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Abstract We present the first proof-of-concept simulations
of detectors using biomaterials to detect particle interac-
tions. The essential idea behind a “DNA detector” involves
the attachment of a forest of precisely-sequenced single or
double-stranded nucleic acids from a thin holding layer made
of a high-density material. Incoming particles break a series
of strands along a roughly co-linear chain of interaction sites
and the severed segments then fall to a collection area. Since
the sequences of base pairs in nucleic acid molecules can be
precisely amplified and measured using polymerase chain
reaction (PCR), the original spatial position of each broken
strand inside the detector can be reconstructed with nm pre-
cision. Motivated by the potential use as a low-energy direc-
tional particle tracker, we perform the first Monte Carlo sim-
ulations of particle interactions inside a DNA detector. We
compare the track topology as a function of incoming direc-
tion, energy, and particle type for a range of ionising particles.
While particle identification and energy reconstruction might
be challenging without a significant scale-up, the excellent
potential angular and spatial resolution (� 25◦ axial resolu-
tion for keV-scale particles and nm-scale track segments) are
clear advantages of this concept. We conclude that a DNA
detector could be a cost-effective, portable, and powerful
new particle detection technology. We outline the outstand-
ing experimental challenges, and suggest directions for future
laboratory tests.

1 Introduction

In the search for signatures of new physics, fresh experimen-
tal ideas are always desired. Ultrahigh energy cosmic rays
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[1], weakly-interacting particles orbiting the galaxy [2–4],
light species emitted by the Sun [5–10], or even the search
for relics of the Big Bang [11], are just a few of the frontiers
in particle physics which would greatly benefit from new
technologies. Recently there has been substantial activity in
the community towards the repurposing of interdisciplinary
science. Ideas leveraging cutting edge research in condensed
matter physics [12–19], nuclear magnetic resonance [20,21],
nanomaterials [22–24] and even microscopy of ancient rocks
[25–34] have all been proposed in the context of new particle
detection techniques.

This study follows a similar spirit, but instead seeks to use
technologies from the biosciences. From proton therapy to
medical imaging, particle physics techniques have repeatedly
proven their use in biological applications since the 1950s
[35]. Here we propose to return the favour, by asking how
we might leverage advances in biotechnology to answer fun-
damental questions in particle physics.

The concept of a DNA-based particle detector was orig-
inally proposed in articles by Drukier et al. [36,37] to help
elucidate the answer to one of those questions: The nature
of dark matter – a mysterious substance that is supposed to
fill the galaxy in which we live [38]. The basic detector con-
cept is shown in Fig. 1. We follow the essential features of
the original design of Ref. [36], but incorporate some addi-
tional features that we will discuss shortly. The general idea
consists of strands of DNA attached to a thin gold sheet. In
the original proposal, dark matter particles from our galaxy
would enter the detector, scatter primarily off of the gold
nuclei in the foil, and send them on recoils through the DNA
forest, breaking a sequence of strands in a characteristic pat-
tern. The broken segments would be encouraged to fall down
to a collecting area with the use of magnetic beads attached
to their ends (the beads would also act to keep the DNA
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strands approximately straight while in the detector). After
that, they would be transported to devices that perform poly-
merase chain reaction (PCR) to amplify the strand segments.
Then, by studying the precise sequences of bases in the col-
lected strand segments, one could infer the original spatial
positions in the detector at which each strand was severed,
thereby reconstructing complete particle tracks.

Since the original DNA detector proposal, state-of-the-
art dark matter detectors [2–4] have exceeded the ton-scale
in size – providing a level of sensitivity that is difficult for
entirely new technologies to compete with. Therefore the pri-
mary benefit of such a DNA detector in the context of dark
matter right now would be the ability to perform directional
measurements of low-energy recoils. Indeed, dark matter
signals are expected to be strongly directional [39], a phe-
nomenon generated by the orbit of the solar system through
the dark matter halo that envelopes our galaxy [40]. A search
for recoil tracks aligning with the direction of our galactic
rotation would permit a convincing test of the veracity of
any potential dark matter signal [39,41–46], but would also
allow it to be cleanly distinguished from sources of back-
ground noise such as cosmic rays, radioactive decays, and
neutrinos [47–50].

The reconstruction of particle tracks is challenging at the
low energies relevant for a dark matter search. Hence, direc-
tional information is usually not sought after in the most
competitive experiments, instead requiring more specialised
detectors [51–53]. After many years of steady progress by
smaller collaborations [54–58], only very recently have the
steps been laid out for a directional dark matter detector at a
competitive scale [59]. Even though directionality is achiev-
able in several classes of detector, such as time projection
chambers, these are not without limitations (see the dis-
cussion in Ref. [46]). So given the great benefits brought
by directional sensitivity, both for dark matter physics [60–
67], and in many other contexts [46,68–70], new direc-
tionally sensitive technologies will always be welcome. A
DNA-based detector could therefore represent a major break-
through in the field if it were demonstrated to be practical.

Yet even if the concept proved to be too impractical at a
scale large enough for a dark matter search, there is still value
in having new directional particle detector technologies.
Directional detectors at all scales facilitate a wide array of
fundamental and applied physics measurements [46]. There-
fore, a DNA-based detector, which could have both impres-
sive directionality and an extremely fine spatial granularity,
could eventually serve an even wider array of applications. In
this paper, therefore, we aim to simulate how a DNA detector
would respond to a range of particle types. These particles
could be the nuclear recoils generated by neutrons or dark
matter scattering with the foil holder, but also charged cosmic
rays impinging on any part of the detector from any direction,
as well as on the gold foil.

To begin, in Sect. 2 we explain the rationale behind pur-
suing this kind of detector, and explain its potential novelty.
Section 3 presents details of the setup of the DNA experi-
ment and various practical considerations which will inform
how we must configure our simulation. In Sect. 4 we describe
this simulation, its various inputs, and ways in which we can
measure events and tracks. In Sect. 5 we present our results,
and in Sect. 6 we outline several questions that will require
further experimental investigation. We conclude in Sect. 7.

2 Rationale

In most of the widely-used low-energy particle detectors,
even a hypothetical reconstruction of three-dimensional
recoil track vectors is difficult to imagine. In dedicated direc-
tional detectors, like gas-based detectors, the solution is to
drift the entire mm-scale ionisation cloud generated by recoil-
ing nuclei or electrons to a segmented readout plane. This
transportation inevitably causes diffusion of the initial track
topology. Hence for short tracks, long drift lengths, or high-
density fill gases, initial recoil directions can often be washed
out, especially at low energies.

