universe

Article

Conceptual Design and Structural Assessment of a Hemispherical
Two-Chamber Water Cherenkov Detector for Extensive
Air-Shower Arrays

Jasmina Isakovié¢ 1?*(), Marina Manganaro >* and Michele Doro 3

W) Check for updates

Academic Editor: Maté Csanad

Received: 15 December 2025
Revised: 18 January 2026

Accepted: 20 January 2026
Published: 24 January 2026
Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

School of Medicine, European University Cyprus—Frankfurt Branch, 60488 Frankfurt am Main, Germany
Faculty of Physics, University of Rijeka, 51000 Rijeka, Croatia

Department of Physics and Astronomy, University of Padova, 35131 Padova, Italy

Correspondence: ji520@nyu.edu (J.1.); marina.manganaro@uniri.hr (M.M.)

¥ W N e

Abstract

A conceptual design study is presented for a hemispherical, two-chamber water Cherenkov
detector instrumented with bladder-embedded light traps. The detector consists of a
rigid aluminium vessel enclosing a water volume that is divided into an outer, optically
black chamber and a inner, reflective chamber lined by a flexible bladder. Arrays of
light-trap modules, based on plastic scintillators with wavelength-shifting elements and
thin silicon photomultipliers, are integrated into the bladder and selected inner surfaces.
This geometry is intended to enhance muon tagging, increase acceptance for inclined
air showers, and enable improved discrimination between electromagnetic and hadronic
components. The study describes the mechanical and optical layout of the detector, the
baseline aluminium housing, and the use of 3D-printed hexagonal prototypes to validate
integration of the bladder and readout electronics. A first-order structural assessment
based on thin-shell and plate theory is presented, indicating large safety margins for
the hemispherical shells and identifying the flat base as the mechanically most loaded
component. While GEANT4 simulations for detector response to extensive air showers in
the atmosphere and performance measurements are left to future work, the present study
establishes a mechanically validated, costed baseline design and outlines the steps needed
to assess its impact in air-shower arrays.

Keywords: water Cherenkov detector; hemispherical two-chamber detector; cosmic-ray
air showers; muon tagging; detector design study; gamma/hadron separation; detector
mechanical design; extensive air-shower arrays

1. Introduction

Some sources, including pulsars, supernova remnants, active galactic nuclei (AGNs)
and gamma-ray bursts, are capable of producing particles and photons with extreme
energies, ranging from hundreds of GeV to PeV and beyond. When these very energetic
particles enter the Earth’s atmosphere and interact with atmospheric nuclei, they generate
cascades of secondary particles, known extensive air showers (EAS).

The energy spectrum of cosmic rays (CRs) follows a power law: lower energy particles
are much more common, whereas higher-energy particles become increasingly rare. At

around a few PeV (10%°

eV), this spectrum steepens, forming a feature known as the “knee”.
Above the knee, the flux of cosmic rays drops off more sharply, which suggests that many

typical Galactic accelerators are reaching their maximum acceleration energy. Below the
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knee, cosmic rays are generally thought to originate within our Galaxy, but it is still not
possible to uniquely identify and confirm which class of sources dominates their production.
Candidate accelerators that can push particles up to PeV energies or beyond are referred to
as PeVatrons. Finding and confirming such PeVatrons in the Milky Way is an active goal of
current high-energy gamma-ray observatories [1-3].

Before 2021, a central question in high-energy astroparticle physics was whether
the Milky Way contains any genuine Galactic PeVatrons at all. Reviews such as [3] still
described the existence and identity of such extreme accelerators as an open problem.
Ground-based gamma-ray observatories, including High-Altitude Water Cherenkov Obser-
vatory (HAWC), had identified several very-high-energy gamma-ray sources and classified
some of them as “PeVatron candidates,” but their measured spectra typically extended
only to energies of order ~100 TeV [4]. This was highly suggestive of particle acceleration
approaching the PeV scale, yet it did not constitute definitive proof that the parent particles
were being accelerated to petaelectronvolt energies.

This situation changed qualitatively after 2021, when Large High Altitude Air Shower
Observatory (LHAASO) reported multiple Galactic sources emitting gamma rays above
100 TeV, including photons with energies up to about 1.4 PeV, detected with very high
statistical significance [5]. These observations provided direct evidence that PeV-scale
acceleration is occurring within the Milky Way and shifted the focus of the field. The key
questions are no longer centred on whether Galactic PeVatrons exist, but rather on the nature
of the specific accelerators involved, on how these environments confine and eventually
release PeV particles into the interstellar medium, and on whether the observed gamma-ray
emission is predominantly hadronic, arising from interactions of PeV protons and nuclei,
or leptonic, produced by extremely energetic electrons. Addressing these issues requires
combining spectral and morphological gamma-ray measurements with multiwavelength
and, where possible, multimessenger observations, in order to disentangle competing
scenarios and to build a consistent physical picture of Galactic PeVatron sources.

Therefore, and to address the questions about the nature of Galactic PeVatrons and
the mechanisms by which they accelerate and release PeV particles, one requires precise
measurements of gamma rays and cosmic rays over many decades, extending from the
GeV range to well beyond 100 TeV. Space-based detectors are extremely effective up to
approximately the GeV-TeV domain, but the flux of both gamma rays and cosmic rays falls
rapidly with increasing energy, which makes it increasingly difficult to acquire sufficient
statistics with satellite instruments at very high energies [6]. In the very-high-energy and
ultra-high-energy regime, observational strategies therefore change: instead of detecting
the primary particles directly in space, one exploits the Earth’s atmosphere as a giant
calorimeter. A primary gamma ray or cosmic ray entering the atmosphere interacts with air
nuclei and initiates an extensive air shower containing thousands of secondary electrons,
positrons, photons, hadrons and muons.

These particle cascades are observed indirectly using two complementary classes
of ground-based instruments: imaging atmospheric Cherenkov telescopes (IACTs) and
extensive air shower (EAS) arrays, including arrays of water Cherenkov detectors. As the
air shower front propagates downward at nearly the speed of light, it gives rise to two
principal observables. First, the relativistic charged particles in the shower produce a short,
nanosecond-scale flash of Cherenkov light in the atmosphere, which is imaged by IACTs.
Second, a fraction of the secondary electrons, positrons, photons (via pair production)
and especially muons survive to ground level, where EAS arrays sample their spatial and
temporal distributions. In addition, heavy cosmic-ray nuclei radiate a small amount of
“direct” Cherenkov light high in the atmosphere before their first interaction. This light
is more narrowly beamed than the Cherenkov emission from the subsequent air shower,
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because it is produced at higher altitude where the refractive index of air is closer to unity,
and because lower-energy shower particles suffer stronger deflections that broaden the
light pool. A telescope located at an appropriate impact distance, of the order of one
hundred meters from the primary trajectory, can, in principle, detect both the direct and
shower Cherenkov components. From the recorded Cherenkov images and the sampled
secondary particles, one reconstructs the arrival direction of the primary (astrometry),
its energy (spectroscopy), and, to some extent, its nature. This facilitates the distinction
between gamma rays from hadronic cosmic rays and, in favorable cases, inferring the mass
of charged primaries.

