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Atomic vapors, manipulated and probed by light and other electromagnetic fields, constitute versatile and
powerful quantum systems for sensing applications. Atoms are identical, isolatable, interfaceable, and intelligi-
ble. These features, coupled with the relative simplicity with which quantum properties can be exploited in state
preparation and detection using modern laser and electro-optic tools, make atoms very attractive for sensing
applications. This Perspective discusses the potential and process for realizing practical quantum sensors using
atoms.
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I. ATOM-BASED QUANTUM SENSORS

Quantum sensors based on atoms take advantage of the
inherent stability, reproducibility, and sensitivity of atomic
spectroscopy to make measurements of physical quantities
of interest. As “interests” may vary, there is a measure of
subjectivity involved, ranging from the hypothetical (i.e.,
the existence of axion-like quantum fields for fundamental
science [1]) to the practical (precise timing signals on satel-
lites using atomic clocks to enable GPS navigation [2,3]).
Atom-based quantum sensors typically use photon-mediated
interactions to probe quantum states of vapor-phase atoms
whose energies are sensitive to the property of interest. The
sensor may seek to detect the oscillation frequency between
isolated energy levels to serve as a frequency reference for a
clock, or track the frequency shift in those levels in response
to an environmental magnetic field as a magnetometer. The
sensor may also seek to detect classical information (encoded
in modulations of an electromagnetic field), or read out the
quantum state of another atom (inside a quantum information
processor or clock).

For applications beyond those of tests of fundamental
physics, the practical sensor user is not necessarily interested
in the ultimate sensitivity that can be achieved in a research
laboratory but in reliably using the sensor as a tool in an un-
controlled environment subject to perturbations, where ease of
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use benefits from a manageable size, weight, and power. The
operator may even be a nonspecialist in the inner workings of
the sensor, necessitating turn-key operation. To manage these
constraints, the sensor may be willfully designed to operate
away from the achievable quantum measurement limits while
still taking advantage of the high sensitivity, stability, and
reproducibility inherent to atomic quantum systems.

The development of atomic vapor implementations of such
“practical” sensors, the focus of this Perspective, is enabled
by decades of science experiments devoted to achieving
maximum sensitivity in the pursuit of studies of fundamen-
tal physics. Indeed, most atomic sensor technologies should
be properly viewed as descendants or offshoots of labora-
tory precision measurements. Precision measurements using
atomic, molecular, and optical (AMO) techniques have been
thoroughly reviewed recently [1] and anyone interested in
practical atomic sensors would be well-advised to become
familiar with the methods being pursued in forefront precision
measurement experiments [4–6], which are anything but “im-
practical.” Similarly, the rapidly developing field of quantum
information science (QIS) can be considered as the sensing
of quantum information [7]. Unquestionably, the systems de-
veloped for these applications represent high-quality atomic
quantum sensors in their own right, but their complexity puts
them outside the scope of our interests here.

Early atomic quantum sensors, atomic clocks in par-
ticular, grew out of research on atomic beam magnetic
resonance and often utilized Stern-Gerlach magnets, mi-
crowave cavities, discharge lamps, and hot-wire detectors
for state preparation, evolution, and readout of atomic hy-
perfine states. Over time, new techniques were developed,
motivated by an understanding of fundamental interatomic
interactions and the interaction with light. Modern atomic
sensors now utilize high-performance lasers, optics, and elec-
tronics to improve the sensitivity, in some cases reaching
quantum limits. They may also exploit quantum control of
momentum states, a dramatic outgrowth of fundamental AMO
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research. Future development of atomic sensors will con-
tinue to be intimately connected to both the maturation of
the supporting technology tools and advances in fundamental
understanding.

This Perspective illustrates the principles of operation of
typical atomic quantum sensors, with an eye to the sensor de-
velopment process and issues that arise in trade-offs between
performance and practicality. We illustrate these principles
through examples and highlight the supporting technology
required for their implementation; this serves to illustrate
the cooperation between state-of-the-art performance and the
technological innovations that enable it.

A. Definition

A broad definition of a quantum sensor is “a device, the
measurement (sensing) capabilities of which are enabled by
our ability to manipulate and read out its quantum states” [8].
Atomic quantum sensors, more specifically, exploit the quan-
tum nature of atoms (and light) to make measurements.
Varying perspectives and classification criteria can be found
in recent quantum sensor reviews focused on fundamental
physics [4,9], quantum information [10], biomedical appli-
cations [11,12], energy applications [13], photonics-based
sensing [14–16], molecular-based sensing [17,18], distributed
sensing [19], and even particle physics [20]. One theme
among some of these references is an argument that the term
“quantum sensor” should be reserved for those sensors that
exploit uniquely quantum properties such as entanglement and
squeezing, lumped under an advanced quantum methodology
or quantum-enhanced metrology. Such a narrow definition is
not useful, as it would exclude almost all existing atomic
clocks and magnetometers from consideration as quantum
sensors. The appropriateness of advanced quantum sensing is
addressed in Sec. VIII.

Our perspective is simple: if the properties of a quantum
system are being used to measure something else, then the
system is a quantum sensor. The quantum sensor may or may
not have performance that is superior to a classical sensor in
all aspects, but any noteworthy sensor must have some unique
capability to distinguish itself and make it useful. For a related
and helpful discussion, see Safronova and Budker in Ref. [8].

The focus in this paper is on atom-based quantum sensors
intended for use in a nonlaboratory setting. We also make a
borderline tautological distinction between quantum sensing
and a quantum sensor. Most modern laboratory experiments,
especially in AMO physics, use quantum sensing to address a
scientific goal. Such experiments are often of a remarkable
degree of complexity and sophistication. For the purposes
of this Perspective, a quantum sensor is more specifically
an apparatus stripped to its bare essentials and simplified
to make it compact and operable by a nonspecialist, while
retaining as much of its performance as possible. Figure 1
illustrates a minimalist sensor containing (1) a light source, (2)
a collection of identical atoms, and (3) a means of detection,
usually optical. Such a quantum sensor lacks the large array
of auxiliary measurement capabilities that a well-designed
quantum sensing laboratory apparatus has, but, if done right,
can still exploit the remarkable properties of atoms to make
“useful” measurements.

FIG. 1. Representation of the essential elements of any atom-
based sensor requiring a light source, vapor, and detector.

B. Why atom-based sensors?

Vapor-phase atoms, manipulated and probed by light and
other electromagnetic fields (Fig. 2), constitute a versatile and
powerful quantum platform for sensing. The energy levels of
most atomic states are known to eight or more significant
digits of absolute accuracy, and their dependence on external
fields can also be predicted with high precision, extremely
desirable properties for sensing. Both conceptually and quan-
titatively, we may consider each atomic state of energy En to
be represented by a de Broglie clock ticking at a frequency
fn = En/h, where h is Planck’s constant [21]. Measurement
outcomes depend only on energy differences, so with rare ex-
ceptions, atomic sensors measure the Bohr frequencies fnm =
fn − fm via interactions with light or fields of frequency
f ≈ fnm [22]. For atoms in the vapor phase, these stable
and predictable energy differences result in a high inherent
precision and absolute accuracy for either stable reference
standards (clocks) or well-defined shifts from environmental
perturbations (electromagnetic and inertial sensors).

The most attractive feature of atom-based sensors is that
they offer the opportunity to produce measurements with
excellent sensitivity or long-term stability. The qualifier “op-
portunity” in the previous statement is worth emphasizing
because the performance of a sensor depends heavily on how
it is implemented (Sec. III). Atoms not only have fixed, pre-
dictable properties, but also many atomic states have narrow
linewidths, an enabling feature for high-sensitivity mea-
surements. Transitions tied directly to fundamental atomic
structure enable atom-based sensors to serve as standards that
do not rely on external calibration for stability and accuracy.

Put another way, atoms make excellent quantum sensors
because they are (a) identical, (b) isolatable, (c) interfaceable,
and (d) intelligible.

Atomic
Transition

FIG. 2. Depiction of a rubidium atom showing outer-shell 5S1/2

(red) and inner-shell (blue) electrons. Representation of photon in-
teraction on a simplified two-state atom.
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a. Identical. Atoms of the same isotope are identical.
Well-designed atomic sensors can therefore be insensitive
to manufacturing variations of the primary sensing element,
leading to a reproducibility that, in principle, is directly trace-
able to the fundamental, immutable properties of atoms.

b. Isolatable. In order to realize the stability and accuracy
of a sensor, atoms must be well-isolated from sources of sys-
tematic errors, usually arising from their interactions with the
outside world. Wall interactions represent one such connec-
tion where laser cooling and trapping can completely isolate
the atoms from the walls. Remarkably, even a warm vapor
confined in a glass cell remains substantially insensitive to en-
ergy shifts from wall collisions (with a few exceptions). Stray
electromagnetic fields can be shielded to some extent, but
their well-understood interactions often allow atomic sensors
to reliably manage their systematic effects. A famous example
is the atomic Cs clock, in which the energy difference between
the two clock energy levels is independent of magnetic field
(to first order). Uniquely, atomic vapors allow direct quantum
measurements of inertial quantities through the manipulation
of momentum states.

c. Interfaceable. The ability to remotely manipulate and
interrogate atomic quantum states using light is a key enabling
feature of most atomic sensors. The effective area of an atom
interacting with a resonant photon is of order λ2, allowing
atomic states to be manipulated and detected by light with
exquisite sensitivity. Technologies such as compact, tunable
diode lasers, electro-optic modulators, and ultrasensitive de-
tectors provide an array of powerful tools that allow practical
atom detection and manipulation at or near quantum limits.

d. Intelligible. In most cases, atomic interactions can
be realistically and quantitatively understood directly from
first principles. The Hamiltonians governing atoms and
their interactions with electromagnetic fields are extremely
well-characterized, and even many important decoherence
mechanisms have been well-studied, allowing their conse-
quences to be predicted with a high degree of confidence.

C. Atomic sensor types

An ongoing promise and challenge of atomic sensor re-
search and development is to realize more atomic sensor
advantages in reproducible hardware, particularly such that
it can be used by a nonexpert outside the laboratory. While
the finished sensor may incorporate a minimum number of
elements as in Fig. 1, embedded within a deceptively simple
housing is the coherent manipulation and readout of quantum
states in a thoughtful way to achieve a robust measurement of
interest.

Examples of practical atomic sensor types are listed in
Table I. Atomic clocks, whether microwave or optical, use
direct measurement of an atomic Bohr frequency to produce
a frequency reference that exhibits all the advantages of the
atomic system discussed above. As such, atomic clocks have
long been the established frequency standard and best refer-
ence to timekeeping, even leading to the SI definition of the
second. Since the Bohr frequency is a fundamental internal
property of the atom, clock designs seek to completely isolate
the atoms from environmental interactions, which can leave
relativistic effects as leading nontechnical perturbations. The

TABLE I. Atomic sensor types, with (naive) order-of-magnitude
estimates of QPN for cm-scale vapor packages. The exceedingly
small fundamental limits represent the potential for high-fidelity
measurements. In practice, technical noise (internal or environmen-
tal) is almost always orders of magnitude greater than these values.

Property Measurement ∂S/∂E QPN

Frequency
(� f / f )

Hyperfine
splitting

(h f )−1 1 × 10−13/
√

Hza

Two-photon
spectroscopy

8 × 10−17/
√

Hzb

B-field Zeeman
precession

μ−1
B 10 aT/

√
Hzc

E-field Rydberg Stark
effect

d−1 20 pV/cm/
√

Hzd

Acceleration Light pulse
interferometer

4/h̄keff T 4 ng/
√

Hze

Rotation
√

2/h̄keffvT 0.0003◦/
√

hre

a f = 6.8 GHz (87Rb |1, 0〉 → |2, 0〉), N = 106 atoms, T2 = 50 ms.
b f = 385 THz (Rb 5S → 5D), N = 108 atoms, T2 = 238 ns.
cμB = eh̄/2mc, N = 1014 atoms, T2 = 10 ms.
dd = n2ea0, n = 45, N = 106 cold atoms, T2 = 10 µs.
eN = 106 cold Rb, keff = 4π/λ, T2 = 4T = 80 ms, v = 20 cm/s.

highest precision clocks also directly observe changes in the
geopotential.

The other four atomic sensor types exploit atomic sensitiv-
ity to electromagnetic ( �E and �B) and inertial (�a and ��) fields.
Here, ideal sensor designs intentionally expose atoms to the
field of interest without introducing additional sensitivities to
other interactions. In addition, these measurements of vector
quantities can either be “clock-like” and measure the magni-
tude of the relevant field, or can serve as vector sensors to
detect one or more components of the field and/or field gradi-
ents. For example, optically pumped magnetometers (OPMs)
utilize the Zeeman effect to produce and detect a coherent pre-
cession of atomic electrons about an external magnetic field.
Rydberg sensors exploit the large dipole moment d ∼ n2ea0

of atomic Rydberg states to detect electric fields. Light pulse
atom interferometers (LPAIs) utilize matter wave interference
of laser-cooled atoms to detect linear acceleration and/or rota-
tion based on the interferometer geometry.

II. QUANTUM SENSING WITH ATOMS

By definition, a quantum sensor is governed by and ex-
ploits the laws of quantum mechanics. The Schrödinger or
wave approach to quantum mechanics is fundamentally a
differential equation that starts with an initial condition, prop-
agates it through time, and provides a final result that can be
measured. Thus, any quantum sensor must provide a method
for producing a low-entropy initial state, allow a controlled
evolution (coherent and /or dissipative) of that state for some
time, and finally make a measurement on that state that re-
veals the quantity of interest. Note that the low-entropy states
being prepared and detected may or may not be entangled
or squeezed. In this section, we concentrate on sensors using
nonentangled or squeezed states, leaving those for Sec. VIII.
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A. Quantum state preparation

As atoms have a more complicated energy-level struc-
ture than the depiction in Fig. 2, an atom-based sensor must
prepare the atoms in low-entropy initial states suited to the
measurement. In some cases, the goal is to produce zero-
entropy pure states, such as a single Zeeman sublevel in the
hyperfine manifold of the ground state, a coherent superposi-
tion of such states, or a well-defined linear momentum state
or superposition. In other sensors, one may be content (and
the sensor performance even optimized) by simply producing
population differences or incoherent superpositions of Zee-
man sublevels, which subsequently evolve into coherences.

The specific varieties of quantum state preparation to re-
duce both the electronic and momentum degrees of freedom
relevant to atoms are too many to be usefully summarized
here; instead, several types are described.

a. Optical pumping. Optical pumping [23–26] is the use
of light scattering to transfer order from light to the internal
states of atoms. Given the vagueness of this definition, it fol-
lows that the varieties of optical pumping configurations are
essentially limitless. Broadly speaking, in cold atoms where
light scattering can be easily made to dominate over other
forms of decoherence (collisions, magnetic-field fluctuations,
etc.), the atoms will tend to accumulate in “dark” states that
minimize the light-scattering rate. In hot atoms, optical pump-
ing is not as fast due to Doppler and/or collisional broadening
of the excited states, and usually results in a balance between
light-induced ordering and collisional decoherence.

b. Velocity selection. In some cases, thermal equilibrium
naturally produces nearly perfect electronic-state population
imbalances such that electronic state preparation per se may
be unnecessary. This is true in systems involving excited
electronic states, such as two-photon optical clocks and Ry-
dberg atom rf receivers. Instead, a range of velocity classes
is selected using the direction of light and the Doppler effect
to invoke resonant conditions within a subset of the momen-
tum distribution of the atoms. This is particularly important
for Rydberg sensors [27]. Note that, in a multiphoton pro-
cess, even if the net wavevector k = k1 + k2 + · · · is small
so that the multiphoton resonance condition is effectively
Doppler free, the process may yet be velocity selective if
the intermediate-state Doppler shifts, (k1 + k2) . . . v say, are
comparable to the intermediate-state linewidths [28].

c. Laser cooling. Laser cooling [29] can be considered a
generalization of optical pumping to the external or motional
degrees of freedom of the atoms as entropy is removed from
the atoms by light scattering or spontaneous emission. Again,
there are a large number of different schemes for laser cool-
ing, the most effective of which utilize an interplay between
coherent (ac Stark effect) and incoherent (scattering) state-
dependent forces.