Alternative methods of directional detection that rely on
detecting tracks lodged in solid-state targets [29–32,71–74]
can circumvent diffusion, however these typically require
challenging nanoscale imaging to obtain good directional
sensitivity. Furthermore, many of these approaches cannot
be performed in real time, so no event-by-event timing infor-
mation is available. The Earth’s rotation washes out the direc-
tionality of any astrophysical source if events are not tagged
in time [75].1

Although there are many other approaches for detect-
ing low energy recoil directions that do not rely on direct
imaging of tracks, see e.g. Refs. [76–78], the DNA detec-
tor would still have several interesting characteristics. Most
notably it would provide nm-scale spatial reconstruction of
recoil tracks whilst simultaneously circumventing diffusion.
To fully augment this technology’s capabilities to study even
astrophysical particle sources, we only need a method of
reclaiming timing information. This is why, as shown in
Fig. 1, we suggest that the detector should be fitted with
a system of microfluidics that would act as a conveyor-belt
to transport the strands chronologically to the PCR amplifi-
cation stage. Processing the severed strands in batches every
few hours would be sufficient to counteract the rotation of
the Earth [46]. See e.g. Ref. [79] for a previous study using
real-time PCR to quantify radiation-induced DNA damage.

1 We note, however, that the dark matter detector proposals of Ref. [71]
and [72] do both suggest methods of either reclaiming the event time
information or mitigating against the lack of it.
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To achieve the claimed nm-precise track measurements,
nucleic acid base pair information must be arranged and
reconstructed on the same nm scales. While this may seem
challenging, this requirement is already met by current bio-
engineering and DNA sequencing and is easy to achieve. The
main question that needs to be addressed is: How do ionising
particles interact with DNA when arranged in this way? DNA
damage induced by different types of ionising radiation has
been the subject of extensive research over many decades
[80–84]. Our study, on the other hand, asks whether DNA-
strand breakage occurs readily and predictably enough to be
a basis upon which to design a particle detector. Answering
this question will also allow us to determine the particle types
and energy scales for which such a concept could be applied.

Currently, the basic DNA detector concept shown in Fig. 1
has no theoretical or experimental validation, but it has
many attractive properties that warrant performing a proof-
of-concept investigation with simulations. As well provid-
ing time-resolved 3-d particle directions, the detector, in
principle, could be manufactured cheaply, with commer-
cially available components, and operated with widely-used
biotechnology techniques.

Ultimately, our aim is to make the first quantitative anal-
ysis via simulation of the heuristic arguments proposed in
Ref. [36]. To achieve this, we perform Monte Carlo simu-
lations based on the widely-used particle interaction soft-
ware Geant4 [85,86] using basic DNA-strand models con-
structed with the Geant4 front-end software TOPAS [87] and
the TOPAS-nBio radiobiology toolkit [88].

3 Detector setup

A large number of factors would need to be taken into con-
sideration when constructing a detector with a level of com-
plexity like this. Therefore, as a starting point, we follow the
baseline configuration proposed in Ref. [36] where the detec-
tor is comprised of a holder made of a thin film of high-density
material (in their case gold), from which long strands of sin-
gle or double-stranded nucleic acids are hung. As shown in
Fig. 1, it is assumed that a particle (either a primary particle
incident on the DNA, or a secondary product of an interaction
taking place elsewhere in the detector) will break a sequence
of strands in a roughly straight line that correlates with its
direction of travel.

We begin by orienting a Cartesian coordinate system
where the x− y plane is parallel to the holder, and the z direc-
tion is parallel to the strands. The resolution in the plane is
given by �x , which we will refer to as the interstrand spac-
ing. The total volume of the detector is given by V = A · Lz

where A is the area of the holder, and Lz is the length of
each strand. Before placing the strands, the box is a vacuum.
Ideally, we would simulate detectors with side lengths larger
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Fig. 1 Diagram of the basic concept behind the DNA detector. The
detector consists of a thin, dense inorganic holder of area A = Lx L y
and thickness t from which a regular grid of DNA strands are attached
with an inter-strand spacing �x . The DNA strands, when broken by
some incoming particle or secondary recoil, fall down to a collecting
area where they are transported in chronological order via microfluidics
to an amplification and readout stage consisting of polymerase chain
reaction (PCR) devices. A PCR device amplifies the collected strands
to where the precise sequence of bases can be measured and therefore
each vertex in the track can be reconstructed

than ∼ µm. However, due to rapid increases in computa-
tional cost in building a detector event counter with such a
high spatial granularity we are limited in the overall size we
can simulate to around 10 µm3. Furthermore, due to the low
density of the detector, it will generally be the case that inci-
dent particles are unlikely to be stopped completely inside
V . This is also likely to be true of a real experiment which
will probably need to consist, for practical reasons, of several
smaller detector modules. While there should be many addi-
tional observables that can be extracted from particle tracks
extending across multiple smaller units, we defer this kind of
analysis to a future study building on the present one. Here
we seek to understand the signals present at the nanoscale,
since that is one of the claimed advantages of this concept.

We now briefly discuss the important details of the prin-
cipal components of the detector: the strands, the holder, and
the readout.

3.1 The strands

Each strand of DNA is built individually using the model
shown in the closeup of Fig. 2. A more realistic model of a
DNA strand would be prohibitively complex for these simu-
lations, but it is also not obvious that it would change any of
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Fig. 2 Closeup of DNA strand model setup constructed in TOPAS
and which is used to count incoming particle interactions with Geant4.
The model shown here is a simplification of a double stranded DNA
molecule. The central yellow cylinder with radius 0.5 nm represents the
sequence of base pairs, which for simplicity we assume are all composed
of adenine. The winding sugar phosphate backbones (red/blue) each are
made of cylindrical segments with heights in the z-direction of 0.34 nm.
Since we assume a 2000 base-long DNA strand, the total height of the
detector Lz = 680 nm. Though this is not in any way a biologically
accurate model of a DNA strand, it does still reflect the basic geometry
and broad composition, which is what is important for our simulation

our results substantially. Instead, we use this simplified model
to represent the basic composition and geometry. Each strand
consists of a central cylinder representing the bases, with
either one or two sugar phosphate backbones made of quarter
cylinders wrapping around the bases. We find no quantitative
difference in results by using single or double-stranded mod-
els up to an increase in interaction rate for the latter, which we
utilise in all later results. We fix a total strand length of 680
nm, which corresponds to 2000 of these bases. This repre-
sents a long, but computationally feasible length that would
also be around the longest strand that could be sequenced
cheaply in the lab with naturally-occurring DNA, or PCR by-
products. The bases are crudely modelled using only a single
nucleobase, adenine, with molecular ratio 4:5:5 (H:C:N) and
a mean excitation energy of 72 eV, whereas the backbone is
modelled as a custom material with a 2.26:0.44:5.59:1.35
(C:H:N:P) molecular ratio and the same mean excitation
energy.

An essential assumption we must make is how much
energy deposition is needed to break a DNA molecule. Exper-
imental and theoretical studies, e.g. Refs. [89,90], show that
a DNA strand can be broken by ionising radiation depositing
energies above 10 eV. In principle, this energy scale sets the
absolute minimum threshold for registering a strand break-
age, though other energy scales required for detection will
almost certainly be larger than this. So we implement 10 eV

as a minimum threshold for registering a strand break site,
although it is generally the case that the majority of primary
interactions deposit sufficient energy.

