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Abstract 

The Na�onal Aeronau�cs and Space Administra�on (NASA) develops a broad range of technologies to 
support space-based quantum sensing and communica�ons, uses the space environment to study 
fundamental quantum processes to advance our knowledge of physics, and develops algorithms to 
atack complex science problems that might be solved using quantum compu�ng. This paper describes 
quantum sensors that NASA has flown on space missions, investments that NASA is making to develop 
quantum sensors, and possible approaches to employ quantum sensing to study the atributes of distant 
stars and planets, the Sun, Earth, and fundamental proper�es of mater. 
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1.  Introduction 
NASA develops technologies to ensure that there is a pipeline of innova�on for new space-based 
missions that will enable us to uncover the secrets of the universe, protect life in space and on Earth, and 
understand if we are alone in the universe. We strive to deploy science instruments that are beter than 
we’ve used before or are applied in new ways.  While “beter” can mean lower size, weight, power, or 
cost, it o�en means improved spa�al, temporal, spectral, and/or energy resolu�on; incorpora�on of new 
features such as absolute-calibra�on; or the ability to make measurements that were previously 
impossible. Quantum technologies offer the promise to realize these types of improvements and 
drama�cally increase our ability to study the atributes of distant stars and planets, the Sun and Earth, 
and fundamental proper�es of mater. 

Quantum sensors have existed for decades, with many now available commercially. These sensors are 
based on a variety of quantum proper�es, but all enable very precise measurements or novel 
measurement capabili�es. Quantum sensing techniques include the ultra-precise measurement of 
quan�zed packets of energy, the manipula�on of quan�zed atomic states to measure macroscopic 
proper�es, exploi�ng the quantum transi�on to superconduc�vity, quantum tunneling, and the 
manipula�on of “Cooper pairs” (i.e., paired entangled electrons). Newer techniques include the use of 
atom interferometry, quantum squeezed light, and quantum entanglement. 

NASA’s use of quantum sensing began at the dawn of the space age and con�nues through the 2023 
launch of the X-Ray Imaging and Spectroscopy Mission (XRISM) and beyond. NASA is inves�ng in a broad 
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range of new technologies to enable their use on spacecra�. This effort requires robust instruments that 
can not only withstand launch loads and the space environment, but also employ prac�cal limits on size, 
weight, and power usage. Note that in addi�on to imposing constraints, the space environment, yields 
benefits; for example, the absence of gravity enables colder temperatures and much longer coherence 
�mes for weakly trapped atoms or atom is free fall, which allows longer interroga�on �mes and 
therefore higher signal-to-noise ra�os. 

This paper describes quantum sensing technology that has been deployed by NASA, technology that is 
being developed by NASA, and future approaches that NASA may take for quantum sensing. Quantum 
sensors that have been flown on missions or used in ground support are described in Sec�on 2, with 
brief descrip�ons of the technology and explana�ons of the applica�on.  Sec�on 3 describes NASA’s 
current investments in quantum sensing technology. Both sec�ons are arranged by the expected space 
science discipline for applica�on. Finally, a brief descrip�on of poten�al future quantum sensing 
approaches is provided in Sec�on 4, including ideas that have been generated from around the world. 
Much of the work described in this paper relies on a deep heritage of development throughout the 
science community. Because this is a review paper, the number of references is purposefully limited and 
no atempt is made to describe the richness of research that is underway elsewhere or that preceded 
this work.  

2.  Deployed Systems 
2.1  Magnetometry 

Quantum sensing is not new to NASA. In 1964, NASA’s Mariner IV was the first U.S. mission to fly a 
quantum sensor: an op�cally pumped vector magnetometer. Collimated, circularly polarized light from a 
helium spectral lamp excited quantum states of atoms in a helium cell within a magnetometer head as 
shown in Figure 1 (a). This head was placed within three sets of Helmholtz coils (the op�cal pumping unit 
shown in Fig 1 (b)) to provide a highly uniform magne�c field within the sphere. An external, ambient 
magne�c field disturbed the metastably pumped atoms within the cell and increased the absorp�on of 
the pumping beam through the cell, resul�ng in a decreased detected intensity at the end plate, whose 
magnitude varied with the angle of the magne�c field with respect to the op�cal axis. Because this 
magnetometer was designed to detect very low levels of ambient magne�c fields, a nulling scheme was 
used to measure the small intensity varia�ons. The currents applied to the Helmholtz coils were 
modulated sinusoidally; in the absence of an ambient magne�c field the detected signal intensity would 
have the same frequency as the applied modula�on. An ambient field introduced a signal devia�on 
propor�onal to the ambient magne�c field strength and was measured by the amplitude of the current 
needed to null the devia�on.1 The first results from this sensor were provided in a 1965 press release.2 



 

Figure 1. Mariner IV Vector Magnetometer Engineering Development Unit. (a) Schematic of the magnetometer 
head, (b) Optical pumping unit and magnetic sweep coil [Slocum, Reilly 1963)  

Varia�ons of this op�cally pumped vector magnetometer were also flown on Mariner V in 1967 and 
Pioneer 10 in 1972.3,4 Of note, Mariner IV was the first spacecra� to explore Mars and gave humanity its 
first close-up glimpse of another planet (Figure 2). 

 

Figure 2. Mariner IV data reconstructed by NASA Jet Propulsion Lab (JPL) engineers in 1964 showing the first 
image of the Mars surface. Image Credit: NASA JPL. 
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2.2  Atom Interferometry 
The Cold Atom Lab (CAL) on the Interna�onal Space Sta�on (ISS) is a mul�-user facility for fundamental 
physics studies using ultracold atoms. The lab has been opera�onal since 2018 and has demonstrated 
that the microgravity environment is very effec�ve in reducing decoherence �mes for quantum 
experiments. Such experiments involve crea�ng Bose-Einstein condensates with freefall �mes exceeding 
a second,5 persistent ultracold gases of atomic bubbles,6 and stable dual-species mater-wave 
interferometry.7 While experiments in CAL typically study quantum mater at extremely low 
temperatures and in extended freefall to provide fundamental understanding of modern physics 
concepts, a Rubidium-87 (Rb-87) mater-wave interferometer was recently used as a quantum sensor to 
measure vibra�ons on the space sta�on.8 The interferometer uses a Mach-Zehnder design to cause 
atoms in trapped Rb-87 Bose-Einstein condensates to interfere by applying three retro-reflec�ng Bragg 
laser pulses to split the atoms into a superposi�on of two states, recombine the states, and finally read 
out the resul�ng interfering patern in free fall. The right-hand panel of Figure 3 shows the ultra-high 
vacuum science cell within CAL with the optomechanical pla�orm above, used to direct the Bragg laser 
to the atoms. The science cell is 2.3 cm square by 6 cm high, fi�ng within the 0.4 m3, 230 kg CAL 
payload, which is shown installed in the ISS on the le�-hand panel.  Results from this work are leading to 
insights that will inform NASA’s use of atom interferometry for future remote sensing missions. 

 

Figure 3. Left: Cold Atom Lab facility on the International Space Station. Right: Physics package at the heart of 
CAL with the atom interferometer optical platform mount on top of an ultra-high vacuum science cell. Image 
credit: NASA JPL. 

2.3  Single Photon Detection 
2.3.1  Superconducting Nanowire Single-Photon Detectors 

NASA has been developing superconduc�ng nanowire single-photon detectors (SNSPDs) to detect very 
faint astronomical signals such as those from distant stars and exoplanets. Our first use of these ultra-
sensi�ve detectors has been as a key element in the ground receiver for humanity’s first deep space 
op�cal communica�ons system, known as DSOC. DSOC is a technology demonstra�on on NASA’s Psyche 
mission to explore the eponymous metal asteroid in the main asteroid belt, and as of this wri�ng DSOC is 
transmi�ng op�cal communica�ons signals to Earth from beyond Mars (about 2.7 AU) at 8.3 Mbps. 



These faint signals are detected by the Hale telescope at the Palomar Observatory by an SNSPD array 
designed to cover a large area with a high count rate. Figure 4 shows the ac�ve area of 64 SNSPD 
nanowires divided into four quadrants. The design includes an op�mized fill factor to maximize op�cal 
absorp�on while minimizing the kine�c inductance and crosstalk between pixels. As part of the larger 
DSOC ground laser receiver system, the detector assembly enables links at data rates up to 267 Mbps. 
Using direct readout of each pixel limits the array size to about 100 pixels.9 A new, �me-domain 
mul�plexing readout process has been developed and work is underway on a 400,000 pixel array for use 
as an ultra-sensi�ve detector on space telescopes.10 

 

Figure 4. A 64-pixel SNSPD array capable of counting over 1 billion photons per second with time resolution 
below 100 ps. The array is mounted in a chip carrier and can be efficiently coupled to a 5-meter telescope. Image 
Credit: NASA JPL. 

2.3.2  Microwave Kinetic Inductance Detectors  
Microwave Kine�c Inductance Detectors (MKIDs) measure the surface impedance of superconduc�ng 
materials as entangled electron bonds (Cooper pairs) are broken by the energy of incoming photons. The 
superconduc�ng material is then used as an inductor in a resonant circuit, with the energy of the photon 
indicated by a phase shi� in the circuit. Each inductor-capacitor circuit forms a pixel, and up to 2000 
pixels can be read with a single cable and amplifier by using frequency domain mul�plexing, yielding 
both single photon coun�ng and energy resolu�on.11,12  

 

Figure 5. MKID array: 140 X 146 pixels, 150 um pitch, 22 X 22 mm. Image credit: NASA JPL. 



