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ABSTRACT

Quantum sensors represent a transformative advancement in precision measurement, leveraging quantum
mechanical phenomena such as superposition, entanglement, and squeezing to surpass classical
limitations in sensitivity and accuracy. These sensors are reshaping various fields from gravitational wave
detection and medical imaging to geophysics and timekeeping by enabling previously unattainable levels
of precision. This paper examines the principles underlying quantum sensing, types of sensors, and their
application in metrology. It discusses the significant advantages over classical systems, such as enhanced
measurement fidelity and reduced noise. Recent technological breakthroughs and future trends, including
scalable quantum networks and integration into high-energy physics experiments, are examined.
However, technical constraints, scalability issues, and ethical concerns related to privacy and dual-use
technology remain pressing challenges. The paper concludes with a critical evaluation of the
opportunities and barriers that define the path forward for quantum sensors in both scientific and
commercial domains.
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INTRODUCTION

Quantum sensors significantly enhance sensor technology by providing superior information resolution
compared to traditional sensors. They utilize quantum effects to manipulate the sensor's physical state or
its interaction with the environment. In the past decade, their development has revolutionized precision
measurement applications. Quantum resources have improved various sensors, enabling technologies that
would have been unachievable without quantum engineering. Notable examples include miniaturized
quantum gravimeters for mapping gravitational field variations crucial for locating oil, minerals, and
underground water, as well as identifying unexploded ordnance. Additionally, large-scale observatories
for gravitational wave detection, portable atomic magnetometers for medical imaging, and chip-scale
nitrogen-vacancy center devices for imaging neural activity are significant advancements. Quantum
sensors are characterized by demanding performance requirements, determined by precision factors such
as sensitivity and measurement speed. Precision measures are applicable across multiple sensor types like
magnetometers and accelerometers, often facing trade-offs between precision and bandwidth. Though
quantum sensors tend to offer better scalability, the trade-off in performance can be less defined. These
performance requirements limit the implementation of advanced quantum engineering in sensing
applications, with few exceptions. The design advancement strategies rely on sensor applications rather
than solely on performance. The objective is to integrate these metrics into the design process to optimize
sensors through numerical optimization techniques. Model-free methods, like reinforcement learning,
have recently shown promise in discovering optimal readouts for maximizing Fisher information and
minimizing fidelity and sensitivity losses in quantum state discrimination and related challenges [1, 27.
Principles of Quantum Measurement

Quantum mechanics allows obtaining information beyond classical limits on observables represented by
noncommuting observables, that is, non-commuting Hermitian operators. An observable can be estimated
in a two-step process: a unitary transformation involving the parameter of interest, followed by the
measurement of that observable. The performance of a measurement strategy can be quantified using
Fisher information, which relates to the precision of the estimation. It is a function of the quantum state
and the measurement apparatus. An upper bound for Fisher information of N copies of a state is given by
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the Standard quantum limit (SQL). However, it is possible to obtain information surpassing such limits
and achieving, for the case of phase estimation with a coherent state, a root-mean-square deviation of a
phase estimator that diverges as N —1/2 (SQL), which limits the estimation precision achievable with
homogeneous coherent states in linear interferometers. This quantum enhancement is due to the
quadrature non-commutation and, correlatively, the Heisenberg uncertainty relation. Quantum-enhanced
sensing is also possible, considering a single probe and multiple rounds of measurement. It has been
proposed, for instance, to alternate measurements of the quadratures of one oscillator with re-preparation
of one quadrature coherent state at each measurement slot and optimal homodyne detection post-
measurement feed-forward control. As a result, the Schmidt-reduced density matrix contains correlations
as a product state, and the enhancement could be shown to be gradual. However, enhancement is limited
depending on the details of the model, the number of auxiliary resources, or both, and experiments mostly
require specific conditions. Advantage can stem from modifying either the system's initial state or the
measurement apparatus, either of which can be impractical in some conditions. Strategies providing a
trade-oft between quantum advantages and practical accessibility are needed [3, 4.