To get the strands to fall to the readout plane, it is envis-
aged that the free end of each strand that is not attached to
the holder would be fitted with a magnetic bead. The mag-
netic pull would then act to keep the strands in place, prevent
them from curling up [91], and would attract the severed seg-
ments towards the bottom of the detector to be collected. Sev-
eral complications may arise with this strategy, for instance
the strands are not guaranteed to be absolutely straight and
hence an error in the precise z position of each base will
inevitably be incurred. We will discuss this issue and oth-
ers in Sect. 6.5. But for now, we simply need to specify a
value for �x . Ensuring that the strands fall and arrive at the
readout will place a restriction on �x since we must ensure
that, subject to the magnetic pull, the strands fall to the read-
out plane without connecting to their neighbouring strands
in some way. We also need to ensure that the strands can
be attached to the holder at regular intervals of �x . Since
this optimisation will require experimental investigation we
do not vary �x from the baseline value of 10 nm suggested
by Ref. [36]. Importantly, for the small-scale simulations we
employ here, varying �x does not meaningfully change our
results. Since the energy depositions, dE/dx , are still rela-
tively low, a larger value of �x merely amounts to a rescaling
of the total track lengths by the same factor. We also do not
explore non-rectangular grids for the strands, though this is
also something that could be investigated and would enhance
the density of the detector.

3.2 Holder

In Ref. [36] the holder layer was assumed to be made from
gold, and for the sake of having a benchmark, we use this
material in our simulation as well. However, we note that
gold is not the only feasible choice for the holder material,
and the majority of our results either do not depend on this
choice, or could be qualitatively mapped on to any other
relatively dense material.

The main requirements of the holder material are: 1) that it
provides a high-density source of nuclear recoil events, 2) that
it can be manufactured to nm-scale thicknesses, and 3) that it
can function as a substrate for the attachment of DNA. A more
informed selection of the holder material would therefore
require more optimisation, and this would depend upon a
specific purpose to be chosen for the detector. We outline
how such an argument could be made below.

The first requirement is to enhance the rate of nuclear
recoils, which would be particularly attractive in the con-
text of searches for dark matter in the form of weakly inter-
acting massive particles. These searches benefit from heav-
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ier nuclei, since spin-independent dark matter cross sections
would scale with the mass number squared when the DM
interacts coherently across the nucleus (see e.g. Ref. [92]). So
while gold is certainly attractive from this point of view, such
a requirement may not be so necessary for all applications,
like for studying cosmic rays or radioactive backgrounds.
Rather, the consequently higher density could be detrimental.
A rough Lindhard–Ziegler stopping power calculation [93]
suggests that a 10 nm thickness of gold foil would generally
stop the majority of nuclear recoils below around 20 keV.
Even for recoils scattering slightly above this, the typical
final energies will be low and harder to detect, and the scat-
tering angles would be much wider than the angle of the initial
recoil generated inside the foil. Therefore a good balance for
other applications may be a lower density material like cop-
per. Copper is a commonly used material in particle detectors
requiring low background materials. Screening of copper for
the NEXT-100 neutrinoless double beta decay experiment,
for example, revealed ultralow-background levels of �0.08
mBq/kg (U, K and Th) [94]. High-purity copper nanofoils
with thicknesses down to around 10 nm are commercially
available. However, as the holder makes up the majority of
the target mass of the detector, a highly radiopure material
is likely to be non-negotiable. For instance, ideally this cop-
per would be stored in underground conditions as much as
possible to avoid cosmogenic activation [95] of 60Co. Ulti-
mately, while this strategy may be reasonable in the context
of copper, it may be more difficult to achieve with gold foils.

The final major requirement of the holder material men-
tioned above is to act as a substrate to attach the strands
to. This is relatively common practice in DNA nanotechnol-
ogy. Another motivation behind gold in this context is that
gold-DNA attachment is readily achievable via the use of
a sulfur-based thiol group [96]. The experimental challenge
that this presents is how to ensure the strands are arranged
in a regular pattern with precisely known positions. Several
options are available, but will need experimental investiga-
tion. One could be to use geometric nanowells arranged in
a zig-zag like pattern to create preferential positions for the
thiol attachment, as in Ref. [97]. Alternatively, the substrate
could be pre-prepared with DNA origami nanostructures to
which the strands would then attach [98,99].

For the detector to achieve its claimed nm-precise posi-
tion reconstruction, the positions at which strand are placed
need to be known to the same precision. We note in passing
however, that is not the same as requiring that the strands are
placed at specific locations to nm-precision: it is our knowl-
edge of where the strands are that needs to be nm-precise.
Therefore, a setup in which a substrate was prepared with
DNA origami structures arranged roughly in a grid, then pre-
cisely imaged using some form of microscopy (e.g. the nm-
precise technique called DNA-PAINT [100]), would work
just as well.

For our simulation, we make no assumptions about exactly
how the strands are attached to the holder. We simply simulate
the holder as a square layer of gold with a constant density
of 19.32 g cm−3, area A = 1µm2, and thickness t = 10 nm.

3.3 Readout

The precise readout and reconstruction process is not the
subject of this study, however we make a few comments to
add some clarity about how this stage could work in theory.
In broad terms, the envisioned readout will consist of a layer
using microfluidics to transport the fallen strands in a chrono-
logical order out of the detector volume. Batches of strands
would then be amplified and read-out using a host of PCR
machines.

PCR machines are widely used across many fields, from
biomedical research to archaeology, whenever DNA sam-
ples are needed to be amplified to detectable levels. A con-
ventional PCR machine performs a sequence of chemical
processes which, when repeated many times, results in the
exponential replication of an initial input DNA strand tem-
plate. There are three basic stages to PCR: first, the DNA
sample is heated to 95–98 ◦C causing it to denature into its
single strands; then, the sample is cooled to allow specially
chosen complementary ‘primer’ strands to anneal to the ends
of the single strands; then in the final step, an enzyme called
DNA polymerase is used to elongate the annealed strands
resulting in two copies of the initial template DNA. The pro-
cess can then be repeated on the copied templates to achieve
exponential multiplication of the DNA. To optimise the pro-
cess, the sample must be heated and cooled to facilitate the
three temperature-dependent reactions. This is achieved with
an instrument known as a thermocycler which has recently
been adapted for use in microfluidic devices [101].