At the core of these techniques lies the physics of Cherenkov radiation itself. When an
electrically charged particle traverses a dielectric medium with a speed exceeding the phase
velocity of light in that medium, it induces a polarization of the material that relaxes in the
form of coherent electromagnetic radiation. The basic condition for Cherenkov emission is
that the particle velocity v is larger than the speed of light in the medium,

pn>1 = v>%, 1)

where = v/c is the particle velocity in units of the speed of light in vacuum and # is
the refractive index of the medium. Under these conditions, the radiation is emitted as a
characteristic cone around the particle trajectory, forming a “shock” wavefront analogous
to the sonic boom produced by an object moving faster than the speed of sound in air.
The opening angle of this cone, the Cherenkov angle 6c, is given by
cosOc = L, (2)
Bn
so that, for a medium with known dielectric properties, a measurement of 6 provides a
direct handle on the particle speed.
The intensity and spectral distribution of Cherenkov light are described by the Frank—
Tamm formula, which gives the number of photons emitted per unit path length and per

d’N ) 1 1
drdr 2Tz <1 N 52;12@));\2' ®)

where « is the fine-structure constant, z is the charge of the particle in units of the ele-

unit wavelength,

mentary charge, and () is the wavelength-dependent refractive index. In the context of
atmospheric showers, these properties are exploited on a macroscopic scale: the angular
and spatial distribution, intensity and timing of the Cherenkov light, together with the
pattern of secondary particles at ground level, encode the development of the cascade and
thereby the properties of the primary particle that initiated it.

In practical terms, modern imaging atmospheric Cherenkov telescopes (IACTs) imple-
ment this technique by using large optical reflectors to collect the brief Cherenkov flash
from the air shower and focus it onto fast photosensors in a focal-plane camera. These
cameras are typically based on two main sensor technologies. Photomultiplier tubes (PMTs)
are vacuum-tube devices in which an incident photon strikes a photocathode, liberating
an electron that is then multiplied through a cascade of dynodes to produce a large, fast
electrical pulse. Although PMTs offer very high gain and excellent timing performance,
they are relatively fragile and require high operating voltages. Silicon photomultipliers
(SiPMs), by contrast, are solid-state devices composed of many tiny avalanche photodiodes
operated in Geiger mode and connected in parallel, each capable of firing on a single
photon; they are compact, operate at low voltage and are insensitive to magnetic fields,
but they exhibit higher dark noise and can saturate at high light levels. The focal-plane
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camera records a two-dimensional image of Cherenkov light from the shower in the at-
mosphere, and the morphology of this image encodes key information: its orientation
on the sky provides the incoming direction of the primary particle, its length and width
correlate with the energy and stage of shower development, and deviations from the ex-
pected “gamma-like” shape allow discrimination between gamma-ray-induced showers
and the more irregular hadronic showers initiated by charged cosmic rays [7]. Arrays of
IACTs, such as H.E.S.S., MAGIC, VERITAS and Cherenkov Telescope Array (CTA), observe
the same shower from multiple viewing angles, which substantially improves angular
resolution, energy reconstruction and background rejection, and thereby enables precision
studies of very-high-energy gamma-ray sources and potential Galactic PeVatrons.

Imaging atmospheric Cherenkov telescopes offer several key strengths that have made
them the leading instruments for very-high-energy gamma-ray astronomy. Their stereo-
scopic imaging capability yields very good angular resolution, down to approximately 0.1
deg for bright sources, enabling detailed studies of source morphology and the separation
of nearby emission regions. Over their core energy range, from roughly 100 GeV up to a few
tens of TeV, IACTs also achieve good energy resolution, which allows precise reconstruction
of gamma-ray spectra and the identification of spectral features such as cutoffs or breaks.
As pointed instruments with deep exposure on selected regions, they are particularly pow-
erful for targeted observations of known sources, where long integrations can deliver high
signal-to-noise measurements and spatially resolved spectroscopy. These strengths come
with important limitations. The duty cycle is intrinsically restricted, because observations
require dark, clear, and largely moonless nights; as a result, the effective uptime is typically
only of the order 10-15% [7]. In addition, the instantaneous field of view is relatively
narrow, with only a few degrees across. This, in turn, constrains the ability to survey large
fractions of the sky efficiently. Taken together, these factors limit the capability of IACTs
to perform unbiased, continuous all-sky monitoring and to capture unexpected transient
events without prior pointing.

These limitations motivate a complementary approach based on wide-field extensive
air shower (EAS) arrays. Instead of imaging Cherenkov light with optical telescopes, such
arrays deploy many particle detectors over a large area at ground level and continuously
sample the secondary particles from air showers that arrive from a broad range of directions.
Extensive air shower arrays measure, in particular, the spatial distribution and timing of
secondary particles at the surface, including the relative arrival times of the shower front
at many detector stations, which constrains key properties of the cascade. By fitting the
observed timing pattern across the array, the arrival direction of the primary particle can
be reconstructed with good precision. In contrast to IACTs, these instruments operate
continuously, day and night, and can operate in a wide range of weather and moonlight
conditions, achieving an effective duty cycle close to 100%. In addition, EAS arrays observe
a large fraction of the overhead sky simultaneously, with an instantaneous field of view of
order steradians, which makes them well suited for unbiased sky surveys and for catching
rare or unexpected transient events. Prominent examples of such facilities include Milagro
and its successor HAWC in Mexico, as well as LHAASO in China.

A particularly successful implementation of the EAS technique is based on water
Cherenkov detection, which is employed in several modern wide-field arrays. In this
approach, secondary shower particles at ground level—electrons, positrons, photons that
convert to pairs, and, in particular, muons—enter large water tanks distributed over the
array. If a charged particle traverses the water with a speed exceeding the phase velocity
of light in the medium, it emits Cherenkov radiation, which propagates as a cone of
optical photons. Photomultiplier tubes installed at the bottom of each tank record the
resulting signals, providing both the pulse amplitude, which is related to the energy
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deposited in the detector, and the precise signal timing, which constrains the geometry
and curvature of the shower front. An array comprising many such tanks samples the
lateral distribution of the shower at ground level, enabling reconstruction of the shower
size and direction. Since muons are more penetrating than the purely electromagnetic
component, their signals can be distinguished and used as a powerful discriminator against
hadronic background, thereby enhancing the sensitivity of water Cherenkov EAS arrays to
gamma-ray—induced showers.

In recent decades, both imaging atmospheric Cherenkov telescopes and extensive air
shower arrays have delivered major advances in ground-based high-energy astroparticle
physics. They have enabled the detection and spectral characterisation of a large population
of TeV gamma-ray sources, including pulsar wind nebulae, supernova remnants and active
galactic nuclei [7,8]. These instruments have also made it possible to map diffuse gamma-
ray emission along the Galactic plane, which traces the spatial distribution of cosmic rays
and constrains their propagation in the interstellar medium [9]. In the context of PeVatrons,
ground-based observatories have identified promising candidates through multi-100 TeV
and, more recently, PeV gamma-ray emission, implying that particles are indeed being
accelerated within the Milky Way up to PeV-scale energies [1]. In parallel, continuous time-
domain monitoring of the TeV sky by wide-field instruments such as HAWC has provided
sensitivity to flares and transient phenomena that pointed IACTs may miss because of their
limited duty cycle and narrow field of view [2].

Despite these achievements, several fundamental questions remain. A primary issue
is the origin of the highest-energy cosmic rays: although there are plausible candidate
source classes, we still lack a definitive census of which objects dominate the observed
ultra-high-energy cosmic-ray flux [3]. It also remains unclear which physical mechanisms
can efficiently accelerate particles to PeV energies, since diffusive shock acceleration in its
simplest form may not always suffice; additional ingredients such as strong turbulence or
extreme electromagnetic fields may be required. Other active lines of research focus on how
cosmic rays escape from their sources and propagate through the Galaxy [9], and on the
reliability of hadronic interaction models at extreme energies. Current models, extrapolated
beyond LHC energies, do not always reproduce the measured muon content of extensive
air showers, leading to a discrepancy between observed and simulated muon yields that
is often referred to as the “muon puzzle” [10,11]. This deviation may indicate that there
are still gaps in our understanding of hadronic physics or shower development in this
energy regime.

