4 cm?, and the distance between
the sensors should not exceed 1.5-2 cm. The sensor cell
should be located as close as possible to the source of the
magnetic field. The speed of the sensor must be high enough
to register the magnetic fields of the brain in the frequency
band of 2—150 Hz (ideally, up to 600 Hz).

The sensors must not create mutual electromagnetic inter-
ference, and so an ideal solution is an all-optical sensor, in
which the signal is excited and recorded optically without the
use of resonant RF fields. In addition, such sensors must
remain operational under magnetic interference, i.e., have a
dynamic range that exceeds the magnitude of these interfer-
ences. This requirement is especially important for nonzero-
field OMs operating in an unstable field (i.e., outside the
shield). The use of sensors in a gradiometric configuration
allows one to largely compensate for magnetic field distur-
bances caused by distant sources.

It should be noted that in recent decades there has been a
clear trend towards miniaturisation of magnetic sensors and
increasing their sensitivity at the expense of worsening abso-
lute accuracy and stability of measurements. This is due not
only to the advent of microminiature sources of optical pump-
ing, but also to the attention of the developers of such devices
changed from geological exploration to biology and medi-
cine, because of the explosive growth of interest in MEG and
MCG methods.

2. Optical magnetometers

Optically pumped magnetometers can be divided into two
main classes: magnetometers using resonant excitation of the
precession of magnetic moments (magnetic resonance) and
magnetometers using a signal of the zero-field magnetic level
crossing (Hanle effect) [11]. The Hanle effect, as applied to
magnetometry, manifests itself in the fact that, as the mag-
netic field decreases to values at which the precession rate of
magnetic moments turns out to be small compared to the rate
of their relaxation, optical pumping causes a change in the
refractive and absorption index of the medium. Therefore,
magnetometers based on the Hanle effect operate in fields
whose magnitude does not exceed the characteristic width of

the magnetic resonance line, usually tens or hundreds of nan-
otesla. Such magnetometers can be designed according to a
single-beam [12] or double-beam scheme [7]. In a double-beam
scheme, one beam is used for pumping and the other for detec-
tion. Most often, detection in a double-beam scheme is imple-
mented using linearly polarised light, detuned in frequency
from the pump absorption line [13]. Hanle magnetometers typ-
ically use low-frequency modulation of the magnetic field in
one or two perpendicular directions rather than RF fields. In
the latter case, magnetometers can simultaneously record two
magnetic field components perpendicular to the pump beam.
The first magnetometer of this type was proposed in 1964 by
E.B. Alexandrov et al. [14].

Among zero-field magnetometers, the highest sensitiv-
ity, exceeding that of SQUID magnetometers [15—-17], is
demonstrated by magnetometers using the spin-exchange
relaxation free (SERF) regime [18, 19]. A commercial ver-
sion of SERF magnetometers are QuSpin magnetometers
[20]. The sensitivity of these devices in a zero field reaches
7-10 fT/VHz with a sensor size of 12.4 x 16.6 mm. The
maximum field value in which these devices remain opera-
tional is 200 nT (http://quspin.com).

Nonzero-field OMs provide an alternative to SERF sen-
sors [21]. Their operation is based on magnetic resonance, i.e.,
the precession of the collective magnetic moment of atoms.
The collective moment in the ground state of an atom is pro-
duced by polarised light, the frequency of which is resonant to
the optical transition; this process is called optical pumping
[22]. As a rule, circularly polarised light propagating along
the magnetic field is used for pumping. Photons of such light
carry an angular momentum, which is transferred to the
atoms and creates the orientation of their magnetic moments
(spins). The precession of the collective magnetic moment is
excited and phased by a resonant periodic action of an exter-
nal radio-frequency field or light, the parameters of which
(intensity, frequency or polarisation state) are modulated at a
certain frequency. The precession signal of the collective mag-
netic moment, i.e., the magnetic resonance signal, is recorded
optically by measuring a change in the absorption or refrac-
tion of the transmitted light.