The PCR machine would effectively act as an amplifica-
tion stage (in analogy to a gas electron multiplier or other
similar technologies used in conventional directional detec-
tors) and will allow the sequence of bases that make up each
strand to be reconstructed. The main limitation here is on the
length of the DNA strands Lz that can be amplified both effi-
ciently and accurately. This will limit the maximum dimen-
sion of the detector unit in the z direction. We fix Lz to 680
nm in this study which corresponds to around 2000 bases
and a total volume of 0.69 µm3. We anticipate that a full-
size detector would consist of a coordinated array of these
smaller units. The PCR output can then be sequenced using
high throughput approaches, such as Illumina or Nanopore
sequencing, as long as the limitations of these in terms of
accurate reconstruction of the precise strand sequences are
do not too severely limit the resolution in z. We discuss this
latter issue in more detail in Sect. 6.5.
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3.4 Event reconstruction

After the readout stage and the sequences of each broken
strand have been reconstructed, this information must then
be converted back into the (x, y, z) positions of each break
site. To reconstruct a track from breakage sites both the initial
locations of each strand on the holder (x, y), and the particu-
lar base at which each strand was cut must be measured pre-
cisely. It is relatively safe to assume that once the sequence
of bases of each cut strand is known (via amplification at
the PCR stage) the three coordinates can be determined pre-
cisely. This must be enabled by sequencing each individual
strand in the detector with a unique, and precise, pattern of
bases. Algorithmically sequencing the strands to cover even
large volumes is not anticipated to be problematic. For exam-
ple, a particular terminal sequence of bases appended to the
very end of the strand (before the magnetic bead) would mark
the x − y position, and then the rest of the z-extent of the
strand could be identical throughout the whole detector. A
combination of many marker sequences could then be used
to arrange the strands inside each smaller unit to construct a
larger detector.

In the current detector design, we can only assume that
each strand is able to detect a single interaction. Once a strand
is broken by an interaction, the part of the strand that remains
attached to the holder will no longer be stretched out by the
magnetic force which kept the bottom end in place prior to
the interaction. Therefore it is highly likely that this strand
segment will begin to curl up. While it is possible for an
interaction to sever part of the curled strand, it may be unde-
sirable to use this information in analysis because the recon-
structed bases would no longer correspond to the z-position
of the interaction. Ultimately this means that the detector has
a finite lifetime, with an effective target mass that diminishes
with the number of interactions it measures. Determining this
lifetime would require additional input that is outside of the
focus here: including the background conditions of the detec-
tor, as well as the typical exposure that would be needed for
some particular science goal.

An added benefit of nm-scale position reconstruction
within the detector, is that this style of experiment is nat-
urally bestowed with an obvious strategy for fiducialization.
This refers to the ability to define a volume within the interior
of the detector bulk where the rate of background events is
expected to be significantly lower. This is typically because
rare or non-background events are equally likely to scat-
ter anywhere in the detector volume, whereas background
events, e.g. from radioimpurities, are more likely to occur
close to the edges of the detector. In many dark matter exper-
iments, for instance, fiducialization of the detector volume is
an important design consideration [102]. Especially in gas-
based directional detectors, which drift tracks of ionisation
from the point of deposition to the readout, absolute position

localisation along the drift direction often places require-
ments on the type of gas and readout used [103,104]. As
mentioned above, we do not perform any background studies
here, but simply remark that the precise position reconstruc-
tion brings additional advantages that are not the focus of
this work.

4 Simulation

Simulations were performed using the TOPAS-nBio radiobi-
ology extension [88] of TOPAS version 3.3 [87], which uses
Geant4 version 10.6 [85,86]. The interaction types simulated
consist of multiple scatters, coupled transportation, and ioni-
sation. The Geant4 physics models used include: low energy
electromagnetic physics (Livermore model, g4em-lowep),
stopping physics (g4stopping) and ion physics (g4ion). We
did not use Geant4-DNA models [105] as the negligible effect
on these simulations did not warrant the additional computa-
tional overhead. Instead, the simulations are more sensitive
to the set energy threshold for DNA damage.

We fix a hard threshold of 10 eV below which interac-
tions are not counted. If an interaction deposits more than
10 eV into a component volume of the strand then we con-
sider the strand to be severed at that point. This threshold
is slightly higher than the energy required to break DNA
strands observed experimentally [89] and is consistent with
the Geant4-DNA physics models [106]. We show the proba-

Fig. 3 Probability of particle-DNA interaction depositing an energy
larger than 10 eV in a single component volume of the DNA, when
the beam was fired directly at a strand. This is a proxy for the particle-
DNA cross-section for severing a strand. The spurious threshold effects
around 0.1 keV and 100 keV for electrons and 1 keV for ions are due to
limitations of the available electromagnetic physics models. Hence we
will generate or study incident particle energies outside of these ranges
where we are not able to simulate the complete physics
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bility of measuring an interaction defined in this way in Fig. 3,
for a range of incident particles. This figure demonstrated the
ranges of energy and particle types that we are able to study.

4.1 Setup

Similarly to the way the strands are expected to be arranged
inside the detector, in our simulation, we also assign each
strand a unique ID. We assume that the only measurable
information is the ID of the strand and the z position at which
it was cut. Primary and secondary tracks are distinguished in
our processing of the data, and our visualisations. However,
for our analysis of the tracks, we assume this distinguishing
information is not known, unless it can be gleaned somehow
from the track topology. Furthermore, if a single strand was
broken in multiple places by a single track, we only assume
we can reconstruct the position with the lowest z (as discussed
in Sect. 3.4). However, the number of instances of multiple
breakage sites on a given strand for a single track is vanish-
ingly small (even if the incident particle enters vertically). Put
together, we end up with a minimum x − y resolution given
by �x = �y = 10 nm, and a z-resolution �z = 0.34 nm.

The primary particles from which all the Monte Carlo
samples originate is referred to as the “beam”. From the sym-
metry of our setup, we need only specify incoming particles
with a vector defined by one angle, i.e. cos θin), where an
incidence angle θin = 0 corresponds to a particle travelling
perpendicular to the DNA and parallel to the holder. We will
generally show results for three scenarios: a beam incident
from the top-down directly onto the holder θin = 90◦, a beam
incident onto the holder at an angle θin = 45◦, and a beam
incident directly side-on to the strands with θin = 0◦. Unless
otherwise stated, the incident particles originate outside the
detector.

4.2 Events

We perform simulations across a wide range of input param-
eters describing the beam: varying beam energies between
Ein = 100 eV to 10 GeV; θin between 0 and 90◦; and beam
particles including protons, alphas, heavy ions, electrons and
photons. We do not explicitly simulate fluxes of particle gen-
erating elastic nuclear recoil events generated from the holder
or the strands, e.g. neutrons or dark matter. Instead, to have
more control over our results, we included gold and carbon
nuclei as primary particle types; with the intent of interpret-
ing their behaviour as if they were generated by some other
earlier interaction, for example a heavy dark matter parti-
cle or cosmic ray generating a nuclear recoil. The direc-
tions of these nuclear recoils would be predicted by, say,
the dark matter-nucleus scattering kinematics and would be
what would need to be measured to confirm the anisotropy
of a signal aligning with Cygnus as is done in a directional

dark matter search. In fact, the DNA detector has an advan-
tage over other approaches here because this initial scattering
angle is often very hard to measure in, say, a gas target. This
is because the directions that are reconstructed are the full
tracks which have undergone nuclear straggling, but the very
small initial segment of the track that is required is typically
smaller than the diffusion scale (see e.g. the discussion in
Ref. [46]). In the DNA detector, the full straggled track that
would pass through many layers would serve to find the initial
event by coordinating several detector modules, but because
we will show that direction information can be inferred at the
single-unit level, this initial recoil angle can still be measured
thanks to the lack of any diffusion.

