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We present the conceptual design and the physics potential of DarkSPHERE, a proposed 3m in diameter
spherical proportional counter electroformed underground at the Boulby Underground Laboratory. This effort
builds on theR&Dperformed and experience acquired by theNEWS-GCollaboration. DarkSPHERE is primarily
designed to search for nuclear recoils from light darkmatter in the 0.05–10GeVmass range. Electroforming the
spherical shell and the implementation of a shield based on pure water ensures a background level below
0.01 dru. These, combined with the proposed helium-isobutane gas mixture, will provide sensitivity to the
spin-independent nucleon cross section of 2 × 10−41 ð2 × 10−43Þ cm2 for a dark matter mass of
0.1(1) GeV. The use of a hydrogen-rich gas mixture with a natural abundance of 13C provides sensitivity to
spin-dependent nucleon cross sections more than two orders of magnitude below existing constraints for
dark matter lighter than 1 GeV. The characteristics of the detector also make it suitable for searches of
other dark matter signatures, including scattering of MeV-scale dark matter with electrons, and superheavy
dark matter with masses around the Planck scale that leave extended ionization tracks in the detector.

DOI: 10.1103/PhysRevD.108.112006

I. INTRODUCTION

The nature of dark matter (DM) is one of the most
pressing questions in physics, as reflected by the number of
ongoing and planned activities, spanning orders of magni-
tude in scale and complexity [1,2]. The 10–1000 GeV mass
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region has been under intense experimental scrutiny as the
preferred range for weakly interacting massive particles
(WIMPs) [3]. However, the lack of conclusive evidence
to-date, including from searches at colliders [4,5],
demands the broadening of the DM search strategy.
Searches for lighter DM candidates below the Lee-
Weinberg bound of about 2 GeV [6] are coming increas-
ingly into focus, supported by a growing number of
theory paradigms, e.g., asymmetric dark matter [7,8],
hidden sectors [9–13], and scenarios with a modified
early-universe cosmology [14–17].
The large-scale liquid noble gas detectors that provide

the most stringent constraints on WIMP interactions with
an atomic nucleus (see, e.g., [18–20]) are not optimized for
the light DM region, below approximately 5 GeV, due to
poor kinematic matching between the DM and target
nucleus. There are ongoing attempts to recover sensitivity
through processes such as the Migdal effect [21–24], which
is itself under intense investigation [25,26]. Several col-
laborations including CRESST [27], DAMIC [28],
EDELWEISS [29], and SuperCDMS [30] have demon-
strated sensitivity to light DM candidates by utilizing
smaller, cryogenic solid-state detectors with sub-keV
detection thresholds. However, scaling to larger exposures
while maintaining low energy thresholds and low back-
ground rates is challenging.
The New Experiments With Spheres-Gas (NEWS-G)

Collaboration searches for light DM using spherical pro-
portional counters [31,32]. The spherical proportional
counter consists of a grounded, spherical, metallic vessel
filled with an appropriate gas mixture and a central read-out
structure, with Oð1 mmÞ in radius anodes, at the center, as
depicted in Fig. 1. The read-out structure is supported by a
grounded metallic rod, which also shields the wire used to
apply a positive voltage to the anode and read out the
signal. The electric field varies approximately as 1=r2,
dividing the gas region into a drift and an avalanche
volume. Particle interactions in the gas may result in the
ionization of electrons, which subsequently drift to the
anode. Within approximately 100 μm from an anode,
the electric field becomes sufficiently intense for an
avalanche to occur, providing signal amplification.
Spherical proportional counters exhibit several key

features that make them ideal for performing light DM
searches [33]. First, they have a small detector capacitance
by virtue of the spherical shape, and together with the
ability to operate in high gas gains, allow for the detection
of nuclear recoils with sub-keV energy [34,35]. A crucial
advantage is that the small detector capacitance is inde-
pendent of the outer diameter (∅) of the detector, thus the
detector can be scaled to a larger size without impacting the
energy threshold. Second, the simplicity of the design,
while also greatly easing detector operation, enables con-
struction from a small number of radio-pure components.
This allows for low background rates to be achieved.

Thirdly, the ability to operate the detector with different
gas mixtures and pressures offers two significant benefits:
(a) the use of different atoms or molecules in the gas
mixture allows kinematic DM candidate-target matching;
and (b) changes to the gas mixture and pressure provide
additional handles to disentangle potential signals from
unknown instrumental backgrounds. Finally, analysis of the
pulse shape provides a powerful handle for background
rejection and fiducialization [36].
The first DM results with a spherical proportional counter

were produced using SEDINE, a ∅60 cm detector operating
at the Laboratoire Souterrain de Modane (LSM), France
[37]. At the time, SEDINE provided the best sensitivity to the
spin-independent DM-nucleon scattering cross section at
0.5 GeV [36]. The data from SEDINE was also used to
perform a search for Kaluza-Klein axions produced in the
Sun, and a 90% confidence level upper limit of gaγγ <
8.99 × 10−13 GeV was set on the axion-photon coupling
[38]. S140, a∅140 cm spherical proportional counter made
of 99.99% pure copper is currently operating in SNOLAB,
Canada [39]. First preliminary results provide the strongest
constraint on spin-dependent WIMP-proton cross section in
the 0.2–2 GeV DM mass range. S140’s active volume is
internally shielded with a 500 μm thick layer of ultra-
radiopure copper that has been deposited on the inner
surface by adapting a low-background electroforming
method to hemispheres. This procedure was undertaken

Grounded Cathode

Drift Region

Anode

Grounded Rod

Avalanche Region
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FIG. 1. Schematic and principle of operation of the spherical
proportional counter. Particle interactions within the gas produce
ionization electrons, which drift toward the anode at the center of
the sphere. The anode shown is part of an 11-anode, multianode
read-out system, ACHINOS. DarkSPHERE will operate with a
multianode ACHINOS read-out sensor with 60-anodes. The
copper used for the grounded cathode and grounded rod will
be electroformed underground to minimize the background rate.
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at LSM [40,41]. Despite using 99.99% pure copper and the
electroformed internal shield, the dominant remaining back-
ground in S140 is the radioactive contamination and
cosmogenic activation of the copper. Nevertheless, this
can be mitigated by fully electroforming future detectors
directly in the underground laboratory where they will be
operated. This is the objective of Electroformed Cuprum
Manufacturing Experiment (ECuME), a ∅140 cm spherical
proportional counter that will be fully electroformed under-
ground in SNOLAB. By fully electroforming the intact
detector, additional radioactive contamination brought by
machining and welding processes is avoided, and by
conducting this underground, cosmogenic activation is
minimized. ECuME will be operated with a neon–methane
gas mixture (Ne∶CH4, 90%:10%) at 2 bar. The electro-
formed ECuME detector will be installed in the shielding
currently used for S140 upon conclusion of its physics
exploitation.
To further reduce background rates, the detector shield-

