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Abstract

Radiographic imaging with muons by absorption, also called Muon Radiography or Muography, is a
methodology based on the characteristic of the matter to be crossed by high energy muons. This physical
property allows muons to pass through the material with a measurable degree of absorption depending
on the density of the material. Muon Radiography applies to several different situations and is particu-
larly suitable for investigating subsoil of civil or archaeological interest. This kind of applications needs
the muon detector to be installed below the target region. A novel borehole cylindrical detector has been
built and tested for use in harsh conditions and for limited space installations. It is based on the past ex-
pertise with scintillator detectors and is composed of two types of scintillating elements, bar-shaped and
arc-shaped. Due to its size, it can be easily installed in drilled holes of 25 cm in diameter or more, typically
economical to make. Here, we describe the idea, commissioning, and some preliminary results.
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1. INTRODUCTION

In the muographic field, using compact detectors is advantageous when one wants to carry out direct imaging of underground
or buried structures [1, 2, 3, 4, 5, 6, 7]. Unlike Muography applied to volcanoes [8, 9, 10, 11, 12, 13, 14, 15, 16], where the use of
large detectors requires installation in ad hoc structures or in any case in large natural spaces, in underground Muography, the
spaces that can be used for the installation of detectors are almost always limited. Examples of these limitations are found almost
everywhere in the literature and generally persist even if it is possible to gain space by digging.

For this reason, we designed a cylindrical detector that is well suited to this type of applications, in particular for archaeological
and civil purposes. It maximizes the sensitive area allowing to obtain 360° radiographic imaging despite its small size. Unlike its
predecessors [1, 17], this cylindrical detector, obtained with plastic scintillators read by Silicon photomultipliers (5iPMs), has the
advantage of exploiting arc-shaped scintillating elements.

The detector can be placed on a surface or suspended inside a borehole with a minimum diameter of 25 cm. This type of wells
is obtained with conventional and economical drilling techniques, usually deep up to a hundred meters. Furthermore, the device
has low power consumption, which allows it to be powered by batteries recharged by solar panels, and the ease of use allows it to
be used by technical staff.

2. PARTS AND CONSTRUCTION OF THE DETECTOR

The cylindrical detector is constituted by two identical semicylinders. The semicylinder is very simple to assemble and involves
the use of a few essential elements and parts that give mechanical stability to the entire detector. This simplifies the production,
especially in the perspective of industrial manufacturing,.

The elements sensitive to the passage of muons are the plastic scintillators which are in two different shapes, bar and arc, both
with a rectangular section, as can be seen in Figure 1. They are arranged to form a semicylindrical surface, with the aid of an
assemblable structure that determines the correct positioning of each scintillator, guarantees their optical isolation, and optimizes
the transport of light through the scintillating elements.

According to a previous study [18], this optimization is the real strength of the detector design. Each scintillator housing is
equipped with small spacers that separate the scintillators from the internal wall. Thus, especially in the case of arc scintillators, a
thin layer of air is created which allows the phenomenon of total reflection of the light that propagates inside the scintillator.

The assemblable structure is made of Acrylonitrile Butadiene Styrene (ABS) and is obtained by stacking together four 3D
printed rack elements per semicylinder. Scintillator bars are read at both ends by SiPMs. At the bottom ends, 32 SiPMs are housed
in a 3D printed part which is used as the base for the semicylinder; a cap is glued to each end at the top and a single SiPM is
screwed to each cap. Arc-shaped scintillators are a quarter of a circumference in length and are read at one end only.

Once the semicylinder is assembled, the structure is consolidated by two aluminum bars. They are placed inside the semicylin-
der and the front-end electronics (FEE) boards are screwed to them. The FEE boards are equipped with the EASIROC chip [19], an
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FIGURE 1: (A) Arc-shaped scintillator. (B) 1 m long scintillator bar. (C) Magnification of the cross section of a bar. On the right, the
CAD model of the cylindrical detector.

