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What is Quantum Sensing’? OED Oxford English Dictionary

The use of quantum mechanical effects to enhance

physical measurements or evade classical limits 0 result for "quantum sensing’
“Quantum 1.0” — existing technology based on the Quantum Optics — based on quantum-optical
Quantum nature of atoms % phenomena (e.g. squeezed light, entanglement, etc)
- Lasers § - Long-baseline interferometry
- Semiconductors - - LIGO gravity wave detection
- Atomic clocks 8 - Quantum communications and security
- Superconducting Bolometers ©
i Classical Optics Quantum Optics _

Quantum Matter — technologies based on _ “Quantum 2.0”- technologies relying on entanglement
the quantum properties of matter 2 and quantum properties of both light and matter

©
- Quantum Gases % - Quantum Computers
- Superconducting Qubits 2 - Quantum Internet
- Atom Lasers and Interferometers g - Networked Quantum Sensors
- Optical Clocks &

v




Examples of Quantum Sensing Technologies

« Superconducting Detectors, Amplifiers, SQUIDs

 Atom interferometers, Bose-Einstein Condensates

Micius (2016)
Quantum Key Distribution
Quantum Teleportation

* Quantum Magnetometers

DSAC (2019)
Hg lon Clock

* Rydberg RF Sensors

» Atomic Clocks, Optical Lattice Clocks, Networked Sensors

Mariner 4 (1964) Gravity Probe A (1976 Superfluid Helium Gravity Probe B (2004) CAL (2018) _
Optically Pumped Vector Hyé/rogen Ma(ser ) in Microgravity London Moment  Herschel (2009) ~ BEC, Atom  Quantum Inertial
Magnetometer < ~ww = Gyroscopes, SQUIDs SIS, HEB Mixers Sensor (2025)
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Why Superconducting Detectors?
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Landscape of Superconducting Detectors
Coherent Receivers Direct Detection Photon Counting

) | | | | -
wavelength 10cm 1cm 1mm 100 ym 10 um 1pum 100 nm
frequency 3 GHz 30 GHz 300 GHz 3THz 30 THz 300 THz 3000 THz
photon energy 12 peV 120 peV 1.2 meV 12 meV 120 meV 12 eV 12 eV
RF microwave mm-wave submillimeter mid-infrared visible X-ray

terahertz near uv
far-infrared infrared 5



Landscape of Superconducting Detectors
ct Detection Photon Counting

Coherent Receive Hetero

dyne

Exoplanet
Transits

ATHENA
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photon energy 12 peV 120 peV 1.2 meV 12 meV 120 meV 12 eV 12 eV
RF microwave mm-wave submillimeter mid-infrared visible X-ray
terahertz near uv

far-infrared infrared 6



New Observables Enabled by Superconducting Detectors

» 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

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
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Amplifiers at the Standard Quantum Limit

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
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Ultracold Gases in Space

Quantum Matter - studies of the quantum
properties of matter

- Bose-Einstein condensates and Fermi gases
- Wave-like nature of matter

- Heisenberg uncertainty principle

- Quantum collisions

Atom interferometers

» Utilizes interference of atomic matter waves.
* High-precision measurements of inertial forces,
rotations, and gravitational physics

Optical Clocks

« Frequency reference based on metastable
optical transitions.

+ Stability exceeding 10-'¢ at 1 second and 10-'°
total accuracy

Courtesy Jason Williams
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Studies of complex systems

Superfluids & superconductors
Nuclear matter
Cosmological phenomena

Weak Equivalence Principle
Frame-dragging
Spin-gravity coupling

Inverse square law

Planetary Science & Spacecraft PNT

Drag-free referencing
One-way navigation

Gravity sensing for geodesy,
subsurface measurement, etc.

Temperature
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Cold Atom L_sb A
The Coolest Experiment i the Universe

-

Utilizes the microgravity

environment of the ISS to
perform measurements that
can’t be achieved on Earth.

* Multiple atomi
(]7Rb, 3%
' Ing detection.
Ablllly, C prepare a variety

~of quantum states and tune
their interactions.