ing needs to be redesigned. In S140 a compact lead-based
shielding is implemented, which provides the next
largest background source after the detector construction
materials [39]. Additionally, recent advancements in
spherical proportional counter read-out instrumentation
are enabling the operation of larger and higher-pressure
detectors, allowing the exposure to be greatly increased.
These developments are the motivation behind DarkSPHERE,
a proposed ∅300 cm spherical proportional counter
electroformed underground at the Boulby Underground
Laboratory. DarkSPHERE will initially operate with a
helium–isobutane gas mixture (He∶i-C4H10, 90%:10%)
at 5 bar and has the aim of reaching the neutrino floor
in the DM-nucleon scattering cross section for light DM.
The use of a gas which features a natural abundance of
carbon-13, also provides sensitivity to the full range of DM
effective field theory interactions [42].
The DarkSPHERE design presented in this article is

principally optimized to search for the light DM-nucleon
interaction. However, the characteristics of the DarkSPHERE

detector provide for a multiphysics platform: the spherical
proportional counter’s single-electron threshold enables
excellent sensitivity to the DM-electron interaction in the
10 MeV to GeV mass range [43]; and the large diameter of
the spherical proportional counter enables sensitivity to
ultra-heavy DM with masses close to the Planck mass [44].
Furthermore, in addition to DM searches, the energy
resolution and light-readout capabilities of a large spherical
proportional counter filled with 136Xe gas lends itself to a
neutrinoless double β-decay search, which is being
explored by the Rare Decays with Radial Detector (R2D2)
R&D effort [45,46], and as a potential tool for supernova
neutrino searches [47,48].
This article, which presents the feasibility and the

physics potential of this large volume, fully electroformed
underground spherical proportional counter, is structured as

follows. In Sec. II, the detector construction and operation,
key expected performance characteristics and open R&D
topics are discussed. In Sec. III, the Boulby Underground
Laboratory is presented as a proposed host of the
DarkSPHERE experiment. Section IV presents the conceptual
design of the detector shielding and discusses the dominant
background contributions. In Sec. V, the physics potential
of DarkSPHERE is discussed. We summarize our results and
give our conclusions in Sec. VI.

II. THE DarkSPHERE DETECTOR

This section discusses the key developments that will
enable the discovery potential of the DarkSPHERE detector.
We discuss the use of underground electroformed copper,
the development of the multianode read-out, quenching
factor measurements, and the detector calibration methods.
An integral part of understanding the detector and charac-
terizing its capabilities is the state-of-the-art simulation
framework for spherical proportional counters developed at
the University of Birmingham [49]. The simulation frame-
work combines several common physics simulation pack-
ages: Geant4 [50] to simulate particle passage and interaction
in matter; Garfield++ [51] for the simulation of the gaseous
detector operation, interfacing with HEED for particle
interactions; Magboltz [52] for modeling electron transport
parameters in gases; and ANSYS [53] for finite element
method calculations of the electric field in the detector. This
simulation framework has been used to study detector
calibration, fiducialization and R&D by the NEWS-G and
R2D2 experiments [45,54].

A. Copper electroformation

Copper is a common choice for a high-purity low-
background material [55–57] because of its commercial
availability and the lack of long-lived radioisotopes—67Cu is
the longest-lived with a half-life of 61.8 hours [58]. Even
without long-lived radioisotopes, a sample of copper will
contain some non-copper radiogenic contamination. As an
example, cosmogenic activation of the copper by cosmic-ray
neutrons interacting through the ðn; αÞ reaction can produce
60Co, which, with a half-life of approximately 5.3 years, is a
long-lived background relative to the typical timescale of
rare event search experiments. The copper industrial pro-
duction processes also introduce radio-contaminants, pri-
marily originating from the 238U and 232Th decay chains. It
has been demonstrated that 222Rn introduced into the copper
during manufacturing, and its progeny, are the dominant
contaminants in terms of activity [59].
A method to produce ultra-radiopure copper is potentio-

static electroforming [59,60]. This method takes advantage
of electrochemical properties to produce copper with sub-
stantially reduced impurities. Electroformed copper has been
produced with contaminant activity levels for 238U, 232Th,
and 210Pb below the current world-leading radio-assay
techniques for these isotopes: inductively coupled plasma
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mass spectroscopy (ICP-MS) for 238Uand 232Th, and theXIA
UltraLo-1800 alpha spectroscopy for 210Pb [59,61,62].
Electroforming has been used to produce a variety of
components for different rare-event search experiments,
including the Majorana Demonstrator [63] and NEWS-G
[41]. The electroplating of copper to S140’s inner surface,
performed in LSM, was the largest single-piece deep-under-
ground electroformation ever conducted.
Building on the experience gained with S140, NEWS-G

pursues project ECuME: a deep underground electroforming
facility, initially dedicated to electroforming a ∅140 cm
spherical proportional counter of the same name, but later
could be used by other experiments. Given the scale of the
ECuME sphere, which will be the largest deep underground
electroformed vessel, significant R&D is ongoing to
demonstrate the scalability of the spherical electroforming
technique. Currently, work is ongoing to construct the
scaled electroforming bath, which is similar in size to those
used by the Majorana Demonstrator designed by Pacific
Northwest National Laboratory (PNNL) [63], and includes
detailed fluid dynamics and electrostatic calculations. The
electroforming of a ∅30 cm intact sphere at PNNL is
ongoing, demonstrating the principle of intact sphere
electroforming, and using only methods that are applicable
to the larger scale of ECuME.
The simplicity of the detector, comprising a single

sphere, facilitates scaling of the electroforming, and this
is an active area of research. The mandrel used to electro-
form the sphere is being designed, including the specific
material used, the method of removing the mandrel from
the interior of the electroformed copper sphere, and the
structures required to support it. Additionally, the grounded
rod supporting the read-out sensor will be electroformed,
following established methods. All of this R&D is directly
applicable for DarkSPHERE and also includes auxiliary
systems such as power-supply requirements and tolerances,
assay and quality assurance techniques, and procedures for
handling the electrolyte.
Given the increased scale of DarkSPHERE, the electro-

forming may need to be conducted by plating to the inner
surface of a mandrel, as shown in Fig. 2. This has several
advantages for both technical and radiopurity considera-
tions. First, this would allow the volume which the
electrolyte and the produced copper surface are held to
be hermetically sealed to the environment. While nitrogen
cover gases are used in current electroforming projects to
mitigate radon daughter deposition on the surface, this
method would facilitate the use of a nitrogen atmosphere,
suppressing radon daughter contamination. Second, in this
in-to-out configuration, the mandrel would also act as the
bath for the electrolyte, reducing the amount of electrolyte
solution required. Methods for achieving this kind of
electroforming are under investigation, but are similar to
the basis of the NEWS-G electroforming [41], which used
the hemispherical mandrel as the vessel.