The primary advantages of MKIDs over conven�onal detectors are the fast readout �me—the equivalent 
of several thousand frames per second—and the absence of read noise and dark current. Ultraviolet-
op�cal-near infrared MKID detector arrays are now being used in the Hale telescope at Palomar 
Observatory and the Subaru telescope at Mauna Kea Observatory13,14. The former uses a 2,000-pixel 
array and the later a 10,000 pixel array. A newer version, with 20,000 pixels, is shown in Figure 5 and will 
be used for future exoplanet observa�ons at the Subaru telescope. These detectors act as both science 
cameras and focal-plane wavefront sensors, enabling higher contrast ra�os between a bright star and a 
nearby faint exoplanet. Figure 6 shows an image from the MKID sensor on the Hale telescope (Array 
Camera for Op�cal to Near-IR Spectrophotometry [ARCONS]) with each pixel containing an 
instantaneous wavelength spectrum.15 MKID technology is included in the Probe Far-Infrared Mission for 
Astrophysics (PRIMA) mission which is one of the concepts NASA is funding for further study. Should the 
mission be confirmed, it would launch in 2032 to study the far-infrared universe with a 1.8 m telescope. 

 

 

Figure 6. Mosaic of interacting galaxies was taken with ARCONS. The inset shows the same field of view from the 
Hubble Space Telescope using multiple exposures through color filters. Image credit: Hubble Space Telescope 
(left), ARCONS (right), overall image JPL. 

 

2.4  Transition-edge Sensors 
Transi�on-edge sensors (TES) make use of the strongly temperature-dependent superconduc�ng phase 
transi�on. This transi�on enables extremely precise measurements of small heat inputs such as those 
provided by individual photons.  These sensors can provide 100 �mes beter energy resolu�on compared 
to tradi�onal detectors and can resolve key emission lines that are not detectable using more tradi�onal 
approaches. 

TES sensors have been used at least since 2007 on ground-based telescopes.16 NASA has developed TES 
sensors for several suborbital flights, including two balloon flights and one airborne sensor. A TES 
bolometer was flown on the Balloon Experimental Twin Telescope for Infrared Interferometry (BETTII) as 
a technology demonstra�on for future interferometric missions to study galac�c clustered star 
forma�on. As shown in Figure 7, BETTII’s detector was based on a reproduceable, stable broadband 



molybdenum nitride absorber opera�ng in the 30 – 90 micron band. Another TES sensor developed for a 
balloon flight is also shown in Figure 7: the low-noise backshort-under-grid (BUG) kilopixel sensor array. 
This 32x40 element detector is included in each of the twin telescopes on the Primordial Infla�on 
Polariza�on Explorer (PIPER) balloon experiment to map the polariza�on of the cosmic microwave 
background.17  Finally, the Stratospheric Observatory for Infrared Astronomy (SOFIA) carried a number of 
instruments during its twelve years of opera�on. Developed and tested for use on SOFIA, the High 
Resolu�on Mid-Infrared Spectrometer (HIRMES) used a TES bolometer as the detector element to detect 
neutral atomic oxygen, water, and heavy hydrogen between 25 and 122 microns to study the 
composi�on and kinema�cs of protoplanety disks and their evolu�on into young solar systems. The 
HIRMES focal plane is comprised of two 16x32 low-resolu�on and one 6x16 pixel high-resolu�on 
detector arrays with a superconduc�ng quantum interference device (SQUID) mul�plexing readout;18 its 
assembly ready for tes�ng is shown in Figure 8. HIRMES completed integra�on and tes�ng but was not 
flown before SOFIA’s cancella�on in 2022. 

 

Figure 7. Left: Molybdenum/Gold Transition Edge Sensor built for BETTII balloon-borne interferometer 
experiment.19 Right: Packaged detector wafer including a 32x40 BUG TES array for the PIPER mission.20 



 

Figure 8. HIRMES test package mounted for characterization.21 

 

2.5  Single X-ray Detection 
NASA has also developed calorimeters to measure X-ray radia�on. The path to applica�on for this 
technology took decades, although the delay was not caused by the technology but rather the scarcity of 
flight opportuni�es for X-ray missions. In 1976 NASA selected the Advanced X-ray Astrophysics Facility as 
a new Great Observatory mission to study the structure and evolu�on of the universe. As the mission 
matured it was renamed the Chandra X-ray Observatory and launched in 1999. However, budget 
pressures required a reduc�on in the number of new technologies that could be flown on Chandra and 
the quantum microcalorimeter that was originally included on the mission was omited.22,23 The 
quantum microcalorimeter was redesigned and selected for inclusion on the Japanese Astro-E X-ray 
observatory24 that launched in 2000 but failed to reach orbit. It was also included on the Astro-E2 Suzaku 
mission that launched in 2005, but spacecra� interface failures prevented instrument use. A third 
atempt in the series, Astro-H Hitomi, yielded a week’s work of science opera�ons25 before that 
spacecra� was also lost. Success came with the Japanese XRISM mission. The quantum microcalorimeter 
developed by NASA’s Goddard Space Flight Center (GSFC) in the 1980s was launched in 2023 as the 
detector for the Resolve X-ray spectrometer onboard XRISM.26  The data from Resolve depicted in Fig. 9 
shows the most detailed X-ray spectrum ever obtained from a supernova remnant in the Large 
Magellanic Cloud. 



 

Figure 9. Supernova Remnant N132D spectral data from the Resolve spectrometer on XRISM. The horizontal axis 
shows X-ray energy in keV; the vertical axis shows relative X-ray brightness. The image at right was captured by 
XRISM’s Xtend instrument.  Image credit: JAXA/NASA/XRISM. 

The quantum calorimeter on Resolve is a 6x6 detector array based on silicon-thermistor thermometers 
and mercury telluride (HgTe) X-ray absorbers27 as shown in Figure 10. It makes precise measurements of 
energy quanta by measuring the temperature change that occurs when a quantum of energy is 
deposited in the HgTe absorbers that were designed by EPIR Technologies to provide a very low heat 
capacity. The thermistor is designed to significantly reduce low-frequency noise, include reproducible 
connec�ons between absorbers and thermistors, and enable compact thermal isola�on to make square 
arrays feasible. To reduce thermodynamic noise and the heat capacity of the sensor, opera�on at 
temperatures less than 0.1 K is required.  

 

Figure 10. Photo of the XRISM/Resolve quantum-calorimeter array in its storage container prior to integration 
into the instrument. The 6x6 array, 5 mm on a side, consists of independent detectors – each one a thermally 
isolated silicon thermistor with a HgTe absorber. Image credit: NASA GSFC. 

2.6   Atomic Clocks 
Atomic clocks have been flown on US spacecra� since 1974 when the Navy Research Lab launched 
Naviga�on Technology Satellite 1 (NTS-1, aka Tima�on 3) with a rubidium-vapor atomic clock to 
demonstrate advanced naviga�on technology.  Not only did this spacecra� demonstrate the ability of 
precision-�mekeeping for naviga�on it also extended the ground-breaking demonstra�on of Einstein’s 
general and special theories of rela�vity from aircra� to spacecra� by showing differences in clock rates 



based on speed and al�tude.28 NTS-2, with a cesium-based atomic clock, became the prototype for 
today’s Global Posi�oning System (GPS) which con�nues to use atomic clocks to provide accurate surface 
posi�on data for a mul�tude of commercial and government uses.29  Earth science researchers use GPS 
as a remote sensing tool to support atmospheric and geode�c sciences, including monitoring sea levels, 
to measuring the Earth’s rota�on, and regional deforma�ons caused by tectonic shi�s.30 

Ultra-stable oscillators have been included on a variety of NASA missions as stand-alone instruments to 
enable radio science.  Examples include doppler wind experiments on the Galileo probe launched in 
1989 to study Jupiter and Cassini’s Huygens probe launched in 1997 to study Titan. A more complete 
lis�ng is found in Asmar’s 2022 paper.31 

The GPS network of satellites orbit the Earth at about 20,000 km making them unsuitable for 
naviga�onal use in cislunar space and beyond. NASA developed the Deep Space Atomic Clock (DSAC), 
shown in Figure 11, to demonstrate a highly precise clock that could enable independent naviga�on for 
deep space missions as well as highly accurate radio science. DSAC used electromagne�c fields to 
confine mercury ions.  It was launched in 2019 and demonstrated an order of magnitude improvement 
in space clock performance with long-term frac�onal frequency stability of 3 × 10−15 at 23 days, and an 
es�mated dri� of 3.0 × 10−16 per day.32 

Figure 11. Deep Space Atomic Clock. Image credit: NASA JPL 

In April 2025 the European Space Agency sent the Atomic Clock Ensemble in Space (ACES) to the 
Interna�onal Space Sta�on. ACES will compare its on-board cesium and hydrogen-maser clocks to highly 
accurate clocks on Earth and is expected to achieve a frac�onal stability and accuracy of 1 × 10−16. This 
will enable it to conduct precision tests of Einstein’s theory of general rela�vity, search for �me 
varia�ons of fundamental constants of physics, and test extensions of the standard model of par�cle 
physics.33 

3.  Current Investments 
3.1  Astrophysics 

Astrophysical sciences can significantly benefit from the advantages and diverse proper�es of quantum 
sensing because distant sources, such as those found in the primordial universe, produce signals of 
interest that are in an ‘informa�on-starved’ regime (i.e., require single photon detec�on).  For these 
observa�ons of the distant universe, the detec�on levels are already in the quantum regime of single 
photons arriving at the telescope focal plane, which make them suitable for acquisi�on by 
superconduc�ng quantum devices.  



