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A quantum sensor developed by the US Army in 2020 can detect communications signals over the entire radio-frequency spectrum.

Quantum sensors will starta
revolution —if we deploy themright

Kai Bongs, Simon Bennett & Anke Lohmann

Fromunderground
exploration to brainscience
and air-traffic control, the
sensing potential of quantum
devicesis enormous. But
they must first get out of the
laboratory.
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uantum sensors exploit the
fundamental properties of atoms
and light to make measurements of
the world. The quantum states of par-
ticles are extremely sensitive to the
environment, which is a virtue for sensing, if
problematic for making aquantum computer.
Quantum sensors that use particles as probes
can quantify acceleration, magnetic fields,
rotation, gravity and the passage of time more
precisely than can classical devices that are
engineered or based on chemical or electri-
cal signals. They can be used to make atomic
clocks that are smaller and more accurate,
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cameras that can see through fogand around
corners, and devices for mapping structures
underground, among many other potential
applications. They stand to transform a mul-
titude of sectors, from energy, land use and
transportto health care, finance and security.
But their commercial promise needs to be
appreciated more.

Asresearchers developing quantum sensors
inthelaboratory, we are keen to make govern-
ments andindustry more aware of the possible
benefits —inparticular, inimproving the safety
of national critical infrastructure thatrelies on
sensors, such as air-traffic control systems and
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water utilities. However, we and others face hur-
dlesin gaining attention and funding to adapt
quantum sensors for use inreal-world settings.

One challenge is that it is hard to predict
exactly how and where emerging technologies
willbe adopted. The history of physics s full of
serendipitous inventions. X-ray generators,
for example, were the accidental by-product
of experiments to see whether beams of elec-
trons could pass through glass, yet they are
now crucial to medicine and airport security.
The inventor of the laser, Theodore Maiman,
famously described that technology asa “solu-
tion seeking a problem”.

Another factoris that many people —includ-
ingbusinessleaders —think quantumtechnol-
ogiesaredevicesof the future, not the present.
Unlike quantum computers, which getalot of
press but might be decades away from offering
wide commercial advantage, quantum sensors
are already in use in the lab. A handful arein
commercial use: atomic clocks, for example,
measure the passage of time supremely accu-
rately using high-frequency quantum transi-
tions in atoms. Their accuracy maintains the
synchronization of communicationand energy
networks, and digital radio stations. They are
crucial for satellite navigation services such
as GPS.

Evenso, it took 20 years to move GPSreceiv-
ers from being specialist devices used by the
military, tech-savvy hikers and ships’ captains to
providing navigation for smartphonesand cars.
Now, the quantum community needs to estab-
lishsimilar pathways for realizing the commer-
cial benefit of other types of quantum sensor.

Quantum gravity sensors and quantum
gas detectors flown on satellites could col-
lect accurate data on levels of groundwater,
carbon dioxide and methane to improve cli-
mate modelling. Quantum magnetic sensors
can image people’s brain signals in real time',
and quantum gravimeters can monitor under-
ground water levels and volcanic eruptions?.
Combinations of quantum sensors that track
gravity gradients, magnetic fields and inertial
forces 1,000 times more precisely than can
classical ones might, for instance, enable reli-
able navigationin places where satellite signals
are jammed or cannot reach, such as remote
sites, conflict zones or underwater.

Here we highlight five priorities for com-
mercializing quantum sensors to get them
adopted faster.

Make them more robust

Innovators inindustry are rarely excited by a
lab result that simply proves a concept. They
want toknow thatadevice willwork reliably for

A diamond-based quantum sensor can measure magnetic fields at the atomic scale.

aspecific application, and that it will benefit
their business’s finances. Researchers need to
ensure that any sensor bound for the market
is robust and reliable, can be manufactured
reproducibly and cost-effectively,and is com-
patible with other systems in use. In practice,
this might mean redesigning many aspects
of the technology. Each tweak brings fresh
challenges.

For example, in our lab at the UK Quantum
Technology Hub Sensors and Timing in Bir-
mingham, we have developed a sensor that

“Itremains fiendishly
challenging tointegrate
quantumsensorsinto a full-
blown navigationsystem.”

measures gradients in gravity. In two cham-
bers1metreapart, lasers trap rubidiumatoms
from a vapour and cool them to a standstill>.
More laser pulses create superpositions of
quantum states and read these out for the
rubidium atoms in each cloud. Software
converts those signals into a gravity gradi-
ent measure. By using a single laser beam to
manipulate the atoms, this quantum device is
1,000 times less sensitive to noise from vibra-
tions than are conventional gravimeters, and
is thus easier to deploy.

The version wefirst demonstratedin thelab
was the size of a small van, with tables full of
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optical components and racks of electronic
systems and power supplies. It was built from
bespoke parts and tuned by hand. Taking this
device outside the lab, to sense subterranean
tunnels through small changes in local grav-
ity*, meant makingall of the components more
robust, smaller and cheaper, as well asimprov-
ing their performance.