To address some of these issues and mitigate the limitations of the present global ob-
servatory network, including sky coverage asymmetry, transient response and background
rejection at extreme energies, recent years have seen a rise in proposed new collaborations
one of which is Southern Wide-Field Gamma Ray Observatory (SWGO) [2]. SWGO is a
planned wide-field, high-duty-cycle gamma-ray observatory in the Southern Hemisphere
proposed in Chile at approximately 4770 m altitude. SWGO will deploy a large array
of WCD units, with a dense inner core and a more extended outer array [2]. Since most
existing gamma-ray observatories are located in the Northern Hemisphere, SWGO is de-
signed to provide continuous monitoring of the Southern sky, including the Galactic Centre
and the inner southern Galactic plane, with sensitivity from the GeV to the PeV range.
In combination with the Northern facilities (such as LHAASO and HAWC), SWGO will
enable nearly continuous, all-sky coverage at very high energies.

SWGO will consist of a dense inner core and an outer array of more sparsely spaced
detector units. While the inner array is designed to provide precise sampling of the air-
shower front near the core and to deliver high-quality event reconstruction at intermediate
energies, the outer array is optimised to (1) detect muons and other particles at large
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distances from the shower core, (2) constrain the shower footprint and core position
for the highest-energy events, (3) improve the estimation of the primary particle energy,
and (4) enhance gamma-hadron discrimination through muon tagging in the outer regions
of the shower.

However, SWGQO's science goals place stringent requirements on detector unit design,
especially in the outer array, where a large number of robust, cost-effective stations must
provide efficient muon tagging and good sensitivity to particles far from the shower core.
In this context, SWGO will employ water Cherenkov detectors (WCDs), widely used in
astroparticle physics and cosmic-ray experiments to detect extensive air showers and to
tag penetrating muons. Their large active volumes, robustness, and relatively low cost
make them attractive for large-area arrays. However, conventional WCD designs are
typically based on simple cylindrical or box-like geometries, with a modest number of
photodetectors and limited flexibility in separating different shower components or in
performing efficient muon tagging.

To address this limited flexibility of conventional WCD geometries for shower-
component separation and efficient muon tagging, we propose a hemispherical, optically
segmented WCD. The active volume is divided into an outer and an inner chamber with
distinct optical treatments, with the outer chamber incorporating an instrumented bladder.
While motivated by the requirements of large-area EAS arrays like SWGO, the design
can be adopted in future arrays or upgrades where stringent muon-tagging performance
is required.

Within this design, the outer chamber is optically black and instrumented to measure
prompt, predominantly direct light, whereas the inner chamber is lined with a reflec-
tive surface to enhance the collection of muon-induced Cherenkov photons. Light-trap
modules—based on plastic scintillators with wavelength-shifting elements and silicon pho-
tomultipliers (SiPMs)—are embedded in the bladder that is confined to the outer chamber,
while additional modules are mounted along the inner surfaces, providing distributed
instrumentation in both volumes. The bladder is intended to be fabricated from PVC or a
PVC-like material, similar to that used in HAWC [12]. Mechanical support is provided by a
rigid aluminium shell with a top hatch, allowing straightforward insertion and removal of
the bladder assembly.

The goals of this paper are to (i) present the conceptual design of the hemispherical,
two-chamber water Cherenkov detector, including its mechanical configuration and optical
layout; (ii) describe the aluminium housing and the integration of bladder-embedded
light traps, supported by 3D-printed hexagonal prototypes for assembly and electron-
ics validation; and (iii) discuss the expected advantages and potential drawbacks of the
hemispherical two-chamber architecture in the context of extensive air-shower arrays.
To provide a reasonable basis for this detector concept, the paper also (iv) includes an initial
cost estimate and a first-order structural evaluation based on thin-shell and plate theory.
At this stage, the work is a design and feasibility study: no detailed simulation results or
experimental performance measurements are reported. Prototype detector units will be
used in a second phase to validate the concept with cosmic-ray data and to benchmark
future optical and array-level simulations.

2. Materials and Methods
2.1. Detector Concept and Geometry

A target sensitivity comparable to that envisioned for next-generation wide-field EAS
gamma-ray observatories (e.g., SWGO) in the 0.1-10 PeV range implies instrumenting a
multi-square-kilometre area with a relatively low fill factor of order 1-4, such that individual
detector units are spatially isolated. At these energies, the rate of air showers induced by
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hadronic cosmic rays exceeds the rate of photon-induced showers in a typical field of view
by roughly three to five orders of magnitude, while the absolute gamma-ray signal rate
remains low [13-15]. As a consequence, the array must achieve very efficient rejection of the
hadronic background, with an effective gamma/hadron separation power corresponding
to background suppression at the level of ~10*-10°, depending on the energy and the
analysis cuts. In wide field-of-view water Cherenkov arrays, this separation critically
relies on an accurate determination of the muon content of each event. Namely, hadronic
showers typically contain abundant high-energy muons, whereas photon-induced cascades
are strongly muon-poor. Therefore, precise muon counting over large lateral distances is
essential as it allows for even proton-induced showers with unusually low muon content
to be distinguished from gamma-induced events.

Even though muon tagging is most effectively achieved with underground muon de-
tectors, such installations are invasive to the terrain and entail substantial civil-engineering
costs. A more economical alternative is to exploit a large depth of water inside the detector
itself, so that only muon-induced signals are produced at the deepest layers. However,
a detector unit based solely on a deep vertical tank must still provide an efficient veto
against particles entering through the lateral surfaces. Since constructing very thick lateral
shielding around a tall cylindrical tank is impractical, a hemispherical tank geometry is
proposed instead, as shown in Figure 1.

chamber
O,

Figure 1. Hemispherical two-chamber detector. The active volume is divided into an outer and a

inner hemispherical chamber, the former of which is lined by a flexible bladder. The outer chamber is
internally blackened to suppress reflections, while the inner chamber has a reflective inner surface
so that only the Cherenkov light from traversing muons is recorded there. Light-trap sensors are
embedded in the bladder, along the inner surface of the outer chamber, and within the inner chamber.
All signal and steering cables are routed through the bladder and extracted to the outside via a
top hatch. The complete bladder-sensor assembly is inserted through a top hatch into a rigid
hemispherical aluminium shell that defines the detector geometry.

With that being said, the proposed detector unit consists of a hemispherical water
tank divided into an outer and an inner chamber, the former of which is lined by a flexible
bladder. The bladder is a thin, watertight liner that spans the equatorial plane of the hemi-
sphere and hosts an array of embedded light-trap modules. The outer chamber is designed
to be optically black, with internal surfaces coated or lined with highly absorbing material
to suppress reflections. The inner chamber is lined with reflective material to increase the
effective light collection from Cherenkov photons produced by traversing muons.
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The mechanical enclosure is a rigid aluminium shell with a hemispherical geometry.
A circular hatch is located at the top of the hemisphere and provides access for inserting and
removing the instrumented bladder and associated cabling. During assembly, the bladder,
including all light traps, sensors, and steering cables, is pre-integrated as a single module.
This module is then inserted through the top hatch into the hemispherical shell. Cabling is
routed outwards through the hatch and is connected to the external readout electronics.

Both chambers are equipped with light-trap sensors. In the nominal configuration,
the outer chamber hosts multiple light traps arranged approximately along a spherical
surface, facilitating wide angular coverage and sensitivity to a range of incidence angles.
The reflective inner chamber, together with the water volume beneath the bladder, en-
hances the collection of photons associated with muons traversing the tank, while the
outer chamber provides complementary information useful for event classification and
background rejection.

2.2. Light-Trap Modules

The light traps being developed at the University of Padova are based on wavelength-
shifting (WLS) large-area plastic elements (disks, bars) (Eljen Technology, Sweetwater,
TX, USA) or WLS fibres (Kuraray, Tokyo, Japan) coupled to silicon photomultipliers
(SiPMs) [16]. These share a polymer base with refractive index n ~ 1.6 and are doped with
fluorescent molecules that absorb UV /blue Cherenkov photons and re-emit them isotrop-
ically at longer wavelengths. A large fraction of this re-emitted light is confined inside
the WLS volume by total internal reflection and guided towards its edges or fibre ends.
The trapping efficiency e depends on the geometry (disk or tube) and on the surrounding
medium (air or water), with typical values of 10-80%. In practice, the WLS function can be
realised either by bulk doping of the plastic or by applying a WLS paint or layer on the
entrance surface, so that the primary Cherenkov light is shifted before being transported
within the bulk material and directed towards the readout [16].