Nonzero-field magnetometers, in turn, can be divided into
two subclasses. The first one includes magnetometers that
record a signal proportional to the magnetisation component
M. produced by pumping along the magnetic field (hereinaf-
ter, we assume that the magnetic field vector is directed along
the z axis of the Cartesian coordinate system). The main dis-
advantages of M. magnetometers are, firstly, low speed and,
secondly, high sensitivity to pump radiation noise. Both
drawbacks arise because the signal in magnetometers is
recorded at a low frequency, not exceeding the width of the
magnetic resonance line. For these reasons, they have not yet
been used to register MEG signals, although, as will be shown
below, such attempts are still ongoing.

The second subclass includes M, magnetometers (Fig. 1)
that record the rotating (precessing) component of the mag-
netic moment transverse with respect to the field, more pre-
cisely, its projection M, onto the x axis perpendicular to the
field. In a nonzero magnetic field, the precession of the collec-
tive magnetic moment periodically modulates the parameters
of light used to detect transverse magnetisation. The perfor-
mance is limited only by the magnitude of the measured field.
However, it should be taken into account that at frequencies
exceeding the width of the magnetic resonance line "= 1/T,
(T, is the relaxation time of the transverse component of the
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Figure 1. (Colour online) Various M, magnetometer schemes: (a) classical double-beam circuit with a RF field, (b) its simplified single-beam ver-
sion, (c) double-beam Bell-Bloom scheme, and (d) its single-beam version; By is the external magnetic field.

magnetic moment), the sensitivity of M, magnetometers
decreases in proportion to the frequency.

The best sensitivity is provided by the double-beam
scheme of an M, magnetometer, in which one (longitudinal)
beam performs pumping, and the other (transverse) one
detects the resonance (Fig. 1a). It measures the rotation of the
polarisation plane of a linearly polarised beam [23]. In this
case, the probe beam, detuned in frequency from the optical
absorption contour by many of its widths, does not perturb
the magnetic resonance, and the rotation of the probe beam
plane of polarisation is detected by a balanced photodetector,
which makes it possible to largely suppress the noise of the
probe laser radiation.

The single-beam scheme of the M, magnetometer (Fig. 1b)
is a simplified version of the double-beam scheme, in which a
circularly polarised pump beam longitudinal with respect to
the direction of the field vector is combined with a transverse
circularly polarised probe beam into one beam directed at an
angle of 45° to the magnetic field. This compromise allowed,
at the expense of the loss of sensitivity, a significant simplifi-
cation of the optical design and increase in the competitive-
ness of optical sensors. In the variants of M, magnetometers
listed above, the precession of the magnetic moment is excited
by a resonant radio-frequency magnetic field. Bell and Bloom
[24] suggested using the modulation of the parameters of light
directed across the magnetic field as an alternative method for
exciting induced precession (Figs 1¢ and 1d). Circularly polar-

ised light modulated at the resonance frequency creates a
nonzero collective transverse magnetic moment that precesses
around the magnetic field vector. Initially, the variant of the
optical scheme proposed in [24] was single-beam with detec-
tion of the absorption of a circularly polarised probe beam,
but then it was replaced by a more efficient double-beam
scheme (Fig. 1c).

The phase of the magnetic moment precession can be set
using modulation of the amplitude, frequency, or polarisa-
tion state of the pump light [25]. Since the modulation of the
pump light parameters in the spectral representation is equiv-
alent to the appearance of coherent harmonics of the acting
radiation component, the effect of such modulation can be
considered in terms of coherent population trapping [26]. The
undoubted advantage of the Bell-Bloom magnetometer
scheme is that the resonance is excited without using radio-
frequency fields, i.e., the sensor can be all-optical. The most
commonly used is the double-beam version of the Bell-Bloom
scheme with amplitude modulation of the pump light and
detection of the transverse component by the second beam.
The separation of beams is needed because in a single-beam
scheme it is difficult to extract the magnetic resonance signal
from the modulation signal. The compactness of a double-
beam sensor can be ensured if the pump and detection beams
pass through the cell along the same path, after which they
are separated, e.g., using a dichroic mirror or an interference
filter.
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The single-beam version of the Bell-Bloom scheme
(Fig. 1d) proposed by the authors of this review will be pre-
sented below.