ASIC that performs the readout of 32 SiPMs, thus measuring the passage of muons through the detector’s scintillating elements.
The charge collected by each SiPM is sampled and digitized through a slow electronics chain. By programming the FEE boards,
one sets the working conditions of the SPMs, hence of the detector. Among all, the main parameters that determine the working
conditions of the SiPMs are the high voltage applied to them and the threshold values of signals, produced by SiPMs and processed
through a fast electronics chain, so that they are recognized as signals due to the passage of muons.

A Master board sets and reads the 12 FEE boards of the detector. It is embedded with a single-board ARM micro computer,
that manages all operations of the detector based on the DAQ system programming. Through a programmable trigger logic, the
Master board determines if signals coming from the FEE boards are all due to the passage of a muon through one or both of the
semicylinders. The main properties of the DAQ system and the characterization of the front-end electronics are reported in [20].

The detector is finally closed by a stainless steel cylindrical shell which serves to protect it from damage and which guarantees
its watertight seal and optical isolation from ambient light sources.

3. COMMISSIONING AND FIRST USES OF THE DETECTOR

The detector has been commissioned as reported in [21], and good performance has been achieved, as shown by general stability in
the functioning of the detector and in the data acquisition, as shown in the top plot in Figure 3. The characterization and laboratory
tests made it possible to set an optimal working point, and the measured muon flux in the open sky with the detector in a vertical
position is in good agreement with the muon flux expected under the same condition. On the other hand, the expected cavity
detection performance was estimated using a GEANT4 [22] simulation.

The detector has been then deployed in the Bourbon Tunnel inside the Mt. Echia hill in Naples (Italy) to be tested. Starting from
May 2021, a series of measurements were carried out from different points of view of the section of the Bourbon Tunnel previously
imaged with the MURAY [2] and MIMA [23] detectors.

A further proof of the correct functioning of the detector was given by the comparison between the radiograph of a part of the
Bourbon Tunnel obtained from previous observations with the MURAY detector and that obtained with the cylindrical detector. As
shown in Figure 3, while not using the same statistic, all the chambers seen with the cylindrical detector are seen by the MURAY
detector. The discrepancy between the signals measured by the two detectors is due to the fact that exposure times are different.
Furthermore, to emphasize signals measured by the cylindrical detector, we limit the relative transmission to a value that makes
some low transmittance regions of the radiograph more visible other than D. Some signals are still missing from the radiograph of
the MURAY detector.
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FIGURE 2: Left: assembled semicylinder with electronics. Center: schematic representations of a muon passing through the detector
that lights up scintillators (in violet) and of the optimized trigger system which satisfies the logic (Al and B1) or (A2 and B2). Right:
the cylindrical detector.

The purpose of these measurements is to obtain a 3D Muography of the underground region indicated in Figure 3 with the
letter H, by applying the 3D reconstruction technique based on the three-dimensional reconstruction of the internal structure of a
body using multiple radiographs taken from various angles, developed in [24].

4. CONCLUSIONS

A cylindrical muon detector equipped with arc-shaped plastic scintillators has been designed and built. The ease of construction
makes it particularly suitable for industrial production. The performances measured during the first tests are very good, and the
analysis of the data acquired inside Monte Echia in the city of Naples (Italy) is underway. Great attention was paid to the transport
and the detection of the scintillation light in order to achieve the best performance. The cylindrical detector is equipped with a
trigger system optimized to obtain a 360° radiograph. The detector is robust, watertight, and low power consuming for use in
harsh environments, and the ease of use makes it particularly suitable for use by technical stuff.
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FIGURE 3: Top: trigger rate measured over one week in the open sky with the detector in a horizontal position. Left: comparison
between the expected muon flux and the measured muon flux in the open sky with the detector in a vertical position. Right:
comparison between the radiography of a part of the Bourbon Tunnel obtained with the cylindrical detector and the MURAY
detector.
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