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Abstract

Sensitive magnetometers have been applied in a wide range of research fields, in-
cluding geophysical exploration, bio-magnetic field detection, ultralow-field nuclear
magnetic resonance, etc. Commonly, magnetometers are directly placed at the po-
sition where the magnetic field is to be measured. However, in some situations, for
example in near space or harsh environments, near nuclear reactors or particle accel-
erators, it is hard to place a magnetometer directly there. If the magnetic field can
be detected remotely, i.e., via stand-off detection, this problem can be solved. As
optical magnetometers are based on optical readout, they are naturally promising
for stand-off detection. We review various approaches to optical stand-off magne-
tometry proposed and developed over the years, culminating in recent results on
measuring magnetic fields in the mesosphere using laser guide stars, magnetometry
with mirrorless-lasing readout, and proposals for satellite-assisted interrogation of
atmospheric sodium.
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1. Remote-detection magnetometry: motivations, applications, challenges

1.1. Overview and summary of ideas

Sensitive magnetometers have been applied in a wide range of research fields,
including geophysical exploration [1–3], biomagnetic-field detection [4, 5], ultralow-
field nuclear magnetic resonance [6, 7], urban science [8, 9] etc. In addition to
research, there are numerous applications of magnetometry in industry, security, and
defense [5], including monitoring electrical-grid systems, detection and characteriza-
tion of concealed/buried facilities such as pipes and tunnels, detection of underground
movement of personnel and equipment, etc.

Typically, magnetometers are placed directly at the position where the magnetic
field is to be measured. However, in some situations, for example, in near-space [10]
or some harsh environments [5], it is hard or impossible to place a magnetometer
directly there. If the magnetic field can be detected remotely, that is, via stand-off
detection, this problem can be solved. As optical magnetometers [11] are based on
optical readout, they naturally hold promise for stand-off detection; this approach
has been explored in recent years.

For certain applications such as detection of magnetic anomalies of man-made
origin (such as that due to submarines) or geophysical nature, remote magnetometry
in the atmosphere is attractive for a number of reasons. First, the spatial range of
the measurement is only limited by how far a laser beam can reach. In addition, the
common problems of “platform noise,” the inevitable magnetic-field sources associ-
ated with the vehicle or the magnetometer-station infrastructure, are automatically
avoided. If the measurement is performed sufficiently high above the surface, the
local magnetic noise (e.g., due to power lines, localized thermoelectric currents, etc.)
is also reduced.

The concept of stand-off magnetometry started in the 1970s [12], focusing on op-
tical magnetometry based on atoms or molecules already present in the atmosphere,
such as xenon [12, 13] and molecular oxygen [12, 14], see Sec. 2.1.

There is also a proposal based on light reflection from the sea-water surface or
a submerged object [15], see Sec. 2.3. There are two mechanisms that lead to po-
larization rotation: the magneto-optical Kerr effect upon reflection and the Faraday
rotation in water.

Another approach to remote magnetometry is to deploy a vapor cell and a retrore-
flector to the region where magnetic field is to be measured. Detection from a stand-
off distance of up to 10 m was demonstrated using light reflected from a mirror behind
an alkali vapor cell [16]. Replacing the mirror with a true retroreflector could enable
adjustment-free remote magnetometry, as discussed in Sec. 3.
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More recently, magnetometry based on mesospheric sodium layer was proposed [10],
modeled [17], and experimentally demonstrated [18–20]. In these experiments, the
light intensity or polarization [21] are modulated at the Larmor frequency (or its
harmonic or subharmonic), leading to a change in the brightness of the sodium flu-
orescence, see Sec. 4.

A current limitation of sky magnetometry is the small count of detected photons:
the solid angle for collecting fluorescence from mesospheric sodium is typically less
than 10−10. Another issue is the difficulty of operating in the presence of sunlight,
limiting the operation to night-time hours. This limitation can be, at least in prin-
ciple, overcome with mirrorless lasing (ML) techniques [22] discussed in more detail
in Sec. 5 or via detection of optical rotation in the mesospheric sodium layer of laser
light launched from the ground with a detector on board a satellite [23], as discussed
in Sec. 6.

Finally, modern nonlinear optics techniques allow achieving remote lasing of the
principal constituents of the atmosphere, which could also open prospects for remote
magnetometry, as discussed in Sec. 7.

A summary of the main approaches to remote magnetometry is presented in
Fig. 1.

1.2. Synthetic gradiometry

With remote atmospheric magnetometry, we can make measurements at spatial
locations of our choice. This can be useful in constructing magnetic-field maps, and
in detection of magnetic anomalies. Specifically, one can construct a “synthetic gra-
diometer” and choose the distance between the sensors to maximally discriminate
the sought-for signal from the different backgrounds. This concept is illustrated with
a suggestive schematic in Fig. 2. Let us say, we would like to detect a submarine of
characteristic dimensions of 100 m using a small aircraft platform with characteris-
tic dimensions of 1 m. Let us say, that this is happening in an area with a typical
dimension of geological structures (underwater canyons, mountains, etc.) of 1 km.
The anomaly detection needs to be done in the presence of significantly inhomoge-
neous and possibly noisy backgrounds from both the aircraft and the surrounding
large-scale structures. Remote magnetometry allows to measure far away (say, hun-
dreds of meters away from the platform), minimizing its fields that drop as (r/R)3.
The ability to choose the gradiometric base comparable to the characteristic fall-off
distance of the target signal, in turn comparable to the dimensions of the source, is
thus a powerful tool for discriminating the target and the spurious signals.

We note that magnetic gradiometry measurements are also useful in applications
beyond atmospheric magnetometry, for instance, in conjunction with target search
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Figure 1: A summary of the different methods to perform remote magnetic field sensing to be
reviewed. (a) Fully remote optical magnetometry: a laser beam illuminates naturally occurring
species where the magnetic fields is to be measured. The detection is realized through spontaneous
(Sec. 2.1 and 4) or stimulated (Sec. 5 and 7) return. (b) An optical magnetometer (here, MagArrow)
is towed to an aircraft to perform magnetic survey. This approach, reviewed in detail in Ref. [24],
is enabled by the advent of compact, low power optical magnetometers, see Sec. 3.2. Here, the
magnetometer is held away from the drone to reduce the platform noise. Image adapted from [25].
(c) Hybrid approach: the different units to realize the measurements are separated in space. Using
a retro-reflector, the launch unit and detection unit can be placed at the same location (Sec. 3).
The magnetically sensitive species can be naturally occurring (Sec. 6) or contained, for example, in
a vapor cell.

and navigation of underwater vehicles [26, 27].

2. Earlier work

We are not aware of previous dedicated reviews of remote detection optical mag-
netometry apart from the chapter by S. M. Rochester et al in Ref. [28]. The key idea
discussed there is that optical magnetometry is ideally suited for remote measure-
ments because the atoms or molecules being interrogated, apart from the magnetic
field being measured, only interact with optical fields that can be delivered with laser
beams and observed, for example, using telescopes. Since sensitive magnetometry
(as any other sensitive spectroscopic technique) typically requires parameter modu-
lation of some sort, intensity-, frequency-, or polarization-modulated light fields are
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platform size, typically much smaller than the target) and from geomagnetic sources (with spatial
scales that are typically much larger than those of the target).
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used. Such all-optical magnetometry techniques using modulation light have roots
in the pioneering work by Bell and Bloom going back to mid 20th century [29]. In
the rest of this Section, we trace the development of the ideas of remote optical
magnetometry.

2.1. The REMAS project

The original remote magnetic sensing (REMAS) work by William Happer and
others, summarized in a comprehensive report [12], was motivated by the need of
detecting magnetic anomalies of natural and man-made nature (such as a subma-
rine) in situations where locating the sensor in the vicinity of the anomaly is either
impossible or impractical. The key idea was to measure magnetic fields using species
already present in the atmosphere. Since magnetic detection is ultimately based on
the Zeeman effect, the species need to be paramagnetic, if not in the ground state,
then, at least, in an excited state. The general idea of the measurement is as follows.
A laser beam is launched from a remote apparatus, for example, on board an aircraft
or a surface vehicle, which propagates to the measurement region and excites the
probe species, creating transient spin polarization. The spins evolve in the presence
of the total magnetic field (including the anomaly). This precession is then detected
by observing optical signal at the remote apparatus. An example of the signal is
laser-induced fluorescence, affected by the magnetic field via the Hanle effect (see,
for example, [30] and references therein).

The choice of the species to consider for remote sensing is influenced by a variety
of factors, including the abundance in the atmosphere, the existence of suitable
transitions for laser excitation and detection, the magnetic properties of the levels
involved, etc. One specific example of a deleterious effect is fast collisional relaxation
in the presence of the atmosphere that broadens magnetic resonance and diminishes
the effect of the magnetic field one seeks to measure. In the end, the REMAS
study found overwhelming difficulties with each of the species considered and came
to a conclusion that remote atmospheric magnetometry may only become possible
with radical breakthroughs in the technology. We recap the main conclusions of the
REMAS study in Sec. 2.2 below.

Let us briefly summarize the species considered in the REMAS project. As a
preliminary remark, we remind the reader of some of the units of magnetic field used
in the literature (with units of magnetic field and flux density often not distinguished
for nonmagnetic media). The Gaussian unit is gauss (G), 1 G = 10−4 T, and a unit
commonly used in geophysics is gamma, 1 gamma = 10−5 G = 1 nT.
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2.1.1. Molecular oxygen

Oxygen, constituting about 20% of atmospheric molecules (being second only to
nitrogen, N2) and having a (rare for dimers) paramagnetic ground 3Σ−

g state (with
the magnetic moment of 2.0µB, µB being the Bohr magneton) and a convenient
optical transition at 762 nm, is a natural candidate for remote sensing. However,
even in this case, REMAS reached a pessimistic overall conclusion due to the short
(on the order of nanoseconds) decay time of spin polarization and significant line
broadening due to collisions exacerbated by relatively small excitation cross-section
and emission probability.

More recently, the concept of remote atmospheric magnetometry was revisited
from a more modern perspective [14]. As in the original REMAS project, the authors
considered the b1Σ+

g −X3Σ−
g magnetic dipole transition band of oxygen near 762 nm.

The novel aspects of the work include self-focusing of a laser pulse at the remote
location where the magnetic field is to be measured and the use of the “magnetic
wakefield” trailing the laser pulse, where the magnetic field polarization depends on
the ambient field. The concept of the method is depicted in Fig. 3.

air

water/ground

Laser platform Measurement region Detection platform

Perturbing object

Self-focused
 laser pulses

@762 nm
Molecular oxygen

Faraday rotated 
Wakefields

Figure 3: Schematic drawing of the remote atmospheric magnetometry technique proposed in [14].
Light emitted from the laser platform is focused at a desired position, the measurement region. A
laser pulse induces an electromagnetic wakefield behind the laser pulse, the polarization of which
rotates in the background magnetic field. If an object is perturbing the local magnetic field, a
difference in polarization rotation can be detected using a polarimetric gradiometer.
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2.1.2. Atomic xenon

The next species studied within REMAS was atomic 129Xe. Here, the ground-
state magnetism is purely nuclear (the magnetic moment is approximately −0.78µN ,
µN being the nuclear magneton), which ensures that the ground-state spin polariza-
tion is less sensitive to atomic collisions (longer relaxation times).

On the other hand, a downside of using xenon is the low natural abundance of
129Xe, constituting 26.4% of all atmospheric xenon with the atmospheric abundance
of 87 ppb for all Xe isotopes. An additional serious problem is the absence of optical
transitions from the ground state, even for two-photon excitation.