3. Optical sensors for MEG

Zero-field magnetometers not subject to the destructive
effects of spin-exchange relaxation (SERF) [7] were the first
OMs that demonstrated a sensitivity sufficient for recording
MEG signals (0.54 fT/v'Hz for a cell volume of 0.3 cm?).
A double-beam measurement scheme was used. The first
magnetograms using the SERF technology [27] were also
obtained in a double-beam scheme with orthogonal pump
and detection beams. As mentioned above, such a scheme
cannot provide the compactness of the sensor required to
implement an array of a sufficiently large number of sensors.
Therefore, in compact sensors, a single-beam scheme is used
or two beams are directed along the same path.

Since 2016, the QuSpin zero-field sensors mentioned
above have become commercially available, and in 2018 they
began to be used in multichannel MEG systems. It has been
shown that the OM array in such systems has clear advan-
tages over SQUID arrays [8]. Thus, according to Ref. [28], an
array of only eight QuSpin sensors provides higher informa-
tion content than a system of hundreds of SQUID magne-
tometers, when measuring the activity of brain gamma
rhythms in the range of 30— 150 Hz.

Boto et al. [29] compared the results of the measurements
of the cortical response to speech using an array of 45 OMs
and an array of 275 SQUID magnetometers. The comparison
showed a high (over 70%) degree of correlation of the results,
which evidences in favour of high OM efficiency. According
to the authors of Ref. [29], OM systems will ultimately replace
cryogenic sensors in MEG systems.

Zero-field optical magnetometers were used [30] to dem-
onstrate a non-invasive brain-computer interface (BCI). The
possibility to send simple messages using signals read by OM
was shown.

Using four sensors, Bu et al. [31] measured for the first
time the magnetic signal from the median nerve to the wrist
and showed that OMs make it possible to detect magnetic
fields of moving peripheral nerves.

S. Knappe’s group tested an array of 21 SERF gradi-
ometers with a baseline of 2 cm [32] under zero-field condi-
tions. The average sensitivity of the gradiometer sensor
was 15 fT/V'Hz at a distance of ~4 mm between the sensor
face and the center of the nearest cell. Nardelli et al. [32] noted
that an array of gradiometers can be used in MEG systems in
a magnetically noisy medium.

Pratt et al. [33] describe the Kernel Flux system, which
contains 432 optically pumped magnetometers and is designed
to visualise brain activity in a zero field. The helmet contains
48 units, each containing 9 SERF zero-field magnetometers
arranged in a 3 x 3 matrix with a 5 mm step. The unit size is
approximately 15 x 15 mm, and the cell size is approximately
2—-3 mm. Each unit is pumped and interrogated by a separate
laser, whose frequency is stabilised by means of the reference
cell. The sensitivity of an individual magnetometer was mea-
sured in a magnetically shielded room and amounted to
80 fT/vVHz at a frequency of 3 Hz, and the sensitivity aver-
aged over a unit was 25 fT/v'Hz . The sensors are designed to
measure the magnetic field gradient in three directions.

