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Radiographic imaging with muons, also called Muography, is based on the measurement of the absorption of
muons, generated by the interaction of cosmic rays with the earth’s atmosphere, in matter. Muons are elementary
particles with high penetrating power, a characteristic that makes them capable of crossing bodies of dimensions of

the order of hundreds of meters.
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| 1. A Brief Overview

The muographic methodology is used for imaging the interior of a body, exploiting the high penetration capacity of
cosmic muons WIZEBIABEIE Two different techniques are currently referred to as Muography and used to measure
the density of the target object: absorption Muography and deviation Muography. Deviation Muography is usually
used for the detection of high density materials in small size objects and is based on the multiple Coulomb

scattering experienced by muons when passing through matter [ZEIRI10],

In absorption Muography, the attenuation of the muon flux is used to measure the absorption of muons into matter.
The measured number of muons is used to obtain a two-dimensional scatter plot of the density of a target volume.
Large volumes can be imaged with this technique as sensed by the pioneering works provided by George 1 in
1955, who obtained a measurement of the overburden of a tunnel, and by Alvarez 12 who first provided a
muograph of the Chefren pyramid. The applications of muography in the volcanological field [13114][15][16][17][18]{19][20]
are very frequent, and from the 1990s onwards they have contributed to the revival of the methodology. Recent
works in absorption Muography concern the study of the pyramid of Cheops (Kufhu) [ and other cultural
heritages 22, the discovery of cavities inside a hill 2224 the exploration of archaeological sites (23126 and the
imaging of tidewater glaciers 2 and of nuclear reactors 28129139 Apsorption Muography is nowadays used in
highly disparate fields, with techniques that differ not only on the basis of the size and density of the objects, but
also according to the setup of the detectors and the technologies used for their realization and performance
optimization. Detectors normally used in the muographic field derive directly, or in any case, are adapted from
those used for the detection of ionizing radiation in high energy physics. Detailed descriptions of the detection

technologies used in muon radiography can be found in 23],
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Natural muons are generated from the so-called primary cosmic radiation. The primary cosmic rays are mainly
composed of stable charged particles and of nuclei with lifetimes of millions of years. Once this radiation reaches
the Earth atmosphere, it interacts with the atoms all along the stratosphere, the part of Earth’s atmosphere that
extends for 40 km from 10 km above sea level and below, producing showers of new particles called secondary
cosmic rays. At sea level, the secondary charged radiation is mainly composed of electrons, positrons, muons and

protons. Muons are the most abundant component of secondary radiation.

The decay of intermediate mesons 1 and K is such to generate high energy muons, which can reach several tens
of TeV and more. They are leptons, ~200 times heavier than the electrons, with a large energy spectrum and high
penetrating power. The fraction of muons capable of crossing a few thousand meters of matter increases in the
range of the angles close to the horizon. Figure 1 shows the fluxes of vertical and quasi-horizontal muons; it shows
an upper shift in the energy of the flux spectrum at 75¢ with respect to the flux at 0e, as a function of the muon
momentum and, hence, of their energy. This means that the horizontal muon flux is more energetic than the

vertical one. However, the latter has a higher average intensity than the former.
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Figure 1. Energy spectra of muons at 0 (black dots) and at 75 (white dots) as in (211,

| 2. The Technique of Radiographic Imaging with Muons

Muon radiography (Muography) is a technique based on the measurement of the absorption of cosmic muons in
matter for the direct imaging of large structures. A muon detector looking at a target region detects the muons,

tracks their routes and counts them. This allows the average density along the paths traveled by the muons to be
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calculated. In particular, vertical detectors are often required in some muographic applications due to the need to
exploit the near horizontal muon flux, which is characterized by the high energy required to penetrate up to a few
kilometers of matter.

In ideal conditions, the transmission as a function of the zenith and azimuth angles, is defined as

T (ﬂ’ ‘P) — M(l)

Ne:cp ('93 tp)

that is the fraction between the number N(8,¢) of muons that pass through the target and the number Nexp(6,9) of
expected ones without the target. The expected number of muons can be evaluated with Monte Carlo simulation
or, alternatively, another procedure can be performed with a free sky data taking. The latter measurement has the
advantage of including the detector efficiency factor, while in a Monte Carlo simulation it must be a priori well
known. The measurement of the transmission in the free sky data acquisition involves two different measurements,
in different time, so that the detector points to the target region and then, after it has been moved, to the open sky

for the free sky data acquisition. The Equation (1) becomes the measured transmission
9.0) — €fs trs N (0,0)
T (6,0) =
e t Ng(0,p)

in which

€fs is the efficiency term of the detector in free sky data taking

» € is the efficiency term of the detector in the data taking

tfs is the time taken to perform the free sky data taking

tis the time taken to perform the data taking

Nm(8,9) is the number of detected muons passed through the target

Nfs(0,9) is the number of muons counted during the free sky run

Where the ratio ttfs=1, if t is normalized to the free sky data acquisition time. The efficiency terms can differ even if
the detector used in the two different data taking is the same; in general, the efficiency term takes into account

factors concerning the detector that affect both the acquisition and the analysis of the data.