To first provide a general qualitative description of how
these events appear in the detector, example visualisations are
presented in Figs. 4 and 5. Recall that events shown in these
figures are thresholded to energy depositions above 10 eV.
We show a more complete set of these visualisations across
the full range of particle types, energies, and orientations in
Appendix A.

Figure 4 shows proton and carbon nuclei events and their
subsequent breakage patterns for E = 30 keV and 70 keV
and θin = 45◦. A side-on (y − z) view is shown, with indi-
vidual example tracks highlighted as lines and events indi-
cated by the filled circles. These tracks are a random sample
of the total for 104 primary particles. In these examples, we
have drawn a line connecting the chronological sequence of
breakage sites, however in our analysis we do not assume
that the order of this sequence is known.2 In the case of ions
with relatively straight tracks, this lack of information is not
problematic, however for lower momenta particles, such as
low energy electrons, and very low energy ions, the scattering
angles between each break site can become large, meaning
a straight line fit will be much less well-correlated with the
incident beam direction.

Figure 5 shows six examples of the breakage pattern for
alpha particles, corresponding to three beam angles and two
beam energies. The primary beam energy 500 keV (bottom
row) is above the threshold for which secondary electrons
generated by interactions between the detector components
and the beam have sufficient energy to break DNA strands
on their own. These secondaries are marked as dashed lines,
connecting them to the primary track that produced them.
As before, we can detect each of these vertices, but the lines
between them are only for display purposes.

2 Recall that it is the chronological order of the set of tracks that our
microfluidics stage is supposed to provide, not the chronological order
of the break sites making up each individual track. Since the timescale
over which a single particle track is deposited will be extremely short
compared to the time it will take for the strand segments to fall down,
we cannot assume that we will be able to determine the chronological
order of the break sites in a single track.
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Fig. 4 Distribution of DNA breakage sites for 30 and 500 keV protons
(top row), and 70 and 500 keV carbon nuclei (bottom row) incident on
the holder (gold layer at z = 0) at an angle of 45◦. The faint vertical
gray lines represent DNA strands. Green and grey thick lines represent
a random sample (out of a total of 104 primary particles per beam) of 40
proton and carbon primary tracks, respectively, determined as ‘measur-

able’ in that they break a sequence of more than three unique strands.
Corresponding thinner dashed lines (most evident for 500 keV protons)
denote secondary and tertiary particles which are also energetic enough
to break strands. The positions of every counted breakage site (i.e. inter-
actions above a cutoff of 10 eV) in the set of 104 histories is represented
by the black points

4.3 Tracks

Figures 4 and 5, together with the additional figures shown
in Appendix A, demonstrate that typically, measurable ion
tracks exhibit interaction sites that are coarsely spaced rela-
tive to the inter-strand spacing, i.e. there is typically a distance
of O(few × �x) between each strand break. Occasionally,
particularly for heavier ions that are more densely ionising, a
sequence of neighbouring strands may be broken. This is evi-
dent for carbon ions in the lower panels of Fig. 4, particularly
for the lower beam energy (70 keV). These simulations con-
firm that for the energies considered, primary ion tracks are

straight and well-correlated with the incident beam direction,
with increasing divergence from the incident beam direction
with decreasing energy.

For a track to be considered measurable, the bare mini-
mum we could require is for three or more unique strands
to be broken. To determine how likely these tracks are for
different beam particles and energies, we calculate the prob-
ability Ptrack as the fraction of all primary particles simulated
that result in a measurable track defined in this way.

This probability as a function of energy, particle type, and
for three orientations, is shown in Fig. 6. We notice that the
energy dependence of Ptrack is similar for the side-on and
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Fig. 5 Distribution of DNA breakage sites for alpha particles for two
incident energies, 70 keV (top row) and 500 keV (bottom row), and for
three different incident beam angles: θin = 0◦ (left), θin = 45◦ (mid-
dle), and θin = 90◦ (right). As in Fig. 4, breakage sites are denoted by
filled circles and primary particle tracks by thick lines. Dashed lines

(most evident for the 500 keV case) represent tracks of secondaries.
A random sub-sample of 40 histories are shown out of a total of 104

primary alphas. As in the previous figure the underlying black points
show the distribution of all interaction sites

angled beams (top and middle panels), both resembling the
energy dependence of the particle-DNA interaction probabil-
ity, as shown in Fig. 3. However, the case for the top-down
beam is slightly different. This is because for this latter case,
the incoming beam has to scatter by a certain amount to
register more than one strand break. If the particle travelled
through the holder and continued straight down, it would
only break a single strand. So the structures seen in the shape
of Ptrack(E) are due to the energies needed to scatter the par-
ticle to a neighbouring strand, without overshooting it and
escaping out of the bottom of the detector.

Figure 6 informs us that the heavier ions (carbon and gold
nuclei) are much more likely generate tracks inside this small
detector module, with only a small suppression in the limit-
ing case that an incoming particle strikes the holder directly
from above. In the case of incident electrons, the probabil-
ity of measurable track production is significantly reduced
because of the attenuation in the holder (corresponding to
the middle and bottom panels). Even for side-on incidence
(θin = 0◦), electron tracks are much less correlated with
the incident beam direction due to their propensity for wide
scattering angles (cf. Fig. 10 in Appendix A), which reduces

their overall capacity for measurable track production. Pho-
tons are absorbed, and only create tracks when secondary
electrons are excited with enough energy to break strands.
Photons with energies between 1 and 100 keV pass through
the holder unobstructed. The highest event rate is observed
for the top-down beam because in this case the photons pass
through the largest detector mass – around ∼700 nm of a
single strand – as opposed to a much smaller amount in the
other two cases. This maximises the probability of generat-
ing secondary electrons, and explains why the probability of
having three or more interaction sites is higher than in the
other two panels.

In the following section, we compare the properties of the
tracks produced by different particles. To calculate statis-
tics about the simulated tracks, we need to fit them. We first
obtain the primary axis of the track via a straight line fit
using singular value decomposition (SVD). Then we use this
distribution of interaction sites with respect to this vector to
calculate various other characteristics, as shown in Fig. 7. For
example, we can gain an estimate of the curvature of the track
by looking at the size of the interaction site distribution in the
direction transverse to the SVD axis (which we call LT ), and
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Fig. 6 Probability of measuring a track for θin = 0◦ (top), θin = 45◦
(middle) and θin = 90◦ (bottom) beam angles as a function of primary
beam energy. Colours correspond to different primary particle types,
as indicated. A measurable track is defined to be one consisting of 3
or more events, each depositing more than 10 eV in a single DNA
component volume

Fig. 7 Diagram of geometrical quantities that can be extracted from a
sequence of DNA strand break sites. We can use LL to parameterise the
longitudinal length of the track and the LT to parameterise the transverse
extent of the track. Since LL is typically larger than the detector, we can
use LT to perform some comparisons between different particle types
and energies. We also define θax to be the axial scattering angle

similarly we can also define a longitudinal track dimension
LL . We have checked the sensitivity of these quantities to the
overall size of the detector, and find that LT is fairly insensi-
tive. Therefore we use LT to compare the track distributions
left by different particles.