A schematic of the levels and transitions in Xe considered in REMAS is shown in
Fig. 4. One of the 6p, J = 2, electronic states is excited via a two-photon transition
driven by UV laser light. Absorption of the UV light in the atmosphere is an impor-
tant consideration as it can be significant at the relevant wavelengths (see Table 1).
Polarized pump laser light optically pumps the 129Xe nuclei in the cycle of emission
and subsequent deexcitation of the upper state, which is predominantly nonradia-
tively quenched in collisions with the atmospheric gas or decays with emission of
infrared (IR) light at wavelengths of around 830 nm, the latter process important for
detection. The ground-state nuclear polarization is relatively long-lived. It relaxes,
primarily due to collisions with atmospheric oxygen, with a characteristic decay time
of 30 s [12]. In practice, the effective relaxation time can be much faster due to ef-
fects such as diffusion and atmospheric wind. Consider, for example, a volume of a
typical dimension of 1 cm. There are always winds in the atmosphere with charac-
teristic speed during even the nominally calm time of at least 1 m/s. Thus, effective
relaxation occurs on the scale faster that tens of milliseconds.

In order to achieve optical pumping, it is essential for the pump light to predom-
inantly excite one of the two upper hyperfine states.1 The same is also necessary to
accomplish optical probing. The factor that hinders resolving the hyperfine states is
pressure broadening that is comparable to the hyperfine intervals. The efficiency of
optical pumping was characterized by the parameter

η =
R+ −R−

R+ + R−
, (1)

where R+, R− are rates of excitation of the spin up and spin down ground states,
respectively. η depends on hyperfine splitting, pressure broadened width and laser

1In the case of radiative decay, it would not be necessary to resolve the hyperfine structure to
accomplish optical pumping (see, for example, Prob. 3.20 in [31]. However, in this case, collisional
redistribution in the excited state leads to the atoms returning to the two ground-state Zeeman
sublevels with equal probability, which prevents polarization.
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Figure 4: Xe energy levels and transitions considered in the REMAS project. See also Table 1.

linewidth. The values of η estimated for the three possible two-photon transitions
are presented in Table 1.

At low laser-light powers, the amount of polarized xenon grows proportionally
to the laser-light power. However, this growth is limited at higher light intensities
(higher than on the order of 1 GW/cm2) due to the competing process of two-photon-
resonant three-photon ionization.

Excited
State

Energy
(cm−1)

λ (nm)
Absorption

length
Hyperfine splitting
vhfs(5/2 − 3/2)

Pumping
Efficiency, η

6p[5/2]2 78120 256.0 455 m 3.4 GHz 0.16

6p[3/2]2 79212 252.5 423 m 2.2 GHz 0.11

6p′[3/2]2 89162 224.3 149 m 7.2 GHz 0.31

Table 1: Two-photon pumping of Xe in air. Absorption length of the UV light (defined here as
the length over which the light intensity is attenuated by a factor of e) is an important factor that
influences the range of a possible measurement. The values shown in the table are extracted from
[32], where the horizontal attenuation of UV light is given summing the contributions of absorption
(notably by O2 and O3) and of Rayleigh scattering. The hyperfine splitting is between the two
states in the upper J = 2 P state with total angular momenta F = 5/2 and 3/2. Pumping efficiency
[Eq. (1)] characterizes how well the hyperfine components can be spectrally resolved.
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2.1.3. Atomic krypton and neon

Another possible candidate is 83Kr, with a natural abundance in the atmosphere
of about 0.12 ppm (about six time that of 129Xe), nuclear spin of I = 9/2 and
magnetic moment of about -0.97 µN . Note that, since the Larmor frequency goes as
magnetic moment over the spin I, the Larmor frequency for 83Kr is about a factor
of seven lower than that of 129Xe. A disadvantage of krypton compared to xenon
is that the longest photon wavelength for two-photon excitation is 217 nm, and the
absorption length is on the order of 100 m, dominated by absorption by atmospheric
oxygen. While the use of krypton for REMAS was not excluded in the study, no
strong endorsement was given to this system either.

Finally, neon was also considered and largely dismissed on the grounds of absorp-
tion length in the atmosphere for the excitation photons (133 nm) is only 2·10−4 m,
again due to oxygen.

2.2. Conclusions of the REMAS project

The main conclusions of the REMAS project [12] can be summarized as follows.

• There is no clear path towards magnetometry based on directional light emis-
sion from the molecules or noble gases present in the atmosphere. We note
here that alkali atoms present in the upper atmosphere (i.e., the part of the
atmosphere above ≈ 50 km) apparently were not considered.

• Magnetometry based on these species that does not rely on directional emis-
sion may still be possible. We are not aware of the REMAS schemes having
been realized experimentally. However, applications to magnetic geological
prospecting, mapping of underground facilities, or monitoring of fields from
buried AC power lines did not appear plausible. Due to low expected signal-
to-noise ratio, only applications allowing for long (hour-scale) times would be
possible. In principle, this could be useful for monitoring change in magnetic
fields over these time scales, but the applicability would be limited.

• Technologies necessary for implementing REMAS in its limited form were found
to be in various degrees of readiness. The absence of the required high pulse and
average power UV lasers appeared to be a bottleneck, while infrared detectors
and beam-pointing optics were largely available.

2.3. Magnetometry based on light reflection from sea-water surface

The polarization of the laser light reflected from a remote object can carry in-
formation about the local magnetic field. If reflection occurs from sea water, this
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Figure 5: Scheme of remote magnetometry using reflection from water surface and underwater
objects.

approach may be applied in a wide range of important applications including geo-
logical exploration and detection of underwater objects, e.g., submarines, perturbing
the local ambient magnetic field, as shown in Fig. 5.

The feasibility of this approach of remote magnetometry and, in particular, re-
mote detection of underwater objects was considered in Ref. [15]. The polarization
rotation of light upon reflection is due to the surface magneto-optical Kerr effect.
In addition, light reflected from a submerged object might also contribute to the
polarization rotation. In this case the polarization rotation is caused by the Faraday
effect. For both effects, the polarization rotation is proportional to the local mag-
netic field, but rotation due to the Faraday effect also depends on the propagation
distance.

A model describing both contributions to polarization rotation was developed
in Ref. [15], where nonlinear effects in water were neglected. First a simplified con-
figuration was considered in which a linearly polarized monochromatic laser beam
propagates parallel to the Earth’s magnetic field, which is perpendicular to the sur-
face of the water. A reflective underwater object located at a certain depth h is
represented by a perfectly conducting plate parallel to the surface. It was concluded
that the polarization rotation due to the surface magneto-optical Kerr effect is small,
on the order of 10−12 rad. An analytical expression was obtained for the polarization-
rotated field when the incident plane wave is at an arbitrary angle and polarization
with respect to the water surface. It was found that no choice of polarization or
angle of incidence significantly increases the Kerr-effect contribution to polarization
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rotation. Thus, it would be extremely challenging to use this effect for remote mag-
netometry. The angle of rotation due to the Faraday effect is greater by a factor of
roughly h/λ ≫ 1, where λ is the wavelength of the light. In the range of depth of
5 < h < 30 m, with a typical geomagnetic field, the rotation angle can be on the
order of 10−3 rad. While this is an easily detected polarization-rotation angle, mea-
surements can be complicated by several factors such as the shape and conductivity
of the underwater object. It was also noted that ripples of the seawater surface and
bubbles might significantly attenuate the reflected light.

For effective detection of reflected light, the applied probe radiation must be
sufficiently intense. Propagation of intense light in dispersive nonlinear media such
as air or water is an important general problem since powerful continuous wave and
intense pulsed laser radiation is widely used for various types of remote sensing and
generation of beacons (guide stars).

The influence of laser intensity and phase noise on the spatial and temporal
evolution of laser radiation was considered theoretically in Ref. [33]. As frequency
noise can affect intensity noise and vice versa, it was shown that the Kerr effect
can reduce the intensity noise under certain conditions. The developed model was
used to study the transverse and longitudinal intensity instabilities. It was shown
that significant spectral modification can occur if the initial intensity-noise level is
sufficiently high. The authors considered the spatial and temporal evolution of laser
radiation during propagation in the atmosphere at wavelengths of 0.85 µm, 1 µm and
10.6 µm.

The interaction of intense laser pulses with atmospheric gases is studied in the
contexts of generation of broadband terahertz radiation via two-color photoioniza-
tion currents in nitrogen, and the generation of an electromagnetic wakefield by the
induced magnetization currents of oxygen Ref. [34]. A laser pulse propagating in the
atmosphere can excite magnetic dipole transitions in molecular oxygen. The result-
ing transient current creates a co-propagating electromagnetic field behind the laser
pulse, i.e. the wakefield, which has a rotated polarization with respect to that of the
incident laser pulses, which depends on the background magnetic field.

3. Remotely interrogated optical alkali-vapor magnetometers

The “brute-force” remote magnetometry may consist in placing a part of or even
complete magnetic sensor where the field needs to be measured. The readout of the
sensor may be achieved optically or via radio telecommunication. While not being
“remote” in the strict meaning of the term, this approach may, in fact, be practical
for certain applications, in particular in view of the rapid development of unmanned
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aerial (UAV) and undersea (UUV) vehicles, discussed in more details in Ref. [24], as
well as techniques for “broadcasting” low-cost sensors on the ground, water surface,
or deploying them on air balloons or parachutes. Thus the developments in this
direction involve finding ways to reduce the complexity, price, weight, and power
consumption of the sensors. We briefly review such developments here.

3.1. Magnetometer based on polarization rotation

In their pioneering work [29], Bell and Bloom realized that, for atoms, the ef-
fect of microwave fields used in optically-pumped magnetometers (OPM) could be
achieved with modulated light. Although their work received major attention in the
atomic physics community, see, for example, the review [35], Earth-field magnetome-
ters continued to rely on radio-frequency excitation. However, with the advent of
diode lasers, some two decades later, the technique, often referred to as synchronous
optical pumping, became recognized as the go-to method for OPM-based Earth-field
magnetometry [28].

Because synchronous pumping relies solely on optical fields, this approach is
natural for remote magnetometry. Remote sensing of magnetic fields can be achieved
by placing a vapor cell in the region to be interrogated, while pumping and readout
are achieved from afar using telescopes to launch the pump and probe beams and
a mirror (or retroreflector) to reflect the probe laser beam back toward the source
after the interaction with the spins. A sensitive remote magnetometer that can be
interrogated over several kilometers of free space is desirable in several applications,
including ordnance detection, perimeter monitoring, and geophysical surveys. A
magnetometer based on this approach was demonstrated experimentally by Patton
et al. [16], which we describe in this section.

The remotely interrogated magnetometer is composed of three units: an electronic
unit, a launch/detection unit, and the sensor head unit, placed some 10 m away from
the other two, as shown in Fig. 6. Let us briefly detail the working principle of this
magnetometer by going over the function of each units. In the electro-optics unit,
light emitted by a laser diode is split with a polarizing beam splitter to form a pump
and a probe beam. The pump-beam is modulated at twice the Larmor frequency ωL

with the help of an electro-optic modulator, which, with a polarizer placed right after,
forms intensity modulation. This allows to measure magnetic field whose vector is
not orthogonal to the pump axis [36]. The pump and probe beams are directed
toward the sensor head after being collimated within the launch/detection unit. The
sensor head consists of an antirelaxation coated vapor cell filled only with enriched
87Rb, heated up to 37.5◦C with AC resistive heating. The sensor is placed in the
Earth magnetic field, for which the vector is here titled 32◦ away from the pump
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Figure 6: Schematic of the remotely interrogated magnetometer setup. LD – laser diode, PBS –
polarizing beam splitter, EOM – electro-optics modulator, M – mirror, P – polarizer, BC – beam
collimator.

beam axis. After passing through the cell, the probe beam is reflected with a mirror
placed at the back of the sensor head. The probe beam travels through the cell in a
double-pass configuration before being picked back up at the launch/detection unit.