To achieve the next level of detec�on in astrophysics, sensing technology demands the exploita�on of 
quantum effects to obtain the highest sensi�vity observa�ons allowed by nature. The search for life on 
distant planets, for example, will demand the use of superconduc�ng detectors because of their superior 
noise performance compared to semiconductor detectors such as charge-coupled devices and 
complementary metal-oxide semiconductors. 

Consequently, most NASA astrophysics investments to date have focused on quantum technologies 
related to single-photon detectors, ultrasensi�ve bolometers, and quantum calorimeters. These 
technologies use quantum effects such as superconduc�vity, quantum interference, quantum 
capacitance, quantum tunneling and quasi-par�cle trapping to achieve high sensi�vity and op�mal 
performance.  

As described in Sec�on 2, SNSPDs, MKIDs, TESs, and quantum microcalorimeters are already making 
substan�al improvements to astrophysics measurements and NASA is inves�ng in performance 
improvements for each. SNSPD technology has been advanced from the 64-pixel detector used to 
receive signals from DSOC to the development of a camera with 400,000 pixels in collabora�on with 
researchers at the Na�onal Ins�tute of Standards and Technology (NIST), as shown in Figure 12.34 NASA 
is also funding an effort to develop higher performance SNSPDs based on transparent superconduc�ng 
thin films. These new materials offer the promise of improved efficiency and signal-to-noise ra�o, and 
reduced detector dead�me and intrinsic �ming jiter.35  

 

Figure 12. The 400,000 pixel superconducting camera based on superconducting-nanowire single photon 
detectors. Credit: Adam McCaughan/NIST 

Through the use of TES thermometers, the quantum microcalorimeter technology developed for Resolve 
as described in Sec�on 2 has been expanded to 2,000 pixels for the European Space Agency (ESA) 
Advanced Telescope for High Energy Astrophysics (ATHENA) mission to study high energy astrophysical 
processes, and a collabora�on between GSFC, the Massachusets Ins�tute of Technology Lincoln 
Laboratories, and the Na�onal Ins�tute of Standards and Technology is underway to create a 100,000-
pixel version using both TES and paramagne�c thermometers.36 



MKID technology is being advanced through several efforts. The floor level for the noise equivalent 
power for MKIDs was reduced to around to 10-20 WHz-1/2, a performance sufficient for use on the 
proposed PRIMA probe mission.37  The spectral resolu�on of MKID detectors is being improved by 
reducing amplifier noise and altering the acous�c proper�es of the superconductor-substrate interface.38 
Work is underway to commercialize this technology via small businesses: MKID sensors are being 
integrated into on-chip spectrometers39and a scalable data acquisi�on system for MKID detectors is 
being developed.40 

Many of these technologies are cri�cal for future X-ray and far-infrared (IR) missions, including upcoming 
mid-size strategic missions and larger flagship missions such as the Habitable Worlds Observatory 
(HWO).  However, energy resolving MKIDs do not yet meet plausible energy resolu�on requirements, 
and TESs with energy resolving capabili�es are not available in large format arrays.  Likewise, SNSPDs are 
not able to resolve energy, and since all these detectors require cryogenics devices, the demand for 
energy resolving capabili�es for space applica�ons could make MKIDs and TESs the preferred devices for 
space astrophysics applica�ons; therefore, NASA will con�nue its investments to advance these 
technologies. 

3.2  Earth Science 
NASA’s Earth Science Division is inves�ga�ng several quantum-related ac�vi�es to significantly improve 
our current measurement capability and/or enable new measurements to understand the Earth as a 
system.    

Quantum Gravity Gradiometer Pathfinder: Gravity measurements are cri�cal to drought monitoring, 
water management, determina�on of flood poten�al, and many other applica�ons that have important 
implica�ons for agriculture, industry, security, and everyday life.   

Measuring changes in how mass is distributed on and beneath Earth’s surface, par�cularly in the form of 
water and ice, are fundamental indicators of the large-scale dynamics of the planet. By measuring �ny 
gravita�onal changes over �mescales of days to months to years, scien�sts can observe the movement 
of ice sheets and glaciers, monitor the rise and fall of underground aquifers, detect changes in the levels 
and currents of the oceans, gauge the amount of water in large lakes and rivers, and even discern 
underground features of interest.  

Early work funded by NASA showed the feasibility of using two stacked atom interferometers for 
absolute-gravity gradiometry and iden�fied the expected benefit of long interroga�on �mes afforded by 
a microgravity environment.41 NASA is now developing a Quantum Gravity Gradiometer (QGG) 
pathfinder instrument, with the aim to deliver an instrument for on-orbit tes�ng no earlier than 2030.42 
A no�onal schema�c of an instrument reference design is shown in Figure 13. 

 



 

Figure 13. Sketch of a notional concept for a single source design of the pathfinder payload based on a 
Rubidium source. (Credit: NASA JPL) 

Using cold atom interferometry, the QGG has the poten�al to collect more precise measurements of 
Earth’s gravita�onal field than exis�ng methods—such as the satellite-to-satellite tracking u�lized by 
NASA’s Gravity Recovery and Climate Experiment (GRACE) and GRACE-Follow On missions43—and could 
do so from a single satellite. 

One of the largest components of an atom interferometer is the ultra-high vacuum system needed to 
interrogate atoms over extended periods or with large separa�ons. NASA is funding Q-Peak, Inc. to 
develop an ultra-high vacuum chamber using an aluminum alloy to significantly reduce the weight and 
passive pumping based on non-evaporable geter pumps to reduce the power consump�on.44 

Rydberg Sensing instruments: Rydberg atomic sensors are highly sensi�ve broad-spectrum quantum 
detectors that can be dynamically tuned to sense micrometer-to-millimeter waves with no requirement 
for radio frequency (RF) band-specific electronics. Rydberg atomic sensors can use exis�ng transmited 
signals such as those from naviga�on and communica�on satellites to enable remote sensing over a 
broad spectrum. NASA is currently inves�ng in two Rydberg sensing instrument development efforts: 

Quantum Rydberg Radar: NASA is inves�ng in quantum Rydberg radar technologies with the 
poten�al to enable high-sensi�vity, dynamic, and rapidly tunable radar remote sensing across 
the radio window without the need for specialized science antennas, or RF front-end electronics. 
The rapid tunability and the ability to leverage exis�ng satellite signals instead of an on-board 
transmiter (known as signals of opportunity, or SoOp) could enable a lower cost architecture for 
making new measurements in science domains like land surface hydrology. 



 

Figure 14. Mission concept of Rydberg Radar in view of multiple SoOp navigation and communication 
satellites 

Figure 14 shows the concept for a broadband polarimetric radar using Rydberg sensors 
configured with atomic super-heterodyning to measure soil moisture using XM radio satellite 
signals. NASA recently completed the first demonstra�on of remote sensing of soil moisture, an 
important Earth system variable, via ground-based radar reflectometry with Rydberg atomic 
systems.45 

Quantum Atomic Rydberg Radiometer for Earth Measurements (QuARREM) is a Rydberg-based 
hyperspectral quantum microwave radiometer being developed for planetary boundary layer 
science applica�ons. It uses a compact atomic vapor cell sensor instead of conven�onal radio-
frequency electronics to reduce the size, weight, and power of the instrument for use on smaller 
spacecra� without sacrificing performance. Specific innova�ons include developing a system for 
self-calibra�on and expanded modeling capabili�es to assess system func�ons.46  Figure 15 
shows a concept for an instrument employing QuARREM in a cross-track scanning mode using a 
rota�ng reflector to enable surface imaging and planetary boundary layer science. 



 

Figure 14. A QuARREM-based microwave radiometer flight concept. Image credit: ColdQuanta Inc.47 

 

3.3  Planetary Science 
While no planetary science missions have yet used quantum sensors, NASA is currently developing 
several technologies for this applica�on. As described below, these concepts include a seismometer and 
accelerometer based on atom interferometry, magnetometers based on quantum color-center devices, a 
SQUID-based communica�on system, and a portable op�cal frequency comb for spectrometry. 

Atomic lunar seismometer: Measurement of the Moon’s seismic and gravita�onal proper�es would 
enable the study of the lunar interior, core, and structure. A low measurement frequency (<10 mHz) cold 
atom interferometer is being developed to probe the interior and structure of the Moon by measuring 
seismic waves, long-period global normal modes, and gravity. NASA is developing a lunar atomic 
seismometer instrument that employs atomic test masses as the iner�al reference frame and atom 
interferometry to enable displacement measurements. The atomic lunar seismometer shown in Figure 
16 is designed to be a landed instrument, opera�ng under the Moon’s gravity with atomic test masses 
(rubidium) moving rela�ve to the instrument hardware to enable ultra-low frequency measurements—a 
scenario that requires a longer dura�on mission. The instrument’s mirror will be rigidly coupled to 
Moon’s surface to detect seismic ac�vity. The advantages of this technology over the state of the art are 
that there are minimal to no thermal and mechanical dri�s, in-situ calibra�on is not necessary, and 
improved performance is expected.48 



 

Figure 16. Lunar gravity and surface motion measured by a free-falling laser cooled atomic cloud in a vacuum 
chamber Image credit: NASA JPL. 

Atomic drag-free accelerometer (ADA): Measurement of gravita�onal proper�es for planetary bodies 
with heavy atmospheres or strong solar radia�on can enable an understanding of the planetary density, 
topology, interior structure, atmospheric processes, and dynamics. A compact three-axis cold atom 
interferometer sensor is being developed for gravity measurements and/or non-gravita�onal force 
measurement via radiometric orbit determina�on from a spacecra�. The target sensi�vity is less than 
3x10-8 m/s2/√𝐻𝐻𝐻𝐻 at a frequency of less than 1 Hz.  This instrument uses free-fall cesium atoms as proof 
masses and quantum wave interference for iner�al force measurements. As shown in Figure 17, the 
atomic drag-free accelerometer is designed to operate in orbit under microgravity where there is litle 
rela�ve mo�on between the atomic cloud and the spacecra�. The advantage of this technology over the 
state of the art is that it eliminates drag force errors, allows for lower orbits for planetary bodies with 
larger gravity, and should provide improved performance. 