B. Sensor development

The state-of-the-art read-out currently employed by
NEWS-G, and spherical proportional counters in general,
is the multianode ACHINOS structure. This is a scalable
multianode sensor that allows for stable operation of larger
detectors operating under higher pressures [54,64,65]. The
ACHINOS sensor, an example of which is shown in
Fig. 1, comprises several spherical anodes located at
positions equidistant from the detector center. The sensor
has been developed to decouple the electric fields in the
drift and avalanche regions. This was not possible for
single-anode sensors [65], which are suitable for smaller
detectors or low-pressure operation. With ACHINOS, the
drift region electric field depends on the collective field of
all anodes while in the avalanche region it is determined
by the field of the individual anode to which the ionization
electron arrives.
Current ACHINOS technologies use 11-anodes located

at the vertices of an icosahedron, with the twelfth vertex
being occupied by the grounded support rod, as shown in
Fig. 1. Figure 3 shows the increase by a factor of 6 in the
magnitude of the drift-region electric field that is achieved
with an 11-anode ACHINOS compared to a single anode
read-out at the same voltage.
In Fig. 4 the reconstruction of the interaction location is

shown for the current 11-anode ACHINOS technology,
which has a two-channel read-out grouped by the five
anodes near the rod (Near) and the six further away (Far).

Nozzle

Anode

Electrolyte

Mandrel/Cathode

DarkSphere Cu growing

Cu ions
direction

Voltage Supply

FIG. 2. Conceptual schematic of the electroforming of
DarkSPHERE. Due to its size, the electroforming will be performed
in-to-out, with the cathode acting as the mandrel to which copper
is deposited. The mandrel can then be chemically removed after
the plating. The nozzle, which provides access to install the
sensor during detector operation, will be electroformed directly in
place. All surfaces which are in contact with the plating copper or
the nozzle will be either submerged in electrolyte or in a nitrogen
atmosphere.
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The left semi-circle in Fig. 4 shows the simulated pulse
rise time (10% to 90% of pulse rising edge) as a function
of interaction position for 37Ar decays, demonstrating
sensitivity to the radial position. The right semi-circle
in Fig. 4 shows the Near versus Far signal asymmetry,
ðFar − NearÞ=ðFar þ NearÞ, for 37Ar decays as a function
of interaction location, which demonstrates the ability to
determine the hemisphere of the interaction. Together, the
rise time and signal asymmetry provides information on
where the decay occurred within the detector.
While the 11-anode structure is sufficient for S140 and

ECuME, the larger diameter and higher pressures envisaged
for DarkSPHERE mean that an ACHINOS with a greater
number of anodes is required. For this reason, a 60-anode
ACHINOS, in which the anodes are located at the vertices
of a truncated icosahedron, is planned for DarkSPHERE.
Figure 5 shows a conceptual model of a 60-anode
ACHINOS, which increases the electric field magnitude
by a factor of 4 relative to the 11-anode ACHINOS, as
shown in Fig. 3. The result is that the field at the edge of the
DarkSPHERE detector (at a radius of 150 cm) is similar to the
field that the 11-anode achieves at the edge of the S140 and
ECuME detectors (at a radius of 70 cm), and is sufficient to
maintain the anode voltages and avalanche fields that allow
for stable operation of DarkSPHERE.
The design and construction of the 60-anode ACHINOS

is an active area of research, with finite element calculations
being performed to study the electric field configuration for
different designs. R&D for its construction is also under-
way, with a prototype 3D-printed, central support structure
shown in Fig. 6. In order to facilitate the increased cabling
required to read and bias all 60-anodes compared to the
current 11-anode ACHINOS, the diameter of the support
rod will be increased from 4 mm (6 mm) internal (external)

diameter to 8 mm (10 mm). This will also better support the
larger mass of the sensor.
The individual anode read-out of the ACHINOS sensor

enhances the potential for position-sensitive interaction
information. This gives DarkSPHERE the potential to sig-
nificantly improve upon current 2-channel 11-anode
ACHINOS read-out, by using a 60-anode ACHINOS with
individual anode read-out. This is demonstrated in Fig. 7,
where the upper panel shows a simulated 1 GeV muon
passing through DarkSPHERE, while the lower panel shows
the reconstructed positions of single electrons. In both
cases, the simulations assume a detector filled with
isobutane and equipped with a 60-anode ACHINOS.
The peak time of the signal in each anode is used to infer
the track direction, and work is ongoing to utilize further
pulse properties to perform track reconstruction. This
development offers improved detector fiducialization and
background rejection capability, and may enable the search
for DM candidates that leave tracks in the detector (dis-
cussed further in Sec. V).

C. Quenching factor measurements

A nuclear recoil induced by the elastic scattering of DM
with a target nucleus in the gas will dissipate only a fraction
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FIG. 3. Electric field magnitude in the drift-region as a function
of radius for different read-out configurations in DarkSPHERE.
Each ACHINOS read-out uses ∅1 mm anodes at the same
voltage, and rs ¼ 10 cm. Increasing the number of anodes
increases the drift-region electric field magnitude without in-
creasing the anode voltage.

FIG. 4. Simulation of 37Ar decays in a spherical proportional
counter equipped with an 11-anode ACHINOS with two-channel
read-out (Near and Far). Left side: the pulse rise time, which
shows a correlation with the interaction radius. Right side: the
Near-Far signal asymmetry, which is correlated with the hemi-
sphere of the detector in which the interaction occurred. Together,
the pulse rise time and signal asymmetry provide information on
the location of the interaction within the detector.
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of its energy as ionization, known as the quenching
factor. This is the fraction of the recoil energy that will
be observable by the spherical proportional counter.
Knowledge of the quenching factor is essential to recon-
struct the recoil energy from the observed ionization signal.
The NEWS-G Collaboration is actively pursuing several

methods of measuring the quenching factor for low-energy
ions in gases. First, the COMIMAC facility at LPSC
Grenoble [66] uses a compact electron cyclotron resonance
(ECR) source to produce either ions or electrons of various
energies, selected by a tunable extraction potential.
The electrons or ions are directed into a gaseous detector
volume, which can be either a spherical proportional
counter or a MicroMegas [67], where they induce ioniza-
tion. The quenching factor can be extracted by comparing
the measured signal from the electrons to the signal when
ions are used. This method has previously been used to
measure the quenching factor of Heþ in He=C3H8 gas

FIG. 6. 3D-printed, 25% scale model of the prototype central
electrode structure for the 60-anode ACHINOS for DarkSPHERE.

FIG. 5. Schematic of an 60-anode ACHINOS where the anodes
are located at the vertices of a truncated icosahedron. The
distance between each anode and the center is labeled as rs.
The multianode ACHINOS enables the operation of larger and
higher pressure spherical proportional counters by decoupling the
drift-region electric field from the avalanche electric field.