A typical laser cooling sequence involves collecting room-
temperature atoms into a magneto-optical trap (MOT) for
typically 100 ms (or longer). The magnetic-field gradient of
the MOT is switched off, and the atoms are cooled in optical
molasses for typically 10 ms. From here, if needed, the 10 µK
atoms can then be further cooled to temperatures below the
recoil limit using more complex techniques such as Raman
sideband cooling, or, as another example, loaded into an

optical lattice or dipole trap and then manipulated for purposes
of the measurement.

Laser cooling can also be used as a starting point for the
production of high phase-space density clouds using evapora-
tive cooling from conservative laser or magnetic traps. The
evaporative cooling process is typically much slower than
laser cooling but is the best-known way to reach the lowest
possible temperatures and highest densities at the cost of
sensor bandwidth. Recent demonstrations of direct cooling to
BEC may address these trade-offs [30–32].

d. Coherent population trapping. A specialized form of op-
tical pumping, coherent population trapping (CPT, also known
as electromagnetically induced transparency, EIT [33]) uses
light fields, sometimes modulated, to drive the atoms into a
steady state, which is a coherent superposition of the atomic
eigenstates [34]. In a common approach, the signature of the
coherent superposition is an altering of the transparency of
the atoms, giving a simple yet sensitive means of monitoring
the formation of the atomic superposition. The commer-
cially available chip-scale atomic clock (CSAC), for example,
utilizes CPT or EIT as the fundamental state preparation
or detection mechanism for a compact hot-atom microwave
clock [35].

B. Quantum state evolution

Following high-fidelity initialization, the quantum state
evolves under a Hamiltonian containing all the interactions
present. Atoms are “isolatable,” allowing the sensor to be
configured in such a way that the quantity of interest is the
dominant interaction; however, this isolation is rarely com-
plete, and a deep understanding of the remaining interactions
with the environment remains key to understanding the oper-
ations and limitations of atomic sensors.

A quantitative description is usually necessary and is pro-
vided through the quantum density matrix ρ, which obeys the
master equation

dtρ = − i

h̄
[H, ρ] + Lρ, (1)

where H represents the Hamiltonian of the “isolated” atom.
This term is deterministic and usually includes the interaction
that the sensor is trying to measure, as well as terms describing
the manipulation of the state evolution by external fields.

The remaining interactions with the outside world gen-
erally cause dissipation or decoherence, represented by the
Liouvillian L. This can include optical pumping and/or cool-
ing terms, plus effects introducing noise such as ambient field
fluctuations, inevitable magnetic-field gradients, and vibra-
tions. These interactions heavily influence the coherence time
T2 for the measurement, and may also produce systematic
shifts. For sensors involving excited states, L includes the
atomic interactions with the vacuum modes of the electromag-
netic field.

As atoms are also “intelligible,” it is a great advantage
of atom-based quantum sensors that one can realistically and
quantitatively understand H and L from first principles, with
a minimum reliance on phenomenological descriptions.

040102-4



PERSPECTIVE: PRACTICAL ATOM-BASED QUANTUM … PHYSICAL REVIEW A 112, 040102 (2025)

1. Coherent evolution

Most atomic sensors use the well-understood interactions
between atoms and electromagnetic fields to produce and
measure coherences that evolve at a well-determined Bohr
frequency. A primary tool for manipulating the quantum evo-
lution of atoms includes electromagnetic pulses at frequencies
ranging from audio to microwave to optical. Of particular
note are microwave and rf pulses used for Rabi manipulation
of atomic Zeeman and hyperfine levels. In many cases, it
is advantageous to replace such pulses with equivalent light
pulses using stimulated Raman interactions.

One can conveniently separate the Hamiltonian into H =
H0 + H1, where H0 establishes the energy eigenstates, and
H1, often produced by oscillating fields, drives coherences.
If coherence has been established by appropriate pulses, free
evolution “in the dark” allows the state to evolve under
the simplest possible, most well-controlled H0, limiting sys-
tematic uncertainties from strong control fields. This is in
contrast with continuously operating sensors, where the in-
fluence of control fields persists throughout the measurement
time period, offering a simpler control sequence if T2 is not
significantly reduced and systematic effects can be tolerated.

Details are specific to each type of sensor. To highlight the
breadth of approaches, some examples of coherent evolution
are the following:

a. Microwave clocks. The celebrated “0-0” transition be-
tween the mF = 0 Zeeman levels of the two ground hyperfine
states of the alkali-metal atoms represents a convenient tran-
sition for a clock [36]. The Bohr frequency for this case
is quadratic in magnetic field for subgauss fields, rendering
the clock frequency insensitive to magnetic-field fluctuations.
The coherence between these “clock states” can be driven by
standing-wave or propagating microwave fields, or optically
by stimulated Raman transitions driven by off-resonance laser
light that is modulated at a submultiple of the clock frequency.

b. Two-photon optical clocks. Counterpropagating optical
fields drive a two-photon coherence between the ground S
state and an excited S or D state [37,38]. In this configura-
tion, first-order Doppler effects are generally canceled by a
counterpropagating geometry, allowing the use of hot atoms
without substantial performance trade-offs. The four-to-five
order of magnitude greater clock frequency gives a natural
suppression of Zeeman and ac-Stark shifts at the same clock
stability relative to microwave clocks.

c. Magnetometers. Coherent precession of the ground-state
atomic spin in magnetic-sensitive states produces a frequency
proportional to the magnetic field f = γ B, where γ is the
gyromagnetic ratio and can be observed in warm alkali va-
pors [39]. The most sensitive spin-exchange relaxation-free
(SERF) magnetometers operate typically within a few nT of
zero field. The fT- to pT-scale transverse fields being detected
produce tiny coherences that are equivalent to a small rotation
of the atomic angular momentum away from the direction
of spin polarization. In larger fields, the spins precess many
cycles before becoming dephased, allowing the precession
frequency to be detected, proportional to the magnitude of the
magnetic field.

d. Rydberg atom electric field receivers. Multiphoton co-
herences between the ground state and a high-lying Rydberg

state connect electric-field variations to detectable ground-
state population changes that can be conveniently exploited
in room-temperature alkali vapors [27]. As the multiphoton
processes are resonantly enhanced by nearby intermediate
states, the process is velocity selective and excites a small
fraction of the vapor into Rydberg states. Direct current or
resonant ac fields shift the Rydberg energy levels, indirectly
altering the phases of the individual coherences. To make the
detectors phase sensitive, a local oscillator is used to provide
a phase reference for the weak detected field.

e. Inertial sensors. Matter wave interferometers [40] use
velocity-sensitive stimulated Raman or Rayleigh scattering to
transfer photon momentum to the atoms, placing the atoms
in coherent superpositions of momentum states. The pulses
act as beam splitters and mirrors to compare the accumulated
Bohr phases along the various paths in an interferometer.
Relative populations in the output momentum states provide
the acceleration and/or rotation of the apparatus relative to the
freely falling atoms up to multiples of 2π .

2. Decoherence

The low-entropy initial state and its subsequent coherent
evolution inevitably degrade as a result of experimental im-
perfections or other interactions with the environment. For
atomic sensors, decoherence mechanisms represent the key
signal loss mechanism with the coherent evolution time T2

setting the fundamental single-atom resolution of the sensor,
�E ≈ h̄/T2. This presents a particular challenge for sensors
because they may be exposed to the physical environment in
a less-than-ideal way for the act of sensing. A few common
types of decoherence are described below.

a. Transit-time broadening. In the absence of collisions
or other decoherence mechanisms, the time the atoms can
be observed before leaving the observation volume limits
measurement resolution. For cold atoms with ≈cm/s veloc-
ities, the transit time is typically set by gravity, the spatial
extent of the interaction region, and the width of the velocity
distribution. If the atoms are velocity selected and released
as is common in atomic fountain clocks and atom interfer-
ometers, the transit time can be further extended. Another
approach unique to atoms overcomes the limitations of gravity
by retaining atoms in conservative traps without significant
perturbations. Great ingenuity has gone into devising methods
such as magic wavelength traps where the ac Stark shifts of the
relevant clock states are equal to enable long coherence times
at a fixed location in space. This approach has proven partic-
ularly fruitful for optical lattice clocks, albeit with substantial
increases in complexity.

For hot atoms with velocities ≈300 m/s, transit times are
≈30 µs in a cm-scale evacuated vapor cell. This generally
limits the fundamental linewidths achievable in optical spec-
troscopy, in devices such as two-photon optical clocks and
Rydberg sensors.

b. Diffusion. For ground-state sensors, coherence times
are generally a trade-off between reducing transit times
by adding buffer gases, balanced against increased colli-
sional relaxation. It is remarkable that the cross section for
spin-relaxation of alkali-metal atoms with light, closed-shell
atoms and molecules such as He, Ne, and N2 allows for
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confinement with buffer gas pressures on the order of 1 bar,
where velocity-changing collisions occur rapidly compared
with natural lifetimes, so that transit broadening is completely
eliminated. Under these conditions, the atomic motion is dif-
fusive, with diffusion coefficients of order D ≈ 0.2 cm2/s,
and allows for spin-relaxation times of order 0.1 s in a 1 cm3

volume depending on details of the pressure and buffer gas
species.

An alternative approach to long spin-storage times in hot
vapors is the use of antirelaxation coatings [41,42]. These
specialized coatings enable many thousands of bounces of
atoms off the cell walls before spin-relaxation occurs. The
coherence times can thereby be extended to approach ≈1 s
scales for cm-sized cells. As the atoms average over the entire
cell volume, a dramatic reduction in sensitivities to spatial
field gradients (optical, magnetic, etc.) occurs.

c. Field gradients. Nonuniformities (most commonly of
magnetic and laser fields) are important for all types of atomic
sensors; they lead to inhomogeneous broadening for station-
ary atoms and reduce coherence times for atoms moving
through the gradients. For example, a recent comprehensive
analysis of the systematic shifts and decoherence from dif-
fusion of spins through magnetic-field gradients is Ref. [43].
Techniques such as spin echoes can be useful for mitigating
the effects of gradients [44].

d. Collisions. One of the key driving motivations for the
development of laser cooling was the suppression or near
elimination of collisional decoherence mechanisms. Indeed,
with the exception of clocks operating at the highest levels
of precision, cold atom sensors can typically be considered
to be collision-free. For hot atom sensors, the much greater
atom numbers come with the need to cope with collisional
effects. Collisions can cause Bohr frequency shifts as well as
dephasing and/or relaxation of the atomic coherences being
generated in any sensor.

A long-studied example of the impact of collisions is on
the species- and temperature-dependent frequency shifts from
buffer gases on the |F, 0〉 → |F + 1, 0〉 state in alkali-metal
atoms, relevant to microwave clocks [45,46]. Study of these
shifts has resulted in gas mixtures that can cancel leading-
order shifts at a given temperature. A persistent limit to the
long-term clock stability remains finite drifts that still occur
as cell conditions slowly change with time.

Spin-exchange collisions A(↑) + B(↓) → A(↓) + B(↑)
represent an important decoherence mechanism in alkali-
metal atoms and occur with a rate coefficient that is close
to the gas-kinetic limit, kse ≈ 10−9 cm3/s. For example, hy-
perfine coherences 〈|F, m〉〈F ′, m|〉 are rapidly destroyed by
spin-exchange collisions. However, since spin-exchange col-
lisions preserve the total spin of the colliding pair of atoms,
the total spin of an atomic ensemble is not subject to
spin-exchange decoherence [47]. In some sensors, such as
SERF magnetometry [48], collisions are embraced rather than
avoided. This is also true in a recent demonstration of light
storage of 1 s in spin-polarized alkali vapor [49].

Spin-exchange collisions have a number of other remark-
able features that can be exploited rather than avoided. In
the limit of rapid spin-exchange collisions, the density matrix
is a spin-temperature distribution ρ ∝ exp(β · F ) consistent
with maximizing the entropy of the angular-momentum states.

Certain coherences, like 〈|a, a〉〈a, a − 1|〉 and 〈|a, a〉〈b, b|〉,
where a = I + 1/2 and b = I − 1/2, are not subject to spin-
exchange decoherence in a fully polarized sample [50]. A
recent detailed study of spin-exchange decoherence of Rabi
flopping of hyperfine coherences revealed a variety of surpris-
ing dynamical features [51].

3. Simulation

Atomic systems are intelligible—the interaction of atoms
with electromagnetic fields and collisions between alkali-
metal atoms and common buffer gases have been extensively
studied and are generally well-understood. Realistic computer
simulation of atomic sensors, while never a replacement for
experimental investigation, can anticipate problems and guide
understanding and interpretation.

A classic example is understanding warm vapor atomic
clocks based on coherent population trapping. A treatment
digestable at the undergraduate level can be produced by
analyzing wavefunctions in a three-state system [52]. This
provides powerful insights and intuition but is not capable of
predicting important quantities such as linewidth and contrast.
Introducing an additional fourth “trap” state to represent the
collection of states indirectly involved can provide accurate
predictions of these quantities [53]. A more complete treat-
ment using the density matrix provides the highest fidelity
predictions and would be necessary to tease out subtle clock
shifts and instabilities.

A variety of software packages are publicly available
for modeling of optical pumping and optical Bloch equa-
tions in the presence of essentially arbitrary low-frequency
fields. In some cases, this has been shared publicly as doc-
umented software packages such as Rydiqule [54], ARC [55],
A*D*M [56], and Optically Pumped Atoms [25]. For an intro-
ductory tutorial on density-matrix calculations using Python
without black-box codes, see Ref. [57]. An additional tutorial
on laser spectroscopy and using available software packages
is also available [58].

C. Detection and readout

An ideal quantum sensor has its technical noise contri-
butions suppressed so that state readout performs at or near
quantum limits. As the detection of atoms in modern sensors
is almost always mediated through photons, quantum fluctua-
tions of both atoms—quantum projection noise (QPN)—and
photons—photon shot noise (PSN)—contribute to the funda-
mental detection limit. Based on the number Nph of photons
scattered per detected atom, one of these two limits will
usually dominate the observed noise floor if all other tech-
nical contributions are overcome. For instance, if Nph � 1,
QPN will dominate and if Nph � 1, then PSN will dominate.
These considerations usually hold whether the state readout is
accomplished by photon scattering or by index of refraction
measurements.

For cold alkali-metal atoms, shelving with fluorescence
detection is a simple and effective means of high signal-
to-noise (SNR) readout [59,60]. Resonant light tuned to the
well-resolved transition nS1/2(F = I + 1/2) → nP3/2(F =
I + 3/2) can scatter typically thousands of photons before a
Raman process moves the atoms to the nS1/2(F = I − 1/2)
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states. The number of scattered photons can be enhanced
even further with circularly polarized light and a bias mag-
netic field to optically pump the detected atoms into the
(F, m) = (I + 1/2, I + 1/2) state where the Raman processes
are further suppressed. Collection of the fluorescent light by
a high numerical aperture lens and detection with a high
quantum efficiency camera or photodiode allows for state
detection at the QPN limit, as long as care is taken to sup-
press background from laser scatter as well as laser intensity
and frequency fluctuations. After the shelving measurement,
a second measurement period with a repumper allows for
the determination of the atom number. The ratio of the two
signals is independent of the detection efficiency of the optical
system.