The wavelength-shifted photons trapped inside the WLS components are collected at
the borders by SiPMs. In the present laboratory setup, Hamamatsu MPPCs (S14160/514161)

with an active area of 3 x 3 mm?

are used. They provide single-photon sensitivity and a
photon-detection efficiency of about 30-50% in the 300-600 nm range, well-matched to the
emission spectra of the WLS materials [16]. Prototype light-trap units, combining WLS
elements and SiPM readout, have already been assembled and tested, and an example of a
planar WLS light-trap prototype and its envisaged integration in a hemispherical detector
is shown in Figure 2.

In the hemispherical detector concept, these light-trap modules are distributed over
the bladder and the inner chamber. Their modularity and relatively low cost allow for a
high channel density without significantly increasing the mechanical complexity of the
tank. Detailed engineering design and performance optimization of the light-trap modules
are beyond the scope of this work and are therefore only discussed at a conceptual level.
For more detail, see [16].

2.3. Aluminium Housing Shell

For large-scale deployment, the baseline solution is a custom aluminium shell that
houses the water volume, bladder, and light traps. Aluminium is chosen for its mechanical
robustness, resistance to environmental stress and good machinability. The shell forms a
hemispherical tank with a wall thickness chosen to withstand hydrostatic pressure and
environmental loads such as snow and wind. External stiffening ribs or a supporting frame
can be added where needed to ensure structural integrity under site-specific conditions.
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Muon N Electron
chamber N chamber

I—

Figure 2. Conceptual implementation and laboratory demonstration of bladder-embedded WLS
light traps. Left: cross-sectional sketch of the hemispherical two-chamber detector showing the
arrangement of light-trap modules (grey) in the outer “electron” and inner “muon” chamber. Right:
photographs of a planar WLS light-trap prototype developed at the University of Padova, consisting
of a wavelength-shifting plastic disk with a SiPM mounted on its edge and illuminated by a pulsed
UV LED. The upper-right image shows the full disk under illumination, illustrating the trapping and
guiding of light along the rim. Panels A and B highlight details of the light injection and the guided
emission along the disk edge, respectively.

The inner surface of the shell is prepared differently in the two chambers. In the outer
chamber, a black, highly absorbing coating or a liner is applied to minimize reflections
and define a well-controlled optical environment for the light traps. In the inner chamber,
a reflective liner or foil is installed to enhance the probability that Cherenkov photons
reach a light-trap module after multiple reflections. The interface between the two cham-
bers is defined by the bladder itself, which also serves as the support structure for the
embedded sensors.

The top hatch is dimensioned to allow the pre-assembled bladder and sensor package
to be lowered into the tank. Mechanical attachment points on the inner wall support
the bladder and keep it in the desired equatorial position. Cable inputs near the hatch
provide a watertight path for power, bias lines, and signal cables to the outside. The shell
is designed to be compatible with standard lifting and transport equipment, facilitating
handling during installation and maintenance.

The aluminium housing is divided into four main components: a top access hatch,
the outer hemispherical shell, the structural base plate, and the inner hemispherical shell
that defines the inner chamber. The pre-assembled bladder and sensors are mounted inside
this structure. An exploded view of the detector unit, together with the parts list and
nominal masses, is shown in Figure 3.

The overall dimensions of the detector unit are constrained by the desired water vol-
ume, transport limits, and the spacing foreseen in the outer array. A compact hemispherical
geometry with an external diameter of approximately 3.5 m was adopted for the baseline
design. Figure 4 summarizes the key dimensions and mechanical features, including the
curvature radii of the shells, the base thickness, and the diameter and inclination of the
access hatch.
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1 | 2 | 3 | 4 | 5 | [3 | 7 | 8

Parts List
A Item | Part Name Description Material Mass A
1 |Hatch Top access hatch for routing and servicing the bladder and electronics, simplifying maintenance and repair. Aluminum, 71.317 kg
Anodized Silver
2 |Outer shell |Hemispherical outer chamber of the detector, enclosed by the outer shell. This chamber houses the light-trap Aluminum, 1013.353 kg
- sensors and must have a fully black, non-reflective inner surface. Anodized Silver —
3 |Base Structural base plate for the detector assembly. Provides mechanical support and alignment features for Aluminum 891.104 kg

attaching the pre-assembled inner and outer hemispherical chambers on site. Includes mounting interfaces for
external supports, cable routing, and services (e.g. power, readout), ensuring stable positioning and precise
orientation of the detector relative to the ground or support structure.

4 |Inner shell |Hemispherical inner chamber of the detector, enclosed by the inner shell. Only muon-induced light is recorded in | Aluminum 257.494 kg
this volume. The inner surface of this chamber is reflective and equipped with light-trap sensors.

7 T z T 3 T 0 I 5 T g T 7 T 0

Figure 3. Exploded view of the hemispherical detector unit and associated parts list. The assembly is
composed of (1) a top access hatch for routing and servicing the bladder and electronics, (2) the outer
aluminium shell forming the upper, optically black chamber, (3) a structural base plate that supports
the detector on site and provides interfaces for services and cabling, and (4) the inner aluminium
shell forming the lower, reflective chamber where muon-induced light is recorded.

' 2 | 3 | s | 5 5 | 7 5

Parts List
R Number Part Material Finish N
Outer Shell Aluminium Black
3 Inner Shell Auminium Reflective
Base Auminium Reflective

Isometric view 1:50 =

. A(1:12) B (1:2) .

| Unless stated otherwise, all measurements are given in mm.

1 T B T 3 T 4 I 5 I 6 T 7 I 8

Figure 4. Dimensioned mechanical drawing of the hemispherical water Cherenkov detector unit. The
top view, sectional views and isometric projection show the outer shell, the inner shell defining the
inner chamber, and the flat base plate. The drawing specifies the main diameters, radii and heights
used in the baseline design, as well as the geometry of the access hatch.

2.4. Structural Modelling and Loading Assumptions

A screening-level structural model of the hemispherical vessel was implemented in
Python 3.12.12 to obtain first-order estimates of stress magnitudes and stability margins.
The outer and inner chambers are idealised as thin hemispherical shells of radii Royter =
1.73 m and Rjpner = 0.86 m, respectively, each with wall thickness t = 20 mm. Both shells
are assumed to share a common equatorial support and to interface with a flat circular
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base plate of radius a = Router- The annular volume between the shells is assumed to be
completely filled with water, with a free surface located at the crown of the outer dome.
The water pressure is modelled as hydrostatic with gauge pressure

p(h) = pgh, (4)

where p = 1000 kg m=3, ¢ =981 ms2 and h = zge — 2 is the depth below the free
surface. The free surface is taken to be at atmospheric pressure, so p(h) represents a
pressure difference relative to atmosphere. The applied pressure differentials on the shells
are defined as follows. The outer shell experiences internal water pressure p(h) with
atmospheric pressure externally, so the net pressure differential acting on the shell is
Apouter(h) = p(h) (acting outward). The inner shell is assumed to enclose an atmospheric
cavity, while its exterior is exposed to the water pressure p(h); therefore, the net pressure
differential acting on the inner shell is Apinner () = p(h) (acting inward). The inner surfaces
of both shells are discretised in polar coordinates, and p(h) is evaluated at each surface
point. The self-weight of the aluminium shells is neglected in this first-order model.