FIG. 7. Simulated results for DarkSPHERE filled with isobutane
and equipped with a 60-anode ACHINOS. The top panel shows a
1 GeV muon passing through the detector. The green star shows
the starting position of the muon, the black points show the
location of the 60 anodes, the orange circles show the position of
ionization electrons that are generated by the passage of the
muon, and the larger colored circles shows the relative peak time
for the signal generated at each anode. There is a correlation
between the muon’s path and the peak time of the signal along the
path. Pulse-shape properties are being explored to perform track
reconstruction. The lower panel shows a simulations of single
electrons uniformly distributed inside DarkSPHERE. The crosses
show the initial electron position, and the color indicates to which
anode that electron arrived, with the anodes shown as color dots.
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mixtures, and protons in i-C4H10=CHF3 [68,69] and
CH4 [70]. Measurement campaigns are ongoing or envis-
aged for other gases including those proposed for use in
DarkSPHERE.
A second method is to induce nuclear recoils using the

scattering of neutrons of known energy, as employed at
TUNL, USA [71]. Pulsed bunches of 20 MeV protons
produced by a tandem van de Graaf accelerator are directed
onto a lithium fluoride target, undergo the 7Liðp; nÞ7Be
reaction, and produce monochromatic neutrons. The neu-
trons then scatter in the gaseous target, which is within a
spherical proportional counter, and go on to interact in a
scintillator backing detector. Different recoil energies were
selected by changing the angle between the lithium
fluoride, the spherical proportional counter and the backing
detector. The quenching factor is reconstructed by compar-
ing the signal generated by the recoiling nucleus to the
detector calibration performed using radioactive sources,
such as 55Fe. Measurements demonstrating the principle
have been concluded [71], and further measurements are
ongoing with the gases envisaged for DarkSPHERE.
A third method using existing measurements of the

W-value of electrons and ions in gases has also been
developed [72]. W-values have been extensively studied in
the context of dosimetry so have focused on tissue-
equivalent gases, their constituents, and other common
gases. They are generally measured using ionization
chambers where care is taken to mitigate any detector-
specific effects that would reduce the generality of the
measured W-values. While the energy loss for electrons is
dominated by electronic effects, which results in ionization,
the energy loss of ions has contributions from other
processes such as excitation that do not produce ionization.
Therefore, the relative comparison of the two sets of
W-value measurements provide an estimate of the quench-
ing factor over a given energy range. This method can be
used to provide quenching factors in additional gases as
further W-value measurements become available.

D. Detector calibration

DarkSPHERE will be calibrated using methods developed
by NEWS-G, which are outlined in Ref. [34]. A combi-
nation of a UV-laser system and a gaseous 37Ar source
allows the calibration and characterization of the detector.
Laser data is used to extract electron avalanche parameters,
namely the mean gain, hGi, and the Polya distribution
parameter, θ, Fano factor F, and gas properties, such as
electron drift times. The laser also provides continuous
online monitoring of the detector operation during data
taking. Data from 37Ar decays will be used to measure the
W-value of the target gas at 270 eV and 2822 eV,
corresponding to the L- and K-shell decays of 37Ar, which
will occur uniformly throughout the detector. Figure 8
shows an example of the energy spectrum that would be
measured in DarkSPHERE equipped with a 60-anode

ACHINOS when an 37Ar source is inside the detector.
The two energy lines are clearly visible. To provide more
energies for the calibration, other radioisotopes or an x-ray
generator [73] could be used in conjunction with a window
in the detector. Additionally, the detector will be calibrated
for nuclear recoils using a neutron source, for exam-
ple 241Am-9Be.

E. In-situ neutron measurements

Neutrons originating from radioactive decays or induced
by cosmic-ray muons are a part of the background in
underground facilities and should therefore be character-
ized and mitigated. For DarkSPHERE, the neutron induced
background will be measured in-situ by using a nitrogen-
based gas mixture, exploiting the reactions

14Nþ n → 14Cþ pþ 625 keV;
14Nþ n → 11Bþ α − 159 keV:

The ðn; pÞ interaction has a thermal cross section of 1.83 b,
while the ðn; αÞ reaction becomes significant for neutron
energies above 2 MeV.
A first demonstration has proven the feasibility of the

method [74], and is an active area of investigation [75,76].
Recently, using the sensor developments described in
Sec. II B, an 11-anode ACHINOS sensor with ∅1 mm
anodes and read-out with the Near- and Far-channels [54],
was installed in a ∅30 cm spherical proportional counter at

FIG. 8. Simulated energy spectrum recorded by DarkSPHERE
equipped with a 60-anode ACHINOS, with rs ¼ 30 cm, when an
37Ar gaseous calibration source is placed inside the detector. The
peaks at 270 eV and 2822 eV correspond to the L- and K-shell
decays of 37Ar.
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the University of Birmingham. An 241Am-9Be neutron
source provided fast neutrons, which could be thermalized
using a graphite stack. Fast and thermal neutrons were
detected and characterized with a spherical proportional
counter operating with up to 1.8 bar N2 gas [77].

III. BOULBY UNDERGROUND LABORATORY

The Boulby Underground Laboratory was established in
1987 and is located at a depth of 1100 m, equivalent to
2840 m of water. The laboratory is operated by the UK’s
Science and Technology Facilities Council (STFC) and has
a track record in the development and support of low-
background physics, including the ZEPLIN dark matter
programme which operated a series of three xenon detec-
tors until 2011 [78–81], and the DRIFT and CYGNUS
directional DM programmes [82–84]. DRIFT operated
with a gas mixture of carbon disulfide, CS2, and carbon
tetrafluoride, CF4, providing the laboratory with unique
expertise in safe handling and operation of highly flam-
mable and toxic gases. Further experience with gaseous
detectors and gas handling has been established through
NEWS-G’s collaboration with Boulby: a ∅30 cm spherical
proportional counter is currently operated at Boulby for
spherical proportional counter instrumentation R&D in a
controlled environment [85].
In 2015, a new laboratory area was constructed with a