« Dual-species atom
interferometry.

| Sl Ry, £ T R m‘w AN
The world’s f rst multu -user facility for the study of quantum gases in space
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Atom Interferometry

Optical Interferometers

Light-Pulse Atom Interferometers

The uitimate motion sensor
e LI e ometer, bpht sms beaeg ouf of the teo vl org arme prdmardy ol
i ot it e T il o e

G GRULLOMSTTENCE

Constructive or destructive interference of oplical
waves traveling two paths gives sensitive information
about path-length and environmental perturbations on
each branch.

LIGO is a quintessential example of application of
Laser Interferometers for Fundamental Physics, but
extensive practical applications have realized.

Sensitivity grows with the length of each path, the
signal strength on the photodetector and quantum-
enhanced detection.
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«  Constructive or destructive interference of matter
waves, in which each atom simultaneously travels
two paths gives sensitive information about forces
and environmental perturbations on the atoms.

*  Benefits from recent developments with quantum
matter and optical clocks to provide state of the
art sensitivity to gravity and inertial forces

*  Sensitivity grows quadratically with the Al
interrogation time and with the number of atoms.

Courtesy Jason Williams
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Intensity Interferometry

» 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

Narrabri Intensity Interferometer (1974)

CORRELATION BETWEEN PHOTONS IN TWO COHERENT
BEAMS OF LIGHT

» Multiple baselines can be combined to achieve synthetic

: Amplitude Interferometer
aperture images

Imax o Imin

Imax + Imin

By R. HANBURY BROWN
University of Manchester, Jodrell Bank Experimental Station

* Fundamental SNR disadvantage compared to amplitude "}"12‘ o
interferometry

R. Q. TWISS
Services Electronics Research Laboratory, Baldock

* Insensitive to atmosphere, telescope quality, baseline length _—E ——— i—-!
Cl / \ Cz
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PHOTON ARRIVAL TIME HBT’ Nature ( 1 956) 13



Quantum Optical VLBI

* 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 : Dy 1 ! : DR1 !
| | | |
* Are there astronomical use cases for ultra-long baselines, where i : E :
sources are not over-resolved? ' D : I D :
2 \  EPS il R2 |
 Are there simpler alternatives to realize ultra-long baseline Receiver L 0YL|1) R + €i6|1>L|O>R Receiver R

interferometers?
Gottesman, Jennewein, Croke (2012) 14



Superresolution: Spatial Mode Demultiplexing

* Are there clever approaches to beat the Rayleigh criterion?

| R

demultiplexer photodetectors data processing image

7/
Ky y

(a) direct imaging

+ 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
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(b) SpaDe imaging
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 ltis theoretically possible to achieve the quantum Cramér-Rao Bound,
which is independent of the separation between sources (Tsang 2017)
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Superresolution: Spatial Mode Demultiplexing
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Summary h

(a) direct imaging

» There exist a wide range of quantum sensing
technologies and techniques at varying levels of R
maturity ‘B B 2 i

« There is a lively field of research exploring new
methodologies and sensors, with rapid progress
being made in the laboratory

Receiver L

P n'2 pulse T pulsa n'2 pulse

* The astrophysics community should be on the fbearmspies)  (mimar)  (baamspim)
lookout for opportunities to take advantage of new B Y T
technologies and techniques as they arise » 3 Hf“—a—hu

Contact: ! 1 " i i

mattshaw@)jpl.nasa.gov

mattshaw@caltech.edu

17

0Y|1) R + 616‘1>L|0>R Receiver R

| (B I

photodetectors data processing image

A
\


mailto:mattshaw@jpl.nasa.gov

	Slide 1
	Slide 2: What is Quantum Sensing?
	Slide 3: Examples of Quantum Sensing Technologies
	Slide 4: Why Superconducting Detectors?
	Slide 5: Landscape of Superconducting Detectors
	Slide 6: Landscape of Superconducting Detectors
	Slide 7: New Observables Enabled by Superconducting Detectors
	Slide 8: Amplifiers at the Standard Quantum Limit
	Slide 9: Amplifiers at the Standard Quantum Limit
	Slide 10: Ultracold Gases in Space
	Slide 11
	Slide 12: Atom Interferometry
	Slide 13: Intensity Interferometry
	Slide 14: Quantum Optical VLBI
	Slide 15: Superresolution: Spatial Mode Demultiplexing
	Slide 16: Superresolution: Spatial Mode Demultiplexing
	Slide 17: Summary

