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Atomicchanges canmap
subterraneanstructures

A quantum device uses ultracold atoms to sense gravitational
changes that can detect a tunnel under a city street. Here,
scientists discuss the advance from the viewpoints of quantum

sensing and geophysics. See p.590

The paper in brief

» Precise measurements of vertical
gradientsin gravity canbe used to
detectinhomogeneities in density
under Earth’s surface.

« Onpage590, Stray etal.' reporta
practical quantum sensor that uses
atom interferometry to measure

gravity gradients rapidly, and with high
sensitivity.

« Thesensoris shown to be capable of
detecting a tunnel of two-metre-square
cross-sectional area under aroad surface
between two multi-storey buildings,
located in an urban environment.

Nicola Poli
A quantum sense
for what lies beneath

Astronomical observations offer us extensive
knowledge of what lies above us through
both electromagnetic and now gravitational®
signals — even those from sources one billion
kilometres away. But, in many ways, we lack
the same detailed knowledge of what lies
beneath our feet, even a few metres below
Earth’s surface. Although several geophysical
monitoring techniques exist, most of the time,
diggingis still the best way tolearnabout small
features under the soil. However, quantum
sensors are gaining traction as a viable
alternative to classical geophysical sensors.
Atomic gravimeters are quantum
sensors that use a technique called atom
interferometry tomeasure local gravitational
acceleration on the basis of how the gravita-
tional field affects a freely falling cloud of
atoms. Inatypical configuration, light pulses
areusedto generate, separate and recombine
matter waves (every particle canbe described
as awave of matter), allowing them to inter-
fere witheach other. Theinterference pattern
detectedinagravimeteristhenrelatedtothe

local gravitational field. Measurements based
onthis principle can be amazingly precise, but
they are still subject to the effects of noise.
Atomic gradiometers overcome this problem
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tosome degree by measuring gradientsin such
gravitationalfields, instead of absolute values.

Since their first demonstration as gravi-
meters and gradiometers more than 20 years
ago’, atom interferometers have continued
toimprovein performance. At the sametime,
research has focused on how to make such
instruments compact and reliable enough to
beused outdoorsforreal-world applications*”.
Stray and colleagues’ instrument is a notable
advance in thisline of research.

The team developed an hourglass
configuration for their gradiometer, with
which they performed differential measure-
ments on two clouds of ultracold rubidium
atoms, separated vertically by one metre. This
configuration provides robust and compact
optics that remain properly aligned over a
period of several months.

The instrument was capable of non-
destructively sensing a large cavity buried
beneath Earth’s surface, by measuring
the cavity’s tiny gravitational signal alone
(Fig. 1a). The sensitivity shown by the device
isaround 20E (1Eis 10~° per square second)
for a measurement taken over 10 minutes,
which makes it around 30 times less sensi-
tive than the most sensitive interferometer
reported®. However, the authors’ sensor
is a step forward in terms of making atom
gradiometers practically useful in real-world
situations.

With natural long-term stability and very
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Figure 1| Gravity cartography in the real world. a, Stray et al.' developed a quantum sensor that measures
vertical gradients of gravity, which can be used to identify variations in density. The device detected an
underground tunnel located beneath a road surface between two multi-storey buildings (not shown),
which can affect the gradient signal and lead to its attenuation. The expected location of the tunnel on

the horizontal axis is marked in red. b, The sensor measured gradients in gravity (in units of £, where

1Fis107° per square second) as a function of the sensor’s position relative to the expected location of the
tunnel. As well as being at least as accurate as existing commercial tools, the device can acquire data more
rapidly and is more portable than other quantum sensors of its kind. (Adapted from Fig. 3 of ref. 1.)
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low sensitivity to environmental effects such
as tiltand ground vibrations, together with a
lack of mechanical parts, atom gravimeters
and gradiometers possess a clear advantage
over their classical counterparts. Stray and
colleagues’ advance shows that they might
soonbe more portable and user-friendly, too.
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Practical solutions

for surface gravity mapping

Our fascination with gravity dates back to the
ancient Greeks, and measuring gravitational
acceleration was among the first pursuits
in modern science. Geophysicists in the
eighteenth century used pendula to make
such measurements’. But, since then, tools
for gravimetry have been the subject of
intensive development — from simple spring-
based devices, all the way to present-day
instruments based on quantum technology.
In physical geodesy and applied geophysics,
gravimetry measurements are now used to
determine the size and shape of Earth, and
to identify inhomogeneities in the density
of Earth’s interior. Such measurements can
reveal near-surface objects or aid the study of
thelithosphere, therocky outer edge of Earth’s
structure.