To obtain an order-of-magnitude estimate of stress levels associated with the local
pressure, a spherical thin-wall scaling relation is used,

pR
o~ ot ®)

where R is the shell radius and ¢ is the wall thickness. This expression is exact for a complete
spherical shell under uniform pressure; in the present configuration (hemispherical caps
with an equatorial boundary and non-uniform hydrostatic loading), it is used only as a
conservative scaling estimate of membrane stress magnitude. Bending effects, boundary-
condition effects at the equator, and local stress concentrations (e.g., hatch cut-outs, welds,
and supports) are neglected, and the resulting shell stress maps should therefore be inter-
preted as screening metrics rather than design stresses [17].

The flat base plate is idealised as a clamped circular plate of radius 4 = Router and
thickness ¢ = 20 mm. For the plate bending check, the plate is subjected to a uniform
pressure load equal to the hydrostatic gauge pressure at the bottom,

q = p(Mpottom) = PSMbottom- (6)

Under classical small-deflection plate theory, the maximum bending stress at the plate
centre for a clamped, uniformly loaded circular plate is [17]

3(14+v) ga?
Ob,center — % th/ (7)

where v is Poisson’s ratio. This provides a conservative first-order estimate of the bending
stress associated with pressure loading, noting that large-deflection effects are not captured
by the small-deflection theory and that the effective boundary condition in service may
differ from the fully clamped idealisation. The foundation bearing problem, including
contact pressure transmitted to soil or a slab due to the total weight of water and structure,
constitutes a separate load case and is not combined with the internal hydrostatic pressure
loading used for the plate bending estimate.

The susceptibility of the inner shell to elastic buckling under external pressure is
assessed using the classical critical pressure for a perfect thin spherical shell [18]

2E EY
i pum— 4 8
Pc,ideal 3(1 —12) (Rinner> v
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where E is Young’s modulus and v is Poisson’s ratio. Typical aluminium properties
E ~ 70 GPa and v ~ 0.33 are adopted. Since real shells are imperfection-sensitive, and the
present geometry is a hemispherical cap with an equatorial boundary and a non-uniform
hydrostatic pressure field, p. igeal is treated as an upper bound. A conservative knockdown
factor « is applied to define an effective screening value,

Peeff = K Pcjideals k=02, 9)

with the understanding that certification-level buckling assessment requires dedicated anal-
ysis incorporating boundary conditions, geometric imperfections, and the actual pressure
distribution. All calculations were taken with double precision and visualised as pressure
and stress maps over the shell surfaces, together with representative bending stress mea-
sures for the base plate. These calculations are intended to provide relative load/stress
scaling and preliminary risk identification, and are not a substitute for design-code veri-
fication or certification-level finite-element analysis incorporating boundary conditions,
geometric imperfections, and nonlinear response.

2.5. Prototype Development with 3D-Printed Hexagonal Panels

While the aluminium shell is the baseline solution for operational detector units, early
prototypes will be constructed using 3D-printed panels to validate the mechanical interfaces
and the integration of the bladder and electronics, as shown in Figure 5. Moreover, such
prototyping will also make it possible to assess the feasibility of manufacturing detector
housing by additive methods, in case aluminium prices continue to rise and alternative,
more cost-efficient fabrication routes become attractive.

1 | 2 | 3 | 4 | 5 | 6 7 8

I

Unless specified otherwise, all measurements are given in mm.

A(1:5)
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\
\
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I
i

Isometric view 1:18

‘ @990

7 \ 2 \ g \ 0 \ s T s \ 7 I s
Figure 5. Technical drawing of the 1 m-diameter 3D-printed hemispherical prototype. The lower
view shows the cross-section of the outer shell, inner shell and base plate, including the circular hatch
and handle at the top. The upper right inset gives the geometry of a single hexagonal panel (side
length 30 mm, thickness 8 mm) with its interlocking features, while the isometric view illustrates the
assembled shell covered by hexagonal tiles.

In this prototyping approach, the hemispherical shell (outer diameter ~1 m) is realised
as a scaled-down version of the full-size detector, chosen for practicality and available
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laboratory space. The geometry is approximated by a tessellation of regular hexagonal
tiles mounted on a circular base plate. Each tile is a regular hexagon with a side length of
30 mm and a thickness of 8§ mm. Shallow tongue-and-groove features along the edges allow
neighbouring hexagons to interlock like puzzle pieces, providing self-alignment during
assembly and increasing the stiffness of the resulting shell. The detailed geometry of these
connection links is shown in Figure 6.

1 2 3 | 4 | 5 6 7 8

-

El

m

Unless otherwise specified, all measurements are given in mm.

1 I 2 | 3 I 4 | 5 [ 6 I 7 8

Figure 6. Assembly concept for the 3D-printed hexagonal panels. The upper inset shows a patch
of PLA Strongman hexagons interlocked like puzzle pieces, which are subsequently bonded to the
circular PERSPEX base plate of 950 mm diameter. The detailed view A (1:1) and the side and plan
drawings specify the panel dimensions (side length 30 mm, thickness 8 mm) and the tongue-and-
groove connection links between neighbouring tiles.

The tiles are printed by fused-filament fabrication on a Raise3D Pro3 printer, using PLA
Strongman filament, a high-strength PLA-based material chosen for its combination of good
dimensional stability, enhanced toughness compared to standard PLA, and adequate ther-
mal resistance for the expected outdoor temperature range. The hexagonal hemispherical
array is bonded to a circular base disk made of PERSPEX 30/962 (cast PMMA) with a diam-
eter of 950 mm and a thickness of 30 mm. Mechanical and watertight joints are achieved
using a two-component structural adhesive formulated for plastics, in combination with a
fast-curing auxiliary adhesive for local tacking during assembly. This combination provides
good adhesion to both PLA and PMMA, sufficient peel and shear strength for handling
and filling tests, and convenient working times for on-bench assembly.

The 3D-printed housing is not proposed as a direct replacement for the aluminium
shell in a full-scale observatory. Instead, it serves as a modular and cost-effective platform
to test key aspects of the concept: the placement and fixation of light traps on a curved
surface, the routing and strain relief of cables, the behaviour of the bladder under repeated
filling and emptying cycles, and the basic performance and stability of the readout chain.
The modular nature of the hexagonal panels enables rapid design iterations, replacement
of individual tiles, and systematic studies of different assembly strategies and tolerances.
Laboratory equipment such as a digital oscilloscope, a coincidence unit, and standard
soldering and hand tools were procured to support the assembly and characterisation
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of these prototypes. With that being said, the baseline solution for large-scale deploy-
ment remains the aluminium shell, but experience gained with the hexagonal 3D-printed
prototypes will inform its optimisation and provide input on whether partially or fully
additively manufactured housings could become a viable option for specific applications
or cost scenarios in future arrays.

At the time of submission, the prototype is in mechanical fabrication and component-
level verification. Therefore, system-level measurements (e.g., photon-detection efficiency,
sealing performance, and cable-routing stability) are not yet available and will be reported
separately.

3. Results

3.1. Design Validation and Structural Assessment
3.1.1. Static Strength and Stability Under Hydrostatic Loading

Using the structural model and assumptions described in Section 2.4, the hydrostatic
gauge pressure field and associated screening-level stress measures were evaluated for the
outer and inner hemispherical shells. With the free surface at the crown of the outer dome,
the maximum hydrostatic pressure occurs at the equator and is

Pmax =~ pgRouter ~ 1.7 x 10* Pa. (10)

The self-weight of the aluminium shells was neglected in this first-order assessment.
Shell stresses were estimated using thin-sphere pressure scaling o ~ pR/(2t) as an order-
of-magnitude membrane stress measure (rather than an exact solution for a hemispherical
cap under non-uniform hydrostatic loading). For the outer shell, this gives a maximum
stress scale of Ooutermax =~ 0.73 MPa; for the inner shell (Ripner = 0.86 m) under the same
external hydrostatic field, Ginnermax =~ 0.37 MPa. Adopting a conservative yield strength of
0y = 230 MPa for structural aluminium alloys, the corresponding screening safety factors
against yielding are Fg ~ 3 X 102 (outer shell) and Fg ~ 6 x 102 (inner shell). Figure 7a,b
show the resulting stress maps, which primarily reflect the hydrostatic pressure variation
with depth.

