We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

4,800 122,000 135M

ailable International authors and editors Downloads

among the

154 TOP 1% 12.2%

Countries deliv most cited s Contributors from top 500 universities

Sa
S

BOOK
CITATION
INDEX

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y



Chapter 3

Cosmic Ray Muons as Penetrating Probes to Explore
the World around Us

Paola La Rocca, Domenico Lo Presti and
Francesco Riggi

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.75426

Abstract

Secondary cosmic muons provide a powerful probe to explore various aspects of the
world around us. Various physical processes have been employed over the last years
for such applications. Muon absorption was used to probe the interior of natural and
man-made structures, from the Egypt pyramids to big volcanoes, contributing to inter-
disciplinary studies. Multiple scattering was employed to reconstruct the location of scat-
tering centres, producing 2D and 3D images of the interior of hidden volumes (muon
tomography). Additional possibilities of cosmic muons have been exploited even for the
alignment of large civil structures and in the study of their stability. All these applica-
tions benefit from the development of advanced detection techniques and improvement
in software algorithms. This contribution surveys the state of the art of these applications,
with special emphasis on their possibilities and limitations.

Keywords: muon tomography, muon imaging, muon absorption, muon scattering,
tracking detectors

1. Introduction

Since the early attempts to use cosmic muons as a probe to explore the inner part of solid
structures [1], a variety of developments in muon tomography have been achieved, also
exploiting new detection techniques and numerical algorithms for reconstruction and imag-
ing. Correspondingly, the use of muons from the secondary cosmic radiation has found
applications in many different fields, and an impressive list of documents, papers, projects
related to such applications may be now easily found on the Web. From an historical point
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of view, an important application of the muon absorption technique dates back to the work
of Alvarez et al. [2], concerning the search for hidden chambers in one of the Egyptian pyra-
mids. Nowadays, the applications of muon tomography to various aspects of everyday life
include the study of large structures such as mountains and volcanoes, the inspection of large
volumes to search for hidden, high-Z materials, such as for fissile illicit elements in containers,
the monitoring of civil structures as large buildings or bridges, the control of nuclear reactors
and their waste products, and many others.

It is usual to distinguish, from an experimental point of view, between those applications
where the absorption of muons is employed to have information about the amount of material
traversed by the particles and other applications where the multiple scattering effect is used
instead, especially sensitive to the atomic number of the traversed material. Many examples
of the two approaches have been given over the last two decades, and this review, although
quoting many of these, is in no way a complete listing of what is available in the literature.
Moreover, the field is rapidly expanding, with new detector prototypes being designed and
tested, and many additional examples reported. After a brief introduction on the basic prop-
erties of the primary and secondary cosmic radiation, especially concerning the aspects which
are relevant for muon tomography, a review of the problems and applications making use of
the muon absorption technique is given in Section 3. Applications of the muon scattering are
described in Section 4. Additional examples of applications of the muon interaction in matter
are briefly reported in Section 5, while Section 6 reports a naive discussion of the possible use
of this technique outside our planet. Due to the importance of numerical algorithms for track
reconstruction, and image processing, some of the relevant problems in this field are recalled
in Section 7. Some concluding remarks are finally discussed in Section 8.

2. Basic properties of the primary and secondary cosmic radiation

Since its very beginning, our Earth is continuously bombarded by energetic particles—cos-
mic rays—which enter the Earth atmosphere from outer space. Most of them are charged
nuclei, with H nuclei (protons) being dominant, and other, heavier nuclei, which reflect, with
some difference, the nuclear abundance found in nature. Their energy may vary over many
orders of magnitude, from a few hundred MeV to 10*eV, with an energy spectrum roughly
described by a power law, dN/dE = const E™, with vy =2.7 up to 3 x10™eV. At higher energies,
up to 10¥eV, the spectrum steepens, with y approximately equal to 3.1 (the so-called knee),
flattening again above this energy. While a small fraction of the lowest energy particles come
from our Sun, most of the primary cosmic rays originate from within the Milky Way, and the
most energetic ones have an extra-galactic origin. Apart from the lowest energy component,
which is subjected to space and time variations, due to the Sun and to the interplanetary
environment, the majority of cosmic rays exhibit a homogeneous distribution, with very small
anisotropies investigated, of the order of 10 to 107.