 

Figure 17. Illustration of the proposed atomic drag-free accelerometer (ADA) for non-gravitational drag force 
measurements in a typical radiometric link for spacecraft orbit determination and planetary gravity 
measurements. Image credit: NASA JPL. 
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Silicon carbide magnetometer: Moons orbi�ng Jupiter and Saturn are believed to contain liquid water 
oceans under thick ice sheets. These ocean worlds—with plen�ful heat from an interior core, liquid 
water, and protec�on from radia�on—are promising loca�ons to search for life, so understanding these 
oceans is a high priority for the science community. These oceans can func�on as a planet-sized electric 
circuit that can disturb and modify the measured magne�c field of a planetary body; therefore, NASA is 
developing an op�cally pumped solid-state magnetometer that can measure these very small magne�c 
field disturbances.49 The silicon carbide magnetometer (SiCMag) leverages atomic-scale defects intrinsic 
to a silicon carbide (SiC) semiconductor to form a single color-center sensor. The novel devices use the 
electron-nuclear hyperfine mixing of the electron spin pairs involved in spin-dependent recombina�on at 
near-zero magne�c fields to enable the electrical readout of a spin-dependent current modified by the 
ambient magne�c field. The sensor consists of a SiC diode placed within three sets of orthogonal 
Helmholtz coils as shown in Figure 18.  The coils are used to modulate the magne�c field on each axis, 
each at a different frequency, and the diode generates frequency-division mul�plexed vectorized 
magne�c field measurements. The target sensi�vity is tens of 𝑝𝑝𝑝𝑝/√𝐻𝐻𝐻𝐻, and self-calibra�on is achieved by 
monitoring the magne�c isotopes of the host and dopant atoms in the color-center sensor, which act as 
�ny bar magnets.50 

 

Figure 18. SiCMag sensor and the 3-axis, 3D printed Helmholtz coil system used to modulate and null the external 
field. (Image credit: NASA JPL). 

Hybrid radio frequency and magneto-induc�ve transceiver: Exploring ocean worlds such as Europa 
requires probes that can penetrate the thick top layer of ice, reach the buried ocean below, inves�gate 
the fluid environment, and transmit data back to the surface. Typical communica�on links rely on 
electrically connected wires that can be spooled from the lander on the surface of the ice to the melt 
probe to relay data collected while inves�ga�ng the ocean below. NASA is developing a hybrid radio 
frequency and magneto-induc�ve transceiver for Europa sub-ice communica�ons. This magneto-
induc�ve transceiver communica�ons system would enable informa�on to be transmited using a non-
propaga�ng, quasi-sta�c magne�c field that can penetrate highly conduc�ve media such as water and 
ice, as shown in Figure 19. The magneto-induc�ve transceiver communica�ons system is based on a 
SQUID and a chip-scale atomic magnetometer (CSAM) to enable a magneto-induc�ve-to-radio-frequency 
(RF) bridge link. Since the magne�c field strength will degrade as the distance cubed, a very sensi�ve 
receiver technology such as this is needed to pick up the weak signal a�er it has penetrated several 
kilometers of briny ice. This hybrid RF and magneto-induc�ve communica�ons link will enable data 
transfer through ice and slush without electrically connected wires. 



 

Figure 19. Magneto-inductive communications can penetrate through conductive media but the data rate is low, 
while radio frequency communications are less effective in slush but offer high data rate; thus a combination of 
these two technologies has the potential for most efficient communication. Image credit: NASA JPL. 

Mid-infrared frequency comb spectrometer: Many interplanetary missions are being developed to 
detect molecular species of interest on planetary bodies, an endeavor that corresponds to one of the key 
focus areas for NASA—the search for life beyond Earth. NASA is developing a mid-infrared spectrometer 
featuring quantum cascade laser-based op�cal frequency combs to detect molecular species. Space-
based applica�ons require instruments with low size, weight, and power consump�on and excellent 
spectral performance in the 3- to 4-micron spectral region for astrobiology measurements. A 
semiconductor-based mid-infrared op�cal frequency comb was developed using an interband cascade 
laser; dispersion compensa�on techniques are being developed to extend the emission bandwidth by 
incorpora�ng components such as a coated mirror or reflec�ve gra�ng within an external cavity and the 
use of adap�ve op�cs such as a micro-electrical-mechanical mirror within the external cavity. The goal is 
to achieve a 200 nm spectral bandwidth with a center wavelength at 3.3 microns.51,52 

Microfluidic hyperpolarized enhanced nitrogen vacancy - nuclear magne�c resonance (NV-NMR): A 
team at the University of Maryland at College Park is integra�ng mul�ple techniques to develop a highly 
sensi�ve instrument for non-invasively detec�ng single cells, metabolites, amino acids, and other 
macromolecular organics. The expected applica�on would be a mission to search for signs of life on 
another planet.  Current single cell studies rely on the amplifica�on of nucleic acids, which is not 
possible for proteins and metabolites. Conven�onal NMR is not prac�cal for in situ astrobiology 
measurements because it requires large sample volumes and high concentra�ons, but NV-NMR is more 
sensi�ve, enabling picoliter sample volumes and the detec�on of signals at nanometer spa�al scales. 
Hyperpolariza�on techniques (e.g., Overhauser Dynamic Nuclear Polariza�on [DNP] and Para-Hydrogen-
Induced Polariza�on [PHIP]) enhance magne�c alignment of the nuclei and slow lossy relaxa�on 
processes.  Microfluidics technology allows precise sample manipula�on and control of environmental 
factors, including single cell trapping.  

Quantum Sensor for deuterium to hydrogen (D/H) Ra�o Measurement in Water: NV-NMR is also being 
used to develop a sensor to study of the ra�o of D/H isotopes, which would enable the determina�on of 
whether water in the outer solar system originated from comets and asteroids, or whether it was formed 
through processes such as solar wind implanta�on or outgassing from a moon or planetary interior. This 



informa�on would provide insight into the early history and forma�on of the Moon and the inner Solar 
System, with significant implica�ons for future lunar explora�on and the development of sustainable 
space explora�on. 

 

3.4  Heliophysics 
Sensors designed to measure distant stars are also useful to gain knowledge about the Sun, so many 
advances being made for astrophysics will find applica�on in heliophysics. Heliophysics is funding 
innova�ve sensors that are light enough to be mounted on solar sails that might one day travel to the 
outer reaches of the solar system. 

Quantum dot spectrometer: Conven�onal spectroscopy requires long path lengths for gra�ngs and 
prisms to achieve high spectral resolu�on. Quantum dots are nanometer-sized crystals of 
semiconduc�ng material that provide discrete, quan�zed, energy levels and have a unique emission and 
absorbance spectrum. Quantum dot arrays deposited directly on individual pixels enable the 
measurement of high-resolu�on spectra directly by providing a unique response to the incoming light. 
Quantum dot spectrometers eliminate the need for op�cal elements such as gra�ngs and prisms, 
significantly reducing cost and volume and enabling constella�ons of small spacecra� for observing 
auroral emission. Because quantum dot spectrometers can be effec�vely planar, the technology is also 
an excellent candidate for a payload on a solar sail. Solar sails offer the promise of very low-cost, 
propellant-less transporta�on across the universe, but are unable to carry significant addi�onal mass. 
Integra�ng a quantum dot spectrometer directly into the solar sail could create a low-cost way to study 
the outer planets as shown in Figure 20.53 

 

Figure 20. Artist’s depiction of a solar sail with quantum dot spectrometers printed directly on the sail surface to 
form a monolithic, lightweight structure. Image credit: NASA 

 

3.5  Biological and Physical Sciences 
 

In addi�on to the Cold Atom Lab described in Sec�on 2, NASA is upgrading its capabili�es for in-space 
fundamental physics experiments through the following developments. 



Bose Einstein Condensates and Cold Atoms Lab (BECCAL): BECCAL is a collabora�ve effort between 
NASA and DLR, the German Space Agency. BECCAL hardware is currently being built by DLR and is 
expected to be launched by NASA in 2027.  

The Atomic Clock Ensemble in Space (ACES): ACES is an ESA program to launch a Cesium clock ensemble 
to the Interna�onal Space Sta�on in early 2025. ACES will be used for fundamental physics research, 
including tests of general rela�vity and searches for dark mater. Both NASA and NIST are collabora�ng in 
this effort and opera�ng ground sta�ons for �me transfer.  

The Space Entanglement and Annealing Quantum Experiment (SEAQUE): SEAQUE is currently onboard 
the Space Sta�on as a technology demonstra�on for a photon entanglement source, and laser annealing 
of the photon detector to determine if high sensi�vity detec�on can s�ll be achieved a�er radia�on-
induced damage. This technology may be used for future fundamental physics experiments that would 
use quantum sensors including, for example, a mission concept like the Deep Space Quantum Link, 
which would, among other things, probe entanglement over large gravita�onal redshi�s.54  

3.6  Cross-cutting Technology Investments 
Many sensing technologies have applica�on across several of the science disciplines listed above. Sensor 
subsystems such as lasers and novel processing techniques cut across many applica�ons and are covered 
here. The use of squeezed light has enabled sensing beyond the quantum limit for many applica�ons55, 
most notably the Laser Interferometer Gravita�onal-wave Observatory (LIGO) that detected the merging 
of black holes for the first �me.56 NASA is funding several small companies to develop squeezed light 
sources, entangled photon sources, and narrow linewidth lasers with sufficiently low power 
consump�on, low mass and volume, and enough robustness to enable their use on spacecra�-based 
instruments and sensors. These efforts include: 

III/V nonlinear sources for entanglement and squeezing: Nexus Photonics, LLC. is developing a 
low power, low mass, squeezed light source that packages a light squeezer and pump laser on a 
single chip to improve sensor sensi�vity/resolu�on beyond the classical limits. 