The readout of the magnetometer is achieved with balanced polarimetry inside the
launch/detection unit. Resonances appear at 1× and 2× the Larmor frequency when
sweeping the modulation frequency of the pump-beam intensity. Indeed, modulating
the pump-beam intensity at twice the Larmor frequency creates atomic alignment
inside the 87Rb vapor, producing time-varying optical rotation of the probe-beam
polarization [37]. Here, the resonance at the Larmor frequency is due to the magnetic
field being titled away from the probe-beam propagation vector [36]. The Larmor
frequency can be related to the magnetic field with

ωL = gFµBBe ≡ γBe, (2)

where Be is the Earth magnetic field magnitude, gF ≈ ±2/(2I+1) is the Landé factor
for 2S1/2 hyperfine states (positive for the higher F and negative for the lower),
µB ≈ 1.4 MHz/G is the Bohr magneton and γ = 0.7 MHz/G is the gyromagnetic
ratio of 87Rb.2 At Earth field, the two resonances at ωL and 2ωL split into sets
of transitions because of nonlinear Zeeman shift. This can be calculated with the

2Due to the nuclear Zeeman effect, the two ground hyperfine states of 87Rb, i.e., 2S1/2 F = 1
and 2S1/2 F = 2, have gyromagnetic ratios with slightly different magnitudes, which are |γF=1| ≈
0.7024MHz/G and γF=2 ≈ 0.6996MHz/G, respectively.

16



Breit-Rabi formula [38, 39] which expresses the splitting of the ground-state energy
levels with quantum numbers |F = I ± 1/2,mF ⟩

E(F,mF ) = −Ahfs

4
− gIµBmFB ±

Ahfs(I + 1
2
)

2

√
1 +

4mFχ

2I + 1
+ χ2, (3)

where Ahfs is the hyperfine structure constant, and χ is the perturbation parameter
given by

χ =
(gI + gJ)µBB

Ahfs(2I + 1)
. (4)

Note that the effect of the Zeeman splitting and heading errors can be mitigated
with the use of all-optical spin-locking techniques [40].

Figure 7: Resonance at ωL recorded with the magnetometer as a function of the EOM modulation
frequency. The resonance is split into a set of three resonances because of nonlinear Zeeman shift,
see the text. Solid lines are fits with a three-Lorentzian magnetic-resonance spectrum predicted by
the Breit-Rabi formula. Reprinted from Ref. [16].

The splitting of the ωL resonance as a function of the modulation frequency is
shown in Fig. 7. Fitting of the recorded resonances with three Lorentzian functions
yield a central peak at 682 504.318 Hz with a fit uncertainty of 0.050 Hz which suggest
a field uncertainty of 3.5 pT. Observing the sensor noise around the central peak
frequency and converting the frequency to magnetic field noise with Eq. (3) yield a
sensitivity of 5.3 pT/

√
Hz in the range 1 to 50 Hz. Recently, high-performance (∼
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1 pT/
√

Hz) remote detection magnetometry was also realized with microfabricated
cells [41, 42].

Replacing the mirror with a true retroreflector could enable adjustment-free re-
mote magnetometry. We also note that, for remote magnetometry, a collinear geome-
try for the pump and probe is more desirable. In principle, the remotely interrogated
magnetometer presented here could be operated in such way, or even with a single
beam configuration [43] as the effect of the double-pass configuration is similar to
increasing the cell length, and therefore the rotation angle of the probe-beam polar-
ization, by a factor of two [30]. This technique can be extended to distances above
hundred meters, however noise from atmospheric seeing increases with the distance
and can become a significant issue [44]. Beyond this distance scale, adaptive optics
techniques may become necessary to mitigate the effects of atmospheric turbulence
and retain magnetometric sensitivity.

To conclude this section, we note that there exists an alternative to using a
retro-reflector for the remote measurement of magnetic fields based on polarization
rotation. “Selective reflection” at the interface between glass and a resonant vapor
has been shown to carry information on ground-state Zeeman coherences [45]. While
this elegant approach seems attractive for remote sensing because the reflected beam
propagates back to the source, only limited amount of work seems to have been done
in this direction [46].

3.2. Magnetometry based on the effect of coherent population trapping

The effect of coherent population trapping (CPT) [47] in alkali vapors provides
an alternative implementation of an atomic magnetometer. Although the ultimate
sensitivity with this approach is typically not as high as that of magnetometers
based on direct detection of Larmor precession, as the sensitivity surpassing fT/

√
Hz

level was reported in a spin-exchange-free (SERF) regime [48] and projected for
magnetometry based on nonlinear Faraday effect [49], the CPT-based approach may
have advantages in applications where compactness and low power consumption are
important.

The CPT method relies on measurements of the frequency of narrow dark reso-
nances. These arise when two ground-state levels are coupled to a common excited
state by two coherent optical fields in so-called Λ-type level configuration and their
frequency difference matches the ground-state splitting. As a result, the atoms are
pumped into a coherent superposition of Zeeman sublevels, typically belonging to
different hyperfine components of the ground state. This superposition is known
as the coherent dark state since atoms no longer absorb and re-emit resonant light
due to destructive interference of two excitation channels. The ultimate width of
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Figure 8: (a) Schematic and (b) experimentally observed Zeeman-split CPT resonances in Cs vapors
in a longitudinal magnetic flux density of 21µT with σ+−σ+ excitation produced by two coherent
optical fields with frequency offset δ = ν1 − ν2 −∆HF , where ∆HF is the hyperfine splitting of the
6S1/2 ground state. The selection rules allow seven coherent dark resonances. From Ref. [51].

the coherent resonances is determined by the ground-state relaxation rate. Thus, its
typical spectral width is orders of magnitude smaller than the natural linewidth of
the strong optical transitions used for preparing this superposition.

In the presence of an external magnetic field, a dark resonance splits into several
components as was shown in one of the first realizations of CPT in Rb vapors [50].
The number of components and their spectral positions depend on many parameters,
among which the most important are the direction and strength of the local magnetic
field. As an example, Fig. 8 shows seven Λ-type configurations formed in Cs atoms
by circularly polarized resonant radiation ν1 and ν2 that couple the Zeeman sub-
levels of the two ground-state hyperfine levels and give rise to well-resolved coherent
resonances of reduced absorption.

Initially, it was assumed that CPT resonances would be immune to power broad-
ening, and therefore, a CPT-based magnetometer could provide improved sensitivity
over conventional optically pumped counterparts [52]. Later it was found that other
factors, such as frequency noise of applied laser light and the AC Stark effect coupled
with laser-light fluctuations limit the sensitivity of CPT magnetometers [53]. Nev-
ertheless, it was shown that for both AC and DC magnetic fields, sensitivity values
of the order of 1 pT/

√
Hz are readily achievable [51].

Attention to CPT-based magnetometry was revived with the advent of a new type
of diode lasers. The outstanding properties of vertical cavity surface-emitting lasers
(VCSELs) make them ideal sources of coherent radiation for remote sensing [54]. The
VCSELs are a type of semiconductor lasers that emit coherent radiation from the top
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surface of the chip, in contrast to the conventional edge-emitting diode lasers. The
active region, typically sandwiched between two semiconductor Bragg mirrors, has a
total thickness of only a few micrometres. This ensures low threshold current, below
1 mA, and reduced power consumption. The VCSELs with an emitting area with
typical dimensions of few microns produce high-quality and symmetric beam profiles
that simplify coupling of the output radiation to optical fibers. In addition, VCSELs
can be efficiently modulated at high radio frequencies generating mutually coherent
optical fields, which is important for CPT-based applications. Although the output
power of multimode VCSELs can reach tens of watts, the output power of VCSELs
generating radiation in the fundamental transverse mode is in the range of 0.5–5 mW,
which is quite sufficient for creating CPT in alkali vapours. Other important features
of VCSELs are excellent reliability and long lifetime due to substantially lower optical
intensities at the output facet, compared with edge-emitting diode lasers. Therefore,
they can be operated at higher temperatures, which would normally increase the risk
of catastrophic facet failure. The most common emission wavelengths of VCSELs
are in the range of 750 – 980 nm that perfectly fits with the strong absorption lines
in alkali atoms used for optical magnetometry. These unique lasers, combined with
microfabricated alkali vapor cells, have enabled the development of chip-scale atomic
clocks based on the CPT effect in Rb and Cs vapors in response to a strong demand
from the communications industry for compact and low-power frequency references.

Owing to the common underlying physics of the CPT effect, the technological
advances in the development of chip-scale atomic clocks are easily transferred to
CPT-based magnetometers. The most significant difference between the two types
of devices is that the coherent dark superposition for magnetometers is excited among
Zeeman sublevels that are sensitive to magnetic field, while mF = 0 sublevels are
often used for atomic clocks.

The first low-power chip-scale magnetometer based on the CPT resonance in
alkali vapors was realized at the USA National Institute of Standards and Technology
(NIST) [55]. The schematic of the chip-scale magnetic sensor, energy-level diagram
of 87Rb with the CPT transitions, and the scheme for detecting the magnetic flux
density are shown in Fig. 9. The two mutually coherent optical fields required for
establishing the CPT were generated by modulating the pump current, which greatly
simplifies the optical scheme and drastically reduces the power consumption. The
magnetic sensor had a volume of 12 mm3 and dissipated 195 mW of power. It was
possible to detect the magnetic flux density with a sensitivity of 50 pT/

√
Hz at 10 Hz.

Generally, a relatively small fraction of the alkali atoms can be pumped into a
dark superposition state. It was suggested to use a so-called “push-pull” pumping
method to significantly improve the performance of CPT-based atomic clocks [56].
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Figure 9: (a) Schematic of the chip-scale magnetic sensor. 1 - VCSEL, 2 - optics package including
neutral-density filters, a microlens, a λ/4 waveplate, and a neutral-density filters, 3 - 87Rb vapor
cell with transparent heaters above and below it, and 4 - (a) photodiode assembly. (b) Photograph
of the magnetic sensor. (c) Energy-level diagram of 87Rb indicating the CPT transition scheme.
(d) Experimental setup for detecting the magnetic flux density. The dashed arrow indicates that
the lock-in amplifier can provide feedback to the local oscillator. From Ref. [55].

This technique makes it possible to transfer almost all atoms into the m = 0/m′ = 0
superposition state, because its resonance frequency is insensitive to magnetic fields.
This method uses a sequence of pulses of D1-resonant light with left and right circular
polarization, which alternate with the Larmor frequency. Later, push-pull pumping
was applied to magnetically sensitive resonances [57] as well. The magnetization
of spin-oriented alkali atoms prepared by optical pumping with circularly polarized
laser light precesses around a static magnetic field. After half the Larmor period, the
spin polarization changes sign, and so does the light polarization, further reinforcing
spin polarization. This process repeats periodically until a steady-state precessing
polarization of constant amplitude is reached (see also Sec. 4.6). An atomic magne-
tometer based on the push-pull pumping with a room temperature paraffin-coated
Cs vapor cell with ultimate shot-noise-limited sensitivity below 20 fT/

√
Hz was re-

ported in [57]. An interesting feature of the push-pull approach is that by using
magnetically sensitive substates it enables hybrid devices, for instance, an atomic
clock combined with a magnetometer.