The existence of the Earth atmosphere has a peculiar effect on the arrival of a primary
cosmic ray, since an extensive air shower (EAS) is created following the first interaction
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of a high energy primary particle with the atmospheric nuclei. This interaction produces
a cascade of secondary particles, which may produce in turn additional particles or may
decay, constituting a shower with hadronic and electromagnetic components. While a sin-
gle detector may reveal the passage of individual particles in the shower, the coincidence
detection between several particles in the shower allows the identification and reconstruc-
tion of the primary particle. This is the way in which extended arrays of detectors are
able to measure even the largest energy primary particles. The lateral profile of exten-
sive air showers depends on the initial energy and may reach hundreds of metres or even
kilometres.

Apart from neutrinos, which are hardly detected, muons are the most penetrating part of the
shower. Relativistic effects increase their lifetime (about 2.2 us at rest), allowing a large frac-
tion of them to reach the Earth surface. Even though detailed measurements of the energy,
angular distributions and charge ratio of cosmic muons at different altitudes and locations
on the Earth surface are still pursued, especially for the high energy component, the basic
properties of the muon flux are well known and many compilations exist concerning the dis-
tributions of these particles [3].

Several parameterizations exist for the angular and energy distributions of cosmic muons
at the sea level or moderate altitudes. As a result of the muon absorption in the Earth atmo-
sphere, the dependence on the zenithal angle 0 at sea level is often expressed as

dN
E’“COS 0?2 (1)
while the momentum distribution of vertical muons roughly follows a power law. A reason-
able parametrization of the vertical muon flux as a function of the momentum is given by [4].

C prlesreimpreinpyse iy @)

where the values of the ¢, coefficients are given for selected ranges of the muon momentum.
As an example, Figure 1 shows a plot of the muon momentum distribution extracted from the
above formula, for momenta up to about 1 TeV/c.

A semi-empirical parametrization of the muon flux at sea level as a function of both the
zenithal angle and muon energy, especially valid for high energy muons (E > 100 GeV/cos0)
is the following;:

dN _ 014 E?% 1 + 0.054 3
dEAQ ~ cm?s GeV sr 14+ L1Ecos® 1 1.1Ecos0 3)
115 GeV 850 GeV

The mean energy of muons arriving at the sea level is ~4 GeV and the mean number of par-
ticles traversing a horizontal detector is of the order of 1 per cm? per minute. For detailed
calculations one has to take into account the variations in these quantities which are due to
the altitude and geographical location (especially latitude). On a large time scale, solar effects
may also modify the numerical values of the measured flux.
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Figure 1. Momentum spectrum of cosmic muons, parametrized by Eq. (2).

3. Applications of the muon absorption technique

The exploration of heavy structures requires penetrating probes, in order to convey informa-
tion concerning the interior of the structure and its details. For objects having sizes of the
order of 1 m or less, X-rays or neutrons may constitute a valid alternative. For instance, typical
mass attenuation coefficients of X-rays (30 keV) are of the order of p/o = 30 cm?/g for Lead,
so that a nonnegligible fraction of X-ray photons may penetrate several cm of Lead. Figure 2
shows a plot of the mass attenuation coefficient for photons of various energies (from about
0.1 to 10 MeV) in Lead, as derived from the NIST standard data [5].

For larger size objects, the attenuation of such probes would be too high, and more penetrat-
ing particles, such as high energy muons, are required to traverse larger thicknesses. The
basic properties of muon interaction in matter are known since a long time. However, their
potential as a penetrating probe to give information on the interior of large structures is more
recent, and only in the last years the literature has seen a large body of applications in this
field, also related to the corresponding development of appropriate detectors, electronics,
reconstruction and simulation algorithms.

The muon energy loss is usually expressed through its average value

~9E _ o(E) + b(E)E (4)

where a(E) takes into account the energy loss due to ionization, and b(E) the energy loss due
to other processes (e'e” pair production, Bremmstrahlung and photonuclear processes). The
ionization term may be described by the Bethe-Bloch formula as a continuous process. At
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very high muon energies however, radiative processes become more important than the ion-
ization processes. In case of muons, the value of the critical energy, where the two contribu-
tions are comparable, is of the order of several hundred GeV for medium-Z materials like the
Iron. Radiative processes then dominate the energy loss of highly energetic cosmic muons,
and should be taken into account when considering muons which have to traverse hundred
metres solid rock. As an example, Figure 3 shows the muon energy loss in Lead as a function
of the muon energy [6]. The relative contribution of the individual terms due to pair produc-
tion, Bremmstrahlung and photonuclear processes depends on the muon energy, with the last
one being much smaller than the other two for increasing muon energies.