Shelving is not possible for hot atoms due to Doppler
and/or pressure broadening, making the excited-state hyper-
fine structure insufficiently resolved and the Raman scattering
less state-selective. Nevertheless, optically thick samples can
be measured nondestructively and reach the QPN. Let the
atomic sample have N atoms in a volume L3 with an op-
tical linewidth of W . State detection of the atoms employs
a probe laser of flux 	 tuned near an atomic resonance.
The observable might be the absorption or index of refrac-
tion, or, for the detection of a spin component, the circular
dichroism or Faraday rotation of the polarization of the
light.

The line-center optical thickness OD0 of the sample deter-
mines the degree to which the probing can be nonperturbative.
This is a critical issue for sensors requiring continuous read-
out. In order to absorb a small fraction f of the probe
light, the probe detuning will be increased such that �/W ∼√

OD0/4 f , and signals based on the index of refraction will
be larger than absorption signals by the same factor. The
photon-scattering rate per atom is r = f 	/N , so the photon
shot noise SNR becomes ( f �/W )/

√
	t = √

OD0Nrt/4 in
detection time t . Comparison with a typical quantum projec-
tion noise

√
N (
2 + r)t shows that continuous readout can

be made nonperturbative only if the atomic cloud is optically
thick. If t is short compared with the bandwidth 
2 of the
atomic response, the photon shot noise is degraded by t →

2

2/t so the optical depth also sets the averaging time above
which the noise is QPN-limited and below which the noise is
PSN-limited.

These considerations are relaxed if the probe light is mul-
tipassed [61–63] with a Herriot-like cell or, potentially, a
resonant optical cavity. The effective optical depth is en-
hanced by the number of passes, decreasing the averaging
time at which the PSN transitions to QPN.

D. Standard quantum limit

As all atomic sensors are spectroscopic measurements of
the Bohr frequencies of the atoms, the energy difference is
the underlying physical observable. For a single measurement
on a single atom, the uncertainty principle gives an energy
uncertainty �E ≈ h̄/T2. The coherence time T2 depends on
context, but can generally be considered the time the atom
evolves before measurements or collisions reset its de Broglie
phases. Repeating the measurement M = τ/T2 times over the
measurement interval τ for N atoms reduces the uncertainty to

�E ∼ h̄(T2

√
MN )−1 = h̄(NT2τ )−1/2. For a quantity S being

measured that depends on the energy, the spectral density of
the measurement is

δS ∼ ∂S

∂E

h̄√
NT2

, (2)

where the units of δS have the dimensions of “S”/
√

Hz.
This expression represents the so-called “standard quantum
limit” (SQL), expressed as a spectral density rather than an
uncertainty. As coined in Ref. [64] for magnetometers, this
expression represents “Equation One” for quantum sensing.
According to the second factor in Eq. (2), a million atoms with
a 10 ms coherence time have an SQL of 6 × 10−18 eV in a 1
s measurement. Such a fine fundamental energy resolution is
an extremely attractive feature of atomic quantum sensors.

The SQL serves as a representative benchmark for the
statistical potential of a quantum sensor. The relationship be-
tween the SQL and systematic errors is of critical importance
(Sec. III F). Technical noise and systematics have to be ad-
dressed in order to reach QPN limits in any practical sensor.

Table I lists SQL estimates of what might be possible for
practical devices limited to cases where the “sensor head” is
at the cm-scale. A mix of warm and cold atom approaches
is included. In most cases, it is an open challenge to meet
these impressive performance levels in practical devices. Re-
search on low-noise state preparation, coherent evolution,
decoherence mechanisms, readout methods, and their practi-
cal implementation (the topic of Sec. III) is critical to meeting
this challenge.

III. ATOMIC SENSOR IMPLEMENTATION

Realizing the isolatable and interfaceable advantages of
atomic quantum sensors in hardware is a key challenge,
even in relatively benign laboratory environments. A prac-
tical quantum sensor must also operate in uncontrolled
environments with constraints on size, weight, and power
(SWaP) [65] while simultaneously addressing other sensor
characteristics (bandwidth, dynamic range, etc.). Thus, there
is an obvious intimate connection between sensor imple-
mentation and its supporting technology. How the simple
conceptual structure of Fig. 1 is implemented in hardware
is discussed below. The details will differ from sensor to
sensor, but there are general themes worthy of consideration,
including that the tools available to implement a sensor are
always evolving, which is the topic of Sec. VI.

A. Complexity cost

Physicists and engineers have a demonstrated capacity to
manage complexity, so there is a natural temptation to de-
sign practical quantum sensors with multiple feedback loops,
adjustment knobs, and exotic, high-performance materials;
however, measurement robustness correlates with measure-
ment simplicity. A “complexity cost” is associated with the
sensor design. For example, electro-optic tools such as spa-
tial light modulators or digital mirror arrays offer the ability
to programmatically manipulate spatial patterns of light and
create painted potentials [66,67], but each additional knob
introduces additional environmental sensitivity, detrimental
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to noise and systematic effects, particularly in a dynamic
environment. Other benchtop staples, such as liquid crystal
waveplates and external cavity diode lasers, produce similar
concerns.

On the other hand, measurement complexity is necessary
when it provides an essential enhancement to the sensor.
A practical sensor should be “as simple as possible but no
simpler” [68].

B. Species selection

Most atomic sensors utilize the heavy alkali-metal atoms,
primarily rubidium or cesium. These atoms are attractive
for several reasons. First, they have simple, hydrogen-like
energy-level structures, and there is an extensive literature
detailing almost any property involving light and collisional
interactions of these atoms. Second, the availability of narrow-
linewidth semiconductor diode lasers on the relevant nS1/2 →
nP1/2 D1 and nS1/2 → nP3/2 D2 transitions in the near infrared
is extremely convenient. Third, they can be easily produced
and controlled in the vapor phase. This includes high densities
(1012–1014 cm−3) at 90–140 ◦C, ideal for vapor cells or mod-
erate densities (108–1010 cm−3) closer to room temperature
that are compatible with ultrahigh vacuum for atom trapping.
Finally, hyperfine splittings of 3–10 GHz are compatible with
high-performance, inexpensive electronics.

There are sometimes compelling reasons to use other
atoms. Recently, the remarkable properties of the 3P states
of alkaline earth and other two-electron atoms have been
exploited, which present narrow intercombination lines 1S →
3P attractive for next-generation optical atomic clocks. Some
ions offer similar simplified energy-level structures with
alkali-like electronic states in Yb and Groups II and IIB
elements and alkaline-earth-like ions in Lu and Group IIIB
elements [69]. Optical manipulation of these species requires
lasers from the ultraviolet (UV) to infrared, increasing the
complexity cost relative to the heavy alkalis, but laser tech-
nology advances continue to reduce this problem.

C. Platform ramifications

There are four basic atomic sensor platforms illustrated
in Fig. 3, roughly arranged by increasing complexity: warm
vapors, atomic beams, and trapped atom systems (neutral or
charged). The main features of these platforms are the follow-
ing:

a. Warm vapor. Sealed vapor cells, usually made of glass,
may be heated in an oven to produce an equilibrium vapor
density (1010–1014 cm−3 ) of alkali-metal atoms [Fig. 3(a)].
The sensor volume is dominated by the cell and associated
oven, as well as the optical path for delivering the lasers.

Evacuated cells, used for excited-state applications such
two-photon optical clocks and Rydberg electric-field sensors,
are transit-time limited to tens of microseconds and require
sophisticated laser stabilization to achieve narrow linewidths
for the multiphoton processes.

For magnetometers and some types of clocks utilizing the
ground-state atomic hyperfine levels, the cells may be coated
with antirelaxation materials, or also contain an inert buffer
gas mixture with favorable collisional properties in order to

FIG. 3. Atomic vapor sensing platforms: (a) warm vapor cell
of N ≈ 1010–1014 cm−3 atoms with three-dimensional rapid thermal
motion and collisions, (b) an atomic beam geometry approximates
one-dimensional motion with a modest number of background
atoms, (c) neutral cold atom trapping isolates N ≈ 107–109 atoms in
a UHV environment, (d) oscillating electric-field trap N ≈ 100–101

ions in a UHV environment.

produce a long coherence time, typically tens of milliseconds.
Doppler- or pressure-broadened optical linewidths in the GHz
range imply that laser stabilization requirements are modest.

b. Atomic beams. Atomic velocities can be aligned along a
common direction by collimating atoms from a heated reser-
voir or other funneling mechanisms to form an atomic beam
[Fig. 3(b)]. A high-vacuum (HV) environment (<10−4 torr)
extends the mean-free path beyond the length of the beam.

Laser or microwave radiation applied transverse to the
beam axis reduces Doppler broadening from the axial velocity
to the smaller transverse velocity profile and can be applied at
various positions. Fourier-limited ground-state hyperfine tran-
sitions can be observed for use in microwave clocks, though
optical linewidths are set by the excited-state lifetimes, requir-
ing more stringent laser stabilization and control relative to
vapor cells. Field homogeneity requirements are critical in the
atomic interaction region, which represents a small fraction
of the volume. A typical system is dominated by the vacuum
enclosure (atom source, pump, etc.) and frequency-stabilized
lasers.

These techniques can be applied to nearly any species and
have been exploited in the cesium beam clock [70]. An excel-
lent review of thermal beam methods is available in Ref. [71].

c. Trapped atoms. Laser cooling and trapping of neutral
atoms, as most simply implemented, replaces the atomic beam
oven with a getter source or its equivalent, maintaining an
ultrahigh vacuum (UHV) from which 107–109 atoms are laser
cooled and trapped in the intersection region of several laser
beams [Fig. 3(c)]. To avoid unwanted light shifts, a compact
cloud of atoms cooled to a few µK is usually released or
moved to a conservative trap for sensing. Detection is of-
ten destructive, so atoms are reloaded to repeat the process.
The complexity and sophistication of the required lasers for
cooling, state preparation, and detection are greater than for
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warm vapor sensors. The long coherence times and greatly
reduced collisional effects, plus the access to manipulation
of atomic momentum states, can justify the complexity for
high-precision clocks and inertial sensors.

Oscillating electric fields can collect small numbers of
ions in Paul or Penning traps. Modern chip-scale ion traps
can be printed on planar surfaces with electrodes in cus-
tom configurations and operate within a UHV environment.
Several frequencies of light across the ultraviolet and visible
spectrum are required to cool and manipulate the ion, nom-
inally requiring only milliwatts of power, but with <MHz
frequency stabilization requirements. Ion traps are extremely
useful for high-performance clocks. The small atom numbers
N ≈ 100–101 and high detection efficiency using shelving
make QPN dominant. Ion traps are also being explored for
gyroscopes [72].

In general, when the measurement involves only inter-
nal degrees of freedom of the atoms and the consequences
of atom-atom interactions can be managed, the SWaP af-
forded by the vapor cell provides a clear advantage. Examples
include magnetometers and modest-performance microwave
clocks. There are other instances where vapor cells cannot
perform the measurement well, as a consequence of short
transit times or mean-free paths, systematic errors, or dephas-
ing from collisional frequency shifts. Accelerometers based
on matter wave interferometry benefit from slow atoms and
a collision-free environment [73]. Likewise, for the highest
precision microwave clocks, cold atoms are essential.

There is a small set of cases where both vapor cells
are impractical and laser cooling is difficult. Here, an
atomic beam offers an alternative. Examples include optical
clocks based on the Ca intercombination line [74–76], where
the reasonable vapor densities require extreme temperatures
(≈600 ◦C) and calcium MOTs suffer from low peak opti-
cal densities and short trap lifetimes [77]. In other cases,
alkali-metal atom beams may overcome long-term system-
atics persistent in chip-scale vapor clocks [78] or extend
bandwidths in an atom interferometer to ≈1 kHz [79], faster
than cold atoms can be trapped to date.

D. Pulsed vs continuous measurements

The classic Rabi-Ramsey sequence [80] that dominates
the design of most precision measurements in AMO physics
separates the state preparation, evolution, and readout func-
tions in time as an inherently pulsed measurement. In this
case, the lasers used for preparation and readout are off dur-
ing the evolution phase, suppressing interactions from the
measurement process that could cause decoherence, where
in principle the precision of the measurement can be limited
only by fundamental decoherence processes in the experi-
mental environment. Time separation allows state preparation
to set atom-laser interactions as strong as possible, thereby
driving the atoms into the desired initial state with maximum
fidelity. Such operations needed to prepare the initial state
usually produce dissipation (laser cooling, optical pumping,
etc.), deleterious to the subsequent coherent evolution of the
atoms. Finally, the optical interrogation for best state detection
reflects a complementary process to state preparation, leading
to increases in decoherence, so pulsed measurements allow

the flexibility to optimize state preparation and detection pa-
rameters in their respective time step.

A disadvantage of pulsed sensors is that the sensor band-
width is limited to the Nyquist limit of 1/2Tc, with Tc being
the repetition period of the experimental cycle. Not only is
the bandwidth limited, but also fluctuations above the Nyquist
frequency are aliased into the detection band of the sen-
sor, raising the noise floor at detection frequencies. State
preparation and readout intervals lead to dead time in the
measurement. A partial mitigation strategy at the system
level integrates multiple sensors as an array whose individ-
ual detectors have staggered pulse sequences, but this does
not eliminate the problem of aliasing. For laboratory mea-
surements, such problems can be minimized with judicious
selection of Tc or filtering, but sensors operating in noisy
environments may not have this luxury.

While nearly all cold atom sensors are pulsed due to
short coherence times during the laser cooling (note: re-
cent progress in continuously loaded BECs [30–32,81] may
change this), for hot atoms, there is the option to implement a
structure where state preparation, evolution, and readout occur
simultaneously and continuously, mitigating the dead-time
problems. Not surprisingly, continuously operated atomic
sensors are in many respects complementary to pulsed sen-
sors, though the considerations driving sensor design can be
quite different. For the greatest simplicity, both state prepara-
tion and detection may be implemented with a single laser.
This is exemplified by sensors using EIT/CPT. For better
performance and increased design flexibility, it may be advan-
tageous to use separate lasers for state preparation and readout
without paying too high a price in experimental complexity.
Whatever choices are made regarding state preparation and
readout, it is important to remember that they contribute to
decoherence, and so a balance has to be struck between high-
fidelity state preparation and readout versus long coherence
times.

