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The spin and electronic degrees of freedom in atomic systems provide sensitive and versatile means for detecting electro-
magnetic fields, from DC to THz frequencies, with spatial resolutions ranging from the nanoscale to meter scale. Such
sensors offer unique advantages compared to classical approaches, resulting from their intrinsic quantum nature. We
review three different sensor modalities: atomic vapor magnetometers, nitrogen-vacancy-center magnetometers, and

radio-frequency sensors based on Rydberg atoms. We emphasize the unique features and capabilities of these types of
sensors in the context of real-world applications. © 2025 Optica Publishing Group under the terms of the Optica Open Access

Publishing Agreement
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1. INTRODUCTION

The measurement of electromagnetic fields is critically important
across a broad range of application spaces. The measurement of
DC or low-frequency magnetic fields enables the detection of
magnetic objects [1,2], geophysical surveying and mapping [3],
measurement of biomagnetic fields [4—6], and low-field nuclear
magnetic resonance (NMR) [7,8], and extends our understanding
of solar radiation and planetary dynamos [9]. Highly localized
magnetic field measurements allow high-resolution magnetic
imaging [10,11], for example, of integrated circuits [12] or bac-
teria [13], studies of processes within single living cells [14], the
probing of two-dimensional magnetic materials and supercon-
ductors [15], and single-spin nuclear magnetic resonance [16].
The detection of RF fields is essential for research and industrial
applications in areas such as communications [17], radar [18],
and imaging [19]. There are many classical sensor modalities
that enable such measurements, but quantum sensors often offer
unique advantages.

Atom-based quantum sensors use induced shifts of the energy
levels in atomic systems to detect applied electric and magnetic
fields [20]. Ata basic level, such shifts are determined uniquely by
quantum mechanics and fundamental constants of nature such
as the fine structure constant and the Bohr magneton. As a result,
sensors based on atomic systems typically have excellent long-term
frequency stability and can also have intrinsic accuracy, traceable

Journal © 2025 Optica Publishing Group

to the Systtme Internationale (SI). Because individual atoms
have a spatial dimension on the order of 0.1 nm, exquisite spatial
resolution can be obtained. In addition, weak interaction with
the environment, especially for atoms in the vapor phase, implies
slow relaxation and correspondingly narrow transition linewidths,
leading to high sensitivity.

Quantum mechanics also creates challenges for such sensors.
The discrete nature of the measurement process introduces quan-
tization noise that is not present in classical systems composed of a
large number of particles. This “quantum projection noise” [21]
creates an important limit to the signal-to-noise ratio that can be
achieved with a finite number of particles and correspondingly
limits the achievable sensitivity.

In this review, we discuss the unique features and particular
strengths of atom-based quantum sensors, with an emphasis on
how such sensors are used in applications today. It is intended for
those unfamiliar with the field of quantum sensing and provides a
general introduction to the most basic aspects of quantum sensors
such as optical pumping, coherent excitation, and quantum noise.
We describe three different quantum sensor modalities as illustra-
tive examples: atomic vapor magnetometers, nitrogen-vacancy
centers in solid-state systems, and Rydberg-atom-based sensors
of radio-frequency (RF) fields. We discuss the advantages and
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limitations of sensors using entanglement and squeezing in atom-
based sensors and conclude with an outlook on the future of this

field.

2. QUANTUM SENSING

Sensors are used to measure a broad range of quantities includ-
ing thermodynamic properties (temperature, pressure), fields
(electric, magnetic, gravity, optical) and chemical characteristics
(composition, molecular structure). Many classical sensing modal-
ities exist typically based on some sort of transduction from the
quantity to be measured into an easily detectable output such as
voltage or frequency. Most such classical sensors take advantage
of bulk or macroscopic properties of materials and are typically
subject to thermal noise arising from their coupling to the ambient
environment.

By contrast, quantum sensors deal with weakly interacting
particles or excitations (or ensembles of such quanta) in which the
quantized energy levels are clearly defined. Such particles include
atoms, molecules, photons, and phonons. At the microscopic
level, the interactions of these particles with each other and with
external fields are governed by the laws of quantum mechanics,
which include wave—particle duality, superposition, entanglement,
and the quantization of energy. Quantum sensing has the same
underlying features as the related fields of quantum computing and
quantum simulation. In all of these areas, quantum-mechanical
particles are prepared in some initial quantum state, they evolve
in the presence of a field or other interaction, and the final state
is read out giving information about the interaction. In practical
realizations of sensors, e.g., Rydberg RF field sensors or atomic
magnetometers, two or all three stages can occur concurrently.

For the case of a two-level quantum system, these processes
are commonly visualized using the Bloch sphere representation
[22,23], as shown in Fig. 1. The quantum-mechanical state |/)
of a two-level atom can be parameterized by two angles 6 and ¢ as
[¥) = cos(8/2)[1) + sin(8/2)e’?|2). Any such state can be rep-
resented as a unit vector on the Bloch sphere with the polar angle
given by 6 and azimuthal angle given by ¢, as shown in Fig. 1(a).
The sensing sequence begins with a state preparation step, in which
theatom is prepared in a specific quantum state sensitive to the field
to be measured, Fig. 1(b). After state preparation, the evolution for
afield applied along the system quantization axis, Fig. 1(c), is given

@
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where Hi, (1, F) is the Hamiltonian governing the interaction of
the atomic degree of freedom p with the field . After some time
T, the newly evolved state of the atom is measured, Fig. 1(d), to
determine ¢, from which the field F is deduced. Atomic ensem-
bles are well-suited to high-performance sensing because typically
the response of the atomic energy levels to an applied field is deter-
mined by quantum mechanics and fundamental constants of
nature. For example, the shift of the ground-state Zeeman levels in
an atom due to an applied magnetic field F = B is given (to first
order) by

AE; = B, )

where e is the charge on the electron, 7, is the electron mass, and
¢ is the g-factor of the atom. This means that to the extent that the
atomic ensemble is isolated from all perturbing effects other than
the measured field, any atom of a given species will always give the
same response to an applied field. Sensors based on atomic sys-
tems therefore fundamentally embody traceability to the Systeme
Internationale (SI) and typically also have associated advantages
such as good long-term stability and repeatability.