On the other hand, we can calculate the expected transmission by means of the intensity i(6,9,Eu) as a function of

the muon energy Eu. By integrating this over all the energy spectrum we have
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6= [ i.0E,) am,

where E is, in general, a function of the angular coordinates and of the density of the material passed by the muon
and represents the minimum energy that muons must have in order to be detected, therefore without being
previously absorbed by the material through which they pass. We can compute the expected transmission as the
ratio between the muon flux through a material of density and the muon flux in open sky, hence

Ik,

i i (31 J‘IPJ Eﬁ) dEﬂ
[ (6,9, E,) dE,

Teap (6, 9) =

with Emin and EO being the minimum energy in the selected angular bin (8,9) of the target region and the open sky,

respectively. A digital terrain model (DTM) of the target region is used to calculate the muon flux through it.

The relative transmission, whose scatter plot represents the muographic image, is given by

Tn (6, 9)

R(6,¢) = T (0.9)

that reduces to the Equation (5) in the case in which the muon flux model is absolutely faithful to reality and
normalized to the acquisition time, and the detector is faithfully reproduced with its efficiency in the process of

calculating the expected flux.

Once the transmission map of the target has been measured, we can obtain the expected depth in kilometers
water equivalent (kmwe), penetrated by muons at different zenith angles. Water constitutes an homogeneous
medium, with unit density pw by default, and the depth measured using water can be easily compared to
inhomogeneous material 32,

The expected depth in kmwe can be evaluated with a simulation in GEANT4 B3] In this case, the expected
transmission, as a function of the different path length at different zenith angles, is the ratio between the number of
the survived muons and the number of injected muons. The energy spectrum at different 6 of the injected flux is the
Equation (5) and the curves, parameterized by the zenith angle passed in a given volume of material of known
density pm. If we assume the density of the water pm=1, the real path length is equal to the depth in kilometers

water equivalent penetrated by muons.

Once all values of the transmission in every angular bin have been measured, we obtain the related map of path
length x8=A8. Since x6=L6p and being L6 the thickness of matter, of unknown density p, traversed by the muon at

angle 6, we have
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where L8 is taken as in the DTM.

3. The 3D Reconstruction Technique and Expected
Performance

By combining multiple radiographic images taken from different points of view, as successfully demonstrated in 34,
it is possible to reconstruct an object seen under different angles. The main limit of the technique concerns the
availability of places where detectors can be installed. Sometimes it may be impossible to have a large number of
points of view, and above all it may not be possible to surround the target region. In addition, it must be borne in
mind that due to the origin of the muon flux, the target region must always be at a higher height than that of the

detector.

The reconstruction of a body with different density inserted in the target region takes radiographic images from
each point of view, and identifies the signals belonging to each of them, which are in angular correspondence with
each other. So, defining a grid of points in a cubic volume that encloses the region where the density discontinuity
is found, according to the angular ranges, a point was considered to be located inside a discontinuity region if in

each of the three radiographic images it corresponded to a direction lying inside a signal cluster.

The procedure was tested by simulating the presence of a spherical cavity with 6 m diameter, seen by three points
of view as in Figure 1. The result is shown in Figure 1 as seen by the detector C. The blue dots represent an
ensemble of points distributed on the grid and located inside the cavity. The points satisfying the intersection

criterion are denoted by red dots.

Detector B

Density discontinuity [:]

Detector A

. Detectar C

Figure 1. Schematic of the simulated scenario. Detectors (not in scale) placed in the positions A, B and C.
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Figure 2. A spherical cavity (left) and its 3D reconstruction as seen from the observation point of the detectors C
(center) and B (right) as in [34],

As it can be seen in Figure 2, the reconstructed cavity is deformed by the stereographic projection. This
overestimates the size of the discontinuity, which appears to be larger in those directions in which there are no
points of view. The origin of the observed halo is due to the fact that the criterion is satisfied also by points that, in a
projection, appear in the shadow of the cavity, rather than inside. It is evident that the onset of this deformation in
the reconstruction can be reduced, but not eliminated, by increasing the number of observation points. In any case,

we must bear in mind that it is not possible to observe the target region from heights above the discontinuity zone.
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