Recently, interest has increased in the development of
MEG systems capable of operating outside multilayer mag-

netic shields, and in general in the development of highly sen-
sitive all-optical sensors operating in a nonzero field and hav-
ing a sensitivity better than 100 fT/ VHz [34]. Clancy et al. [35]
simulated numerically the possibility of using OMs to visu-
alise brain activity outside magnetic shields. The simulation
results are verified in an experiment using a phantom virtual
array simulating a magnetic dipole in a conducting sphere in
a nonzero magnetic field. It is noted that since the existing
small-sized nonzero-field magnetometers have a sensitivity of
about 70 fT/vHz, then an array of 128 sensors and signal
averaging over at least 100 measurement cycles will be
required to localise the characteristic source of neural activity
of the cerebral cortex with an accuracy of 1 cm. In the case of
increasing the sensitivity by at least an order of magnitude,
i.e., up to 7 fT/v'Hz, then for an array of 100 sensors over 100
measurements, the localisation uncertainty will decrease to 1
mm, provided that the position of the sensors is known with
an accuracy of 0.5 mm.

Perry et al. [36] demonstrated a gradiometer with a base of
4 cm operating in a magnetic field of 22 uT. A 5 x 5x 50 mm
cell is used, which is heated to a temperature of 130 °C, pump-
ing is carried out by the D, line of rubidium. The detection
beam frequency is detuned from the pump beam frequency by
40 GHz. The gradiometer is desined according to a double-
beam scheme implemented in a common cell. The volume of
the sensitive area of each gradiometer sensor is 35 mm?. The
detection beam is common to the two sensors, but passes
through them in opposite directions, providing a gradient mea-
surement. Pumping and detection are carried out in pulses:
pumping once, and detection four times during the precession
period. The gradiometer sensitivity of 15—20 fT/v'Hz has been
achieved.

In the absence of magnetic shielding, the recording of the
MEG signal was demonstrated in Ref. [9], where a gradiom-
eter with a base of 3 cm recorded signals generated by the
human brain in the Earth’s field. A sensitivity of 16 fT/vHz
was obtained in a magnetic field of 51.4 uT. Two rubidium
cells 8 x 8 x 12.5 mm in size were placed in an evacuated cell
measuring 6.5 x 1.8 x 1.8 cm. A double-beam scheme was
used, and the free precession signal was recorded. The pump
cycle was a few microseconds, and the detection cycle was
2.3 ms. The time of the MEG signal recording was 20 min, dur-
ing which the brain was stimulated by sound signals. A gradi-
ent signal of £100 fT/v'Hz cm™ with a signal-to-noise ratio of
~100 was recorded after the averaging over 462 records.

The results of measuring the parameters of a rubidium
gradiometer based on a single multipass cell, optically pumped
by beams with opposite circular polarisations, are presented
in Ref. [37]. The sensitivity of the gradiometer was measured
to be 10 fT/v'Hz in a weak magnetic field. The gradiometer
base is 14 mm. The size of the gradiometer (due to the fact
that it is designed according to a double-beam scheme with
orthogonal pump and detection beams) is 80 x 40 x 20 mm
with a cell size of 18 x 20 x 30 mm. Lucivero et al. [37] expect
that due to the direct subtraction of signals in a common cell,
the gradiometer will be especially effective at suppressing
broadband magnetic noise.

Guo et al. [38] proposed a compact sensor with a cell vol-
ume of 64 mm?, which uses the effect of magnetic resonance
line narrowing by pump light. The sensor operates in a non-
zero field. Magnetic resonance is excited by a transverse
radio-frequency field generated by special coils. The magnetic
resonance is detected using the second beam by the rotation
of the polarisation plane. The pump laser is tuned to the transi-
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Figure 2. (Colour online) Modulation of the polarisation of the pump/detection beam: (a) variation of the control voltage Uggy and (c, b) the cor-
responding changes in the intensities /;, of the (w; b) linear and (0%; ¢) circular components of the beam, as well as (d) the scheme of a single-beam

quantum optical sensor with a nonzero magnetic field.

tion from the hyperfine level of the ground state with F' = 3, as
a result of which almost all atoms are pumped into a state with
partially suppressed spin-exchange relaxation, which Happer
[39] called the ‘end-state’, or ‘stretched’ state. Due to the partial
suppression of relaxation, a sensitivity of 100 fT/vHz is
achieved in a field of 10 uT. The sensor has a volume of
~100 cm? and is not all-optical.