4000 m3 experimental space divided into a main hall and a
connected area known as the Large Experimental Cavern
(LEC). These areas are certified to ISO class 7 clean-room
standard and are serviced by cranes that facilitate material
handling. A further area is maintained at ISO class 6 standard
and is dedicated to the Boulby Underground Screening
facility (BUGS) [86]. BUGS comprises six primary ultra-
low-background HPGe detectors and a small pre-screening
detector for qualitative measurements of materials suspected
to be of high activity. Since 2015, BUGS has primarily
supported the LUX-ZEPLIN (LZ) construction material
radio-assay campaign [87,88], but has also performed assays
for the SuperNEMO [89] and Super-Kamiokande [90]
experiments. Materials screening capabilities at Boulby have
significantly expanded with the installation of two UltraLo-
1800 α-spectrometer modules, which can be used to estimate
very low 210Pb contamination in copper bulk [91], as well as
with Radon Emanation detectors.
Similarly to the ECuME facility, STFC has awarded

funding for a deep underground electroforming facility
in Boulby. This will be a general-purpose electroforming
facility capable of producing ultra-pure copper components
for experiments in the laboratory and internationally. At the
time of writing, procurement of equipment is underway,
which will be followed by the commissioning of the
smaller of two planned electroforming baths to be com-
missioned during 2023.
The area surrounding the laboratory exhibits low seismic

activity, and human-induced seismic activity is low, since

mining generally does not use explosives and is more than
1 km from the laboratory. The geology of the cavern rock
around the laboratory contributes to its suitability for low-
background activities. The halite rock has been measured to
contain ð32� 3Þ ppb of 238U, ð160� 20Þ ppb of 232Th, and
(0.036� 0.003)% of 40K [92]. The low level of 238U
contributes to a low ambient background from airborne
222Rn of only 2.4 Bq=m3 [93], which is significantly lower
than the values measured in other facilities [94].

IV. SHIELDING DESIGN AND DOMINANT
BACKGROUNDS

The conceptional design for the DarkSPHERE shielding
system assumes that the Boulby LEC will be the host
location. The DarkSPHERE shielding should achieve a
significant reduction in the background rate compared to
the S140 and ECuME experiments, which are expected to
achieve background rates of 1.7 dru and 0.3 dru, respec-
tively [39]. This aim can be achieved with a full-water
shield, with a preliminary design shown in Fig. 9. The full-
water shield is a modular hollow-cube with a thickness of
2.5 m, and has the advantage that it is low-cost, straightfor-
ward to implement, and sufficiently pure water can be
procured so that it does not provide an additional source of
background. The water will be held in plastic containers,
the specific material and design being selected based on
structural and radiopurity considerations. This design
suppresses environmental backgrounds without introduc-
ing a significant background rate from radioactive con-
taminants in its materials.

FIG. 9. Schematic representation of the conceptual shielding
design used to estimate background rates for DarkSPHERE. The
∅3 m electroformed-copper sphere is surrounded by a 2.5 m
water shield and will be housed in the Large Experimental Cavern
(LEC) at the Boulby Underground Laboratory.
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A Geant4 simulation [50] was used to study the exper-
imental background originating from the laboratory envi-
ronment, the detector and shielding materials, and the
gas used. The simulation calculates the probability that a
particle deposits an energy less than 1 keV in the detector’s
active volume, and takes measured fluxes at Boulby of
neutrons, photons, and muons as input. To improve the
efficiency of the simulation, a forced collision biasing
scheme for Monte-Carlo variance reduction was used [95].
Biasing is applied to the three primary particles from the
environmental background: photons, neutrons, and muons.
For the background simulations, a thickness of 1 cm was
assumed for DarkSPHERE’s electroformed cathode. Specific
details of the simulation method for each considered
background are discussed in the following sections.

A. Environmental backgrounds

The environmental background comprises neutrons and
photons originating from decays in the cavern of the
laboratory, neutrons produced by interactions of cosmic-
ray muons with the cavern rock, and cosmic-ray muons
directly interacting in the active volume and shielding.
The background induced by neutrons and photons was

simulated by assuming that the neutrons and photons origi-
nated with a random initial direction and a random position
just outside an external face of the shield. For the photons, the
initial energy used in our simulations was drawn from the
measured total photon flux as a function of energy from
Ref. [86]. For the neutrons, the initial energy was sampled
from the measured energy distribution from Ref. [96], which
includes neutrons from radioactive decay and cosmic-ray
muon interactions in the cavern rock (see Ref. [97]).
Table I summarizes the different environmental back-

ground components induced by neutrons, photons
and muons. The dominant contribution to the environmen-
tal background rate from photons and neutrons below
1 keV arises from the highest energy photons,
from 2000 to 2750 keV. With a 2.5 m water shield, the
total background induced by neutrons and photons
is 4.42 × 10−3 dru ðevents=kg=day=keVÞ.

The muon-induced rate presented in Table I is similar in
magnitude to the total neutron and photon rate but it is
envisaged that the muon-induced contribution can be
further mitigated. This is because muons entering the
detector volume will leave an extended track of ionization
electrons, as shown in the simulation in Fig. 7. Pulse-shape
information and the multianode readout discussed in
Sec. II B can then be used to discriminate against these
events. In addition, muons interacting with the shielding or
detector material may produce secondary particles that can
interact in the detector. Several muon veto techniques are
being explored to suppress this background, including for
example, instrumenting the water-shield with light-sensi-
tive readouts to detect Cherenkov radiation, as used in other
experiments [98].

B. Radioactivity from detector
and shielding materials

The dominant background contribution from the electro-
formed copper proposed for DarkSPHERE will be from 210Pb
and progeny decays. Previous electroformed copper samples
have demonstrated a contamination of < 0.12 μBqkg−1
[99]. To assess the contribution of 210Pb to the background
rate, it was simulated uniformly in the 1 cm thickness of
the detector shell, with the decay chain modeled using the
Geant4RadioactiveDecayPhysics package. The
probability that a 210Pb decay causes an interaction deposit-
ing energy below 1 keV was found to be 2.02 × 10−5 ð0.02Þ.
This results in a background event rate of 1.90 × 10−5 dru,
which is significantly smaller than the environmental back-
ground rates given in Table I.
The simplicity of the shielding allows for a limited set of

material to be used, which can be selected for their
radiopurity. This includes the polyethylene used to hold
the water shielding. Possible radioactive contaminants of
the water were considered, for example, 40K, but were
found to bring a negligible contribution to the overall
background rate [100].
The background contribution of the read-out structure

and it’s support rod have not been considered at this time.

TABLE I. Environmental background rates below 1 keV in the DarkSPHERE active volumewith the 2.5 m full-water
shielding system. Environmental backgrounds are induced by photons, neutrons and cosmic-ray muons. High-
energy photons that originate from decays in the cavern of the laboratory give the largest contribution to the total
rate. The neutrons, which are produced directly from decays in the cavern and indirectly from interactions of
cosmic-ray muons with the cavern rock, induce both neutrons and photons in the active volume and give the next
largest rate. Contributions from muons interacting in the detector and its shield are also given, but these can be
suppressed through active veto techniques.

Environmental background rate ≤ 1 keV [dru]

Photon-induced Neutron-induced

Shielding configuration Photon Neutron Photon Muon-induced

2.5 m water 4.2 × 10−3 ð0.3Þ 9 × 10−5 ð5Þ 1.3 × 10−4 ð0.4Þ 5 × 10−3 ð4Þ
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As previously mentioned, the support rod will also be
electoformed, and represents a negligible mass in com-
parison to the detector shell. The remaining components,
being the central electrode, wires, and anodes of the
ACHINOS, will be considered during the R&D for the
project, which will be based on current R&D performed
for NEWS-G.