Our physicists and engineers had to find
waysto control the laser beam under varying
temperatures, containitinavacuumtoavoid
air turbulence and pulse the laser to reduce
the impacts of stray magnetic fields. Work is
ongoing to operate the device on a moving
platform to ease deployment, to increase its
sensitivity and bandwidth to speed up map-
ping, and to reduce its size to that of a back-
packsoitcanbe mounted onadronetosurvey
large areas.

One promising avenue for miniaturization
isintegrating quantum sensors in photonic
microchips®¢. These rely on light (photons)
rather thanthe electrons used in conventional
microchips, and are fast and energy efficient.
Similar technology is found in fibre-optic
networks. Quantum sensors could be min-
iaturized using photonic chips and existing
manufacturing processes for micro-elec-
tro-mechanical systems (MEMS), which are
usedinvehicle airbags. The benefitis that they
arerobustand cope with vibrations better than
bulkier optical systems do.

The challenge is integrating all the ele-
ments into one system that includes lasers,
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modulators, waveguides and beam splitters,
as well as components such as vapour cells.
Further research and investment are needed
into new materials, fabrication technologies,
device packaging and procedures for testing
and validation. Standardization of quantum
sensor technologies as low-cost building
blocksisalsourgently required, mirroringthe
processes for fibre-optic communication and
MEMS sensor technologies.

Work out where we need them

Researchers need to talk to business leaders
to determine how quantum sensors can
add value across a range of applications.
For example, uses for a gravity sensor are
not obvious; few people visualize their sur-
roundings in terms of gravity or the density
of materials. But after discussions with more
than 100 companies, we concluded that
gravity sensors would be excellent for illu-
minating unknowns in the ground, from the
position of forgotten mineshafts to ground-
water levels and the distribution of carbon
in soils and magma flows. These can, in prin-
ciple, be seen by classical gravimeters, but
ground vibrations make the measurement
time infeasibly long, typically 5-10 minutes
for asingle data point. With quantum gravity
gradiometers, such datacouldbecollectedin
seconds, opening up the potential for gravity
cartography*. And that’s just what we have
focused on so far.

Money for applied research and multidisci-
plinary collaborations between academia and
industry is needed to validate these ideas. In
our case, the next step involves geophysics
research using such gravimeters to improve
understanding of how water flows and accu-
mulates underground. This information could
be used to refine flood models, for example.
Civil-engineering research is also required
on how best to detect leakage in water pipes
using such sensors. Broader technological and
economic considerations will determine how
thisapproach can be used most effectivelyin
water management.

Companies should start thinking about
new business models, such as offering under-
ground mapping services to farmers to help
reduce water use in irrigation. Engaging in
pilot projects would put businesses inagood
position to capitalize on market disruption,
rather than being caught out by it.

Integrate them in current systems
Any sensor must be plugged into a bigger
system to reap its benefits. For example,
an inertial sensor — one that detects move-
ment — is relatively useless on its own. But
when integrated with electronics, software
and a display in a smartphone, it can provide
healthinformation onstep counts and calories
burnt by the user.

Similarly, quantum accelerometers and
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sensors of rotation, gravity and magnetic field
canbe combined into position, navigation and
timing systems for subsea and underground
use. For this application, quantum sensors
offerreduced bias, better precisionand more
stability than do their classical counterparts,
allowing navigation with metre-level accuracy
without having to use global satellite systems
such as GPS. This capability would enable
exploration of resources on the seabed, as well
assecuring and maintaining pipelines, cables
and foundations of offshore wind farms and
oilrigs, for example.

However, it remains fiendishly challeng-
ing to integrate quantum sensors into a full-
blown navigation system. Constructing an
inertial measurement unit alone requires

“Sensors are not getting
the attention they deserve
innational quantumtech
initiatives.”

three accelerometers, one for each spatial
dimension, and three rotation sensors,
one for each rotational degree of freedom,
arranged at perfectright angles and all linked
with a clock. If fitted on a vehicle or subma-
rine, such a navigation system would need to
compensate for small changesinlocal gravity
and other forcesinduced by Earth’s rotation.
The whole thing would need to be calibrated,
which is hard to achieve at the high level of
precision needed.

Gravity and magnetic sensors would be

needed for mapping these fields along the
trajectory of the vehicle, as well asacomputer
control system with specialist software. Data-
bases of field readings would need to be devel-
oped for comparison against the recorded
gravity and magnetic traces, to allow absolute
position fixes to deal with unavoidable long-
term drifts.