For the flat base plate, the bending check was treated as a separate internal-pressure
load case. The plate was idealised as a clamped circular plate of radius 2 = Router and
thickness t = 0.020 m under a uniform pressure load equal to the hydrostatic gauge
pressure at the base,

§ = Pmax ~ 1.7 x 10* Pa. (11)

Using the classical small-deflection expression for a clamped, uniformly loaded circular
plate (Section 2.4) with v ~ 0.33 yields a maximum bending stress at the plate centre of
Obcenter =~ 6.3 X 107 Pa (about 63 MPa), corresponding to a screening safety factor of
Fs ~ 3.6 relative to oy = 230 MPa. Figure 7c illustrates this base plate idealisation. This
estimate neglects geometric nonlinearity and the supporting effect of the soil or slab;
therefore, it should be interpreted as an indicative stress scale for a conservative boundary
condition and a simplified load path. The foundation bearing problem, i.e., the contact
pressure due to the total weight of water and structure, is treated as a distinct load case
and is not combined with the internal hydrostatic pressure bending estimate.

The elastic buckling safety of the inner shell under external pressure was assessed
using the classical spherical-shell buckling expression (Section 2.4). For Rinper = 0.86 m,
t =20 mm, E ~ 70 GPa and v ~ 0.33, the classical critical pressure for a perfect shell is
Pejideal = 4.6 X 107 Pa (~46 MPa). Spherical shells are highly imperfection sensitive, and ex-
perimentally observed buckling pressures can be substantially lower than the classical
prediction [18,19]. Applying a conservative knock-down factor x = 0.2 gives an effective
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screening value p. o ~ 9.2 MPa. Since the maximum hydrostatic pressure in operation is
Pmax =~ 1.7 x 10* Pa = 0.017 MPa, as seen in Figure 7d, the ratio pmax/Peetr ~ 2 x 1073
remains well below unity. Elastic buckling of the inner shell under external pressure is,
therefore, not a limiting factor at the screening level; instead, local strength (openings,
welds), boundary/support details, fabrication tolerances, and long-term environmental
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Figure 7. Approximate structural response of the hemispherical detector unit under hydrostatic load-
ing. The outer and inner chambers are modelled as thin hemispherical shells of radii Router = 1.73 m
and Rjpper = 0.86 m, both with wall thickness t = 20 mm, resting on a flat circular base of radius
Router- Panel (a): screening-level stress scale on the outer shell based on the thin-sphere scaling
o ~ pR/(2t) using the hydrostatic gauge pressure field. Panel (b): corresponding stress scale for the
inner shell under external hydrostatic pressure. Panel (c): base plate idealised as a clamped circular
plate under uniform pressure § ~ pmax, annotated with the centre bending-stress estimate from
classical small-deflection plate theory. Panel (d): hydrostatic gauge pressure distribution, with pmax
at the equator setting the relevant load scale for the assessment.

The stress values reported above are intended as screening-level stress scales derived
from simplified analytical idealisations rather than detailed predictions. The spherical thin-
wall relation o ~ pR/(2t) is used here only to provide an order-of-magnitude membrane-
stress scale under the non-uniform hydrostatic field; it does not capture local bending,
equatorial boundary-condition effects, or stress concentrations at welds, penetrations,
and the hatch interface. Likewise, the base-plate check employs a clamped circular-plate
idealisation under a uniform pressure load g >~ pmax and neglects any supporting effect of
soil-to-slab contact and potential load redistribution, so it should be interpreted as an in-
dicative bending-stress scale for the assumed load path and boundary condition. The elastic
buckling check similarly uses the classical critical pressure for a perfect spherical shell with
a conservative knockdown factor and therefore represents a screening metric rather than a
certification-level prediction. Self-weight and coupled load combinations are neglected in
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this first-order model. Accordingly, these estimates should be interpreted as preliminary
sizing guidance. Subsequent wall-thickness optimisation will be performed using coupled
load combinations and higher-fidelity finite-element models (e.g., hydrostatics plus self-
weight, foundation/contact effects, wind and seismic actions, and local joint/penetration
sub-models) to ensure engineering practicality and robust margins.

3.1.2. Mass Budget and Structure-to-Water Ratio

The CAD model of the reference detector geometry yields a total aluminium mass of
~2.23 t per unit, corresponding to approximately 1.0 t for the outer shell, 0.89 t for the base,
0.26 t for the inner shell and 0.07 t for the top hatch, as seen in Figure 3. For an outer radius
of Router = 1.73 m, the hemispherical water volume enclosed by the vessel is of the order

V> % nRguter ~11 m3 ’ (12)
i.e.,, about 11 t of water. The resulting structure-to-water mass ratio is therefore ~0.2.
This ratio is higher than in existing 3.6 m-class WCD tanks built from plastic or thin steel
shells [20-22], but remains compatible with a robust aluminium design aimed at long-
term operation in harsh environments. Combined with the safety factors derived above,
this suggests that there is room for further optimisation of shell and base thicknesses,
for example through finite-element analysis including realistic support, wind and seismic
load combinations, to reduce structural mass while retaining similar safety margins.

3.2. Cost Estimate

An order-of-magnitude cost estimate was carried out for the proposed hemispherical
detector unit, assuming an outer array of 6000 WCDs. The main cost drivers are the
aluminium mechanical structure (outer and inner shells, base and hatch), the light-trap
and SiPM instrumentation, and the local electronics and services required for autonomous
operation of each station. Central infrastructure (buildings, long-distance networking,
and central DAQ) is not included in this estimate and would need to be treated separately
at the array level.

For the mechanical structure, the CAD model of the 3.5 m-diameter tank with a uni-
form wall thickness of 20 mm yields a total aluminium mass of approximately 2.23 t
per detector unit. As a rough order-of-magnitude estimate, the raw metal cost can
be derived from recent aluminium prices. Global commodity prices for primary alu-
minium over the 2023-2025 period are at the level of ~2.8 USD kg ! [23,24], while supplier
quotes for 6xxx/7xxx-series sheet and plate in multi-ton lots typically fall in the range of
~2-4 USDkg~! [25]. Adopting a representative value of 2.8 USD kg ™! for large-scale pro-
curement leads to a raw aluminium cost of ~6.2 kUSD per tank. Applying a multiplicative
factor of 1.4 to account for forming, welding, machining, quality assurance, and industrial
overheads then results in a structural cost of about 9 kUSD per unit. This is broadly consis-
tent with, though somewhat higher than, effective tank costs inferred for 3.6 m-class WCDs
in existing and proposed arrays, and reflects the deliberately conservative wall thickness
adopted in the present design [20].

The remaining cost elements include the light-trap and SiPM assemblies, front-end
and local DAQ electronics, power and communications, water and internal materials,
and site preparation and installation. These contributions are benchmarked against pub-
lished estimates for small WCD stations in SWGO-like designs and scaled to the specific
instrumentation envisaged here. A target value of 1.5 kUSD is assumed for the light-trap
and SiPM package per detector, with a further 1.0 kUSD for local front-end electronics.
Power, communications and timing are budgeted at 0.8 kUSD per unit, while water, internal
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fixtures and minimal site works contribute at the few-hundred-dollar level. The result-
ing breakdown, summarised in Table 1, yields a total indicative cost of ~13.3 kUSD per
detector, corresponding to ~80 MUSD for 6000 units, as seen in Figure 1.