Considering a realistic momentum distribution of muons, GEANT simulations of the interac-
tion of muons with solid rock may be performed. As an example, Figure 4 shows the fraction
of surviving muons after traversing a given thickness of volcano rock, modelled by a realistic
chemical composition of the lava from Etna, mainly including SiO,, ALO,, FeO, MgO, and
CaO. As it is seen from Figure 4, about 1% of the muon flux is still emerging after traversing
100 m thickness.

Due to the energy loss of muons in a solid material (such as the rock of a mountain), which
for a thin layer is proportional to the quantity p dx, where p is the density of the material, the
fraction of muons which survive after traversing a finite thickness x of material is given, to
first order, by the integrated density over the path length L

JE pCxydx (5)
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Figure 2. Mass attenuation coefficient of X- or y-rays of various energies in lead, derived from the NIST standard data [5].
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Figure 3. Muon energy loss in lead as a function of the muon energy, as derived from data reported in Ref. [6].
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Figure 4. Transmission factor of cosmic muons as a function of the rock thickness traversed, as extracted from GEANT
simulations for a realistic lava scenario from Mt. Etna.

Such quantity is sometimes called the opacity. A muon tracking detector, able to measure the
number of muons arriving to it from any given direction, provides an experimental measure-
ment of the opacity along different directions. The knowledge of the path length L for any
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muon direction provides a density map, i.e. a map of the average density along that direction.
A density map—once the actual traversed thickness is known and inserted for any specific
orientation—may then reveal differences in the density evaluated along different directions.
This is the basic principle of the muon absorption tomography. Although the muon absorp-
tion tomography may only provide two-dimensional density maps, in principle the combined
use of several detectors, pointing to the object from different orientations may produce a 3D
map of the object. The construction and use of a set of identical detectors, placed in different
locations and working with comparable performance is not a trivial task and the real use of
this opportunity is still to be exploited.

A standard setup for muon absorption experiments requires a muon tracking detector (tele-
scope), usually employed in transmission mode (i.e. with the object being located between the
open sky and the telescope). The reconstruction of a large number of tracks in the telescope
allows for a 2D tomographic map, with a resolution which depends on the telescope track-
ing performance and on experimental disturbances such as multiple scattering effects in the
material surrounding the object to be explored, as well as in the air. Many other aspects of the
detector performance, such as its overall detection efficiency, response uniformity, sensitive
area, alignment properties, duty cycle, cost and transportability, ... influence the real capabil-
ity of the instrument.

Considering the possibilities offered by muon absorption tomography, several applications
have been proposed, with many experimental results obtained so far. Here a brief review of
these fields is given.

3.1. Vulcanology

A large interest in absorption muon tomography is related to the possibility of exploring the
hidden part of mountains, especially active or potentially active volcanoes, by means of cos-
mic muons traversing part of their solid structure and being partially absorbed with respect to
those coming from the open sky (Figure 5). This idea, exploited for the first time by Nagamine
et al. in [7] and Tanaka et al. [8], has received an increasing attention in recent years, and
a variety of projects, detector prototypes and operational activities have been reported.
Important contributions to the field have been given by the Japanese collaboration leaded
by H.K.M.Tanaka [8-12], which has employed a muon telescope made by several detection
planes with scintillators with PMTs separated by Lead plates, by the Diaphane Collaboration
[13-16], which carried out various measurement campaigns in several locations of the world
(in France, Italy and Philippines) with scintillator-based muon telescopes, by the TOMUVOL
Collaboration [17], employing resistive plate chambers detectors, and by the MU-RAY Project
[18, 19], which has employed a muon telescope based on scintillator strips with SiPM photo-
sensors for the exploration of Mt. Vesuvius in Italy.

A recent project has been developed also by our group in Catania, devoted to the study of
the top craters of Mt. Etna, the highest active volcano in Europe, with a telescope equipped
with three 1 m* segmented planes of scintillator strips with multianode PMT readout, already
installed since last year close to the top of the mountain. Preliminary tomographic images
of such craters have been already obtained by a comparison between the map produced by
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Figure 5. A simple geometrical sketch showing the principle of muon tomography applied to the study of mountain
structures. A tracking telescope is placed downstream of the structure being explored, reconstructing muon tracks which
ideally have traversed a thickness of solid rock. A comparison with the tracks coming from the open sky or from the
backside is used to provide a 2D density map of the structure. A nonnegligible background however may originate from
muons which are scattered either from the solid rock or from the air.

muons originating from the front side and the corresponding map produced by the muons
coming from the back side.