State preparation is typically accomplished through optical
pumping [24]. For example, atoms can be spin-polarized through
illumination by polarized light [see Fig. 2(a)] or can be prepared
in unique hyperfine energy levels using light tuned to specific
frequencies [Fig. 2(b)]. In each of these cases, atoms in states that
couple to the optical fields are excited into the upper energy level.
Subsequent decay can be cither to the original level (in which case
the atom is eventually excited again) or to an uncoupled level. Since
the uncoupled level does not interact with the optical field, atomic
population accumulates in this level, thereby preparing the atomic
state.

Not all state preparation involves optical pumping directly.
In Fig. 2(c), an electromagnetically induced transparency (EIT)
system is depicted. The EIT phenomena can be interpreted as an
interference between absorption on the probe laser transition and
a coherent upward and downward coupling laser transition [25].
These processes are w out of phase with each other so when their

(c) (d)

Fig.1. Bloch sphere representation of a two-level quantum system quantum sensor. (a) Representation of a two-level atomic system in terms of parame-
ters O and ¢; (b) initial state preparation; (c) evolution in the presence of a field; (d) final state detection.
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Fig. 2.  Optical fields at w,, pump atoms into uncoupled states.

(a) Spin polarization of atomic systems using circularly polarized light.
Circularly polarized photons add angular momentum to the atoms when
absorbed and preferentially populate certain angular momentum states
(here 72 ¢ + 1). (b) Light tuned to a specific frequency resonant with one
hyperfine level (here F 4 1) pumps atoms into the uncoupled hyperfine
level (F). (c) An EIT ladder scheme typically used to excite Rydberg states.

amplitudes are added, they can reduce the absorption of the probe
laser. In EIT, a pair of resonant optical fields (coupling and probe
lasers) puts the atoms into a coherent superposition of states that
is transparent to the combined optical field. Practically, setting
up EIT in an atom involves consideration of optical pumping for
two principal reasons. First, to increase the coherence time and
available atoms, it is advantageous to work on transitions that
decrease decay out of the target system of energy levels. Likewise,
it is desirable to pump the maximum number of atoms into the
target system of energy levels, provided that collisional dephasing
is negligible. Second, the polarizations of the probe and coupling
lasers set the distribution of magnetic sublevels and hyperfine
states in the Rydberg state. By manipulating those populations, the
sensor can be designed so that itis sensitive to polarization [26].

The coherent evolution of the atom—field interaction occurs
in the presence of relaxation from a variety of physical processes.
Dephasing and decay can occur due to effects such as radiative
emission, collisions, transit time through the sensor, and laser
noise. Radiative relaxation results from spontaneous emission of
light from an excited state. Collisional relaxation occurs when
atoms interact with other atoms, the matrix in which the defects
are contained (phonon relaxation), or the walls of a vapor cell.
Understanding of relaxation mechanisms is important in order to
optimize a sensor. Generally, the longer the time that the sensor
can be influenced by the external field without perturbation, the
more sensitive the measurement can be. The dephasing and decay
mechanisms of the sensor fundamentally limit the sensitivity along
with the constants that determine the response of the sensor to the
electromagnetic field, i.e., the quality factor of the measurement
system and the fundamental signal-to-noise ratio.

A considerable amount of work over many decades has been
focused on reducing the effects of relaxation. Buffer gases and
wall coatings have been developed to reduce wall-induced relax-
ation [24] and Doppler broadening [27] of atomic spins in the
vapor phase. To achieve similar objectives, laser cooling and trap-
ping techniques [28,29] allow one to slow and hold atoms for
extended periods without coming into contact with the container
walls, while spin-echo techniques [30] suppress inhomogeneous
relaxation arising due to magnetic field gradients.

3. EXAMPLES OF QUANTUM SENSING
MODALITIES

When comparing different sensors, there is no single universal
characteristic—each application has its own requirements. While
sensitivity is most common, a plethora of other metrics can be
important, including spatial resolution, bandwidth, accuracy,
dynamic range, dead zones, errors due to changes in orientation
(heading errors), and ease of implementation. In the following, we
discuss three different quantum sensing modalities: atomic vapor
magnetometers, nitrogen-vacancy (NV)-center magnetometers,
and RF electric field sensors based on Rydberg atoms.

A. Atomic Vapor Magnetometers

Atomic vapor magnetometers are based on the Larmor precession
of atomic spins in a magnetic field. The underlying physics has
its origins in the work of Hanle [31], who discovered that the
polarization of the light emitted from an atomic ensemble under-
going resonance fluorescence depended on the applied magnetic
field. In 1957, it was pointed out [32,33] that the precession of
an ensemble of optically pumped alkali atoms in a magnetic field
could be measured optically by detecting the modulated power
of light transmitted through the ensemble. These ideas led to the
rapid development of optical atomic magnetometry throughout
the late 1950s and early 1960s [34-38]. By 1961, an alkali vapor
magnetometer had even been flown in space [39]. Previous reviews
of atomic magnetometers can be found in Refs. [4,40—43]

These early magnetometers were based on an optical measure-
ment of the transverse or longitudinal component of the atomic
polarization precessing in the magnetic field, driven by an applied
RF field, as shown in Fig. 3. Atoms were spin-polarized (state
preparation) through illumination with circularly polarized light,
and their precession (coherent evolution) about the magnetic field
was driven by an applied RF field at the Larmor frequency. The
transverse (M,) or longitudinal (M,) component of the polariza-
tion (with respect to the magnetic field) was then detected using
the AC or DC components of the polarizing field absorption; see
Fig. 3(a). M, magnetometers [44] are now well-developed com-
mercially and are widely used in applications such as geophysical
surveying due to their high bandwidth and simple implementa-
tion. M, magnetometers typically have higher accuracy and lower
heading error [45] but typically suffer from reduced bandwidth.