C. Radioactivity from the gas mixture

The principal gas mixture to be used for the physics
exploitation of DarkSPHERE is He∶i-C4H10 (90%:10%).
These gases are produced from underground natural gas
deposits: He directly, making up a portion of natural gas;
and i-C4H10 indirectly, being produced from the isomer-
ization and fractionation of butane, which is found in
natural gas deposits. As such, these gases have been
trapped underground for significant, geological timescales
and so have no appreciable contamination by isotopes
produced through capture reactions with cosmogenically-
produced spallation neutrons, for example 14C or tritium.
It is only during subsequent manipulation or purification
where these isotopes can be produced. By working with gas
manufacturing companies, it is possible to ensure that gases
that have spent the least time exposed to surface-level
neutron fluxes can be used. This will minimize the
abundance of cosmogenically produced radioisotopes
present in the gas [101]. Furthermore, some commercial
gas purifiers, which are required to remove trace levels of
oxygen and water from the gases, have been shown to
emanate 222Rn. Methods to develop purifiers with greatly
reduced 222Rn are being developed [102] and will be
employed for DarkSPHERE, along with current R&D work
ongoing in NEWS-G for radon traps.

V. PHYSICS OPPORTUNITIES

The large size and the low background of DarkSPHERE

enables multiple searches for signals from phenomena
beyond the Standard Model of particle physics. In this
section, we begin by discussing the main searches for
which spherical proportional counters are used, namely, to
search for DM with a mass of OðGeVÞ that elastically
scatters with a light target-nucleus. To demonstrate the
multiphysics potential of DarkSPHERE we discuss how even
heavier mass DM candidates that interact with an atomic
nucleus could be constrained, before turning our attention
to lighter mass DM candidates that interact with electrons.
Finally, we consider the possibility of extending the use
of spherical proportional counters by filling with 136Xe gas
to search for neutrinoless double β-decay, and coherent
neutrino-nucleus scattering.

A. Nuclear recoils from DM scattering

The baseline scenario is that DarkSPHERE will be operated
with a He∶i-C4H10 (90%:10%) gas mixture at a pressure of

5 bar for a total mass of 27.3 kg. The use of He∶i-C4H10

provides a significant amount of low mass nuclei, specifi-
cally hydrogen and helium, which means that DM with a
mass around the GeV-scale can efficiently transfer kinetic
energy to the nuclei. Combined with the low-energy
threshold of the spherical proportional counter gives
DarkSPHERE high sensitivity to low-mass DM candidates.
In Fig. 10, the projected sensitivity of DarkSPHERE in the

parameter space of the DM mass and the spin-independent
(SI) DM-nucleon cross section is shown. A running time of
300 days and a flat background rate of 0.01 dru was
assumed. This is a conservative estimate of the background
rate that is a factor ∼2 higher than the rate expected with a
2.5 m water shield at Boulby (cf. Table I). The 90% con-
fidence level (CL) exclusion limit was computed using a
binned likelihood-ratio method with energy ranging
between 14 eV and 1 keV [103]. The projection assumes
the Standard Halo Model with astrophysical parameters
recommended in Ref. [104]. A parametrization of the
Helm nuclear form factor from Ref. [105] was used,
although a ¼ 0.37 fm, s ¼ 0.99 fm were used for helium
and a ¼ 0.47 fm, s ¼ 0.9 fm for carbon, as these values
provide a better fit to more recent calculations of the
nuclear form factors (see e.g., [106–109]). Although there
are plans to measure the quenching factors in He∶i-C4H10

gas (cf., Sec. II C), because of the lack of measurements
at this time, SRIM [110] was used to generate simulated

FIG. 10. Sensitivity projections (dashed) for S140, ECuME and
DarkSPHERE to the spin-independent DM-nucleon cross section.
Solid lines show existing constraints from CDMSlite [111],
CRESST-III [112], DarkSide-50 [113], NEWS-G: SEDINE [36],
and XENON1T (Midgal) [114]. The lower yellow region is the
neutrino floor for He∶i-C4H10 (90%:10%). DarkSPHERE has the
potential to explore significant regions of new parameter space
beyond existing constraints and approaches the neutrino floor for
DM masses around 0.6 GeV.
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quenching factors. Finally, a COM-Poisson distribution
with a Fano factor of 0.2 was used to provide fluctuations
in the primary ionization [111] and a Polya distribution
with θ ¼ 0.12 was used to generate fluctuations in the
avalanche [34].
Also in Fig. 10, projected sensitivity for S140 and ECuME

are shown, where the sensitivity curves have been com-
puted using the optimal interval method [115] assuming
background rates of 1.7 dru and 0.3 dru, and exposures of
20 kg days and 200 kg days, respectively [39]. The solid
lines in Fig. 10 show existing constraints on the SI DM-
nucleon cross section so we see that DarkSPHERE explores
extensive regions of new parameter space in the DM mass
range from around 60 MeV to 5 GeV. The yellow shaded
region in Fig. 10 shows the parameter space where the
coherent neutrino-nucleus interaction from solar neutrinos
leads to a significant background (“the neutrino floor”).
The He∶i-C4H10 (90%:10%) neutrino floor has been
calculated using the neutrino fluxes recommended in
Ref. [104] and the approach from Ref. [116], where the
floor is the lower envelope of the background-free sensi-
tivity curves for exposures that attain one neutrino event
with threshold energies between 1 eV and 40 keV.
DarkSPHERE reaches the neutrino floor: we find that approx-
imately two solar neutrino events are expected in a running
time of 300 days.
The sensitivity shown in Fig. 10 is for the canonical SI

DM-nucleus interaction that assumes equal couplings to
protons and neutrons. However, the utilization of hydrogen
in the gas mixture, where the nucleus is a single spin-1=2
proton, provides sensitivity to a wider range of effective
field theory interactions that also depend on the nucleus
spin [42]. For example, the upper panel of Fig. 11 shows
the DarkSPHERE sensitivity to the spin-dependent (SD)
interaction with protons under the same assumptions used
in the SI calculation. The total mass of hydrogen in the
He∶i-C4H10 (90%:10%) gas mixture at a pressure of 5 bar
is 2.9 kg. The shape of the DarkSPHERE projection has a
different shape compared to Fig. 10 because the SD-proton
sensitivity only comes from hydrogen, while the sensitivity
in the SI case arises from hydrogen, helium and carbon.
The upper panel of Fig. 11 also shows the preliminary
results from the S140 experiment obtained with CH4 gas
(“S140 test data”). S140 provides the strongest constraint in
the 0.2–2 GeV DM mass range and demonstrates the
advantage of running with a hydrogen target. We again see
that DarkSPHERE improves upon existing constraints by
many orders of magnitude in the DM mass range from
approximately 60 MeV to 5 GeV.
Subdominant isotopes within the DarkSPHERE detector

that have an unpaired neutron in the nucleus can also
provide sensitivity to spin-dependent neutron interactions
and therefore, the full panoply of spin-independent and
spin-dependent effective field theory interactions can be
tested with DarkSPHERE. Approximately 1.1% of natural

carbon contains the 13C isotope, which corresponds to a
mass of approximately 14 g in the He∶i-C4H10 (90%:10%)
mixture. The bottom panel of Fig. 11 presents the sensi-
tivity of DarkSPHERE with the natural presence of 13C. It may
also be possible, albeit at additional cost, to dope the gas
with a small amount of 3He and the resulting sensitivity