The following years saw further improvements in miniaturization, power dissipa-
tion, and magnetic field sensitivity. The CPT-based magnetometers may be a good
choice when power consumption and volume matter. The concept of miniaturiza-
tion has been extended also to other types of magnetometers. There is an obvious
trade-off between the size and power consumption of a magnetometer and its char-
acteristics. The design, fabrication, and performance of miniature devices, as well as
the prospects for their possible applications, are discussed in a recent comprehensive
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review [58].
There is enormous potential for remote sensing of magnetic fields over long dis-

tances using disposable battery-powered millimeter-sized devices. As an example,
CPT magnetometers are used on board the Jupiter Icy Moons Explorer mission of
the European Space Agency [59]. According to the results of careful calibrations
conducted in the geomagnetic Conrad Observatory, the magnetometers are able to
measure magnetic field strengths down to 100 nT with a systematic error less than
0.2 nT [60].

In conclusion of this section, we note that the physical mechanisms underlying
CPT-based magnetometry are similar to those of polarization-modulation-based LGS
magnetometry discussed in Sec. 4.6. Remote magnetometry can be achieved with
low-power CPT magnetometers described in this section by placing a complete sensor
where the field needs to be measured using, for example, UAVs or UUVs. With
detection based on fluorescence of alkali atoms, only a part of the sensor, the vapor
cell, need to be placed in the measurement region while the launch of the laser beams
and detection is carried at user’s location. This later approach was demonstrated in
a proof-of-principle tabletop system with a sensitivity of 45 pT/

√
Hz [61].

Other tabletop magnetometry experiments were performed with detection based
on fluorescence [62, 63] or absorption [64] of sodium atoms. The results of these
studies could be useful for informing on-sky measurements with mesospheric sodium,
discussed in the next section.

4. Laser guide star magnetometry based on mesospheric atoms

4.1. The concept

A laser guide star (LGS) is an artificial source of light created in the upper
mesosphere between 85 km and 100 km altitude, conceived as a beacon to guide an
adaptive optics (AO) system for compensating atmospheric-induced aberrations in
ground-based astronomical observations [65, 66].3 An LGS is created by resonant
optical excitation of neutral sodium atoms in the mesosphere using a laser beam
launched from a ground-based telescope. The laser is typically tuned to the D2 ab-
sorption line with a wavelength of 589.1 nm for maximum efficiency. Fluorescence
from the LGS is collected with another telescope, often used for astronomical ob-
servations, and then fed into the AO system enabling real-time correction of the

3Although first proposed in the scientific literature by French astronomers Foy and Labeyrie
in 1985 [67], laser guide stars were developed by the US Department of Defense under a classified
adaptive-optics program since 1981, and their first experimental results were published only by
1991 [68, 69].
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incoming light wavefront. The performance of the AO system, i.e. the capability
to deliver near diffraction-limited images to a science instrument, improves with a
brighter LGS. In order to maximize the photon return flux from LGS, significant
research and development has been done for the last 30 years, exploring the physics
of light interaction in the mesosphere [70–72] and pushing innovation in laser tech-
nology [73, 74]. Furthermore, advanced concepts such as polychromatic laser guide
stars for compensation of atmospheric tilt [75], and laser photometric ratio star to
be used as precise spectrophotometric calibrator [76, 77] were proposed.

It was found that the brightness of LGS optically pumped with continuous wave
lasers, depends on the pointing direction of the laser beam in the sky, mainly as
a result of precession of the atomic polarization in the geomagnetic field lines [78].
The redistribution of atomic populations over magnetic sublevels can result in re-
duced photon-absorption probability, leading to a fainter LGS. Although this effect
is detrimental for AO, it can be exploited to measure the surrounding magnetic field
as originally proposed by Higbie et al [10] in 2011. The principle of LGS magnetom-
etry relies on the measurement of the precession frequency of atomic polarization,
proportional to the strength of the magnetic field, as first demonstrated by Bell
and Bloom [29] in 1961 employing Cs and Rb gas cells. In LGS magnetometry, free
sodium atoms are optical pumped using a circularly-polarized laser beam pointing at
an angle ideally perpendicular to the local magnetic field in the mesosphere, causing
polarization of the ground state4 and precession around the field lines at the Lar-
mor frequency. The rate of optical pumping must be modulated (either in intensity,
polarization, or optical frequency) near the Larmor frequency, increasing the degree
of atomic polarization, in turn, modifying the fluorescence which is observed with
a receiver telescope on the ground. Scanning the modulation frequency results in a
resonant signal; a sharp increase if the laser wavelength is set to the D2 line, or a
decrease if set to the D1 line. The modulation frequency at which the resonant peak
(dip) occurs can be identified and measured accurately, from which the strength of
the magnetic field is derived following Eq. (2) (Section 3), using the gyromagnetic
ratio of the |F = 2⟩ sodium ground state γ = 699.812 kHz/G. A schematic of an
implementation of this technique is shown in Fig. 10.

4.2. The geomagnetic field

The magnetic field of the Earth (the geomagnetic field) originates from different
sources having a wide range of spatial scales, varying at different time scales. The ge-

4The process of pumping atoms synchronously with Larmor precession is referred to it as syn-
chronous optical pumping or optically driven spin precession.
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Figure 10: Concept of laser guide star magnetometry. A modulated laser beam optically pump
mesospheric sodium in a region nearly perpendicular to the local magnetic field. Modulating around
the Larmor frequency gives rise to a resonant feature in fluorescence which is detected with a
ground-based telescope. The strength of the magnetic field is proportional to the measured Larmor
frequency. Image taken from [10].

omagnetic field is used as a guide for navigation by imparting a directional preference
to the needle of a compass. Studying the geomagnetic field has contributed to the
formulation of the plate-tectonics theory [79], the discovery and mapping of under-
ground structures [80], and better understanding of the Earth’s space environment
[81].

The generally accepted theory of the origin of the geomagnetic field is that it
is generated in the fluid outer core of the Earth by a self-exciting-dynamo process.
Convective motion of the conducting iron surrounding the inner core rotates due to
the Coriolis force, and as a result of the rotating conductive flow, a magnetic field is
induced [82, 83]. The core magnetic field extends outside the solid Earth up to the
magnetopause at a distance of about 10 times the Earth radius; a boundary where
the pressure from solar wind (the constant flow of charged particles streaming off the
sun) and the geomagnetic field are balanced. The magnetosphere shields our planet
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from solar and cosmic particle radiation, preventing the erosion of the atmosphere
by the solar wind. For these reasons, the geomagnetic field and the magnetosphere
play an essential role in the development of life on Earth [84].

The orientation of the geomagnetic field vector at any point is defined by its
inclination I and declination D angles, where inclination angle is measured from the
horizontal plane to the field vector (positive downwards), and declination angle is
measured clockwise from true north to the horizontal component of the field vector
(seen from above). The size of the field vector is the total intensity F . Globally,
D can take values between ±180◦ and I can take any value between ±90◦, while F
ranges between 20 and 67µT [85].

4.3. Geomagnetic models

One of the two leading models, the International Geomagnetic Reference Field
(IGRF) model was introduced by the International Association of Geomagnetism
and Aeronomy (IAGA) in 1968 in response to the demand for a standard spherical
harmonic representation of the Earth’s main field. The model is updated at 5-year
intervals, the latest being the 13th generation (IGRF13) [86]. The IGRF incorporates
several mathematical models of the Earth’s main field and its annual rate of change
(secular variation) and it represents only the main (core) field without the influence
of external sources. The U.S. National Oceanic and Atmospheric Administration
(NOAA) introduced the World Magnetic Model (WMM); it is the standard model
for the UK Ministry of Defence and the US Department of Defense. The latest
version was released in 2020 [85]. The WMM is a model of the core and large-scale
crustal fields only.

In both models, the main magnetic field Bm is a potential field and therefore can
be written in geocentric spherical coordinates (longitude λ, latitude ϕ, and radius r)
as the negative spatial gradient of a scalar potential

Bm(λ, ϕ, r, t) = −∇V (λ, ϕ, r, t) . (5)

The scalar potential can be expanded in terms of spherical harmonics:

∇V (λ, ϕ, r, t) = a
N∑

n=1

n∑
m=0

(a
r

)n+1

[gmn (t) cos(mλ) + hm
n (t) sin(mλ)] P̆m

n (sinϕ) , (6)

where N = 12 is the degree of expansion of the WMM and IGRF models, a is the
geomagnetic Earth’s reference radius (6 371 200 m), and gmn (t) and hm

n (t) are the
time-dependent Gauss coefficients of degree n and order m describing the Earth’s
main magnetic field. P̆m

n (µ) are the Schmidt semi-normalized Legendre functions

25



associated with the real number µ. The WMM2020 and IGRF13 models provide
two sets of Gauss coefficients for the calculation of the main field and secular varia-
tions, respectively. In order to solve Eq. (5) detailed procedures are described in the
documentation of each model.

The accuracy of the estimated total intensity is tied to changes in the fluid flow
in the Earth’s outter core, leading to unpredictable changes in the geomagnetic field.
The models account for long-spatial scales of the internal Earth magnetic field. This
means that variations in the geomagnetic field generated from the crust and upper
mantle, as well as from ionospheric origin, are under represented in the models.
In practice, significant differences between the values predicted by the models and
measurements at a given point on Earth may occur. For example, daily variations
of the magnetic field lies typically on the range of tens of nanotesla, and they are
caused by electric currents flowing on the sunlit side of the ionosphere [87]. Local
anomalies on the order of hundreds of nanotesla arising from geologic features, are
also not characterized in the model. The accuracy in the total field F provided by
WMM2020 model is 145 nT. Because none of these models include local magnetic
disturbances, it is important to sample and monitor the geomagnetic field at small-
spatial and short-time scales. Continuous measurements of the geomagnetic field by
a global network of geomagnetic observatories [88] contributes to regularly update
the aforementioned geomagnetic models in periods of five years.

4.4. Properties of the sodium layer

The “sodium layer” (in which sodium is still a trace-amount minority species) is
composed of a mixture of atomic sodium with other atomic and molecular species
between 82 km and 105 km altitude, at the interface of the mesosphere and the ther-
mosphere atmospheric shells. Ablation of meteorites in the thermosphere together
with chemical reactions provides a constant source of Na and other metals such as
K, Fe, Mg, Ca, and Si. Between 82 km and 105 km, these metals exist as a layer of
neutral atoms. Above this layer, metals are ionized, while below 82 km they form
oxides, hydroxides, and carbonate compounds. Nevertheless, the two most abun-
dant species are molecular oxygen (O2) and nitrogen (N2) that surpass by several
orders of magnitude the density of sodium and other metals. The properties of these
atomic species in the mesosphere were discussed in [65] and more recently in [89],
and are summarized in Table 2. The steep increase of oxygen density towards lower
altitudes makes the recombination process faster, which defines the sharp boundary
of the sodium layer at altitudes of about 82 km. It takes about four years for sodium
compounds to finally reach the Earth surface [90].