Types of Quantum Sensors
Quantum sensors can be defined as devices that use quantum effects, such as interference, entanglement,
and squeezing, to measure a physical quantity with high precision. Through innovative procedures, these
devices can push the ontological limits posed by standard quantum mechanics on the precision achieved
with classical strategies, and quantum sensors have been implemented in the labs and applied to areas
such as the biosciences and geophysics. They can be roughly classified into two classes: first, sensors
based upon solid-state quantum systems, such as nitrogen-vacancy centers in diamonds, photons, and
superconducting qubits, and second, sensors based upon isolated ones, such as trapped ions and cold
atoms. Through quantum dynamics, quantum sensors can acquire information about the process under
investigation. Usually, this is done via a sequence of three steps, namely preparation, evolution, and
measurement. Each step requires an effort on the part of the experimentalists, who often take advantage
of special properties offered by the quantum resource to minimize the error. Aiming for practical
implementations, it is paramount to investigate the upper bounds of precision as a function of the sensor
parameters, e.g., number of sensors, measurement strategy, and system maturity. Besides the theoretical
interest of new bounds, quantum sensors are the practical equivalent of quantum computers that receive,
manipulate information, and use it as input to tackle real-world problems. Quantum sensors are devices
that use quantum systems, e.g., spins or cavities, to acquire information about the external environment
driven by external fields, such as magnetic fields. Statistics of the effective Hamiltonian of the quantum
sensor state determine estimation errors, relating to external fields specified by parameters. The
optimization of the estimation method can further enhance the effective sensitivity to these parameters.
Sensors based on different quantum systems offer specific advantages and challenges for particular
applications [5, 6.

Applications in Metrology
Quantum technologies in precision measurement cover diverse topics, including fundamental quantum
physics tests and practical applications in metrology, navigation, gravitational-wave detection, imaging,
and Earth observation. Quantum metrology is a prominent focus within quantum sensing, utilizing
quantum systems as probes to estimate influential parameters. A significant advantage of quantum
metrology is its potential for performance beyond classical systems, particularly achieving a scaling of
estimation variance inversely proportional to the square of the number of probe particles (N), known as
the Heisenberg limit. Research in photonic quantum metrology is thriving, alongside studies on neutral
atoms, trapped ions, and superconducting states. The field is rapidly evolving, with innovative platforms
and protocols that leverage photonic resources for superior metrological performance across various
tasks. Photonic quantum sensors utilize both single and multi-photon resources over broad frequency
ranges, making them ideal for long-distance applications like climate monitoring and underground
imaging. Sources of thermal light and correlated photons, stemming from electromagnetic field
fluctuations in non-uniformly hot media, include black-body radiators such as incandescent bulbs, heated
fluids, and atmospheric clouds, alongside specialized nanostructures like semiconductor quantum dots.
Experimental efforts have focused on developing compact, portable, integrated quantum memory sources
from single photons to non-local correlations. Though quantum sensing originated with quantum
mechanics, interest has surged for its applications in navigation, gravitational wave detection, medical
fields, and precise measurements of time, gravity, magnetic fields, and temperature. Quantum mechanics
enhances measurement precision beyond classical limits defined by Fisher information. By employing
quantum resources, including nonclassical and entangled states, quantum mechanics enables parameter
estimations beyond these classical constraints [7, 87.
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Advantages of Quantum Sensors
Quantum technologies involve transforming quantum mechanics concepts into physical devices for
diverse applications, particularly quantum sensors. These sensors surpass classical ones in estimation
precision with the same resources, utilizing the superposition principle for enhanced sensitivity. Quantum
sensors fall into two categories: the first includes atomic, ionic, and beam interferometers, leveraging
superposition between spatial locations of a single probe. While these analog devices have a continuous
probe state, their estimation precision is governed by the probe's position variance through the
Heisenberg uncertainty relation. Achieving sensitivity of N=2 is possible using quantum technologies,
whereas classical strategies must be more complex. The second category employs a multi-particle probe
nature for improved estimation protocols. Utilizing maximally-entangled resources allows surpassing the
standard quantum limit (SQL) by a factor of N (the Heisenberg limit), achieving n>2 even with statistical
enhancements using superconducting qubits and NV-center spins. Various configurations of N probes can
be either symmetric or entangled states in many-body systems. Quantum sensing is now a practical
application of quantum technologies across various setups. Probes for atomic and ionic systems are
commercially available, and quantum features demonstrate results unattainable classically. Significant
theoretical and experimental advancements in particle systems for quantum sensing have been made, with
new sensing protocols arising from quantum speedup and nonlocality, offering a broader scope for
estimation precision [9, 10].
Challenges in Quantum Sensing
Though remarkable progress has been made since their emergence, uncertainties remain regarding the
future of quantum sensors in precision measurement. This situation affects grounds ranging from science,
such as investigations of fundamental physics questions like dark matter and gravitation, through
economic ones, to national and international security. Atomic particles and waves, via microwave,
millimetric, optical, or infrared frequencies, allow a substantial number of devices and applications.
Remote fields with the highest precision are antiproton gravity, measuring rotation with atomic optics,
geophysics with satellites testing general relativity, and relativistic quantum electrodynamics tests with
electrons in magnetic fields. Quantum sensors are inherently limited by the Lawson—Claire exponent in
cycle-based measurement schemes in a noisy medium and/or by a tradeoft between the measurement
interaction time and the quantum resource lifetime. This fundamental limitation surpasses a practical
limitation on the integration time by classical devices, hinting toward a much broader class of quantum
limit-approaching sensors relevant beyond scientific merit, such as sensors measuring temperature in
human bodies and remote fields affecting national security. Though an absolute figure of merit based on
sensitivity might seem benign, rent-seeking users create an ergonomics tradeoft in terms of the parameter
range, sustainability, resource footprint, and cost. Given the expiring Mohs law for classical devices, a
fear of deprecating this computing insensitivity, hence economic competitiveness, as quantum
technologies mature in physics-assisted facilities emerges. It is open to new conceptual approaches in a
field constantly blurring with classical devices. As an intrinsic property of semiclassical cosmologies,
decoherence and noise are subject matter for research where no unitary evolution or objects to quantify
precision exist. The open paradigm of quantum cognition captures an undeniable wariness of long-run
uncertainty, introducing the biggest unanswered questions regarding consciousness and the grandness of
natural laws. How many cosmic latent interfaces could be intricated across the observable or even greater
universe is unknown [11, 127].
Recent Advances in Quantum Sensing Technology