E. Additional hardware considerations

a. Optical generation and manipulation. Most atomic sen-
sors depend on high-performance frequency-stabilized lasers
that are tuned to an atomic transition; the light source plays
a critical role in overall sensor performance and robust-
ness. Semiconductor diode lasers represent the near-universal
choice for optical frequency generation in modern quantum
sensors [82]. Sources are available at a variety of relevant
atomic wavelengths and offer GHz-scale tuning by adjusting
current and temperature, but must be stabilized or referenced
to an atomic transition. Laser cavities are susceptible to op-
tical feedback, often requiring optical isolators. A variety of
optics and modulators are often necessary for controlling the
spatial profile, polarization, and frequency of the light, as well
as other functions such as frequency, phase, and amplitude
modulation, high-extinction shuttering, frequency shifting,
and optical amplification. Optical paths from the source to
the delivery to the atoms must be managed and are often
a significant contributor to sensor volume. Improvements in
the volume required for optical manipulation can be achieved
using chip-scale photonic components, see Sec. VI.
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b. Vapor regulation. The atomic vapor represents the
primary sensing element and follows the types of implemen-
tations in Fig. 3. In all cases, the vapor is contained in a
sealed vessel to isolate interactions with atmospheric gases,
particularly reactive molecules such as oxygen and water.
Various glasses (with or without antireflection coatings) are
favored for optical access, but metals or ceramics may be
incorporated as a frame in an optical configuration to sup-
port the measurement. The selection of low-outgassing and
helium-impermeable materials limits changes in the interior
atmosphere over time. Preparation involves heat and evacu-
ation under vacuum to clean the interior surfaces and pump
away contaminant molecules. A source of atoms may be de-
posited following bake-out or released later from a chemical
compound or other active source. In some cases, inert buffer
gases (N2, He, Ar, etc.), antirelaxation coatings, getters, or
active pumps are also included. A final seal leaves a pinch-
off; in some cases, stemless seals are possible. This volume
commonly incorporates some form of thermal regulation to
maintain equilibrium vapor pressures.

c. Detection. The prevalence of atomic transitions in the
visible and near infrared wavelengths leads to the prominence
of a silicon photodiode as the detector of choice, favoring
its compactness, low room-temperature thermal current, and
responsivity of 0.5 A/W (≈75% quantum efficiency). Faithful
conveyance of the signal into an interpretable format repre-
sents the primary goal, starting with signal photon collection
and scatter rejection and extending to electrical signal gen-
eration. The photon-to-electron conversion is inherently an
analog process, requiring a front end containing a highly
linear transimpedance circuit. Following the buffered output,
the signal will be digitized with high-quality analog-to-digital
conversion (ADC). A design matched to the measurement [83]
considers gain, bandwidth, and noise, though improvements
in two parameters inherently limit the third. Resources for
circuit topologies and nuances in design can be found in
Refs. [84,85].

d. Package or enclosure. Unlike the laboratory bread-
board system, a self-contained sensor requires a package [86]
including an enclosure to limit unwanted interactions with
the environment. This can include electromagnetic shielding,
hermetic seals, and internal thermal regulation. Material se-
lections and design choices provide a rigid internal support
structure to maintain optical alignments from dynamic (shock,
vibration, acceleration, etc.) and thermal changes [87]. Inter-
nal interactions within the package must also be mitigated, in
particular, magnetic gradients that can be introduced by mag-
netic materials found in most commercial electronics (nickel,
iron, or Kovar) or current-carrying wires. A cable with electric
and optical connections can be used to spatially separate a
sensitive sensor head from the rest of the supporting hardware.
The package also manages how the sensor responds when
disconnected from a power source, which can be a challenge
for applications with UHV that rely on active pumps.

e. Controller. An embedded controller with an interface
enables an operator to perform the measurement, where in-
ternal technical manipulations are divorced from sensor use.
The controller manages startup, measurement, or data logging
processes as well as any internal error handling. The controller
may manage auxiliary circuits for driving inductive loads,

engagement of feedback loops, arbitrary waveform com-
putation, or direct digital synthesis for dc to microwave
frequencies. Programmable changes are available through the
interface, but a custom, low-level implementation leads to
robust operation with minimal power consumption.

F. Sensitivity and accuracy considerations

While atomic quantum sensors generally have excellent
potential for impressively low statistical noise, this is only re-
ally relevant if the sensor is sufficiently insensitive to sources
of systematic errors. Bias refers to the tendency of the sensor
to give an incorrect value of the quantity being measured,
in other words, a precisely reported but incorrect value. The
source of the systematic error may itself fluctuate, resulting
in additional technical noise that also limits the statistical
precision of the measurement.

The sources of statistical and systematic errors can vary
wildly across different types of sensors. Clocks and inertial
sensors are primarily focused on long-term stability. Electro-
magnetic sensors, in contrast, are usually seeking to detect
transient phenomena and therefore care less about long-term
drifts. Common sources of relevance to all atomic sensors
include: magnetic-field fluctuations and gradients, laser fre-
quency and intensity noise, acoustic noise causing relative
motion of optics and detectors, and electrical noise. If the
first order of business in an atomic sensor is to arrange for
high sensitivity to the quantity of interest, a close second in
importance is to design the sensor to suppress sensitivity to
sources of systematic errors.

The performance of clocks and inertial sensors is com-
monly characterized by the Allan deviation σ (τ ), a concept
originally developed for oscillators but of general appli-
cability to atomic sensors of various types. Noise sources
are typically characterized by different dependencies of the
noise on frequency. The Allan deviation maps distinct power-
law frequency dependencies to different dependencies on
averaging time.

It is informative to consider how white frequency noise
interacts with systematic fluctuations that often scale inversely
with frequency. As a function of averaging time τ , white
noise scales as σ = A/

√
τ while the random-walk noise (1/ f 2

noise) obeys σ = B
√

τ and flicker noise (1/ f noise) follows
a time-independent σ = C where A, B, and C are coefficients
that depend on experimental conditions. In the presence of
these effects, the Allan deviation minimizes at an averaging
time τmin = A/B. Averaging for times longer than τmin de-
grades rather than improves the precision.

The minimum value of the Allan deviation is known as
the bias stability, which in this case is σbs = (2AB + C2)1/2.
The value of the bias stability, the ultimate resolution of the
sensor, represents one of the key parameters characterizing
long-term sensor performance. As can be seen mathematically
and pictorially (Fig. 4), the bias stability is a balance between
the white frequency noise and the competing technical noise
sources. The linear dependence in τmin and square root de-
pendence on σbs emphasize that improving the white noise
reduces how long it takes the sensor to reach its ultimate
precision, but has little impact on the determination of its
value.
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FIG. 4. Allan deviations for hypothetical scenarios with different
statistical (white) noise competing with the same technical noise to
reach a bias stability at σbs = (2AB + C2)1/2 over time τmin = A/B.
(a) For small values of flicker floor, improved white noise improves
bias stability. (b) Performance limited by flicker floor noise; in this
case, improved white noise offers only marginal improvement in
measurement resolution, but reduces averaging time to the noise
floor.

Many published Allan deviation measurements only show
the data up to averaging times of the bias stability at τmin. This
is unfortunate because the shape of the curve provides infor-
mation on the scaling of the limiting noise. Detailed study of
systematic effects is challenging and rarely undertaken other
than to eliminate them; however, appreciation of noise be-
havior informs design revisions to improve the measurement
fidelity.

G. Atomic sensors and the SQL

The short-term noise consists of the quadrature sum of
the white-noise terms from all sources A = (�A2

i )1/2, which
includes the quantum projection noise. A common sensor
optimization strategy focuses on reducing the largest of the
nonquantum noise contributions until all Ai terms are of sim-
ilar magnitude—further reduction of an individual term has
diminished impact in reducing A. In cases where sources of
technical noise have been sufficiently suppressed, an ideal
atomic sensor reaches limitations due to fundamental quan-
tum noise, the standard quantum limit. For most sensors,
reaching the SQL would be a notable achievement, though
rarely achieved even in the highest performance sensors.

Reaching the SQL could be particularly beneficial for elec-
tromagnetic sensors operated in quiet environments, where
short-term sensitivity is valued over long-term accuracy. For
the highest precision laser-cooled microwave clocks, where

atomic densities are purposely sacrificed to avoid collisional
frequency shifts, the SQL is a very real obstacle.

Regardless of sensor performance, the SQL often repre-
sents an important benchmark: whether the sensor is limited
by technical noise or quantum noise informs the designer
where improvements need to be made or, if there is a substan-
tial SQL margin, may allow simplifications (i.e., adjustments
to N , T2, or gain) to be made without raising the fundamental
noise floor above the technical noise.

Advanced quantum methods to surpass the SQL are dis-
cussed in Sec. VIII.

H. Other important sensor properties

a. Bandwidth. A typical sensor frequency response is
S( f ) = S(0)[1 + (2π f T2)2]−1/2, with the bandwidth being
b = (2πT2)−1. At frequencies above b, the measurement SNR
degrades. A common misconception is that feedback can
enhance the bandwidth, but the gain enhancement at high
frequencies is generally compensated by an increase in the
effective noise level. Note that since bandwidth and sensitivity
are oppositely related to T2, desirable improvements in sensi-
tivity by reducing decoherence also degrade the bandwidth. In
this context, the use of squeezing techniques can be valuable
to increase the bandwidth without the usual degradation of the
SNR at high frequencies.

b. Dynamic range. Most sensors exhibit saturation when the
sensed field becomes too large. The dynamic range is typically
the ratio of the largest field detectable without saturation to the
smallest detectable field. Again, there is generally an inverse
relationship between dynamic range and decoherence, so that
improving T2 does not necessarily improve the dynamic range.
Feedback is often helpful for increasing the dynamic range of
a sensor.

c. Scale factor linearity and stability. For sensors like mag-
netometers and rf receivers, the primary goal is sensitivity,
and the ability of the sensor to make an absolute field strength
or calibrated measurement is less often exploited. In contrast,
the inertial sensors must not only have a high sensitivity, but
must be stable and have a linear response. In principle, a
model-based correction can compensate for a nonlinear scale
factor, but could introduce long-term stability concerns.

Scale factor stability plays a particularly important role in
sensor arrays in order to achieve a large common-mode rejec-
tion ratio. Inclusion of calibration fields and field gradients
can mitigate scale factor (and offset) drifts, but clearly the
system stability is a key property.

d. Size, weight, and power (SWaP). A dedicated sensor
is often optimized for operation as a unit and may make
desirable trades to accommodate a practical implementation.
The optimization of the system benefits from focusing on the
“long pole in the tent” where adjustments in the dominant
contributors provide the largest gains in modifying the unit.
While further SWaP reductions may be possible, the “cost” of
doing so may play a role, leading to SWaP-C as the overall
consideration.

Subscribing to rigid SWaP metrics can be misleading.
For instance, creative evaluation criteria such as volume
defined through water displacement provide less practical
value than considering the envelope created by a regular
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parallelepiped. In addition, steady-state power draw for in-
ternal thermal regulation varies significantly depending on
the external temperature. Similarly, instantaneous power can
exceed the steady state for short periods of time (e.g., turn-on,
pulsed operation, etc.). A single value may not accurately
describe the needs for operation as a unit.

e. Orientation dependence. Sensors of vector quantities
come in a variety of measurement configurations. Scalar sen-
sors measure the magnitude of the vector, whereas “vector”
sensors measure one or more components of the vector. Scalar
measurements should remain invariant under changes in sen-
sor orientation; however, depending on the configuration, they
generally suffer from “dead zones,” directions in space where
the sensor loses sensitivity. Both scalar and vector measure-
ments are subject to “heading errors,” a variation of the scale
factor and/or offsets with the orientation of the device. The
manifestation of dead zones and the sources of heading errors
vary depending on the sensor type, but are always crucial to
study and understand.

Several schemes exist to produce vector measurements
from scalar sensors and vice versa. These can be im-
plemented with external field modulations, spatial arrays
(Sec. III I), or other symmetry-breaking techniques. One po-
tentially overlooked point worth emphasizing is that scalar
sensors operating in a finite field are blind to small changes
transverse to the principal direction of the field. These sensors
are most sensitive to variations that lengthen or contract the
magnitude of the vector.

f. Power cycling. Sensors operating outside the laboratory
are often disconnected from a power source for some period of
time. A rapid start-up time can be highly desirable to achieve
internal thermal equilibrium associated with operation. In
addition, active vacuum pumps such as ion pumps cannot
operate without power, so a sufficient vacuum to perform
a restart should be maintained through power interruptions.
Reduction of noticeable changes in sensor performance such
as the “retrace,” the fractional frequency shift in a clock from
power cycling, is also desired.

I. Sensor arrays

As quantum sensors become more compact and simpli-
fied, it becomes feasible to consider arrays of sensors. Sensor
arrays are particularly useful for spatial filtering, i.e., isolat-
ing a nearby source in the presence of a distant fluctuating
background (or suppressing a strong nearby source so that
fields from distant sources can be measured). The larger the
array, the more sources that can be isolated. In the limit of a
large number of elements, a sensor array becomes an imaging
device that can produce a source map by inversion techniques.

Low noise and stable scale factor stability are essential for
sensor arrays, both properties exploitable by atoms. A key
metric is the common mode rejection ratio (CMRR), which
quantifies the ability of the array to suppress spatially uniform
fields. Scale factor stability is essential to maintain CMRR
over time without degradation of the array performance. A
sensor array with scale factor stability problems must be ac-
tively calibrated with a known source, consuming valuable
measurement resources.

A well-matched sensor array with good CMRR may be
able to overcome technical noise and operate at or closer
to QPN limits. A recent gravity gradiometer demonstrated
detection of a 147-kg lead mass through the vertical gradient
of the vertical gravity component 
zz [88]. Despite passive and
active vibration isolation, the gravity vector was unresolved
over the short integration time (1 h per position), while the
common mode suppression in the gradient elevated the signal
above the noise. This feature has also allowed this and other
gravity gradiometers [89] to perform at the QPN limit.

Since the complexity cost of making sensor arrays scales
approximately linearly with the number of elements, it is
usually impractical to simply clone a successful complex
single-channel sensing experiment into a sensor array. Fur-
ther simplification is often necessary. An excellent example is
specifically highlighted in Sec. VII A.

A simple two-element array works best when the distance
to the source is matched to the baseline between elements d .
For a field that scales as ∼1/rn, a source at distance D � d
can be suppressed by nd/D. A linear scaling in far-field sup-
pression persists despite even high order magnetic dipole (n =
3) or quadrupole (n = 4) sources. In addition, the differencing
reduces the magnitude of the near-field source by a factor of
1 − 1/2n for D ≈ d , which can be significant for low-order
fields such as line currents (n = 1). More complex, large-
element arrays require more sophisticated analysis, which can
be addressed with signal processing tools such as principal
component analysis or machine learning.

Arrays can also be configured as vector gradiometers,
specifically measuring gradient tensor components ∂iFj . For
electromagnetic and gravity gradiometry where ∇ × F = 0
and ∇ · F = 0, a minimum of eight well-chosen vector com-
ponents in at least three locations can completely determine
the uniform and gradient field components. Accurate and
stable calibration is essential for meaningful operation of gra-
diometers.

J. Breadboarding value

Good sensor development practice nearly always requires
an accompanying well-instrumented breadboard version, a
key tool for rapidly or carefully exploring physics as well as
implementation issues. The breadboard version can serve as a
benchmark for the ultimate performance that can be achieved
under ideal or nearly ideal conditions. Sensitivity to external
parameters can be evaluated and carefully documented for
future designs. The breadboard system is particularly advan-
tageous at evaluating systematic effects, as the final quantum
sensor has been stripped of helpful diagnostic tools.

A well-designed breadboard system incorporates elements
to enable rapid turnaround, particularly on operations that
would otherwise have long time constants. Ultrahigh-vacuum
technology is one example where interior coatings [90] or a
loadlock apparatus [91] can accelerate development.

While it may be possible to leap from the breadboard
demonstration to a finished design, sensor development of-
ten benefits from a series of intermediate prototypes with
decreasing form factor and incremental integration into the
final system. These prototypes specifically freeze a selected
subset of the degrees of freedom available on the breadboard,
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as well as implement innovative simplifications in the ap-
proach toward the final sensor. Testing the prototype against
the benchmark breadboard system enables an appreciation for
new insight into the physical system, as some experimental
imperfections have been amplified.