The sodium layer has been actively studied since the 1970s using lidar (light
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detection and ranging) in order to characterize the sodium properties and variability
[91, 92], to measure mesospheric temperature and winds [93, 94], and ultimately for
studying large-scale atmospheric couplings and gravity waves [95]. Motivated by the
implications on adaptive optics, the sodium layer has been characterized at different
sites over the globe in order to determine its properties and the time-variability on
short and seasonal timescales [96–99]. From a statistical analysis of 35 years of data
from lidar observations of the sodium layer in Sao Paulo, Brazil (latitude 23° South),
the average centroid of the sodium layer is 92.09 km, with a thickness of 11.37 km and
a column density of 4−5×1013 atoms/m2 [89, 100]. In fact, the average global mass
of sodium in this layer can be estimated to be on the order of 1 ton. The properties of
the sodium layer (abundance and morphology) are, however, highly variable. To date,
the highest temporal- and spatial-resolution characterization of the sodium layer was
carried out by Pfrommer and Hickson [101] using a sodium lidar with a 6 m liquid
mirror receiver telescope at the Large Zenith Telescope (LZT) in British Columbia,
Canada. Their work showed, for example, sodium centroid vertical variation of
∼23 m/s RMS (root-mean-square) on a 1 s timescale, the presence of multiple sodium
layers with lifetimes of several hours, sporadic sodium layers (SSL) that can exceed
the mean sodium abundance by one order of magnitude, the identification of Kelvin-
Helmholtz rolls and coherent short-period gravity waves in the mesosphere, and the
classification of seven typical sodium-density profiles. Their studies on the vertical
variation of the sodium layer centroid were particularly important to assess its impact
on the wavefront error in future extremely large telescopes [102]. A typical sodium
density profile obtained with the LZT is shown in Fig. 11.

4.5. Sensitivity

The spin-projection noise-limited sensitivity (atomic shot-noise sensitivity) δBsnl

of a magnetometer based on polarized atoms is determined by [11]

δBsnl ≈
1

γ

√
Γrel

Nτ
, (7)

where Γrel is the spin-relaxation rate, N is the total number of polarized atoms, and
τ is the measurement time. Considering a uniform laser beam profile of an area
of 0.2 m2 illuminating the sodium layer at a zenith angle5 ζ = 30°, and a total Na
column density of σNa = 4×1013 atoms/m2 (at zenith), the total number of pumped

5Zenith angle is the angle between the point directly above the observer and the pointing direc-
tion.

27



Species
Column density

(atoms/m2)
Primary

E1 transition
Ground state →

Exited state
Reference

O 6.5 × 1021 2 × 226 nm (2p)3P → (3p)3P [89, 103, 104]

H 2.3 × 1018 2 × 205 nm (1s)2S → (3s)2S [89, 104]

N 1 × 1018 2 × 211 nm (2p)3S0 → (3p)4D0 [89, 105]
Fe 10.2 × 1013 372 nm a5D4 → z5F5 [89, 106, 107]
Na 4.0 × 1013 589 nm 3S1/2 → 3P3/2 [89, 90]
Mg 1.0 × 1013 285 nm 31S0 → 31P1 [89, 108, 109]
Ca 3.4 × 1011 423 nm 41S0 → 41P1 [90, 109, 110]
K 4.5 × 107 770 nm 4S1/2 → 4P1/2 [89, 90, 106]
Li ∼ 106 671 nm 2S1/2 → 2P1/2 [111, 112]

Table 2: Parameters of the most abundant atomic species in the upper atmosphere between 82 km
and 105 km altitude. Rubidium and cesium are not observed in the Earth atmosphere. Sodium
is chosen as the species for most laser guide stars and mesospheric magnetometry because of its
relatively high abundance, strong optical transitions at a wavelength with high atmospheric trans-
mission, accessible to high-power lasers.

atoms in the mesosphere is N = 9.1 × 1012 atoms. Assuming Γrel = 450 µs and 1 s
integration time, the spin-projection noise is δBsnl = 2.2 fT/

√
Hz.

However, the total number of photons that can be detected scales with the solid
angle Ωtel subtended by a receiver telescope with collecting area Atel at a distance L
from the sodium layer, such as

Ωtel =
Atel

L2
, (8)

with L = (HNa − Htel)/ cos(ζ), where HNa is the vertical height of the Na centroid
and Htel is the vertical height of the telescope location. For example, for HNa =
92 km, Htel = 2.4 km (typical elevation of astronomical sites) and ζ = 30°, we have
L = 103.4 km.

The fraction of photons collected by the receiver telescope compared to the total
number of photons radiated in all directions can be approximated as

ξ =
Ωtel

Ωiso

=
Atel

3
2
4πL2

. (9)

The factor 3/2 in the denominator accounts for the radiation pattern of atoms
pumped with circularly polarized light with respect to perfect isotropic radiation.
With L = 103.4 km and for a telescope of collecting area Atel = 0.1 m2 the fraction
ξ = 5.0× 10−13. With this setup the fundamental atomic shot-noise sensitivity limit

28



Figure 11: Reference vertical sodium density profile obtained with the Large Zenith Telescope
LIDAR facility in Vancouver, (BC, Canada), normalized with a sodium column abundance of
CNa = 5.0 × 1013 atoms/m2. Data courtesy of J. Hellemeier and P. Hickson, University of British
Columbia.

for mesospheric magnetometry experiments is then given by Eq. (7) using N → Nξ,
which leads to δBsnl = 3.2 nT/

√
Hz.

4.6. Experimental realization

Successful demonstrations of mesospheric magnetometry were reported in Refs. [18–
21] (see Table 3) and the developments are ongoing with the goal of investigating
spatial variations of the magnetic field in the mesosphere, exploring new formats of
magnetometry to extend the sky coverage, and, apart from magnetometry, to evalu-
ating the benefits of optical pumping at the Larmor frequency to boost the brightness
of LGS. So far, a boost of up to 20% in the LGS return when using modulated light
was demonstrated, in agreement with theoretical simulations [17].

The first demonstration took place at the Steward Observatory (Tucson, Arizona)
using the 1.55 m Kuiper Telescope as a receiver [18]. A laser based on sum-frequency-
generation technology delivered a 3.8 W single-mode continuous wave beam at 589 nm
on-sky [115]. The laser beam was circularly polarized and amplitude modulation
was the chosen approach to synchronously pump mesospheric sodium. Due to the
relatively high repetition rate of modulation (≈ 300 kHz) and the requirement of
scanning around the Larmor frequency to characterize the magnetic resonance, us-
ing an off-the-shelf acousto-optic modulator offered a simpler solution compared to
intracavity laser-pulsing techniques. The choice of the duty cycle of modulation is
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Figure 12: Example of vertical atmospheric profiles between 83 km and 105 km altitude above sea
level for La Palma, Canary Islands (Lat. +28.75° Lon. −17.90°) of (a) number density of N2, O2

and O, (b) temperature, (c) total pressure, and (d) horizontal winds. (a – c) Obtained from the
NRLMSISE-00 model [113], and (d) obtained from the HWM2014 model [114].

a trade-off between the resonance contrast (better at small duty cycle) and signal
strength from the mesosphere (higher with large duty cycle). Using the LGS-Bloch
extension of the AtomicDensityMatrix modelling software [116], a compromise was
found near 35%. Despite the relatively large receiver telescope, the expected level of
the signal is fairly low (≈ 300 counts/ms) for which an amplified photon-counting
detector was used. The principle of the measurement is that the modulation rate is
scanned around the expected Larmor frequency, taking as a reference the ground-
based data from a nearby geomagnetic observatory, and the signal from the laser
guide star is recorded on the receiver side. One important feature of this experiment
was the dithering method used to suppress scintillation noise due to the effect of
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atmospheric turbulence in the line-of-sight propagation path6. In this method, the
repetition rate between two modulation values was dithered by ±15 kHz at a rate
of 314.159 Hz. The dither excursion of ± 15 kHz must be larger than the expected
resonance width to obtain maximum contrast in the detected data. The dither rate
must be above the cut-off frequency of atmospheric scintillation, which depends on
the telescope receiver aperture, wavelength, size of the LGS, and the turbulence
conditions [117–119]. The cut-off frequency is typically a few hundred hertz.

The resonance is encoded in the dither-modulated signal and must be detected
using lock-in detection. The Larmor frequency was found at 318.0 kHz, corresponding
to a magnetic field of 45441 nT. The nearby United States Geological Survey (USGS)
Tucson Magnetic Observatory reported a magnetic field of 47404 nT at the time of
the measurements. The difference of 4% is consistent with a radial cubic scaling
law of a dipole with an origin at the center of the Earth. The sensitivity of the
magnetometer was estimated after spectral analysis of a detection signal obtained
with the repetition rate fixed at the point of steepest slope of the magnetic resonance,
leading to an average of 162 nT/

√
Hz.

The second demonstration of remote magnetometry took place at the Observato-
rio del Roque de los Muchachos (ORM) in La Palma (Canary Island, Spain) [19]. A
continuous-wave laser based on a fiber Raman amplifier and second harmonic gener-
ation was used to deliver up to 20 W of power onto the sky through a 30 cm diameter
projector [120]. The continuous beam was intensity modulated with an acousto-optic
modulator and dithered at 150 Hz, following the same pumping scheme and strategy
as Kane et al [18]. The receiver consisted of an off-the-shelf telescope of 35 cm diam-
eter and a photomultiplier tube delivering photon-count signal into three detection
channels. Fifty-one frequency scans were successfully performed and the average
Larmor frequency among these scans was found to be 260.4(1) kHz, corresponding
to the field of 37200(10) nT, less than 0.5 % away from the WMM2015 prediction.
By numerical fitting the magnetic resonances, it was found that two superimposed
Lorentzians of different widths provided the best description of the resonances, see
Fig. 13. The noise analysis concluded that on the steepest slope of the narrower res-
onance, a sensitivity of 28 nT/

√
Hz could be achieved in the best case, in contrast to

a sensitivity of 124 nT/
√

Hz on the steepest slope of the broader resonance, similar
to the sensitivity found in the previous experiment. Numerical simulations suggested
that the origin of the double-resonance feature can be attributed to atomic collisions
in the mesosphere, the broader resonance arising due to atoms leaving and reentering
the Doppler distribution (velocity-changing collisions) and the width of the narrower

6Scintillation is what sky watchers witness as “star twinkling.”
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resonance due to spin-exchange collisions between Na and O2.
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Figure 13: Magneto-optical resonance recorded in an on-sky laser guide star magnetometry ex-
periment obtained by sweeping the frequency of the intensity-modulated laser beam (modulation
duty cycle 20%). The Larmor frequency lies in the center between the opposite-sign peaks, which
are separated by twice the dither excursion (δf ≈ 31 kHz). The estimated laser irradiance in the
mesosphere was Imeso

avg = 17W m−2. A double Lorentzian fit shows a broad and a narrow width of
≈ 30 kHz and and ≈ 2 kHz, respectively, consistent with two relaxation mechanisms due to velocity-
changing collisions (fast) and spin-exchange collisions (slow) of sodium with N2 and O2 molecules.
The residuals of the fits shown below obey a normal distribution according to the Gaussian fit of
the residuals (histogram). Adapted from Ref. [19].

Another demonstration carried out by the same group using the same infrastruc-
ture explored polarization modulation of the cw beam as a modulation technique
[21]. In this scheme, the switching between left-handed and right-handed circular
polarization at a rate close to the Larmor frequency allows to pump synchronously
with the precession of atomic polarization during one cycle. In this scheme, one
benefits from a stronger signal as the intensity of the beam is not modulated. To
modulate the beam polarization, an electro-optic modulator was used. The fact that
it had no resonant cavity permitted to scan a broad range of frequencies, only limited
by the ability of the driving electronics to supply the required high frequency high-
voltage signal to reach full modulation. The scope of the experiment was limited
to detection of magnetic resonance and determination of the Larmor frequency from
the modulation-frequency scans. A median Larmor frequency of 260.0(3) kHz was
obtained corresponding to the field of 37152(42) nT, consistent with what was found
during the previous campaign in La Palma.
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A fourth demonstration was carried out at the Lijiang Observatory (China), using
a 18 W continuous wave Raman-fiber-amplified frequency-doubled laser, employing
the intensity-modulation approach of Ref. [20]. The 1.8 m receiver telescope was
equipped with a narrow-band sodium filter, a CCD camera and a photon counter.
The novelty in this experiment was the introduction of gated photon-counting detec-
tion implemented with a field-programmable gate array (FPGA) as a way to detect
the signal from selected portions in the sodium layer and therefore as a mechanism
to achieve altitude-resolved magnetic field measurements. The FPGA was used to
control the intensity modulator and to acquire the signal during the counting-gate.
The duration of the frequency sweep was only 250 ms. The short scan helped re-
moving low-frequency noise contributions such as wind turbulence, fluctuations of
the laser power, and beam pointing. The signal during this short scan was too small
to distinguish the resonance, so an accumulation of multiple scans was required. A
Larmor frequency of 322.95 kHz, corresponding to a mesospheric magnetic field of
46148 nT was found. The sensitivity was found to be 849 nT/

√
Hz, limited by the

small returned intensity and scintillation as the dominant source of noise. In a future
version of the experiment, authors plan to introduce the lock-in detection technique,
as used elsewhere.