It must be remembered that other Projects [20, 21] are exploiting the possibility to employ the
Cerenkov light produced by the muons in the air after traversing the large thickness of the
rock by a Cerenkov detector prototype (ASTRI), originally devised for astrophysical investi-
gation in view of the large Cerenkov Telescope Array (CTA) Project.

The interest in this field is twofold: from one side methods based on muon tomography
may complement and sometimes even surpass the potential offered by traditional methods
in the understanding the inner part of these structures, revealing empty spaces, or different
density profiles inside the mountain. On the other side there is the hope to reach the resolu-
tion and capability to monitor in real time the time evolution of the subsurface structures,
in order to control potential activities giving rise to explosions and lava eruptions. This last
possibility at the moment is still far from being fully reached, while static investigations
have offered beautiful pictures of the interior of mountains and volcanoes in several parts
of the world.

An important aspect of the technique, which in some cases offers a better figure of merit in
comparison to geological and geophysics methods, is the spatial resolution, which can be
expressed as

Ax = LA® 6)

where L is the distance between the detector and the structure being probed, and A0 is the
angular resolution of the tracking device. As an example, for a distance L = 500 m, and an
angular resolution of A0 = 1°, a spatial resolution of the order of 10 m is obtained, which is
better than typical values of other geophysical methods.
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3.2. Underground measurements

The use of absorption muon tomography is of course not only limited to the study of large
mountain structures, but proves much more useful for the investigation of smaller geological
locations, underground cavities, caverns, mines and tunnels, due to the reduced thickness to
be explored, hence to the large flux being measured. There are several examples of the use of
this technique for these applications [21-25]. As a recent example, in one of these investiga-
tions [22], carried out to explore underground cavities in the Naples area, a muon detector
similar to that employed for volcano muography was employed, with size 1 m x 1 m, and
segmented into 32 scintillator strips.

The vertical rock thickness above the detector was in the previous case about 40 m, which did
not reduce too much the muon count rate, allowing for a significant result to be obtained in
less than one month of data taking. Actually, for many of these applications, the range of rock
thickness usually amounts to a few tens metres, which is a value much less than the values of
interest for large volcanic structures. The possibility to install the detector in places which are
not so prohibitive as for volcanic explorations gives larger opportunities to use this technique,
which will likely be employed more and more in the near future to investigate underground
environments.

3.3. Archaeology

As recalled at the beginning of this Chapter, one of the first examples of muon absorption
tomography is represented by the well-known work by Alvarez and collaborators [2], who
employed a muon detector inside an Egyptian pyramid to search for possible hidden cham-
bers. The interest in the study of these very old structures is still very large, and in 2017 a
recent study [26] was reported by the ScanPyramid Project, supported by many Institutions,
who succeeded to find a very large (~ 30 m) unknown chamber in the Great or Khufu’s
Pyramid. Such void was first explored by nuclear emulsions and then confirmed by mea-
surements carried out with scintillation hodoscopes and gas detectors; hence, it represents a
beautiful example of interrelations between different observation techniques pointing to the
same body of evidence. Additional examples of the use of the muon absorption technique for
archaeological studies have been reported over the last years [27-29], among which is a study
of the cavities in the Teotihuacan Pyramid of the Sun [27].

4. Muon scattering and tomography

The first investigation concerned with the use of the muon scattering process to obtain a radi-
ography of the hidden content in a volume dates back to the work by Borozdin et al. [30],
who employed a set of drift chambers (60 x 60 cm) to get radiographic images of tungsten
blocks. This technique proved to be very promising for several reasons: it does not intro-
duce any additional radiation, as it is for instance for X-rays; moreover, most of the scattered
muons contribute to build the image, contrary to absorption, where a large fraction of muons
is absorbed by the material itself. In the scattering mode, the muon tomography technique
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makes use of this process, which strongly depends on the properties of the material, espe-
cially its atomic number Z, thus allowing to discriminate between low- and medium-Z ele-
ments with respect to high-Z elements.