The number of iterations depends on the success of each
step and the overall level of innovation pursued. Through-
out this progression, the benchtop implementation maintains
its relevance. Its flexibility enables supporting diagnostic ex-
periments to identify shortcomings in the prototype design,
or, more importantly, to tease out the subtle physics or a
systematic effect overlooked in the initial exploration. Such
novel findings should be expected and embraced rather than
dismissed as experimental failure. Even the most comprehen-
sive breadboard experiments may inadvertently overlook a
subtle design element that can be amplified in a prototype.
This symbiosis persists throughout the development process,
particularly as advances in the prototype innovation produce
initially unwelcome performance shortfalls but serve as valu-
able lessons in sensor maturation.

K. Predictability and verification

A practical sensor experiences exposure to its environment
and is often stripped of onboard diagnostics due to SWaP
considerations. This elevates the importance of simulating,
testing, and validating the packaged sensor under a range of
external conditions.

Like the modeling of the atomic physics (Sec. II B), so-
phisticated commercial software simulation packages such as
COMSOL MULTIPHYSICS, ANSYS, ALGORYX, ZEMAX, etc. aid in
understanding the behavior of the sensor package. Such tools
can evaluate the impact of dielectric and magnetic perme-
ability of the housing, optical deflections under dynamics or
vibration, and thermal coefficients. These material properties
can be connected to the physics model established previously
to determine the contribution to the sensor output. Exten-
sive hardware testing confirms that the sensor behaves as
predicted. Tests include reversal of the sensor in a known
field to evaluate bias, application of known fields and mod-
ulations to determine scale factor, and Allan deviations to
evaluate long-term stability. In addition, testing performed
over environmental ranges provides valuable environmental
coefficients that can be applied as small corrections at the
system level as needed. All performance limits should be
understandable from the modeling of the instrumentation and
physics.

IV. ATOMIC SENSOR DEVELOPMENT

The process of transitioning from expensive, complex
apparatus with extensive diagnostics run by experts (i.e.,
quantum sensing) into a self-contained, cost-effective device
for nonexpert use (i.e., quantum sensors) presents challenges
beyond physics (Sec. II) and implementation (Sec. III). Much
of Sec. III addressed important issues such as SWaP, com-
plexity cost, sensor metrics, predictability and verification,
and breadboarding that arise in transitioning quantum sensing
experiments into practical quantum sensors. Here, we note

some large-scale issues associated with the development of
atomic quantum sensors.

A. Community research efforts

Efforts to build atomic sensors usually involve a mixture
of universities, government labs, and commercial establish-
ments, whether collaboratively or in competition. It is rare
for a single entity to independently create a series of in-
novations leading to a successful sensor. More often, a
community-driven effort plays a substantial role in acceler-
ating innovation.

An excellent example of multiple groups advancing sensor
development is the SERF magnetometer [92]. The original
SERF demonstration in Ref. [48] was implemented on an
optical table using a hand-blown vapor cell heated in an oven
using forced hot air contained within multiple layers of mag-
netic shields. Two independent lasers implemented optical
pumping and probing functions with a water-cooled Faraday
modulator providing polarization modulation on the probe
beam to produce measurements along a single vector projec-
tion of the magnetic field. Over time, many aspects of this
implementation evolved. For example, lower technical noise
heating methods such as electrically resistive [93] or optically
heating with color glass [94] were introduced. A photoelas-
tic modulator (PEM) provided a lower drift modulation than
the Faraday modulator [95]. Field modulations eventually re-
placed the need for light modulations [96]. These and many
other innovations are implemented by and further advanced in
a variety of commercial magnetometer efforts [97].

SERF sensor arrays were initially explored in a common
vapor cell with a detector array sampling multiple detec-
tion zones on a mm-scale baseline [98,99]. Following this,
compact sensors with cm-scale baselines were constructed
and implemented into simple four-channel arrays [100,101].
In parallel, efforts to miniaturize other magnetometers with
microfabrication techniques [102–104] led to miniature sen-
sors operating at zero field [105]. These efforts benefited
from prototype demonstrations that demonstrated simplifica-
tions to the sensor architecture, such as pumping and probing
functions with a single laser beam [106] or independent, co-
propagating pump and probe beams [107]. Commercialization
followed the developments in basic research laboratories, see
Sec. VII A.

The two-decade SERF development process began with a
variety of academic and government research efforts openly
disseminating and sharing their fundamental and practical ad-
vances. This is in contrast with common practice in industrial
laboratories, which generally do not share their innovations,
even when the development costs are directly publicly funded.
It is hard to see how secrecy benefits the necessarily long-term
development of atomic sensor technology.

B. Internal documentation

A complex quantum sensing instrument built in a largely
academic environment is often developed as a single, stand-
alone apparatus (or more advanced next-generation version).
For small teams of scientists in a research group, documenting
progress in individual laboratory notebooks and other internal
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development documents (Mathematica notebooks, CAD de-
signs, etc.) provides sufficient record-keeping to support the
dissemination of achievements in scientific publications.

Additional documentation demands arise once the instru-
ment itself becomes the output product, driven by the need to
produce N copies at intervals. Specialist engineers, recruited
to design or implement specific components or subsystems,
benefit from clear written requirements, and records on how
it is achieved enable a clear understanding, even adjustments,
throughout testing. Significant design, fabrication, and testing
milestones should be well-documented in internal reports,
detailing not only implementation, but also how and why
conclusions were made. Supply chain notes, bill of materials
(including vendors), and the importance of certain source
characteristics should also be included.

C. Development retrospective

Quantum sensor development can succumb to a tempta-
tion to directly co-opt a design from a fundamental science
measurement in an academic laboratory and reproduce the
science experiment in a box. Here, engineering management
processes generate specification requirements closely resem-
bling the laboratory hardware systems and subsystems, and
modeling replaces in-house breadboarding of the system. Fol-
lowing these specs, custom hardware is designed, assembled,
and integrated into a prototype unit. Commonly, the resulting
hardware falls short in areas such as dynamic range, orien-
tation independence, or thermal stability, etc., as they were
irrelevant for the original laboratory system.

The rigid process described above is a direct consequence
of a high resource investment over a short development
time frame that desires revolutionary progress under a sin-
gle funded effort. The devil is in the details to achieve the
performance capabilities of atom-based sensors, details that
are quickly abandoned under the pressure of aggressive de-
velopment time frames. While a bold challenge can motivate
innovation, the artificially shortened execution timeline often
stifles creativity and de-emphasizes further discoveries.

A more natural and technical advancement-driven process
allocates the same fiscal resources over longer horizons, en-
abling a series of incremental advancements across research
groups to provide a foundation for revolutionary insights.
This measured approach introduces compatibility with quan-
tum workforce development, educating traditional engineers
to support a quantum technology by sustaining workforce
attention on quantum problems of relevance.

V. ENVIRONMENTAL CHALLENGES

Quantum sensing in research laboratories often relies on
highly controlled environments. In contrast, practical quan-
tum sensors must operate in the presence of uncontrolled
electromagnetic fields (and their gradients), platform motion,
environmental temperature, humidity, etc. In the following,
some basic information on these issues and some examples
of how they are dealt with for sensing in harsh environments
are given.

TABLE II. Typical environmental temperature ranges.

Temperature grade Range

Commercial 0 ◦C to +85 ◦C
Industrial −40 ◦C to +100 ◦C
Military −55 ◦C to +125 ◦C
Low Earth orbit (LEO) −65 ◦C to +125 ◦C
Geosynchronous orbit (GEO) −196 ◦C to +128 ◦C

A. Environments

a. Electromagnetic background. In research laboratories,
it is common to compensate for Earth’s 20–80 µT magnetic
field by adding static shimming fields or placing experiments
inside passive magnetic shields. A fielded sensor, in contrast,
must operate through dynamic and unpredictable environmen-
tal noise. The sensor platform may be moving, causing Earth’s
field to change orientation; communications equipment, mo-
tors, or ferrous objects may be nearby; noisy power lines and
poorly grounded circuitry inject high levels of noise into the
environment. Fields from power lines are particularly difficult
to avoid due to the ∼1/r scaling of magnetic fields from
line currents (10–20 nT at distances of 30 m). Even some of
the most remote locations have substantive electromagnetic
backgrounds—ocean surface waves produce fields of magni-
tude 100 pT to 1 nT depending on surface conditions [108].
Earth’s B-field itself presents ≈100 fT/

√
Hz with significant

1/ f contributions below 1 Hz and is subject to a variety of
time-varying geophysical phenomena from lightning strikes
to solar weather [109].

Clocks and inertial sensors generally address these prob-
lems with magnetic shielding and internal coils to set the bias
field. This may also work for electromagnetic sensing of small
nearby objects that can be included inside a shield. Electro-
magnetic sensing of fields from distant objects is necessarily
unshielded and thus faces severe challenges. Feedback may
be used with local shimming coils to enhance linearity and
dynamic range. Gradiometry using sensor arrays (Sec. III I)
has the potential to isolate faint sources in the face of large
background fields.

b. Temperature variations. Fielded sensors encounter much
greater temperature variability than in the typical research
laboratory. Some common examples are included in Table II,
which shows that satellites experience the largest temperature
swings. More stable environments exist in downhole drilling
at >200 ◦C or subsea applications where surface temperatures
vary with latitude but approach a uniform ≈4 ◦C at depth.
To adapt to these challenges, the sensor temperature is often
stabilized by a thermal feedback loop to a set point slightly
above the highest expected external temperature.

Most atomic sensors include internal thermal control that
allows the sensor to operate at a temperature that is convenient
for the sensor and its components, being particularly cog-
nizant of the vapor cell or vacuum enclosure, the electronics,
and the lasers. In particular, competing temperature operating
points for lasers and heated cells are often in conflict, which
is driving the development of commercial high-temperature
laser sources.
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TABLE III. Relevant metrics for accelerometers and gyroscopes
by grade for inertial navigation. Approximate ranges reflect depen-
dency on the precise path traveled to determine position uncertainty.
A typical navigation-grade system common on manned and un-
manned aircraft has a typical center error probable growth rate of
1 nautical mile per hour. Bias considers the response of the sensor
over environmental conditions.

Inertial navigation Tactical Navigation Strategic
Parameters Grade Grade Grade

Noise (µg/
√

Hz) 50–75 3–10 0.1–0.5
Bias (µg) 500–1000 10–100 0.1–10
Scale factor (ppm) 1000–3000 10–50 <1

Noise (deg/
√

hr) 0.1–0.5 0.0005–0.002 <0.0001
Bias (deg/hr) 5–50 0.003–0.02 <0.003
Scale factor (ppm) 500–1500 <15 <1

c. Platform motion. Fielded atomic sensors experience
accelerations, rotations, and vibrations rarely present in the
laboratory. These can introduce deflections in the mechanical
structure (optical paths, field coils, etc.) or laser frequency
shifts (Doppler, etc.) unless properly engineered. In addition,
the dynamic range of a cold-atom-based sensor can be re-
stricted due to atoms colliding with the wall following trap
release. In some cases such as navigation, accurately mea-
suring platform motion is the goal. An inertial navigation
system (INS) determines change in position without external
references by accurately measuring platform motion over all
six degrees of freedom from known initial conditions (posi-
tion and orientation). The underlying integrals determining
change in position compound any sensor errors (statistical
and systematic) into a growing position uncertainty that can
be predicted through Kalman filters [110]. Table III provides
relevant sensor performance metrics for mature inertial nav-
igation instruments operating over temperature and dynamic
range with ≈1 kHz bandwidths.

Inertial navigation represents a challenging, long-term
goal for atom-based sensors that capture the advantages of
atoms if dynamic range and volume considerations can be
addressed. This is likely to occur in navigation-grade and
strategic-grade systems as a large number of mass-producible,
chip-scale technologies already dominate the tactical-grade
market. Map-matching to geophysical features such as grav-
ity [111] and magnetic anomalies [112,113] present near-term
navigation impacts, again if the impact of the dynamic plat-
form can be managed.

d. Other considerations. Radiation, humidity, pressure,
etc., are also relevant. These can often be mitigated by
hermetic sealing of the sensor enclosure and selecting
radiation-hard materials. Space qualification is particular
challenging, often introducing reevaluation and extensive test-
ing of all components.

B. Environmental adaptation examples

There is a strong synergy between compact atomic sen-
sors and fundamental science in challenging environments.
For both types of applications, careful consideration of com-
plexity vs performance is required, plus a large premium on

remote operation and (sometimes) unskilled operation. Preci-
sion instrumentation benefits from robustness and simplicity,
no matter the environment. In this respect, fundamental re-
search in harsh environments is very likely to result in
advances in atomic quantum sensors, and vice versa. Fun-
damental science experiments in harsh environments still
contain internal diagnostics to address systematic effects, but
serve as an accelerator for supporting technology develop-
ment.

For example, complex cold atom systems, including atom
interferometers, have been engineered to survive drop tow-
ers [114] and sounding rockets [115] at a variety of terrestrial
microgravity facilities [116]. These developed experiments
operate reliably with minimal intervention and demonstrate
that complex cold-atom hardware can be matured for use
outside the laboratory. An outgrowth of these experiments is
the Cold Atom Laboratory (CAL) on the International Space
Station (ISS) [117]. This was installed by nonspecialists and
has been operated completely remotely by design [118].

Optical lattice clocks have achieved fractional frequency
uncertainty at 10−18 or below. Such clocks are capable
of accurately measuring the gravitational potential at sub-
centimeter scales [119–121]. A local measurement of the
gravitational redshift �zg/c2 is particularly valuable for mon-
itoring crustal deformations associated with earthquakes or
volcanic activities, where height changes in the geopotential
�z are more significant than mass redistribution impacting
g [122]. Such monitoring requires transport of some of the
highest-performance clocks. A Sr optical lattice clock has
been housed in an air-conditioned trailer [123], and a pair of
Yb clocks has been built and compared locally [119]. Con-
tinued maturation of portable systems has led to side-by-side
and remote comparisons of clocks at different geopoten-
tials [124,125].

The free fall and stationary environments discussed above
offer harsh but relatively predictable conditions. Sensor oper-
ation on a surface ship at sea requires operation in a highly
variable environment. Recently, several nearly identical op-
tical clocks based on an iodine vapor and fiber frequency
comb operated simultaneously over a 20-day evaluation pe-
riod [126]. By design, these clocks are first-order insensitive
to platform motion and leverage mature telecom laser compo-
nents at 1064 and 1550 nm. Hydrogen maser-like performance
of (5–6) × 10−14/

√
τ was maintained in two 35 L clocks,

while a similar, further simplified clock was maintained at
5 × 10−13/

√
τ . Testing exposed the clocks to accelerations,

vibrations, and rotations. An air-conditioned box limited some
outside influences, but still introduced modest thermal and
relative humidity variations. Overall, the clocks performed
similarly to laboratory tests, immune to ship motion but still
subject to small changes correlated with the day-night temper-
ature and humidity cycles.

An example of a robust commercial sensor is the Chip-
Scale Atomic Clock (CSAC). The CSAC is a very different
system in that it has traded sensitivity for SWaP to the ex-
treme. The Microchip SA.45s CSAC provides 3 × 10−10/

√
τ

over a temperature range of −40 ◦C to +80 ◦C. This is
achieved in an 8 mm3 microfabricated cesium vapor cell con-
taining buffer gases, heated to 90–95 ◦C, and interrogated with
a single, low-power vertical-cavity surface-emitting laser. The
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entire ≈15 cm3 sensor consumes 125 mW with only 10 mW
of the power budget for the elements in Fig. 1 [127]. Based
on the internal thermal setpoint, it is difficult to address the
temperature ranges in Table II: increased temperature detri-
mentally broadens the line due to collisions and reduces
signals as the vapor becomes opaque. A recent innovation
replaces Cs with a K-Cs mixture to translate the optimized va-
por conditions to a 115 ◦C setpoint, enabling operation above
105 ◦C [128]. The mixture synthetically reduces the cesium
vapor density by the mole fraction of the mixture (XCs = 0.2)
following Raoult’s Law. By mixing with a secondary species
with lower vapor density, the Cs-Cs collisions remain the
dominant line-broadening factor, albeit at an increased tem-
perature.