The Mesospheric Optical Magnetometry project in Norway aims at investigating
the so-called field-aligned (Birkeland) electric currents in the atmosphere using LGS
magnetometry as a tool to sense local disturbances of the magnetic field in the
auroral region. (Scientific motivations of this experiment are discussed in Sec. 4.8.)
It is planned to adapt the existing lidar facility at the Arctic Lidar Observatory for
Middle Atmosphere Research (ALOMAR) observatory in northern Norway, which
is regularly used to measure temperature and wind profiles in the sodium layer.
One of the challenges of this experiment is the reduced sensitivity arising from the
small angle between the laser beam and the magnetic field when pointing at zenith.
As discussed in Sec. 6, see Fig. 19(b), a possible solution can be using alignment-
rather than orientation-based magnetometry. Alternatively, the capability of the
lidar facility to steer the beam up to 30° zenith angle would allow pointing the beam
in a more favorable direction to obtain better sensitivity [121]. The large area of
the 1.8 m diameter receiver telescope will be essential for maximizing the photon
collection efficiency.

4.7. Summary and future directions

Lock-in detection was one of the key elements for the success of the experiments.
Otherwise, direct measurements should be fast enough to minimize intensity fluc-
tuations due to scintillation and sodium-density fluctuations, at the cost of a low
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signal strength. As the time of flight of the pulses changes with the distance to the
mesosphere for different elevation angles, the phase of the lock-in detection must be
appropriately adjusted.

While the agreement between the observed and simulated resonances (see, for
example, Fig. 13) is generally satisfactory, it is not perfect. It could be improved
with additional sensors to monitor the atmospheric turbulence, which determines the
statistical intensity distribution of the laser beam in the mesosphere, and a sodium
lidar, which allows to track changes in the vertical sodium distribution, would provide
realistic input values to the physics models. As it is, since the relevant quantities
like the Na density can vary during a night by a factor of 2-10, some discrepancies
between observations and models are expected.

A high throughput receiver is essential to maximize the strength of the return
signal. A telescope with a large collecting area is desirable, provided that the re-
flectivities of all surfaces are optimal. In practice, a smaller telescope could provide
comparable efficiency, due to the minimal number of optical surfaces and the ease
of maintaining high reflectivity of all components. Regarding laser technology, a
boost in return flux could be obtained with higher-power lasers and the introduc-
tion of chirping technology [122, 123]. The basic idea here is that the use of high
laser power desired for high photon return leads to the depletion of the resonant
velocity group of atoms. Since the absorbed laser photons always impart a recoil
in the direction of the laser beams, the atoms accumulate in a velocity group adja-
cent to the resonant one with the velocity directed away from the laser. If the laser
frequency is chirped, this can lead to a noticeable improvement of the return and,
correspondingly, the statistical sensitivity of remote magnetometry.

4.8. Application: geomagnetism

Geomagnetic field is extensively monitored with a global network of magnetic
observatories on the Earth surface [88] and with magnetometers on board satellites
[124, 125]. In the past, vertical profiles were measured using rockets [126–132]. Less
frequently, aerial surveys are performed using magnetometers suspended from a he-
licopter or a plane flying a few kilometers above the surface, and typically cover
a specific area of interest (group of islands, region, etc.) [133, 134]. A review on
the magnetometer technologies in aerospace applications can be found in Ref. [135].
Scarce information exists between near-Earth (≈ 2 km) and space magnetic obser-
vations (≈ 300 km), and this lack of information translates into altitude inaccuracy
of geomagnetic models and reduced knowledge of geologic and tectonic features at
these spatial scales.

The geomagnetic field is a continuum which connects different parts of Earth to
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Table 3: Summary of mesospheric magnetometry experiments.

Site

Parameters Steward Observ. ORM1 ORM1 Lijiang Observ. ALOMAR2

Arizona, USA La Palma, Spain La Palma, Spain China Observ., Norway

Peak laser power 3.8W 15W 12.5W 18W 10W

Modulat. format Pulsed, intensity Pulsed, intensity cw, polarization Pulsed, intensity Pulsed, intensity

Polarization σ− σ− σ+ ↔ σ− σ− -

Receiver diameter 1.55m 0.35m 0.35m 1.8m 1.8m

Larmor frequency 318.0 kHz 260.4(1) kHz 260.0(3) kHz 322.6 kHz 350 kHz3

Sensitivity 162 nT/
√
Hz 28 nT/

√
Hz not stated 849 nT/

√
Hz -

B-field angle 60 ° 66 ° to 90 ° 80 ° 58 ° 138–168 °

Elevation 60 ° 51 ° to 75 ° 64 ° 90 ° 60 °

Comments Ref. [18] Ref. [19] Ref. [21] Ref. [20] Ref. [121]

Planned expt.

1 Observatorio del Roque de los Muchachos.
2 Arctic Lidar Observatory for Middle Atmosphere Research.
3 Expected Larmor frequency based on ground magnetic field data.

each other and to nearby space. Also, the geomagnetic field has a broad spectrum
of spatial scales, each of which is linked to different sources and processes [136, 137].
The geomagnetic field is time-varying from slow geological time scales to fast events
connected to space weather and its influence in the ionosphere and magnetosphere.
Therefore, continuously monitoring the geomagnetic field in time and space is crucial
for understanding the complex interplay among the processes that generate and
modify the geomagnetic field, as well as for practical applications like mineral and
archaeological prospecting [138].

It is particularly important to understand the geophysical processes occurring
in the lithosphere, which is the outermost solid layer of Earth comprising the crust
and the upper mantle. Processes such as volcanic activity, motion of tectonic plates
(leading to earthquakes), soil formation, and oceanic crust subduction, can be stud-
ied through the measurement of magnetic signatures enabling remote access to in-
ternal properties of Earth. These signatures are frequently associated with magnetic
anomalies or small deviations from the main field. However, measurements from
space lack high spatial resolution due to the long distance from lithospheric sources.
Surface measurements are affected by local magnetic sources and insufficient for pro-
viding adequate spatial information in a continuous manner. Here, the altitude of
magnetic field observations is a critical variable for high-resolution mapping, and for
separating external magnetic fields from the lithospheric contribution [139, 140]. For
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these reasons, monitoring the geomagnetic field at 85–100 km altitude continuously
and with spatial resolution could contribute to the mapping and understanding of
the inner Earth.

It is also important to have access to measuring the magnetic field at high altitude
because it allows to monitor space weather as the main driver of the external field.
Due to the proximity of the sodium layer to the D and E regions of the ionosphere
(between 70 km to 120 km altitude) measuring the geomagnetic field in the meso-
sphere opens the possibility to map local current structures in the dynamo region
[87].

In fact, there is an increasing interest to employ LGS magnetometry as a tool to
investigate the magnetic field disturbances in the mesosphere around the polar region
[121]. The driver of this research is to advance the understanding of the ionospheric
current system whose changes are connected to solar activity, gravity waves, and the
interaction between the ionosphere and thermosphere system [141]. The technique of
LGS magnetometry has the potential to probe magnetic field disturbances produced
by small-scale auroral electric currents in the E-region that can only be detected by
a sensor nearby, where only sporadic research rocket measurements have access to.

4.9. Directions for future progress

After the successful demonstrations of LGS based magnetometry, there are many
directions for refinement and improvement of the technique, including:

• Development of compact systems for deployment on regional and global net-
works of magnetometers. Laser technology has evolved such that robust sys-
tems currently employed in astronomical observatories, could be also trans-
formed into dedicated magnetometry systems for field deployment.

• Increased sensitivity with readily available higher power guide star lasers (the
power of the cw lasers currently used in LGS is approaching 100 W).

• Development of methods to measure the B-field in polar regions (for example,
by using alignment based magnetometry).

• Development of methods to sense gradients in the B-field. This can be done by
“synthetic gradiometry”, i.e., by combining readings from several LGS magne-
tometers or by toggling the LGS location on the sky.

• Development of methods to get altitude resolution, likely with pulsed laser and
gated receivers.
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• Development of methods to sense during daytime, which would bring additional
information about daylight phenomena and allow uninterrupted around-the-
clock observation.

• Improving the sensitivity by increasing the return-photon signal via mirrorless
lasing Sec. 5 or satellite-assisted techniques Sec. 6.
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5. Mirrorless-lasing magnetometry

One of the possible detection modalities considered as part of the original REMAS
project (Sec. 2.1) involved detection of amplified spontaneous emission (ASE) from
excited Xe or Kr atoms. The potential advantage of such detection as opposed to de-
tecting nearly isotropic fluorescence is that the ASE beam could be directional, with
one of the preferential emission directions being back towards the source. Obtaining
directional emission from atmospheric Xe and Kr is challenging, and, as far as we
know was not accomplished in relation to REMAS. The basic idea was revived many
years later in the context of LGS magnetometry, although on-sky demonstration has
not yet been reported.

Although LGS-based magnetometry, see Sec. 4, is the state of the art of remote
Earth-field magnetometry, the sensitivity of current scheme, based on nearly isotropic
fluorescence, is limited by the scarce amount of detected light from the mesosphere,
because the small solid angle (typ. 10−10) of detection. This strongly limits the
magnetic field sensitivity to about 28 nT/

√
Hz, necessitating measurement times

over several minutes in order to achieve the desired levels of sensitivity with this
technique [142]. Thus, a natural improvement of LGS-based techniques for remote
magnetometry relies on increasing the return flux of the LGS. In addition to improv-
ing the magnetic sensitivity, increasing the return flux would have a high impact in
astronomy because the performance of adaptive optics systems increases with the
return flux, and the requirements are stringent in view of the upcoming generation
of extremely large telescopes. Increasing the return flux could also enable daylight
operation of LGS based instrumentation.

One way to address this issue is to “force” the atoms to radiate back toward
the source. The use of mirrorless lasing [143] for increasing the LGS return flux was
suggested in [144]. It was indeed demonstrated, in laboratory conditions, that highly
directional emission of infrared light in the backward direction can be generated from
sodium vapors excited by two cw lasers [145], see Sec. 5.1. Later, these studies were
extended to remote detection of the sodium ground-state free-precession under the
influence of an external magnetic field by the generated infrared light [22], see Sec. 5.2.
The latter is promising for remote sensing of Earth magnetic field as the technique
enables scalar magnetometry in the Earth-field range without the need of calibration,
see Sec. 5.3. A work-in-progress modelling of mirrorless lasing is presented in Sec. 5.4.
Scaling of this technique to the sky is being investigated, see Sec. 5.5.