IR squeezed light source: AdvR, Inc. is developing a waveguide-based integrated source of 
squeezed light in the infrared for quantum sensing applica�ons including transi�on edge 
sensors.   

Quantum light source: Nanohmics, Inc. is developing a single-photon source that can be 
fabricated directly onto chip-scale devices; specifically, a near-infrared room-temperature-
opera�onal entangled photon pair source based on van der Waals ultra-thin niobium oxyhalide 
crystals.  

Ultra-narrow linewidth lasers: Vescent Photonics, LLC is developing a compact, ultra-narrow 
linewidth laser based on photonic integrated chip technology for a trapped Sr ion clock, 
containing the en�re laser system on a chip-scale device. This design will help reduce the size, 
weight, power, cost, and environmental sensi�vity of high-performance clocks for deployment 
on space-based applica�ons. 

In addi�on, NASA is funding new ways to manipulate atoms promise to improve the resolu�on of gravity 
gradient measurements beyond the QGG technique described in Sec�on 3.2, including the following 
effort: 



Op�cal la�ce interferometer: Led by the University of Texas at Aus�n, the Quantum Pathways 
Ins�tute is developing a new mul�-axis, op�cal la�ce atom interferometer in a compact package 
by using phase-control of a 3D op�cal la�ce structure to manipulate a laser-cooled atomic 
cloud. Photonic integrated circuits are being developed to guide and magne�cally trap Rb atoms 
and to miniaturize several other op�cal components. The focus is on measuring gravity gradients 
from space with part-per-billion resolu�on, using a systems engineering approach to �e the 
instrument design to prac�cal use on a spacecra�. 

Furthermore, the Agency is sponsoring novel ways to remotely sense chemical composi�on that are 
applicable to Earth science, planetary science (for both orbital and surface systems), and astronaut 
health: 

Quantum-entangled spectrometer: Physical Sciences, Inc. is developing a quantum-enhanced 
spectroscopic technique called “ghost spectroscopy,” which combines highly non-degenerate 
(different wavelength) entangled pairs of photons to probe a gas sample using infrared photons 
while detec�ng and reading out the result in the visible spectrum. This technique offers a way to 
probe gases without requiring high-mass cryogenic coolers for the detectors or using high-power 
lasers to overcome high background noise and low sensi�vity.  

Neuromorphic quantum-enhanced gas sensors: Pennsylvania State University is developing 
nano-engineered sensors that improve gas detec�on sensi�vity, selec�vity, and specificity while 
dras�cally lowering size, weight, and power (SWaP) through use of func�onalized quantum dots 
and quantum materials, neuromorphic processing, and a non-tradi�onal, new chemi-transistor 
device architecture.  

4.  Possible Future Directions for NASA Quantum Sensing 
Quantum sensors opera�ng on spacecra� open en�rely new regimes for Earth, planetary, and space 
science. For fundamental physics, the longer interroga�on �mes available in a microgravity environment 
enable possibili�es for atom interferometers to test the equivalence principle using quantum test 
masses, and to search for direct evidence of dark sector physics. Op�cal clocks, for example, could be 
used to look for ultralight dark mater or u�lize larger gravita�onal baselines to enable new tests of the 
interplay between quantum mechanics and general rela�vity.  

Con�nued advancements of technologies pertaining to the quantum components and sensors described 
in sec�ons 2 and 3 will enable future astrophysics missions such as the detec�on of gravita�onal waves, 
dark mater and energy, and cosmic microwave background; exoplanet imaging; and detec�on of X-ray 
and far-IR emission from weak sources, photon starved regions, and from sources that require very high 
angular and or spectral resolu�on. Atributes of the sensors and components needed for these future 
missions are described in the 2024 NASA Astrophysics Biennial Technology Report.57 

A promising applica�on of quantum sensing to astrophysics is the achievement of spa�al super-
resolu�on without an increase in the telescope aperture size. This goal could be achieved by breaking 
the diffrac�on limit (∼λ/D) through novel quantum spa�al mode demul�plexing filters.58,59 Joint funding 
of this applica�on by several government agencies has become a priority due to the poten�al impact on 
astrophysical instrumenta�on and poten�al applica�ons on remote sensing.60  Similarly, the detec�on of 
exoplanets could be enhanced by taking advantage of quantum state discrimina�on and quantum 



imaging techniques to reduce the probability of error for detec�ng planets that are at small angular 
separa�ons.61 Another promising applica�on is the development of high-precision, quantum-based, 
correlated photon metrology systems that perform absolute calibra�on on photon detectors.62  

Addi�onal astrophysical applica�ons include quantum-enhanced telescopes that leverage entanglement 
between two telescope sites to break classical physics limits like the diffrac�on barrier via photon 
entanglement and squeezing.63  Some of these experimental demonstra�ons will require entanglement-
assisted interferometry, quantum memories, memory banks and spa�al mode sorters64—capabili�es 
that need to be developed and implemented.  Further science applica�ons include gravita�on wave 
detec�on, which is the goal of the European Space Agency’s upcoming Laser Interferometer Space 
Antenna (LISA) mission. NASA missions such as Fermi, Swi�, Hubble Space Telescope, and the James 
Webb Space Telescope are also being tasked to iden�fy electromagne�c counterparts of LIGO 
detec�ons.  Looking beyond LISA, future programs would benefit from atom interferometry and very 
precise clocks.  A femtosecond laser comb could be used to generate a clock signal from the transmiter, 
effec�vely suppressing laser frequency noise and clock noise for �me-delay interferometry.65 Atomic 
clocks with precisions of 1 x 10-18 placed far beyond low Earth orbit could be used to test many 
fundamental proper�es of mater, include poten�al varia�ons in physical constants and providing 
evidence for various theories of dark mater and dark energy. Similar leaps in the performance of atom 
interferometers could also contribute to fundamentally improved knowledge of how mater and energy 
behave.66 

Heliophysics missions will also benefit from increased use of quantum sensors.  Understanding the 
dynamics of hot plasmas in the solar corona is key to understanding the hea�ng mechanisms of the solar 
corona and the origin of super-heated plasmas on the Sun. Just as TES sensors have provided improved 
performance for Astrophysics missions as described in Sec�on 2, arrays of TESs could provide imaging 
spectroscopy to constrain the dynamics of small hea�ng events on the Sun. Quantum magnetometers 
can provide increased sensi�vity together with self-calibra�on and robust performance in the noisy 
electromagne�c environment of a spacecra�.67 

Measurements for future planetary and Earth science missions will con�nue to require increased 
spa�al, temporal, and spectral resolu�on to reveal insights about planetary atmospheres, interiors, and 
surface dynamics. Quantum sensors that can fit on spacecra� with limited power, mass, and volume 
alloca�ons will be cri�cal to advancing Earth and planetary science. 

A final comment on the future of quantum sensors for space science: Every quantum sensor system 
deployed by NASA so far, and described in Sec�on 2, uses isolated quantum devices or localized 
quan�zed measurements. Entangled sensors offer opportuni�es that NASA has yet to take advantage of.  
Networks of entangled photons have already been created for terrestrial applica�ons, including in the 
Chicago68 and Washington, District of Columbia69 regions. NASA has demonstrated round-trip Earth-to-
space op�cal communica�ons70 and so could employ the same quantum entanglement protocols used 
by the terrestrial networks. Developing sensors based on quantum entanglement, and connec�ng those 
sensors through space-based entangled networks holds the promise of drama�cally increasing the 
signal-to-noise ra�o for each measurement, enabling, for instance, much higher resolu�on dark-mater 
searches71 or very long-baseline interferometers formed by widely distributed spacecra�.  



5.  Summary 
The U.S. government and interna�onal organiza�ons have made substan�al investments to advance the 
development of quantum technologies. Many of these show great promise for disrup�ng sensing 
capabili�es and NASA is at the forefront of integra�ng these advancements into spaceborne applica�ons 
to study the nature of the universe and our place in it.  NASA has a long history of using quantum 
sensors for astronomical and fundamental physics measurements, and con�nues to make 
advancements, primarily in reducing the size and complexity of these sensors while retaining excellent 
performance. While these instruments are based on quantum mechanical and electrical proper�es, to 
date all of the quantum sensing systems that NASA has deployed and is developing use isolated and 
highly localized measurements. Future use of networked-entangled sensors may lead to measurements 
that are not currently possible, leading to drama�c improvements in our ability to understand the 
Universe. 

6.  Funding 
This work was funded by the NASA Science Mission Directorate. 

7.  Authors’ Contributions 
C. Mercer created the structure of the paper, found the majority of the references, and wrote significant 
por�ons of each sec�on. R. Connerton, E. Montbach, S. Christe, M. Robinson, M. Perez, and D. Podolski 
provided content for the Earth science, Planetary science, Heliophysics, Biological and Physical science, 
and Astrophysics, and Cross-cu�ng sec�ons, respec�vely.  

8.  Acknowledgements 
The authors acknowledge very helpful conversa�ons with Caroline Kilbourne on quantum calorimeters 
and other low-temperature sensors, informa�on on atomic clocks from Rob Thompson, and technical 
reviews by Caroline, Jason Williams, Jason Hyon, John Lekki, and Lena Braatz. Also very helpful were 
abstracts and summaries provided by the numerous principal inves�gators funded by the NASA Small 
Business Innova�on Research (SBIR) and Small Business Technology Transfer (STTR) programs, and NASA 
Research Opportuni�es in Space and Earth Science (ROSES). 