VI. SUPPORTING TECHNOLOGY

Atomic sensors rely heavily on lasers, electro-optical tech-
nologies, specialized packaging, and electronic technologies
that enable high-performance, robust, and compact atomic
sensors. Here, we describe three examples, among many, of
evolving technologies: photon manipulation tools, cold atom
vacuum systems, and miniature vapor cells. Maturation of
these tools will accelerate atomic sensor development.

A. Photon manipulation tools

A recurring challenge for quantum sensors is effectively
implementing optical infrastructure for state preparation, evo-
lution, and detection functions into a self-contained sensor
unit. Tabletop free-space optical systems for cold atoms have
been transformed into ruggedized, smaller-form-factor inte-
grated racks [129], or miniature optical benches [130], even
enabling such systems to be dropped from towers [131]. A
recent complementary approach leverages mature optical fiber
components developed for the telecom industry [132,133].
However, these systems exhibit low wall-plug efficiency due
to losses associated with doubling required to reach the usual
alkali-metal transition wavelengths. Overall, the volume of
the optical generation, manipulation, and delivery systems can
easily dominate the sensor form factor.

1. Photonic integrated circuits

A photonic integrated circuit (PIC) incorporates more than
one electro-optic function into a single, compact platform
or substrate. In principle, any number of lasers, modulators,
detectors, switches, isolators, etc., interconnected by high-
density waveguides can be integrated into a single cm-scale
chip [134]. In effect, lithographically defined waveguides re-
place free-space propagation, or fiber coupling, or routing in
a dramatically reduced footprint. For atom-based sensors, this
SWaP advantage is accompanied by an increase in robustness:
integration builds stability by eliminating opportunities for
optical misalignment between components.

A frequently promoted vision offers replacement of the
entire sensor optical system (free-space or fiber) with an
equivalent chip. This is challenging for PICs because no single
material platform can simultaneously incorporate electrically
injected photon generation (laser), electro-optic manipulation
(modulators, etc.), and low-loss propagation (waveguides) as

a monolithic structure. Complex processing of hybrid (dis-
parate materials coupled through high-precision placement) or
heterogeneous (mixing disparate materials at the wafer level)
structures is required. Promising materials for native atomic
wavelengths include GaAs [135] for photon generation and
silicon nitride Si3N4 [136], along with thin-film lithium nio-
bate [137] for modulators. A realizable, near-term approach
focuses on creating an integrated chip or chips that address(es)
several key optical functions in conjunction with a small num-
ber of free-space optics.

Quantum sensors represent a small niche among other,
more prominent PIC applications such as lidar, optical
computing [138], and communications. As such, PIC de-
velopment for quantum sensors is not market-driven but
researcher-driven, mainly at universities or corporations un-
der government sponsorship. Here, researchers have produced
proof-of-concept component technologies such as nonmag-
netic optical isolators [139–141], offset phase-locked lasers
up to 16 GHz at 1550 nm [142], and narrow clock lasers with
fractional frequency noise <10−13/

√
Hz [143] or sub-Hertz

fundamental linewidth [144] that have clear opportunities for
use in sensors if the relevant wavelength, optical power, and
narrow linewidth can be achieved.

Photon manipulation structures in PICs (ring resonators,
circulators, interferometers, etc.) differ from the traditional
electro-optical and opto-mechanical devices [acousto-optic
modulators (AOMs), electro-optic modulators (EOMs), shut-
ters, etc.] commonly exploited in AMO science. As such, a
different set of nuanced behaviors (residual amplitude modu-
lation, extinction, sidebands, etc.) in these tools can introduce
a systematic effect or instability in a sensor application. There
is therefore enormous value in rigorous testing of PICs in
sensing contexts [145,146]. In addition, in designing a PIC
to support a sensor, it may be insufficient to rely on com-
municating a “requirements” list to a photonics engineer at
a university or company with a foundry. Instead, interdis-
ciplinary collaboration between sensor and PIC specialists
should define appropriate on-chip structures matched to a sen-
sor configuration that fully leverages the emerging PIC toolkit.
Such collaborative efforts will require sustained investment to
accommodate the PIC fabrication cycles (3–6 months, typi-
cally).

Once a suitable PIC has been developed, an open challenge
remains its integration into the larger system, particularly in
the coupling to fibers, other PICs, or free space. Edge coupling
from the sides of the chip, as well as grating coupling normal
to the chip, must be coordinated with the sensor design; fur-
ther maturation of the input-output coupling is of benefit as
�3 dB losses per interface are not uncommon. In addition,
the lower SWaP introduces a chip-level thermal sensitivity
(internal or external), requiring proper heat-sinking of a small
thermal mass.

It is clear that even with the maturation of advanced
PIC technology, conventional optical components will still
retain a prominent role in practical sensors. To address
SWaP, the development of creative optical designs using a
minimum number of existing tools combined with design
one-upmanship provides great benefit. For example, it is pos-
sible to implement all atom interferometer operations with a
single laser and a few electro-optics. Wu et al. [147] demon-
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strate operation using a single diode laser, a fiber EOM, and
five AOMs, while López-Vázquez et al. [148] reduce the
electro-optics to one EOM and one AOM. Similarly, Theron
et al. [149] achieve operation using a single telecom fiber laser
and two phase modulators doubled to 780 nm.

2. Advanced VCSELs

Useful sensors can be enabled with a laser and a small
number of optics, without requiring the capabilities of a PIC.
Examples include the CSAC and the magnetometer array
(Sec. VII A), which leverage a single vertical-cavity surface-
emitting laser (VCSEL) as the light source. The VCSEL
provides key advantages over edge-emitting diodes, such as
high efficiency photon production with sub-mA threshold cur-
rent, circular spatial mode profile, fast modulation (�1 GHz),
and integrated optical isolation due to a high-reflectivity out-
put mirror. Unfortunately, commercial VCSELs for relevant
atomic transition wavelengths produce only ≈1 mW of op-
tical power with 50–70 MHz linewidths [150], traditionally
limiting their use to small form factor vapor cell sensors
(clocks, magnetometers, etc.). If advanced VCSELs with
15 mW of optical power and ≈1 MHz linewidths could be
produced in conjunction with their other attractive properties,
a greater number of applications could be addressed. For
instance, an MOT with 107 atoms could be produced much
more elegantly with high optical efficiency from a single
current-modulated chip, a collimating optic, and a small num-
ber of reflective optics than with some integrated photonic
approaches [151]. A recent, research-grade 3 mW VCSEL
with <2 MHz linewidth shows promise [152].

3. Reliable, integrated laser diodes

Laboratory-based sensing experiments incorporate a wide
variety of semiconductor-based distributed feedback (DFB),
distributed Bragg reflector (DBR), and external-cavity diode
lasers (ECDLs). Today, multiple vendors produce benchtop
models that support a thriving AMO science ecosystem.
In contrast, sensors often require deep integration of light
sources that represent a leading sensor failure mechanism and
are nontrivial to replace.

Laser attrition (power, phase noise, etc.) or mode hops
lead to sensor performance degradation or inoperability. Most
clocks and inertial sensors require guaranteed uninterrupted
operation over timescales longer than the typical laser war-
ranty of 4–18 months (≈3 000–15 000 operational hours).
Laser lifetimes approaching �10 years (≈90 000 hours)
should be pursued. In addition, integrated packages that incor-
porate corrected astigmatism, optical isolation, or frequency
stabilization as a unit would simplify sensor integration.

B. Cold atom vacuum

Laser cooling methods isolate atoms from interactions with
the walls through momentum state preparation to literally
suspend them in space. In the case of neutral atom trapping
in an MOT, background densities of the trapped species of
≈108/cm3 (room temperature of potassium) and background
pressures of 10−8–10−9 Torr provide optimal performance,
but atoms can only be trapped up to background pressures of

FIG. 5. (a) A small-scale UHV system containing active pumps
and separate trapping and measurement regions reproduced from
Ref. [155]. (b) Passively maintained, compact UHV system repro-
duced from Ref. [156].

10−7 Torr. Ion traps typically operate at 10–100× lower back-
ground pressures to enable longer trap lifetimes and require
substantially fewer trapped atoms for loading.

These conditions have traditionally been implemented in
laboratory systems using a glass or stainless-steel vacuum
chamber, glass windows, a source of atoms, an ion pump, and
a passive titanium sublimation pump or other chemical get-
ter(s) [153,154]. Following a UHV bake-out, the established
approach provides a reliable system that balances continuous
background contamination from both materials outgassing
and atmospheric helium permeation through glass. Thus, the
UHV requirements for laser cooling substantially increase
SWaP compared with simple sealed cell technology for hot
atoms.

Miniature components have been developed to address
technical challenges in small-scale designs, including sourc-
ing atoms, leak mitigation (UHV bonding and coefficient of
thermal-expansion matching), gas permeation (primarily He),
and outgassing (H2, CO, noble gases, etc.), see the Appendix.
Small-scale designs have been achieved by incorporating sim-
ilar features to the traditional laboratory systems, such as
separate atom loading and measurement regions [Fig. 5(a)].
Much of this advancement has focused on supporting an MOT,
but has not fully addressed the more complex needs of a sen-
sor, particularly mitigating decoherence in the measurement.
The decreasing distance between the ion pump magnet and
the measurement region in a miniature system is a challenge.

To support high-performance measurements, the vac-
uum solution must simultaneously provide (1) alkali vapor
regulation at ≈108 cm3 (≈10−8 torr), (2) background gas
maintenance � 10−8–10−9 torr (including noble gases), (3)
limited decoherence (magnetic-field interference, etc.), and
(4) unrestricted optical access for the sensor optical config-
uration. A passive solution to these conditions that can be
produced at the centimeter scale has the potential to become
the universal standard, particularly if it can operate at an
internally stabilized elevated temperature.

Such a solution is likely forthcoming based on re-
cent advancements. Chambers made from carefully selected
materials with low-helium permeability offer the potential
to operate without an ion pump once purged and sealed
[Fig. 5(b)]. Notable materials include an aluminosilicate glass
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compatible with anodic bonding [157], a sintered alumina
chamber with glass-ceramic windows [158], and a titanium
chamber brazed to sapphire windows [156] (originally sup-
ported ion traps [159–161]). These approaches offer a simpler
and more compact structure than a similar anodically bonded
glass and silicon chamber, which necessitates an appendage
to support a spatially separated ion pump [162]. As an added
advantage, these materials reduce eddy currents associated
with rapid magnetic field switching in neutral atom trapping
applications, where even the modest conductivity and mag-
netic permeability of titanium offer substantial reduction over
stainless steel. References [156,158] demonstrate operation
without an ion pump, where, in the case of Ref. [158], the
ion pump is initially included, but pinched off. Long-term
operation (>5 years) has been demonstrated. A similar ap-
proach for ion trap packages has maintained state-of-the-art
clock stability after only passive pumping for 10 years [163].

Active atom sources to produce alkali metals at the desired
background density for trap loading are common to address
external temperature swings or elevated temperature opera-
tion (Sec. V A). Numerous approaches for controlled alkali
sourcing have been developed for reduced SWaP [164–172].
A passive atom source would be preferred because these
active approaches can contaminate the vacuum and compete
for optical access on the chamber surface. An equilibrium
vapor matched to the sensor operating temperature should be
possible [128,173]. A final challenge would be integrating
these aspects with a UHV bake-out and suitable seal, such as
membrane-closure or cold-weld, or alternatively performing
operations via in-vacuum encapsulation [174].

C. Miniature vapor cells

A typical hot atom sensor includes a sealed glass chamber
with a small droplet of alkali metal inside. The cell is in
thermal contact with an oven that may be heated by a variety
of methods (electrical, optical, convection, etc.), and whose
temperature sets the equilibrium alkali-metal density. Since
the vapor pressure inside the cell must be spatially uniform,
the inevitable temperature gradients across the cell cause the
alkali metal to form a droplet at the lowest temperature point,
with a thin film forming elsewhere such that the flux of atoms
emitted from each small surface area of the film is equal to
the flux of atoms incident on that same area. It is important to
keep in mind that, even with optical or antirelaxation coatings
on the cell walls, a thin film of alkali metal forms in order
to maintain an equilibrium between the condensed phase and
vapor phase. Preparation of a cell requires some sort of inte-
rior surface cleaning, metal deposition that may or may not
include surface coating or buffer gas, and a final seal.

For sensors greater than 1 cm in diameter, it is usually
easiest to form blown thin-walled spheres or attach optical
windows to cylinders through various methods. The desire
for miniaturization has spurred a variety of cell construction
techniques such as anodic bonding of glass to etched silicon
wafers [104]. Millimeter-scale cells as well as the extreme
case of submicron waveguides [175] have been achieved. Re-
cent specialized glass cells include microglass-blown atomic
vapor cells [176] and anodic-bonded aluminosilicate glass
that limits atmospheric helium permeation [157]. Recent

fabrication techniques include cutting cells with hot
wires [177], femtosecond machining inside a fused-silica
block, and replacing anodic bonding with Cu-Cu thermo-
compression to limit the release of oxygen [178]. A recent
vapor cell for atomic strontium [179] reduces the tech-
nological gap for warm vapor quantum sensors based on
alkaline-earth elements (Sec. III B).

One of the challenges remains availability and mass fab-
rication, so an extremely promising technique demonstrates
wafer-scale production of identical vapor cells using a com-
mercial anodic bonding machine [180]. These wafer-bonding
techniques naturally lead to cells with optical access on
two opposing faces. There remain sensor architectures where
stemless vapor cells with optical access on all faces would be
attractive. Continued developments in miniature vapor cells to
meet the wide needs of the various sensors will support their
maturation.

VII. ILLUSTRATIVE SENSOR EXAMPLES

By a considerable margin, atomic clocks of various designs
dominate practical atomic sensors that have been commer-
cialized. Recent examples include the CSAC [181] and
two-photon Rb optical clocks [182]. In this section, we de-
scribe two very different sensors—a commercial developed
optical magnetometer array and a developing compact ac-
celerometer based on atom interferometry—to illustrate some
of the points concerning atomic sensor development that we
have emphasized above. In both cases, the technological de-
tails have largely been published and have benefited from
community-wide advances over many years.

A. Optical magnetometer array

There are a variety of types of optically pumped magne-
tometers. A common version uses modulated light or applied
oscillating fields to drive spin precession at the Larmor fre-
quency f = |γ B|. The precession may be simply detected by
modulated absorption of the pumping light. More complex
arrangements might instead observe the Faraday rotation of
an off-resonant linearly polarized probe laser. However the
detection is done, the frequency can be measured with great
precision and the magnetic field magnitude so deduced. The
measurement precision is fundamentally limited by transverse
spin-relaxation, with spin-exchange collisions dominating
when the vapor density exceeds typically 1011 cm−3. The
accuracy of the field measurement is typically limited by
nonlinear Zeeman and ac-Stark effects. Such magnetometers
have dead zones—orientations of the magnetic field relative
to the sensor where low precession amplitudes degrade the
sensitivity. With these caveats in mind, such magnetometers
typically have pT scale accuracy and sensitivity, though their
QPN limits are much lower than this.