We can also calculate an axial scattering angle between
the incoming beam direction q̂in and the fit direction q̂fit,

θax = cos−1 (|q̂in · q̂fit|) . (1)

We assume that no head/tail information will be present in the
breakage pattern which is why we take the modulus of the dot
product of the beam and track angles. If, for example, these
two vectors were completely uncorrelated then the mean
axial scattering angle would approach 57.3◦ (i.e. 1 radian).
Therefore a distribution of angles that is weighted towards
smaller angles would be indicative of tracks that are corre-
lated with the incoming particles. In contrast, distributions
weighted towards larger angles (between 57.3–90◦) would be
anti-correlated on average. Therefore, only the cases where
the mean value of θax approaches 1 radian correspond to no
directional sensitivity at all.

5 Results

Assuming that the only information we can extract from the
DNA detector are the (x, y, z)positions of the broken strands,
all the quantities shown in Fig. 7 should be measurable.
Using these metrics, we aim to determine the extent to which
we can perform the usual tasks required of a particle detec-
tor, namely particle identification and energy reconstruction.
Clearly, directional reconstruction is the major novelty of
such a detector, so we will then evaluate the extent to which
angular information can be measured as well.

5.1 Particle identification and energy reconstruction

Since we only have position measurements to work with, any
discrimination between impinging particle types and their
energies will have to be done on a limited basis using only the
topology of their tracks. As discussed above, the low density
of the detector causes the tracks of primary particles to be
generally straight over the scales we simulate here. However,
for higher energies, the generation of secondary particles can
be a source of noise (see the dashed lines in Fig. 5).

We present one approach that could be used to distinguish
particle types in Fig. 8, where we show the probability distri-
bution of the transverse track dimension f (LT ) as a function
of beam energy, for five different beam particles, and three
different orientations (the same as shown in Fig. 5). The dis-
tinguishing features between the tracks left by the different
particles shown here are primarily related to the momentum
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Fig. 8 Distributions of transverse track dimension f (LT ) as a function
of incident beam energy for different incident beam angles. The colour-
scale shows the value of the distribution, normalised by its maximum
value at each energy. The four panels from top to bottom correspond to
different incident particles: protons, alphas, carbon nuclei, gold nuclei,
and electrons. Results are shown for gold nuclei in the θin = 0◦ case for

completeness and to help understand the differences between particles,
despite the fact that gold nuclei recoiling from the gold holder with this
incidence angle are not probable. Solid and dashed curves in each plot
indicate the mean and 68% containment of the distribution around the
median

of the particle and the energy scale at which secondaries are
produced with high enough energies to break strands. For
instance, for low energy protons, alphas, carbon ions, and
gold ions, the mean value of LT decreases with increasing
energy because the tracks are straighter when the particle has
a higher momentum. However, at a particular energy – e.g.
at around 50 keV for protons incoming from the side (top
left panel) – a large increase in the typical value of LT is
evident due to the production of secondary particles. We also
notice the structure of the distributions, which are noticeably
multimodal at higher energies, forming distinct bands in the
plots of Fig. 8. These bands are also associated with the pro-
duction of secondaries, however the structures here are due
to the discrete nature of the possible interaction sites, which
are only allowed at integer values of �x . Therefore when
a secondary particle is produced, it must be generated in a
direction where it will eventually encounter a strand and not

just pass through gaps in between the strands. Thus, some
values of LT are less likely, because they correspond to dis-
tances away from the primary track axis that are in between
rows of strands.

We emphasise that while we display the distributions of
LT on a logarithmic scale. Values smaller than ∼ 0.5 nm are
likely not measurable. Also the upper tails of the distributions
cut off at around 1 µm due to the finite size of the box.
Fortunately, almost all of each distribution is contained well
within 200 nm or so. Also note that we have shown the size
of the distributions on a logarithmic colour scale too, which
also emphasises additional structure. Some of this may be
relatively rarely occurring, e.g. 0.001 times less likely than
the most likely value, which is where we cut off the colour-
scale. The majority of these distributions are concentrated
around a small range of values, close to their mean (shown
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Fig. 9 As in Fig. 8 but now for the probability distributions of the axial scattering angle f (θax)

as a solid line). We enclose 68% of the distribution within
the two dashed lines.

We conclude from these distributions that some level of
particle ID may be achievable, but it will be strongly cor-
related with energy. At the most minimal level, it should
be possible to say for an individual track whether the parti-
cle that caused it had a high momentum or low momentum.
Depending on the expected rate of different incoming par-
ticles, this may be useful information for performing some
low-level discrimination, or at least for selecting some can-
didate events.

As for the reconstruction of the particle’s energy, this too
will be challenging for a single one of these small detector
units. As with particle ID, we can see that only a relatively
small quantity of information about particle energy is stored
in the breakage pattern on these small scales. Therefore if this
information is to be reconstructed on an event-by-event basis,
this must be done on larger scales in a detector comprised of
many smaller units. In fact, such a technique for particle ID
and energy reconstruction could be rather conventional: for

instance, by studying the differences in the amplitude and
profiles of the dE/dx along the recoil tracks.

5.2 Directional tracking

We now finally evaluate the directional or angular perfor-
mance of the detector based on the simulated tracks. Using
the same SVD fit of the track direction, we parameterise the
angular resolution associated with a particular particle type
and energy by constructing a probability distribution of axial
scattering angles f (θax), where θax is measured with respect
to the incident beam direction as in Eq. (1).

Figure 9 shows the distribution of θax as a function of parti-
cle type, energy and for three different beam orientations. For
θin = 0◦ (side-on), the distributions for protons, alphas and
carbon ions decrease with energy up to a threshold energy
above which secondary electrons are produced with suffi-
cient energy to break DNA strands. These secondary elec-
trons scatter at wider angles away from the primary track,
thus increasing the effective angular dispersion.
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Overall, θax is generally well-correlated with the inci-
dent particle direction, and for some ranges of energy it
is extremely well-correlated, with the full distribution of
axial angles contained within 10 degrees. We also point out
that even though the logarithmically coloured distributions
extend to much wider angles for higher energy beams, the
mean scattering angle (shown by the solid lines) is still rel-
atively small for most particles for the θin = 0◦ (side-on)
and 45◦ cases. For θin = 90◦, we note that some scatter-
ing angles are typically much wider than, and in some cases
anti-correlated with, the beam direction (implied by angular
distributions weighted towards angles greater than 57.3◦).
However, this particular example is more sensitive to the
bias we have introduced in the requirement that a track is
formed from more than three interaction sites on different
strands. For this to occur for top-down beams, the particle
has to scatter at least a small amount to reach a different
strand from the one it is incident upon.