The projected scattering angle distribution follows in a first approximation a Gaussian shape,
with a width given by:

0, = %z\% [1+0.038 m(%(])] )

where p is the muon momentum, § is its speed, X the traversed thickness and X the radia-
tion length of the material, which in turn depends on the properties (Z, A) of the material
roughly as

7164 ¢
X ~ cm? A 8
0 p Z(Z+1 log <%) ®)

4.1. Homeland security

Due to the possibility that illicit fissile elements (Uranium or Plutonium) could be transported
inside containers, this technique was suggested as a viable alternative to other traditional
methods to inspect and scan a large volume. A muontomograph employing the scattering
process basically requires two good muon tracking detectors, one placed above and the other
placed below the volume to be inspected. Reconstruction of the muon track above and below
the volume allows to evaluate the amount of scattering suffered by the muon, and in the
simplest approach (where a single scattering centre is assumed), the so-called POCA (Point of
Closest Approach) algorithm determines the 3D coordinates of the scattering centre (Figure 6).
A sufficiently large number of individual tracks, traversing from any direction of the volume,
allow to build 2D and 3D tomographic images. The performance of a muontomograph may
be evaluated in terms of its spatial and angular resolution (depending on the tracking detec-
tors), of the overall detection efficiency (which is the result of the detection efficiency of each
tracking plane), which in turn determines the required scan time, of the capability to identify
high-Z elements and discriminate them with respect to lighter elements, of the sensitivity to
false-positive events, which would require an alarm and the opening of the container for a
detailed control.

Several applications were oriented to the problem of scanning the content of a cargo con-
tainer, searching for hidden high-Z materials, which is an important aspect of homeland
security. Due to the large amount of containers travelling over the world, which is estimated
to be larger than 200 M container/year, controlling the content of any of these volumes is a
challenging task. At present, only a small fraction of them are checked, while laws under
discussion might require more detailed procedures to be followed over the world. Following
this approach, several small-scale prototypes have been built over the last years, employ-
ing a variety of detection technologies, from gas chambers to segmented strip scintillators,
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Figure 6. An artist view of the experimental setup being employed for muon tomography applications of cargo containers.
Two muon tracking detectors, one placed above and the other placed below the container, are used to reconstruct muon
tracks before and after traversing the container content.

Resistive Plate Chambers and GEM. Several contributions in this field have been reported
by various groups [31-39], who have designed small scale as well as large and full-size scale
detectors for muon tomography.

4.2. Nuclear reactors and waste imaging

For many decades, an impressive amount of used fuel has been produced, and most of this
material is stored either in spent fuel pools or in dry storage casks. Such containers are sealed
after filling them with the spent fuel, with no possibility to open and visually check their
content. Monitoring nuclear waste is then an important aspect of the safety control in nuclear
sites. Muon radiography, either in muon absorption or scattering mode, has proven to be a
useful tool even for the exploration of nuclear waste storage silos, and many investigations
have been already reported in this respect [40-45]. The integrity of nuclear reactors, especially
after possible failures, is also a very demanding application for muon tomography [46—48]
and following the Fukushima accident, it has been demonstrated that the muon scattering
technique may be an answer to the problem of controlling the amount of material inside the
reactor core [48].

Also the problem of detecting the presence of orphan sources in metal scraps container has
received attention by muon tomography techniques [49, 50], since it is a potential source of
large industrial accidents. Blast furnaces have been also explored by cosmic muons [51].

5. Other applications

In principle, dense structures may be explored by muon tomography, either by using the
muon absorption or the scattering process, even if they are placed on the Earth surface. As
an example, water towers were imaged by muon telescopes [52, 53], calibrating the response
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of the detector as a function of the water content inside the tower. Post-injection monitoring
of CO, stored in subsurface locations was investigated by several authors [54-56] by means of
muon tomography. Industrial applications have also seen contribution from muon tomogra-
phy [57, 58]. Finally, another application for the monitoring of civil buildings and structures
which employs cosmic muons as a useful probe is the study of the angular distribution of
muons detected in coincidence between a tracking detector on the ground and a set of addi-
tional detectors mechanically linked to the structure being monitored. Any movement of the
structure with respect to the ground will result in a small modification of the distribution of
the orientations of cosmic muons detected in coincidence, provided a good reconstruction of
tracks and stable working conditions are achieved during long measurements [59, 60].