Table 1. Illustrative cost model for a hemispherical two-chamber water Cherenkov detector (WCD)
unit with an aluminium shell and bladder-embedded light traps. Costs are given per detector and for
an outer array of 6000 WCDs, in 2022-2025 USD-equivalent. The cost of the aluminium structure is
derived from the CAD mass of ~2.23 t per unit and current market prices for 6000-series aluminium
plate, scaled by a factor of 1.4 to account for forming, welding, machining and industrial overheads.
Values are indicative order-of-magnitude estimates assuming production of >6000 units and do not
include central infrastructure (buildings, long-distance networking, central DAQ).

Cost Element

Unit Cost [USD] Cost for 6000 WCDs [M USD] Comments

Aluminium shell and bladder 9000 54.0 ~2.23 t of Al per unit; raw metal ~6.3 kUSD + forming/welding/QA
Light traps and SiPMs 1500 9.0 Scintillators, WLS materials, thin SiPMs, mounts

Front-end and local DAQ electronics 1000 6.0 Bias, amplification, digitisation, local trigger and control

Power, communications, and timing 800 4.8 Minimal power system, basic comms, timing fan-out or GPS unit
Water and internal materials 300 1.8 Water fill, basic treatment, plumbing, internal fixtures

Site preparation and installation 700 42 Ground works, on-site assembly, local labour, handling

Total 13,300 79.8 Per-detector hardware and local deployment

The values outlined in Figure 1 should be regarded as design targets rather than firm
quotations. The dominant structural cost is strongly dependent on the final wall thickness
and fabrication approach, and is anticipated to fall to a fraction of the current estimate
once the mechanical design is optimised. Likewise, the cost of the light-trap modules and
electronics will benefit from economies of scale and technological progress in SiPM-based
readout. A more precise budget will require detailed engineering studies and industrial
tenders, but the present estimate indicates that the hemispherical concept is compatible
with the cost scale of other planned large-area WCD arrays.

4. Discussion
4.1. Conceptual Performance Advantages

The hemispherical two-chamber configuration is motivated by the central role of
muon information in wide field-of-view gamma-ray observatories. At TeV-PeV energies,
gamma/hadron separation increasingly hinges on reliable identification and counting of
muons in the shower footprint [26-28]. In the proposed design, muons that traverse the
tank laterally or at large zenith angles do not simply contribute to a diffuse, undifferentiated
signal. Instead, they are expected to leave characteristic patterns in the lower, reflective
chamber, where Cherenkov light from penetrating tracks is efficiently collected by the
embedded light traps. This should enhance muon tagging in the outer array region,
where the EM component is already diluted and muon information is most valuable for
background rejection.

The separation into an outer optically black chamber and an inner reflective chamber
is consistent with dual-layer WCD concepts explored for SWGO-like EAS arrays, where a
dedicated muon-sensitive compartment is paired with an EM-sensitive volume to improve
gamma/hadron discrimination and core reconstruction [29,30]. In addition, the use of
many small light-trap modules distributed over the inner surfaces effectively increases
the granularity of the optical readout. Studies with conventional WCDs have shown that
even modest arrays of PMTs can provide strong muon-identification power when spatial
and temporal signal patterns are exploited with modern analysis or machine-learning
techniques [26]. A densely instrumented two-chamber tank is therefore expected to carry
rich information in both light yield and time structure, which can, in principle, be used to
refine event classification once detailed simulations are available.
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From the point of view of air-shower array design, the proposed unit is intended
primarily for use in the sparse outer region, where detectors sample the tail of the particle
footprint at large core distances. In current and planned arrays, this outer region is crucial
for constraining the shower geometry, improving energy reconstruction and tagging muon-
rich events [28,30]. The combination of a lower volume optimised for penetrating particles
and an outer volume sensitive to the more diffuse EM component is particularly suited to
this role. By comparing the relative responses of the two chambers as a function of core dis-
tance and zenith angle, it may become possible to extract additional composition-sensitive
observables and to improve the reconstruction of highly inclined and off-axis showers,
in analogy to the multi-component strategies adopted in LHAASO and AugerPrime [28,31].

The mechanical aspects of the design also offer practical advantages. The hemispher-
ical aluminium shell is structurally simple and, in the present implementation, operates
with very large static safety margins: the thin-shell analysis indicates safety factors against
yielding of order a few hundred for the domes, while even the flat base remains within
acceptable limits under conservative loading assumptions. This level of over-design is
compatible with long-term operation under the environmental conditions foreseen for
high-altitude sites and leaves room for later optimisation of wall thicknesses and mass.
At the same time, the flexible bladder with embedded light traps is mechanically decoupled
from the shell, so that it can be handled as a single instrumented insert.

Finally, the separation between a long-lived structural vessel and a replaceable blad-
der assembly has potential benefits over the lifetime of the observatory. Experience
from existing facilities such as the Pierre Auger Observatory shows that large arrays
evolve over decades and may undergo substantial upgrades to their surface detectors and
electronics [22,31]. In the present concept, the aluminium tank can be installed and veri-
fied on site independently of the photosensors. Bladder modules with different light-trap
geometries, sensor generations or readout schemes could, in principle, be prepared off site
and exchanged with limited impact on civil infrastructure. This modularity is intended
to simplify maintenance and upgrades, and to keep the detector technology adaptable as
improved optical and electronic components become available.

4.2. Reliability and Maintainability

The proposed hemispherical detector unit does require a larger water volume per tank
than some conventional WCD designs. This is an inherent consequence of the two-chamber
geometry and the relatively large active depth. However, the enhanced acceptance and
muon-tagging capability offered by the dual-volume configuration may allow a given
array-level sensitivity to be reached with fewer detector units. In that case, the higher
per-tank water requirement could be offset, at least in part, by a reduced number of tanks
and associated infrastructure. A quantitative optimisation of the array layout, including
realistic trigger and reconstruction performance, will be needed to assess this trade-off.

In terms of reliability, the closed aluminium vessel is conceived as a long-lived struc-
tural component. The hemispherical geometry and continuous wall thickness provide a
simple and robust load path for environmental stresses, while the structural assessment
in Section 3.1.1 indicates large safety margins against yielding and buckling under static
loads. The sealed shell, with a single top hatch and a limited number of feedthroughs for
cabling and services, is expected to show good resistance to weathering, thermal cycling
and mechanical impacts, and to reduce the risk of leaks or external contamination. Once
installed on a suitable foundation, the outer housing should not require routine intervention
beyond periodic visual inspections and checks of the hatch seal and external hardware.

The internal bladder and light-trap assembly are treated as a replaceable subsystem.
All optical and electronic components associated with the water volume are integrated
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into the bladder or its immediate fixtures, so that they can be removed and reinserted as a
single module through the top hatch. In the event of a significant failure or degradation of
the internal instrumentation, the water can be drained, the hatch opened and the bladder
extracted for repair or replacement without disturbing the main mechanical structure. This
modular approach is intended to simplify major interventions compared to designs in
which sensors are permanently bonded to the tank walls.

Although access to the interior of a fully assembled aluminium shell is necessarily
more constrained than in an open-frame prototype, the use of a standardised access path
through the top hatch and a self-contained bladder module keeps maintenance operations
conceptually simple. Bladders prepared and tested off site could, in principle, be swapped
in the field with limited detector downtime. This separation between a durable structural
envelope and a serviceable inner assembly is aimed at supporting multi-decade operation
while retaining flexibility to upgrade the photosensors and readout technology over the
lifetime of the observatory.

4.3. Path to Full-Scale Implementation

A realistic assessment of the potential of the hemispherical detector concept ultimately
requires a plan for producing and deploying a large outer array. Beyond the single-
unit design and cost estimates presented here, a full implementation would need an
integrated construction and logistics strategy covering the aluminium shells, bladders,
light-trap instrumentation and on-site civil works. The procurement and shipping steps
are conceptually similar to those of existing WCD-based observatories, but the specific
geometry and mass of the hemispherical tanks imply different handling and packaging
constraints. Standardised shell designs with identical hatches, lifting points and external
interfaces are intended to simplify these aspects and to enable serial production.