6 Directions for future experimental investigation

Having shown that there is potentially interesting informa-
tion, particularly good directional information, that can be
gained from this kind of detector, we now want to highlight
the outstanding challenges in realising this ambitious idea
experimentally. The first stage to demonstrate the feasibil-
ity in a practical setting would be to perform preliminary
experiments on smaller scale analogues of each stage of the
detection process. For steps that require the precise place-
ment of DNA strands we will also require some method of
validating that the DNA has been arranged as desired. While
various microscopy techniques are available, we highlight
the nm-scale imaging well below the diffraction limit of light
enabled by DNA-PAINT [100] as a particularly interesting
and flexible approach.

6.1 PCR/readout

Since we have discussed the basic feasibility of the con-
cept, we may now proceed to a more detailed design study
for a prototype experiment that can validate the results of
this study and test various options for basic operation. With
the additional design clarity provided by laboratory stud-
ies, it will then become more feasible to evaluate the poten-
tial cost of such a detector. Fast, cheap and portable PCR
machines for instance are highly-sought after for point-of-
care medical diagnostics. Examples of cm-scale pocket-size
PCR machines are already on the market at the scale of $10
per unit. Detection ideas based on biotechnology in general
can benefit from a much higher level of economic and mar-
ket support, when compared with many technologies used in
experimental particle physics. So we suggest it is not unwar-

ranted at this stage to imagine a potentially low-cost full-scale
experiment, despite the high level of complexity involved.

6.2 Testing DNA breakage in the lab

Another uncertainty that must be addressed is the physics of
DNA strand breakage by ionising radiation when arranged in
the complex setup envisaged for this detector. This physics
could also be tested directly in the lab. DNA origami – struc-
tures of hybridised DNA arranged into nanoscale shapes –
have already been used as rudimentary radiometers to test
UV damage on DNA [107]. Similar studies could be done
with a much wider range of particle sources. Most interest-
ingly, would be if we can employ high-intensity beams on
arrays of DNA nanostructures to systematically parameterise
the effects of common sources of background in rare-event
searches.

6.3 Detector construction and strand configuration

Next, we must also decide whether to use single or double-
stranded DNA, or whether to opt for RNA instead. While
the choice of DNA over RNA should have no impact on the
detection capabilities of this concept, the double-stranded
molecules would likely be preferable due to increased stabil-
ity and reduced cross-reactivity between strands. However,
this would need to be contrasted against the lower cost of
using RNA.

Another major practical consideration that should be
investigated is the details of how the strands and their base
content should be synthesised, arranged, and sequenced. We
have framed this study around the assumption that the posi-
tions would be encoded in the precise sequence of base pairs,
however this is not the only option. In many ways, the meth-
ods that we could employ to arrange the strand network will
share features with synthetic DNA storage systems [108–
114]. These can be thought of like punch cards made up of
DNA: devices in which information is stored in some way on
synthetic DNA strands that can be later extracted and read.
Compared with conventional hard drive technology, storing
information in base pair content is considered impractical
because it is slow and potentially error-prone. However, Ref.
[115] describe a way to encode information not in the base
content but via “nicks” in the sugar phosphate backbone,
which can be created in an accurate and parallel way using
specially chosen enzymes. Speed and accuracy are essential
when comparing DNA storage with more traditional tech-
nologies like hard-drives, but for our initial detector concept
this may not be so important. We should keep this possibility
in mind if we wish to scale the detector up. In this context, the
nick sites would essentially encode the exact (x, y, z) posi-
tions in binary, meaning the arrangement and reconstruction
of the strands is almost trivial. At a larger scale, a nicking
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approach could greatly improve the efficiency since it cir-
cumvents the bottleneck of initially synthesising the strands
with a precise sequence of bases. So if, for example, individ-
ual modules of a larger detector needed to be replaced at a
frequent rate, this could be a way to facilitate that.

6.4 Stability

The final requirement of this detector that we are yet to
touch upon is stability. We have implicitly assumed through-
out that the detector is actually able to achieve long-enough
exposures to observe a sizeable event rate of particles under
low-background conditions. We do not fix any required sta-
bility here, but follow-up experimental tests should at least
be able to check if the detector is unstable to a degree that
makes it unusable. There are several reasons why this may
be a concern. Possibly the most crucial of these will be the
requirement that we keep the DNA strands straight. The pro-
posed technique of attaching magnetic beads to each strand
to ensure the strands fall to the readout, should also act to
keep the strands straight [91]. However, for the detector to
be stable, the strands must be able to support themselves
against this pull until they are severed.

Another issue regarding stability involves shielding. This
detector concept is peculiar in the sense that the act of detec-
tion essentially destroys part of the detector. Ensuring that
the detector is constructed quickly and in a low background
environment will therefore be optimal. As long as the event
rate per detector unit was kept low (e.g. if the detector was
constructed from theµm3-scale units we simulate here), then
there should be no issues. Assuming that any broken strands
appearing before the official start of the experimental expo-
sure, were flushed away and not counted.

6.5 Reconstruction noise

The final issue that should receive more dedicated consider-
ation in future studies is the fundamental limit to the accu-
racy with which the (x, y, z) positions of the strands can
be reconstructed. This will ultimately limit the tracking and
directional reconstruction within a single detector unit, and
therefore will be important to understand for measuring, for
example, the initial segments of recoil directions. There are
several ways in which sources of noise could enter beyond
what we have accounted for in our simulations. These enter
at the level of the strands themselves and at the readout stage.

Firstly, in terms of the strands, while we have fixed the
(x, y) resolution, in order to maintain good directional sen-
sitivity this resolution would need to be matched in the z-
direction as well. At the largest, the accuracy with which the
heights of each base pair should be known should be on the
order of the typical spacing between interaction sites. As we
have seen this is typically at 10–20 times the interstrand spac-

ing, or equivalently an accuracy in the z-direction of about
10% assuming the same Lz and �x we have adopted here.
There are several reasons why obtaining this may be chal-
lenging. Firstly, as mentioned several times previously, free
DNA strands tend to curl up. The technique we suggest of
attaching magnetic beads to facilitate the strands’ collection,
has been shown to hold double stranded DNA under enough
tension to maintain straightness [91]. However there is still a
chance for the helix structure to remain curled up by several
turns even after being straightened by the magnetic pull. This
would reduce the overall length of the strand and lead to an
error when reconstructing the true z position of each strand
break.3 Similarly if the DNA is not completely dehydrated
when it is transferred from solution to the detector medium
(e.g. air, or vacuum) then this will also induce an error in
the length of the strand. Different DNA conformations that
form in different media vary in length and the extent to which
strands change length after placed in the detector should be
measured experimentally first.

To quantify the importance of these issues, if we desire
that the final strand length to be within 100 nm of its fully
straightened length, then we could tolerate around 30 turns
of the helix structure coiled in the wrong direction while
still maintain good accuracy. Note also that this error is also
one-sided – the strands will always be shorter in the detector
rather than longer. Furthermore, even if a spatial error of
this size was not achievable, the �x spacing we have chosen
here is still arbitrary, and optimising a larger detector would
have the freedom to vary �x and Lz until this uncertainty
was brought down to a suitable level. Another strategy for
limiting this error that could come at the cost of stability
would be to use single stranded DNA which would be easier
to keep straight.