FIG. 11. Sensitivity projections (dashed) for DarkSPHERE to
the spin-dependent DM-nucleon cross section. The upper panel
shows the sensitivity when DM couples to the proton-spin. In
DarkSPHERE the sensitivity arises from hydrogen in the
He∶i-C4H10 gas. The lower panel shows the sensitivity when
DM couples to the neutron-spin. In DarkSPHERE this sensitivity is
achieved through the natural abundance of the 13C isotope, or by
doping (at additional cost) with 3He. Solid lines show existing
constraints from CDMSlite [117], Collar (2018) [118], CRESST-
III [119], PICASSO [120], PICO-60 [121], and XENON1T
(Midgal) [114]. DarkSPHERE has the potential to explore signifi-
cant regions of new parameter space beyond existing constraints.
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from 5 g of 3He is also shown. Although doping with 3He
may be a logistical challenge, it would provide an
additional handle to characterize the nature of the
DM-nucleon interaction in the event of a discovery.
These projections use the averaged nuclear structure
factor from values compiled in Refs. [107,122]. As with
the other nuclear recoil scenarios discussed, the lower
panel of Fig. 11 shows that DarkSPHERE has the potential
to test DM models with cross sections orders of
magnitude below the current constraints.
Next, we explore the sensitivity to the DM-nucleus

interaction that can be achieved by exploiting the
Migdal effect, which accounts for the small probability
that an electron can be emitted from an atom after the
sudden perturbation of the nucleus through a scattering
process with an electrically neutral projectile. Several
collaborations have employed the Migdal effect to extend
the sensitivity to lower DM masses (see e.g., [123–129]).
In Fig. 12, the projected sensitivity of DarkSPHERE in the

parameter space of the DM mass and SI DM-nucleon cross
section is shown. Here, the focus is on a lower mass range
than considered in Fig. 10. A running time of 300 days and
a flat background rate of 0.01 dru is again assumed, and the
Migdal probability for helium is taken from Ref. [130].
Although the Migdal effect is expected to also apply to
molecules including i-C4H10, see, e.g., [131,132], proba-
bilities for this molecule have not been calculated so we
only include the Migdal effect from helium. We follow the

simplified treatment described in Ref. [43] to model the
detector response to the electron that has been ionized
through the Migdal effect. The solid lines in Fig. 12 show
the leading constraints on the SI DM-nucleon cross section
derived using the Migdal effect. By exploiting the Midgal
effect, we see that DarkSPHERE has the potential to explore
DM-nucleon interactions at even lower DM masses than
shown in Figs. 10 and 11.
Before leaving the topic of nuclear recoils, we discuss an

approach that could allow DarkSPHERE to search for the
DM-nucleus interaction from strongly-interacting, super-
heavy DM with masses around the Planck scale. Such DM
candidates could arise as fundamental states in theories of
grand unification [133] and supersymmetry [134], or
consist of macroscopic objects such as DM nuggets [135],
soliton states [136], and primordial black holes [137], to
name a few. Owing to their large mass, the required number
density to saturate the observed relic density is extremely
low and becomes the limiting factor for direct detection.
This means that the experimental sensitivity lies in the
region where DM interacts strongly with nuclear matter,
and invalidates the assumption that direct detection events
only involve a single DM-nucleon scattering. Indeed,
multiple scatterings are predicted for these states, both
during its path through the experimental overburden and
in the fiducial volume. This leads to drastically different
signatures that require dedicated analysis and interpreta-
tion. In this regard, DarkSPHERE could benefit from the
60-anode ACHINOS read-out sensor which allows for
track reconstruction, as discussed in Sec. II B in the context
of background rejection, and would greatly aid a dedicated
multiple-scattering search.
A consequence of the large DM-nuclear cross section

is that, with such a high probability of scattering, the
mass reach of a direct detection experiment scales as
mmax

χ ∝ Adettexp, i.e., linearly with the cross sectional area
of the detector (Adet) and the exposure time (texp), and the
DM-nuclear cross section sensitivity scales inversely with
its diameter and the number density of target nuclei σC ∝
ðLdetndetÞ−1 [44]. With a diameter of 300 cm, DarkSPHERE
would be one of the largest underground DM direct
detection experiments. Comparing to the diameter of
other direct detection experiments such as XENON1T
(100 cm [138]), LZ and XENONnT (150 cm [139,140])
and DEAP-3600 (170 cm [98]) suggests that DarkSPHERE

can offer a factor 3–10 improvement in mass reach per
exposure time.
Figure 13 shows the estimated reach in the DM mass–

contact DM-nuclear cross section (mχ , σC) plane, assuming
3-years of exposure with a He∶i-C4H10 (90%:10%) gas
mixture at 5 bar. The projected DarkSPHERE sensitivity
(horizontal and vertical lines) is estimated using the scaling
formulas above. The search for super-heavy DM can be
carried out in parallel to the low-mass search as there are no
online selections against tracks. We contrast the sensitivity

FIG. 12. Sensitivity projections (dashed) for DarkSPHERE to the
spin-independent DM-nucleon cross section that arises from the
Migdal effect. The two DarkSPHERE scenarios correspond to a
single (ne− ≥ 1) and double (ne− ≥ 2) electron threshold. Solid
lines show existing constraints from CDEX (Migdal) [123] and
XENON1T (Midgal) [114]. The Migdal effect gives DarkSPHERE
the potential to explore significant regions of new parameter
space below 0.1 GeV.
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to existing limits from single scattering at XENON1T [141],
etching plastic searches [142] and searches for evidence
of DM scattering in ancient mica samples [143]. A dedicated
search for multiply scattering massive particles by DEAP-
3600 is also shown [144]. This estimate shows that
DarkSPHERE has the potential to explore new parameter
space for DM masses around the Planck scale (i.e.,
mχ ∼ 1019 GeV) and motivates dedicated studies to obtain
more precise projections.