6. Muon tomography outside the Earth?

Since cosmic rays originate from any direction and permeate all the known Universe, the ques-
tion whether the same concepts discussed so far apply also to other places outside our ter-
restrial environment is intriguing. Limiting ourselves to the nearest environment outside the
Earth, namely the Solar System, the interaction of the primary cosmics with other planets and
celestial bodies produces different results depending on the presence of an atmosphere around
the solid structure of the body. For planets or satellites where no atmosphere at all exists, such
for instance the Moon, energetic primary particles interact with the surface without producing
an extensive air shower. In other situations, where a massive atmosphere exists, much deeper
and dense than the Earth atmosphere, as for instance on Venus or Jupiter, air showers may
be created but most of the secondary particles are subsequently absorbed by the atmosphere
itself, so that only a very small fraction of particles is able to arrive to the surface. Monte Carlo
calculations of the interaction of energetic particles with the detailed structure of these bodies
should be carried out for any specific situation in order to understand their peculiarities. In
case of Mars, where the atmospheric pressure near the surface is only 1/100 with respect to
Earth, the development of air showers has been studied in some detail by Tanaka [61], allowing
to understand how the proportion between primary protons and secondary pions or muons is
very much different than on Earth. In particular, due to the reduced thickness of the Martian
atmosphere, the vertical flux of muons is much smaller with respect to the values obtained on
the Earth; however, for inclined muons, close to the horizontal, the situation is reversed, and a
larger flux of muons would be observed. In any case, contamination from the primary protons
is a challenge, and some way to discriminate between the two species should be devised. It is
interesting that such concepts have been discussed with relation to realistic Martian explora-
tion missions, trying to understand even the practical aspects and problems which would be
required to solve to carry out tomographic measurements on the Red Planet [62, 63].

7. Imaging and simulation methods and algorithms

Muon tomography has offered over the last years also a good environment for the develop-
ment of mathematical and statistical algorithms, numerical simulation and procedures, to
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understand and analyze the experimental data being collected, improve the reconstruction
and imaging techniques and help to design new apparatus and evaluate their performance.

One of the items that has been long discussed in the muon scattering technique is the recon-
struction of the distribution of the scattering centres, leading to a 2D or 3D tomographic
image. While the simplest approach employs the POCA method, as discussed in Section 4,
better algorithms and methods have been introduced, especially to deal with situations where
multiple scattering centres exist. The Maximum Likelihood/Expectation Maximization (EL/
EM) iterative method [64] is employed as a valid alternative for processing muon scattering
data and reconstruct tomographic images.

Clustering algorithms, which are a set of multivariate data analysis techniques, have been also
used to group homogeneous items in a dataset. One of the most known clustering algorithms
is the Friends-of-Friends. Applied to muon tomography, clustering analysis helps to detect
objects within a spatial domain [65].

Another important aspect of the development of numerical methods in muon tomography is
concerned with physics simulations. The importance of numerical simulations in the design
of an experimental setup, as well as in the correct interpretation of the effects observed, has
been long recognized in nuclear and particle physics and it is nowadays a routine aspect of
any quantitative experimental investigation. This is also the case for any tomographic study
carried out with cosmic muons. Very frequently, reconstruction and imaging algorithms are
tested against simulated data, to compare the merits of different approaches and evaluate
their inherent performance. In other cases, only a detailed simulation of the physics processes
taking place in the experimental setup and in the surrounding environment may help to
understand important aspects of the problem. As an example, the study of the background
contribution to the direct flux of muons arriving to the detector through the rock is very
important, since in some cases this contribution may be even larger than the direct flux [66],
thus leading to an overestimation. In many cases a detailed simulation of the initial energy
and angular cosmic particle distributions, coupled to a transport study of these particles along
the mountain profile may help to disentangle some of these aspects and provide a quantita-
tive estimate of the role of the background in the corresponding measurements.

8. Conclusions

The list of possible applications provided by this short review is not at all exhaustive, and
many other examples of the use of cosmic-ray muons to explore various aspects of our envi-
ronment are available in the literature [67]. Since the first quantitative investigations at the
end of 1990s, in about 20 years, the use of cosmic-ray muons for imaging has grown in interest
and this technique is now enough consolidated to be proposed even for commercial use. The
variety of possible applications in the field has promoted interdisciplinary studies, with the
contribution of experts from different areas, and has already given interesting results in many
practical situations. The number of papers, articles, technical reports and conference contribu-
tions is more and more large, and specialized conferences and workshop have been organized
in the last few years to promote exchange of opinions and results, new collaborations and
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efforts. Even though many promising results have been reported in various fields of interest,
there is still a wide territory where to improve the existing techniques. One important aspect is
the detection technology, which has been object of several possible choices, and it is still a point
of discussion in terms of the optimization of the performance (especially efficiency and resolu-
tion) and cost. Also the existing algorithms and methods may be largely improved to arrive to a
better reconstruction and imaging processing of experimental data. The years to come are then
a promising period for the development of all such aspects, in view of new applications, only
limited by the creativity of interested people, or of large improvements in the existing ones.
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