In a spin-exchange-relaxation-free magnetometer, optical
pumping along direction k spin-polarizes a hot alkali-metal
vapor to a modest ≈50% spin-polarization in a small (nT
or less) magnetic field, 〈S〉 · k̂ ∼ 1/4. The torque from a
small transverse magnetic field causes a tilt of the polariza-
tion 〈δS〉 = 2μBB × 〈S〉/
2 out of the k-B plane (Fig. 6).
Spin-exchange collisions, though they scramble the spin of
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FIG. 6. Single-component low-field vector magnetometer. Cir-
cularly polarized “σ+” light optically pumps atoms along the
z-direction. A small transverse magnetic field By rotates the spin
�S away from the optical pumping direction and causes a spin-
dependent index of refraction that rotates the plane of polarization
of the probe light.

individual atoms, nevertheless conserve total angular momen-
tum and so do not contribute to 
2 when the magnetic field
is near zero, see Sec. II B 2. The transverse relaxation is then
determined by a combination of other collision mechanisms
and light scattering. For greatest sensitivity, the transverse
spin-polarization is detected by Faraday rotation of a linearly
polarized off-resonant probe, and for optically thick samples,
this detection is effectively of the quantum nondemolition
(QND) type.

The quantum projection noise for QND spin detection is
limited at high densities by alkali-alkali spin-axis relaxation
(rate coefficient βSA) [183], to be δBSE = √

βSA/V /γ ≈ 10
aT/

√
Hz for a 1 cm3 volume V of potassium. Such a low noise

floor, orders of magnitude smaller than the background noise
in even a high-quality magnetic shield, implies that there is a
substantial margin available to simplify and miniaturize SERF
sensors without degrading performance.

Alem et al. [184] present an instructive recent implemen-
tation of an array of 128 high-sensitivity optically pumped
magnetometers for magnetoencephalography. The design de-
cisions that are made to implement such a system illustrate
many of the principles we have been discussing.

The individual magnetometer elements are microfabri-
cated [185] glass cells containing Rb vapor in a N2 buffer gas.

Each cell is individually heated to about 150 ◦C by a nonreso-
nant laser coupled to the cell through an optical fiber [185]. A
single VCSEL laser at 795 nm provides the optical pumping,
and magnetometer detection is done by measuring the trans-
mission of the VCSEL through the cell. A “strong” oscillating
magnetic field (for a SERF, 150 nT at 1.7 kHz!) along x̂, in
concert with dc optical pumping along ẑ at zero field, produces
an oscillating spin component along the ŷ direction. Then,
a small magnetic field in the x̂ direction tilts this oscillation
into the ẑ direction, which modulates the transmission of the
pumping light. Laser and field control signals, plus low-noise
photodiode readout, are coupled to each element by cabling.
An automated control system optimizes the individual ele-
ments and feeds back to hold the magnetic field at zero. The
single channel sensitivity is 20 fT/

√
Hz.

The reader should not be fooled by the apparent simplicity
of Fig. 7. Each part of the magnetometer array represents
a deep understanding of SERF magnetometry and honing
of techniques to simplify it relative to a high-performance
laboratory apparatus. Developments of very sophisticated mi-
crofabricated cells [186] and VCSEL lasers, not to mention
heating innovations [94] and low-noise electronics, are each
crucial to integration into a working sensor array. Sensor-
generated magnetic fields are managed to limit interference
at the vapor cell and suppress sensor crosstalk. Even though
the sensor does not run at the QPN limit, its extremely low
value provides a margin that can be exploited for simplicity
and scalability, which is essential for a practical sensor. Thus,
the more sensitive but complex QND Faraday probe detection
is purposefully replaced by a less efficient modulated pump
transmission method without significantly compromising the
necessary performance. It is also interesting to note that a
substantial fraction of the single sensor element volume is oc-
cupied by the collimation optics; mode converter technology
could potentially allow for the essential physics package (cell
plus coils) to occupy a greater fraction of the sensor volume.

B. Cold atom accelerometer

As the name suggests, the light-pulse atom interferometer
uses controlled light pulses to manipulate the atom wave-
function that produce the analogs of the beam splitters and

FIG. 7. Atomic magnetometer array, adapted from Ref. [184]. (a) Laser, optics, cell, magnetic-field shim coils, and photodiode are
integrated inside a 1.5 cm3 volume. (b) The cable carries electrical signals in and out, along with fiber optic for optical heating of the cell. 128
sensor elements are placed for ultrasensitive magneto-encephalography.
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FIG. 8. LPAI configured as an accelerometer in a π/2-π -π/2
configuration based on Raman transitions that provide electronic
state labeling of the output momentum states.

mirrors in an optical interferometer (Fig. 8). The pulse tim-
ing T and photon momentum h̄keff exchanged with the atom
define distinct space-time trajectories along the interferometer
arms. Transitions driven between momentum states with 50%
probability (a π/2-pulse) form a beam splitter to separate
and recombine atomic trajectories, while transitions with a
100% probability (a π -pulse) form a mirror to redirect paths.
Raman transitions, Bragg diffraction, and Bloch oscillations
offer mechanisms to manipulate momentum states, where the
Raman transitions offer a convenient electronic state labeling
entangled with the output momentum states (Fig. 8).

In the atom interferometer, each atom interferes with itself,
encoding the phase in the population of the output momentum
states. As the coherent overlap of the atom wavefunction con-
tributes to the interferometer contrast C, laser cooling greatly
enhances the atom interferometer performance [187]. The
measured phase of the atom interferometer can be understood
through the formalism of the Feynman path integral approach,
where the phase φ of the matter wavefunction ψ is given by
|ψ (t )〉 = e−i(S
/h̄)|ψ (t = 0)〉 where S
 is the classical action
along path 
. Changes in energy and interactions along the
interferometer arms impact the phase accumulation.

An insightful interpretation recognizes the standing waves
in the optical pulses as ticks on a ruler to provide precise po-
sitioning along atomic trajectories [188]. The leading inertial
contributions to the phase include both accelerations �a and
rotations ��,

�φ = �keff · [�a − 2( �� × �v)]T 2 = �keff · �aT 2 + 2m

h̄
( �A · ��),

(3)
where the keff is the effective two-photon wavevector and T
is the time between pulses. For linear separation of the atoms
in a Mach-Zehnder interferometer (Fig. 8), the inertial phase
is �φ = keffaT 2 where the Coriolis term −2( �� × �v) is an
important systematic effect [189]. For interferometers that en-
close a spatial area �A, both accelerometer and gyroscope terms
persist [190]. The scale factor increases with the enclosed area
(space-time and/or spatial), growing with T 2. In all cases,
variations in the laser phase stability over 2T contributes an
important technical contribution to the achieved resolution.

It is important to note that the repeating pattern of fringes
provides high sensitivity to parameters that determine the
phase. As with all interference measurements, sensitivity is
best in the vicinity of the fringe crossing and suffers from a

limited dynamic range of �φ = π , defining aπ (or �π ). Dy-
namic range can be extended if fringe disambiguation can be
achieved through a simultaneous coarse measurement [191].
In addition, the scalar phase measurement implies that a single
measurement can only produce a projection of the inertial
input as indicated by the inner products in Eq. (3).

It is instructive to consider the design and implementation
choices of a particular cold atom interferometer, that of Lee
et al. [192].

a. Sensor head. Several innovations achieve a compact,
softball-scale sensor head with simplified optical delivery
[Fig. 9(a)]. Two single-mode fibers deliver light to the tethered
sensor head, where a single laser beam supports atom trap-
ping through a grating magneto-optical trap (GMOT) while
counterpropagating laser beams that drive two-photon Ra-
man transitions are delivered by a separate fiber. Simplified,
high-rate atom loading occurs through an atom recapture
method compatible with atom interferometry [193]. To limit
electromagnetic interference on the sensing region, additional
multimode fibers transfer light to spatially displaced circuitry
for state detection and optical diagnostics nonconducting ma-
terials limit eddy currents under magnetic field switching
at ≈100 Hz, and the ion pump (with associated magnetic
field) is spatially displaced via a copper tube. Fixed optics
(beam splitters, polarizers, mirrors, waveplates) used through-
out the sensor head remove mechanical degrees of freedom for
long-term stability. Electro-optic control is enabled through
time-multiplexed frequency shifting from a single seed laser.

b. Optical frequency generation. To address the challenge
of bulky atom interferometer laser systems, a technical de-
velopment path towards a PIC based on existing silicon
photonics at 1560 nm is established, taking advantage of
the maturity of the telecom-supported photonic infrastruc-
ture and frequency-doubling to the 87Rb D2 line at 780 nm.
As a PIC offers minimal adjustment postfabrication, a rack-
mounted version of the laser system with fiber-connected
commercial-off-the-shelf components (akin to Sec. III J) al-
lows rapid reconfiguration of possible PIC-based optical
implementations [194]. Figure 9(b) showcases the workhorse
PIC component developed internally, a single-sideband modu-
lator (SSB), enabling rapid control of a second copropagating
frequency by adjusting the RF input. Common phase and
polarization of the carrier and sideband build on previous
demonstrations with discrete SSB modulators [195,196]. The
PIC achieves close to single frequency generation (30 dB car-
rier suppression and 47.8 dB sideband suppression) to reduce
systematic effects from lightshifts [197]. A similar system has
been developed in Ref. [198].

c. Atomic vapor isolation. A low outgassing, helium im-
permeable vacuum chamber made from titanium with five
antireflection coated fused silica windows encapsulates the
enclosed measurement volume [Fig. 9(c)]. Compared with
traditional steel chambers, the titanium offers lower hy-
drogen out-gassing and lower magnetization. Here, an ion
pump connected via copper umbilical reduces the impact of
magnetic-field gradients on the measurement while maintain-
ing UHV. A parallel development using a similar titanium
chamber with helium-impermeable sapphire windows elimi-
nates the pump entirely [156]. Atom loading is accomplished
through rapid recapture of the MOT. This technique demon-
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FIG. 9. (a) Rendering of compact sensor head including optical delivery beams. (b) Closeup of SSB integrated photonic chip with printed
circuit board interconnects that form the backbone of the optical frequency generation and control system. (c) Closeup of vacuum package
highlighting atom source, grating MOT, and spatially separated ion pump through copper umbilical. All images are adapted from Ref. [192].

strated >80% recapture efficiency in Ref. [193] but suffers
from reduced efficiency in the GMOT due to a lower capture
volume.

d. Measurement considerations. The prototype takes an
intermediate advancement on delivery of light using a race-
track configuration. As discussed previously, the laser phase
between the two Raman frequencies represents a signifi-
cant noise contribution, so a common optical path with a
retroreflection mirror would enable the Doppler-sensitive Ra-
man transitions with counter-propagating photons. However,
this configuration leads to degeneracy at zero center-of-mass
velocity of the cloud between the forward-propagating and re-
flected optical frequencies [199], limiting operation when no
acceleration is present, a poor match for an inertial navigation
application. The racetrack splits orthogonal linear polariza-
tions delivered through a common polarization-maintaining
fiber to enter from opposite sides of the chamber. Recent
publications have introduced zero-velocity compatible meth-
ods with fixed optics, such as a frequency chirp [200] or a
symmetry-breaking pair of magnetic insensitive transitions
from the clock state [201]. Other techniques, such as adiabatic
rapid passage [202] and top hat beams [203], address cross-
axis accelerations. Single-axis measurements in this system
can be extended to three-axis measurements, as has been
demonstrated in Ref. [204].

e. Precision and accuracy. The rapidly repeating mea-
surements provide a statistical sensitivity in the measured
acceleration of

σg = δφ

Ckeff T 2
√

R
, (4)

where δφ is the single-shot uncertainty in �φ and R is
the cycle rate. For duty cycles dominated by measurement
time, where 1/R ∼ T , this leads to a 1/T 3/2 scaling in
the measurement precision. Early breadboard measurements
demonstrated R = 50–330 Hz achieving 0.57 µg/

√
Hz and

36.7 µg/
√

Hz, respectively [193]. These measurements were
limited by technical noise, laser phase noise of 21 mrad/shot
attributed to optical component instability, and magnetic-field
noise of 15 mrad/shot, substantially larger than the QPN phase
δφQPN = 1/

√
N < 1 mrad/shot for 106–107 atoms. When ver-

tically oriented, measurements in the compact sensor head
exhibit a slowly varying offset which can be eliminated by
fitting to a chirped sinusoid to measure local gravity to a

statistical precision of �g/g = 2.0 × 10−6. An offset of
1.6 mm/s2 from the nearest surveyed gravity value (adjusted
for elevation) indicates the introduction of a systematic effect
not present in the initial demonstration, highlighting the con-
tinuing value of the breadboard experiments (Sec. III J).

VIII. ADVANCED QUANTUM METHODS

Advanced quantum methods, such as squeezing (light
and/or spins) and entanglement, allow for measurements
with statistical precision below the standard quantum limit.
Squeezing reduces quantum noise in one observable by in-
creasing it in another conjugate observable. Entanglement
exploits quantum correlations for increased sensitivity, and for
certain types of nonlocal states allows the quantum noise to
scale as 1/N as opposed to 1/

√
N for the standard quantum

limit [205,206]. Generally, such advanced quantum methods
allow improvements in statistical uncertainties and increase
bandwidth. They are therefore of fundamental interest to
quantum sensors of all types.

The impact of squeezing methods can generally be quan-
tified by the Wineland parameter ξ as a prefactor in Eq. (2)
where ξ � 1 [207,208]. For a fixed number of atoms, a
quantum-enhanced measurement offers increased statistical
resolution per measurement by ξ , assuming, of course, that
nonquantum noise sources have been eliminated. With this
assumption, ξ < 1 decreases the short-term noise in the Allan
deviation plot (Fig. 4), with little impact on the bias stabil-
ity [209]. Some types of entangled states exhibit Heisenberg
scaling [210] (1/

√
N → √

N0/N) which for N > N0 would
lead to even faster averaging to the bias stability limit.

The most dramatic and impactful use of advanced quantum
methods for metrological use is undoubtedly the imple-
mentation of frequency-dependent squeezing in the LIGO
gravitational wave detector [211]. Another beautiful exploita-
tion of advanced quantum methods was the recent dark matter
search using squeezed microwaves [212]. While neither of
these are atomic sensors, they illustrate the potential advanced
quantum techniques have for metrological gain. In both of
these cases, the experimental sensitivity due to classical noise
sources had been pushed below the SQL, making quantum
metrology a necessity to improve the sensing performance.

For atomic sensing, proof-of-principle experiments have
shown impressive improvements of measurement phase
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FIG. 10. Apparatus for enhanced RF magnetometry using spin-
squeezing (not showing AOMs on pump and probe). Adapted from
Ref. [219].

sensitivity below the SQL of 10 dB in Ref. [213] and 20 dB
in Ref. [214]. Recent demonstrations of metrologically useful
gains include clocks [215–217], magnetometers [218,219],
and atom interferometers [220]. These experiments used spin-
squeezing or squeezed light to attain 2–5 dB performance
beyond the SQL. They also correspond to sensor config-
urations where atom number cannot be readily increased
without increasing collisional shifts (clocks) or shortening
decoherence times (rf magnetometers). As such, these exper-
iments represent important milestones toward implementing
advanced quantum methods in practical quantum sensors.

