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What is Quantum Sensing?
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“Quantum 1.0” – existing technology based on the

Quantum nature of atoms 

- Lasers

- Semiconductors

- Atomic clocks

- Superconducting Bolometers

Quantum Optics – based on quantum-optical 

phenomena (e.g. squeezed light, entanglement, etc)

- Long-baseline interferometry

- LIGO gravity wave detection

- Quantum communications and security

Quantum Matter – technologies based on 

the quantum properties of matter

- Quantum Gases

- Superconducting Qubits

- Atom Lasers and Interferometers

- Optical Clocks

“Quantum 2.0”– technologies relying on entanglement 

and quantum properties of both light and matter 

- Quantum Computers

- Quantum Internet

- Networked Quantum Sensors

Classical Optics Quantum Optics
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The use of quantum mechanical effects to enhance 

physical measurements or evade classical limits 



Examples of Quantum Sensing Technologies

1960 1970 1980 1990 2000 2010 2020

Mariner 4 (1964)
Optically Pumped Vector 

Magnetometer

Gravity Probe A (1976)
Hydrogen Maser

Gravity Probe B (2004)
London Moment 

Gyroscopes, SQUIDs

Herschel (2009)
SIS, HEB Mixers

Superfluid Helium
in Microgravity

CAL (2018)
BEC, Atom 

Interferometer

Micius (2016)
Quantum Key Distribution

Quantum Teleportation

DSAC (2019)
Hg Ion Clock

Quantum Inertial 
Sensor (2025)

• Superconducting Detectors, Amplifiers, SQUIDs

• Atom interferometers, Bose-Einstein Condensates

• Quantum Magnetometers

• Rydberg RF Sensors

• Atomic Clocks, Optical Lattice Clocks, Networked Sensors



Why Superconducting Detectors?
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Semiconductor

Bandgap

• Si 1.12 eV

• InGaAs 0.75 eV

Superconducting 

Gap Energy

• Nb 2.32 meV

• Al 0.34 meV

Superconducting 

detectors are the 

lowest noise, highest 

sensitivity detectors 

available – but they 

require cryogenic 

operation (0.05 – 4K).

Astronomy

Dark Matter

Quantum 

Remote Sensing

Biomedical Imaging

Laser Communication

Metrology

C. Chang (ANL)



Landscape of Superconducting Detectors
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Landscape of Superconducting Detectors
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New Observables Enabled by Superconducting Detectors
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• Ultra-sensitive detectors for CMB observatories (TES, TKID, paramp)

• Ultra-sensitive arrays for submillimeter spectroscopy (MKID) 

• Energy-resolved optical photon counting (TES, MKID)

• Mid- and far-infrared time-resolved single photon counting (SNSPD)

• Megapixel-scale cameras for time-resolved imaging (SNSPD)

• Submillimeter single photon counting (QCD)

• Low-energy neutrino detection (QCD)

• Quantum-limited microwave and millimeter-wave measurements (paramp)

• High-resolution terahertz spectroscopy (SIS and HEB mixers)



Amplifiers at the Standard Quantum Limit

8Teufel et al Nature Nano (2009)

• The SQL is the minimum amount of 

noise allowed by quantum mechanics 

for a phase-insensitive amplifier

• SQL is the noise which is present when 

photon shot noise equals backaction

• In a microwave amplifier, SQL is due to 

zero-point fluctuations in idler mode

• A parametric amplifier is phase-

sensitive, enabling a quantum 

nondemolition measurement which 

“beats” the SQL in one quadrature

• This produces a quantum “squeezed 

state” at the output



Amplifiers at the Standard Quantum Limit

9Gao et al (2019)

• The SQL is the minimum amount of 

noise allowed by quantum mechanics 

for a phase-insensitive amplifier

• SQL is the noise which is present when 

photon shot noise equals backaction

• In a microwave amplifier, SQL is due to 

zero-point fluctuations in idler mode

• A parametric amplifier is phase-

sensitive, enabling a quantum 

nondemolition measurement which 

“beats” the SQL in one quadrature

• This produces a quantum “squeezed 

state” at the output



Ultracold Gases in Space

10Courtesy Jason Williams
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Atom Interferometry

12Courtesy Jason Williams



Intensity Interferometry
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Narrabri Intensity Interferometer (1974)
Amplitude Interferometer

HBT, Nature (1956)

• The original quantum optics experiment

• The original application of quantum sensing in astronomy

• Photon arrival times from two telescopes are correlated to 

extract mutual coherence of an astronomical source

• Multiple baselines can be combined to achieve synthetic 

aperture images

• Fundamental SNR disadvantage compared to amplitude 

interferometry

• Insensitive to atmosphere, telescope quality, baseline length

Bunched (Thermal)

Antibunched (SPDC)

2

Coherent (Laser) 1

0



Quantum Optical VLBI

14Gottesman, Jennewein, Croke (2012)

• An alternative approach to amplitude interferometry which does not require physically 

interfering light from two telescopes on a beamsplitter

• A pair of entangled photons is distributed between two telescopes

• Independent Bell state measurements are jointly performed between the astronomical 

photon and the entangled photon, at each telescope, measurements compared to 

reconstruct phase (similar to quantum teleportation)

• This allows for arbitrarily long baselines without propagation loss

Open Questions

• Entangled photon pairs are required for every astronomical photon in 

every temporal and spatial mode

• Some papers have suggested storing entangled photons in quantum 

memories, and performing post-processing on quantum computers

• Are there astronomical use cases for ultra-long baselines, where 

sources are not over-resolved? 

• Are there simpler alternatives to realize ultra-long baseline 

interferometers?



Superresolution: Spatial Mode Demultiplexing
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• Are there clever approaches to beat the Rayleigh criterion?

• Instead of imaging light onto a focal plane, decompose the light into an 

orthonormal basis of Hermite-Gaussian modes, and perform 

independent photon counting and filtering on each mode

• It is theoretically possible to achieve the quantum Cramér-Rao Bound, 

which is independent of the separation between sources (Tsang 2017)
Lvovsky et al (2026)



Superresolution: Spatial Mode Demultiplexing
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• Spatial mode demultiplexing can be achieved using Multiplane Light 

Conversion (MPLC) – passing light through a series of successive 

phase masks to break down light into its constituent LG modes

Direct Imaging

Mode Sorting

Experiment

Model

Ozer et al (2024)



Summary
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• There exist a wide range of quantum sensing 

technologies and techniques at varying levels of 

maturity

• There is a lively field of research exploring new 

methodologies and sensors, with rapid progress 

being made in the laboratory

• The astrophysics community should be on the 

lookout for opportunities to take advantage of new 

technologies and techniques as they arise

Contact: 

mattshaw@jpl.nasa.gov

mattshaw@caltech.edu

mailto:mattshaw@jpl.nasa.gov
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