Precession of atomic spins can also be driven optically [46],
through modulation of the optical pumping field at either the
Larmor frequency [47] (often referred to as a Bell-Bloom mag-
netometer) or the hyperfine frequency [48-50], as illustrated in
Fig. 3(b). In essence, the low-frequency coherences in the atoms
are excited through the mixing of two or more optical frequencies
via the nonlinearity of the atomic response. For these sensors, no
applied oscillating magnetic fields are needed to drive the spin
precession. This allows, for example, standoff, or remote magne-
tometry [51-55] as well as improved long-term stability for use in
space applications [56,57].

Magnetometers based on “He excited with an RF discharge into
a metastable state [58-60] operate in a similar manner to alkali
magnetometers. Since the “He nucleus has no spin or magnetic
moment, heading errors are reduced, and higher accuracy can be
obtained than is typical in alkali magnetometers. It is for this reason
that “He magnetometers are often flown in space [61,62]. The
precession of the nuclear spin of *He (or other noble gases such
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Fig. 3.
sured, and ﬁ(t) indicates the atomic polarization. (a) M, and M,
magnetometers. (b) Bell-Bloom magnetometer. (c) Free-decay magne-
tometer. (d) Magneto-optical-rotation magnetometer. (e) Nuclear spin
magnetometer polarized via spin exchange with optically pumped atoms.

Atomic magnetometers. By represents the field to be mea-

as Kr and Xe) can also be used for magnetometry, typically polar-
ized via spin-exchange [63] with a co-located optically pumped
alkali species. The weak interaction of nuclear spins with the
environment implies relaxation times as long as many hours and
correspondingly higher resonance quality factors. *He magne-
tometers have the best sensitivity of any magnetometer at low
frequencies [64] butalso have low bandwidth.

The stability of atomic magnetometers is often limited by
vector and tensor AC Stark shifts [65-67] arising from the opti-
cal fields used to optically pump (polarize) and probe the atoms
[68,69]. Such shifts can be suppressed through the use of linearly
polarized light in optically driven magnetometers [70], diffusive
atom transport [71], and spatial averaging in wall-coated cells [72].
Alternatively, the magnetometer can be operated in a pulsed mode
as shown in Fig. 3(c). Here the atoms are spin-polarized with a
short pulse of strong optical pumping light. The subsequent pre-
cession in the magnetic field is monitored with a weak probe beam
which only minimally perturbs the atomic energy levels. Such
magnetometers can be combined with quantum-nondemolition
measurements of the spins [73] using a detuned probe to achieve

high sensitivity [74,75] and high bandwidth [76]. AC Stark shifts

can also be useful for suppressing the unwanted effects of non-
linear Zeeman shifts [77], for implementing magnetometry with
RF driving without actual RF fields [78], and to convert a scalar
magnetometer into a vector magnetometer [79].

In order to achieve high signal-to-noise ratios, it is useful to
operate the vapor cell at elevated temperatures (typically 100°C~
200°C). Here, the high vapor density leads to strong relaxation
due to spin-exchange collisions [80,81]. At low magnetic fields,
such that the spin precession frequency is smaller than the col-
lisional relaxation rate, it was discovered that spin-exchange
relaxation can be strongly suppressed [82,83]. This spin-exchange-
relaxation-free (SERF) mode [84] can be used to great advantage
for high-precision magnetometry [85,86], allowing for sensitiv-
ities as low as 160 aT/ +/Hz [87]. Because the Larmor precession
frequency must be small, operation in the Earth’s magnetic field
is usually not possible with this type of magnetometer without
additional elements such as compensation coils.

Highly miniaturized “chip-scale” magnetometers [88,89]
have been developed for which the vapor cells are fabricated using
silicon micromachining techniques [90-92]. Total field magne-
tometers with a sensitivity better than 100 £T/+/Hz at 10 Hz have
been demonstrated [93], while sensitivities of 20 fT/ /Hz have
been achieved in the SERF regime with such cells [94]. Figure 4
shows the sensitivity as a function of measurement frequency
for a number of atomic vapor magnetometers compared to flux-
gate magnetometers, search coils and superconducting quantum
interference device (SQUID) magnetometers.

Laser cooled and trapped atoms including Bose—Einstein con-
densates are another interesting platform for magnetometry, as
reviewed in [105]. While not as practical as other types of mag-
netometers, these devices find application as comagnetometers in
fundamental physics experiments [106], as sensors of surface mag-
netism [107-110], and as part of cold-atom multisensor platforms
on board spacecraft [111].

In addition to sensitivity, there are many other important
properties that characterize atomic magnetometers. These include
accuracy, bandwidth, dead zones, dynamic range, heading error,
and whether the sensor measures the field magnitude (scalar) or
the field along a specific direction (vector). These properties are
illustrated for each sensor type in Table 1. Vapor cell magnetom-
eters are used in geophysical surveying [3,45], magnetic anomaly
detection [1], navigation [112], biomedical imaging [113,114],
space science [9,115], and fundamental physics [116].

B. NV-Center Magnetometers

Since the late 2000s, one of the rapidly developing sensor plat-
forms has been color-center defects in crystalline materials such as
diamond, silicon carbide, and hexagonal boron nitride. Of these,
the most widely used are the nitrogen-vacancy (NV) centers in
diamond. An NV center is comprised of a substitutional nitrogen
atom and an unfilled vacancy in adjacent sites in the diamond crys-
tal. NV centers may exist in various charge states; the one primarily
used for sensing is the singly negatively charged NV, which has
electron spin § = 1 in the ground state.

With its relatively simple “atom-like” energy-level structure
(Fig. 5), NV centers have a set of remarkable properties that make
them attractive for sensing applications, from DC [121] to RF
[122]. First, it is easy to polarize the centers, and hence implement
the initial state preparation step. Typically, this is done by shining
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Fig.4. (a) Field sensitivity as a function of frequency. (1) space fluxgate [95]; (2) space CPT [56]; (3) search coil [96]; (4) atomic NMOR [97]; (5) “He
[98]; (6) microfabricated M, [93]; (7) pulsed nonlinear magneto-optic rotation [99]; (8) Mx, adapted from [100]; (9) SQUID [101]; (10) cm scale SERF
[87]; (11) *He nuclear magnetic resonance (NMR) [64]; and (12) microfabricated SERF [102]. (b) “He magnetometer developed for space. Reproduced
from Ref. [98], with permission of AIP Publishing. (c) Chip-scale M, magnetometer. Reproduced from Ref. [89], with permission of AIP Publishing.
(d) Vapor cell for a*He magnetometer. Reproduced from Ref. [103] with permission from Springer Nature. (¢) Compact SERF magnetometers being used
for biomagnetic measurements. Reproduced from Ref. [104] with permission from Springer Nature. (f) Wall-coated vapor cell used for NMOR. (g) CPT
magnetometer developed for space. Reproduced from Ref. [56] under CC-BY 3.0.