The second way in which the spatial reconstruction of
the break sites could be error-prone is at the readout stage.
We highlighted earlier a few DNA sequencing techniques
to reconstruct the severed strands, however in practice we
would not be able to rely on this readout process to provided
the location of each break site perfectly. For instance, tech-
niques such as Illumina sequencing that would break up the
strands into multiple smaller segments, so having large sec-
tions of each strand be identical to one another could lead
to confusion in which ones were actually broken. A simple
resolution to this issue would be to make the length of strand
short enough for them to be sequenced in their entirety. Alter-
natively we could simply encode more unique information
about the (x, y) positions in the base information chosen
during the detector construction, or perhaps with the use of
nicks in the backbone, as mentioned above. Other sequenc-

3 Alternative designs we have discussed that would fasten the strands
at both ends may suffer less from this effect, so the z-accuracy could be
a consideration that works in the favour of this kind of design.

123



Eur. Phys. J. C (2022) 82 :306 Page 15 of 22 306

ing methods such as Nanopore that could sequence longer
strands while keeping them intact would have their own chal-
lenges. In particular the possibility for insertion and deletion
errors that would lead to essentially stochastic noise in the
reconstructed bases and hence the length, these would need
to be dealt with at the analysis level by comparison with the
known initial sequences, however we estimate that under our
baseline geometry simulated here, even a 10% error in the
reconstructed sequence could be tolerated.

7 Conclusions

We have performed the first comprehensive simulations of
the DNA-based detector concept outlined several years ago in
Ref. [36]. While a large number of practical details remain to
be studied and experimentally verified, we have shown here
at the very least that the basic idea is feasible: DNA strand
breakage patterns can be used to reconstruct axial informa-
tion about incoming particle directions.

The precise nm-scale recoil vertex position reconstruction
is evidently the key advantage of this detector, but this comes
at the cost of limited to no particle ID and energy reconstruc-
tion performance. On these small scales the differences in
the track topologies is minor and highly correlated. So any
convincing particle ID and energy reconstruction would have
to be performed by using the tracks left in multiple smaller
units analysed in parallel.

Additional advantages of such a detector compared to
other directional technologies are, for instance, the complete
circumvention of diffusion, straightforward fiducialization
along all detector dimensions, and potentially a relatively low
cost per unit mass, however this remains to be investigated.
Furthermore, we have proposed here that the previous detec-
tor design be extended to include a strategy of real-time DNA
strand transportation via microfluidics. This step is likely to
be crucial if the device is used in conditions that generate
many events per unit detector volume. This is because we
typically find that the vertices of particle tracks are not along
neighbouring strands, but are typically separated by several
multiples of inter-strand spacings up to a factor of 10. This
means that in order to prevent many overlapping recoil events
from scrambling each other, some separation in time will be
crucial. Moreover, a transportation system would also pro-
vide a way to retain precise and chronologically ordered event
time information, making it more suitable to detect astro-
physical sources of particles such as dark matter or neutrinos
[75].

While only a limited quantity of particle ID information is
stored in the nanoscale breakage patterns, we do find trends
in the various types of track topology that correlate with
the particle momentum. Heavy particles occasionally break
sequences of neighbouring strands in a characteristic way as

they slow down. Electrons on the other hand generally create
tracks with no clear direction, meaning they would not be
easily reconstructable and would likely be a source of noise.
A veto on events without three or more co-linear breakage
sites should be sufficient to discriminate electrons from other
sources of particle. It it is likely that further discrimination
between particle types will be possible for a larger detector,
so this study will need to be conducted next to find out.

While the tracking of the expected keV-scale tracks is
readily achievable with existing detectors, combining good
tracking capabilities, sensitivity to low-energy recoils and,
most importantly, scalability to high target masses are all
notoriously difficult [46]. This is why the most sensitive dark
matter experiments currently do not attempt to measure direc-
tionality and instead opt for massive ton-scale target masses
and extraordinarily low backgrounds to isolate a dark mat-
ter signal. We have shown here that the DNA detector can
achieve good directionality, since the axial angles of the sim-
ulated tracks are generally well-correlated with the incoming
particle that caused them. This may eventually mean that this
design could work as a dark matter detector, however we need
not restrict ourselves to this option.

For instance, many detector technologies are already able
to reconstruct the incoming directions of cosmic rays, how-
ever usually only at higher energies than our focus here.
This is the case for instance in semiconductor detectors
[74,116,117], such as DAMIC [117], which can detect ion-
isation energies in silicon as low as 50 eV, using 25µm ×
25µm readout pixels. The precision in dE/dx that this capa-
bility implies means that DAMIC is able to access direc-
tional information. However it is diffusion-limited for low-
energy recoils whose physical track lengths are shorter than
15µm. Neutrino detectors are another example of experi-
ments that gain directional information. IceCube [118] for
instance, with its 2400 m long strings set 125 m apart has
been particularly successful in reconstructing the directions
of ultra-high-energy neutrinos coming from astrophysical
sources. There is a neat coincidence in concepts, comparing
IceCube to the detector that we envision here. The design
of the DNA detector is a similar concept to IceCube only
on a miniaturised scale, and targeting much lower energy
interactions.

Therefore, with the many potential uses of this detector
for particle physics, and with the fundamental challenges that
this concept presents to bio- and nanotechnology, we believe
that we have collected a compelling case for pursuing this
idea further. We hope that this first explorative study will
inspire imminent experimental investigation to resolve many
of the outstanding issues we have laid out, and that future
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simulation studies can be better informed by the experimental
realities involved.
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Appendix A: Additional breakage plots

In this appendix we display a larger set of a DNA breakage
distributions for different particles, energies and orientations.
We show only the y− z projection of the distributions. These
plots are here for completeness and to help further under-
stand the behaviours described in the main text in Sect. 5.
Figures 10, 11, 12, correspond to three beam angles, 0◦, 45◦
and 90◦, respectively.
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Fig. 10 Additional detailed images of strand breakage from side-on
beams. Each row corresponds to a different beam particle, and has five
panels for different beam energies. The thick lines connected by circles

correspond to the primary particle track, whereas the thinner dashed
lines correspond to secondary particles generated by a primary interac-
tion
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Fig. 11 Additional detailed images of strand breakage from top-down
beams. Each row corresponds to a different beam particle, and has five
panels for different beam energies. The thick lines connected by circles
correspond to the primary particle track, whereas the thinner dashed
lines correspond to secondary particles generated by a primary inter-

action. Those panels that show no interactions correspond to the cases
where the incident particle is stopped inside the holder, or is not ener-
getic enough to break a strand. The star denotes the entry position of the
beam, note that we generate gold nuclei underneath the holder rather
than above it
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Fig. 12 Additional detailed images of strand breakage from beams
angled at 45◦ to the holder. Each row corresponds to a different beam
particle, and has five panels for different beam energies. The thick lines
connected by circles correspond to the primary particle track, whereas

the thinner dashed lines correspond to secondary particles generated by
a primary interaction. The star denotes the entry position of the beam,
note that we generate gold nuclei underneath the holder rather than
above it
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