Oelsner et al. [40] present an optically pumped caesium
magnetometer for measurements in the Earth’s magnetic
field. The sensor operates in the mode of a balanced M. gra-
diometer with oppositely directed circular polarisations of
pump radiation in two channels [41]. The micromechanical
unit, fabricated using the anode welding technique, contains
two cells, each with a diameter of 5.5 mm and a thickness of
4 mm. The unit size is 35 x 35 x 6 mm, the linewidth is about
1.5 kHz, and the sensor bandwidth is several hundred hertz.
A sensitivity of ~100 fT/v'Hz in the Earth’s magnetic field of
50 uT has been demonstrated. The fundamental limit of sen-
sitivity, limited by fundamental quantum noise, is 12 fT/v/'Hz.
The size of the magnetometer sensor does not yet allow its use
in MEG systems.

Zhang et al. [42] recorded the magnetic activity of the
brain in the Earth’s magnetic field using two magnetometers
with cells 25 mm in diameter with an antirelaxation coating,
constituting a gradiometer with a base of 6 cm. One of the
magnetometers was used to stabilise the magnetic field in a
system of magnetic coils with a diameter of about 4 m. The
magnetometers were designed according to the double-beam
Bell-Bloom scheme with resonance excitation by modulating
the power of the pump light and recording the magneto-opti-
cal rotation of the detecting beam polarisation. The gradiom-
eter demonstrated a sensitivity of ~4 fT/v'Hz cm™, which is
sufficient for recording the brain alpha rhythm. Unfortunately,
the size of the sensors does not allow them to be used in a
multichannel MEG system.

Li et al. [43] present an atomic magnetometer imple-
mented according to the Bell-Bloom scheme, operating in
the geomagnetic range and using the linewidth narrowing
effect. The authors consider a magnetically dependent transi-
tion between hyperfine levels of the ground state excited by
modulation of the pump radiation frequency with the help of
an electro-optical phase modulator (EOM) controlled by a
microwave field. Pumping is carried out by circularly polar-

ised light. The pumping and detection cycles are separated in
time. The volume of the cesium cell is 64 mm?. The sensitivity
of the magnetometer is increased by pumping most of the
atoms into a stretched state. As a result, spin exchange relax-
ation is suppressed and a sensitivity of 100 fT/v/Hz is achieved
in a magnetic field of 10 uT. This magnetometer is designed
according to a single-beam scheme, and its size is small
enough for use in MEG systems.

Nonzero-field magnetometers significantly differ from
SERF magnetometers: they are sensitive not to components
of the field, but to its magnitude. Since in MEG systems the
measurement of a weak signal of magnetic field variation is
carried out against the constant background many times
greater, it turns out that MEG sensors measuring the total
field magnitude are sensitive only to the longitudinal compo-
nent of the signal. On the one hand, this fact imposes restric-
tions on the applicability of such devices, and on the other
hand, it allows the sensitivity axis of the sensor to be tilted by
changing the external field direction. Petrenko et al. [44]
developed a numerical algorithm for optimising an array of
such sensors. They also presented the results of direct mea-
surements of the sensitivity of two sensors in a gradiometric
scheme: in the frequency domain free from acoustic noise, it
was 13 fT/v'Hz per one sensor with a cell size of 8 x 8 x 8 mm
(~0.5cm?). It was shown that this sensitivity is about 2.5 times
lower than the ultimate sensitivity limited by the shot noise of
light. This difference is mainly due to atomic projection noise,
the effect of which was studied in [45] under conditions of
resonance line narrowing by light.

4. Single-beam nonzero-field sensor for MEG
systems

In this section, we briefly describe the scheme of a single-
beam sensor, which was first proposed and studied by us in
[46]. At present, this scheme (Fig. 1d, Fig. 2d) is the simplest
version of the Bell-Bloom scheme, and at the same time the
only one that allows using a single pump and detection beam,
achieving maximum sensitivity limited by atomic projection
noise.