Researchers also need to consider in detail
how quantum sensor systems might be linked
to national and international infrastructure
networks. For example, communication
networks could be revolutionized with the
next generation of quantum clocks, ‘opti-
cal clocks’, which could be 1,000-fold more
precise than the time provided by current
satellite navigation systems. This might ena-
ble new modes of ultra-fast broadband, for
example, which squeeze more data packets
into channel bandwidthand use lessenergy to
transmit each bit of data. Similarly, quantum
sensors capable of detecting hydrogen could
speed up the energy transition from natural
gas to hydrogen fuels, because they could
detect leaks and safeguard infrastructure
to enable secure roll-out of this potentially
highly explosive fuel.

Whereas academicresearchers can develop
sensors with the right properties, industry
needs to lead this systems integration stage.
Existing academic funding streams are too
smallto supportsuch collaborative research.
Substantial long-term research and develop-
ment contracts with industry are needed to
make this happen. For instance, inthe 2000s,
funding from the US Defense Advanced
Research Projects Agency helped to create

An optical clock in which strontium ions oscillate in response to laser light.
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A researcher at German firm Q.ANT checks a quantum sensor intended for industrial use.

the chip-scale atomic clock within a decade,
through a dedicated development programme
involving academia and industry.

Establish data needs

Raw data from a sensor needs to be trans-
formed into information that is useful for a
specific task. For example, although a quan-
tum magnetic-field sensor can detect tiny
fields associated with patterns of neural
activity inthebrain, 3D visualizations of brain
activity require an array of such sensors, and
algorithms and graphical representations to
display theminwaysaphysiciancaninterpret.

Development of such systemsis under way*
and could revolutionize understanding of
brain conditions. Real-time mapping (scans
100 times asecond, for example) and analysis
ofbrainresponses to visual or sensual stimuli,
even while a person is moving, might replace
current techniques for diagnosing brain disor-
dersbased on patient questionnaires. It could
also allow physicians to assess the efficacy of
drugs for brain conditions on an individual
basis.

Similarly, advanced analytics are needed
to extract 3D underground images from grav-
ity surveys, where it remains challenging to
determine how deep sensed objects are. Banks
ofradars driven by quantum oscillators need
to be networked to show detailed images
instead of dots on a radar screen, such as
would be needed to classify and distinguish
drones from birds flying over a city. Big data
techniques must be deployed to harvest all of
this information, enabling the monitoring of
tens of thousands of delivery dronesin cities,
forinstance.

Perhaps the greatest data challenge in

terms of time and effort is to create ‘training’
data sets through trials. Researchers need to
conductlarge-scale medical trials to find bio-
markers for brain conditions, collect data from
networks of gravimeters to understand under-
ground water and other assets, and source
radar data through sensor networks across
cities. We encourage governments to fund
such programmes to seed future ventures.

Collaborate toinnovate

Although many countries have begun
coordinated efforts to develop the base level
of quantum technologies, there is still a scat-
tered approachto adoptionand exploitation.
With many groups working in isolation, tack-
ling theresearch challenges we outline would
take decades. Tospeed things up, astrategy for
coordinating research projects on quantum
sensors is needed.

At the research end of the pipeline, some
nations, including Germany, Japan, the Neth-
erlands, the United Kingdom and the United
States, have set up hubs and large projects to
align academic and national needsin quantum
technologies by bundling expertise and pro-
viding portals for interactions with industry
and other partners. Yet, generally, sensors
are not getting the attention they deserve in
national quantum tech initiatives, with a few
exceptions, such as QuantumBW, aninitiative
by the German state of Baden Wiirttemberg,
whichexplicitly focuses on quantum sensing.

Governments need to introduce policies
andregulationto supportinnovationin quan-
tum sensors, with one focus being enhance-
ments to the management and security of
critical national infrastructure. For example,
a2020 presidential order requires US national
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aviationauthorities tobecome independent of
global navigation satellite systems timing by
2025. Thiswould ensure air-traffic control sys-
tems keep working even if those systems fail by
accident or through hostile intervention. Itis
stilltoo early to determine the impact, but the
order has set the boundary conditions for the
emergence of business ideas related to timing
technologies.

Similar approaches in communications,
water-resource management and medicine
might encourage the uptake of quantum
sensors in those sectors to make them more
resilient — by havingindependent timing and
navigation or more detailed data.

Initiatives are also needed to bring com-
panies, from component manufacturers to
systemintegrators, together with academics
to help find business solutions, rather than
simply come up with the technology and then
quickly scale up production in the hope that
there will be a market. One promising effort
is the National Accelerator for Quantum
Sensors in the United Kingdom. Launched
in2022 and still to be fully funded, this accel-
eratorinvolves three corporate giantswitha
global reach (BAE Systems, BP and BT) and is
committed tobringing in dozens more com-
panies. Although initiatives in other coun-
tries target quantum technologies in general
—such as QED-C in the United States — the
UK programme is unique in that it focuses
on sensors.

To conclude, a long-term, industry-led
approach for quantum sensor innovation is
urgently needed. The physics of quantum
sensors can deliver the performance, but the
questionis: whowilllead the worldindeliver-
ing the benefits?
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