9.  References 
 

1 Slocum, RE, Reilly, FN. Low Field Helium Magnetometer for Space Applica�ons. IEEE Transac�ons on Nuclear 
Science (V. 10, Issue 1) January 1963. htps://ieeexplore.ieee.org/document/4323257 Accessed 28 Dec 2024. 
2 Smith, EJ, Jones DE, Davis Jr., L, Coleman Jr., PJ. Magnetometer Experiment. NASA News Release 65-117-B. April 
15, 1965. Magnetometer experiment - NASA Technical Reports Server (NTRS) Accessed 30 Dec 2024.  
3 Connor BV. Space Magne�cs: The Mariner V Magnetometer Experiment. IEEE Transac�ons on Magne�cs, Vol. 
MAG-4, No. 3, September 1968. htps://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=1066331 Accessed 
28 Dec 2024. 
4 Smith EJ, Connor BV, Foster, Jr. GT. Measuring the Magne�c Fields of Jupiter and the Outer Solar System. IEEE 
Transac�ons on Magne�cs, Vol. MAG-11, No. 4, July 1975. 
htps://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=1058779 Accessed 28 Dec 2024. 
5 Aveline DC, Williams JR, Elliot ER, Dutenhoffer C, Kellogg JR, Kohel JM, Lay NE, Oudrhiri K, Shotwell RF, Yu N, 
Thompson RJ. Observa�on of Bose-Einstein condensates in an earth-orbi�ng research lab. Nature Vol 582, 193-197. 
2020. https://doi.org/10.1038/s41586-020-2346-1 

https://ieeexplore.ieee.org/document/4323257
https://ntrs.nasa.gov/citations/19650012276
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=1066331
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=1058779


 

6 Carollo RA, Aveline DC, Rhyno B, Visheshwara S, Lannert C, Murphree JD, Elliot ER, Williams JR, Thompson RJ, 
Lundblad N. Observa�on of ultracold atomic bubbles in orbital microgravity. Nature Vol 606, pp 281-286. May 18, 
2022. htps://doi.org/10.1038/s41586-022-04639-8 
7 Elliot, ER, Aveline DC, Bigelow NP, Boegel P, Botsi S., Charron E, D’Incao JP, Engels P, Estrampes T, Gaaloul N, 
Kellogg JR, Kohel JM, Lay NE, Lundblad N, Meister M, Mossman ME, Müller G, Müller H, Oudrhiri K, Phillips LE, 
Pichery A, Rasel EM, Sacket CA, Sbroscia M, Schleich WP, Thompson RJ, Williams JR. Quantum gas mixtures and 
dual-species atom interferometry in space. Nature Vol 623, pp 502-508. November 15, 2023. 
htps://doi.org/10.1038/s41586-023-06645-w 
8 Williams, JR, Sacket CA, Ahlers H, Aveline DC, Boegel P, Botsi S, Charron E, Elliot ER, Gaaloul N, Giese E, Herr W, 
Kellogg JR, Kohel JM, Lay NE, Meister M, Müller G, Müller H, Oudrhiri K, Phillips L, Pichery A, Rasel EM, Roura A, 
Sbroscia M, Schleich W, Schneider C, Schubert C, Sen B, Thompson RJ, Bigelow NP. Pathfinder Experiments with 
atom interferometry in the Cold Atom Lab onboard the Interna�onal Space Sta�on. Nature Communica�ons, 
Volume 15, No. 6414. August 13, 2024. htps://doi.org/10.1038/s41467-024-50585-6 
9 Wollman EE, Allmaras JP, Beyer AD, Korzh B, Runyan MC, Narvaez L, Farr WH, Marsili F, Briggs RM, Miles GJ, Shaw 
MD. An SNSPD-based detector system for NASA’s Deep Space Op�cal Communica�ons project. September 4, 2024. 
htps://arxiv.org/abs/2409.02356 [physics.ins-det] 
10 NASA. Breaking the Scaling Limits: New Ultralow-noise Superconduc�ng Camera for Exoplanet Searches. 
htps://science.nasa.gov/science-research/science-enabling-technology/breaking-the-scaling-limits-new-ultralow-
noise-superconduc�ng-camera-for-exoplanet-searches/ Accessed 2 Jan 2025. 
11 Mazin BA. Microwave Kine�c Inductance Detectors. Disserta�on (Ph.D), California Ins�tute of Technology. 2005. 
doi:10.7907/GZ72-V784. htps://thesis.library.caltech.edu/3910/1/MazinThesis.pdf Accessed 2 Jan 2025. 
12 Mazin BA. Microwave Kine�c Inductance Detectors: The First Decade.  AIP Conf. Proceedings Vol 1185, pp 135-
142. December 16, 2009.  
13 Szyprt P, Duggan GE, Mazin BA, Meeker SR, Strader MJ, va Eyken JC, Marsden D, O’Brien K, Walter AB, Ulbricht G, 
Prince TA, Stoughton C, Bumble B. Direct Detec�on of SDSS J0926+3624 Orbital Expansion with ARCONS. Mon. Not. 
R. Astron. Soc. Sept 16, 2013. arXiv:1309.4087 [astro-ph.SR] 
14 Walter AB, Fruitwala N, Steiger S, Bailey III, JI, Zobrist N, Swimmer N, Lipar�to I, Smith JP, Meeker SR, Bocks�egel 
C, Coiffard G, Dodkins R, Szypryt P, Davis KK, Daal M, Bumble B, Collura G, Guyon O, Lozi J, Vievard S, Jovanovic N, 
Mar�nache F, Currie T, Mazin BA. The MKID Exoplanet Camera for Subaru SCExAO. October 27, 2020. 
arXiv:2010.12620 [astro-ph.IM] 
15 Bumble B. OLE MKIDS: Looking for Exoplanets in High Defini�on. NASA JPL Microdevices Laboratory. OLE MKIDs 
Accessed 2 Jan 2025. 
16 Niemack MD, Zhao Y, Wollack E, Thornton R, Switzer ER, Swetz DS, Staggs ST, Page L, Stryzak O, Moseley H, 
Marriage TA, Limon M, Lau JM, Klein J, Kaul M, Jaroski N, Irwin KD, Hincks AD, Hilton GC, Halpern M, Fowler JW, 
Fisher RP, Dunner R, Doriese WB, Dicker SR, Devlin MJ, Chervenak J, Burger B, Ba�stelli ES, Appel J, Amiri M, Allen 
C, Aboobaker AM. A Kilopixel Array of TES Bolometers for ACT: Development, Tes�ng, and First Light. J Low Temp 
Phys 151, 690–696 (2008). htps://doi.org/10.1007/s10909-008-9729-2 
17 NASA Goddard Space Flight Center. PIPER: The Primordial Infla�on Polariza�on Explorer. 
htps://asd.gsfc.nasa.gov/piper/ Accessed 16 Feb 2025. 
18 Barren�ne EM, Rostem K, Brown AD, Brekosky RP, Colazo FA, Costen NP, Kluengpho V, Maher SF, Mikula V, Miller 
TM, Oxborrow JB, Sharp EH, Watanabe T, Hays-Wehle JP, Wollack EJ, Hsieh W-T, Moseley SH. Characteriza�on of Si-
membrane TES bolometer arrays for the HIRMES instrument. 17th Annual Low-Temperature Detector Workshop, 
Kurume Japan. July 18, 2017. htps://ntrs.nasa.gov/api/cita�ons/20190001223/downloads/20190001223.pdf 
Accessed 16 Feb 2025. 
19 Kilbourne C, Examples of GSFC Quantum Sensors for Astrophysics. Informa�on Exchange on quantum 
technologies. June 30, 2020. Private communica�on. 
20 Data R, Dahal S, Switzer ER, Brekosky RP, Essinger-Hileman T, Fixsen DJ, Jhabvala CA, Kogut AJ, Miller TN, Mirel P, 
Wollack EJ. Characteriza�on of Low-noise Backshort-Under-Grid Kilopixel Transi�on Edge Sensor Arrays for PIPER. 
Dec 5, 2022. arXiv:2212.01370 [astro-ph.IM] 
21 Op cit. Barren�ne EM et al (2017) 
22 Weisskopf, MC. The making of the Chandra X-Ray Observatory: The project scien�st’s perspec�ve. PNAS Vol 107, 
No 16. March 1, 2010. htps://www.pnas.org/doi/10.1073/pnas.0913067107 Accessed 30 Dec 2024. 

https://doi.org/10.1038/s41586-022-04639-8
https://doi.org/10.1038/s41586-023-06645-w
https://doi.org/10.1038/s41467-024-50585-6
https://arxiv.org/abs/2409.02356
https://science.nasa.gov/science-research/science-enabling-technology/breaking-the-scaling-limits-new-ultralow-noise-superconducting-camera-for-exoplanet-searches/
https://science.nasa.gov/science-research/science-enabling-technology/breaking-the-scaling-limits-new-ultralow-noise-superconducting-camera-for-exoplanet-searches/
https://thesis.library.caltech.edu/3910/1/MazinThesis.pdf
https://microdevices.jpl.nasa.gov/capabilities/superconducting-devices/ole-mkids/
https://asd.gsfc.nasa.gov/piper/
https://ntrs.nasa.gov/api/citations/20190001223/downloads/20190001223.pdf
https://www.pnas.org/doi/10.1073/pnas.0913067107


 