In contrast to the schemes considered above, in our
scheme the pumping and detection processes are separated in
time, more precisely in phase, within one modulation period.
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Figure 3. (Colour online) Phases of (a, ¢) pumping and (b, d) magnetic resonance detection; M is the magnetic moment.

In this case, one laser beam performs the functions of optical
pumping, excitation, and detection of the magnetic reso-
nance. For this purpose, we proposed changing the beam
ellipticity £ (in units of the phase delay between orthogonal
linearly polarised components) with a frequency w,, close to
the Larmor frequency w, from —45° to +45°, i.e., from the
left circular polarisation to the right one (Figs 2a—2c). It is
this type of modulation that is achieved with an EOM if its
axes are oriented at an angle of £45° to the polarisation azi-
muth of the incoming beam and an alternating (linear or
sinusoidal) voltage of the appropriate amplitude is applied
to it. When the control voltage passes zero, the ellipticity E
is zero, which corresponds to the linear polarisation of the
beam. Thus, during the period T, = 2n/w,,, the beam polar-
isation becomes twice purely circular (¢* or 67) and twice
purely linear (m) (Fig. 2). The circular components of the
beam implement optical pumping and phasing of the preces-
sion of magnetic moments, while the linear component
detects the magnetic resonance. Figure 2d shows a schematic
of a single-beam sensor.

Effective pumping in the Bell-Bloom scheme occurs
when the collective magnetic moment of the atomic ensem-
ble is directed along the circularly polarised pumping beam
(Figs 3a and 3c). It is no less important, however, that
detection is carried out with maximum efficiency in the
phase when the collective magnetic moment is perpendicu-
lar to the beam (Figs 3b and 3d). This is because the value
of circular birefringence is proportional to the projection
of the collective magnetic moment on the probe beam
direction, and it is in this precession phase that the probe
beam is particularly sensitive to the phase delay of the col-
lective moment precession. This allows switching the pump
and detection functions of the beam without loss of sensi-
tivity.

The laser beam is tuned to a frequency close to that of
optical transitions from the level with F'=7— 1/2 of the ground
state S, to the level with F'= 1+ 1/2 of the excited state of the
alkali metal. In our experiment, we used Cs, but the proposed
method is applicable to other alkali metals such as Rb and K.
As shown in [47] and theoretically substantiated in [48], such
a beam can simultaneously perform both Zeeman and hyper-
fine pumping due, firstly, to the partial overlap of the optical

contours and, secondly, to the conservation of the nuclear
component of the angular momentum in the optical excita-
tion and relaxation cycle (Fig. 4). As a result, most of the
atoms are assembled in an extended state at the level with F'=
I+ 1/2 and mp = F, in which the spin exchange rate can sig-
nificantly decrease.

Note that the scheme shown in Fig. 4 corresponds to the
case of ‘classical’ pumping by a beam propagating along the
magnetic field. A complete interpretation of the case of pump-
ing by a transverse beam is more complicated, it requires a
transition from the laboratory xyz coordinate system (also
used in Fig. 3) to the x'y’z coordinate system rotating around
the z axis with the Larmor frequency. As follows from the
Bloch equations, the effective external magnetic field in such
a system is zero, there is no Zeeman splitting of energy levels,
the magnetic resonance frequency is also zero. If in this case
the atoms are affected by a beam that is stationary in the x'yz
system (i.e., rotating in the laboratory coordinate system
xyz), then this beam could perform optical pumping of the
medium without any modulation of its parameters.