B. Electron ionization from DM scattering

The single ionization electron threshold of the spherical
proportional counter, which is possible because of the small
detector capacitance and high gain operation, allows for the
possibility of searching for DM-electron interactions [43].1

The kinematics of DM-electron scattering in atoms and
molecules mean that this search channel can probe DM
candidates in the mass range from approximately 5 MeV to
1 GeV [146]. In DarkSPHERE, the signal induced by the DM
interaction is an electron that has been ionized from a
helium atom or isobutane molecule in the He∶i-C4H10 gas
mixture, together with additional primary electrons gen-
erated as the ionized electron propagates through the gas.

In Fig. 14, we show the projected sensitivity of
DarkSPHERE in the parameter space of the DM mass and
the DM-electron cross section. The upper panel is for the
DM form-factor FDM ¼ 1, corresponding to a DM-electron
contact interaction, while the lower panel is for
FDM ¼ ðαme=qÞ2, corresponding to an interaction by a
light mediator. Here, α, me, and q are the electromagnetic
fine-structure constant, electron mass and momentum
transfer respectively. As with the nuclear recoil projections,

FIG. 13. Sensitivity projections (dashed) for DarkSPHERE to the
contact DM-nuclear cross section (which does not assume A4

scaling, where A is the atomic number). Shaded regions show
existing constraints from “Model I” of the DEAP-3600 search
(including the extrapolated regions) [144], single scattering limits
from XENON1T [141], etching plastic searches (Ohya) [142] and
limits from ancient mica samples [143]. DarkSPHERE has the
potential to explore unconstrained parameter space for DM
masses around the Planck scale ð1019 GeVÞ.

FIG. 14. Sensitivity projections (dashed) for DarkSPHERE to the
DM-electron cross section for two choices of the DM form factor:
FDM ¼ 1 in the upper panel; and FDM ¼ ðαme=qÞ2 in the lower
panel. The two DarkSPHERE scenarios correspond to a single
(ne− ≥ 1) and double (ne− ≥ 2) electron threshold. Solid colored
lines show existing constraints from SENSEI [128], XENON10
[147], XENON1T [148], and PandaX-II [149]. The gray lines
show parameter space favored by light DM benchmark models.
DarkSPHERE has the potential to explore significant regions of
unconstrained parameter space.

1A single or few electron threshold also implies sensitivity to
the absorption of keV-scale bosonic DM or keV-scale bosons
produced in the Sun (see, e.g., [145]). We reserve investigation of
such scenarios for future work.
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we have assumed a running time of 300 days and a flat
background of 0.01 dru, and again compute the 90% CL
exclusion limit using a binned likelihood ratio method with
the astrophysical parameters recommended in Ref. [104].
We use the dimensionless ionization form factors for
helium and isobutance provided in Ref. [43] to calculate
the signal rate. For the detector response, we follow the
simplified treatment described in Ref. [43] and use a
1(28) eV threshold on the electron kinetic energy as a
proxy for the single (ne− ≥ 1) and double (ne− ≥ 2) electron
threshold. The FDM ¼ ðαme=qÞ2 scenario is particularly
sensitive to the threshold so the sensitivity in this case
decreases rapidly as the threshold is increased.
The solid colored lines in Fig. 14 show the existing

constraints on the DM-electron cross section while the gray
lines show the parameter space motivated by the freeze-out
(top panel) and freeze-in (bottom panel) benchmark light
DM models in Refs. [146,150]. We find that DarkSPHERE has
the potential to significantly improve upon existing con-
straints under both the single and double electron threshold
scenarios. DarkSPHERE is also able to probe the light DM
benchmark models over a significant region of parameter
space and complements other experimental proposals
(e.g., [28,150–152]) by probing similar parameter space
but with a different target medium and technology.

C. Physics searches with a xenon-filled detector

In addition to light DM searches, the simplicity of the
spherical proportional counter’s design, its low radioactive
backgrounds, and background discrimination capabilities
lend themselves to neutrinoless double β-decay searches.
The Rare Decays with Radial Detector (R2D2) R&D
effort is exploring the use of spherical proportional counters
for this end, with a goal to perform a neutrinoless
double β-decay search with a tonne-scale 136Xe-filled
detector [48]. Recent effort has been made toward dem-
onstrating the energy resolution [45] and light-readout
capabilities [46] that are required for R2D2. The low
background and good energy resolution of a spherical
proportional counter filled with 136Xe gas also make it a
potential tool for supernova neutrino searches [47,48]. For
example, 136Xe at 5 bar in the DarkSPHERE detector would
detect approximately 5 × ð10 kpc=dSNÞ2 events for a super-
nova explosion at a distance dSN, assuming a 27M⊙
progenitor [153], while a negligible environmental back-
ground (≲10−3 events) would be expected during the short
duration of the supernova burst. As a multiphysics plat-
form, DarkSPHERE could be used for such searches.

VI. SUMMARY AND OUTLOOK

DarkSPHERE offers the exciting potential for groundbreak-
ing rare-event searches with a large, fully electroformed
underground, spherical proportional counter. Previous

experience of the NEWS-G collaboration, which is expand-
ing with the physics exploitation of S140 and the con-
struction of ECuME, provides a solid foundation for the
establishment of DarkSPHERE.

DarkSPHERE will improve upon S140 and ECuME by
increasing the diameter of the spherical proportional counter,
operating the gas mixture under higher pressure, and by
improving the shielding system to minimize the environ-
mental background rate. These improvements necessitate
R&D for the scaling-up of the electroformation of spherical
copper structures, an advanced 60-anode ACHINOS sensor
with individual anode read-out, and a novel shield design.
An integral part in the development of these advancements is
the state-of-the-art simulation framework for spherical pro-
portional counters that has been developed.
The project’s planned location is at the Boulby

Underground Laboratory and will benefit from Boulby’s
unique expertise with gaseous detectors. DarkSPHERE would
further develop Boulby’s expertise in hosting state-of-the-
art astro-particle physics experiments by establishing
underground electroforming capability, which is attractive
for hosting future DM experiments.
The primary science goal of DarkSPHERE is to discover and

characterize light DM-nucleon interactions for DM in the
0.05–10 GeV mass range. We have demonstrated that
DarkSPHERE approaches the neutrino floor for DM masses
around 0.6 GeV and has the potential to probe extensive
regions of new parameter space for spin-independent
and spin-dependent interactions with both protons and
neutrons.
The characteristics of a low-background spherical

proportional counter equipped with a multianode
ACHINOS sensor also make it suitable for other DM
searches. As two examples, we have discussed super-
heavy dark matter that leave tracks in the detector and
MeV-scale DM that interacts with electrons. The tech-
nology also has the potential to search for neutrinoless
double β-decay or neutrinos from a supernova explosion if
filled with Xe-136 gas.
To conclude, DarkSPHERE leverages significant prior

international expertise and investment in the use of electro-
formed spherical proportional counters as rare-event detec-
tors, and is expected to offer significant advances well
beyond the state-of-the-art in our understanding of sub-
GeV DM candidates.
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