5.1. The concept

The results reported by in Ref. [145] originated from the idea of inducing laser-like
emission from the sodium layer, which due to its high directionality in the backwards
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Figure 14: Experimental setup for ML-based stand-off magnetometry. Blue shading on the upper
left represents a measurement period. PD – photodiode; PBS – polarizing beam splitter; GP –
glass plate; L – lens; BD – beam dump. The right inset shows the energy levels of sodium

direction, could increase the return flux by several orders of magnitude with respect
to traditional sodium laser guide stars. Although the general physical mechanisms of
ASE generation were understood, other effects were found during the experiments,
for example the spiking behavior of ML [146] and the dependence of the strength
of coherent emission on the local magnetic field. The latter was recently used to
perform stand-off magnetometry from a sodium vapor cell [22] as discussed in the
following section.

5.2. Experimental realization

The energy level scheme used in Ref. [145] to demonstrate Continuous mirrorless
lasing in sodium vapor is shown in Fig. 14. Lasing was based on amplified 2.21µm
spontaneous emission between the 4P3/2 and 4S1/2 states. To achieve this, the atoms
in the 3S1/2 ground level were pumped successively to the 4D5/2 state with a 589 nm
light beam resonant with the 3S1/2 to 3P3/2 transition and a 569 nm light beam
resonant with the 3P3/2 to 4D5/2 transition. These two co-propagating light beams
were spatially overlapped and were set to the same circular polarization to enhance
the overall pumping rate. Atoms in the 4D5/2 state decay into the 4P3/2 state,
resulting in population inversion between the 4P3/2 and 4S1/2 states in an elongated
interaction region defined by the light beams. Such population inversion provides
gain for the 2.21µm spontaneous emission and leads to 2.21µm mirrorless lasing
both in the forward and backward directions. The backward-directed radiation can
be used for remote magnetometry, as the amount of population inversion and the
intensity of subsequent mirrorless lasing are dependent on the ground-state spin
polarization, and thus are influenced by the magnetic field.
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A challenge for extending mirrorless lasing detection to high-sensitivity magne-
tometry is that the strong light required for generation of mirrorless lasing inevitably
disrupts the ground-state spin precession, which is incompatible with continuous
readout of spin polarization commonly used in atomic magnetometers. To overcome
this challenge, a three-stage method based on the principle of “free” Larmor pre-
cession of the ground state atomic spins was adopted [22]. The three stages are: 1.
Optical pumping of the ground-state spin polarization with a 589 nm pump beam
tuned to the sodium D2-line (3S1/2 → 3P3/2 transition); 2. Free evolution of the
atomic spins “in the dark”; 3. Readout of the atomic polarization via mirrorless
lasing, the intensity of which depends on the ground-state spin polarization. The
measurement is repeated with different evolution times, and the combined result re-
constructs the full evolution of spin polarization, which is a damped oscillation with
a central frequency at the Larmor frequency, see Fig. 15(a). Measuring the central
frequency enables scalar magnetometry that does not require calibration or precise
knowledge of multiple experimental parameters in mirrorless lasing, see Fig. 15(b)
and Fig. 15(c).
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5.3. Applications

As most of the experimental apparatus can be remote from the atomic vapor sens-
ing the magnetic field, this mirrorless lasing-based stand-off magnetometry provides
opportunity for hazardous environment monitoring or remote geophysical research.
For example, it can be operated in harsh environments near nuclear reactors or par-
ticle accelerators, where it is impossible to place conventional sensors or electronics.

In the case of vapor cell mirrorless lasing magnetometry, the sensitivity could,
in principle, be further improved if the vapor cells are filled with buffer gas such as
He, N2 or Ne to extend coherence times as the atoms would spend more time in the
light-beam area. This is a subject of ongoing research.

Apart from using vapor cells or the mesospheric sodium, sodium vapor can also
be produced in plasma near the surface of salt water (or similar environments).
Magnetometry with sodium atoms in such plasma was recently demonstrated [64]
and this approach can potentially be combined with mirrorless lasing, another topic
of current research.

5.4. Theory

The problem of directed mirrorless emission has been studied by various authors
in the decades since the invention of the laser [147–149]. In the context of remote
sensing, it is typical not to make a distinction between amplified spontaneous emis-
sion and mirrorless lasing, and we follow this approach here as well, even though one
may discuss possible differences based on, for instance, the second-order correlation
function of the light.

Below we briefly outline our work-in-progress estimates relevant for atmospheric
remote magnetometry. A similar discussion can be found in Ref. [150].

Consider an atomic medium with a ground state |0⟩ and three other states that
decay in a cascade |3⟩ → |2⟩ → |1⟩ → |0⟩ (see the inset in Fig. 16). Atoms are
pumped from the ground state to the state |3⟩ at a rate P . If the effect of reabsorbed
light on the level populations is negligible (an assumption examined below), the
steady-state population densities n0,1,2,3 of the states can be deduced from

n0 + n1 + n2 + n3 = nt ,

Γ2n2 − Γ1n1 = 0 ,

Γ3n3 − Γ2n2 = 0 ,

Pn0 − Γ3n3 = 0 ,

(10)

where nt is the total population density and Γi are the spontaneous decay rates
with all other decay branches being negligible. Assuming high enough pumping rate
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Figure 16: Mirrorless lasing in a pencil-shaped sample. The inset shows a simplified level and
transition scheme (see text).

(another assumption examined below), P drops out and we find

n1 =
nt

1 + Γ1/Γ2 + Γ1/Γ3

,

n2 =
nt

1 + Γ2/Γ1 + Γ2/Γ3

.
(11)

This gives for the inversion density ni = n2 − n1 on the |1⟩ → |2⟩ transition

ni =
Γ1/Γ2 − 1

1 + Γ1/Γ2 + Γ1/Γ3

nt . (12)

We see that population inversion (positive ni) can be obtained if Γ1 > Γ2, i.e., if
atoms decay out of state |1⟩ faster than they are replenished by decay from state |2⟩.

Now consider a column of such atoms with cross-section A and length L. Photons
are spontaneously emitted on the |2⟩ → |1⟩ transition at a rate Γ2n2. For simplicity,
we assume that the photons are emitted isotropically. A photon resonant with the
|1⟩ → |2⟩ transition that travels a distance dℓ through the medium has a probability
n1σdℓ to be absorbed and n2σdℓ to stimulate emission, for a net emission proba-
bility niσdℓ, where σ is the resonant absorption cross section for the transition. (σ
is proportional to the square of the transition wavelength, with numerical factors
depending on the angular momenta and branching ratio involved in the transition.)
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If the transition is Doppler broadened with width ΓD, only a fraction Γ2/ΓD of the
photons will be resonant, so the average emission probability over all photons is dℓ/ℓi,
where ℓi = ΓD/(niσΓ2) is the “net emission length” – the travel distance through
the atomic medium required for a photon to induce at least one net emission on
average. Considering any straight-line path through the medium, we write LΩ(ℓ) (in
units of photons/s/sr/m2) for the radiance of photons traveling along the path, i.e.,
the number of photons per unit time passing through an area element dA containing
the point at distance ℓ along the path within a differential solid angle dΩ containing
the path direction. Including the spontaneous and stimulated emission terms from
above, the change in radiance along such a straight-line path is described by

dLΩ(ℓ)

dℓ
=

LΩ(ℓ)

ℓi
+

Γ2n2

4π
. (13)

Integrating over the path, we have

LΩ(ℓ) =
ℓin2Γ2

4π
(eℓ/ℓi − 1) . (14)

If we take the detector to be far from, and on-axis with, the column, we need consider
only photons that travel nearly lengthwise down the column with path length L in
the medium. Thus, integrating over the area A, we find for the photon radiant
intensity IΩ (in photons per steradian) at the detector

IΩ,det =
Aℓin2Γ2

4π
(eL/ℓi − 1) =

A

4πσ

Γ1ΓD

Γ1 − Γ2

(eL/ℓi − 1) . (15)

If the detector is off-axis from the column, a geometrical factor will arise due to the
fact that photons arriving at the detector have traveled different lengths through the
active medium.

For an optically thin medium, L/ℓi ≪ 1, the radiant intensity (15) reduces to

IΩ,det ≈
ALn2Γ2

4π
, (16)

i.e., the photons due to spontaneous emission only, and the intensity increases linearly
with L/ℓi. On the other hand, above the optical thickness threshold L/ℓi > 1,
Eq. (15) indicates that the intensity approaches exponential growth. This threshold
condition gives the minimum atomic density needed for mirrorless lasing. If we drop
the assumption of very high pumping rate P , the optical thickness also becomes a
function of P , leading to interdependent thresholds for density and pumping rate.
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The exponential increase of emission with optical thickness cannot continue for-
ever. If the photon irradiance (photon flux per unit area) E becomes large enough to
perform significant pumping on the |1⟩ → |2⟩ transition, the |1⟩ and |2⟩ populations
will start to equalize, causing saturation. Saturation occurs at an irradiance on the
order of

E ∼ ΓD

σ
. (17)

The highest irradiance occurs at the end of the column. We can find the irradiance
there by integrating the radiance (14) over solid angle. For a sufficiently long and
narrow column (A ≪ L2) and large enough optical thickness, the intensity will be
dominated by the photons that have traveled on the paths of length L that begin
at the other end of the column. These paths occupy a solid angle of A/L2, so the
integration is equivalent to multiplying (14) by A/L2 and setting ℓ = L:

Eend =
A

L2

ℓin2Γ2

4π
(eL/ℓi − 1) . (18)

Comparing with Eq. (15), we see that the irradiance at the end of the column is
related to the radiant intensity at the detector by

Eend =
IΩ,det

L2
. (19)

Thus, equating (17) and (19), the ASE radiant intensity at the detector will begin
to saturate at

IΩ,det ∼
L2ΓD

σ
, (20)

which, from Eq. (15), corresponds to an optical thickness of on the order of

L/ℓi ∼ ln

(
4π

L2

A

Γ1 − Γ2

Γ1

)
. (21)

We can apply an analysis of this sort to estimate the threshold pump laser power
and atomic density for the experimental realization of mirrorless lasing in sodium
discussed in Sec. 5.2 and Ref. [145]. The sodium system is more complicated than the
four-level system considered above, and requires two pump laser fields (Fig. 14). We
form the equations for the atomic steady state [analogous to Eq. (10)], including the
Zeeman substructure for each level, but neglecting hyperfine structure for simplicity.
We also include the effect of the atomic Doppler shifts by dividing the atomic velocity
distribution into velocity groups and solving for each group separately. Using the
reported values for the laser beam diameters and the temperature of the atomic
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Figure 17: (a) Estimated above-threshold mirrorless lasing region (shaded) as a function of 589 nm
and 569 nm pump power at a fixed atomic column density (1.2 × 1011 cm−2) for the conditions of
the experiment in Ref. [145]. (b) Above-threshold region as a function of 589 nm pump power and
column density, taking 569 nm pump power to be eight times 589 nm power.

medium [145], we can solve numerically to find the lasing threshold (optical thickness
equal to one) as a function of laser power and atomic column density. Figure 17(a)
shows the pump powers above threshold (shaded region) for a fixed value of column
density. We see that the optimal power in the 569 nm pump field is proportional to
that of the 589 nm field. Varying the power of the two pump fields proportionally,
we plot the region above threshold as a function of pump power and column density
in Fig. 17(b). The estimated threshold values shown here are around an order of
magnitude smaller than those reported in Ref. [145]. For example, the experimental
threshold column density was found to be about 3×1012 cm−2 for 30 mW pump power
at 589 nm and 12 mW at 569 nm, whereas our estimate from Fig. 17(b) is less than
2 × 1011 cm−2 for high enough pumping rates. This may be partially explained by
simplifications that we made in the model, including neglecting hyperfine structure.