Magnetic Field Sensitivity (T/NHz)
3

Table 1. Properties of Various Vapor Cell Atomic Magnetometersa
Bandwidth Dynamic
Vector/Scalar” (Hz) Dead Zones Range Heading Error Accuracy nT* Reference
M, Scalar 100 RA? >100 nT 1nT 2 [44]
M, Scalar 10 BA’ >100 nT 0.05nT 0.1 [44]
CPT Scalar 100 P >100nT [117]
“He Scalar 100 None >100nT <0.05nT 0.05 [60]
3He Scalar 0.01 Design >0.1T Design dependent 0.000ld [103]
dependent
SERF Vector 100 N/A’ <10nT N/A [85]
NMOR Scalar 1000 Design 100 uT Design dependentg [118]
dependent®
Pulsed FID Scalar 100 P >100nT [74]
Chip-scale M, Scalar 1000 pA ~1uT 10nT 20° [119]
Chip-scale Vector 100 N/Af <100nT N/Af [94]
SERF

“P indicates a polar dead zone, and A indicates an azimuthal dead zone. NMOR refers to magnetometer based on nonlinear magneto-optic rotation, and FID refers
to magnetometers based on free induction decay.

*This column refers to the fundamental nature of the sensor. Any scalar sensor can be straightforwardly converted into a vector sensor, for example, through addition
of a static or dynamic magnetic field.

‘In a field of 50 uT.

“Assumes single pump—probe beam and RF coil axis collinear with optical field axis; see Fig. 3.

‘At0.17T.

fVector sensors are sensitive along a single axis and hence do not have dead zones or heading errors.

“See, for example, [120].

"Extrapolated from conventional large-scale M, magnetometers.

light from a green (e.g., 515-532 nm) laser or light-emitting diode
onto the diamond. While optical transitions in the NV centers
are largely independent of the spin state, the excited centers either
decay back to the ground state or undergo intersystem crossing to
singlets [123]; the latter process occurs due to spin—orbit interac-
tion. The result is that a large fraction of NV centers are initialized
into the ground 7, = 0 Zeeman sublevel, independent of the light
polarization. Encoding of the field information on the phase of the
atomic coherence is caused by the dependence of the energies of
the ground-state sublevels on magnetic and electric field, tempera-
ture, or strain. Finally, the readout stage can also be done optically

because laser-induced photoluminescence, absorption, and photo-
ionization of the NV center depend on the spin state. This is due
to similar mechanisms that create the initial polarization. For
example, if the NV center is in one of the 7, = %1 states, it has a
significant chance of decaying to singlets, which leads to increase
of the population of the metastable lower singlet and enhanced
absorption on the 1042 nm transition between the singlet states.
This readout technique works well for dense NV ensembles: see,
for example, Ref. [124] and references therein.

There are several features that make color-center sensors, and
specifically NV diamond, particularly attractive in a host of appli-
cations. The primary factor is a combination of high sensitivity
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(b)

(a) Electronic energy levels and transitions in negatively charged NV centers in diamond. ISC: intersystem crossing. This level structure is relevant

for room temperature sensors; at cryogenic temperatures, the level structure is more complex [123]. Reproduced from [125] with permission from Springer
Nature. (b) Photograph of a diamond sample with a large (several parts per million) relative concentration of NV centers illuminated with green light and

fluorescing in the red.

[126] with high spatial resolution, down to atomic scale [121].
Important secondary features include the implementation in a
solid-state platform capable of operating in a wide temperature
range—from deep cryogenics to several hundred kelvin—and
multisensing capabilities (i.e., an ability to combine sensing of
different parameters in a single device). Nanoscale sensing with
a single color center as a sensor is in itself a rapidly developing
subfield. A single NV center used for sensing may be located within
several nanometers from the surface of a bulk diamond with low
concentration of impurities could be incorporated within a nan-
odiamond, or be part of a scanning probe; see, for example, [127]
and references therein.

Table 2 summarizes some of the state-of-the-art results for
various current sensing configurations, although major advances
are made in this field every year or two. The table shows sensitiv-
ities for both single-NV configurations enabling measurements
with nanoscale resolution, as well as ensemble-NV configurations
where typical sensing volumes are on the order of 10* — 10° pm?
or significantly larger when ferromagnetic flux concentrators are
used. Such concentrators allow boosting of the sensitivity by several
orders of magnitude at the expense of a larger sensor volume and
increased low-frequency noise [130].

The sensitivity of a magnetic sensor typically scales as the
square root of the spin-relaxation rate (or, equivalently, 1/+/7;
where 7; is the transverse relaxation time). This rate can often be
greatly reduced by dynamical decoupling techniques [135]. In

the simplest case, this is spin echo (a.k.a. Hahn echo) and its vari-
ous generalizations, often to sophisticated sequences of multiple
pulses; see, for example, [136]. In Ref. [136], the sample is cooled
to a liquid nitrogen temperature to avoid the effective 7; time
from being limited by the longitudinal relaxation time 77, which
is longer when the sample is cooled (due to the suppression of
phonon-related relaxation). While dynamical decoupling gener-
ally boosts the sensitivity, it often requires synchronization of the
pulses with the measured signal and so can limit the measurement
to cases where the frequency of the signal is known or the relative
frequencies can be scanned to synchronize the measurement and
signal to obtain the spectrum of the signal. The last line in Table 2
shows the sensitivity of a sensor that detects changes in a microwave
field via a change in the Rabi oscillations between energy levels of
NV centers driven by this field [134].