23 Winker, CE, Cumings, NP, Randolph, JL, Talley, DH. Science Instruments for the Advanced X-Ray Astrophysics 
Facility (AXAF). SPIE Vol 1948, January 1 1993. file:///C:/Users/cmercer/OneDrive%20-
%20NASA/Local%20Offload/Conferences-
Events/Quantum/EPJ%20Quantum%20Technology/references/AXAF%20Instruments.pdf Accessed 30 Dec 2024. 
24 Kelley RL, Audley MD, Boyce KR, Breon SR, Fujimoto R, Gendreau KC, Holt SS, Ishisaki Y, McCammon D, Mihara T, 
Mitsuda K, Moseley SH, Mot DB, Porter FS, Stahle CK, Szymkowiak AE. The Astro-E High Resolu�on X-Ray 
Spectrometer. Proc. SPIE Vol. 3765. 22 October 1999. ASTRO-E high-resolu�on x-ray spectrometer Accessed 30 Dec 
2024. 
25 Sato K, Uchida Y, Ishikawa K. Hitomi/XRISM micro-calorimeter. March 3, 2023. arXiv:2303:01642 [astro-ph.IM] 
htps://arxiv.org/pdf/2303.01642 Accessed 30 Dec 2024. 
26 Kilbourne C. Very Cold Detectors Reveal the Very Hot Universe and Kick Off a New Era in X-ray Astronomy. NASA 
Technology Highlight, December 17, 2024. htps://science.nasa.gov/science-research/science-enabling-
technology/technology-highlights/very-cold-detectors-reveal-the-very-hot-universe-and-kick-off-a-new-era-in-x-ray-
astronomy/ Accessed 15 Feb 2025. 
27 Kilbourne CA, Adams JS, Brekosky RP, Chervenak JA, Chiao MP, Eckart ME, Figueroa-Feliciano E, Galeazzi M, Grein 
C, Jhabvala CA, Kelly D, Leutenegger MA, McCammon D, Porter FS, Szymkowiak AE, Watanabe T, Zhao J. Design, 
Implementa�on, and performance of the Astro-H SXS calorimeter array and an�coincidence detector. J. 
Astronomical Telescopes, Instruments, and Systems 4(1), 01 1214 (Jan-Mar 2018).  
28 Parry D, “NRL Launched First Time-Based Naviga�on System in 1967,” U.S. Naval Research Laboratory Press 
Release (May 2023). htps://www.nrl.navy.mil/Media/News/Ar�cle/3411925/nrl-launched-first-�me-based-
naviga�on-satellite-in-1967/ accessed 29 Apr 2025. 
29 Beard RL, Murray J, and White JD, “GPS Clock Technology and the Navy PTTI Programs at the U.S. Naval Research 
Laboratory,” 1986. htps://apps.d�c.mil/s�/pdfs/ADA492721.pdf Accessed 29 Apr 2025. 
30 Herring TA, “Geode�c applica�ons of GPS,” Proceedings of the IEEE, vol. 87, no. 1, pp. 92-110, January 1999. doi: 
10.1109/5.736344 
31 Asmar SW “Radio Science Techniques for Deep Space Explora�on,” JPL Deep Space Communica�ons and 
Naviga�on Series, March 2022. htps://descanso.jpl.nasa.gov/monograph/series14/Radio-Science.pdf Accessed 29 
Apr 2025. 
32 Burt EA, Prestage JD, Tjoelker RL, Enzer DG, Kuang D, Murphy DW, Robison DE, Seubert JM, Wang RT and Ely TA, 
“Demonstra�on of a trapped-ion atomic clock in space,” Nature 595.7865 pp. 43-47, June 30, 2021. 
33 Cacciapuo� L, Busso A, Jansen R, Pataraia S, Peignier T, Weinberg S, Crescence P, Helm A, Kehrer J, Koller S, 
Lachaud R, Niedermaier T, Esnault F-X, Massonnet D, Goujon D, Pitet J, Perri A, Wang Q, Liu S, Schaefer W, Schwall 
T, Prochazka I, Schlicht A, Schreiber U, Laurent P, Lilley M, Wolf P and Salomon C, “Atomic Clock Ensemble in Space,” 
Journal of Physics: Conference Series vol. 2889, November 21, 2024. 012005 DOI 10.1088/1742-
6596/2889/1/012005. 
34 Oripov BG., Rampini DS., Allmaras J, Shaw MD, Nam SW, Korzh B, and McCaughan AN, “A superconduc�ng 
nanowire single-photon camera with 400,000 pixels,” Nature 622, pp. 730–734 October 25, 2023. 
DOI:10.1038/s41586-023-06550-2 
35 Aliev A, Quevedo-Lopez M., Transparent superconductors for single-photon detectors.  NASA Early Stage 
Innova�ons 2023. htps://www.nasa.gov/wp-content/uploads/2024/03/quad-chart-quevedo-
lopez.pdf?emrc=a3eb� Accessed 15 Feb 2025. 
36 Bandler S, Stevenson T, Devasia A, Yoon W. New X-ray Detectors to Provide Unprecedented Vision of the Invisible 
Universe. NASA Technology Highlight, August 29, 2023. htps://science.nasa.gov/science-research/science-
enabling-technology/new-x-ray-detectors-to-provide-unprecedented-vision-of-the-invisible-universe/ Accessed 26 
Feb 2025. 
37 Bradford M. PRIMA and its Far-IR Detectors: Ultrasensi�ve KID Arrays Poised to Enable Astrophysics Discoveries, 
NASA HQ Astrophysics Technology Webinar, October 23, 2024.   
38 NASA TechPort. Improving the Spectral Resolu�on of UVOIR MKIDs through Phonon Engineering and Low Noise 
Electronics – UCSB/JPL htps://techport.nasa.gov/projects/118344 Accessed 15 Feb 2025. 
39 NASA TechPort. High Resolu�on On-Chip Photonic MKID Spectrometer. 
htps://techport.nasa.gov/projects/113265 Accessed 15 Feb 2025. 
40 NASA TechPort. Scalable Data Acquisi�on System for MKID Detectors. htps://techport.nasa.gov/projects/154511 
Accessed 15 Feb 2025. 

https://www.spiedigitallibrary.org/conference-proceedings-of-spie/3765/0000/ASTRO-E-high-resolution-x-ray-spectrometer/10.1117/12.366493.full
https://arxiv.org/pdf/2303.01642
https://science.nasa.gov/science-research/science-enabling-technology/technology-highlights/very-cold-detectors-reveal-the-very-hot-universe-and-kick-off-a-new-era-in-x-ray-astronomy/
https://science.nasa.gov/science-research/science-enabling-technology/technology-highlights/very-cold-detectors-reveal-the-very-hot-universe-and-kick-off-a-new-era-in-x-ray-astronomy/
https://science.nasa.gov/science-research/science-enabling-technology/technology-highlights/very-cold-detectors-reveal-the-very-hot-universe-and-kick-off-a-new-era-in-x-ray-astronomy/
https://www.nrl.navy.mil/Media/News/Article/3411925/nrl-launched-first-time-based-navigation-satellite-in-1967/
https://www.nrl.navy.mil/Media/News/Article/3411925/nrl-launched-first-time-based-navigation-satellite-in-1967/
https://apps.dtic.mil/sti/pdfs/ADA492721.pdf
https://descanso.jpl.nasa.gov/monograph/series14/Radio-Science.pdf
https://www.nasa.gov/wp-content/uploads/2024/03/quad-chart-quevedo-lopez.pdf?emrc=a3ebfb
https://www.nasa.gov/wp-content/uploads/2024/03/quad-chart-quevedo-lopez.pdf?emrc=a3ebfb
https://science.nasa.gov/science-research/science-enabling-technology/new-x-ray-detectors-to-provide-unprecedented-vision-of-the-invisible-universe/
https://science.nasa.gov/science-research/science-enabling-technology/new-x-ray-detectors-to-provide-unprecedented-vision-of-the-invisible-universe/
https://techport.nasa.gov/projects/118344
https://techport.nasa.gov/projects/113265
https://techport.nasa.gov/projects/154511


 