Gradients of gravitational acceleration are
more useful thandirect measurementsin this
respect: they are sensitive to shallow density
distributions and can detect objects more
precisely (Fig. 1b). In terrestrial gravimetric
surveys, vertical gradients in gravity can be
approximated using measurements from
classical spring gravimeters, taken at different
heights. But this procedure is time consuming,
needing tens of minutes for each data point,
and its uncertainty depends on the accuracy
of the gravimeter.

Stray et al. estimated that the uncertainty
in the measurements taken with their
instrument is better than that of commercial
gravimeters. Perhaps more importantly, they
note that 10 data points can be collected in
just 15 minutes. From this point of view, the
team’s results, together with those of other
research groups®’, could drastically change
applied gravimetry research —lending weight
totheauthors’ claim that the work constitutes
akind of ‘gravity cartography’.

In general, gravity values (and especially
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gradients) reflect the distribution of density
inhomogeneities below Earth’s surface, but
theyarealsoinfluenced by the effects of terrain
and nearby buildings™. The key factor in deter-
mining the magnitude of this effect is the
nearby topography, which is underestimated
in some geophysical studies, and should be
taken into account. Gravitational attraction
tonearby buildings contributes a smaller, but
measurable, addition to the gravity field (and
itsgradients), and must therefore be estimated
and removed from the data using numerical
methods, which are well developed.

Although the gravity-gradient method is
extremely useful for detecting subsurface
objects through density inhomogeneities,
its limitations should be recognized. The
probability of detecting asubsurface structure
depends on the structure’s size and depth,
as well as on the degree to which its density
differs from that of the surrounding soil or
rock environment. From our experience
in the detection of subsurface cavities in
archaeological prospection®, we can infer
the probability of identifying such cavities in
common natural conditions when using an
instrument with the uncertainty reported by
Stray and colleagues.

We estimate that the maximum amplitude
of the vertical gravity gradient arising from a
tunnel of one metre cross-sectional diameter,

Cancer

lying one metre below Earth’s surface, is more
than six times this uncertainty threshold.
For a tunnel with a diameter four times
wider than this, we calculate that the same
maximum amplitude would be measured
even if the tunnel were up to four metres
below the surface. Such detection ability
looks very promising for many engineering
and environmental applications.
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Signatureofa

DNA stress reliever

Ammal Abbasi & Ludmil B. Alexandrov

Certain patterns of mutations occur frequently in cancer. The
culprit behind one mutational signature is now shown to be
acellular enzyme with the mundane role of relieving stress in

supercoiled DNA. See p.623

Cancersare fuelled by changesin DNA, known
as driver mutations, that tip cells towards
uncontrolled multiplication. The mutations
vary from tumour to tumour and from person
to person, but some common patterns are
emerging from analyses of thousands of
genomes from cancerous and normal human
tissues'. These analyses are providing refer-
ence sets of mutational ‘signatures’ that can
be used to unpick the molecular processes
underlying the mutations?. Much progress
has been made in understanding the events
that underpin signatures involving the muta-
tion of single DNA ‘letters’, or bases. But less
is known about the causes of mutational
footprints characterized by small insertions
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and deletions (indels) of DNA. On page 623,
Reijns et al.’ describe their comprehensive
computational and experimental investiga-
tion of the foundations of one such signature.

The pattern of mutations studied by Reijns
and colleagues is ‘indel signature 4’ (ID4),
reportedinthe Catalogue of Somatic Mutations
in Cancer, or COSMIC, database”. The authors
examine the overlap between the genome
deletions characteristic of ID4 and those
induced by the erroneous activity of acellular
enzyme, DNA topoisomerase 1 (TOP1), at
specific genomic sites (those in which ribo-
nucleotides, a non-standard type of DNA
letter, become embedded). TOP1is an evo-
lutionarily conserved enzyme* that has the