Some promising applications of NV-center magnetometry
include the study of high-temperature superconductors [137],
magnetocardiography [138], detection of chemical radicals [139],
and nanoscale nuclear magnetic resonance [16].

C. Rydberg Atom Sensors

Rydberg atom sensors can be classified as a quantum technology
because they use the discrete nature of atomic energy levels, includ-
ing their stability, and quantum interference between them. For a
more detailed discussion of Rydberg atom RF sensors and a more
thorough survey of the literature, the reader is referred to reviews

Table 2. Some of the Currently Most Sensitive Magnetometers Based on NV Centers in Diamond”

Sensor Sensitivity Features References
Single NV 9 nT/+/Hz AC (0.5-1.3 kHz) with Hahn echo [128]
Single NV 0.5 nT/+/Hz kHz—MHz, with DD, bias field of 0.8 T [129]
Ensemble 0.9 pT- /s DC-1kHz; FC [130]
Ensemble 0.21 — 0.46 pT - /s DCand AC (1-10 kHz), DD, no FC [131]
Ensemble 195 fT/~/Hz DC to 300 Hz, no DD, FC [132]
Ensemble 70 fT- /s AC (70 kHz-3.6 MHz), DD, FC [133]
Ensemble 3.4 pT/~/Hz Microwave (~ 3 GHz) [134]

‘DD-dynamical decoupling; FC-magnetic flux concentrators. The sensitivity is quoted in units used in original references. There is a numerical factor (typically,
V2) to go from pT - /s to pT/+/Hz [105]. All listed results were obtained with room-temperature sensors, with the diamond temperature generally higher due to laser-

light heating.
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that focus solely on Rydberg atom RF sensors [140—145]. The
quantum features of Rydberg atom RF sensors are used to detect
and measure classical RF electromagnetic fields. Rydberg states are
useful for RF field sensing because the transitions between these
high-lying levels in an atom are in the RF range, have large transi-
tion dipole moments, and span a large range of frequencies ranging
from DC to THz compared to valence states of atoms or molecules.
The resonant enhancement offered by the Rydberg transitions
promises to make these sensors competitively sensitive when com-
pared to antenna based systems. Although not yet demonstrated,
increasing the sensitivity to reach the thermal limit of classical
antennas is an intense area of current research. At present, the sen-
sitivity limits for all-optical sensing [146] and for RF heterodyne
measurements [147-149] are around 1 p.Vm_lHZ_l/ 2. These
numbers are similar to classical approaches, but must improve by
an order of magnitude in the electric field sensitivity to reach, or
significantly surpass, the thermal limit of antenna-based systems.
Rydberg atom sensors work by dressing the atom with laser
fields so that the absorption of a “probe” laser changes in the pres-
ence of an RF electromagnetic field as shown in Fig. 6. The lasers
typically form an electromagnetically induced transparency (EIT)
[155] or electromagnetically induced absorption (EIA) system
that is modulated by the dressing RF field to be sensed, as shown
by the Autler—Townes splitting in Fig. 6(c). Several schemes have
been explored, but two key common aspects are coherent response
of the atoms to an RF wave, and relative insensitivity to a thermal
field [156-158]. The properties of the RF field are derived from
the scattering of probe laser photons out of the optical mode, while
the absorption and scattering of the RF electromagnetic field are
small. Typically, the sensitivity of a Rydberg atom sensor is limited
by the shot noise of the probe laser light. The large collisional cross
sections between Rydberg atoms limit the Rydberg state popu-
lations and hence the ability to increase the probe laser power to
increase the signal to noise. As the probe laser intensity increases
relative to the decay rate of the probe laser transition, the Rydberg
population grows, increasing the density of the Rydberg atoms and

hence the dephasing rate due to collisions. Thermal noise can affect
the sensor through its influence on the decay rates of the Rydberg
states involved in sensing the RF electromagnetic field, referred to
as black body effects [156-158].

In the normal operating mode of these sensors, the polarization,
evolution, and probing typically occur concurrently in order to
facilitate continuous measurement of the RF field, although time-
dependent measurements conforming to the separation of these
stages have been investigated in the laboratory [159]. Normally,
the atom is always under the influence of the state preparation
lasers, while the amount of absorption experienced by the probe
laser light is continuously monitored to enable applications, where
sensing pulsed RF fields is critical, and maximum-bandwidth
readout is desired. The transient response to changes in the RF
electromagnetic field can be limited by the response time of the
dressed atomic system, favoring probe transitions with larger
scattering rates, i.e., the D1 and D2 transitions of alkali atoms as
opposed to a weaker atomic transition.

Variants of the approach shown in Fig. 6 have been devel-
oped. Multiple (i.e., >2) coupling lasers have been used to avoid
wavelengths that are difficult to produce and eliminate residual
Doppler broadening of the EIT/EIA feature [146-149,151—
153]. Fluorescence has also been used to extract the properties
of the RF field [154]. One of the most significant variants is the
use of an RF heterodyning field near resonance with the Rydberg
transition frequency. The heterodyne RF field is used to induce
Autler—Townes splitting and detect changes due to the incident
RF wave, linearizing the response to low amplitude RF fields and
providing a modulation for detecting a beat-note [147,148]. The
latter approach requires a separate local RF source and antenna to
apply the auxiliary RF field.

Rydberg atomic RF sensors have several advantages over clas-
sical RF sensors, particularly those that require an antenna to
convert an over-the-air RF electromagnetic wave into an electrical
signal (See Table 3). Rydberg atom RF sensors have an extraordi-
narily high carrier bandwidth since their response can be tuned
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Fig. 6.