Quantum sensors are a fast-moving technology with a huge potential for commercial applications ranging
from navigation and medical imaging to the search for dark matter, desktop atomic clocks, or tests of
gravity scaling on quantum systems. Software and hardware improvements enable the continuous
progression of experiments towards massive networks of atomic sensors where hundreds or thousands of
individuals can co-operate to suppress noise and/or increase the range of detectable signals. This proposal
aims to set a clear agenda with both short-to-medium term directions for the Beckman Institute to
engage in this exciting field, but also long-term aspirations for potential flagship projects which may
evolve over the lifetime of the Institute. At the beginning of the Decade of Quantum Technology, atomic
sensors have established themselves as an incredibly successful and versatile technology. There is now a
wide range of different sensors operating across the entire electromagnetic spectrum, and decades of
technology development have paved the way for countless commercial opportunities in areas as diverse as
navigation, defence, oil & gas, medical imaging, or minerals exploration. Software and hardware
improvements have so far enabled a continuous progression of laboratory-based experiments towards
massive networks where hundreds or thousands of sensors can cooperate to suppress noise and/or
increase the range of detectable signals. There is a pressing need to set a clear agenda with both upfront
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opportunities for potential involvement at both ends of the enthusiastically offered market. Concurrently,
a series of more visionary, longer-term opportunities are discussed. Projects such as the possibility of a
scalable army of miniature optical clocks for more accurate GPS or a lunar-based coherent SETT receiver,
which could be the first payload on a future European lunar lander mission, are discussed. In conjunction
with a kick-oft discussion workshop to delayer the recommendations and inform the Board before making
a decision, it is hoped that this proposal will initiate exciting new partnerships at any level with some of
the discussed projects [13, 14].
Future Trends in Quantum Sensors