5.5. Scaling to the sky

In analyzing a potential mirrorless-lasing experiment in the mesospheric sodium
layer, there are a number of complicating factors relative to a vapor-cell experiment
such as described in Ref. [145]. These include collisions between the sodium atoms
with nitrogen and oxygen molecules, which cause changes in atomic velocity, spin
randomization, and quenching, the velocity-changing effect of radiation pressure due
to the pump light, and spin precession due to the geomagnetic field [71]. However, if
we neglect such complications, we can apply the same estimate discussed at the end
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Figure 18: Estimated above-threshold mirrorless lasing region (shaded) for the mesospheric sodium
layer as a function of 589 nm pump power and sodium column density, taking 569 nm pump power
to be eight times 589 nm power.

of Sec. 5.4 for the vapor-cell experiment to the mesospheric case. For the scheme with
ASE at 2.2µm, this requires adjusting only the values of the laser-beam diameters,
which we take to be 1 m for the sodium-layer experiment, and the temperature of the
medium, which is an average of 185 K in the mesosphere. The resulting threshold
curve is shown in Fig. 18. The much larger laser beam diameter means that higher
pump power is required than for the vapor cell (note that the light power in Fig. 18
is given in watts, as opposed to milliwatts for Fig. 17). The larger difficulty, though,
is that the natural column density of the sodium layer is approximately 4×109 cm−2,
more than an order of magnitude below the (likely optimistic) estimated threshold
column density shown in Fig. 18, and there is no way to control this density, short
of extreme measures such as seeding the mesosphere with sodium.

Alternative pumping schemes involving ASE on other transitions can be more
favorable. In particular, longer wavelength transitions have larger absorption cross
sections (proportional to λ2) and narrower Doppler widths (inversely proportional
to λ), which tends to increase optical thickness. However, differences in lifetimes
and branching ratios may cancel out these gains. For example, an estimate for a
scheme involving 10.8µm ASE on the 6S1/2 to 6P3/2 transition of Na indicates that
the column density requirement could be a factor of approximately three lower than
for the estimate shown in Fig. 18.

A survey of all possible transitions in atoms and ions in the upper atmosphere that
require either one- or two-step excitation was performed in Ref. [89]. It was concluded
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that none of the metallic species present (Na, Fe, Mg+, Si+, Ca+, and K) possesses
a transition that could produce an optical thickness significantly greater than one,
and so atmospheric mirrorless lasing in these species was ruled out. (The 10.8µm
transition mentioned above provided the highest potential optical thickness.) On the
other hand, atmospheric O, N, and N+ were found to have transitions viable for ML,
although excitation schemes would be challenging, as the excitation wavelengths are
outside the atmospheric transmission window.

A possible approach to reducing the column density requirement is to perform
“snowplowing” of the atomic velocity distribution using frequency-chirped pump
light, thus reducing the Doppler width of the mesospheric sodium. This type of
technique has been studied [122] and demonstrated [123] as a means of combating the
hole-burning effect of radiation pressure. However, a much more radical modification
of the atomic velocity distribution than was shown in these studies would be needed
in order to significantly reduce the threshold column density for mirrorless lasing.
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6. Satellite-assisted magnetometry of mesospheric sodium

6.1. The concept

Satellite-assisted magnetometry was proposed as an alternative approach to ad-
dress the relatively limited sensitivity and operating schemes of fluorescence based
mesospheric Na magnetometry as discussed in Sec. 4. Motivated by recent advances
in small, inexpensive satellite platforms such as CubeSats [151, 152], this proposal
suggests the direct detection of laser photons by employing a miniaturized track-
able satellite equipped with a polarimeter. After optically pumping the sodium
atoms in the mesosphere, the Larmor frequency could be measured by detecting the
magneto-optical rotation or the transmission of the polarized probe-laser light with
the photodetector onboard the satellite.

Figure 19: (a) A schematic illustration of the experimental setup. (b) Measurements of Earth’s
magnetic field near the poles and at the equator. (c) Laser beam control sequence. (d) Laser beam
cross section at the altitude of the satellite, showing pump and probe regions within the laser beam
while tracking.
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6.2. Possible protocols and sensitivity

The proposed system involves a ground-based telescope that launches pump and
probe beams, and a trackable miniaturized satellite launched into low Earth orbit
(LEO) at an altitude of 500 km (this choice is somewhat arbitrary; we use this value
for estimates). Once the satellite is within the laser spot, pumping is performed for
about a millisecond (several atomic sodium ground-state spin relaxation times). The
pump beam could either be modulated (in amplitude, frequency, or polarization)
synchronously with the Larmor precession or be a strong continuous light pulse.
The pumping interval is followed by optical probing of comparable duration when
polarization rotation is monitored. Each pump-probe measurement cycle takes about
2 ms and can be repeated as long as the satellite is visible within the laser beam. A
wavelength of 589 nm and a launch telescope diameter of 30 cm result in a beam spot
size of 0.5 m at the Na layer (2.4 m at the altitude of the satellite). With a typical
guide star laser power of 20 W, the sodium saturation parameter is on the order of
102. This means that there is enough light to polarize the sodium atoms, and that
the probing power needs to be attenuated to avoid repolarization. Alternatively, the
beam area could be increased by two orders of magnitude so that efficient pumping
can be achieved without introducing depolarization effects upon probing.

In general, the launched laser beam makes an arbitrary angle with the Earth’s
magnetic field. However, one can identify two extreme cases, namely measurements
near the poles, where the magnetic field lines run parallel to the laser beam, and at the
equator, where they are perpendicular to each other. The field-dependent magneto-
optical rotation can be estimated given the Na absorption length and decay rate.
In this measurement, we expect the sensitivity to be limited by photon shot noise,
which is solely determined by the total number of photons Np that the satellite could
detect. Assuming an on-board detector with a diameter of 10 cm, Np is approximately
1.0×1015 s−1, leading to a sensitivity of 4.9 pT/

√
Hz when measuring at the equator,

and half that value at the poles.
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7. Air lasing and its application to magnetometry

Processes resembling mirrorless lasing in Na discussed in Sec. 5 can also occur with
more common species occurring in the atmosphere. In fact, a process of stimulated
emission in which one of the naturally occurring species in the atmosphere turns into
the active medium of a laser is referred to as “air lasing”. This became possible with
the advent of powerful pulsed lasers and remains an active area of current research
[153].

A large body of work studies remote sensing diagnostics to monitor combustion
processes in gas mixtures, see [154]. In the context of remote atmospheric sensing
as discussed above, directionality and coherence of amplified spontaneous emission
boost the signal at the receiver. For combustion studies, lasing of some of the con-
stituents is often more of an unwanted effect since interference effects have to be
taken into account that often reduce spatial resolution.

Air lasing was demonstrated with many different schemes and gain media. The
paper describing the first experimental demonstration of amplified spontaneous emis-
sion in air recognized the potential for remote sensing [155, 156]. In 2003 Luo et al.
observed an exponential increase in the amount of back-scattered fluorescence from
N2 molecules that were subjected to an intense 42 fs laser pulse. The high laser
intensity of up to 5 × 1013 W/cm2 creates a so-called filament in nitrogen gas, i.e.
a low-density plasma column left behind a continuous series of self-foci as a result
of the dynamic interplay of nonlinear effects. The amount of back-scattered light
associated with transitions in molecular nitrogen as well as molecular nitrogen ions
scaled exponentially with the length of the filament: a clear sign of amplification in
the backward-scattered fluorescence.

In 2010, Arthur Dogariu et al. experimentally demonstrated high-gain backward
lasing in air [157]. The experiment used a 226 nm, 100 ps pulsed laser to first disso-
ciate molecular oxygen and then pump the resulting atomic oxygen in a two-photon
process into an excited state, see Fig. 20. Optical gain and lasing are then observed
at 845 nm. Further measurements confirmed a gain of 62 cm−1 for this wavelength,
the directionality via a measured divergence of 40 mrad consistent with diffraction
limited lasing from the cross section of the pump volume, and an intensity ratio of
about 8000 into the same solid angle between light emitted in the backward direction
and orthogonal to it.

Several other groups are working on various aspects of air lasing with molecular
nitrogen or oxygen. A comparative study [158] explored nitrogen lasing in a selec-
tion of gas mixtures (nitrogen with argon, neon or xenon). Several variations on the
method were proposed by researchers who were interested in methods for the detec-
tion of trace impurities in the atmosphere and refer to it as standoff spectroscopy
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Figure 20: Schematic of the “air-lasing” experiment reproduced from Ref. [157]. Ultraviolet light at
226 nm dissociates oxygen molecules and excites oxygen atoms from the ground state via two-photon
absorption. Population inversion and mirrorless lasing occur at the infrared 845 nm transition.

(SOS) [159]. An interesting idea is to make use of the dispersion properties of light
in air to overlap laser pulses of different wavelength at an arbitrary distance. Light
pulses with smaller group velocity are followed with delayed pulses with larger group
velocity. When the pulses overlap nonlinear processes including atmospheric self-
focusing create a weakly ionized seed plasma filament, this plasma is then “heated”
by another longer (ns) pulsed laser beam to increase the plasma density, resulting
in a stronger counter-propagating laser signal [160]. Another variation on the op-
tical dissociation technique was demonstrated with water vapor [161]. The authors
showed backward and forward lasing from water vapor in air with a three-photon
process: an initial photon dissociates hydrogen from oxygen, followed by two-photon
pumping of hydrogen producing lasing on the Balmer-alpha line.

Apart from molecules present in the air (O2, N2 or water vapor), lasing activity
can also be generated using existing atomic species in the atmosphere. For example,
backward air lasing using argon with a molar fraction down to 10% was demonstrated
[162]. The authors have observed collimated, narrow-band and coherent emission at
1327 nm after femto- and picosecond excitation at 261 nm. Mechanisms of air lasing
in argon have been recently elucidated in Ref. [163].

Stand-off atmospheric magnetometry can be envisioned by means of magnetic-
field-dependent microwave scattering from laser-induced plasmas. The authors of
Ref. [164] have shown that the depolarization of plasma-scattered microwaves is af-
fected by both the direction and magnitude of the magnetic field and could constitute
a way to realize remote atmospheric vector magnetometry with nanosecond temporal
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resolution.

8. Conclusions and outlook

Remote-detection optical magnetometry is important for a variety of applications
ranging from defense to basic atmospheric and geosciences. Although the field is
more than half a century old, its development has not been as fast as in some other
technological areas. However, the advent of powerful lasers and modern nonlinear-
optics techniques gives the field a new boost, with “sky magnetometers” based on
laser-guide star techniques appearing to be particularly promising.

Although this review is largely limited to Earth-based remote sensing, the dis-
cussed methods can also be applied in the field of space, and in particular, planetary
magnetometry. Indeed, a general problem for spacecraft-based magnetometry is the
familiar issue of discrimination of the external signals of interest from the platform
noise [165]. Here, remote detection may, once again, provide a powerful solution.

We predict that the growing adoption of Artificial Intelligence (AI) will drive
demand for advanced sensing techniques, particularly remote sensing. Historically,
processing large, noisy datasets (for example, from urban environments [9]) has been
a major bottleneck. However, data processing automation, enabled by AI-driven
correlation recognition and anomaly detection, now overcomes this obstacle [166],
fueling growth in the field reviewed here.
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[139] E. Thébault, M. Purucker, K. A. Whaler, B. Langlais, T. J. Sabaka, The
Magnetic Field of the Earth’s Lithosphere, Space Sci Rev 155 (2010) 95–127.
doi:10.1007/s11214-010-9667-6.
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