(a) Typical approach to Rydberg atom sensing. Variants differ in the number of coupling lasers and whether or not an auxiliary RF field is used on

the RF transition [146—153]. Reasons for the variants include the availability of high quality, inexpensive lasers, Doppler cancellation, and signal process-
ing. The probe laser transmission through a vapor cell is monitored to derive the properties of the RF field [150]. In some cases, fluorescence from a state in
the system has been used to obtain the properties of the RF field [154]. The decay rates of the Rydberg states are typically small compared to the Rabi fre-
quency of the coupling laser as well as the RF field that is detected, i.e., the coherence parameter for the transitions is 3> 1. It is important that the spectro-
scopic technique is sub-Doppler, in order to get high spectral resolution. In the scheme, shown in (a), the lower three levels form an electromagnetically
induced transparency (EIT) system that yields a narrow transmission feature through the atomic sample. In the absence of the RF field, the EIT system is
interferometer where the absorption of the probe laser cancels due to the absorption and emission processes enabled by the two lasers. The RF field modu-
lates the EIT process, i.c., the probe transmission, by dressing the two Rydberg states. Electromagnetically induced absorption (EIA) in other laser configu-
rations is used in the same qualitative way [146,149,151,152]. (b) An abstraction of the key elements of a Rydberg atom RF sensor. (c) Autler—Townes split-
ting of the EIT resonance induced by the presence of an RF field. From Ref. [150].
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Table 3.

Some Advantages and Unique Features of Rydberg Atom RF Sensors

Property

Explanation and Advantages

Large carrier bandwidth

The same sensor can, in principle, detect signals from DC to THz frequencies, depending

on the Rydberg state RF transitions that are available. To measure across this bandwidth
requires tuning a laser, but there are no equipment changes like those required for
conventional antenna-based systems

Self-calibration

In the regime where an Autler—Townes splitting is measured, the splitting depends directly

in the strength of the field, its polarization, and the transition dipole moments of the states
involved. The RF field can be measured against a stable atomic system.

Dielectric sensors

The sensors can be made without metal so they can be more electromagnetically transparent

enabling operation in the near field of a device under test.

High spatial resolution

The sensors are atoms, albeit with RF absorption cross sections depending on the

wavelength, so the physical size of the sensor can be smaller than the RF wavelength.

Passive sensors

transitions are small.

High accuracy and repeatability
atomic system.
Signals are read outat baseband

The sensors do not generate significant RF radiation since the decay rates on the RF
The potential accuracy and repeatability are high because of the fundamental nature of the

The modulation of carrier wave used to transmit information is directly read out from the

photodetector. As a consequence, mixers and high-bandwidth ADCs are not required to

transfer the signal to digital signal processing.

Fastand agile frequency scanning

The sensing frequency can be changed as fast as the coupling laser can be tuned to reach

different Rydberg states (<1 ps) [167]. Coupled with large carrier bandwidth (no
equipment changes) and arrays of vapor cells, extremely dynamic and adaptive RF sensing is
possible in a compact system.

from near DC to the THz range. Here, we note that the carrier
bandwidth is the frequency range over which the sensor can be
tuned using the coupling laser, while the instantaneous bandwidth
is the response time of the sensor. No single conventional RF
system exists today that can tune over this range of frequencies
without antenna and equipment changes. In conventional RF
technology, most antennas are made from metal and are used in
the far-field where their interaction with a device under test is
minimal. ETSI-3GPP standards [160,161] for testing 5G com-
munications equipment are largely based on the assumption of
far-field testing, which becomes prohibitive since the distance
required scales like D/ A2, where D is the device aperture, and A
is the wavelength. Many modern, high-frequency (>24 GHz)
antennas designed for beam forming have large apertures. Hence,
for large antenna apertures, and higher frequencies, the far-field
distance becomes problematic. Rydberg atom sensors can be made
from entirely dielectric materials and can be engineered for high RF
transparency and low-radar cross section [162-165] and therefore
can be used effectively in both the near-field and Fresnel zones.
Unlike conventional RF antenna-based detection, Rydberg atom
sensors are read out at baseband. As a consequence, mixers and
high-speed analog-to-digital converters (ADCs) are not required
to transition signals into digital signal processing. Rydberg sensors
are also unique because their fundamental physical size is the atom.
The sensors can be made with subwavelength dimensions and
can image RF fields at subwavelength length scales. It is impor-
tant to note that the RF absorption cross-sectional scales with the
wavelength, i.e., the effective antenna aperture for each atom is the
absorption cross section of the RF atomic transition. In addition,
readout is accomplished photonically as the signals are carried to
and from the sensor optically. The signals are immune to RF noise
and overcome the challenges of RF cabling at high frequencies
(>24 GHz—so-called FR2 bands). Finally, Rydberg atom sensors
can be self-calibrated when the RF signal is measured in the Autler—
Townes regime [140,142-145,166,167]. Rydberg atom sensors

therefore have the potential to link RF power measurements to
atomic constants and hence achieve accuracy and SI traceability. In
many cases, these Rydberg atom sensors have advantages over clas-
sical approaches in size, weight, power, and cost, because they can
sense over a very wide frequency range without the use of mixers,
auxiliary RF sources, multiple antennas, high-cost cabling, etc.

Rydberg atom sensors have some notable limitations, some of
which we point out here. The most notable limitations are that
the best instantaneous bandwidths that have been achieved are
on the order of 10 MHz, although it is possible to detect a larger
bandwidth signal if the incoming signal is known and is using a
sufficient Hamming distance, e.g., M-sequences or Gold codes
[168]. Another disadvantage is that off-resonant sensing reduces
sensitivity, which at this time is not as high as the best classical
RF equipment. Finally, the fabrication of vapor cells for RF sen-
sors is complicated by the fragility of the Rydberg states that are
used [162-165]. Collisions with background gases and electric
fields from the vapor cell surfaces disturb the atoms and result
in homogeneous and inhomogeneous broadening of probe laser
transmission. Stark shifts can mix the Rydberg states reducing
the accuracy of the sensors. Work is currently being carried out
to optimize and engineer vapor cells for Rydberg atom sensing
[169-172].