41 McGuirk JM, Foster GT, Fixler JB, Snadden MJ, Kasevich MA. Sensi�ve absolute-gravity gradiometry using atom 
intereferometry. Phyical Review A, Vol. 65, 033608-1:13. February 8, 2002. 
42 Stray B, Bosch-Lluis X, Thompson R,  Okino C, Yu N, Lay N, Muirhead B, Hyon J, Leopardi H, Brereton P, Mylapore 
A, Loomis B, Luthcke S, Ghuman P, Betadpur S, Lachmann MD, Stolz T, Kuehl C, Weise D, Ahlers H, Schubert C, 
Bawamia A, and Chiow S-W, “Quantum gravity gradiometry for future mass change science,” EPJ Quantum 
Technology, vol. 12, no. 35 March 14, 2025. htps://doi.org/10.1140/epjqt/s40507-025-00338-1 
43 NASA JPL, Gravity Recovery and Climate Experiment - Follow On (GRACE-FO). Overview | Mission – GRACE-FO 
Accessed 2 Jan 2025. 
44 NASA TechPort, Low SWaP UHV chamber for atom interferometer. htps://techport.nasa.gov/projects/113338 
Accessed 9 Feb 2025. 
45 Arumugam D, Park J-H, Feyissa B, Bush J, Nagaraja SPM, Remote sensing of soil moisture using Rydberg atoms 
and satellite signals of opportunity. Scien�fic Reports, Vol 14, Ar�cle 18025 (2024). 
htps://doi.org/10.1038/s41598-024-68914-6 
46 Verploegh S. Quantum Atomic Rydberg Radiometer for Earth Measurements (QuARREM). NASA Earth Science 
Technology Office, April 2024. htps://www.estotechnology.us/techpor�olio/pdf/quadCharts/2183.pdf Accessed 16 
Feb 2025. 
47 Ibid. 
48 Yu, N. Atomic Lunar Seismometer. NASA PESTO archives. htps://www1.grc.nasa.gov/wp-
content/uploads/Atomic-Lunar-Seismometer.pdf Accessed 31 Dec 2024. 
49 Cheng M, Vyhnalek B. Solid State Quantum Magnetometers – Seeking out water worlds from the quantum world. 
Solid State Quantum Magnetometers—Seeking out water worlds from the quantum world - NASA Science Accessed 
31 Dec 2024. 
50 Kraus H, Cochrane C. SiC Magnetometer. JPL Microdevices Laboratory. SiC Magnetometer Accessed 2 Jan 2025. 
51 Sterczewski LA, Westberg J, Bagheri M, Frez C, Vurga�man I, Canedy CL, Bewley WW, Merrit CD, Kim CS, Kim M, 
Meyer JR, Wysocki G. Mid-infrared dual-comb spectroscopy with interband cascade lasers. Op�cs Leters, Vol. 44, 
No. 8. April 15, 2019.  
52 NASA TechPort. Electrically pumped mid-IR op�cal frequency combs for dual frequency spectroscopy. 
htps://techport.nasa.gov/projects/94420  Accessed 2 Jan 2025. 
53 Sultana M. ScienceCra� for Outer Planet Explora�on (SCOPE). NASA Ar�cle, May 1, 2024. 
htps://www.nasa.gov/directorates/stmd/niac/niac-studies/sciencecra�-for-outer-planet-explora�on-scope/ 
Accessed 3 Jan 2025. 
54 Mohageg M, Mazzaella L, Anastopoulos C, Gallicchio J, Hu B-L, Jennewein T, Johnson S, Lin S-Y, Ling A, Marquardt 
C, Meister M, Newell R, Roura A, Schleich WP, Schubert C, Strekalov DV, Vallone G, Villoresi P, Worner L, Yu N, Zhai 
A, Kwiat P. The deep space quantum link: prospec�ve fundamental physics experiments using long-baseline 
quantum op�cs. EPJ Quantum Technology, Vol. 9, No. 25, Oct 8 2022. htps://doi.org/10.1140/epjqt/s40507-022-
00143-0 
55 Lawrie BJ, Let PD, Marino AM, Pooser RC, Quantum Sensing with Squeezed Light. ACS Photonics, May 13, 2019. 
56 Aasi J, et al, Enhanced sensi�vity of the LIGO gravita�onal wave detector by using squeezed states of light. Nature 
Photonics, July 21, 2013. 
57 NASA Astrophysics Division. NASA Astrophysics Biennial Technology Report 2024. 
htps://apd440.gsfc.nasa.gov/images/tech/2024_ABTR.pdf Accessed 16 Feb 2025. 
58 Schäfermeier C, Ježek M, Madsen LS, Gehring T, Andersen UL. Determinis�c phase measurements exhibi�ng 
super-sensi�vity and super-resolu�on. Op�ca, 5(1), pp 60-64. 2018. 
59 Zhou Y, Yang J, Hasset JD, Rafsanjani SMH, Mirhosseini M, Vamivakas AN, Jordan AN, Shi Z, Boyd RW. Quantum-
limited es�ma�on of the axial separa�on of two incoherent point sources. Op�ca, 6(5), pp 534-541, 2019. 
60 Ozer I, Grace MR, Guha S. Adap�ve Super-Resolu�on Imaging Without Prior Knowledge Using a Programmable 
Spa�al-Mode Sorter, 2024. htps://arxiv.org/html/2409.04323v1 
61 Huang Z, Lupo C. Quantum hypothesis tes�ng for exoplanet detec�on. Physical Review Leters, 127(13), 130502, 
2021. 
62 Migdall, A. Correlated-Photon Metrology Without Absolute Standards, Physics Today, 52(1), pp. 41-46, 1999. 
63 Padilla I, Sajjad A, Saif BN, Guha S. Quantum resolu�on limit of long-baseline imaging using distributed 
entanglement. 2024. htps://arxiv.org/abs/2406.16789 

https://gracefo.jpl.nasa.gov/mission/overview/
https://techport.nasa.gov/projects/113338
https://www.estotechnology.us/techportfolio/pdf/quadCharts/2183.pdf
https://www1.grc.nasa.gov/wp-content/uploads/Atomic-Lunar-Seismometer.pdf
https://www1.grc.nasa.gov/wp-content/uploads/Atomic-Lunar-Seismometer.pdf
https://science.nasa.gov/science-research/science-enabling-technology/solid-state-quantum-magnetometers-seeking-out-water-worlds-from-the-quantum-world/
https://microdevices.jpl.nasa.gov/capabilities/nano-and-micro-systems/sic-magnetometer/
https://techport.nasa.gov/projects/94420
https://www.nasa.gov/directorates/stmd/niac/niac-studies/sciencecraft-for-outer-planet-exploration-scope/
https://apd440.gsfc.nasa.gov/images/tech/2024_ABTR.pdf


 

64 Raymer MG, Brown M, Kwiat P, Lorenz V, and Monnier J, “Quantum Enhanced Very Long Baseline 
Interferometry,” NASA white paper, htps://science.nasa.gov/wp-
content/uploads/2023/05/20_3c22105cf5db424ee5d10cdf1380ff11_RaymerMichaelG.docx?emrc=128674 
Accessed 29 Apr 2025. 
65 Wu H, Xu M, Wang P, Zhang Z, Fang P, Tan Y., Zhang J, Chen Q, Lu Z, and Shao C. Time Delay Interferometry with a 
Transfer Oscillator, Op�cs Leters, 48(1), 9-12, 2023. 
66 Derevianko A, Gibble K, Hollberg L, Newbury NR, Oates C, Safronova MS, Sinclair LC, and Yu N, “Fundamental 
physics with a state-of-the-art op�cal clock in space,” Quantum Science and Technology, vol. 7, 044002, July 21, 
2022. DOI 10.1088/2058-9565/ac7df9 
67 Cochrane C, Kraus H, and Neudeck P, “Quantum Scale Sensors used to Measure Planetary Scale Magne�c Fields,” 
NASA Technology Highlight, August 6, 2024. htps://science.nasa.gov/science-research/science-enabling-
technology/quantum-scale-sensors-used-to-measure-planetary-scale-magne�c-fields/ Accessed 29 Apr 2025. 
68 Spizzirri J. Quantum network between two na�onal labs achieves record synch. Argonne Na�onal Laboratory 
Press Release, June 27 2022. htps://www.anl.gov/ar�cle/quantum-network-between-two-na�onal-labs-achieves-
record-synch Accessed 16 Feb 2025. 
69 Na�onal Quantum Coordina�on Office. NRL Announces the Washington Metropolitan Quantum Network 
Research Consor�um (DC-QNet). July 1, 2022. htps://www.quantum.gov/nrl-announces-the-washington-
metropolitan-quantum-network-research-consor�um-dc-qnet/ Accessed 16 Feb 2025. 
70 Kearns, M. NASA Streams First 4K Video from Aircra� to Space Sta�on, Back. July 24, 2024. 
htps://www.nasa.gov/aeronau�cs/nasa-streams-first-4k-video-from-aircra�-to-space-sta�on-back/ Accessed 16 
Feb 2025. 
71 Brady AJ, Gao C, Harnik R, Liu Z, Zhang Z, and Zhuang Q. Entangled sensor-networks for dark-mater searches. 
PRX Quantum 3, 030333, 2022. arXiv:2203.05375 [quant-ph] 

https://science.nasa.gov/wp-content/uploads/2023/05/20_3c22105cf5db424ee5d10cdf1380ff11_RaymerMichaelG.docx?emrc=128674
https://science.nasa.gov/wp-content/uploads/2023/05/20_3c22105cf5db424ee5d10cdf1380ff11_RaymerMichaelG.docx?emrc=128674
https://science.nasa.gov/science-research/science-enabling-technology/quantum-scale-sensors-used-to-measure-planetary-scale-magnetic-fields/
https://science.nasa.gov/science-research/science-enabling-technology/quantum-scale-sensors-used-to-measure-planetary-scale-magnetic-fields/
https://www.anl.gov/article/quantum-network-between-two-national-labs-achieves-record-synch
https://www.anl.gov/article/quantum-network-between-two-national-labs-achieves-record-synch
https://www.quantum.gov/nrl-announces-the-washington-metropolitan-quantum-network-research-consortium-dc-qnet/
https://www.quantum.gov/nrl-announces-the-washington-metropolitan-quantum-network-research-consortium-dc-qnet/
https://www.nasa.gov/aeronautics/nasa-streams-first-4k-video-from-aircraft-to-space-station-back/

	1.  Introduction
	2.  Deployed Systems
	2.1  Magnetometry
	2.2  Atom Interferometry
	2.3  Single Photon Detection
	2.3.1  Superconducting Nanowire Single-Photon Detectors
	2.3.2  Microwave Kinetic Inductance Detectors

	2.4  Transition-edge Sensors
	2.5  Single X-ray Detection
	2.6   Atomic Clocks

	3.  Current Investments
	3.1  Astrophysics
	3.2  Earth Science
	3.3  Planetary Science
	3.4  Heliophysics
	3.5  Biological and Physical Sciences
	3.6  Cross-cutting Technology Investments

	4.  Possible Future Directions for NASA Quantum Sensing
	5.  Summary
	6.  Funding
	7.  Authors’ Contributions
	8.  Acknowledgements
	9.  References