The Council of the National Academy of Sciences and the National Research Council stressed the
significant potential of quantum sensors. This section outlines future trends, focusing on two categories:
new proposals for high-energy physics (HEP) and advancements in quantum technologies. New HEP
proposals include inverted or enhanced atomic sensors, utilizing an inverted population, resonance
interrogation, and multiple inertial sensing techniques to improve atomic clocks. Innovations such as
light-to-matter transduction in exciton-polariton systems and detection of matter-wave solitons in Bose-
Einstein condensates aim to boost atomic sensor performance. Non-classical electromagnetic field states
may further enhance sensitivity, while superresolution imaging techniques using nonlinear sensors or
atom interferometers are proposed. The section also explores spin-based sensor platforms, including
those employing optically addressable spins, surface magnetics, and NV centers in diamond for the
development of nanoscale arrays. New designs for wide-field, high-resolution imaging devices observing
electric dipole moment (EDM) effects and solid-state V- and W-sensors using high-performance optical
frequency combs are being devised. Discussion regarding next-generation sensors highlights various
HEP applications, including monitoring gravitational waves and particles with atomic sensors deployed
on the moon or in space. These sensors will explore topological properties of two-dimensional electron
gases and monitor ultra-strongly coupled regimes within high-temperature cuprate superconductors. The
report reviews recent advancements in quantum-based sensors, emphasizing their potential to tackle
scientific challenges and contribute to fundamental physics measurements over the next 5-10 years [15,
167.

Case Studies of Quantum Sensors in Use
Quantum sensing has recently enabled observations of unique and unexpected phenomena in a variety of
applied laboratory physics, condensed matter physics, biophysics, and quantum information science areas.
Besides novel physical principles, quantum technologies have also been at the core of numerous
transformative advances in current sensing capabilities. To date, quantum sensors have achieved record
sensitivities in measurements of time, magnetic fields, and light, and continue pushing performance limits
closer to fundamental quantum noise limits. This section provides case studies of two distinct quantum
sensing mechanisms that have been developed at MIT for precision measurement: optically detected
magnetic resonance and Raman photothermal interferometry. The phenomenon of quantum coherence
allows sensing mechanisms that can operate with extreme precision and sensitivity by encasing quantum
objects, such as atomic spins or nitrogen-vacancy color centers in diamond crystals, and interrogating
them with fields of microwave, optical, or terahertz frequencies to read out information about the local
environment. Case studies of optically detected magnetic resonance quantum sensors and Raman
photothermal interferometry contrast the relative advantages of each technology in academia and
potential routes for industrial application. Quantum sensors are being pursued in high-energy physics
(HEP), and more broadly in fundamental physics, to explore new regimes of parameter space, looking for
evidence of new phenomena. The HEP community is conducting a coordinated effort to characterize
current capabilities and developmental paths for quantum sensors. Quantum sensors allow extreme
precision in measurements of time, magnetic fields, electric fields, and light. Quantum sensors are often
extremely costly to scale and operate. For many applications, simpler classical sensors built using
semiconductor or superconducting components would yield synergy with modern electronics, while
avoiding some component fabrication challenges and costs. In anticipation of improved quantum sensors,
many workshops have been conducted to gather the community together to understand, characterize, and
prioritize technology and science challenges to pursue as a community. The quantum sensors working
group brings together a diverse set of applications, both in current experiments and concepts for future
experiments [17, 187].