Taking into account both the advantages and disadvantages,
Rydberg atom sensors can have an impact in test and measurement
of antennas and RF devices, particularly those operating in the
FR2 bands. Radar is another area where Rydberg atom sensors
can make an impact, since many radar applications do not require
large instantaneous bandwidths, but benefit from multifrequency
operation [173]. Both of these areas are broad, and one can envi-
sion applications that cannot be done with what is available today
with standard RF equipment. There may be niche applications in
communications, such as compact, low-frequency systems, where
the price of low instantaneous bandwidth can be tolerated. We note
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that the low instantaneous bandwidth can be partially compen-
sated by the ability of the same back-end system to drive multiple
sensors detecting at multiple frequencies in order to increase the
datarate.

D. Comparison of Sensing Modalities

The sensor modalities described above have unique features that
make them well-suited to certain applications. Vapor cell magne-
tometers currently achieve (along with SQUID magnetometers)
the best sensitivity to DC fields, well below 1 fT/ VHz. Due
to their small physical size and proximity to magnetic sources,
NV-center magnetometers have particular strengths for sub-mm
magnetic imaging and the detection of very small dipole moments.
Rydberg atom sensors are well-suited to the detection of RF fields
from MHz frequencies to the THz range.

4. ENTANGLEMENT AND SQUEEZING

In many cases, atom-based quantum sensors that are photonically
prepared and read out are limited by the fundamental noise in the
optical fields and discrete nature of the atoms. Laser-generated
fields are coherent superpositions of photon number states and
possess associated intensity and phase fluctuations, the so-called
photon shot noise. The atoms that are used for sensing are discrete,
with quantized energy levels, leading to projection noise and atom
number fluctuations, such as those associated with atoms tran-
siting through the laser beams. One way to overcome these types
of noise is through engineering of the fields and the method by
which the atoms are prepared, i.e., squeezing and entanglement.
The disadvantage of using squeezing and entanglement is that
these phenomena require additional resources and systems that can
make implementation in real-world applications unattractive or
even prohibitive. The methods needed to produce entanglement
and squeezing can be complicated and difficult to implement. It is
far more straightforward to reduce the photon and atom shot noise
by using more atoms and photons. There are conditions where the
number of participating atoms and photons cannot be increased.
Examples are biological samples that can be damaged by intense
light fields and Rydberg atom sensors where, for fixed atom-laser
interaction volumes, the practical density of the atoms is limited by
Rydbergatom collision rates.

A fundamental aspect of quantum mechanics is the discrete
nature of energy levels in quantum systems. In classical mechanics,
energy is a continuous quantity and hence can in principle be mea-
sured with arbitrary precision. Quantization of energy introduces
a “counting error” that in effect adds noise to any measurement
of the system energy. This is known as the Heisenberg limit: for a
system of IV particles (atoms or photons) in a state with energy E,
quantization implies that the energy can be measured with at best a
resolution of

h
SE =~ =, 3)
where 1 is the reduced Planck’s constant, and 7'is the relaxation or
measurement time.

The Heisenberg limit can only be attained for N > 1 through
particle entanglement or squeezing. For quantum-mechanically
uncorrelated particles, a second limit applies, known as the
standard quantum limit (SQL):

h B
T 17JNM JNTt

where T is the total time over which M =1t/7 independent
measurements are made on each particle. Intuitively, this can be
thought of as the statistical counting error of a randomly distrib-
uted set of IV events measured over a time 7. From Egs. (3) and
(4) above, it is clear that for large numbers of particles (N >> 1),
a substantial improvement in energy resolution (and hence
field sensitivity) can be gained through the use of squeezing and
entanglement.

Over 10 dB of squeezing (a factor of 10 reduction in the noise
compared to the SQL) has been obtained for both optical fields
[174] and spins [175,176], which in principle allows for mean-
ingful improvements in sensor performance. Such improvements
have been realized experimentally in optical interferometry
[177,178], atomic clocks [175,179,180], atom interferometers
[181,182], and vapor cell magnetometers [76]. Spin-squeezed
optical clocks now show clear metrological gain as verified by
frequency comparison measurements [183].

The improvement gained through the use of quantum resources
is intimately connected with the constraints placed on the sys-
tem. For example, if the number of particles is allowed to vary,
a resolution equivalent to the Heisenberg limit for N particles
can be obtained without quantum correlations (SQL) by using
N? particles. It has been noted [184,185] that in the presence of
decoherence, the ultimate resolution of a frequency measurement
is the same for both correlated and uncorrelated atoms, but that
quantum correlations allow faster extraction of information from
the atomic ensemble. This allows for higher-bandwidth sensing
[76] and relaxes the constraints on the stability of local oscillators
in atomic clocks [186]. Another important consideration is the
fragility of quantum states to loss and relaxation. Even modest
levels of dissipation result in the almost complete elimination of
the metrological advantages gained by the use of quantum correla-
tions, and great care must be taken to avoid such effects. This can
be particularly challenging in real-world environments.

Quantum nondemolition and back-action evading mea-
surement strategies [187] allow one spin variable (e.g., /,) in an
atomic ensemble to be measured with the quantum-mechanical
back-action from the measurement affecting only an orthogo-
nal spin degree of freedom (/. and /,). Such measurements,
implemented, for example, with Faraday rotation on a detuned
probe field [188], can create spin-squeezed states [189] and have
been used to improve the sensitivity and bandwidth of atomic
magnetometers [76,190] without adding additional noise. The
bandwidth enhancement can be understood as a result of non-
destructive spin-polarization measurements that can be made
much more rapidly than the typical relaxation time of the atoms
since the measured spin degree of freedom is unaffected by the
measurement process. On time scales longer than the relaxation
time (i.e., low frequencies), all quantum improvement typically
disappears. Sensors utilizing spin squeezing were recently used for
magnetic induction tomography [191]. The use of polarization-
squeezed light reduces photon shot noise in the probe laser and has
shown a similar improvement in both sensitivity [192,193] and
bandwidth [194] of magnetometers. Superradiant lasers based on
quantum-mechanically correlated atoms in an optical cavity have
also been shown capable of precision magnetic field measurements
[195]. Although entanglement has not been used for Rydberg
atom sensors to the authors’ knowledge yet, entanglement is used

SE
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in Rydberg atom neutral atom quantum computers and simulators
[196]. When it comes to sensing with NV centers, one direction of
current research (see [197] and references therein) is harnessing the
normally detrimental dipole—dipole interactions among the color
centers in dense ensembles to produce entangled collective spin
states that can be used as a resource for sensing. Practical imple-
mentation of these advances will, undoubtedly, be the subject of
future work.