On site, the main civil tasks are the preparation of foundations or support pads,
the provision of access roads and laydown areas, and the availability of suitable lifting
equipment. One advantage of the compact hemispherical geometry is that each unit can be
treated as a self-contained mechanical object which can be placed on a prepared pad and
aligned without the need for extensive in situ assembly. The sensitive bladder and light-trap
modules can be transported separately, installed only after the shells have been positioned
and surveyed, and removed again if major servicing is required. This separation between
structural and instrumental components is intended to reduce the risk of damage during
construction and to decouple the schedule of civil works from that of detector integration.

For the outer array, the detector units are foreseen to be deployed on a regular or
quasi-regular grid over a large area, with the spacing optimised for high-energy shower
sampling, muon tagging and overall cost. The low profile and robust aluminium housing
are designed with remote, high-altitude environments in mind, where wind, snow and
temperature variations are significant and access for heavy machinery may be limited.
An illustrative rendering of a possible deployment scenario, with detector units installed
on a plateau, is shown in Figure 8. In such a configuration, the standardised shells and top
hatches provide a common interface for power, communications and slow-control services,
facilitating the design of a repeatable “unit cell” for the outer array.

In practice, a full-scale implementation would proceed through an intermediate engi-
neering array. It is advisable that only a limited number of clusters of hemispherical units
be deployed initially, at a site representative of the intended environmental conditions.
This engineering array would serve as a testbed for validating the mechanical robustness
of the shells and bases, the long-term stability of the bladder and light traps, the behaviour
of seals and coatings under UV exposure and thermal cycling, and the integration of the
readout and data acquisition systems with the broader observatory infrastructure. Expe-
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rience gained in this phase would feed back into refinements of the mechanical design,
installation procedures and quality-control protocols, and would provide the empirical
underpinning for the cost and schedule models used in planning a full outer array.

i
==

Figure 8. Illustrative rendering of several hemispherical detector units deployed on a high-altitude
plateau, representing a possible configuration of the outer array. The compact, low-profile aluminium
shells are designed for simple placement on prepared foundations, with the instrumented bladders
inserted from the top hatch after installation and connected to power and readout services via
standardised external interfaces.

4.4. Limitations and Future Work

The present study is intentionally restricted to a conceptual level. The detector layout,
mechanical envelope and cost model for the hemispherical two-chamber unit have been
specified, and a first-order structural assessment has been carried out, but no detailed
optical simulations or experimental performance measurements are yet available. As a
result, the expected gains in muon-tagging efficiency, electromagnetic-hadronic discrimi-
nation, and effective area for inclined events remain qualitative. Likewise, the structural
analysis is based on thin-shell and plate theory under static hydrostatic loading and does
not yet include detailed finite-element modelling of welds, supports, wind and seismic
loads, or fabrication tolerances.

A first line of future work will, therefore, focus on dedicated optical simulations. A full
Monte Carlo chain, coupling air-shower simulations (e.g., based on CORSIKA) to detector-
level optical transport (e.g., using GEANT4), is needed to quantify the light-collection
efficiency, time distributions and spatial response of both chambers for different primary
types, energies and core distances. Such simulations will be used to optimise the number,
placement and orientation of light traps, the choice of reflective and absorbing coatings,
and the readout thresholds and trigger logic. They will also allow a direct comparison of
the hemispherical two-chamber unit with more conventional single-volume WCD designs
under realistic operating conditions.

In parallel, a staged prototype programme is required to validate the concept exper-
imentally. At an early stage, 3D-printed hexagonal shells and small-scale housings can
be used to test the integration of the bladder, light traps and readout electronics, and to
measure basic quantities such as gain, timing resolution and cross-talk using cosmic-ray
muons and calibration light sources. Subsequent prototypes based on an aluminium
shell will allow the mechanical aspects of the design to be exercised, including filling and
draining procedures, thermal cycling, and the behaviour of the bladder and seals under
realistic environmental conditions. These tests should be accompanied by more detailed
mechanical analyses, for example finite-element studies of the base support, hatch region
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and weld seams. Namely, the next stage of work will transition from screening-level sizing
to engineering verification and qualification. This will include (i) higher-fidelity finite-
element simulations incorporating site- and deployment-dependent load cases, including
wind and seismic spectra, anchoring/foundation boundary conditions, and relevant load
combinations, and (ii) local sub-modelling of stress concentrations at welds, penetrations,
and the top-hatch interface to establish robust design margins and guide optimisation of
mass-critical components, including the flat base and hatch region. Moreover, all mechani-
cal components will be tested at component level prior to system integration, after which
integrated structural tests and accelerated environmental aging campaigns (e.g., UV expo-
sure and temperature cycling) will be conducted to quantify long-term performance of the
aluminium shell and the bladder or seal materials. These activities are outside the scope of
the present conceptual study and will be reported in dedicated follow-up work.

Finally, the detector concept needs to be embedded in full array-level simulations.
By placing the hemispherical units in realistic outer-array layouts and coupling them to
a reconstruction and analysis chain, one can quantify their impact on key performance
metrics such as gamma/hadron separation, energy and core resolution, and anisotropy
sensitivity, as well as on the overall cost and logistical complexity of the installation. This
will make it possible to assess whether the additional structural and water volume per tank
is compensated, at the array level, by improved physics performance or a reduced number
of required detector sites. The outcome of these studies will guide further optimisation of
the design and clarify the conditions under which the proposed detector is a competitive
option for next-generation wide field-of-view gamma-ray observatories.

5. Conclusions

This work has presented a conceptual design for a hemispherical water Cherenkov
detector unit in which the active volume is divided into an outer, optically black chamber
and an inner reflective chamber by a flexible bladder instrumented with light-trap modules.
The detector is housed in a rigid aluminium shell with a top hatch, allowing the pre-
assembled bladder and embedded sensors to be inserted and removed as a single unit. Light
traps based on plastic scintillator elements with wavelength-shifting components and thin
SiPM readout provide a dense and modular optical instrumentation of the interior surfaces.

The two-chamber geometry, combined with the spatially distributed light traps, is
intended to address specific needs of next-generation air-shower arrays, in particular in
their outer regions. By separating the outer volume optimised for sampling the electro-
magnetic component from the inner volume optimised for penetrating muons, the design
aims to enhance muon tagging, improve gamma/hadron discrimination and increase the
acceptance for inclined and off-axis events relative to more conventional single-volume
WCDs. A first-order structural assessment based on thin-shell and plate theory indicates
that the hemispherical aluminium vessel operates with very large safety margins against
yielding and buckling, while identifying the flat base as the mechanically most stressed
component under static loading. The CAD-based mass budget and cost model suggest that,
for large production runs, the per-unit cost is dominated by the light-trap instrumentation
rather than by the aluminium shell, and that there is scope for further optimisation of wall
thickness and mass.

At this stage, the technological readiness of the concept corresponds to an initial
design definition: detailed three-dimensional models and technical drawings have been
produced, and a staged prototype programme is planned, starting from 3D-printed shells
and progressing to full aluminium units. No detailed optical simulations or experimental
performance measurements are yet available, so the anticipated gains in physics perfor-
mance remain qualitative. Future work will, therefore, include a dedicated simulation
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chain coupling air-shower and detector-level optics, construction and testing of proto-
type units with cosmic-ray muons, and studies of array-level layouts that incorporate
the hemispherical units in an outer array. If these steps confirm that the expected im-
provements in muon tagging and shower reconstruction can be realised at competitive
cost and with manageable logistics, the proposed detector could provide a robust and
versatile building block for the outer components of future wide field-of-view gamma-ray
and cosmic-ray observatories.
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