—_——— F'=1+12 o — =1+ 112
T =111 - F=1-12
a b
Ground Ground
tat
sd-g-_o_-o- cF=1+1/2 state FeI+12
-9~ =
F=1-1/2 F=1-1/2

Figure 4. (Colour online) Energy level diagrams of an alkali atom (a) in
thermal equilibrium and (b) under strong laser pumping by circularly
polarised light at the frequency of optical transitions (F=1—-1/2) <> (F*
= [+ 1/2). Solid red arrows show optical pumping, dotted arrows show
relaxation from the excited state to the ground state, and bidirectional
gray arrows show spin-exchange relaxation.
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However, in all existing versions of the Bell-Bloom
scheme, use is made of the beams that are fixed in the labora-
tory coordinate system xyz. For considering the direction of
the wave vector of such a beam constant in the rotating frame
x'y'z and, in the absence of other preferred directions, using it
as the quantisation axis, this beam must be switched on in
time periods corresponding to the same precession phase, i.e.,
it must be modulated at the Larmor frequency.

Despite such a difference between the Bell—-Bloom scheme
and the classical scheme, our experiments confirm that, as the
intensity of the pump light increases, the (linear at this inten-
sity) broadening of the magnetic resonance line is preceded by
its narrowing, including the case of pumping with transverse
modulated light [49].

The pump/detection beam deplets the level with F=17-1/2
and makes the optical medium more transparent. Since the
atoms are concentrated in the state with F=171+ 1/2 and mp=
F, the probe n-component of the beam predominantly detects
resonance at the level, from which it is detuned in frequency
by nearly the hyperfine splitting of the ground state (for Cs
this is 9.192 GHz). Thus, the conditions for quantum non-
demolition (QND) measurement are realised. Hence, we
simultaneously achieve almost optimal conditions for both
optical pumping and detection.

Of course, the probe component of the beam also
detects magnetic resonance at the level with F =T — 1/2.
However, first, this level is almost completely depleted by
optical pumping, and second, the resonance line due to the
atoms occupying it is so strongly broadened by pumping
light (a typical broadening value is tens of kilohertz) that
the resonance manifests itself only as a wide and low ped-
estal.

Itshould be noted that since the intensity of the t-component
of the beam is modulated at a frequency of 2w,,, the third har-
monic appears in the signal in addition to the first one. In the
case of linear phase modulation, the amplitudes of the x-com-
ponents of the first and third harmonics are respectively 3/4
and 1/4 of the signal value in the scheme using an unmodulated
probe beam. The third harmonic of a signal can be measured
and used in the same way as the first one.

Symmetric triangular modulation of the EOM control volt-
age gives rise to sinusoidal modulation of the ellipticity of the
radiation polarisation. Optimal, as shown in [46], is the ampli-
tude of about 1/3 of the amplitude that provides the range of
ellipticity £ from —45° to +45°. The maximum sensitivity
(less than 10 fT/v'Hz according to the estimated ratio of the
resonance steepness to shot noise) is achieved at high (~95°C)
temperatures in an 8 x 8 x § mm cell containing Cs and a buffer
gas (N,) and at a pump intensity of ~100 mW cm2. When the
temperature is lowered to 70°C, the sensitivity worsens by a
factor of four to five, but the optimum in terms of pump inten-
sity also decreases to a few mW cm™. This means that low-
power vertical cavity surface emitting lasers (VCSELSs) can be
used in this regime.

Certain technical problems can arise when propagating a
beam with modulated polarisation parameters through an
optical fiber, since polarisation-maintaining fibres may not
maintain the phase relationships of orthogonal eigenmodes.
In this case, the EOM can be located at the output of the opti-
cal fibre, in close proximity to the sensor. However, even in
this case, the exclusion of the second laser from the scheme
provides much greater simplicity and, as a result, the com-
pactness of the sensor.

5. Conclusions

This paper provides an overview of the current state of studies
aimed at the development of nonzero-field sensors for MEG
systems. Particular attention is paid to a recently proposed
scheme in which optical pumping, excitation, and magnetic
resonance detection are performed by a single laser beam with
time-modulated ellipticity.
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