5. FUTURE OUTLOOK

Atom-based quantum sensors are poised to bring dramatic new
capability to a host of application spaces in the coming years. The
unique capabilities embodied by these sensor modalities, including
good long-term stability and accuracy, high spatial resolution,
and inherent demodulation of carrier frequencies, are likely to
enable new possibilities for the detection of electromagnetic fields.
Features like the transparency and broad carrier bandwidth of
Rydberg sensors are examples where a quantum sensor can be
distinguished from its classical competition that do not involve
sensitivity.

There is currently significant activity focused on the use of
integrated photonics and micro-electrical-mechanical systems
(MEMS) to achieve higher levels of integration, reduced size, and
increased manufacturability for quantum sensors. Photonically
integrated wavelength references [198,199], magnetometers
[200], cavity quantum electrodynamics (cavity QED) systems
[201,202], and cold atom systems [203,204] are all under devel-
opment. For Rydberg atom sensors, photonic integrated circuits
can make fast and dynamic tuning of the target RF frequency
possible in a compact package, even enabling sensing at multiple
frequencies achievable using the same coupling laser system [167].
Electro-optic combs to readout at multiple probe laser frequencies
have also been demonstrated [205].

New methods are being developed to machine materials for
microfabricated vapor cells including the use of femtosecond
laser machining [206] and water-jet machining [207] that lower
fabrication cost and allow a greater variety of materials and physical
geometries to be used. New wafer-level fabrication approaches
[208-210] are likely to reduce the cost of filling cells with alkali
atoms, and new atomic species, such as alkaline earth acoms [211],
will allow access to narrower optical transitions. For Rydberg atom
sensing vapor cells, it is important to consider their engineering for
properties like RF transparency [164]. The wavelength of RF waves
offers the interesting possibility of engineering the interaction of
the RF wave and the vapor cell [172,212]. These advances are
driving atom-based sensors that rely on vapor cells closer to com-
mercial viability, since the cost is decreasing along with increasing
functionality and manufacturability.

DPulsed approaches to magnetometer operation [73-75,213—
216] are likely to continue to make an impact in suppressing
light shifts, improving long-term stability and heading errors,
and reducing dead zones. New approaches to magnetic field gra-
diometry [213,217-222] will enable improved suppression of
background field variations and allow more sensitive detection
of localized sources such as magnetic anomalies or biomagnetic
signals.

A major challenge in implementing squeezing and
entanglement-based improvements to sensor performance is
in maintaining the high fidelity of quantum correlations in met-
rologically meaningful settings where experimental imperfections

are always present. Converting high degrees of entanglement and
squeezing into correspondingly high improvements in instrument
performance will be a major challenge for this field in the coming
years. Rydberg sensors might benefit from squeezing since they are
frequently limited by photon shot noise, and it is not possible to
keep increasing the density of the Rydberg atoms. For real applica-
tions, the intensity of squeezed light sources and their size, weight,
power consumption, and cost (SWaP-C) must be reduced. For
many applications, the SWaP-C is far more important than the
sensitivity increases offered by squeezing and entanglement.

Progress in improvement of NV-based sensor is closely related
to the development of diamond materials and the ability to har-
ness relaxation in dense ensembles of color centers. Among the
multitude of future applications one can envision, for example,
diagnostics at a level of a single biological cell and real-time guid-
ance for microsurgery. A possible practical application of NV
diamond sensing beyond magnetometry is rotation sensing (see
[223] and references therein). Although currently not competitive
with, for instance, atomic vapor-based nuclear magnetic resonance
gyros, these systems may in the future replace all-solid-state sensors
used in microchips and also be part of diamond multisensors poten-
tially measuring magnetic field, rotations, and temperature at the
same time.

Rydberg sensors can be anticipated to make their way into test
and measurement applications soon. Future applications will
hinge on features that separate them from antennas. Agile, broad
bandwidth passive sensors for radar, spectrum sensing, and test
and measurement appear to be on the horizon. Nevertheless, it
should be pointed out that Rydberg atom sensors are complex.
At least two lasers are used for the sensor. Both lasers have to have
narrow spectral bandwidths, <1 MHz, and be externally stabi-
lized. The coupling laser has to tune over several nm of spectral
bandwidth to take advantage of the wide potential RF carrier
bandwidth. Reading out the sensor at multiple RF frequencies
around a Rydberg state requires tuning one of the lasers or the
implementation of a frequency comb. Rapidly tuning the coupling
laser using a low SWaP-C system is challenging [167]. The infor-
mation about the RF wave is imprinted in the optical spectra and
has to be translated into field amplitude (or power), phase, and
polarization. Integrating and taking account of all these features
in a single system, suitable for commercialization, is daunting,
despite the fact that the technologies to meet the requirements
largely exist. Integration of advanced technologies for Rydberg
atom sensing will be critical for their implementation and a cen-
tral theme going forward, perhaps more importantly than any
fundamental research to explore their operation. Fundamentally,
it is anticipated that it will be important to make Rydberg atom
sensors more sensitive. It may be possible to make them more
sensitive than an antenna-based RF receiver, but it has not been
shown experimentally [140]. Likewise, facile phase detection that
is performed at the maximum bandwidth of the Rydberg sensor is
also an area of development. Broadband, all-optical phase readout
is an increasing area of interest [224-228]. The engineering of
vapor cells and the ability to overcome electric fields that interact
with atoms is another challenge to be overcome.

6. CONCLUSION

In this paper, we briefly reviewed several representative types of
quantum sensors based on atoms or atom-like systems (color cen-
ters in diamond). These technologies have been rapidly developing
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over the past decade, and some of them (atomic vapor based mag-
netometers and NV diamond sensors) have already entered into
the commercialization stage. This, in turn, has a positive feedback
effect, catalyzing proliferation of applications and further improve-
ment of the sensor technology. We have grounds to believe that
this field will continue to show remarkable progress for years and
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