An example of a spin-squeezed rf magnetometer for sub-
SQL detection of magnetic induction tomography [219] is
shown in Fig. 10. The 4.6 dB of squeezing is achieved using
a stroboscopic probing scheme with a pair of QND spin-
detections. The complexity cost of this implementation of spin
squeezing is notably small and, with PIC technology, could
be readily incorporated into arrays. This illustrates that elec-
tromagnetic sensing, which cares primarily about short-term
sensitivity, is a promising avenue for the implementation of
advanced quantum methods.

A high-complexity-cost example of high-performance
quantum sensing is a spin-squeezed optical clock using Ry-
dberg interactions in a Sr atom array [216]. As always
appropriate for clocks, the authors stress the importance of
assessing the impact of advanced measurement methods on
systematic errors [209]; this issue is not always addressed
explicitly.

With some exceptions, advanced quantum methods to date
have been laboratory implementations where the additional
complexity of these methods can be managed by experts. For
compact, practical atomic sensors, the increased infrastruc-
ture and hence complexity cost of most metrologically useful
advanced quantum demonstrations to date is too great to be
currently feasible [208]. Research leading to the simplification

of advanced quantum methods is key to their implementation
in practical atomic sensors.

IX. OPEN CHALLENGES AND FUTURE DEVELOPMENTS

The overall challenge facing the development of atom-
based quantum sensors is the process of transitioning the
four “I”s of Sec. I B ( Identical, Isolateable, Interfaceable, &
Intelligible) from the laboratory to the field. A balance must
be struck to maintain as much as possible of the high-value
sensitivity and stability of laboratory experiments, but with
proper regard to practical issues (SWaP, ruggedization, manu-
facturability, scalability etc.). Continued innovations in sensor
designs and supporting technologies as well as advances in
fundamental understanding will allow modern atomic quan-
tum sensors to manage both complexity and performance
which can enable widespread implementation.

We conclude by offering some observations about addi-
tional developments and particular topics for further emphasis
in atomic sensor research.

A. Emergence from fundamental research

To our knowledge, all current atomic sensor technolo-
gies are outgrowths of fundamental, curiosity-driven research.
Complex quantum sensing apparatus, developed for expert
use to address scientific questions, was recognized to have
potential to be adapted for practical quantum sensors. New
techniques in manipulation and measurements on atoms, cou-
pled with technological advances from other fields, are being
translated into compact, practical quantum sensors. The con-
tributors to Physical Review can assert, without irony, that
their fundamental research—however abstruse—has long-
term broader societal impacts.

We have argued that the process of translation from sensing
to sensor is best accomplished in stages. As prototypes are
built and tested, it is critical to “breadboard” for the pur-
poses of taking advantage of fully instrumented diagnostics
to make key studies of the fundamentals of the sensor. To
proceed without this step overlooks valuable opportunities for
innovation. Understanding the nature of systematic errors and
noise sources is critical to intelligent implementation of any
technology in the field. Likewise, understanding fundamentals
of decoherence mechanisms is essential to sensor design and
implementation, but often difficult to ascertain and understand
with limited diagnostics of matured sensor packages. It is here
that the breadboard maintains its value throughout the sensor
development process.

Although all types of AMO research can and do contribute
to the development of atomic sensors, precision measurement
studies are particularly well-suited to sensor spin-offs. One
can view a practical atomic sensor as a portable precision
measurement device, designed to allow an unskilled operator
to produce an accurate measurement of the desired quantity
under a variety of environmental conditions. For both the
sensor and the laboratory experiment, a device is designed to
be maximally sensitive to the quantity of interest and reject
other confounding variables. Due to the extreme sensitivity
sought, measurement simplicity is valued and preserved for
purposes of intelligibility and complexity management. An
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excellent example is the continuing search for a permanent
electric dipole moment of elementary particles. Competitive
limits on permanent electric dipole moments continue to be
set with vapor cells [221,222] and beam systems [223,224],
as well as ion traps [225]. As these techniques are stretched to
their limits, new efforts [226] are incorporating laser cooling
and trapping techniques. Lessons learned in management of
complexity cost in state-of-the-art experiments like these will
doubtless translate into new insights in practical quantum
sensors.

Thus, the notion that the transition from sensing to sensor
is “just an engineering problem” is naive and will likely lead
to underperformance; new issues arise in sensors that were
not addressed in their laboratory forebears. In addition, the
progenitor experiments were optimized for different environ-
ments or purposes, requiring new variations on the established
theme to be developed. Instead, atomic sensor development
should be recognized and appreciated as an independent intel-
lectual endeavor.

B. Publication of atomic sensor R&D

The common attitude that quantum sensor development
is primarily an exercise in engineering has other unfortunate
side effects. In our experience, this view has led both sen-
sor developers and funding sources to devalue disseminating
information about the sensor progress or performance. Of
course, there is an understandable reluctance on the part of
industrial firms to share their hard-earned “secrets” that were
possibly developed at high internal cost; however, in the mod-
ern era, many if not most atomic sensor development projects
are actually funded by government sources, a cost largely
borne by the public. The same pressures that are driving open
source publication of publicly funded fundamental research
should apply to public funding of research and development
as well. Suppressing the dissemination of details of quantum
sensor achievements slows overall development, also not in
the public interest.

C. Physics in challenging environments

Research done outside the relatively pristine, well-
regulated environments of modern laboratories at universities
and government or industrial research institutes naturally
shares the goals of practical quantum atomic sensors. Space
and budget constraints, plus the need for the experiments to
often operate remotely or survive large temperature varia-
tions, platform dynamics, or operation by nonspecialists, drive
the development of simpler, more robust techniques that are
synergistic with improved quantum sensors. “Crazy” ideas,
pursued to satisfy curiosity, inspire advances in methods,
capabilities, and understanding that will eventually be incor-
porated in quantum sensors.

D. Hot complements cold

We have emphasized in this article the complementary
nature of cold and hot atom technologies. When possible, the
simplicity and compactness of sealed vapor cells make hot
atoms a clear choice. For magnetometry, the vastly greater
number of atoms with comparable decoherence rates make

hot atoms vastly superior. For compact clocks of not too
high performance, one is often willing to live with greater
decoherence with hot atoms in order to gain in simplicity,
as in the CSAC or two-photon clock. For high-performance
clocks, the cost of greater SWaP and complexity with cold
atoms is more than compensated by superior sensitivity for the
most demanding applications. For accelerometers, cold atoms
are essential, as the momentum state preparation by laser
cooling is the only viable approach. Atomic rotation sensing
can be done with either hot atoms (NMR gyroscopes [227])
or with interferometry [228], each with their advantages and
disadvantages, meriting research focus.

E. Supporting technology infrastructure

Specialized techniques and tools are essential for ad-
vancing atomic quantum sensors. Leading the way here are
improvements in laser technologies, addressing performance,
cost, and simplicity. Improved laser sources and techniques to
stabilize them will almost always find their way into atomic
sensors. We are particularly excited about new possibilities
being enabled by rapidly advancing PIC technology. Perhaps
less glamorous but no less important are advances in electron-
ics, detectors, optical components, and vacuum systems that
are present in every atomic quantum sensor. Indeed, an incred-
ibly important issue facing wide implementation of cold atom
technology is the relatively bulky and intrusive nature of vac-
uum pumps. Development of compact, field-free, long-lived
vacuum systems compatible with minimizing decoherence in
cold atom systems would greatly enhance the ways that cold
atoms could be implemented as sensors. Similarly, develop-
ments of more consistent, mass-producible methods of custom
vapor cell manufacturing are key to hot atom sensor arrays.

F. Quantum measurement

Advances in quantum measurement techniques have the
potential to improve the performance of atomic sensors, par-
ticularly in reducing the time required to reach bias stability
limits. With few exceptions, implementation of advanced
quantum measurement methods has generally to date been ac-
companied by a substantial increase in complexity cost that, in
the short term, inhibits their use in practical sensors. Research
and development that emphasizes both enhanced performance
and simplification of advanced quantum measurement tech-
niques is essential to advance state-of-the-art atomic sensors.

G. Quantum information scale-up

Digital quantum information processors, which for atoms
take the form of tweezer arrays or chains of ions in traps, are in
one respect assemblies of single-atom quantum sensors. They
have been elegantly designed to avoid decoherence as much
as possible and are ideally suited for implementing advanced
quantum measurement techniques that exploit entanglement.
With the exception of ion clocks, the limited numbers of
qubits to date have generally made sensors based on qubit
technologies uncompetitive with other approaches. As we
look to the future, the number of qubits that can be usefully
manipulated is rapidly increasing with time, and at some point
the implementation of quantum information processing (QIP)
systems may become practical. Methods for metrological en-
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hancement from quantum computational speedup are already
being proposed to improve the sensitivity of arrays of quantum
sensors [229].

An intriguing question involves the possible generaliza-
tion of error correction techniques to quantum sensors. We
have pointed out that quantum measurement methods such
as squeezing usually help with statistical errors but are still
subject to decoherence issues. Error correction is essentially
the preservation of coherence and/or entanglement in the pres-
ence of decoherence. Can the concept of the logical qubit be
extended to metrologically interesting and important sensors?
Can error correction techniques reduce the sensitivity of sen-
sors to systematic errors? Likely these exciting prospects will
first occur in the context of clocks, but could be important for
other types of sensors as well.

H. Complex atoms and molecules

Many of the exciting advances in AMO physics over
the past decade have come from the rise to prominence of
alkaline-earth-like atoms and molecules. The greater com-
plexity of these species in the past made them impractical, but,
building on a recurring theme of this article, laser advances
coupled with improvements in fundamental understanding of
these systems have led to remarkable achievements in laser
cooling, coherent manipulation, and fundamental studies of
their properties. As the infrastructure involved in such ex-
periments steadily simplifies, capabilities not possible with
traditional alkali-metal atoms may be accessible for sensors.
As an example, ion-core transitions could be exploited in
alkaline-earth Rydberg sensing [230].

Laser-cooled molecules represent an emerging platform
for quantum simulation, quantum information processing, and
tests of fundamental physics that could evolve into specialized
sensors. The additional rotational and vibrational states of
even a diatomic molecule add substantial complexity relative
to most atoms, especially in the number of required laser
sources, but enable unique measurement modalities. Do the
benefits of molecules justify the complexity cost? Can the
techniques be simplified [231]?
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APPENDIX: ADDITIONAL SENSOR RESOURCES

Some helpful, recently published resources in support of
atomic sensors, organized by topic, include the following:

i. Atomic sensors. A few resources exist to broadly
address atom-based sensors, including a review of atomic sen-
sors [232] and chip-scale atomic sensors [186,233]. Several
perspectives are available on quantum sensors that emphasize
atom-based sensors for quantum information science [234],

basic research to commercial applications [235], and deploy-
ment of quantum sensors [236]. Also relevant is a 2019
Defense Science Board report [237].

ii. Clocks. Recent reviews focus on optical clocks [238],
vapor cell frequency standards [239], optical frequency
combs [240], commercial frequency standards [241], and,
more broadly, atomic frequency standards [242]. Nuanced
metrics for practical operation outside the laboratory are
detailed in the IEEE Guide for Measurement of Environ-
mental Sensitivities of Standard Frequency Generators [243].
Reviews on transportable optical clocks [244] and geodesy
applications [245] are also available.

iii. Magnetometers. Introductions to atomic magnetometers
range from easily digestible [246] to comprehensive [39]. A
good tutorial on how to build an atomic magnetometer is
available for those interested in laboratory research [247].
Discussions of magnetometry application in industry [248]
as well as magnetometry for challenging environments [249]
provide helpful context for sensor development. It may be
possible to explore the quantum limits to energy resolution
in magnetic field sensors [250].

iv. Rydberg sensors. Several recent reviews focus on
various aspects of Rydberg atoms, such as their use as
building blocks of quantum technology [27], measuring
electric fields [251], and RF sensors [252]. An overview
of microwave sensing [253] as well as comparisons to
a classical antenna [254,255] provide helpful context for
Rydberg electric-field sensor development. Other reviews
highlight niche applications [256] as well as SI-traceable
field probes [257]. A recent result demonstrates laser-cooled
atoms nearly reaching the SQL for a small ensemble [258].
Most sensors favor alkali atoms, though opportunities for
alkaline-earth atoms are being explored [259]. Rydberg sens-
ing is a rapidly evolving area, leading to recent innovations
in frequency comb readout and preparation [260] as well as
sequential application of laser and microwave fields [261].

v. Atom interferometers. An accounting of the unexpected
inertial sensitivity to the atom interferometer phase emerging
from fundamental research serves as a reminder of the value of
curiosity-driven research [90]. A LPAI review [262], as well
more comprehensive review including historical development
and types of atom interferometers [263], provides a help-
ful introduction to the field. A detailed description of phase
calculations based on atom interferometer geometry remains
relevant [264]. Several recent reviews highlight specific topics
such as gravimeters [265], gyroscopes [266], and atom inter-
ferometers for use outside the laboratory [40,228].

vi. Nuclear spin gyroscope. Vapor cell gyroscopes can be
formed from nuclear spins as either a dual-species xenon
isotope-driven system [267] or an alkali-metal noble-gas co-
magnetometer [268]. Unlike the atom interferometer, the
co-located spin ensembles guarantee spatial overlap; however,
collisions introduce difficult-to-diagnose long-term stability
challenges. A recent implementation using K-Rb-21Ne (de-
veloped for fundamental science) demonstrates remarkable
advancement when interpreted as a gyroscope, providing
strategic grade sensitivity of 0.0001 deg/

√
hr with a bias sta-

bility of 0.004 deg/hr [227].
vii. Supporting technology. Some recent reviews [269–271]

broadly cover integrated photonics for quantum applications,
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and a more specific review details PIC technologies to create
MOTs [272]. A report from the Quantum Economic De-
velopment Consortium on photonic integrated circuits for
quantum applications is available to member organizations
here [134]. Comprehensive surveys of miniature cold atom
technology [174,273] provide useful insight on topics rang-
ing from sourcing atoms, leak mitigation (UHV bonding and
coefficient thermal expansion matching), and outgassing (H2,
CO, noble gases, etc.), as well as laser frequency generation.
A resource on laser cooling at the chip-scale is also avail-
able [162]. Miniature vapor cell construction techniques are
thoroughly reviewed by Kitching [186], Knapkewicz [274],
and Gorecki et al. [275]. A recent review of VCSELs [276],
as well as a list of commercially available VCSELs at relevant
atomic wavelengths (specifying vendors) [150], is available.

viii. Advanced quantum measurement. Reference [209]
provides a detailed analysis of challenges of implementing
advanced quantum methods associated with metrological im-
provements, including systematic effects and the Dick effect
for optical clocks. Deutsch provides an additional perspective

on harnessing the quantum revolution [277]. Ye and Zoller
provide a relevant essay on quantum sensing [278]. Several
other relevant references include: a theory paper on number
unconstrained quantum sensing [279], prospects for using
quantum error correction for improved sensing [280], and
advanced quantum methods without entanglement [281].

ix. Atom-like sensors. Trapped electrons in solid-state
systems exhibit discrete, atom-like energy level structures.
These artificial atom systems include color centers such as
nitrogen vacancy (NV) [282], silicon carbide (SiC) [283],
silicon vacancy (SiV) [284], etc., as well as quantum
dots [285]. These excel at in situ sensing at submillime-
ter distance scales. For example, the diamond NV system
has been exploited for high-spatial-resolution magnetic mea-
surements of a single neuron [286], geomagnetic dating of
≈100 µm zircons [287], and noninvasive integrated circuit
evaluation [288]. They can also operate in high-pressure
environments [289–291]. The longest coherence time in
an NV system of 20 ms has been achieved at cryogenic
temperatures [292].
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