Regulatory and Ethical Considerations
The rapid evolution of quantum sensors has led to groundbreaking devices that measure forces and fields
at the quantum limit. These capabilities raise significant regulatory and ethical concerns. Quantum-
enhanced sensors assess physical systems to gather information and have the potential for considerable
societal impact. While they can improve understanding and safety, they also risk privacy violations and
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adverse consequences due to enhanced capabilities. Currently, there is a stark contrast between the fast-
paced development of quantum sensors and the lack of focus on ethical considerations. Just as prior
studies in nuclear physics prompted regulatory bodies for hazardous materials, it's essential to
preemptively address the ethical and regulatory implications of quantum sensors to ensure their safe
deployment. The evolving application space for quantum sensors highlights the need for inquiry into this
matter. Like other measurement devices, there is a trade-oft between maximizing target sensitivity and
specificity. This trade-oft carries well-documented privacy concerns; for instance, sensors optimized for
detecting minimal forces might inadvertently collect sensitive information from nearby areas. In contrast,
quantum sensors optimized for recoil momentum could unintentionally capture various phenomena,
including slight magnetic fields. Moreover, applications focusing solely on measuring property density,
like cold atom gradiometers, can affect the stability of specific dynamic regions. Ultimately, the decision
to optimize quantum sensors for either sensitivity or specificity will yield different outcomes,
necessitating careful policy considerations to guide their use along constructive paths [19, 207.

Future Research Directions
Quantum sensors are gaining increasing prominence in research and engineering applications. Research
on quantum sensors has evolved from basic laboratory demonstrational studies in situations with strict
theoretical constraints to a field where multiple technologies with diverse ranges of applicability have
come to maturity. Given the demand for practical systems, key goals of recent research directions are to
transition to large-scale quantum sensors and develop pathfinding investigations that stress the
attainment of their predicted limits on precision. Opportunities abound for future research, both
fundamental and applied. Recently developed platforms will be capable of producing unrivaled sensing
capabilities, given the necessary efforts. However, to realize these capabilities, some non-trivial
engineering and integration challenges must be overcome. Furthermore, safety and reliability analogous
to established classical sensors must be analyzed and built in. There are many opportunities for scientific
research into new physical regimes with quantum sensors. Both new classes of phenomena and regimes of
parameters believed theoretically to be important in classically driven systems promise fundamental
sequence progression at quantum scales. Lastly, sensors will always be actively used to stimulate new
questions aimed at enhancing fundamental knowledge of the Universe. Questions whose resolution at a
given scale or precision seems distant analytically or numerically will be obtainable in this way. Concepts
are put forth that can guide the scientific discovery process in the more distant future, when classes of key
questions in many fields will be ripe for exploration. There has been a recent convergence of new
capabilities alongside a demonstrated community-wide recognition of the scientific promise of quantum
sensors, and well-structured pathfinding studies targeting a range of physical problems and research
regimes. The quantum sensors field has reached a scientific and engineering maturity where immersive,
innovative learning with transformative scientific impact will be possible, much as Al has pioneered new
paths in diverse fields. This transformative opportunity will compel new classes of fundamental
exploration across a diverse range of physical and astrophysical scales and parameters. The possibility to
respond to community input is anticipated, as it will add to the excitement and relevance of this endeavor
and open new collaborative avenues. Quantum sensors harness quantum mechanical phenomena to
enhance measurement precision. Recent developments have been made in the design and application of
quantum sensors. The role of quantum computing in quantum sensing is discussed, establishing the
regime in which better measurement precision is achievable. A quantum sensor control technology
platform is described, integrating control over multiple quantum sensor systems [21, 227].

CONCLUSION

Quantum sensors are revolutionizing the field of precision measurement by unlocking new levels of
accuracy and sensitivity through the exploitation of quantum phenomena. Their applications span from
fundamental science, such as probing gravitational forces and detecting dark matter, to commercial and
practical uses in navigation, medical diagnostics, and Earth observation. The potential of quantum
sensing is vast, supported by rapid progress in both hardware and software design, including advanced
sensor networks and machine learning-based optimization techniques. Yet, substantial challenges remain:
scalability, robustness in noisy environments, and the practical deployment of quantum-enhanced devices
are not trivial. Furthermore, ethical and regulatory frameworks are currently underdeveloped, raising
important concerns about privacy, data integrity, and responsible innovation. As quantum sensing
technology matures, interdisciplinary collaboration among physicists, engineers, ethicists, and
policymakers will be essential to ensure its development maximizes societal benefit while minimizing
unintended consequences. The future of precision measurement lies at the intersection of quantum
innovation and careful governance.
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